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Abstract 

Movement disorders are a diverse group of neurological diseases characterized 

by irregular tone, posture, and insufficient control of voluntary and involuntary 

movements. The genetics of movement disorders include both monogenic modes 

of inheritance due to rare variants carrying a large effect size, often directly im-

pacting the function of encoded proteins, and polygenic forms involving many loci 

with variants that individually have only mild effects on the disease phenotype. 

Functional investigations of monogenic forms usually are successful by focusing 

on the disease gene and the functions of its encoded protein while research on 

polygenic conditions needs to address the entire concert of the many small ef-

fects which can be done by studying consequences on other omics-levels such 

as epigenomics, transcriptomics, and proteomics.   

In this work we analyzed the pathogenesis of movement disorders from these two 

sides:   

i) We have identified variants in two genes, NUP54 and EIF4A2, recognizing two 

novel monogenic forms of dystonia, and provided functional evidence for two po-

tential disease mechanisms involving changes at the nuclear envelope and im-

paired regulation of protein translation by targeted protein analyses. These anal-

yses aimed to unveil changes in expression patterns, shifts in subcellular loca-

tions, disruptions in protein-protein interactions, and the subsequent functional 

impact.  

ii) In case of the polygenic movement disorder restless legs syndrome (RLS) we 

performed epigenome-wide association studies (EWAS) and epigenetic age es-

timations which allowed us to support the notion of altered neurodevelopment but 

not neurodegeneration playing a role in RLS, and to derive a reliable methylation 

risk score for RLS.  

In conclusion, the study of monogenic as well as polygenic causes of movement 

disorders continues to unveil new genetic associations and insights into disease 

mechanisms. Functional analyses and omics approaches contribute to a deeper 

understanding of these complex neurological conditions.  
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Zusammenfassung 

Bewegungsstörungen bilden eine heterogene Gruppe neurologischer Erkrankun-

gen, welche durch einen unregelmäßigen Tonus, eine beeinträchtigte Körperhal-

tung sowie eine unzureichende Kontrolle der willkürlichen und unwillkürlichen Be-

wegungen gekennzeichnet sind. Die Genetik von Bewegungsstörungen umfasst 

sowohl monogene Vererbungsformen, die auf seltene Varianten mit großer Ef-

fektstärke zurückzuführen sind und sich häufig direkt auf die Funktion kodierter 

Proteine auswirken, als auch polygene Formen, bei denen Varianten in multiplen 

Loci beteiligt sind, welche im Einzelnen vergleichsweise geringe Effekte auf den 

Phänotyp der Erkrankung haben. Während funktionelle Untersuchungen zu mo-

nogenen Formen eine hohe Aufklärungsrate aufweisen, wenn sie sich auf das 

Krankheitsgen und die Funktionen des von ihm kodierten Proteins konzentrieren, 

muss die Ursachenforschung bei polygenen Erkrankungen die Gesamtheit der 

zahlreichen kleineren Effekte berücksichtigen. Dies kann durch die Untersuchung 

der Auswirkungen auf andere Omik-Ebenen wie Epigenom, Transkriptom und 

Proteom erfolgen. 

In dieser Arbeit analysierten wir die Pathogenese von Bewegungsstörungen ba-

sierend auf monogenen und polygenen Einflüssen: 

i) Wir haben Varianten in zwei Genen, NUP54 und EIF4A2, identifiziert, die zwei 

neue, monogene Formen der Dystonie kennzeichnen, und durch gezielte Pro-

teinanalysen funktionelle Anhaltspunkte für zwei potenzielle Krankheitsmecha-

nismen erbracht, welche mit Veränderungen an der Kernhülle und einer beein-

trächtigen Regulation der Proteintranslation verknüpft sind. Die Zielsetzung der 

durchgeführten Analysen umfasste die Identifizierung veränderter Expressions-

muster, Verschiebungen subzellulärer Lokalisationen, Störungen in Protein-Pro-

tein-Interaktionen und die daraus resultierenden funktionellen Auswirkungen. 

ii) Im Rahmen der polygenen Bewegungsstörung Restless Legs Syndrom (RLS) 

führten wir epigenomweite Assoziationsstudien (EWAS) und epigenetische Al-

tersabschätzungen durch, was die Bestätigung der Annahme ermöglichte, dass 

eine veränderte neuronale Entwicklung, nicht aber eine Neurodegeneration von 
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pathomechanistischer Bedeutung ist. Darüber hinaus konnten wir einen zuver-

lässigen epigenetischen Risikoscore für RLS generieren. 

Zusammenfassend ermöglicht die Untersuchung monogener und polygener Ur-

sachen von Bewegungsstörungen weiterhin neue genetische Assoziationen und 

Erkenntnisse über bisher unbekannte Krankheitsmechanismen. Funktionelle 

Analysen und Omik-Ansätze tragen zu einem tieferen Verständnis dieser kom-

plexen neurologischen Erkrankungen bei. 
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1. Introduction and methodology 

The understanding of the role of genetic predisposition in disease etiology has 

evolved significantly over time, revealing different genetic patterns underlying di-

verse diseases, each necessitating adapted investigative approaches. Movement 

disorders, a heterogeneous group with widespread genetic conditions, exemplify 

this diversity.  

1.1 Spectrum of genetic variants 

Genetic variants represent a fundamental force that shapes phenotypic variation. 

Mutation rates vary from roughly 1 to 1.7 per 100 million nucleotides [1-3]. Based 

on the size of the human genome of approximately 3.2 × 109 base pairs, roughly 

30 to 50 de novo point mutations and a lesser number of larger variants are in-

troduced with each genome replication [1-3]. The distribution of variants, how-

ever, is not even across the human genome and varies between genomic regions 

[4]. Variants can differ in size, composition (non-structural vs. structural), location 

(within the coding vs. non-coding regions or intra- vs. intergenic regions), fre-

quency and pathogenicity.  

Variants contributing to the pathogenesis of a disease are referred to as patho-

genic variants. The phenotype is the consequence of nonlinear interactions 

among genetic variants and nongenetic factors [5]. In addition to the variant with 

the largest effect size, often referred to as “causal” variant, other variants might 

lessen or accentuate the phenotype [5, 6].  

The allele frequency (AF) is used to estimate how frequently a variant occurs in 

a population. Variants are often defined as common at AF > 5%, low-frequency 

at AF 1-5%, rare at AF < 1%, and very rare at AF < 0.1% [7] (Figure 1). Effect 

sizes of genetic variants are likely gradual with variants of high effect sizes and 

penetrance on the one end and variants with modest effects, often contributing 

to common traits, on the other end of the spectrum [8]. 
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Figure 1: Relationship between allele frequency and effect size of genetic variants 

(modified from Manolio et al. [9]) 

Common diseases, like the neurological movement disorder restless legs syn-

drome (RLS), arise from multiple predisposing factors, both genetic and non-ge-

netic. According to the original “common disease - common variant” hypothesis 

[10-12], common diseases are caused by interaction of multiple loci of low or 

moderate effect on the disease phenotype [13]. Although common variants are 

mostly located outside of gene coding regions and often have no direct conse-

quences on protein sequences, thousands of them have been associated with 

multiple traits and diseases by genome-wide association studies (GWAS) [14]. 

Though studies on expression quantitative trait loci (eQTLs) have broadly shown 

that non-coding variants can modulate gene expression [15], clear mechanistic 

models linking common variants and biological functions are still limited.  

In contrast, deleterious variants with large effect sizes are comparatively rare 

within a population and often subjected to purifying selection [16]. With recent 
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advances in high-throughput next-generation sequencing (NGS) technologies, 

especially whole-exome sequencing (WES) and whole-genome sequencing 

(WGS), increasingly being applied in studies of both rare and common traits, a 

large number of rare variants is captured, that previously was not interrogated by 

genotyping platform designs [17]. This growth in availability of large datasets with 

rare variants enables researchers to further assess their impact on rare and com-

mon diseases, but also raises the question of how to functionally validate the 

impact of newly discovered variants [17]. 

1.2 Genetic architecture of human diseases  

Genetic disorders can show monogenic (Mendelian disorders) or polygenic (mul-

tifactorial disorders) architectures. In monogenic (Mendelian) traits genetic alter-

ation of a single gene or allele determines the phenotype. By contrast, polygenic 

traits result from the contributions of multiple, mostly common genomic variants 

in conjunction with influences of the physical and social environment. By now, 

variants in thousands of genes have been shown to cause rare, monogenic dis-

orders [18], including severe developmental disorders manifesting from birth or 

early childhood [19]. However, the clinical phenotype in affected individuals can 

vary [20, 21]. Pleiotropy (influence of one gene on multiple seemingly unrelated 

phenotypic traits), incomplete penetrance (whether a disease-causing genotype 

displays the corresponding clinical phenotype or not in an affected individual), or 

variable expressivity (range of phenotypes that can be observed in affected indi-

viduals) can contribute to the variability of phenotypes caused by variants in the 

same gene or complicate the diagnosis [22]. Inherited common variants might 

further contribute to the range of the clinical presentation of rare human disorders 

caused by single deleterious, protein-coding variants [23]. Vice versa rare vari-

ants with weak effects can also play unique roles in the genetics of common dis-

eases in humans [24, 25]. Rare variants with a strong effect can form monogenic 

subgroups of common diseases, which are typically polygenic, such as BRCA1/2 

or other candidate genes in monogenic forms of breast cancer [26]. 
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1.2.1 Movement disorders  

The term movement disorders first came up in 1968 when Stanley Fahn founded 

the first specialist clinic at the University of Pennsylvania [27]. Prior to this defini-

tion the term extrapyramidal disorders, originally introduced by Samuel Alexander 

Kinnier Wilson was often used to categorize neurological diseases secondary to 

disorders of the basal ganglia and its pathways [28]. However, several movement 

disorders such as dystonia weren’t only associated with a basal ganglia pathol-

ogy [27]. Despite further classification attempts based on the anatomic localiza-

tion of the pathology [29] or clinical characteristics such as hypokinetic (decrease 

of movements) and hyperkinetic (excess of movements) movement disor-

ders [27] the shortcomings of the classification became apparent with increasing 

knowledge of the phenomenology, pathology, and genetics [30].  

Implementation of NGS in the last 20 years has provided a huge step forward in 

the identification of several genetic forms of hypokinetic and hyperkinetic move-

ment disorders and the comprehension of pathological mechanisms [31]. NGS 

techniques, which are increasingly used in the clinical setting might hereby not 

only support the diagnostic procedure, but furthermore enable the identification 

of genetic variants in genes not suspected to be causative in the specific case 

under study, broadening the genotypic spectrum of the disease [32]. However, 

this also leads to a vast number of genetic variants of unknown significance, pos-

ing a major challenge to genetic counseling and making functional tests inevitable 

in case of the detection of a novel genetic variant to confirm its pathogenetic role. 

1.3 Molecular approaches used in this work 

Starting with the process of mapping and sequencing the human genome [33], 

new upcoming technologies have made it possible to obtain a large number of 

molecular measurements within a tissue or cell. These technologies can be ap-

plied to a biological system of interest to obtain a snapshot of the underlying bi-

ology. High-throughput measurement of such biological molecules enabling com-

prehensive analyses of biological components within a biological system are 

called omics [34].  
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Many research areas can be classified as omics. Examples include genomics, 

epigenomics, transcriptomics, proteomics, or metabolomics, corresponding to 

global analyses of genes, methylated DNA or modified histone proteins, RNA, 

proteins, or metabolites, respectively. Omics analyses can provide a comprehen-

sive understanding of biological systems under study or help to associate omics-

based molecular measurements with a clinical outcome of interest [34]. 

1.3.1 Genomics  

Genomics focuses on the study of an organism's entire genetic material, including 

all of its genes and their interactions. It involves the sequencing, analysis, and 

interpretation of genetic data to understand genetic variations, gene functions, 

and the relationships between genes. 

1.3.1.1 Whole exome sequencing 

Whole exome sequencing (WES) is a widely used NGS method that only involves 

sequencing of the protein-coding regions of the genome. Inherited or acquired 

protein-coding variants represent the majority of disease-causing variants, ac-

counting for upwards of 60% of all known causative genomic variants [35, 36].  

WES is broadly used as a rapid and effective diagnostic tool. It can be employed 

at a prenatal period to detect fetal abnormalities [37] and postnatally following a 

phenotypic observation [38]. A significant benefit comes from the possibility to 

determine whether genetic abnormalities have been inherited from the parents, 

occurred spontaneously during gametogenesis (de novo), or in gestation (genetic 

mosaicism) [39]. Given an uncertain phenotype the success rate to provide a 

diagnosis ranges between 50% and 80% in newborn [37, 40] and between 25% 

and 50% for adult-onset phenotypes [41, 42]. 

1.3.1.2 Filtering workflow 

To enable a systematic search for likely causative variants a stringent filtering 

scheme and rigorous clinical interpretation logic is required [43] (Figure 2). 



Introduction and methodology   11 

As a first step, bioinformatic filtering was applied to all exome-generated variants 

using a validated in-house pipeline. Gene lists of interest were created via full-

text queries in the “Online Mendelian Inheritance in Man” (OMIM) database [44] 

and inspection of the literature, considering the relevant phenotypic aspects of 

each index case under investigation. OMIM is a database of human genes and 

genetic disorders, providing phenotype-gene relationships including information 

on clinical features, inheritance, and information on molecular genetics in accord-

ance to recent literature (e.g. https://www.omim.org/entry/620427; dystonia; 

NUP54; early onset with striatal lesions; autosomal recessive; impairment of nu-

clear pore function, based on Harrer et al. 2023 [45]) [44].  

In the sets of predefined genes, a filtering process for protein-changing variants 

(including single-nucleotide variants, small insertions and deletions, and copy 

number variations) with an AF of 0.001 for variants in genes associated with au-

tosomal-dominant and X-linked inheritance and 0.005 for variants in genes asso-

ciated with autosomal-recessive inheritance was applied (in in-house controls 

and the Genome Aggregation Database (gnomAD) [46]). Cross-referenced data-

bases like ClinVar [47], the Human Gene Mutation Database (HGMD) [48], and 

information already published on PubMed allowed the identification of known 

pathogenic alleles.  

For further filtering of previously unreported variants various arguments support-

ing potential pathogenicity such as consistency of the variant type with the estab-

lished mechanism of disease, variant location at an amino acid position previ-

ously implicated in disease, and variant location in a mutational hotspot or critical 

functional domain of the encoded protein were considered.  

Known pathogenic variants and previously unreported variants with evidence 

supporting potential pathogenicity were subjected to co-segregation analyses 

whenever possible. The classification of all previously unreported variants was 

based on recommended diagnostic criteria of the American College of Medical 

Genetics and Genomics (ACMG) [49], providing international standards and 

guidelines for the interpretation of sequence variants.  
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Figure 2: Identification of diagnostic variants in known disease genes  

(modified from Zech et al. [43]) 
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Figure 3: Identification of new candidate disease-causing genes  

(modified from Zech et al. [43]) 
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All variants remaining were manually reviewed to validate their clinical signifi-

cance in the context of the disease presentations under study. The conclusion on 

the relationship of the variants in question and the observed phenotype was made 

by a multidisciplinary team of geneticists, genetic scientists, neuropediatricians, 

and neurologists. 

In index cases without diagnostic variants, candidate causative variants and 

genes were identified on a case-by-case basis based on their expression profile 

in GTEx [50] and The Human Protein Atlas [51], allele frequency based on sug-

gested inheritance, suspected effects on the transcript of the gene using different 

scores (Combined Annotation-Dependent Depletion (CADD) score used to 

measure variant deleteriousness [52], probability of being loss-of-function intol-

erant [pLI] score, missense z-score), and independent evidence for a disease-

relevant role of the candidate genes using the matching tool GeneMatcher [53] 

(Figure 3).  

1.3.1.3 Functional validation of candidate variants by protein analyses 

Adressing the challenge in molecular biology to understand the mapping of the 

same genome to diverse phenotypes in different tissue types, development 

stages and environmental conditions analyses on the transcriptomic [54] and pro-

teomic [55] expression levels can be promising tools. The set of all RNA tran-

scripts, including coding and non-coding, in an individual or a population of cells 

is referred to as transcriptome, the total protein content of an organism as prote-

ome. However, not only the consideration of the levels on a large scale, but also 

the specific elaboration of the effect of a potentially causal genetic variant on the 

transcripts and protein structure of the encoded protein can be helpful in deci-

phering pathophysiological relationships. In this work we did not examine the en-

tire proteome but addressed specific aspects of selected proteins using various 

targeted methods. 

Protein structure prediction 

The mRNA sequence defines the amino acid sequence (primary structure) of a 

protein that drives the folding and intramolecular bonding of the linear amino acid 

chain, determining its unique three-dimensional shape. Hydrogen bonding in 
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neighboring regions direct specific folding patterns, like alpha helices and beta 

sheets (secondary structure). The ensemble of formations and folds in a single 

linear chain of amino acids forms the tertiary, the interaction of multiple polypep-

tide chains or subunits the quaternary structure of a protein. 

Through a large amount of different experimental designs the three-dimensional 

structures of around 100,000 unique proteins have been experimentally deter-

mined by now  [56]. However,  considering the billions of known protein se-

quences [57] and the large amount of time it still requires to experimentally de-

termine a single protein structure, computational approaches are recently on the 

rise to enable large-scale structural protein analyses. The largest computational 

prediction tool to date is AlphaFold [58], using a neural network-based machine 

learning approach to predict the three-dimensional structure that a protein will 

adopt based on its amino acid sequence. 

Protein expression and localization 

Mass-spectrometry-based proteomic analyses, combining proteome experimen-

tation and data analysis, offer broad information on protein composition, struc-

ture, expression, modification status, and the interactions and connections be-

tween proteins at an overall level [59]. With the substantial improvement of ex-

perimental technologies over the past decades, proteomics methods have been 

evolved from conventional methods, such as immunohistochemistry (IHC), im-

munofluorescence (IF) and Western blot (WB), to high-throughput methods such 

as tissue microarrays, protein pathway arrays and mass spectrometry [60]. De-

spite these advances, however, conventional methods such as WB, and IHC/IF 

staining are still applied frequently, offering the advantages of affordable, simple, 

but powerful targeted approaches in the determination of protein expression lev-

els and their cellular localization [61].  

To function properly every cell requires proteins to perform specific tasks in des-

ignated compartments. Each organelle in a cell is a specialized subunit within the 

cell fulfilling a specific function. The subcellular localization of a protein also de-

termines its function as different organelles offer distinct environments containing 

a variety of physiological conditions and interaction partners. Mislocalization of 

proteins is often associated with cellular dysfunction and disease [62, 63]. 
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Deploying the specific binding between an antibody and antigen the localization 

of specific proteins in cells and tissue can be detected and visualized using dif-

ferent microscopic techniques. 

Protein - protein interactions 

Critical biological processes that directly associate with our health like DNA rep-

lication, transcription, translation, and transmembrane signal transduction all rely 

on functional proteins, often being regulated through protein complexes, that are 

typically controlled via protein–protein interactions [64]. Aberrant interactions are 

associated with various diseases, including cancer, infectious, and neurodegen-

erative diseases [65].  

There are several methods to investigate protein-protein interactions in cells, 

ranging from commonly-used co-immunoprecipitation [66] to more advanced flu-

orescence-based methods such as Fluorescence Resonance Energy Transfer 

[67]. Those methods, however, also have limitations and are dependent on ge-

netic modification of the cells or cloning of genes, which are not feasible with 

patient samples. A suitable and sensitive assay to detect direct protein-protein 

interactions at endogenous levels of expression without genetic manipulation is 

the Proximity Ligation Assay (PLA) [68]. 

PLA permits the detection of the proximity of proteins in situ (distances < 40nm) 

at endogenous protein levels, where a close distance indicates high chances for 

functional interaction (Figure 4). The two proteins of interest are identified using 

specific antibodies against the target proteins, followed by secondary antibodies 

coupled with oligonucleotides (PLA probes) against the primary antibodies. After 

DNA amplification by polymerase chain reaction of the template created by liga-

tion of hybridized connector oligonucleotides, the spots of proximity can be visu-

alized by fluorescence microscopy using complementary detection oligos linked 

to fluorochromes. 
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Figure 4: Schematic of the Proximity Ligation Assay 

1.3.2 Epigenomics 

Epigenetics is defined as changes in DNA that do not involve alterations to the 

underlying sequence  [69]. These alterations include DNA methylations, histones, 

chromatin structure, and noncoding RNAs, which are modified throughout life in 

response to environmental and behavioral influences [70]. However, differentially 

expressed states can also be transmitted across cell divisions, once they are es-

tablished, even in absence of the original signal [71, 72]. Epigenetic methylation 

patterns play an instructive part in transcriptional regulation by controlling the 
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accessibility of transcription factor binding sites at distal and proximal regulatory 

regions [73]. By maintaining these distinct gene expression profiles tissues can 

differentiate in function despite possessing identical or near-identical genomic 

DNA sequences [74]. The methylation state at the more than 30 million CpG sites 

across the human genome is involved in cellular differentiation throughout devel-

opment and often maintained into adulthood [75].  

Technical advances in detection of the relative proportion of methyl-groups (CH3) 

present at hundreds of thousands of CpG sites have enabled studies that perform 

genome-level, locus-agnostic examinations of DNA methylation levels, so called 

epigenome-wide association studies (EWAS). In contrast to static genetic esti-

mates, EWAS are likely to capture tissue- and time-specific information distinct 

from that of static genetic estimates [76], which could provide further understand-

ing how environmental factors may contribute the development of diseases [77]. 

1.3.2.1 Epigenome-wide association studies 

The most characterized epigenetic marker is DNA methylation, a reversible mod-

ification to DNA involving the covalent addition of CH3 to the fifth carbon position 

of cytosine by DNA methyltransferases. In mammals, DNA methylation occurs 

mainly at cytosine-guanine dinucleotides (CpG sites). CpG sites are specific se-

quences of DNA bases where cytosines are followed by guanines. The ‘p’ indi-

cates the phosphate bond separating the two residues in 5′ to 3′ direction [76, 

78].  

DNA methylation is primarily detected through the conversion of unmethylated 

cytosines with sodium bisulphite to uracil. Methylated and unmethylated cyto-

sines can be distinguished using array-based or sequencing-based technologies. 

In each individual DNA molecule, cytosines are either methylated or not. Bulk 

tissue analyses are therefore averages across multiple cells [78]. High-through-

put methylation arrays only capture a small proportion (~ 2%) of all possible meth-

ylation sites, however, current commercial arrays allow to get information of up 

to 96% of coding genes, known enhancer and promoter elements [79].   
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EWAS are used to examine the association between a large number of epigenetic 

variables at CpG sites and the phenotype of interest [76].  

In contrast to the DNA sequence, which is relatively stable across cell types 

throughout lifetime, methylation patterns vary between cell types and are fre-

quently modified by individual and environmental factors. Cell type-specific meth-

ylation patterns mark the cell-type lineages, allowing to determine the cell type of 

origin [80, 81]. At some genomic locations, DNA polymorphisms are associated 

with methylation, so called methylation quantitative trait loci [82]. Some of these 

associations are likely to imply a direct causal relationship between DNA variation 

and methylation patterns [83]. Furthermore, some CpG sites show a strong as-

sociation with age [84], or other individual or environmental factors, like smoking 

[85].  

1.3.2.2 Methylation risk scores 

Risk scores describe weighted sums of risks for a phenotype transmitted by ge-

netic, or epigenetic polymorphisms within an individual, where the weights used 

are coefficients from the respective association studies. 

Trait prediction using methylation data requires at least two independent data 

sets for discovery and validation. The discovery set is used to identify CpG sites 

associated with the trait of interest, resulting in a list of probes and weights. To 

identify the CpG sites that most strongly associate with the outcome of interest a 

set of possible input variables is often selected based on a minimum p-value 

threshold in the EWAS results [76]. An additional, independent training set can 

help to further optimize the weighting and selection of probes included in the risk 

score [78].  

To ensure a generalizable performance, the prediction model needs to be applied 

to an independent validation data set [78]. An association in the independent 

data, however, doesn’t necessarily illustrate functional or causal mechanisms 

[76]. To summarize the performance of a model the sensitivity (true positive rate) 

and 1 − specificity (false-positive rate) are calculated and can be visualized as a 

curve in a plot of sensitivity versus 1− specificity, called a receiver operating 
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characteristic (ROC) curve (Figure 5). The area under the curve (AUC) provides 

a summary of the overall performance. A predictor that generates purely random 

predictions will result in a ROC curve along the diagonal and have an AUC 

roughly equal to 0.5, a perfect predictor will produce a curve with an AUC of 1. 

Informative but imperfect predictors will produce curves somewhere between 

these two extremes with AUC values ranking between 0.5 and 1 [76]. 

 

Figure 5: Visualization of risk score performance 

(modified from Yousefi et al. [76]) 

1.3.2.3 Epigenetic age 

Epigenetic clocks are mathematically derived age estimators based on DNA 

methylation or other epigenetic measurements [86]. The phenotypical age of a 

DNA source may be significantly higher (accelerated aging) or significantly lower 

(decelerated aging) than the chronological age [87]. Considering the variation of 

methylation patterns between different tissues, some epigenetic clocks have 

been optimized for specific tissue types and applications [88], like Shireby’s 
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cortical clock for the assessment of epigenetic age in the human cortex and the 

identification of phenotypes associated with biological ageing in the brain [89]. 

1.3.2.4 Gene set enrichment analyses 

Gene set enrichment analyses are widely used to provide insight into high-

throughput gene expression data with many gene set analysis methods available 

[90]. Cellular processes are often associated with changes in the expression pat-

terns of groups of genes that share biological functions or attributes, making a 

change in a group of these genes more biologically reliable and interpretable than 

a change in a single gene. Information about these sets of genes is available 

through public online databases such as KEGG [91] or FUMA [92]. Incorporating 

this information in the data analysis may support the identification of underlying 

biological processes or functions [90]. 

1.3.2.5 Differentially methylated regions 

Differentially methylated regions (DMRs) are genomic regions with different 

methylation statuses among multiple samples (tissues, cells, individuals, etc.) 

and are regarded as possible functional regions involved in transcriptional regu-

lation [93]. Identification of DMRs among multiple tissues can provide a compre-

hensive survey of differences in the methylation patterns. ~ 20% of the autosomal 

CpGs show a dynamic regulation within a normal developmental, often co-local-

izing with gene regulatory elements, particularly enhancers and transcription-fac-

tor-binding sites [94]. Although individual CpGs might have weak associations, 

DMRs can have stronger associations with the traits of interest [94]. 

1.4 Disorders studied in this work 

1.4.1 Dystonia 

Dystonia describes a class of movement disorders defined by manifestation of 

involuntary repetitive muscle contractions and unnatural postures, associated 

with both additional motor and non-motor features [95]. It can be the manifesting 

neurological sign of many disorders, either in isolation (isolated dystonia) or with 
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additional signs (combined dystonia). Most cases of isolated dystonia are caused 

by genetic alterations or are of unknown aetiology. Clinically, isolated dystonia 

can differ in manifestation, severity, and age at onset. Depending on the affected 

regions dystonia can be subclassified as focal (one region of the body is affected), 

segmental (adjacent regions of the body are affected), multifocal (non-contiguous 

regions of the body are affected) or generalized (several regions of the body are 

affected, including the trunk) [95]. The diagnosis of dystonia is largely based on 

clinical signs, and the classification and aetiological definition of this disorder re-

main a challenge, underlining the importance of establishing reliable biomarkers 

based on mechanistical insights [96].  

1.4.1.1 Epidemiology 

The overall prevalence of dystonia in the general population remains unclear [96]. 

Considering patients in movement disorder clinics individuals affected with dys-

tonia represent around 20% [97, 98].  

Isolated forms of dystonia often show a characteristic pattern regarding age at 

onset, sex, and anatomical distribution. Isolated generalized dystonia for example 

typically manifests in childhood or adolescence and has no sex predilection. Con-

versely, focal limb dystonia often manifests in the fourth decade of life and has a 

balanced female to male ratio, except for musician’s dystonia [99]. The most com-

mon form of adult-onset dystonia is cervical dystonia, which affects women twice 

as often as men and has an age at onset in the fourth or fifth decade of life [99, 

100].  

1.4.1.2 Clinical presentation and diagnosis 

The International Movement Disorders Society defines dystonia as a disorder 

with sustained or intermittent muscle contractions causing abnormal, often repet-

itive movements, postures, or both [95]. Tremor (rhythmic, though often incon-

stant patterns of movement that may precede the onset of dystonic posturing) is 

included as part of the motor phenomenology of dystonia [95]. Dystonic move-

ment can spread to other body regions during movement of the primarily affected 

body part [101]. Stress and anxiety can worsen the symptoms. Susceptibility to 
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those can arise as part of the non-motor syndrome of dystonia, including abnor-

malities in sensory and perceptual functions, neuropsychiatric, cognitive and 

sleep domains [102]. 

Clinically, dystonia can be classified by age of onset, body distribution and tem-

poral pattern (Table 1), including its relation to voluntary actions or triggers (Ta-

ble 2). Forms of isolated idiopathic or genetic dystonia follow particular patterns 

with regard to age of onset, body distribution, and sex preponderance. Early on-

set dystonia (symptom presentation in the first three decades of life) for example 

typically manifests in the legs with subsequent generalization. Generalization oc-

curs in 70% of patients, but the cranial region is often spared [103]. 

Table 1: Dystonia described by body distribution  

(modified from Balint et al. [96]) 

Dystonia Affected regions 

Generalized dystonia Trunk and at least two other body sites 

Cervical dystonia Neck, leading to abnormal postures of the head 

Torticollis Head turning to one side 

Laterocollis Tilt to the side 

Retrocollis Neck extension 

Anterocollis Neck flexion 

Cranial dystonia Face or voice 

Laryngeal dystonia 
Vocal cords, leading to a strangled, coarse voice with: 

• variations in pitch (adductor type) 

• whispering, breathy voice (abductor type) 

Blepharospasm Eye closing spasms 

Oromandibular dystonia 
Mouth and/or jaw, leading to involuntary perioral movements, 

mouth opening or mouth closing 

Hemidystonia Only one side of the body 
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Table 2: Dystonia characterized by the relation to voluntary actions or trigger  

(modified from Balint et al. [96]) 

Dystonia  Action or trigger 

Writer’s cramp Focal, affecting the hand and/or the forearm, manifesting as ab-

normal posturing when patients attempt to write, which in-

creases as writing continues 

Musician’s dystonia Manifests in the body parts involved when individuals play a mu-

sical instrument 

Paroxysmal dystonia Occurs only intermittently with certain triggers 

Exercise-induced dystonia Manifests after prolonged exercise as self-limiting episodes of 

dystonia in the exercised limb; the most typical manifestation is 

exercise-induced foot dystonia, which results in in-turning of feet 

after prolonged walking 

Paroxysmal  

kinesigenic dyskinesia 

Manifests as brief self-limiting episodes of dystonic posturing, 

triggered by sudden movements 

1.4.1.3 Genetics 

Since the introduction of powerful high-throughput sequencing platforms the 

number of gene-disease and variant-phenotype associations in individuals with 

dystonic disorders increased exponentially. In a recent large-scale whole-exome 

sequencing study of 708 index patients with diverse types of dystonic disorders 

160 different monogenic, disease-causing variants in 78 distinct genes were iden-

tified (accounting for an overall diagnostic rate of ~19%) [43]. Novel implications 

of causative genetic defects of dystonic conditions include genes not previously 

linked to any human Mendelian disorders, genes which have originally been as-

sociated with other disease traits, and genes that are linked to more complex 

neurological or developmental phenotypes in which dystonia is one feature of the 

associated clinical presentation [104]. 

In contrast to the fast pace of new discoveries on the genetic level, the translation 

of these findings into biologically meaningful understanding of dystonia patho-

physiology lags behind [105]. These mechanistical insights, however, are crucial 

for a better classification and stratification of patients, and for the perspective 

development of targeted clinical trials and directed treatments. 
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1.4.1.4 Pathophysiology 

It is still debated which anatomical structures are involved in dystonia. Based on 

dystonia patients with discrete focal lesion in the basal ganglia [106] dystonia was 

initially assumed to be caused by an imbalance of the direct (facilitating motor 

activity) and indirect (reducing motor activity) pathways in the basal ganglia. Fol-

low-up studies refined this assumption, suggesting impairments in a motor net-

work including basal ganglia, cerebellum, thalamus, and cortex [107] in line with 

imaging studies outlining alterations in the volume of basal ganglia, cerebellum, 

and cortex in dystonia patients [108] and alterations in the connectivity of cere-

bello-thalamo-cortical circuits [109]. 

Due to the characteristic excess of muscle activity and co-contraction (simultane-

ous activation of muscles on opposite sides of a joint) several pathophysiological 

studies concentrated on a reduced excitability of inhibitory circuits in the spinal 

cord, brainstem and cortex which might predispose individuals to dystonia in the 

presence of other triggering factors [96, 110]. Alterations in synaptic plasticity in 

different brain regions could further promote the development of dystonia. Animal 

models have demonstrated persistent strengthening of synapses that leads to a 

long-lasting increase in signal transmission between neurons (increased long-

term potentiation) and reduced or lost activity-dependent reduction in the efficacy 

of neuronal synapses (reduced longterm depression) in cortico-striatal projec-

tions [111, 112]. This could lead to a loss of inhibition of central circuits and pro-

mote excessive muscle contractions because of unwanted associations between 

activity in remote muscles and muscles directly involved in the task. 

Considering molecular biological pathways in dystonia recent studies worked out 

convergences between seemingly unrelated dystonia-associated genes, contrib-

uting to the implementation of shared pathways including dopamine signaling, 

brain calcification and heavy metal accumulation, dysfunction of energy and en-

doplasmic reticulum homeostasis, calcium regulation, and gene-expression con-

trol [113, 114].  
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Dopamine 

Defects of dopamine-linked neurotransmission have been associated with vari-

ous disease traits in animals and human subjects including a wide range of move-

ment disorders encompassing hypokinetic syndromes (Parkinson disease, atyp-

ical parkinsonism) as well as primarily hyperkinetic conditions such as chorea 

and dystonia [115]. One of the first monogenic etiologies for dystonia was a con-

sequence of dopamine signaling abnormalities, identified by the Japanese neu-

rologist Masaya Segawa as dopa-responsive dystonia in the 1970s [116]. The 

causal variant was located in the gene encoding GTP cyclohydrolase I (GCH1), 

responsible for the rate-limiting step of tetrahydrobiopterin biosynthesis, an es-

sential cofactor for production of levodopa [116]. 

Overall molecular defects and their associated regional dopaminergic changes 

have been linked to presynaptic synthesis and metabolism of dopamine, dopa-

mine-related postsynaptic signal transduction and second messenger-induced 

effect response, development, structural maintenance, and survival of dopamin-

ergic neurons [117].  

Brain calcification and heavy metal 

Metals such as manganese, copper, and iron are essential for enzymatic reac-

tions in various physiological processes, such as regulation of gene expression, 

neurotransmitter generation, and electron transport [117]. Deficiencies and accu-

mulation of these metals lead to several harmful intracellular consequences, in-

cluding mitochondrial dysfunction, calcium dyshomeostasis, buildup of damaged 

molecules, compromised DNA repair, reduction in neurogenesis, and impaired 

energy metabolism [118]. Resulting impairments of neurodevelopment, neuro-

transmission, and neurodegeneration often manifest with movement disorders 

such as dystonia [119]. Known genetic causes of dystonia associated with toxic 

metal deposition in the central nervous system include manganese transporter 

disorders, Wilson's disease (accumulation of copper), and the group of syn-

dromes of neurodegeneration with brain iron accumulation [114]. 

Energy homeostasis 

Mitochondrial dysfunction is an important cause of several movement disorders 

including various types of dystonia [120]. Impairments in oxidative 



Introduction and methodology   27 

phosphorylation especially affect the energy-dependent muscle tissue and the 

central nervous system [121]. Due to this susceptibility mitochondrial disorders 

almost always manifest with neurological symptoms, including neurodevelop-

mental disturbances, intellectual disability, seizures, stroke-like episodes, mi-

graine, dementia, ataxia, and many hyper-/and hypo-kinetic movement abnor-

malities [121].  

An example of a mitochondrial disease frequently presenting with dystonia is 

Leigh syndrome, a progressive neurodegenerative disease with bilateral, sym-

metrical basal ganglia lesions. Around 60% of affected individuals manifest dys-

tonia, usually in multifocal or generalized forms [122]. Implicated genes such as 

MT-ATP6 (disruption of the oxidative phosphorylation subunit V), SURF1 (impair-

ment of cytochrome c assembly), and PDHA1 (altering pyruvate metabolism) di-

rectly or indirectly alter the mitochondrial function [123]. 

Calcium  

Calcium is a key intracellular second messenger controlling various functions of 

neurons [124]. Regulatory components include voltage-dependent ion channels 

in the cellular membrane, channels in the endoplasmic reticulum, cytosolic bind-

ing proteins, signaling molecules, transport proteins from cytosol to the extracel-

lular space, and various additional up- and downstream effectors [125]. Dysreg-

ulation of calcium homeostasis in the central nervous system can result in multi-

ple diseases ranging from cognitive impairment and seizures to variable move-

ment-disorder phenotypes including dystonia [125]. Dystonia related monogenic, 

causal variants involve voltage-dependent calcium channels (e.g. CACNA1A, 

subunit of the presynaptic P/Q-type (Cav2.1) channel [126]), cytosolic proteins 

(e.g. HPCA, a calcium-sensor protein regulating intracellular homeostasis [127]), 

calcium exporters (e.g. ATP2B3, a P-type ATPase involved in calcium clearance 

[128]), calcium-dependent kinases (e.g. CAMK4, a Ca2+/calmodulin-dependent 

protein kinase [129]), and gene-transcription regulators (e.g. CAMTA1, a calcium-

responsive, brain-specific transcription regulator [130]). 

Gene-expression control 

Continuously expanding the number of identified variants in developmental con-

trol genes, aberrant gene-expression regulation seems to play an important role 
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in dystonia pathogenesis [131]. Involved genes are often critical for cell-fate spec-

ification and motor-circuitry establishment during early brain development, lead-

ing to more complex developmental syndromes in which dystonia can be a more 

or less prominent clinical trait [131, 132].  

Examples of disorders of transcriptional deregulation with a predominant dystonic 

phenotype are KMT2B- [133] and THAP1-related diseases [134]. KMT2B codes 

for the lysine-specific histone methyltransferase 2B that mediates the di- and tri-

methylation of histone 3, lysine 4 (H3K4) [135]. Other KMT-type histone methyl- 

transferase-associated disorders (e.g., KMT2A-, KMT2C-, and KMT2D- related 

neurodevelopmental syndromes) are dominated by developmental-disorder 

manifestations without dystonia [136]. Interestingly, pathogenic KMT2B variants 

generate characteristic, non-random DNA hyper-methylation patterns in affected 

cells that selectively target regulatory domains that promote gene expression 

[137]. 

THAP1 encodes for the zinc finger-containing transcription factor THAP domain-

containing protein 1. Impairments of THAP1 might lead to aberrant cytosolic lo-

calization of the encoded protein, impairing the interaction with nuclear DNA and 

resulting in transcriptional dysregulation [138]. Both THAP1 and KMT2B have 

their highest expression in the cerebellum [96]. 

Endoplasmic reticulum homeostasis 

In the common TOR1A associated dystonia disease causing mutations often re-

sult in mislocalization of the encoded protein Torsin 1A from the endoplasmic 

reticulum to the nuclear envelope, indicating abnormal function of these subcel-

lular structures [139]. Torsin 1A deficient animal models confirmed defects in the 

homeostasis of the endoplasmic reticulum, resulting in enhanced stress sensitiv-

ity [140] and abnormalities in folding, assembly and trafficking of proteins [141]. 

However, it isn’t fully understood how TOR1A-induced impairments of the endo-

plasmic reticulum translate into abnormal neuronal activity. Though further elab-

oration is needed, the translation initiation factor eIF2α could be a critical media-

tor of stress response and promote synaptic plasticity [142].  
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In conclusion, several biological pathways including endoplasmic reticulum and 

energy homeostasis, synaptic plasticity, neurodevelopment, neurotransmission, 

and transcriptional regulation might promote a disbalance of inhibition and excit-

ability in several neuronal circuits, leading to an increased facilitation of move-

ment (Figure 6). 

 

Figure 6: Possible pathogenetic model of dystonia 

(modified from Balint et al. [96]) 

1.4.2 Restless legs syndrome (RLS) 

RLS is a common, sleep-related sensorimotor disorder with an unclear patho-

physiology, initially described by Sir Thomas Willis in the seventeenth century as 

an akathisiac psychiatric disorder [143]. Many years later the neurological nature 

of RLS was assessed by the Swedish neurologist Karl-Axel Ekbom with an ex-

tensive and detailed clinical connotation [144].  
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Despite the high prevalence of RLS in the general population, symptoms vary 

considerably regarding the frequency (from occurring less than once per year to 

daily) and severity (from mildly irritating to disabling with severe effects on sleep, 

mood, and overall quality of life) [145]. However, the awareness of RLS is com-

paratively low, with restricted recognition among physicians, and difficulties for 

patients in describing their symptoms and finding a specialist to be referred to. 

This often leads to frequent misdiagnosis, and severely delayed diagnosis and 

treatment, despite RLS being a lifelong disorder with severe impairments of the 

overall quality of life [146]. 

1.4.2.1 Epidemiology 

Based on the methods of diagnosis, country, age, sex, comorbidities, differences 

in health behaviors, genetic risks, disease awareness and perception the preva-

lence of RLS varies considerably [147, 148]. While in most Asian populations the 

prevalence varies between 1% and 3% [149, 150], it ranges from 5% to 13% in 

most population-based studies of European ancestry [147]. Women are affected 

more frequently than men, with a 30-50% higher prevalence in the European 

population [151]. One in five pregnant women develops RLS, with a symptom 

peak in the third trimester [152]. 

RLS has been connected to a growing number of comorbid conditions, including 

renal failure, iron deficiency and pregnancy as major, and hypoxic conditions, 

diabetes mellitus, obesity, cardiovascular, rheumatological, psychological and 

neurological disorders as minor associations [153, 154]. Whether RLS or the 

comorbid condition had begun first, however, remains to be elucidated. 

The age at onset of RLS has a bimodal distribution. One peak at around 20 years 

of age and a second peak at around 40 years of age, though the diagnosis of 

many patients is delayed up to the sixth decade of age [155, 156]. Individuals 

with early age at onset more often report a positive family history of RLS and a 

slowly progressing course of the disorder compared to patients with late-onset 

RLS [155, 156]. 
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1.4.2.2 Clinical presentation and diagnosis 

Due to the lack of a reliable biological diagnostic marker for RLS clinical evalua-

tion and assessment of the medical history are crucial for the diagnosis, distin-

guishing symptomatic from idiopathic forms, and disease management [157]. The 

main diagnostic criteria are the so called RLS minimal diagnostic criteria by the 

International RLS Study Group (IRLSSG) [156], consisting of five essential diag-

nostic criteria (Table 3). 

Table 3: Diagnostic criteria by the International RLS Study Group (IRLSSG)  

(modified from Allen et al. [156]) 

Essential Diagnostic Criteria (all must be met): 

1 
An urge to move the legs usually accompanied by uncomfortable and unpleasant sensa-

tions in the legs (or sometimes other body parts). 

2 
The urge to move the legs and any accompanying unpleasant sensations begin or worsen 

during periods of rest or inactivity such as lying down or sitting. 

3 

The urge to move the legs and any accompanying unpleasant sensations are partially or 

totally relieved by movement, such as walking or stretching, at least if the activity contin-

ues. 

4 
The urge to move the legs and any accompanying unpleasant sensations during rest or 

inactivity only occur at night or are worse in the evening or night than during the day. 

5 

The occurrence of the above features is not solely accounted for as symptoms primary to 

another medical or a behavioral condition (such as myalgia, venous stasis, leg oedema, 

arthritis, leg cramps, positional discomfort, or habitual foot tapping). 

Supportive Criteria 

1 
Periodic limb movements: presence of periodic leg movements in sleep or resting at rates 

or intensity greater than expected for age or medical/medication status. 

2 
Dopaminergic treatment response: reduction in symptoms at least initially with dopamin-

ergic treatment. 

3 Family history of RLS among first-degree relatives. 

4 Lack of profound daytime sleepiness. 

The majority of RLS patients (around 60-70%) experiences sleep disruption, in-

cluding difficulties falling asleep, increased number of awakenings and reduced 

total sleep time [158], with symptoms mainly occurring during the first part of the 

night. Other signs of chronic sleep deprivation including fatigue, difficulties to 
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concentrate and depressive symptoms can occur, but the level of daytime sleep-

iness often seems disproportionate to the grade of night-time sleep impairment 

[159]. 

The severity of RLS can be addressed using the International RLS (IRLS) rating 

scale, consisting of ten questions in a face-to-face interview. It allows a classifi-

cation in mild, moderate, severe and very severe [160].  

1.4.2.3 Genetics 

Genetic predisposition is an important contributor to RLS [157]. 20-60% of all RLS 

patients, up to 60% of individuals with idiopathic RLS, and up to 80% of monozy-

gotic twins have a positive family history [161-163]. Using genome-wide associ-

ation studies (GWAS), common genetic risk variants within 19 risk loci could be 

identified with an estimated contribution by common variants to RLS heritability 

of 19.6% [164]. Bioinformatic pathway and gene set enrichment analyses across 

the 19 risk loci identified processes of neurogenesis, axon guidance and synap-

togenesis, which are crucial for the correct building and maintenance of functional 

neuronal circuitry [164].  

Trying to identify putative causal genes for functional follow-up studies a tran-

scriptome-wide association study integrating RLS GWAS summary statistics and 

publicly available genome-wide gene expression data yielded five candidate 

genes in known loci as well as six novel genes [165]. Testing for a significant 

burden of rare coding variants in 84 RLS candidate genes revealed 14 significant 

genes with a differential burden of low-frequency and rare variants, five of them 

not previously associated with RLS [166]. These genetic findings underline the 

involvement of both common and rare genetic variants in RLS susceptibility. 

However, despite being a condition in which genetic background, environmental 

factors and gene-environment interactions predispose disease development and 

affect expression of the full clinical phenotype [153] large-scale EWAS in RLS are 

largely missing. The single previously published EWAS involved samples of only 

15 cases and 15 controls, deriving an epigenetic diagnostic score based on DNA 

methylation at 49 CpG sites with a surprisingly high accuracy (area under the 
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curve [AUC]) of 87.5% [167]. However, also predicting iron deficiency anemia 

with a similar accuracy (83%) this diagnostic score may have focused on symp-

tomatic RLS resulting from iron deficiency.  

1.4.2.4 Pathophysiology 

Though the exact location and extent of the anatomical substrate of RLS is not 

yet known, relevant brain regions implicated include the basal ganglia, thalamus, 

sensory-motor cortex, and spinal cord. Imaging studies indicated subtle white-

matter changes, particularly in patients with severe RLS, in structures involved in 

sensory or motor control and sensorimotor integration [168]. Furthermore, de-

creased functional connectivity in the dopaminergic network has been demon-

strated, leading to sensorimotor processing dysfunction involving nigrostriatal, 

mesolimbic, and mesocortical connections, accompanied by an altered functional 

connectivity in the thalamus [169].  

The exact pathophysiology of RLS is not fully understood yet, but several mech-

anisms involving brain iron deficiency, dopaminergic dysfunction and alterations 

in neurotransmitter systems have been proposed. 

Brain iron 

Brain iron deficiency has been associated with an increased prevalence of RLS 

symptoms [170]. Despite hints of a decreased iron content of the substantia nigra 

[171, 172], the main iron store in the brain and the cerebrospinal fluid [173], sys-

temic iron levels often remain unchanged [173]. Post-mortem protein expression 

studies identified alterations in iron management and regulation pathways in the 

brain, indicating altered brain iron acquisition [174]. However, it remains ques-

tionable whether all RLS patients show brain iron deficiency.  

Dopamine 

Hints for the role of dopaminergic pathology in RLS come from the initially positive 

pharmacological responses of RLS patients to the treatment with dopaminergic 

agonists [175]. Neuropathological studies have shown a decrease in dopamine 2 

receptor expression in the putamen of RLS patients and an increase in tyrosine 

hydroxylase, which converts tyrosine to levodopa, a precursor of dopamine [176]. 
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Despite these observations and the clinical suggestions of a “hypo-dopaminergic” 

state, however, subsequent research found increased synthesis and release of 

dopamine, in line with a concept of a presynaptic “hyper-dopaminergic” state 

[177]. The mechanism of action of dopaminergic medications in RLS is therefore 

unclear, though it may be partially explained by the circadian aspect of dopamin-

ergic physiology [178]. The downregulation of postsynaptic dopamine 2 receptors 

may lead to a night-time dopaminergic deficit contributing to the development of 

symptoms at night and augmentation under long time dopaminergic medication 

[179, 180].  

GABA and glutamate 

Recently several studies have supported a role of altered glutamatergic and GA-

BAergic balance in RLS [181, 182]. NMDA receptor inhibitors such as ketamine 

[183] and methadone [184] have shown to be effective for RLS. α2δ ligands such 

as pregabalin or gabapentin which are not only considered efficacious but also 

show less long-term treatment complications [185] may also derive their benefits 

from their actions on the glutamatergic system [186]. Iron deficiency might pro-

mote hypersensitivity of the glutamatergic cortico-striatal terminals [187, 188]. 

Adenosine 

Downregulation of adenosine A1 receptors and an upregulation of striatal A2A 

receptors in relation with brain iron deficiency led to increased sensitivity of cor-

tico-striatal glutamatergic terminals in rodents [189, 190]. In addition to effects on 

glutamate release, A1 and A2A receptors interact with dopamine D1 and D2 re-

ceptors forming different heteromers, that are highly expressed on the stria-

tonigral and striatopallidal neurons, playing a role in modulation of the adenosine-

dopamine-glutamate balance in the striatum [191]. In a crossover, placebo-con-

trolled study the adenosine reuptake inhibitor dipyridamole improved sensory 

symptoms, periodic limb movements and sleep disturbances in RLS patients 

[192]. 
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Figure 7: Possible pathogenetic model of RLS 

(modified from Manconi et al. [157]) 

Overall, RLS might arise at different levels in the central nervous system influ-

enced by genetic vulnerability, environmental, and individual factors, eventually 

resulting in modified, possibly temporary and circadian, neuronal networks [181]. 

While altered dopaminergic neurotransmission is considered as an essential 

mechanism underlying both akathisia and periodic limb movements, glutama-

tergic and GABAergic disbalances enhance alterations in the activity of neuronal 

circuits and promote a hyperarousal state [182]. The link between brain iron de-

ficiency and the observed dopaminergic, GABAergic and glutamatergic disbal-

ances could be a hypoadenosinergic state, modulating the neurotransmitter bal-

ance [191] (Figure 7). 
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1.5 Aims 

Contributing to a better understanding of movement disorders is a challenging 

approach considering the complex nature of the phenomenology and pathophys-

iology of these disorders. The aim of this study was to employ diverse approaches 

on different omics levels to deepen our understanding of the molecular mecha-

nisms involved in movement disorders.  

Dystonia is often caused by monogenic variants with strong effects, directly af-

fecting the function of encoded proteins (NUP54 [45], EIF4A2 [193]). This ena-

bled targeted functional analyses on the protein level, aiming for information on 

altered expression profiles and subcellular locations, impaired protein-protein in-

teractions, and resulting functional consequences.  

In contrast, RLS, a common polygenic disease, arises from multiple predisposing 

genetic and non-genetic factors. Due to the comparably weak, but additive effects 

of multiple genetic variants to the disease, large case-control studies are needed 

to determine the underlying effect of those variants. While multiple GWAS already 

identified several common risk variants on the genomic level, epigenetic analyses 

and biomarkers are largely missing opposed to other neurobehavioral disorders. 

Therefore, we aimed to develop a biomarker based on DNA methylation in blood 

and to examine the methylation patterns in brain tissues for dissecting RLS path-

ophysiology [194]. 
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2. Publications 

2.1 Recessive NUP54 Variants Underlie Early-Onset Dystonia with 

Striatal Lesions 

Contributions 

The concept and design of the study were developed by me together with Audrey 

Schalk, Masaru Shimura, Juliane Winkelmann and Michael Zech. I planned the 

experimental procedure based on the pathophysiological hypothesis, coordinated 

the cultivation of patient fibroblasts together with Ivana Dzinovic, conducted the 

protein extraction, Western blots, and indirect immunofluorescent stainings to-

gether with Volker Kittke, and performed the data analyses of protein expression 

in Western blots. Drafting of the manuscript and figures was done by me, Ivo 

Melčák (in silico structural analysis of mutated NUP54) and Michael Zech. 

Graphical abstract 

 

Figure 8: Graphical Abstract: Recessive NUP54 Variants Underlie Early-Onset Dystonia   
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2.2 Dystonia linked to EIF4A2 haploinsufficiency: a disorder of protein 

translation dysfunction 

Contributions 

The concept and design of the study were developed by me together with Matej 

Škorvánek, Volker Kittke, Juliane Winkelmann and Michael Zech. I planned the 

experimental procedure based on the pathophysiological hypothesis, coordinated 

the cultivation of patient fibroblasts together with Ivana Dzinovic, conducted the 

protein extraction, Western blots, and proximity ligation assays (PLA) together 

with Volker Kittke, and performed the data analyses of protein expression in 

Western blots and protein-protein-interactions in PLA. Drafting of the manuscript 

and figures was done by me and Michael Zech.  
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Graphical abstract 

 

Figure 9: Graphical Abstract: Dystonia linked to EIF4A2 haploinsufficiency: a disorder of 

protein translation dysfunction 

 



Publications   49 

 

  



Publications   50 

 

  



Publications   51 

 

  



Publications   52 

 

  



Publications   53 

 

  



Publications   54 

 

  



Publications   55 

 

  



Publications   56 

 

  



Publications   57 

 

  



Publications   58 

 

  



Publications   59 

 

  



Publications   60 

 

  



Publications   61 

2.3 Epigenetic Association Analyses and Risk Prediction of RLS 

Contributions 

Concept and design of the study were developed by me together with Nazanin 

Mirza-Schreiber, Barbara Schormair, Juliane Winkelmann and Konrad Oexle. 

I coordinated and executed the extraction of the examined brain regions in col-

laboration with the Center for Neuropathology and Prion Research (Ludwig-Max-

imilians-Universität, Munich, Germany), tested and optimized different DNA/RNA 

and protein extraction protocols and conducted the established extraction proto-

col for DNA/RNA and proteins (RNA and protein analyses not published yet). 

I was involved in quality control of the data from blood and brain, and reviewed 

the data analyses (including EWAS, epigenetic clock calculations, risk profile ex-

traction, and pathway analyses) conducted by Nazanin Mirza-Schreiber, 

Vanessa Mandel, Chen Zhao and Konrad Oexle, together with Chen Zhao and 

Konrad Oexle. Drafting of the manuscript and figures was done by me in ex-

change with Nazanin Mirza-Schreiber, and Konrad Oexle.  
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Graphical Abstract 

 

Figure 10: Graphical Abstract: Epigenetic Association Analyses and Risk Prediction of 

RLS 
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3. Discussion 

Genetic testing plays a crucial role for various aspects of medical decision-mak-

ing, that is, diagnosing affected individuals, evaluating disease risks, predicting 

disease onset, providing guidance in reproductive genetic counseling, and estab-

lishing pharmacogenetic profiles for informed treatment choices. While these 

tasks may be similar in monogenic and polygenic traits, there exist disparities in 

terms of feasibility and methodological procedures between these types of disor-

ders. Rare deleterious variants often carry more pronounced effects compared to 

more prevalent variants [25] [41], and most rare variants of large effect may lie in 

coding regions [195]. Conversely, common variants mostly reside in between 

genes and frequently lack direct implications on protein sequences [23], which 

makes it difficult to derive models that link common variants to (patho-) physio-

logical effects. 

For rare genetic variants in genes that haven’t been previously described as dis-

ease-causing for the present phenotype, a conclusive diagnosis often remains 

absent. To obtain certainty about the cause of the disease, provide optimal care 

to the patient, predict the disease course, and to extend the pathophysiological 

understanding, functional follow-up investigations of genetic variants with un-

known clinical significance are crucial [196]. In case of rare variants these follow-

ups often concentrate on the disease gene and the encoded protein, while con-

ditions in which the genetic background, environmental factors and gene-envi-

ronment interactions significantly predispose the disease development [153] re-

quire to look at different omics levels as a whole, such as the epigenome to better 

understand the gene-environment interactions and the underlying disease mech-

anisms.  

In this work, we studied both types of diseases, two monogenic forms of dystonia 

being the use case for molecular diagnostics of monogenic diseases and RLS as 

a common disease. In addition to genetic and epigenetic analyses we applied 

different molecular approaches to provide functional evidence of potential patho-

physiological mechanisms and to support the diagnostic procedure.   
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3.1 Dystonia – identification of NUP54 und EIF4A2 as novel disease 

genes 

As outlined in the respective publications, we successfully incorporated two novel 

genes, NUP54 and EIF4A2, into the compendium of genes associated with move-

ment disorders. Through functional follow-up experiments, we produced addi-

tional evidence in support of two new concepts on pathomechanisms in dystonia, 

encompassing aberrations at the nuclear envelope and facilitated shifts in the 

regulation of protein translation. 

3.1.1 Consequences for our understanding of the pathophysiology of 

dystonia 

Changes at the nuclear envelope 

The nuclear envelope is a physical-barrier system composed of the nuclear mem-

branes and the nuclear-pore complexes (NPCs), mediating the protection of ge-

nome integrity and maintenance of the nuclear-transport machinery [197]. 

Transport of large molecules through the nuclear envelope occurs prominently 

via NPCs, formed by multiprotein assemblies referred to as nucleoporins (NUPs) 

[198]. NPCs exhibit a strong degree of compositional conservation, and their 

functions are essential for tissue development and homeostasis [199].  

In addition to the identified disease-causing variant in NUP54 [45], the impairment 

of NUP62 has been previously linked to hereditary forms of early-onset dystonia 

with striatal lesions [200]. Interestingly, individuals with complex neurological syn-

dromes due to impairments of other NUPs and proteins associated to the nuclear 

envelope may present dystonia as a prominent clinical feature [201]. Based on 

recent observations all major components of the nuclear envelope including indi-

vidual NUPs and NPCs, are degraded by the ubiquitin-proteasome system and 

through lysosomes/vacuoles, triggered by protein damage, misfolding or cellular 

stress [202]. Integral membrane proteins require additional factors to be de-

graded, achieved by engaging specific adenosine triphosphatases (ATPases) of 

the “AAA” type ("ATPases associated with diverse cellular activities") [203]. The 

protein encoded by TOR1A, associated with the most frequent form of childhood-

onset isolated dystonia [96], also belongs to the family of “AAA” ATPases. 
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Dysfunction leads to impairments of the nuclear export of large ribonucleoprotein 

granules [204], NUP delocalization and dysregulation [205], and alterations of the 

nuclear envelope morphology [206].  

In total there are more than 30 mostly highly conserved NUPs, providing the basis 

for multiple different NPCs [207] [208]. The central channel of the NPC is lined 

by NUPs that harbor phenylalanine- and glycine-rich repeats (FG-NUPs). Despite 

very high transport rates FG-NUPs in the central channel facilitate a highly spe-

cific transport [209]. The impairment of a specific NPC, as present in NUP54 [45] 

and NUP62 [200] associated early onset dystonia could therefore alter the nu-

clear import and export of a highly specific subset of proteins and RNAs, depend-

ent on transport-receptor mediated import and export routes connected to the 

diminished NPC. Studies on KMT2B associated dystonia outlined that deficiency 

of the histone methyltransferase KMT2B led to an episignature of 113 increas-

ingly methylated DNA CpG sites in blood, that showed significant epigenome-

wide association, allowing a definitive evaluation of variants of uncertain signifi-

cance [137]. Following a similar approach an extension of the studies on NUP54 

and NUP62 associated dystonia from the present targeted approach to full con-

sideration of the epigenomic, transcriptomic or proteomic level could reveal dis-

tinct signatures based on the affected subset of proteins, improving the evalua-

tion of potentially causal variants in these genes, and providing a perspective 

function in disease monitoring.  

Regulation of protein translation 

Considering examples of disorders of transcriptional deregulation with a predom-

inant dystonic phenotype such as KMT2B- [170] and THAP1-related diseases 

[171], aberrant gene-expression regulation seems to play an important role in 

dystonia pathogenesis [168]. In addition to transcriptional control, regulating the 

availability of mRNA, the cellular rates of protein synthesis are determined 

through the global or mRNA specific translation regulation. The translation path-

way in cells can be broken down into four stages: initiation, elongation, termina-

tion, and ribosome recycling. The synthesis rate of a specific protein is deter-

mined by the number of ribosomes translating its mRNA, the number of active 

mRNAs, coding length of the mRNA, rate of ribosome attachment to the mRNA 

(initiation), and rate of elongation [210].  
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Recently the eukaryotic translation initiation factor 2 alpha kinase 2 (eIF2AK2) 

[211, 212] and the Interferon-induced, double-stranded RNA-activated protein ki-

nase (PRKRA) [213], a regulator of eIF2AK2 activity, have uncovered a novel link 

between translational regulation and dystonic phenotypes. eIF2AK2 is responsi-

ble for regulating protein synthesis by phosphorylating translation initiation factor 

eIF2α, which is one of the best-characterized mechanisms for regulation of both 

global and specific mRNA translation in response to a wide variety of different 

stimuli, especially in immune response [214].  

Adding to the evidence of translational regulation as a potential disease mecha-

nism in dystonia we were able to demonstrate that EIF4A2 haploinsufficiency, 

encoding eukaryotic translation-initiation factor-4A-2 (eIF4A2), underlies a previ-

ously unrecognized dominant dystonia-tremor syndrome [193]. The described 

EIF4A2 variants led to perturbance of translational regulation, revealing an in-

creased expression of a target of the Ccr4-Not complex, a key regulator of eu-

karyotic translation [215]. This provided first evidence that impaired Ccr4-Not-

dependent microRNA pathway function and defects of protein-synthesis repres-

sion might be primary contributors to eIF4A2-related phenotypes [193]. To under-

stand the full consequence of the impaired interaction of eIF4A2 with the Ccr4-

Not complex, future studies need to address the resulting changes on the tran-

scriptome and proteome to identify a comprehensive list of proteins and pathways 

influenced by eIF4A2 driven translational regulation. 

3.1.2 Implications for molecular diagnostic approaches of rare variants 

With modern genomics more and more dystonia-related variants and associated 

potential disease-causing genes were identified. As inherited or acquired protein-

coding variants represent the majority of disease-causing variants, accounting for 

upwards of 60% of all known causative genomic variants [35, 36], we used WES 

as a rapid and effective diagnostic tool for variant discovery. WES enabled a huge 

step forward in genomic testing, providing a far higher diagnostic and clinical util-

ity in comparison to previously used chromosomal microarrays [216]. However, 

as WGS becomes increasingly accessible across healthcare systems (e.g., the 

100.000 genomes project [217]), it might supersede other modalities in the future. 
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Based on the used WGS technique it can comprehensively assess multiple vari-

ant types, including structural and copy-number variants, short tandem repeats, 

and mitochondrial variants in a single test with shorter sample preparation times 

[218]. Advances in long read sequencing techniques such as PacBio HiFi se-

quencing provide read lengths averaging between 10 and 25kb in combination 

with accuracies greater than 99.5% [219], enabling the identification of larger 

structural variants that couldn’t be identified by short-read sequencing techniques 

such as Illuma sequencing before [220]. Despite those advantages of different 

WGS approaches, however, it still relates to higher costs, partly unoptimized 

analysis tools and a lack of clear evidence for a significant increase in diagnostic 

yield [221, 222]. Interpretation and prediction of the functional effects of WGS-

identified variants, in particular non-coding variants, remain difficult [223, 224]. 

While variant annotations are useful for identifying the relevant variants and pri-

oritizing them for further investigation [225, 226], functional follow-up experiments 

are still needed to clearly determine the contribution of potential disease-causing 

variants to the observed phenotype and to potentially identify effects that have 

remained unknown so far.  

3.2 RLS – development of an epigenetic risk score 

To elucidate the underlying pathophysiology and derive diagnostic biomarkers, 

EWAS have already been conducted on various common diseases over the last 

decade. On one hand, analyses of altered epigenetic methylation patterns at spe-

cific sites and their associated biological pathways can aid in identifying biological 

correlates. On the other hand, utilization of these patterns irrespective of their 

biological functions can assist in constructing risk scores, offering a valuable tool 

for disease diagnosis and management. 

3.2.1 Impact on RLS pathophysiology 

Genetic and imaging studies [227, 228] mostly identified CNS structures as rele-

vant for pathogenetic processes in RLS, including dopaminergic, GABAergic and 

glutamatergic neurotransmitter systems and brain iron metabolism. We could 

confirm these observations on the epigenetic level showing an enrichment of 
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differentially expressed genes in the brain in a tissue-specific analysis of signifi-

cant candidate genes in blood EWAS [194]. Several genes identified in the EWAS 

on different brain tissues highlighted a possible impairment of neurodevelopment, 

neurotransmission, and metabolic functions in the disease development of RLS. 

Interestingly epigenetic age estimation using different mathematical models un-

derlined the concept that RLS is rather a neurodevelopmental disorder than a 

neurodegenerative disease, in line with missing evidence for an increased risk of 

RLS patients to develop neurodegenerative diseases [229-231], despite RLS be-

ing an age-related disease. The strongest RLS association signal in GWAS stud-

ies, MEIS1, also plays an important role in the regulation of neurogenesis [232], 

further strengthening the observed concept of RLS being a neurodevelopmental 

disorder that manifests through the exposure to individual and environmental fac-

tors during lifetime. 

3.2.2 Diagnostic usability of epigenetic risk scores  

Epigenetic modifications, particularly DNA methylation, play a crucial role in the 

regulation of gene expression and have been extensively studied in the context 

of various traits and diseases. Methylation risk scores have emerged as promis-

ing tools to assess disease risk and prognosis based on DNA methylation pat-

terns. However, the implementation of methylation risk scores in clinical settings 

comes with several challenges and risks that must be carefully considered.  

In the case of RLS, CNS structures are likely to harbor pathogenetic processes. 

Blood methylation is not a good predictor of brain methylation for the vast majority 

of CpG sites [233]. For less than 1.5% of the CpG sites the interindividual varia-

tion of methylation in blood can explain more than 50% of their methylation vari-

ance in brain [233]. However, we still tried to establish an epigenetic risk score 

for RLS in blood, in the hope that those findings can help in the study and risk 

prediction of RLS. As other groups that work on the epigenetics of brain diseases 

such as schizophrenia [234, 235] or depression [236] we were able to derive a 

functional epigenetic risk score from the blood data. While brain tissue is difficult 

to assess and will never be used for this purpose, blood is the tissue of choice for 

standardized clinical diagnosis and prediction. Moreover, it has been previously 
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shown for several monogenic neurodevelopmental disorders that the genetic 

causes may leave epigenetic traces in blood cell DNA [237]. 

To develop reliable risk scores, large and diverse cohorts are required for valida-

tion. Insufficient sample sizes can lead to overfitting and hinder the reproducibility 

of methylation risk scores across different populations [238]. In our efforts to ad-

dress this challenge, we employed a three-stage selection procedure utilizing 

three large and independent batches, including a testing set (n = 520) in conjunc-

tion with discovery (n = 884) and validation (n = 879) sets [194]. Despite notable 

advancements in recent years, the performance of methylation risk scores in 

common genetic diseases such as schizophrenia [234, 235], depression [236], 

or RLS [194] still requires improvement to facilitate clinical implementation. This 

progress may be achieved by enhancing the scale, precision, and diversity of 

genetic and phenotypic data or through the integration of other omics data, such 

as genetic, transcriptomic, or proteomic information. 

Even if epigenetic risk scores attain an accuracy suitable for clinical use, several 

challenges will persist. Apart from considerations regarding cost-effectiveness 

and affordability, risk scores often rely on intricate algorithms and mathematical 

models, posing challenges in interpretation for untrained healthcare providers 

and patients, and making a broadly assessable visualization of the results man-

datory [248]. Moreover, it is crucial to consider ethical conflicts related to privacy, 

informed consent, and the potential stigmatization of individuals with elevated risk 

scores [248]. 

Methylation risk scores demonstrate considerable potential in the prediction of 

disease risk and prognosis. However, to fully capitalize on their benefits, re-

searchers and clinicians must diligently confront the challenges and risks intrinsic 

to their development, validation, and clinical implementation. Ongoing research, 

interdisciplinary collaboration, and ethical considerations are imperative to opti-

mize their utility. 
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3.3 Conclusion and perspective 

A growing number of human disease genes implicated in movement disorders 

have been identified. We were able to add the two new genes NUP54 and EIF4A2 

as movement disorder-related genes to this catalog and to provide first functional 

evidence of two potential disease mechanisms, which may be important to con-

sider during clinical management and counseling of affected families. Regarding 

the common movement disorder RLS we have been able to support the notion of 

altered neurodevelopment but not neurodegeneration playing a role in RLS on an 

epigenetic level and to derive the first methylation risk score reliably associated 

with idiopathic RLS.  

Looking ahead, the aim of molecular genetic diagnostics will be to assess a per-

son's entire set of genetic and epigenetic risk factors – both common and rare – 

to optimize and individualize therapy, prognosis, and prevention. While rare var-

iants contribute to the heritability of quantitative phenotypes such as height [24] 

and common traits such as breast cancer [26], common variants can influence 

the clinical presentations of monogenic disorders [23].  

Since completion of the human genome sequencing [33], the bottleneck in human 

genetics shifted from the discovery of genetic variants to the identification of 

causal mechanisms by which genetic variants lead to a specific trait. Of more 

than 200,000 genetic variants that have been related to human traits by GWAS, 

the majority remain mechanistically uncharacterized [239]. Similarly, of nearly 1 

million entries in the ClinVar database [47] of variants identified in patients with 

severe genetic disease, about 50% are classified as having uncertain or conflict-

ing annotations [240].  

Considering our focus on individual omics levels, application of a variety of omics 

technologies in parallel could complement clinical characterization and sequenc-

ing approaches for rare and common diseases. Integration of multi-omics data 

might promote a more comprehensive understanding of the molecular landscape, 

strengthening the identification of disease-causing variants by combining several 

lines of evidence [241, 242]. Transcriptomic or proteomic analyses allow the re-

classification of potential splice or ambiguous missense variants based on 



Discussion   81 

aberrantly expressed gene products [243]. Metabolomics and DNA methylation 

data can be used to identify molecular biomarkers with applications in cohort 

stratification, disease classification or disease gene prediction [244].  

While these approaches improve the identification of disease-causing variants, 

some level of uncertainty will always remain, making a functional follow-up in 

model systems necessary to clearly prove the disease-causing effect of a variant. 

Taking the thousands of links between individual gene variants and various traits 

and diseases into account, new methods of high-throughput experimental assays 

are urgently needed to address the variant-to-function problem [240]. Recent 

consortia such as the “Atlas of Variant Effects” [245] aim to address this problem 

and upcoming methods like pooled single-cell CRISPR screens to identify target 

genes in cis and trans, measure dosage effects, and decipher gene-regulatory 

networks provide first promising approaches [246]. 

A systematic collection of phenotypic data is the prerequisite of any such investi-

gation. Highlighting the significance of well-defined subgroups determined by ro-

bust and comprehensive phenotypic data, recent insights have challenged the 

notion of common disorders as homogenous disease entities. In case of type 2 

diabetes, for instance [247], phenotypic cluster analysis of independent patient 

cohorts identified and replicated subgroups with significant differences in patient 

characteristics and risks of diabetic complications [248]. Notably, these clusters 

also exhibited discernible epigenetic patterns, underlining the distinctiveness of 

type 2 diabetes subgroups and their specific types of diabetic complications [249]. 

A more comprehensive, standardized phenotyping of movement disorders, such 

as RLS and dystonia, might similarly hold the potential to identify subgroups with 

group-specific molecular architectures. To achieve this, it is necessary to estab-

lish structured databases with detailed and systematic recording of phenotypic 

features. 
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4. Supplementary material 

4.1 Supplement to: Recessive NUP54 Variants Underlie Early-Onset 

Dystonia with Striatal Lesions 

 



Supplementary material   83 

 



Supplementary material   84 

 



Supplementary material   85 

 



Supplementary material   86 

 

Videos are available online as MPEG-4 video files (Video S1 and Video S2): 

https://onlinelibrary.wiley.com/doi/full/10.1002/ana.26544 

https://onlinelibrary.wiley.com/doi/full/10.1002/ana.26544
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4.2 Supplement to: Epigenetic Association Analyses and Risk 

Prediction of RLS 
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Full summary statistics are available online as Excel spreadsheet (Data S1): 

https://movementdisorders.onlinelibrary.wiley.com/doi/10.1002/mds.29440 

https://movementdisorders.onlinelibrary.wiley.com/doi/10.1002/mds.29440
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