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Abstract 

The understanding of genetic and functional aspects of neuropathies and ataxias can provide 

evidence for therapeutic targets and translation into clinic. In my work, I employed genetic 

screening and sequencing techniques, optical genome mapping and disease modelling using 

Drosophila melanogaster.  

In Chapter 2, I describe the work performed to characterise the RFC1 spectrum disorder. 

Screening a large cohort of patients for repeat expansions in the gene together with the 

phenotypic data can give a detailed picture of the disease progression. Here, we demonstrate 

that RFC1 repeat size is a key predictor of disease onset, phenotype and severity therefore 

providing evidence for unmet need of sizing the RFC1 repeat expansions in diagnostic settings.  

In Chapter 3, I describe the genetic heterogeneity in RFC1 disease, and investigate novel 

pathogenic repeat expansion motifs in RFC1. Here, we address a need for additional genetic 

testing beyond PCR screening in patients presenting with typical CANVAS symptoms but 

negative screening for the most common biallelic pathogenic AAGGG expansion to correctly 

diagnose patients. 

In chapter 4, I describe the work performed to identify and characterise a novel recessive 

Charcot-Marie-Tooth (CMT) gene, ARHGAP19. Here, we add another important gene to the 

growing list of CMT genes and we demonstrate loss of activity of the GTPase activating protein 

domain in functional and in-silico assays.  

Finally, in chapter 5, I describe the utility of Drosophila melanogaster as a model organism in 

neurogenetic research. I use various tools to knock down gene expression in the fly to 

recapitulate the phenotype of the patients with RFC1 and ARHGAP19 diseases.  

In conclusion, in my thesis, I present functional and genetic characterisation of two important 

genes ï RFC1 and ARHGAP19 - that will enable me and other members of the neurogenetic 

field to further research the disease mechanisms and address the need of translation into 

diagnostic and potentially therapeutic avenues.  
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Impact Statement 

The research detailed in this thesis has had a direct translational impact on implementation of 

diagnostic screening procedures for RFC1 repeat expansion; implementation in Queens Square 

Institute of Neurology, and validation of novel repeat expansion sizing methodology using 

Bionano Optical Genome Mapping and discovery of additional genetic heterogeneity of RFC1 

repeat expansion disorder as well as correlation of the size of the repeat expansion to the disease 

onset and progression which has a direct impact on the ability to better counsel patients affected 

with the disease. Moreover, a novel gene, ARHGAP19, biallelic mutations in which cause 

Charcot-Marie-Tooth disease, has been genetically and functionally characterised in this thesis 

and added to a growing list of genes associated with the neuropathy. Additionally, I successfully 

established Drosophila melanogaster loss-of-function models of RFC1 and ARHGAP19 gene 

orthologs which recapitulate the locomotion phenotype of the patients. These models may 

further help to elucidate the pathomechanisms of these diseases. 

The work described in this thesis advances knowledge on the functional consequences of RFC1 

repeat expansions and the novel neuropathy gene ARHGAP19 and may lead to future 

therapeutic avenues which could benefit the patients and communities worldwide.  

Moreover, the recent disease discovery work presented in this thesis as part of the International 

Centre for Genomic Medicine in Neuromuscular Diseases (ICGNMD) and Synaptopathies and 

Paroxysmal Syndromes study groups (SYNaPS) collaborative projects has placed UCL lab at 

the epicentre of collaborative research. The work generated as part of this thesis but also the 

many collaborative projects with departments within UCL, other institutions in the UK as well 

as globally with neurologists, bioinformaticians and basic scientists, have generated a model 

for future research into complex rare disorders. This work highlights the importance of 

international collaborations and inclusion of large consortia, big datasets and diverse 

populations which are essential in genetic studies.  

The research described in this thesis has been presented orally at 15th UK Neuromuscular 

Translational Research Conference in April 2022 in London UK; Postgraduate Research 

Conference at UCL London in May 2022; The Brain Conference March 2023 (online) and 

Peripheral Nerve Society (PNS) June 2023 in Copenhagen, Denmark. The work on the novel 

neuropathy gene ARHGAP19 has been awarded Guarantors of Brain travel grant of Ã500 to 

present in PNS annual meeting, where I was awarded Richard and Mary Bunge award for best 

presentation.  
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My work was part of major projects in our laboratory that include contributions from clinicians 

and scientists, and I describe my contribution at the start of each results chapter. 

Moreover, parts of the research described in this thesis have been published in international 

journals which have positive impact on advancing the knowledge of the scientific community.  
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CHAPTER 1. General introduction 

 

1.1 Rare disorders 

Rare diseases are disorders which affect a small proportion of a given population and can have 

debilitating effects on the quality of life of affected individuals and their families. The 

definition of a rare disorder varies by region, for example in Europe, a disease would be 

considered rare if there is one person affected in 2,000 people, while in the USA it would be 

fewer than one in 200,000 people (Ferreira, 2019). Although these diseases individually have 

a low prevalence, collectively they affect around 6% of the world population, and it is believed 

that as many as 80% may have a genetic aetiology (Wakap et al., 2020; Frederiksen et al., 

2022).  

Studying rare genetic diseases is important for several reasons. Thanks to advances in genetic 

technologies and screening initiatives, an increasing number of patients can nowadays receive 

a genetic diagnosis for their disease. Currently, the estimated number of genetic disorders is 

between 6 and 7 thousand according to the Online Mendelian Inheritance in Man (OMIM) 

catalogue with many genes becoming disease associated through research every year and up to 

15,000 rare disease-casing genes reported thus far. For example, Charcot-Marie-Tooth (CMT) 

disease has now over 100 causative genes described in literature (Pisciotta and Shy, 2023). 

Importantly, many of the rare diseases are characterised with significant disability, social and 

financial burden, increased risk for comorbidities and increased mortality (Gahl 2012). 

Therefore, understanding the genetic causes, could not only benefit patients by leading to 

diagnosis but also to understanding their disease prognosis and progression, aiding in decisions 

in family planning, and in some cases could lead to treatments guided by genetics. Indeed, 

many rare diseases can be now diagnosed at earlier stages which has potential for personalised 

medicine and slowing of disease progression. One such recent example is hereditary 

neuropathy caused by recessive mutations in the SORD gene, the patients have increased levels 

of blood sorbitol which can not only act as a biomarker for the disease, but also provide a target 

for therapeutics (Cortese et al., 2020).  

Remarkably, at discovery, a disease may appear to be rare, but with research and advancements 

in medical understanding and testing availability, it may emerge that the disease is more 
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common and that it had been underdiagnosed. Indeed, this appears to be the case with RFC1 

repeat expansions (Cortese et al., 2019) that I will describe in chapters 2 and 3. 

In addition, the study of rare diseases caused by a mutation in a single gene, known as 

monogenic disorder, can provide valuable insights into the normal function of the gene by 

revealing the consequences of absence of a functional gene or its malfunction. Furthermore, 

such research may potentially lead to the discovery of pathways involved, identification of new 

pathways, receptors and other key elements involved. 

1.2 Mendelian genetics 

Genetic disorders can have various modes of inheritance (Hernandez et al., 2016; Zschocke et 

al., 2023) (fig.1.1), and there are five main ones for monogenic disease: dominant ï caused by 

one faulty allele inherited from a parent with 50% chance of inheriting the disease allele, with 

the disease being usually present in each generation; recessive ï caused by inheriting two faulty 

alleles, one from each parent who are carriers and a chance of having an affected sibling is 

25%. X-linked dominant and X-linked recessive diseases are inherited with mutated genes on 

X chromosomes, and mitochondrial inheritance is caused by mutations in mitochondrial DNA 

that are inherited from mothers but can affect both male and female offsprings. 

 

Figure 1.1 Five main modes of inheritance ï autosomal dominant and recessive where mutation is passed on to 

child from parents on autosomes. In autosomal dominant inheritance pattern, a child will be unaffected (red arrow) 

only if inheriting two healthy alleles, one of each parent. In autosomal recessive inheritance, a child will be 

affected (red arrow) when inheriting two faulty copies of the gene, one from each parent. In X-linked inheritance, 
the faulty gene is passed on X chromosome. In mitochondrial inheritance all offspring of affected mothers are 

affected but no offspring of an affected father is affected. 
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My thesis encompasses the identification of recessive disease-causing genetic mutations which 

can be caused by inheritance of the same pathogenic variant on both alleles ï homozygous 

mutation, or two different pathogenic heterozygous variants of the same gene inherited in trans 

on separate alleles ï compound heterozygous.  

Homozygous gene mutations aid characterization of the function of human genes because they 

can lead to disruption of both copies of a gene and can result in phenotypic changes in the 

affected individuals. Nonfunctional alleles caused by null mutations are very infrequent in 

general population (Cortese et al., 2020), however, the likelihood of finding a homozygous 

disease-causing mutation is considerably higher in offspring from consanguineous marriages. 

This is true based on mendelian mode of inheritance whereby two unaffected parents with 

heterozygous alleles may each pass the recessive disease-causing trait onto the offspring.  

1.3 Genetic mutations 

Mutations in DNA can either be silent or may result in various consequences (fig.1.2). Single 

nucleotide polymorphisms (SNPs) are a change of single nucleotide in the sequence which 

usually have no deleterious consequence on a personôs phenotype. However, point mutations, 

which also involve changes in single nucleotides, can result in alterations leading to missense, 

nonsense/stop gain mutations. Nonsense mutations introduce premature stop codon leading to 

truncated versions of the functional protein becoming prone to nonsense mediated decay 

(Benslimane et al., 2024). Missense mutations lead to a change of one amino acid to a different 

one, depending on the properties of the new amino acid, which in turn can have consequences 

in protein folding or interactions with enzymes or other proteins (Shinsato et al., 2024).  

Structural variations (SV) (fig.1.2) in DNA can include insertions or deletions (indels) which 

can lead to frameshift mutations and therefore different protein sequence downstream or 

truncated protein (Porubsky and Eichler, 2024). Large deletions can cause excisions of whole 

exons (Fortunato et al., 2023) or chromosome fragments (Mitchel et al., 1993). 

Repeat expansions are another form of SVs and they arise when a specific nucleotide sequence 

is repeated beyond the pathogenic threshold (Leitao et al., 2024).  

When assessing the recessive inheritance of a variant, it is important to be able to phase the 

variants ï variants in ñtransò lay on two alleles, whereas variants in ñcisò are located on the 

same allele and therefore are unlikely to cause disease if the disease is recessive.  
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There are other forms of mutations not mentioned here, however, in my thesis, I investigate 

repeat expansion mutations in CANVAS and disease-causing point mutations in ARHGAP19.  

 

Figure 1.2 Schematic of a coverage of short read sequencing and long read sequencing and genetic variation 

concepts. Short read sequencing technologies allow for sequencing short fragments of DNA ï 100 ï 150 bps in 

length. Long read sequencing allow for sequencing long DNA fragments and therefore are superior in sequencing 

SVs. Point mutations refer to a change of a single nucleotide, structural variation can cause an inversion of read 

frame of a gene, gene translocation and other such as repeat expansions where repetitive sequences become 

expanded. Phasing refers to positioning of a mutation in respect to another allele ï mutations in trans are located 

on two different alleles whereas mutations in cis are located on the same alle. A pseudogene is a DNA segment 

that resembles a coding gene but cannot code for a protein.  

 

1.4 Genetic methods 

A variety of tools are available for detecting mutations in the human genome. Perhaps the most 

important one that leads to confirmation of many genetic discoveries is Sanger sequencing. 

Sanger sequencing was developed in late 1970s, and it used gel electrophoresis for detection 

of chain terminated amplified DNA fragments (Sanger et al., 1977). This technique is still used 

nowadays, we often use it to confirm mutations found in next generation sequencing (NGS) 

and segregate the identified variant in the proband and its family members.  

NGS includes whole genome sequencing (WGS), whole exome sequencing (WES) and gene 

panels. Both coding and non-coding genome regions are sequenced with WGS, however, this 

is an expensive technique that demands large bioinformatics skill and processing of data 

(Efthymiou et al., 2016). 
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WES sequences exons, the coding gene regions only and can detect point mutations in genes 

and is considerably cheaper than WGS, however, it will not detect structural or intronic 

variants. Gene panels target specific groups of genes which are associated with specific 

phenotype or diagnosis.  

NGS has many advantages, such as high throughput, where millions of DNA fragments can be 

simultaneously sequenced, producing large amounts of genomic data. In addition, NGS is 

considerably faster than traditional sequencing methods therefore it facilitates variant 

discovery in genomic studies. Perhaps the biggest disadvantage of NGS is that it allows for 

sequencing of short fragments of DNA, using Illumina HiSeq4000 or Hiseq X platforms, the 

read length is 100 -150 base pairs depending on paired end protocol used (Kim et al., 2018, 

Hernandez et al., 2014). Read length limitations make it challenging to assemble complex 

genomes or particularly repetitive sequences or large structural variants (Dominik et al., 2023; 

Dolzhenko et al., 2024).  

Long read sequencing (LRS) is the next step in genome sequencing, the technology used is 

relatively new and it works to overcome the limitations of NGS, namely, it allows to sequence 

longer stretches (>Mega base pairs) of DNA, ranging from thousands to mega base pairs in 

length. The main technologies used in LRS are nanopore sequencing from Oxford Nanopore 

and single molecule real-time sequencing from Pacific Bioscience (PacBio) long read. Thanks 

to these technologies, it is now increasingly possible to sequence DNA fragments that span 

repeat regions, making it possible to infer a repeat expansion motif in repeat expansion 

disorders, identify larger structural variants in the genome such as insertions and deletions or 

chromosomal rearrangements or even identify full length transcripts including different 

isoforms and alternatively spliced regions (Leitao et al., 2024). Quite importantly, LRS makes 

it possible to phase variants where a traditional approach of trio testing ï proband and the 

parents - is not possible to discern which allele was inherited from which parent. Such instances 

may be true in late onset diseases where the parents are deceased, in non-paternity or adoption 

cases.  

While LRS has many advantages, high-error rates in sequencing and artefacts remain a 

challenge. In addition, these technologies can be far more expensive than NGS (Mitsuhashi 

and Matsumoto 2020).  

Another new technology is BioNano Genomics optical genome mapping (OGM) which is a 

non-sequencing platform superior in reading structural variants and large repeat expansions. It 
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relies on fluorescent labelling of ultra-high molecular length DNA which can then be compared 

to the reference genome (Facchini*, Dominik* et al., 2023).  

Those technologies are improving in accuracy and affordability; however, they are still not 

perfect, they are prone to errors, and artefacts often make analysis difficult. This may 

potentially lead to misinterpretation of the data. Therefore, a combination of the methods may 

be used in some cases to achieve most correct read outputs and Sanger sequencing is often used 

for validation of WES and WGS outputs.  

1.5 Interpretation of genetic variants  

Interpretation of NGS-derived variants is challenging due to the high volume of returned 

variants and the phenotypic and genetic heterogeneity of most neurogenetic conditions (Pipis 

et al., 2019). It is important however that variants are classified correctly as they may further 

contribute to improving clinical management of patients and aid identification of biological 

mechanisms, functions of genes and possibly targets for treatments.  

A standardized system for classifying genetic variants was developed by the American College 

of Medical Genetics and Genomics (ACMG) (fig.1.3) (Richards et al., 2015) and is commonly 

followed by clinicians and scientist all over the globe to interpret sequencing data.  

The first and broadest terms in the ACMG terms are benign and pathogenic and give an 

indication whether a variant might be associated with human disease or is not disease causing.  

The evidence that must be used in this framework to classify variants include population data 

ï how frequent the variant is in the population and its rarity in the control group where the 

frequency would be less than that of the observed disease; computational predictions with 

CADD  (https://cadd.gs.washington.ed), SIFT (sift.bii.astar.edu.sg), Polyphen-2 

(genetics.bwh.harvard.edu/pph2) and Mutation Taster (www.mutationtaster.org) scores are 

commonly used. Predictions of pathogenicity for missense variants take into account species 

conservation of amino acids as well as biochemical changes.  

For example, when filtering for possible disease-causing variants, any common polymorphisms 

and synonymous amino acid changes can be initially removed/deprioritised. In addition, it is 

important to confirm the pathogenicity of variants found through sequencing analysis and carry 

out functional studies. Functional studies can aid finding out the gene function and mechanism 

of pathogenicity of mutations. Another important step in the framework is how the disease 

segregates within family, for which, often Sanger sequencing is used in research laboratories 
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or trios can be exome or genome sequenced. Importantly, clinical presentation of the patient, 

the phenotype, must be carefully studied and compared to information that is already available 

on relevant gene or its pathways.  

 

 

Figure 1.3 American College of Medical Genetics and Genomics variant classification guidelines (Richards et al., 

2015).  

 

There are however limitations to the ACMG variant classification which can include difficulty 

in characterizing low penetrance variants, copy number variants or variants in non-coding parts 

of the gene. A variant of uncertain significance (VUS) is therefore a variant that is difficult to 

characterise according to the criteria and more investigations are needed. Such a variant may 

be ultra rare and only present in one patient ï private mutation; concern a gene that has not 

previously been associated with disease or difficult to discern due to limited population 

diversity.  
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1.6 Genetic diversity  

Over 85% of genetic studies published to date are based on populations with predominantly 

European ancestry and other populations are under-represented (Wilson et al., 2023). 

Therefore, there is limited knowledge of genetic diversity outside of European populations 

which undoubtedly results in patients from those populations missing out on genetic diagnosis. 

Moreover, incidence of consanguineous families is significantly higher in lower to middle 

income countries and offsprings from those families have higher risk of inheriting recessive, 

disease causing mutations. 

Apart from gene discovery that can be aided by non-European populations, it is an important 

consideration, that genetic risk factors are poorly transferable between European and non-

European populations and genome wide association studies in non-European populations are 

needed to assess the risk factors associated with neurologic disease (Kamiza et al., 2022; El-

Boraie el al., 2021). 

Additionally, the over-representation of European populations in genetic studies can potentially 

lead to misunderstanding of genetic variants, susceptibility of genetic disease especially in the 

context of environmental factors and variable responses to medicines which could have 

enormous consequence on health of the affected individuals (Pereira et al., 2021; DôAngelo 

2020) 

This highlights that much remains to be learned not only from European populations with rare 

diseases but also and importantly from populations from non-European ancestries. 

1.7 Partnerships and patient recruitment 

Synaptopathies and Paroxysmal Syndromes study groups (SYNaPS) was established in 2016 

by a Welcome Trust Strategic Award in Houlden lab and other labs at Institute of Neurology 

(https://www.neurogenetics.co.uk/synaptopathies-synaps-project). Patients referred to 

National Hospital for Neurology between 2000-2015 that had been diagnosed with paroxysmal 

neurological disorders with previous consent to blood donation to Neurogenetics Unit-Biobank 

at the University College London (UCL) Institute of Neurology were also included. 

Importantly, where possible, families of the probands were also recruited and included affected 

and unaffected individuals. Researchers and clinicians from around the globe are involved in 

this initiative and it now includes more than 50 clinical collaborators from more than 30 

worldwide countries (fig.1.4).  



пр 
 

To date, around 30,000 individuals with neurological and neurodevelopmental disorders have 

been collected through SYNaPS. Clinical information including medical history with 

investigations such as nerve conduction studies (NCS), EEG, MRI and family history, 

phenotype and neurological information of each patient has been collected and deposited in 

UCL secure drives. All individuals in the study consented to be involved in research (ethics 

number UCL 07/Q0512/26), and their specimens were collected for genomic DNA extraction 

ï mainly blood and/or saliva and skin biopsies. 

International Centre for Genomic Medicine in Neuromuscular Diseases (ICGNMD) was 

established in 2019 by MRC strategic award (https://www.ucl.ac.uk/centre-for-neuromuscular-

diseases/research/international-centre-genomic-medicine-neuromuscular-diseases).  

ICGNMD has partners in Brazil, South Africa, Zambia, India, Turkey, Netherlands and UK 

(fig.1.4 ) and the initiative aims to build a diverse worldwide cohort of patients with 

neuromuscular diseases and over 5000 probands with families have been recruited in full 

compliance with local ethics and legislations. The patients were deeply phenotyped and all 

information stored in RedCAP in standardised form including positive and negative Human 

Phenotype Ontology (HPO) terms, sex, disease affection, age at onset and diagnosis, diagnostic 

category, clinical assessment scales used by all clinical fellows on the project and summarized 

genetic data and other relevant information (Wilson et al., 2023). 
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Figure 1.4 A world map showing regions where SYNAPS and ICGNMD partners are located. Drawn using 

Biorender. 

These collaborations and diverse cohorts of participants allowed us for discovery of 

ARHGAP19 which I will describe in chapter 4. 

In addition to SYNAPS and ICGNMD, patients with clinical diagnosis of sensory neuropathy 

(Sensory neuropathy was diagnosed according to clinical and neurophysiological criteria), 

ataxia or suspected CANVAS have been collected at National Hospital for Neurology and 

Neurosurgery (NHNN), at Pavia University in Italy and samples were also sent from external 

collaborators for screening of the repeat expansions in RFC1 gene. Patients were consented for 

research at the participating institutions and genomic DNA, or blood specimens were collected.  

1.8 Raise of genetic consortiums and gene depositories 

Owing to advances in technology, falling cost of sequencing and the pioneering work of Human 

Genome Project that was completed in 2003 and fully sequenced about 92% of human genome 

for the first time (Green and Donohue, 2018), many consortia and gene depositories were 

established. In my thesis, apart from invaluable collaborations mentioned in sections above, I 

benefited from use of Genomics Englandôs 100,000 Genome Project and Gene Matcher. 
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1.8.1 100,000 Genome Project 

100,000 Genome Project was announced in 2012. Led by Genomics England, it aimed to recruit 

100 thousand patients with rare diseases and cancer and fully sequenced their genomes using 

short read WGS to ñmake genomics part of routine healthcare, enhance genomic healthcare 

research and uncover answers for participantsò 

(https://www.genomicsengland.co.uk/initiatives/100000-genomes-project). Up to 2018, 25% 

of affected probands received a genetic diagnosis. Importantly, the genetic data is available to 

researchers, and in my thesis the project is used for both CANVAS and ARHGAP19 disease. 

1.8.2 Gene Matcher 

Gene Matcher is a freely available gene depository, and it enables researchers and clinicians to 

connect about the gene(s) they are interested in (https://genematcher.org/; Sobreira et al., 2015). 

This is a truly invaluable tool, especially in the field of rare diseases. It allows for finding 

particular genes and their mutations all over the world and connecting with persons who 

submitted the gene, therefore aiding building cohort studies and gathering evidence on the role 

of specific genes in human diseases.  

1.9 Neuropathies and ataxias 

My thesis encompasses two disease groups ï neuropathies and ataxias. These are both very 

heterogeneous disorders, and it is not uncommon for them to appear concurrently in a patient 

as a part of more complex syndrome.  

1.9.1 Neuropathies  

Neuropathies are disorders where peripheral nerves become damaged which can affect 

movement, sensation and even organ function. Neuropathies may affect single nerve, many 

nerves in the same area or nerves in different areas. Neuropathies are genetically heterogeneous 

(Nam et al., 2016).  

Charcot-Marie-Tooth (CMT) disease also called hereditary motor and sensory neuropathy 

(HMSN) is the most prevalent mendelian inherited neuropathy (Record et al., 2024) and 

indeed, inherited peripheral neuropathies are amongst most commonly inherited neurologic 

diseases. The prevalence of CMT varies amongst populations but is estimated at around 1 in 

2,500 individuals (Pisciotta and Shy, 2018). 

Patients with CMT can range from mildly affected to severely disabled and the disease presents 

with progressive weakening and atrophy of muscles, especially in distal limbs. Often foot 
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abnormalities such as pes cavus or hammer toes may be associated with the disease. It is not 

uncommon that the patients do not suffer from any pain or sensory symptoms. Family history, 

nerve conduction studies and thorough clinical evaluation can aid differential diagnosis (Klein, 

2020). 

Historically, Charcot-Marie-Tooth and Dejerine-Sottas described neuropathies according to 

disease phenotype (fig.1.5). Advances in technology in early nineties, allowed for discovery of 

major genes causing CMT. CMT is classified according to nerve conduction studies in the 

upper limbs, mode of inheritance and phenotype into dominantly inherited CMT type 1, a 

demyelinating neuropathy and CMT type 2, an axonal neuropathy. CMTX has an X linked 

pattern of inheritance and CMT4 is recessive (Morena et al., 2019). An additional group 

includes intermediate CMT (CMTi) with nerve conduction velocities in between values of 

demyelinating and axonal (Matilde et al., 2019). 

Sporadic, de novo variants have also been identified in genes causing neuropathies, for example 

HSP27 in CMT2 (Houlden et al., 2008), EGR2 in Dejerine-Sottas Neuropathy (Grosz et al., 

2019) or SLC12A6 in early onset sensorimotor neuropathy (Grosz et al., 2019). Moreover, it 

was estimated that de novo variants may account for 10% of CMT1 cases (Blair et al., 1996). 

Not only can CMT have various inheritance patterns, but also, with advances of sequencing 

technologies over the past two decades, a multitude of genes have been associated with the 

disease which highlights it genetic heterogeneity. I will overview the major genes associated 

with the disease and further highlight the gene discovery advances in CMT. 

 

 

Figure 1.5 A timeline of CMT disease ï from phenotypic descriptions of late 19th century to discovery of 5 major 

CMT associated genes and further discovery of over 100 CMT genes in recent years.  
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1.9.1.1 CMT1A 

CMT1A is a demyelinating form of CMT, and it accounts for about 80% of all CMT cases 

therefore being the most common CMT. It is a dominantly inherited disease caused by 

duplication in chromosome 17 at location which contains peripheral myelin protein 22 

(PMP22) gene. PMP22 has an important role in synthesis and maintenance of myelin and is 

expressed in myelinating Schwann cells (Pisciotta and Shy 2018). 

Patients with CMT1A usually have walking difficulties, weakness in distal limbs and wasting, 

foot deformities and sensory loss. The age of onset of their disease is typically in the first 

decades of life and the disease has a slow progression (Pisciotta and Shy 2023).  

Genetic testing for PMP22 is usually the first genetic investigation for patients with 

demyelinating CMT. Whilst there is no cure for CMT1A yet, since the disease is caused by 

duplication of PMP22, therapeutic strategies aiming at reducing PMP22 expression are being 

investigated (Pipis et al., 2019).  

1.9.1.2 CMT1B 

CMT1B is a demyelinating form of CMT, and it accounts for about 5% of all CMT cases 

(Pisciotta and Shy 2023). It is a dominantly inherited disease caused by mutations in myelin 

protein zero (MPZ) gene which is involved in the formation and maintaining stability and 

homeostasis of myelin in peripheral nerve (Shy et al., 2004). There are over 200 different 

mutations identified in MPZ and the arising phenotypes are characterised by different nerve 

pathology (axonal vs demyelinating) and age of onset (early vs late onset) (Pisciotta and Shy 

2023).  

There is no cure for CMT1B and due to the genetic heterogeneity of CMT1B mutations the 

therapeutic approaches may need to address the protein function rather than gene dosage as in 

the case of CMT1A.  

1.9.1.3 CMTX1 

CMTX1 is an X-linked CMT and is caused by mutations in gap junction protein beta 1 (GJB1) 

which forms gap junctions between myelin sheaths of Schwann cells. In this disease, males 

usually present with more severe phenotype and the first neurological symptoms usually occur 

in childhood. Females have a milder neuropathy, because of variability in X chromosome 

inactivation (Tomaselli et al., 2017; Panosyan et al., 2017).  
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1.9.1.4 CMT2A 

CMT2 is an axonal form of CMT, and CMT2A contributes to 3.9-4.0% of genetically 

confirmed CMT2 (Pisciotta and Shy 2023; Cortese et al., 2020; Record et al., 2024). It is 

caused by mutations in mitofusin 2 (MFN2), which is a mitochondrial transmembrane GTPase 

protein that plays an important role in fusion and fission of mitochondria.  

Patients with CMT2A typically have an early age of onset in infancy or early childhood and a 

severe progressive phenotype. The predominantly motor involvement results in patients 

requiring walking aids in early childhood and being wheelchair dependant by the age of 20 

(Feely et al., 2011).  

1.9.1.5 SORD 

Mutations in sorbitol dehydrogenase (SORD) have recently been identified to cause recessive 

axonal distal hereditary motor neuropathy (dHMN) and CMT2 and they account for up to 10% 

of axonal cases. These mutations cause reduced level of SORD enzyme which results in 

accumulation of sorbitol in blood and tissues, and it may cause toxicity to peripheral nerves 

(Cortese et al., 2020).  

Patients with SORD mutations suffer with slowly progressive length-dependent axonal 

neuropathy and it is not uncommon for them to suffer from sensory symptoms although these 

are milder than motor symptoms.  

This is a potentially treatable neuropathy, and a clinical trial is currently ongoing to decrease 

the levels of blood sorbitol in patients.  

1.9.2 Rise of next generation sequencing 

Recently, in the diagnostic settings, the CMT diagnostic approach have been to exclude 

chromosome 17p duplication by Multiplex ligation-dependent probe amplification (MLPA) 

and follow with targeted NGS CMT gene panels or more recently virtual panels on short read 

WGS (Pipis et al., 2019). In phenotype-specific panels, which screen only for genes relevant 

to the patient's phenotype, the interpretation process is streamlined as irrelevant variants are 

excluded. However, this approach may not account for genetic heterogeneity of CMT and 

related genetic disorders which may have a significant phenotypic overlap; or where 

neuropathy is a part of more complex disorder. 

In research settings, whole exome and genome sequencing can be used in patients where 

targeted NGS panels have not yielded a result and apart from improved diagnostic rate, WES 
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and WGS are imperative for identification of novel disease-causing genes. Owing to advances 

in next generation sequencing, over 100 CMT causative genes have been described in the past 

decade and undoubtedly, many more will be discovered (fig.1.6). Indeed, as part of my thesis 

and a large international collaboration, we add ARHGAP19 to the rapidly expanding list, and I 

will talk about the gene in chapter 4. 

 

Figure 1.6 Complete set of human chromosomes with known CMT associated genes as listed in OMIM 
(https://omim.org/). The genes are listed at each specific chromosome they are located in, in black genes with 

autosomal dominant inheritance, in blue ï autosomal recessive inheritance and in orange are genes that can have 

both recessive and dominant inheritance pattern. Karyotype schematic was adapted from National Human 

Genome Research Institute. 

 

1.9.3 CMT and proposed pathomechanisms 

1.9.3.1 Neuron 

Neuron is a highly specialised cell that is electrically excitable and able to send electric signals 

in form of action potentials across itself and further through the neuronal network. This signal 

conduction is accelerated by the myelin sheath and the nodes of Ranvier that allow the signal 

to jump rather than travel in a straight line. Additionally, myelin serves as a protector to the 

axon ï the longest part of the nerve cell. Other important parts of neuron anatomy are the cell 

body which extends to the dendrites. On the other side of the axon, lie the synapses, specialised 

connections that make neurotransmitter signalling possible. Neurons can be classified into 

sensory neurons which respond to sensory stimuli such as touch, sound and other, motor 
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neurons which control movement and interneurons which connect subsets of neurons in the 

same area.  

1.9.3.2 Disease mechanisms 

CMT can arise due to dysfunctions of various parts of the nerve and the pathomechanisms can 

involve the cell body (eg. GDAP1, MFN2), the axon (eg. DCTN1) or the myelin (PMP22 and 

GJB1). Different faulty genes can cause damage through varied pathways such as axonal 

transport, myelination and signal transduction, mitochondrial stress, protein aggregation and 

numerous others (Estevez-Arias et al., 2022). Some genes and the pathogenic pathways they 

are implicated in to cause CMT are highlighted in fig.1.7. 

 

Figure 1.7 CMT genes and the nerve cell area proposed to act on. Most common genes are in bold. Figure from 

Esteves-Arias et al., 2022. 
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1.9.3.3 Therapies in CMT 

CMTs are challenging to treat with no drug therapy available for most of the patients apart from 

physical therapy, rehabilitation and symptomatic treatment. Proposed treatments, some 

undergoing clinical trials, are based on gene dosage as in PMP22, regulation of myelin 

thickness in demyelinating neuropathies, or correction of lipid synthesis to name just a few 

(Pisciotta and Shy 2023). One of the most recently discovered CMTs, caused by mutations in 

SORD, is a potentially treatable neuropathy with defects in sorbitol pathway where sorbitol 

levels become elevated. It is also one of the most easily diagnosable CMTs, as sorbitol can act 

as a biomarker in the disease (Cortese et al., 2020). Clinical trials for SORD CMT are currently 

ongoing which focus on targeted inhibition of aldose reductase enzyme which converts glucose 

to sorbitol.  

The candidate therapies for CMT and any other neurological disease are based on research into 

disease mechanisms, affected pathways and the consequence of their dysregulation. This is a 

very important point in the field of neurogenetics, as todayôs gene discoveries, may potentially 

lead to tomorrowôs therapies.  

1.9.4 Ataxias 

Ataxias are a group of disorders that affect balance, movement, speech and vision. They can 

arise due to dysfunction of cerebellum ï cerebellar ataxia; vestibular system ï vestibular ataxia; 

and various parts of brain, spinal cord and sensory nerves can be implicated in sensory ataxia. 

Ataxias can be sporadic or hereditary and they show considerable genetic heterogeneity (Sun 

et al., 2019). 

The advances in genomics field make possible discoveries in genetics of ataxias and to date up 

to 300 genes with proposed pathogenic variants have been described. However, there is still a 

considerable genetic diagnosis gap in hereditary ataxia as up to 75% patients lack genetic 

diagnosis (Chen et al., 2023).  

1.9.4.1 Cerebellar ataxias 

Cerebellar ataxias can be classified based on the mode of inheritance, and they include 

autosomal recessive cerebellar ataxias (ARCAs), autosomal dominant spinocerebellar ataxias 

(SCAs), episodic ataxias and X-linked ataxias (Manto et al., 2020). 

Notably, there is an overlap of patient clinical presentations between different ataxia subtypes 

and often patient genetic material is tested concurrently for most common ataxia genes.  
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My interest lies in recessive inheritance, and I outline chosen ARCAS below and briefly 

mention SCAs. 

1.9.4.2 Autosomal recessive cerebellar ataxias 

Recessively inherited ataxias show a global prevalence of 3 in 100000 and they commonly 

present sporadically (Ruano et al., 2014; Traschutz et al., 2023). 

1.9.4.2.1 Friedreich's ataxia 

Friedreich's ataxia (FRDA) is the most common autosomal recessive hereditary ataxia with 

prevalence of about 1 in 30000 in central Europe (Vankan 2013) caused by biallelic repeat 

expansions of GAA trinucleotide in the first exon of frataxin encoding gene which leads to 

transcriptional deficiency of the gene. The normal expansion range for GAA FRDA is 14-34 

triplet repeats and alleles with expansions larger than 90 repeats are considered pathogenic. 

Approximately 4% of patients with FRDA are compound heterozygous for expansion on one 

allele and a missense mutation on the other allele (Delatycki and Bidichandani 2019).   

FRDA is characterised by an early onset progressive cerebellar ataxia, dysarthria, areflexia, 

loss of position sense and axonal neuropathy causing motor weakness. Late onset ataxia shows 

milder phenotype. Investigations for FRDA treatment included a number of  trials to increase 

frataxin levels, therapies for gene and protein replacement, antioxidants and also as 

inflammation has been implicated in FRDA pathogenesis, modulation of inflammation has 

been trailed (Delatycki and Bidichandani 2019). Very recently, a new drug, Omaveloxolone, 

has been approved for the treatment of Friedreichôs ataxia in adults in the USA and EU 

countries (https://www.ataxia.org.uk/omav-updates/).   

1.9.4.2.2 Autosomal recessive spastic ataxia of Charlevoix-Saguenay 

Autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS) is caused by biallelic 

mutations in SACS gene. The prevalence of ARSACS had been thought to be rare outside of 

Quebec Canada where it is estimated at 1 in 484 and is caused by founder effect due to French 

settlement, however, numerous studies had described patients outside of the region (Engert et 

al., 2000).  

This is a young onset disease and the first symptom at onset is unsteady walking gait which 

commonly begins when affected toddler are learning to walk. The patients have demyelinating 

neuropathy, progressive spasticity and cerebellar ataxia, and they will require walking aid or 

wheelchair assistance in adulthood. 

https://www.sciencedirect.com/science/article/pii/B9780444641892000056?via%3Dihub#bb0370
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There is currently no treatment for ARSACS, the pre-clinical studies to date have been focusing 

on enhancing mitochondrial transport as the mutated protein sacsin has downstream effect on 

disturbing mitochondrial fission.  

1.9.4.2.3 Autosomal recessive spectrin repeat-containing nuclear envelope protein 1 ataxia 

Autosomal recessive spectrin repeat-containing nuclear envelope protein 1 ataxia (SYNE1) can 

be caused by homozygous or compound heterozygous mutations in SYNE1. It presents with 

pure cerebellar ataxia in 20% of the patients while the majority of the patients have complex 

ataxia phenotypes with other neurologic and non-neurologic dysfunctions (Synofik and 

Nemeth 2018). 

SYNE1 is one of the largest genes in the human genome and the protein in a structural protein 

implicated in formation of large, assembled complexes that are implicated in nuclear migration 

and anchoring to actin cytoskeleton. It is unknown whether this role of the protein contributes 

to the pathogenesis of ataxia and there are currently no treatments for SYNE1 ataxia. 

1.9.4.2.4 Other recessive ataxias 

A variety of genes and molecular pathways are found causative of cerebellar ataxias, and the 

list is likely to grow owing to discovery of repeat expansions and structural variations through 

long read sequencing and novel technologies.  

Table 1.1 shows some of the most prevalent recessive ataxias with their corresponding known 

genes. 

Disease Abbr.  Gene Protein 

Friedreich Ataxia FRDA FXN Frataxin 

Ataxia telangiectasia AT ATM Serine protein kinase 

Ataxia with oculomotor 

apraxia type 1 

AOA1 APTX Aprataxin 

Ataxia with oculomotor 

apraxia type 2 

AOA2 SETX Senataxin 

autosomal recessive spastic 

cerebellar ataxia of 

Charlevoix-Saguenay 

ARSACS SACS Sacsin 

Sensory ataxic neuropathy, 

dysarthria, and 

MIRAS/ 

SANDO 

POLG1 DNA Polymerase 

subunit ɔ-1 
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ophthalmoparesis/mitochondr

ial recessive ataxia 

syndrome) 

Autosomal recessive 

cerebellar ataxia type 1 

ARCA1 SYNE1 Nesprin-1 

Spastic paraplegia type 7 HSP-

SPG7 

SPG7 Paraplegin 

Autosomal recessive 

cerebellar ataxia type 2 with 

coenxyme Q10 deficiency 

ARCA2 CABC1/COQ8A Chaperone-activity of 

bc1 complex-

like/Coenzyme Q8A 

Autosomal recessive 

cerebellar ataxia type 3 

caused by mutations in 

ANO10 

ARCA3 ANO10 Anoctamin-10 

Ataxia with vitamin E 

deficiency 

AVED TPPA ȷ-tocopherol transfer 

protein 

Cerebrotendinous 

Xanthomatosis  

CTX CYP27A1 CYP27 Sterol 27-

hydroxylase 

Marinesco-Sjogren syndrome MSS SIL1 Nucleotide exchange 

factor SIL1 

Infantile onset 

spinocerebellar ataxia 

(IOSCA) 

IOSCA C10orf2 Twinkle 

Table 1.1 A list of the most common recessive ataxias with associated genes and protein products (Beaudin et al., 

2019).  

1.9.4.3 Spinocerebellar ataxias 

The list of ataxias mentioned is by no means exhaustive as many other hereditary ataxias have 

been described. It is important to briefly mention spinocerebellar ataxia (SCA) which 

encompasses a large subset of ataxias. SCA is an autosomal dominant disease, often caused by 

repeat expansions and more than 40 genetic SCAs have been identified and they are classified 

according to the genetic loci with SCA1 first identified. The global prevalence of SCAs is 1-5 

in 100000 individuals depending on geographical location (Moraes, et al., 2023). There is much 

research on SCAs, and they are commonly tested in diagnostic laboratories. Table 1.2 list 

currently known genes implicated in pathogenesis of specific SCAs. 
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The most recently discovered cause of Spinocerebellar ataxia 27B (SCA27B) is a triplet repeat 

expansion of GAA nucleotides in FGF14 encoding fibroblast growth factor 14 (Pellerin et al., 

2023). This is a dominantly inherited disease causing late-onset cerebellar ataxia with 

pathogenic repeat size of at least 250 GAA repeats. 

Disease 

Subtype  

Gene/Locus  Mutation type 

SCA1  ATXN1  CAG repeat 

expansion 

SCA2  ATXN2  CAG repeat 

expansion 

SCA3  ATXN3  CAG repeat 

expansion 

SCA4  ZFHX3 GGC repeat 

expansion 

SCA5  SPTBN2  Point mutations 

SCA6  CACNA1A  CAG repeat 

expansion 

SCA7  ATXN7  CAG repeat 

expansion 

SCA8  ATXN8  CAG repeat 

expansion 

SCA9  Not 

assigned  

 

SCA10  ATXN10  ATTCT repeat 

expansions 

SCA11  TTBK2  Point mutations 

SCA12  PPP2R2B  CAG repeat 

expansion 

SCA13  KCNC3  Point mutations 

SCA14  PRKCG  Point mutations 

SCA15  ITPR1  Point mutations 

SCA16  ITPR1  Point mutations 
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SCA17  TBP  CAG/CAA repeat 

expansion 

SCA18  Not 

assigned 

 

SCA19 KCND3  Point mutations 

SCA20  11q12   

SCA21  TMEM240  Point mutations 

SCA22 KCND3  Point mutations 

SCA23  PDYN  Point mutations 

SCA25  PNTP1 Point mutations 

SCA26  EEF2  Point mutations 

SCA27a FGF14  GAA repeat 

expansion 

SCA28  AFG3L2  Point mutations 

SCA29  ITPR1  Point mutations 

SCA30  4q34.3-

q35.1  

 

SCA31  BEAN1  TGGAA repeat 

expansion  

SCA34  ELOVL4  Point mutations 

SCA35  TGM6  Point mutations 

SCA36  NOP56  GGCCTG repeat 

expansion 

SCA37  DAB1 TTTCA repeat 

expansion 

SCA38  ELOVL5  Point mutations 

SCA40  CCDC88C  Point mutations 

DRPLA  ATN1  CAG repeat 

expansion 

SCA42  CACNA1G  Point mutations 

ADCADN  DNTM1  Point mutations 

Table 1.2. A list of Spinocerebellar Ataxias with the associated genes and mutation type (repeat expansions or 

point mutations). Adapted from OMIM (https://omim.org/). 
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1.9.5 Cerebellar ataxia and proposed pathomechanism  

1.9.5.1 Cerebellum 

Cerebellum is the largest part of the hindbrain and is located posterior to the brain. It has major 

roles in movement and balance control, allows for gait coordination and posture maintenance 

as well as voluntary muscle activity. Cerebellum has a very high neuronal content, with 

approximately 80% of all brain neurons located in the organ (Roostaei et al., 2014).  

1.9.5.2 Disease mechanisms  

A variety of pathomechanisms have been implicated in recessive ataxias and they may include 

defects in energy production, DNA repair or oxidative damage. Importantly, cerebellar ataxias 

cause dysfunction of cerebellum, and Purkinje cells, neurons specific to cerebellum, are one of 

the largest neurons in the nervous system. This means they have high energy requirement for 

proper functioning and may become vulnerable due to energy deficiency which can be 

potentially exacerbated if mitochondria are under oxidative stress. Further DNA may be 

damaged due to reactive oxygen species (ROS) produced in faulty mitochondria and additional 

defects in DNA repair may lead to more negative consequences (Beaudin et al., 2022). 

It appears that cerebellum is particularly susceptible to these processes and some known 

cerebellar ataxia genes are highlighted in fig.1.8.  
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Figure 1.8 Ataxia associated genes with proposed pathways. Figure adapted from Beaudin et al., 2022. 

1.9.5.3 Therapies 

There are no cures for most of cerebellar ataxias and current therapeutic avenues for cerebellar 

ataxias are largely based on rehabilitation and vitamin supplementation as for example in ataxia 

with vitamin E deficiency. 

However, importantly, a new and first treatment for FRDA has been approved. Omaveloxone, 

is a drug that activates erythroid 2-related factor 2 (Nrf2) which signalling is suppressed in 

FRDA. Treatment with the drug in the clinical trials significantly improved neurological 

function in the patients and patients saw improvement in specific clinical tasks. Notably, FRDA 

is a progressive disease thus improvement in the patient symptoms is very relevant (Kessler, 

Sharma and Lynch 2023). 
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1.10 Animal models in neuroscience research 

One of the most important aspects in neurogenetics research is the characterisation of gene 

function within the human nervous system. Animal models of neurogenetic diseases are an 

important tool in enquiring about the function of a gene and they have enhanced our 

understanding of not only pathogenesis of many neurologic diseases but also normal human 

biology.   

Different models can be used depending on variables such as phenotype, disease onset and 

duration, gene conservation between species and availability of a gene ortholog. However, 

other considerations must be taken into account, and they include ethical implications, correct 

facility and staff, investigator experience as well as affordability and time. 

By far the most commonly used animal models in neuroscience include mice, rats, zebrafish, 

worm and fruit fly and they all share similar advantages:  

π Controllability and standardisation: animal studies are conducted in pre-specified 

environmental conditions, following specific diets and controlled exposure to stimuli 

or drugs. This allows for investigating a chosen variable and its effect on biological 

processes of phenotypes of the models. Once described, the conditions can be used in 

replication experiments. This level of controllability and standardisation would not be 

possible in human studies and in many cases would be considered unethical.  

π Reproducibility: due to use of standardised conditions, animal studies can be replicated 

in facilities all over the world which offers validation of experimental results as well as 

ability to collaborate.  

π Manipulation and ethical considerations: some experimental manipulations and 

procedures can be conducted on animals that would be considered unethical on a human 

subject. Moreover, valuable preliminary data can be obtained by using animal models 

which can then justify further in-vivo research in humans for example by helping to 

first minimise risks.  

π Translation to human health: preliminary and pre-clinical studies in animals can 

contribute to development of new treatments, adjusting dosage of medications or 

screening for toxicity of drugs and medical compounds. 

π Longitudinal studies ï animal models can be observed throughout their lifespan, and 

much can be learned from progression of their disease or response to treatment. Post-

mortem tissue is also then available for further functional research. 
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Despite these advantages, all animal models have some limitations that may include 

π Species differences: despite genetic and phenotypic similarities, there are differences 

between animals and humans. These can range from size ï for example human is a large 

organism whose nerves are long and can exceed one meter in length (sciatic nerve), 

whereas mice are tens of times smaller ï to different biological pathways  

π Complexity: human genetics is complex and inherited disease can be multifactorial and 

animal models may not allow to fully replicate the genetic and phenotypic variation 

seen in humans 

π Gene orthologs: not all genes expressed in humans can be found in a corresponding 

animal model 

π Lifespan: whilst an animal can be observed throughout its life, it is an important 

consideration that the lifespan may not translate to human disease. Some late onset 

disease may not be modelled successfully in an animal due to its shorter lifespan and 

potentially not developing symptoms. In addition, if a disease develops over years in 

humans, it may not be accurately modelled in an animal which only lives for two years.  

π Environmental factors: the environment where animal studies are conducted is highly 

controlled and may not translate to living conditions of a human subject 

π Drugs response: there may be a different response to a drug in an animal model than in 

human due to differences in metabolism and other factors.  

π Genetic manipulation: genetic manipulation such as gene knockdown can lead to 

unintended effects affecting the validity of a model   

1.10.1 Drosophila melanogaster in studies of neurological disease 

Drosophila melanogaster is an invaluable model in studying neurological disease. Due to its 

short life cycle of about 10 days from embryo to adult fly but also the availability of large 

number of animals that can be used in an experiment, as well as unparalleled genetic 

tractability, it allows for rapid phenotypic screening of various disease modelling mutant flies, 

including knock down or out flies or knock in flies.  

Notable Drosophila melanogaster studies in recent years include elucidating gain of function 

of toxicity in C9orf72 repeat expansion disorders (Sharpe et al., 2021), toxicity of CGG repeat 

expansions of NOTCH2NLC which included mitochondrial swelling in the fly model (Yu et 
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al., 2022) and elucidation of pathomechanisms in Frederich ataxia (Calap-Quintana 2018) to 

name just a few.  

Notable Drosophila melanogaster models of CMT disease include GDAP1 knock down and 

overexpression both of which caused mitochondrial dysfunction (Del-Amo et al., 2017), 

KIF1A knockout causing axonal transport disruption (Kern et al., 2013) and SORD orthologs 

neuronal specific knockdowns resulted in age-dependant locomotion deficits (Cortese et al., 

2020).  

However, and importantly, Drosophila axons do not have myelin sheath or Schwann cells 

therefore modelling demyelinating conditions is not possible with this model.  

In my research, I use Drosophila melanogaster to study both RFC1 and ARHGAP19 

knockdowns and I describe those models in chapter 5. In addition, ARHGAP19 fly model is 

complemented by a collaboration with external laboratories who model the gene in Danio rerio, 

and this work is included in Chapter 4. 
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1.11 Thesis Aims 

This thesis aims to use genetic and functional tools to gain increased understanding of ataxias 

and neuropathies focusing on Cerebellar Ataxia with Vestibular Areflexia syndrome 

(CANVAS) and a novel neuropathy gene, ARHGAP19. I will discuss researching correlation 

of repeat expansion size and disease onset and severity in RFC1 repeat expansion disorder and 

exploration of genetic heterogeneity in RFC1 disease. Furthermore, I will describe the 

discovery of rare biallelic variants in ARHGAP19 that cause CMT neuropathy and further 

describe the functional studies undertaken to elucidate the role of ARHGAP19. Finally, I will 

talk about the use of Drosophila melanogaster as an animal model in neurogenetic disorders 

and how I explored loss-of-function mechanisms in both RFC1 and ARHGAP19 using this 

model.  

1.11.1 Chapter 2 Aims 

Primary aims of my work in this chapter were to contribute to a large multi-centre effort lead 

by Dr Andrea Cortese of screening and research diagnosing patients with RFC1 disease 

spectrum and subsequently to measure their allele sizes with Southern blotting. We 

extrapolated the data to explore the relationship of size of the AAGGG expansions in RFC1 

locus with the age of onset of the disease, the disease progression, and its severity; and by 

testing 27 families with multiple members, we explored anticipation in RFC1 disease. A large 

part of this work involved optimizing and troubleshooting the Southern blotting protocol and 

implementing in the Institute as well as validating, a new technology for measuring repeat 

expansions, Optical Genome Mapping.  

1.11.2 Chapter 3 Aims 

Primary aims of my work in this chapter were to explore genetic heterogeneity in RFC1 disease 

spectrum. In this study we leveraged short read WGS from the Genomics England sequencing 

project to investigate the normal and pathologic variation of the RFC1 repeat expansion and to 

identify additional pathogenic repeat configurations in RFC1 causing CANVAS and disease 

spectrum. Further, I contributed to describing the novel pathogenic repeat expansions and the 

full sequencing of novel pathogenic repeats was further analysed by targeted long read whole 

genome sequencing and sizes of the expansions were measured by optical mapping and/or 

Southern blotting. Finally, I address the testing complexity in RFC1 disease and the importance 

of combining the testing approaches to gain most accurate results. 
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1.11.3 Chapter 4 Aims 

Primary aims of my work in this chapter were to describe a novel CMT associated gene 

ARHGAP19 discovered in Professor Henry Houldenôs Laboratory. Thanks to international 

collaborations such as SYNAPS, ICGNMD and various gene depositories, we were able to 

collect a cohort of individuals with biallelic mutations in ARHGAP19 and further provide 

genetic, clinical, and functional evidence for ARHGAP19 to be added to the list of GTPase 

Activating Protein (GAP) genes associated with human neurological disease. Further, I 

contributed to establishing invaluable links with external collaborators for their expertise and 

help with discerning the mechanisms of ARHGAP19 disease causing mutations. Finally, I 

learned cell culture assays, explored in silico prediction tools and used standard molecular 

biology approaches such as quantitative PCR (qPCR) and Western blotting for RNA and 

protein levels assessment.  

1.11.4 Chapter 5 Aims 

Primary aims of my work in this chapter were to establish Drosophila melanogaster models in 

collaboration with Professor James Jepsonôs laboratory for studying functional consequence of 

loss-of-function of both the genes described in this thesis ï RFC1 and ARHGAP19. I explored 

the use of RNA interference driven genetic knock downs, genetic knockdowns using ubiquitin 

degradation system and finally genetic knockouts with null alleles. I further validated the 

models and used the available tools for assessing the phenotypes of the flies. In addition, for 

RFC1 model system, I stressed the model with a known DNA damaging agent ï cisplatin ï and 

researched the consequences of cisplatin treatment in the RFC1 knockdown fly.  
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CHAPTER 2. AAGGG repeat expansions in RFC1 spectrum 

disorder 

 

2.1 Introduction 

2.1.1 Short tandem repeats 

Short tandem repeats (STR) are sequences of DNA of two or more base pairs (typically 2-6 

nucleotides) that are repeated consecutively at a locus and constitute over 6.5% of the human 

genome (Chintalaphani et al., 2021). These repetitive fragments of DNA can be located either 

in coding or non-coding regions of human genome. STRs can become expanded or contracted 

during DNA replication due to various mechanisms such as DNA polymerase slippage, 

formation of secondary structures like hairpins or errors in DNA repair (Francastel and 

Magdinier, 2019). Therefore, STRs cause a variation in human populations. However, due to 

their relative instability, STRs may become abnormally expanded and become pathogenic and 

to date nearly 50 such conditions have been described with up to 40 exhibiting neurological 

disorders.  

2.1.2 Repeat expansions in disease 

Some of the most common neurological expansion disorders include autosomal dominant CAG 

expansion in HTT gene causing Huntingtonôs disease (Huang et al., 2022), autosomal dominant 

CTG expansion in DMPK gene causing myotonic dystrophy type 1 (DM1) (Bird et al., 1993) 

or autosomal recessive GAA expansions in FXN gene causing Friedrichôs ataxia (Lam et al., 

2023). There are about 10 known disorders without primary neurological features 

(Chintalaphani et al., 2021), and they present with developmental abnormalities such as GCG 

expansions in PHOX2b gene in congenital central hypoventilation syndrome (Amiel et al., 

2003) or sight loss such as in CTG expansion in TCF4 gene in Fuchs endothelial corneal 

dystrophy 3 (Fautsch et al., 2021). 

Due to the advancements in sequencing technologies, namely next generation sequencing and 

further long read sequencing and optical genome mapping, a list of repeat expansion disorders 

is growing rapidly. Recently discovered genes include VWA1 (Pagnamenta et al., 2021), 

NOTCH2NLC (Ishiura et al., 2019), FGF14 (Pellerin et al., 2023); and in 2019 RFC1 which 

comprises my next two chapters (Chapter 2 and 3).    
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2.1.3 Proposed pathomechanisms of repeat expansion disorders 

Tandem repeats can be located in coding and non-coding parts of the genome; therefore, the 

mechanism of pathogenicity will depend on the expanded STR locus and if located in the gene, 

on the function of the particular gene. However, broadly the mechanisms are categorized in 

two groups: loss-of-function (LOF) or toxic gain-of-function (GOF). 

2.1.3.1 Loss of function mechanisms 

Loss of function mechanisms include alteration to gene products that lead to inability of that 

product to function as the wild type gene product, this may occur at RNA or protein levels. 

Such alternations can include post-transcriptional modifications as methylation defects as for 

example in fragile X syndrome where CGG expansion mutations are associated with 

hypermethylation of promotor region of FMR1 gene (Bassel and Warren, 2008); defective 

transcription of DNA to RNA may arise from secondary DNA structures formed in STRs that 

can lead to incomplete RNA product. Further, nonsense mediated decay may lead to 

elimination of mRNA products and this in turn may cause no protein product (Swinnen et al., 

2020). Other examples of loss-of-function may include incorrect protein folding that can lead 

to its degradation or inability to function (Matsell et al., 2024). 

Traditional molecular biology approaches to detecting loss of function can include quantitative 

PCR for comparison of RNA levels between an affected and unaffected individuals or Western 

blotting for detection of changes at protein levels.  

2.1.3.2 Gain of function mechanisms 

Toxic gain of function can arise from RNA toxicity where repeat expansions (RE) in either 

coding or non-coding regions may cause alternative splicing events and lead to formation of 

pathogenic RNA species. RNA can also form unusual secondary structures (Frasson et al., 

2022). Insoluble RNA foci, which are aggregates of the toxic RNAs sequestering RNA binding 

proteins or essential cellular components, may also form and result in a dysfunction of the 

complex (Zhang and Ashizawa, 2017). For example, a hallmark in myotonic dystrophy 

pathology is formation of RNA foci in nucleus (Chapuis et al., 2022). Another mechanism may 

be repeat associated non-AUG (RAN) translation which occurs when mRNA is translated into 

a protein without containing a start codon but rather RNA is folded into secondary structures 

that promote translation. RAN-translation has been described in SCA8, C9orf72 diseases, 

Huntingtonôs disease (Banez-Coronel et al., 2015; Rudich et al., 2020). Misfolding and 

proteinopathy are commonly associated with poly-Q disorders ï expansions of exonic CAG 

trinucleotide coding for glutamine. Large CAG expansions of polyglutamine tract become 
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aggregated and are insoluble causing neuronal damage, often in spinocerebellar ataxias where 

poly-Q aggregates in cerebellum (Kratter and Finkbeiner, 2010).  

2.1.4 Common concepts in repeat expansion disorders 

Typically, most repeat expansions associated with disease must surpass a certain variable 

threshold to become pathogenic (Chintalaphani et al., 2021). The healthy range of STR 

numbers in each neurological disease associated gene varies, for example, in recessive FRDA 

the normal, non-pathogenic expansion size of GAA is in range of 8-30 repeats, intermediate 

premutation alleles are between 30 and 60 repeats and pathogenic sizes are over 60 repeats 

(Rodden et al., 2023). In addition, it is quite commonly found in RE disorders that large 

expansions cause earlier age of onset and more severe symptoms. For example, DM1 with 50-

150 repeats of CAG has a late age of onset over 20 years old and milder phenotype than DM1 

caused by 100-1000 repeats where the age of onset occurs in adolescence and presents with 

classical, severe clinical phenotype of weakness, myotonia blindness and heart problems (Peric 

et al., 2021). Smaller, STRs associated with milder or variable phenotype are termed 

premutation alleles.  

Another important consideration in RE disorders, that directly affects counselling of the 

patients, is clinical anticipation. Due to the meiotic instability of RE they may expand when 

transmitted to offspring and cause more severe and earlier disease. This is the case in HD, 

where larger repeats are more unstable (Riddley et al., 1991). However, not all RE disorders 

show genetic anticipation like for example FRDA which has a recessive mode of inheritance.   

On the other hand, somatic instability refers to the variability of repeat expansion size within 

different tissues of the same individual which often expand further with time. In HD, the 

huntingtin gene is ubiquitously expressed, however, medium spinal neurons and putamen 

which are affected in the disease, have been shown to be susceptible to CAG instability. 

(Kovalenko et al., 2012; Sabado et al., 2024). 

 Another striking example of this phenomenon is a recently described somatic instability of 

CTG repeats in TCF4 gene causing Fuchs endothelial corneal dystrophy. There, CTG 

expansions can be detected in patient blood samples and measure between 54-160 triplet 

repeats, however, the repeat sizes in the affected corneal endothelial cell -derived samples of 

these patients ranged between 1800-11,900 repeats highlighting the importance of somatic 

instability in repeat expansion disorders and the relevance to the pathomechanisms of these 

diseases (Zarouchlioti et al., 2024).  
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2.1.5 Pathogenic cut-off and large expansions 

Lower pathogenic threshold of RE disorders may be uncertain and debatable. It is not 

uncommon for an expanded allele to present in a healthy population like in a case of some 

SCAs (Sulek et al., 2004) or C9orf72 disease (Ishiura et al., 2019).  Additionally, sizing of 

those repeat expansions may be inaccurate, especially in cases with very large expansions 

which may hinder investigations on correlation of size with severity and age of onset or 

anticipation.   

2.1.6. Repeat expansions in RFC1 cause Cerebellar Ataxia with neuropathy and vestibular 

areflexia syndrome 

Cerebellar Ataxia with neuropathy and vestibular areflexia syndrome (CANVAS), prior to 

discovery of its genetic cause, had been described as a clinical observation with first description 

in 1991 (Bronstein et al., 1991) where clinical symptoms combined vestibular, neuropathic and 

cerebellar dysfunctions with broken pursuit of eye movements. In 2004, 4 patients with 

cerebellar ataxia and bilateral vestibulopathy were reported (Migliaccio et al., 2004); and 

finally, a carful phenotyping of 23 patients identified a typical triad of symptoms affecting 

cerebellum, sensory neuron, and vestibular system and thus the name CANVAS had arisen 

(Szmulewicz et al, 2011). 

2.1.6.1 RFC1 gene discovery 

In 2019, Cortese et al., using non-paramertic linkage analysis and WGS in 11 CANVAS 

families with 29 individuals of whom 23 were affected, identified tandem repeats in the second 

intron of replication factor C subunit 1 (RFC1) gene (hg19 chr4:39350045ï39350103). The 

group of Rafehi et al., also identified non-reference tandem repeats in RFC1 locus by using a 

bioinformatic based approach.  

A normal allele consists of AAAAG pentanucleotide sequence that is repeated 11 times. 

However, the sequence can change to AAAGG or AAGGG and the pentanucleotides can 

further become expanded (fig.2.1). At discovery of the genetic cause CANVAS was described 

to be caused by biallelic AAGGG expansions with the number of repeats ranging from several 

hundred to more than 2000 repeats. Majority of the patients carried expansions of about 1000 

pentanucleotide repeats.  
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Figure 2.1 Schematic of RFC1 gene with the expansion locus and the genetic heterogeneity seen at discovery of 

the repeat expansion in RFC1. A normal reference RFC1 repeat locus consist of pentanucleotide AAAAG repeated 

11 times. This pentanucleotide can become expanded. The sequence can also change to AAAGG or AAGGG 

which pentanucleotides can also become expanded.  Figure adapted from Cortese et al., 2019. 

The CANVAS patients shared a common haplotype which was estimated to have arisen about 

25000 years ago, likely in Europe (Rafehi et al., 2019). Cortese et al., speculated that the 

change of the sequence from AAAAG to AAAGG or AAGGG could have arisen from an 

ancestral founder effect and the pathological expansions followed, possibly as a result of high 

Guanine-Cytosine content in the repeat.  

CANVAS is a recessive disease, and it can be either sporadic or occur in siblings. Notably, few 

families with cousins affected, suggesting a pseudo-dominant inheritance, were also reported; 

those individuals were biallelic for expanded AAGGG with one of the alleles coming from 

another branch of the family. The pathogenic AAGGG is fully penetrant where all individuals 

with biallelic AAGGG RE develop the disease.  

2.1.6.2 Patient phenotype 

Late-onset ataxia is a common neurological condition where failure of systems controlling 

motor coordination occurs. This can lead to falls because of gait and stance ataxia and severe 

limitations in daily life. The disorder can be acquired, hereditary or non-hereditary; and up to 

60% of familial and 19% of sporadic cases could have a genetic basis (Muzaimi et al., 2004, 

Gebus et al., 2017, Lieto et al., 2019) and in most patients, it can present without an obvious 

familial background (Klockgether 2010). CANVAS is a common cause of late-onset 

progressive ataxia, and the CANVAS patients suffer from ataxia, sensory neuronopathy or 

neuropathy as well as vestibular dysfunction (Szmulewicz et al, 2011). 

Efforts have been made to piece together the syndromic clinical features of CANVAS with the 

genetic information to allow for more accurate clinical diagnosis. In 2020, Cortese et al. 
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reported the clinical features in the first 100 genetically confirmed RFC1 CANVAS cases. The 

mean age of onset appeared to be just over 50 years old. Progressive unsteadiness was the most 

common complaint at disease onset and universally present during disease progression. A 

sensory neuropathy was identified as a common feature in all cases carrying biallelic AAGGG 

RFC1 expansions. Patients often reported symptoms including loss of feeling, neuropathic 

pain, ópins and needlesô (paraesthesia) and unpleasant sensation in response to touch 

(dysesthesia), pointing to a damage to peripheral nerves. Notably, in some patients the disease 

manifested as isolated sensory neuropathy. Cerebellar involvement was observed in two thirds 

of patients, showing nystagmus, dysmetric saccades and broken pursuits and leading, as the 

disease progresses, to dysarthria and dysphagia. A characteristic radiological pattern of 

cerebellar atrophy affecting the vermis and hemispheric crus I was identified and further 

confirmed on post-mortem brains (Szmulewicz et al., 2011). Vestibular areflexia is also often 

present and probably its frequency is still underestimated. Patients may complain of oscillopsia 

and, when clinically tested, vestibulo-ocular reflex is often bilaterally impaired. Interestingly, 

over 60% of CANVAS patients experience dry cough (fig. 2.2) whose cause remains 

unexplained. The cough is reported up to thirty years before neurological onset (Cortese el al., 

2020, Infante et al., 2018), and it is hypothesised to be arising either as hypersensitivity 

syndrome due to a peripheral mechanism where dysfunction of C fibres at level of upper way 

or oesophagus occurs; or due to cerebellar circuitry impairment (Infante et al., 2018).  Nerve 

conduction studies showed non-length dependent sensory neuropathy in all the tested patients. 

Motor nerve conduction is preserved (Cortese et al., 2019). Visualisation of symptoms of 100 

genetically confirmed CANVAS cases can be seen in fig.2.2 (Cortese et al., 2020). 
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Figure 2.2 Overall symptoms of CANVAS. Symptoms during the manifestation of the disease in 100 biallelic 

RFC1 expansion cases. Listed are the number of patients reporting specific symptoms and a combination of 2 or 

more symptoms (multiple symptoms). Adapted from Cortese et al., 2020.  

2.1.6.3 RFC1 expansions around the globe 

The first cohort originating from 11 families with a CANVAS diagnosis studied by Cortese et 

al. consisted of 29 individuals of whom 23 were affected and six unaffected (Cortese et al., 

2019). Additional cohort of 150 sporadic cases with late onset ataxia were screened and 22% 

of them were found to have the expanded AAGGG present and if only the individuals with 

sensory neuronopathy and/or bilateral vestibular areflexia were considered, the percentage 

would have been higher. The patients were of European ancestry (Cortese et al, 2019). Another 

cohort studied by Cortese included 363 Caucasian individuals with late-onset ataxia of whom 

105 patients were identified to carry the biallelic (AAGGG)exp (Cortese et al., 2020). 

In a bioinformatics-based approach to screening the repeat expansions, a cohort of 35 

individuals with clinically diagnosed CANVAS was recruited. Of those, 30 were found to carry 

the mutant biallelic repeat expansion and most of the individuals were of European ancestry 

and a few were of different ethnic backgrounds (Rafehi et al., 2019). Further, since the 

discovery of genetic cause of CANVAS and the first publications noted above, it has emerged 

that RFC1 repeat expansions are common cause of cerebellar ataxia with neuropathy and it is 

underdiagnosed or misdiagnosed due to a range and variety of symptoms and relatively recent 
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characterisation of the disorder. The frequency of the AAGGGexp allele differs between 

populations worldwide. In a cohort of European descent, the allelic distribution for AAGGGexp 

was concluded to be 0.7% and conversely, the wild type, non-expanded AAAAG allele 

frequency equals 75.5% (Cortese et al., 2020). In a Canadian cohort of 163 control individuals, 

the frequency of expanded AAGGG was 4% and non-expanded AAAAG, 84.6% (Akcimen et 

al., 2019). In 490 healthy Chinese Han individuals, the frequency of AAGGGexp was found to 

be 2.24% and for AAAAG11, 70.82% (Fan et al., 2020). Based on allele frequency the 

estimated disease prevalence at birth ranges from 1:10,000 to 1:650 individuals (Cortese et al., 

2019). Wu et al. estimated the disease prevalence in Auckland, New Zealand to be nearly 

1:100,000 (Wu et al., 2014), suggesting that disease is either under diagnosed or has reduced 

penetrance in the population. 

As a result of the discovery there has been a high demand for RFC1 screening in various 

populations across the globe and it is transpiring that the frequency of expanded AAGGG allele 

is as high as 7% (ranging from 0.7% to 6.5% in indi erent control populations (Davies et al., 

2022), table 2.1). Furthermore, much can be learned from diverse populations, and I further 

talk about RFC1 genetic heterogeneity in my next chapter. 

Table 2.1 Carrier frequency of Pathogenic AAGGG alle in healthy populations studied up to 2020. The AAGGG 

carrier frequency can range between 0.7% to 6.5% in healthy populations depending on control population studied. 

Adapted from Davies et al., 2022. 

2.1.6.4 CANVAS and ataxias with similar features 

Clinical diagnosis of CANVAS may be difficult due to the symptom overlap with several ataxic 

disorders which include FRDA, SCAs and Multiple System Atrophy (MSA) as shown in the 

table 2.2. It is therefore advised that only acquired causes of ataxia and neuropathy in patients 

are excluded, but also the patients are screened for FRDA and SCAs expansions (Dominik et 

al., 2020).  
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Table 2.2. CANVAS, FA, SCA and MSA patients share a number of complaints which may include ataxia, 

sensory neuropathy, dysarthria and dysphagia (Dominik et al., 2020, Szmulewicz et al., 2011, Cortese et al., 

2020., Delatycki et al., 2012, Palma et al., 2018) 

Disease  CANVAS  Friedreich ataxia  
Spino-cerebellar 

ataxia  

Multi system 

atrophy  

Gene   RFC1  FXN  

ATXN1-2-3, 

CACNA1, several 

others  

No definite gene 

identified  

Cerebellar 

ataxia  
Frequent   Yes  Yes  Yes (MSA-C)  

Neuropathy  

Sensory 

neuropathy always 

present   

Frequent sensory or 

sensory-motor 

neuropathy   

Possible sensory 

or sensory-motor 

neuropathy 

depending on 

subtype  

Usually absent   

Vestibular 

areflexia  
Frequent   Possible  Possible (SCA2)  Usually absent  

Dysautonomia  Mild   Usually absent  Usually absent  Severe  

Onset  Usually late onset  

Usually early onset, 

but late onset 

possible  

Usually early 

onset, but late 

onset possible  

Usually late onset  

Additional 

neurological 

features  

Cough  

Optic atrophy, 

hearing loss, 

pyramidal tracts 

involvement  

Pyramidal tracts 

involvement, 

parkinsonism, 

cognitive 

impairment, visual 

impairment, 

variably associated 

depending on 

subtype  

Parkinsonism, 

rapid progression, 

REM behaviour 

disorder  

Extra 

neurological 

involvement  

No  
Cardiomyopathy, 

diabetes, scoliosis  
No  No  
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2.1.7 Gold standard molecular techniques for RE disorder diagnosis 

The gold standard techniques for detecting repeat expansion disorders have been repeat primed 

PCR (RP-PCR) for the detection of specific expansion at a known gene locus and Southern 

blotting for confirming the results of PCR and measuring the size of the expansions (fig.2.3). 

 

Figure 2.3 Example of RE testing flowchart. Genomic DNA is used for testing of presence of a specific expansion 

motif at a given locus and Southern blotting is performed for confirmation of PCR results and sizing the expansion. 

Adapted from Chintalaphani et al., 2021 

And indeed, current diagnostic strategy for RFC1 testing relies on polymerase chain reaction, 

including flanking PCR and RP-PCR (Cortese et al., 2019; Dominik et al., 2020; Chintalaphani 

et al., 2021; Facchini*, Dominik* et al., 2023). However, given the large size and high Guanine 

ï Cytosine (GC) content of the pathogenic AAGGG motif, PCR-based techniques fail to 

amplify the full expanded repeat. Therefore, demonstration of the presence of two expanded 

alleles and measurement of their size was only possible with traditional Southern Blotting (SB). 

SB utilises a pre-designed probe that only binds to a specific locus flanking the RFC1 repeat, 

and the expansion sizing is based on the visual comparison between the sample track and a 

reference ladder track (Cortese et al., 2019). Despite being clinically very useful, SB is a time-

consuming technique which requires considerable amount of work and a dedicated laboratory 

setup. 

Southern Blotting has been a gold standard technique for measuring allele sizes in various 

conditions such as C9orf72 repeat expansion disorders (DeJesus-Hernandez et al., 2011) 

myotonic dystrophy type 1 (DM1) (Joosten et al., 2020), and fragile X syndrome (Curtis-Cioffi 

et al., 2012). SB is a cumbersome method and studies have been carried out whether more 
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convenient and high-throughput methods, so far mainly limited to PCR, can replace or 

minimise the need for SB (Grasso et al., 2014; Chen et al., 2010). However, PCR cannot 

amplify large repetitive sequences; therefore, it is not possible to use it for sizing of repeat 

expansions. 

Optical Genome Mapping (OGM) is a new technology which enables accurate detection of 

large (>500 nucleotides) Structural Variants, based on the measurement of the distance between 

fluorophore-labelled probes which tag ultra-high molecular weight DNA molecules. The 

advantages of this technique include the following: (1) a more streamlined laboratory protocol; 

(2) the possibility of mapping the entire genome for each sample, instead of a single locus; (3) 

the possibility of automatizing the data analysis. The main commercial implementation of 

OGM is currently provided by Bionano Genomics. Until implementation of OGM at UCL and 

before research included in this thesis, Bionano OGM was able to reliably detect the presence 

of repeat expansion in DM1 and SCA10 (Otero et al., 2021; Torres et al., 2022). In addition, 

OGM was successfully used to confirm the presence of biallelic RFC1 expansions in seven 

Dutch patients carrying RFC1 expansions (Ghorbani et al., 2022). However, a systematic 

comparison between OGM and SB was never performed. Therefore, in addition to using 

Southern blotting, I explored OGM for measurement of RFC1 repeat expansions. 

2.1.8 Pathomechanisms 

The underlying pathomechanisms of CANVAS is still unknown, however, it is suspected to be 

a loss-of-function mechanisms due to the recessive mode of inheritance and lately the discovery 

of truncating variants in trans with the pathogenic AAGGG motif in 2022 (Ronco et al., 2022) 

that my work contributed to (further described in chapter 3). Furthermore, so far there has not 

been evidence for common RE gain-of-function mechanisms in RFC1 disorder such as no 

evidence for RAN translation or intron retention and formation of RNA foci. However, 

investigations of bulk tissues (peripheral tissues and post-mortem brain samples) from 

CANVAS patients, there appears to be no evidence for reduction of canonical RFC1 transcript 

at mRNA level or no loss of protein product highlighting that the loss-of-function hypothesis 

may be limited to a subset of cells or masked by bulk tissues.  

Investigations on postmortem brains of CANVAS patients revealed substantial loss of Purkinje 

fibres, most severe in vermis. This is in line with established knowledge that ataxia is marked 

with neuronal loss in cerebellum. In addition, available nerve biopsies of CANVAS patients 

revealed loss of small and large myelinated fibres (Cortese et al., 2019). 
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2.1.9 Replication Factor C complex 

The replication factor C complex (RFC) is a protein complex composed of RFC1-5 and is 

essential for DNA replication and DNA damage response. RFC1 is the biggest protein of the 

complex at 140kDa (others being at 36-40kDa in size) and it contains the main DNA-binding 

region and interacts with proliferating cell nuclear antigen (PCNA) (Majka and Burgers, 2004).  

The complex loads PCNA and DNA polymerase in presence of adenosine triphosphate (ATP) 

onto DNA and allows for its elongation in presence of dNTPs and other involved proteins 

(fig.2.4 A). Moreover, the complex can act in DNA damage response, specifically in mismatch 

repair and excision repair. Importantly, it has been shown that RFC1 consists of three domains 

that provide a binding site for DNA, and it is used for binding of gapped or nicked DNA (fig.2.4 

B) (Li et al., 2018; Liu et al., 2022) . 

 

 

 

Figure 2.4 A schematic of RFC complex with RFC1 binding PCNA in presence of ATP (A) and an example of 

RFC:PCNA complex binding to a gapped DNA of 6 nucleotides (B). Adapted from Liu et al., 2022. 

To date, as described above, there has been no evidence of decreased RNA or protein levels of 

RFC1 in CANVAS patients with biallelic AAGGG repeat expansions, and this is also the case 

for other RFC1 proteins forming the complex. Interestingly, dysfunction of the complex or its 

members has been implicated in numerous cancers such as breast cancer, acute myeloid 

leukaemia, ovarian and many others (Li et al., 2018).  
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2.2 Materials and methods 

Main contributors to the methods (and results) in this chapter are listed in table 2.3 

Contribution table 

Methods used  Contributors 

CANVAS Screening  

(PCR & Southern blotting) 

Natalia Dominik, Riccardo Curro, Roisin 

Sullivan, Valentina Galassi Defoire 

Southern blotting optimisation and 

troubleshooting 

Natalia Dominik 

Bionano Optical Genome Mapping  Natalia Dominik, Stephanie Efthymiou 

Clinical Examinations Andrea Cortese, Henry Houlden, Riccardo Curro, 

RFC1 repeat expansion study group  

Bioinformatic analyses  Stefano Facchini  

Table 2.3. Main contributors to the methods (and results) in this chapter 

2.2.1 Patients and rationale 

Multi centre cohort of 2334 patients with clinical diagnosis of idiopathic sensory neuropathy, 

late-onset (> 25 years old) cerebellar ataxia, complex neuropathy or CANVAS were collected. 

Where testing was available, other causes of spinocerebellar degeneration were excluded such 

as acquired causes, SCAs, FRDA. Availability of WGS was not an inclusion criterion in this 

study. 

Using standard screening methods for RFC1 expansions which included flanking PCR 

concurrently with RP-PCR for canonical AAGGG, AAAGG and AAAAG, I screened 1531 

patient samples. Samples with no band on flanking PCR, positive sawtooth pattern on AAGGG 

RP-PCR but negative on the non-pathogenic AAAAG and AAAGG configurations were 

subjected to Southern blotting if sufficient DNA was available (fig.2.5), and I performed 

Southern blotting for 395 patients. In addition, to compare OGM and Southern blotting 

techniques, 17 CANVAS patientsô blood samples with biallelic pathogenic repeat expansions 

were subjected to Bionano Optical Genome Mapping. I performed OGM on 10 patient samples.  



тф 
 

 

Figure 2.5 Workflow diagram representing repeat expansion screening methodology. Flanking PCR and RP-PCR 

are used simultaneously on patient DNA to identify which are more likely to have two expanded alleles. If flanking 

PCR shows no amplifiable product and RP-PCR shows typical saw-tooth pattern, Southern blotting is carried out 

on additional patient DNA if available (Dominik et al., 2020) 

2.2.2 Clinical details 

Clinical and demographic data for patients testing positive for RFC1 expansions was collected 

using a standardised table completed by all referring clinicians. The data included family 

history, age at neurological onset, age at onset of sensory, cerebellar or vestibular symptoms, 

use of walking aids, and detailed first and last available neurological examinations. Based on 

the information, patients were divided into three phenotype categories: sensory neuropathy, 

complex ataxia/neuropathy or CANVAS. Disease severity and progression were indicated by 

difficulty in walking resulting in a need for walking aid and presence of dysarthria and 

dysphagia. Only patients of Caucasian ancestry were considered in the analysis.  

Considering that as many as 70% of CANVAS patients may present with chronic cough, this 

data was also recorded, but not considered as first neurological symptom for the age of onset 

of the condition.  
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2.2.3 Flanking PCR 

1ɛl of DNA of concentration of 25-150ng/ɛl was added to 7.5ɛl FastStart mastermix (Roche), 

5ɛl of PCR grade water and 1ɛl of 10uM Forward and Reverse primers and ran in PCR 

conditions as in table 2.4. 7ɛl of PCR product was subjected to gel electrophoresis on 2% 

agarose gel against a 100bp DNA ladder (Gel Pilot) at 90V for 30min. The results were 

recorded as no amplifiable product where no band was seen, reference where the band was of 

wild-type (WT) size of 350bp and intermediate as a band seen at higher size than WT. 

2.2.4 RP-PCR 

1ɛl of DNA of concentration of 25-150ng/ɛl was added to 7.5ɛl of Phusion Mastermix 

(Biolabs) with 5ɛl of PCR water and 1ɛl each of 10uM FAM labelled forward primer, anchor 

primer and reverse primer (table 2.4). Two reverse primers are used in repeat-primed PCR: an 

anchor and a reverse primer (fig.2.6A). The reverse primer binds to a specific repeat motif that 

is being tested and may bind to the repeat in any place of the repeat tract which results in the 

positive ósawtoothô pattern (fig.2.6B). The reverse primer contains a stretch of DNA sequence 

termed óa clampô which is complementary to the DNA sequence immediately after the repeat 

expansion sequence. This allows for amplification of the entire repeat expansion tract in the 

alleles with a lesser number of repeat expansions (<~60). The anchor primer that binds to the 

tail of the reverse primer for an amplification in further cycles of PCR when the reverse primer 

becomes depleted. The tail of the reverse primer and the anchor primer are designed not to be 

complementary to any DNA sequence in human genome to avoid unspecific amplification.  

Reverse primer and cycler conditions were changed according to repeat expansion tested (table 

2.4).  
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Table 2.4. Thermocycler conditions for Flanking PCR and RP-PCR 
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Figure 2.6 A schematic of binding of RFC1 primers used and a positive RP-PCR pattern example. Flanking PCR 

(top) uses a forward and reverse primer to amplify across the second intronic region of RFC1 where expansions 

may be found. RP-PCR (bottom) uses a fluorescently labelled forward primer and two reverse primers ï a reverse 

primer that binds to the specific repeat motif tested and an anchor primer that binds to the tail of the reverse primer 

for an amplification in further cycles of PCR when the reverse primer becomes depleted. The reverse primer 

contains a stretch of DNA sequence termed óa clampô which is complementary to the DNA sequence immediately 

after the repeat expansion sequence. The tail of the reverse primer and the anchor primer are designed not to be 
complementary to any DNA sequence in human genome B) RP-PCR with primers targeting the AAGGG 

pentanucleotide repeated unit. An ABI 3730 DNA Analyser was used to separate the products, and these were 

visualised using GeneMapper. The presence of a ósawtoothô pattern is characteristic of a possible affected 

individual  

Fragment analysis was performed on ABI 3730xl Genetic Analyser (Applied Biosystems) and 

analysed using Geneious Prime or GeneMapper software. Expansions are visualized as a 

decremental ósawtoothô pattern (fig 2.6B). 

2.2.5 Sanger sequencing 

Sanger sequencing was performed when additional confirmation of repeat expansion was 

warranted due to technical difficulties or inconclusive results.  

1ɛl of gDNA of concentration 25-150ng/ɛl was added to 35ɛl of Phusion Mastermix (Biolabs) 

with 25ɛl of PCR water, 3% DMSO and 1ɛl of forward and reverse flanking primers as in table 

2.4. PCR cycling conditions are available in the table. The PCR products were enzymatically 

purified with FastAP Thermosensitive Alkaline Phosphatase (Thermo Scientific) prior to 

sequencing at Source Bioscience. The electropherograms were visualized with Geneious 

Prime.  

2.2.6 Digoxigenin labelled probe synthesis 

Digoxigenin (DIG)-labelled DNA probe for Southern blotting was prepared using PCR DIG 

Probe Synthesis Kit (Roche). One microliter of 50ng/ɛl of plasmid containing 1kB DNA 

sequence flanking the RFC1 repeat locus was used to mix with 20ɛl Fast Start Master Mix, 
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17ɛl of PCR grade water, 1ɛl of 10pMol forward and reverse primers (table 2.4) and 3ɛl DIG 

Probe synthesis mix. PCR conditions are shown in table 2.4. DIG labelled PCR products are 

the probes used for detection of repeat expansions in RFC1 on Southern blotting membrane 

and they further bind anti-DIG antibody for signal amplification for detection of the alleles on 

X-ray film. 

2.2.7 Southern blotting 

2.2.7.1 DNA preparation and gel electrophoresis 

Up to 18 samples can be processed per blotting (18 samples and 2 ladders). Five micrograms 

of genomic DNA at concentration of 150ng/ɛl was diluted with water up to 33ɛl total volume 

on a 96-well plate. The workflow of southern blotting is shown in figure 2.7. 

A master mix of 4ɛl 10X CutSmart buffer (NewEngland Biolabs), 2ɛl Spermidine (Sigma) and 

1ɛl of Eco RI 100,000 U/ml (NewEngland Biolabs) was prepared per sample. Subsequently, 

7ɛl of the mix was added to the samples diluted on 96-well plate and mixed well by pipetting 

up and down. The plate was put in a PCR cycler and ran at 37oC for 1 hour after which an 

additional 1ɛl of Eco RI 100,000 U/ml added per sample and the plate ran at 37oC for additional 

2 hours. 

A 1.5% agarose gel was prepared in a large (25cm) casting tray. 8.6ɛl of Blue/Orange 6X 

loading dye (Promega) was added to the enzymatically cut samples and pipetted thoroughly. 

Molecular Weight Markers II and III DIG-labelled (Roche) were prepared for 2 wells by mixing 

4ɛl of water, 1ɛl of the marker and 1ɛl of the blue-orange dye, per well. 

The samples and the markers were loaded on the agarose gel and ran overnight at 40V for 

around 15 hours. 

2.2.7.2 Gel treatment and blotting 

After the sample front reached the bottom of the gel, the gel was washed in distilled water for 

5 minutes; and in depurination solution (475 ml water + 25 ml concentrated HCl) for 45 

minutes. Denaturing solution was prepared by mixing 10g NaOh + 29.2g NaCl in 500ml of 

distilled water and after another 5 minutes wash in distilled water, the gel was washed in 

denaturing solution for 45 minutes. The gel was then again washed in distilled water for 5 

minutes. A 45-minute wash with pre-made neutralising solution followed (Thermo Scientific). 

Following the washes, the blotting was assembled by creating a sandwich of: 4 long (~50cm) 

3MM Whatmann paper pieces in a non-spill tray, soaked in 1 litre of 10XSSC solution (Lonza). 
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The gel was put on the soaked paper and a 20x20 cm positively charged nylon membrane 

(Roche) was carefully positioned on the gel. The edges of the sandwich were masked with cling 

film and a 20x20 square of 1 CHR paper soaked in 2XSSC was put on the membrane. Then 4 

pieces of dry 3MM Whatmann paper and a stack of about 20cm paper towels were positioned 

on top. A glass piece was placed on the sandwich and a bottle weight on top. The DNA was 

allowed to transfer overnight for about 15 hours. 

2.2.7.3 Membrane pre ï and hybridisation 

After the blotting, the sandwich was disassembled and the membrane inspected, placed on 

20x20 square of 1 CHR paper soaked in 2XSSC (Lonza) and placed in UV transilluminator for 

3 minutes. Subsequently, the membrane was placed in a plastic container and pre-hybridisation 

with 40ml DIG Easy-Hyb (Roche) solution followed for 4-5 hours in shaking incubator at 49oC. 

A probe mixture of 60ɛl 1kb RFC1 probe and 150ɛl salmon sperm (Agilent) was boiled for 5 

minutes. It was then immediately snap-cooled on ice and added to 30ml Roche DIG Easy-Hyb 

solution to make hybridisation mixture. The pre-hybridisation solution was poured off the 

membrane and replaced with the hybridisation mixture. The box was placed in shaking 

incubator at 49oC overnight for about 15 hours. 

A 2 litre 0.1X SSC / 0.1% SDS solution was prepared by mixing 1970 ml distilled water, 10ml 

20X SSC and 20ml of 10% SDS. The solution was placed in 65oC oven overnight for use the 

next day. 

2.2.7.4 Membrane washing and detection 

The hybridised membrane was washed twice for 15 minutes with 500ml of 2XSSC/0.1%SDS 

solution prepared by mixing 890 ml of distilled water with 100ml 20XSSC and 10ml 10% SDS.  

Subsequently, it was washed 4 times for 15 minutes with the 65oC 0.1X SSC / 0.1% SDS, in a 

shaking incubator at 65oC. A 2-minute wash at room temperature with 200ml washing buffer 

(Roche) followed. The membrane was then incubated with 200ml block solution made by 

mixing 194.4ml distilled water with 21.6ml 10X Maleic acid buffer (Roche) and 24ml 10X 

block solution (Roche) at room temperature, shaking.  

The antibody solution was prepared by centrifuging Anti-DIG AP antibody (Roche) for 10 

minutes at 10000rpm and 4ɛl were immediately aliquoted from the top of the solution into 

40ml Block solution. The membrane was drained from the blocking solution and incubated in 

the antibody solution for 30 minutes at room temperature. 
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The membrane was washed twice for 15 minutes with 200ml washing buffer at room 

temperature, then for 5 minutes with detection buffer and the membrane was then drained.  

To visualize the DNA bands, a chemiluminescent CDP-STAR substrate (Roche) was put on the 

membrane and the membrane was wrapped with cling film and transferred to X-ray film. X-

ray developer was used to visualize the film and the bands were measured. 

 

Figure 2.7 A schematic of Southern blotting workflow. Genomic DNA is enzymatically digested and separated 
on agarose gel. The DNA is then transferred onto positively charged membrane and the membrane hybridised 

with RFC1 specific probe. The bands are visualised with chemiluminescent substrate.  

2.2.7.5 SB: Repeat expansion size measurements 

Repeat expansion size were measured using a standardised algorithm. Distances between the 

ladder track were measured with a ruler and the visible patient bands were measured according 

to a line drawn between 6.5kb ladder markers on two points of the blotting. The sizes were 

calculated by plotting the ladder points on linear regression graph and using the corresponding 

equation and subtracting the size of the probe binding to normal allele (5000bp). Sizes are 

presented in repeat numbers rather than base pair size.  

2.2.8 Southern blotting optimizing 

One of the first objectives of my PhD was optimising the Southern blotting technique described 

above. The original protocol produced good images; however, we observed incomplete transfer 

of DNA to the positively charged nylon membrane in several cases. Therefore, the transfer time 

was extended from approximately 4 hours to 15 hours (overnight).  
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After transfer, pre-hybridisation was extended to 5 hours from the original 3 hours and the 

temperature was increased to 49ÁC from 46ÁC. The increase of temperature was also 

implemented for the overnight hybridisation step.  

Biallelic expansions in affected individuals are seen as two bands between 6.5 to 15kb, or one 

thicker band if the expansions on both alleles are the same or similar size. Unaffected 

individuals who carry the mutation can either have one band in normal, wild type, range of 5kb 

and one band in expanded range of 6.5 to 15kb, or two expanded alleles - one in the non-

pathogenic range of up to around 6.5kb and one in the pathogenic range (fig.2.8). Although 

Southern blotting remains the gold standard technique to confirm the presence and establish 

the size of biallelic RFC1 expansions, it has several limitations. Firstly, it requires a relatively 

large quantity (5Õg or more) of good quality (260/280 ratio of 1.8-2 and 260/230 ratio of 2-

2.2) DNA. Secondly, it is a time-consuming and labour-intensive technique that requires a 

specific laboratory set-up. Third it is rather cumbersome; a skilled and trained  operator is 

needed to ensure final readout is trustworthy.  

A new technology, Bionano Optical Genome Mapping, has been developed to detect structural 

variants in DNA and I have used Southern Blotting and Bionano for RFC1 expansion sizing of 

the same individuals to compare the methods.  
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Figure 2.8 Patients are characterised by either one overlapping band or two bands within the region 7 to 15kb. 

Carriers are identified with one band residing between 7 and 15kb and the other at 5kb-6.5kb, equivalent to the 

non-expanded AAGGG sequence or a small AAGGG expansion. Non-affected individuals exhibit 2 bands in 

regions between 5-6.5kb. Two ladders are needed for accurate measurements: DIG-labelled DNA Molecular 
Weight Marker II (Roche) (labelled as LADDER II) and DIG-labelled DNA Molecular Weight Marker III (Roche) 

(labelled as LADDER III). The left- and right-hand side of each panel documents the molecular weights 

represented by LADDER II and LADDER III respectively. Figure from Dominik et al., 2020 

2.2.9 Bionano optical genome mapping  

2.2.9.1 DNA extraction 

Ultra-high molecular weight DNA was extracted from venous blood using Bionano Genomics 

provided kits as described in Bionano Prep SP Frozen Human Blood DNA Isolation Protocol 

v2. Briefly, frozen blood was thawed at 37ÁC and white blood cells (WBC) were counted using 

Heamocytometer. And an appropriate volume of blood was taken to transfer 1.5 million WBC 

which were pelleted for 5 min at 4000g. DNA stabilising buffer and proteinase K were added 

to the pellet and resuspended. Then samples were rotated on hoolamixer with Lysis and Binding 

Buffer (LBB) for 15 min. Following that PMSF was added and after a 10-minute incubation, a 

nanodisk was dropped into the tubes as well as isopropanol. Samples were incubated for 15 

minutes in hoolamixer and the DNA precipitated and attached to the magnetic nanodisks. The 

disks were subjected to washes with the wash buffers included in the kits and later the DNA 

was eluted from the nanodisk using Elution Buffer provided. DNA was carefully sheared by 

pipetting up and down 5 times at 60 seconds per aspiration and release. 
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2.2.9.2 DNA labelling 

The concentration and homogeneity of the DNA samples was estimated using Qubit and the 

homogeneous high molecular weight DNA was labelled using Bionano Prep Direct Label and 

Stain (DLS) Protocol with kit provided. Briefly, 21ɛl of DNA was incubated at 37ÁC with the 

label mixture provided and for further 30 min with proteinase K. The labelled DNA was cleaned 

for 60min using membranes provided and the homogeneous labelled DNA was loaded onto a 

Saphyr chip.  

2.2.9.3 Chip loading 

8.5ɛl of labelled DNA was loaded into the inlet of the flowcell of the chip and allowed to 

migrate for 2 minutes. Subsequently, 11ɛl was of DNA was loaded into the outlet of the chip. 

A few drops of PCR grade water were added on top of the DNA in the inlet and outlet to form 

a convex. The flowcell was then closed with custom tops and the remaining 2 flowcells were 

loaded with another patient DNA following the same procedure. The chip was then closed with 

a clip and positioned in the Saphyre machine. The workflow for OGM is shown in figure 2.9. 

 

 

Figure 2.9. A schematic of Bionano optical genome mapping workflow. Bionano kits are used for extraction of 

ultra-high molecular weight DNA and for subsequent labelling of the DNA. The labelled DNA is inserted onto a 

chip which allows the molecules to be linearised and labels visualised on DNA backbone. The data can be seen 
on Bionano Access interface and the differences between the labels can infer presence of large structural 

variations.  
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2.2.9.4 OGM: Repeat expansion size measurements 

Size measurements in OGM rely on fluorescent labels that bind to DNA motifs of CTTAAG 

that are present in the genome around 15-20 times per 100 kbps. Fig.2.10 A shows an example 

of a normal allele aligning to the reference genome, further presenting that the intervals 

between the labels vary between different loci therefore enabling correct mapping of the 

labelled DNA molecules. Multiple DNA molecules are mapped to the reference and the 

distance between markers 7723 and 7724 which contain RFC1 repeat locus (fig.2.10 B), can 

be accessed for all the molecules. The data is then assessed as Gaussian distribution for repeat 

expansion size visualization.  

 

Figure 2.10. example of Bionano optical genome output. A) a section of DNA with all labels correctly aligning to 

the reference ï no SV present. B) a section of DNA with a label at a distance from the reference label (shown in 

orange) ï an expansion present. 

2.2.10 Meiotic and somatic instability 

Where consented, affected and unaffected first-degree relatives of probands were tested by 

Southern blotting totalling 27 families. Expansion size in RFC1 locus was compared within the 

families to assess the stability of the AAGGG expansion during the transmission between the 

generations. Optical genome mapping was performed to assess the presence of somatic 

instability in affected (vermis, cerebellar hemispheres) versus unaffected tissues (frontal cortex, 

muscle, fibroblasts) of 4 patients carrying biallelic RFC1 expansions. Blood-derived DNA 
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from a patient with C9orf72 GGGGCC expansion was also included as positive control for 

repeat instability.  

2.2.11 Statistical analysis 

Studentôs t-test or Mann-Whitney tests were performed for pair-wise comparisons of 

parametric or non-parametric variables, respectively. Linear correlation was measured with 

Paersonôs coefficient. We analysed the correlation of the size of major (or larger), minor (or 

smaller) and both alleles with the age of neurological onset (cough excluded). Grade of 

correlation was defined as follows: r < Ñ 0.30 = mild correlation; r from Ñ 0.30 to Ñ 0.70 = 

moderate correlation; r > Ñ 0.70 = strong correlation.  Plots and graphs were created with 

GraphPad Prism version 9.4.0 for Windows, GraphPad Software, San Diego, California USA, 

www.graphpad.com. 
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2.3 Results 

2.3.1 Southern blotting optimisation 

Successful optimisation of Southern blotting was implemented, and the improved protocol has 

been used in this thesis and contributed to numerous manuscripts and expansion discoveries 

(Scriba et al., 2020; Curro et al., 2021, Ronco et al., 2022, Dominik et al., 2023, Curro et al., 

2024) 

While five micrograms of good quality genomic DNA are still needed, bands are generally 

better visible, and more blotting are successful. Moreover, shorter exposure time for visualising 

the bands on fluorescent detection film can be used which leads to less background and higher 

quality image overall, we find that 10 minutes exposure produces clearest image (fig.2.11) 

(Dominik et al., 2020).  
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Figure 2.11 Southern blotting optimising. A) An example of Southern blotting with incomplete transfer where the 

positive control is poorly visible, and many DNA samples did not transfer onto the membrane. B) an example of 

Southern blotting after protocol optimisation where the positive control is fully transferred as seen by a strong 

band.  

2.3.2 Southern blotting technical considerations 

During the course of research contributing to my thesis, several technical issues resulted in 

failure of Southern blotting and the need for repetitive troubleshooting. An example of the 

technical hurdle I experienced was blank developed membranes with no trace of either sample 

bands or ladders. In order to troubleshoot the experiment, a thorough and well thought through 

strategy was needed due to the complexity and duration of the procedure (fig.2.12). Blank 

membrane with no ladder present could suggest problems at DNA transfer step from gel to 

membrane and this was assessed by visual inspection of the membrane post-transfer and 

presence of a blue colouration suggestive of transfer of the gel front therefore this issue was 

excluded. Another problem resulting in blank membrane could have been too stringent washes 
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and variable SSC buffers were assessed with different temperature combinations, however, this 

yielded no improvement. Finally, membranes were subjected to different saline-sodium citrate 

(SSC) concentrations (lanes 1, 3 and 5 with standard 2XSSC; lanes 2, 4 and 6 in 5XSSC) 

concurrently with UV light in different transilluminator machines (lanes 1 and 2 in the standard 

UV machine, lanes 3 and 4 in benchtop UV transilluminator and lanes 5 and 6 in (BioRad Gel 

Doc XR+) for purpose of DNA crosslinking on the membrane. It transpired that the UV 

machine that had been used previously became faulty and no UV light was produced resulting 

in no DNA crosslinking on the membrane and therefore subsequent washing off of the ladder 

and samples of the membrane. Lane 5 produced the strongest band therefore these conditions 

were taken forward into the next experiments.  

 

Figure 2.12. An example of Southern blotting troubleshooting. 6 separate strips of positively charged membrane 

were used for transfer of a control DNA and a marker. Lanes 1 and 2 were UV crosslinked in the standard UV 

machine and washed at different concentrations of SSC buffer (lane 1 standard 2XSSC and lane 2 5XSSC), there 
were no DNA nor ladders at detection. Lanes 3-6 were UV crosslinked in 2 different UV machines (lane 3 and 4 

in benchtop UV transilluminator and lane 5 and 6 in (BioRad Gel Doc XR+)  and washed with different 

concentrations of SSC buffer (lanes 3 and 5 with 2X SSC and lanes 4 and 6 with 5X SSC). DNA and ladders are 

visible in lanes 3-6 pointing to a malfunction of the UV machine used.  

The above further highlights the complexity of Southern blotting as a technique and the need 

for specialised equipment and trained staff. Despite the technical hurdles, Southern blotting 

provides an invaluable information of sizes of patient alleles that can further be leveraged for 

discerning the role of repeat expansion size on age of onset of disease, disease progression and 

clinical characteristics as described in following sections of this chapter.  
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2.3.3 Genetic testing 

I screened 1531 patients using flanking PCR and RP-PCR methods, and the patients with no 

amplifiable PCR product at flanking PCR, positive saw-tooth pattern for AAGGG RP-PCR and 

negative for AAAGG and AAAAG motifs were considered likely positive for biallelic 

AAGGG repeat. Furthermore, I contributed to standardized data collection and analysis of the 

entire study cohort of 2334 patients.  

In total, we identified 556 patients likely positive for biallelic AAGGG repeat expansions and 

performed Southern blotting for 395 patient samples with sufficient DNA and with clinical 

information available. I performed Southern blotting for 315 patients. The data included in my 

thesis is based on the entire cohort of 2334 patients and published in Brain and fully described 

(Curro et al., 2024). 

The presence of biallelic expansions was confirmed in 392 cases (99.3%). For the 3 patients 

who were not confirmed as carrying biallelic AAGGG repeat expansions, I performed Sanger 

sequencing and intermediate expansions of non-pathogenic repeat motifs of less than 100 

repeats were observed and included AAAAGexp, AAAGGexp and AAAGGGexp motifs.  

2.3.4 Clinical details 

Clinical data for 392 patients confirmed to carry biallelic expansions in RFC1 by Southern 

blotting is available in table 2.5 
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Demographic     

N. of males (%), females (%) 195 (50%), 197 (50%)   

Positive family history 45 (11%)   

Current age (min-max) 70 years (42-90)   

Age at neurological onset       

(min-max) 54 years (25-80)   

Deceased 32 (8%)    

Symptoms 

Last examination 

(N/total) Age at onset 

Unsteadiness  366/388 (94%) 56 years (30-80) 

sensory symptoms 276/383 (72%) 55 years (25-75) 

Dysarthria/Dysphagia 196/381 (51%) 64 years (30-85) 

Oscillopsia 94/352 (27%) 62 years (36-81) 

Chronic cough 267/358 (75%) 40 years (15-83) 

Use of walking aid 203/379 (54%)   67 years (37-88) 

Disease group Patient number   

Isolated neuropathy 54 (14%)   

Complex neuropathy 131 (33%)   

CANVAS 195 (50%)   

Not assigned                  

(incomplete clinical data) 12 (3%)   

 

Table 2.5 Demographic and clinical data of biallelic AAGGG patients confirmed by Southern blotting in our 

cohort 

392 patients were confirmed to carry biallelic expansions with Southern blotting. Both genders 

were represented equally in the cohort. A positive family history for CANVAS-like symptoms 

was reported in 45 patients and the other 347 cases were sporadic. Age of onset of neurological 

symptoms (excluding cough) was 55 years for sensory symptoms, with unsteadiness as most 

common complaint between the patients (94%). Fig.2.13 shows the most common complaints 

and use of any walking aid at the last neurological follow up. Majority of the patients suffer 

from unsteadiness and sensory symptoms. Oscillopsia is the least common complaint but still 

present in one fourth of the patients. The cough that was present in 75% of the patients was the 

presenting symptom in half of the cases. 
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Figure 2.13 Patient symptoms at last examination. Most commonly reported symptom was unsteadiness (94%) 

followed by chronic cough (75%) and sensory symptoms (72%) 

Patients could be divided into disease subgroups depending on their symptoms (fig.2.14), but 

full-blown CANVAS was still the predominant phenotype (50%). Importantly, all cases had 

sensory neuropathy.  

Our cohort is of Caucasian ancestry, mostly of European descent, however, 18 patients 

originated from Turkey, and one patient each from Brazil, Iran, Iraq, Algeria and Lebanon.  
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Isolated sensory neuropathy
Complex neuropathy/ataxia
CANVAS
Not assigned

 

Figure 2.14 Patients could be divided into three subgroups depending on the symptoms. 50% of patients suffered 

from full blown CANVAS, followed by complex neuropathy/ataxia at 33% and isolated sensory neuropathy at 

14% and 3% of the cases were not assigned a diagnostic category  

2.3.5 Repeat expansions size and age of onset and disease phenotype 

In total, 392 patients with biallelic AAGGG expansions in RFC1 had a successful Southern 

blotting performed to total 784 alleles available for sizing. 36% of the patients (143 patients) 

had showed one band on Southern blotting suggesting alleles of the same or similar size, within 

the limits of detection of the technique.  

We used the sizes of minor and major alleles as well as both in combination to investigate any 

possible correlations between age of onset of neurological symptoms and the expansion size. 

We observed that patients with larger expansions tended to have younger age of onset which 

was stronger for the minor allele (fig.2.15). Also, we investigated the size of alleles in disease 

subgroups isolated neuropathy, complex neuropathy/ataxia and full CANVAS.  

Patients with smaller repeat expansions tended to have isolated neuropathy (minor 

allele=smaller allele=770 Ñ 260 repeat units; larger allele=1062 Ñ 364 repeat units) while 

people with complex neuropathy/ataxia or CANVAS had significantly larger alleles (complex 

ataxia: minor allele= smaller allele=1006 Ñ 324 repeat units, p<0.001; larger allele=1305 Ñ 515 

repeat units, p<0.001 CANVAS: (smaller allele=1018 Ñ 329 repeat units, p<0.001; larger 

allele= 1294 Ñ 497 repeat units, p<0 001). There was no significant difference between 

CANVAS and complex neuropathy/ataxia.  
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Figure 2.15 Age of onset of neurological symptoms and the expansion size for minor and larger allele. The scatter 

plots illustrate the strength and the direction of the correlation between the age at neurological onset of the disease 

(y-axis) and the repeat size of the smaller or the larger allele (x-axis). Pearsonôs correlation. Adapted from Curro 

et al., 2023. 

2.3.6 Meiotic and somatic instability of AAGGG repeat expansions in RFC1 

27 families were available for assessment of stability of AAGGG expansion in transmitted 

allele. In total, 69 affected and unaffected individuals were explored and included 27 probands, 

22 siblings, 18 offsprings and 2 parents. An example of Southern blotting within families is 

available in fig.2.16 and an intrafamilial repeat expansion number between the proband and 

family member in figure B. AAGGG appears stable between siblings and generations 

(r2=0.95), with a median intra-familial variation of 25 repeats (min max=-250/+510). 

Expansions and contractions of expanded alleles occurred with the same frequency and there 

was no evidence of larger expanded alleles in offsprings.  

We compared the repeat size in RFC1 locus in vermis ï the most affected tissue in RFC1 

disease, cerebellar hemispheres, frontal cortex and peripheral tissues (fig. 2.16 C&D) and in 

C9orf72 patient blood sample as a positive control for somatic instability. We saw a variation 

in size of the repeats between ī97 and +190 repeats (ī5%/+7%) compared to mean size. 

Furthermore, mean dispersion of the repeat length was Ñ1.7% for vermis, Ñ2% for cerebellar 

hemispheres and Ñ2.7% for frontal cortex, as opposed to a dispersion of Ñ36% in an individual 

carrying C9orf72 expansion. This suggests limited somatic instability in the affected and 

unaffected bulk tissues.  
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Figure 2.16 limited meiotic and somatic instability of the AAGGG repeat expansions. A) Representative Southern 

blotting showing 6 probands (with asterisks) and their unaffected family members; and B) a correlation plot of 

the repeat expansion sizes in the 27 families where each dot represents a meiotic event. C)  The repeat size among 

different brain areas and peripheral tissues of four patients with RFC1 biallelic expansions and in one patient 

with C9orf72 expansion and an example of patient RFC1 repeat expansion size measured in different tissues by 

OGM  Adapted from Curro et al., 2023 

2.3.7 Validation of a new technology for repeat expansion testing in RFC1 disease 

We measured the size of expanded alleles using both optical genome mapping and Southern 

blotting in 17 cases (table 2.6 and fig.2.17) to compare the resulting sizes between the 

techniques. This work has been published in Biomolecules, an MDPI Journal (Facchini*, 

Dominik* et al., 2023) 

Optical genome mapping (OGM) is a new technology that allows for visualizing fluorescently 

labelled DNA with a camera system (Saphyr) provided by Bionano and subsequent detection 

of structural variants larger than 500 base pairs.  
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All CANVAS samples were confirmed to carry biallelic RFC1 repeat expansions with both 

methods (Table 2.6). Patients 6, 9 and 17 showed a presence of only one thick band on the 

corresponding Southern blotting suggesting alleles of the same or similar sizes, however, 

Bionano OGM detected two distinct alleles in those cases. An example of OGM better 

resolving 2 alleles of similar size is presented in fig.2.18.  In only one case, OGM showed a 

presence of homozygous alleles while SB showed 2 distinct expansion sizes. 5 cases showed 

homozygous alleles using both the techniques. In addition, 2 control samples were subjected 

to OGM analysis, confirming the absence of biallelic expansions (Control 1 has one expanded 

allele; Control 2 has two unexpanded alleles). An excellent linear correlation was observed 

between the two methods (fig.2.17), with r2 = 0.97. However, the linear coefficient is 0.62 

[0.58ï0.66] at 95% confidence interval (C.I.), and the intercept is 232 [181ï226] at 95% C.I. 

suggesting under or over- estimation of allele sizes by one of the methods.  
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Patient SB Allele 1 SB Allele 2 OGM Allele 1 OGM Allele 2 

Pt 1 765 1242 677 ± 41 955 ± 45 

Pt 2 598 1035 622 ± 34 841 ± 36 

Pt 3 989 (Homozygous) 894 ± 29 (Homozygous) 

Pt 4 1127 1593 866 ± 48 1182 ± 70 

Pt 5 1447 1838 1017 ± 57 1180 ±40 

Pt 6 917 (Homozygous) 664 ± 24 730 ± 22 

Pt 7 1400 (Homozygous) 1223 ± 36 (Homozygous) 

Pt 8 991 (Homozygous) 829 ± 53 (Homozygous) 

Pt 9 1185 (Homozygous) 880 ± 46 943 ± 29 

Pt 10 1256 4746 1055 ± 79 3226 ± 163 

Pt 11 249 810 333 ± 20 831 ± 35 

Pt 12 724 (Homozygous) 792 ± 63 (Homozygous) 

Pt 13 294 (Homozygous) 406 ± 32 (Homozygous) 

Pt 14 640 794 652 ± 40 759 ± 24 

Pt 15 605 714 640 ± 51 (Homozygous) 

Pt 16 794 2386 745 ± 51 1646 ± 97 

Pt 17 810 (Homozygous) 582 ± 35 654 ± 24 

Control 1 / ī4 Ñ 26 450 ± 22 

Control 2 / ī6 Ñ 30 (Homozygous) 

Table 2.6 Estimated sizes of the repeat expansions (number of pentanucleotide repeats). In OGM, repeat size is 

indicated as mean ± standard deviation of the Gaussian. Highlighted in grey are the patients where OGM, unlike 

SB, could better discriminate the size of the two expanded alleles. Adapted from Facchini*, Dominik* et al., 2023. 
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Figure 2.17 Expanded allele size comparison between Bionano and Southern blotting. Overall satisfactory 

comparison was observed between the two methods although Southern blotting tended to overestimate the size of 

very large alleles.  
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Figure 2.18 (A) Bionano OGM markers used for the analysis. The red triangle area indicates the position of the 

repeat expansion inside the second intron of RFC1 (blue arrows point in the coding direction of the gene). The 

blue triangles indicate the position of the markers flanking the repeat (markers 7723 and 7724) (B) Optical genome 

mapping for Pt 6. Two alleles are observed as Gaussian components of size 664 and 730 repeats (3322bp and 

3648bp, respectively) (C) Representative example of Southern Blotting plot. For Pt 6 (indicated by the red 

triangle), only one band is visible, corresponding to an expansion of 917 repeats (4585 bp). Adapted from 

Facchini*, Dominik* et al., 2023. 

 

Visual comparison of allele size for both methods is available in figure 2.19. OGM sizes are 

represented as molecule size distribution with the estimated Gaussian components. The 

corresponding Southern blotting are presented for each patient and their alleles marked with 

arrows.   
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Figure 2.19 (A) OGM molecule size distribution for all samples, with estimated Gaussian components. On the 

vertical axis the molecule count is reported. The vertical dotted red line corresponds to a non-expanded allele. For 

each sample, we report the total number of observed molecules in parenthesis. (B) SB images for all patients. 

Arrows point to the alleles visible on Southern Blotting; yellow and green when two alleles of distinct sizes are 

seen and red when two alleles of the same size are seen. Adapted from Facchini*, Dominik* et al., 2023. 
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2.3.8 Technical Considerations of Southern Blotting and Optical Genome Mapping 

SB relies on large quantities (5Õg) of high-quality and purity DNA. SB is compatible with most 

DNA extraction methods, thus facilitating sample processing and shipping of extracted DNA 

from collaborators across the globe. In comparison, OGM can only be performed on ultra-high 

molecular weight DNA fragments (>150 Kbp), which requires a bespoke extraction method 

using the Bionano extraction kit from fresh or snap frozen blood or cell pellets. Hands-on 

processing time at the bench is 4 working days for SB and 2 working days for OGM, followed 

by Saphyr imaging and automatic data collection. 

SB size estimation relies on comparison to a ladder tract. OGM relies on fluorescent labels 

which bind to specific 6 bp DNA motifs (CTTAAG) present in the genome at an average of 20 

times per 100 Kbp. 

In addition to good technical skills, necessary for both methods, OGM requires computer 

literacy for size estimation in the online Bionano Access analysis platform, or to perform 

custom analysis (Facchini*, Dominik* et al., 2023) 
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2.4 Discussion 

Biallelic RFC1 expansions represent a common cause of late-onset ataxia and sensory 

neuropathy. However, implementing a diagnostic test remains challenging due to the disease 

heterogeneity, complexity of the molecular methods and the need for specific laboratory set up 

especially for Southern blotting (SB) confirmation which is often not available in diagnostic 

laboratories. Indeed, SB is a cumbersome technique and my work contributed to the 

optimisation of the protocol which allowed for better DNA transfer onto the positively charged 

nylon membrane and in turn better visualisation of the expanded alleles in general. This 

impacted positively the clinical studies based on allele sizing with Southern blotting such as 

the age of onset study, described in this chapter, where I performed Southern blotting for 315 

patients; identification of novel pathogenic configurations confirmed with Southern blotting 

which I talk about in the next chapter; and various collaborations relying on Southern blotting 

(Scriba et al., 2020; Curro et al., 2021, Ronco et al., 2021, Dominik et al., 2023, Curro et al., 

2024); and importantly, it allowed for the patients to receive a research diagnosis of their 

disease. Moreover, in 2023, the PCR screening procedures used for RFC1 have been adapted 

and implemented by the diagnostics laboratories in the UK adding additional translational 

value to the research of Dr Corteseôs group that I am a part of.  

2.4.1 RFC1 repeat expansion size predicting age of onset, disease progression and clinical 

variables 

In this chapter, I described a collaborative work that I contributed to by screening 1531 patients 

with PCR techniques and 315 patients with Southern blotting, liaising with colleagues for 

standardised data collection and measuring allele sizes.  

This multicentre study with an international cohort of patients is the largest study on RFC1 

repeat expansions to date, and it leveraged the data on expansion size of the AAGGG repeat 

expansion in patients with biallelic expansions and allowed to assess the impact of the allele 

sizes on age of onset of the RFC1 disease, progression and clinical phenotype. 

CANVAS is a complex disease which can manifest with a typical triad of symptoms involving 

cerebellum, sensory neuron and the vestibular system. In our large cohort of patients, we 

confirmed that all patients with the expansions suffer from sensory neuropathy which is in line 

with previous findings (Curro et al., 2021, Cortese et al., 2020) and no patients have an isolated 

cerebellar ataxia. We were able to group the patients into three subgrups depending on their 

clinical presentation and they included full blown CANVAS with 50% patients, 33% of the 

patients had complex neuropathy with ataxia and 14% had sensory neuropathy at the last 
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available examination. These findings together with the repeat expansion sizes measured with 

Southern blotting, allowed for correlation of the size with disease severity. We found that 

patients with isolated sensory neuropathy had smaller expansions compared to the other 

subgroups. There was no significant difference of expansion sizes between patients with 

complex neuropathy and full-blown CANVAS. These findings suggests that the repeat 

expansion size can act as a modifier of the disease phenotype and sensory neurons are probably 

more susceptible to the AAGGG repeat expansion than other tissues.  

The repeat expansion size in RFC1 also influences the onset of neurological symptoms. 

Patients with larger expansions tended to have younger age of onset and the most common 

complaint at the disease onset in our cohort was unsteadiness and sensory symptoms. It is 

important to note that recollection bias may have influenced patients to report symptoms later 

in disease progression, for example, sensory symptoms such as pins-and-needles may be 

overlooked at first and only considered when progressed and more severe. Interestingly, as 

many as 70% of patients suffer from chronic cough which often precedes other symptoms by 

as many as 20 years, and it was the presenting symptom in half of our cohort, however, it was 

not considered for the purpose of the correlation.  

In addition, the data from 27 families with affected and unaffected individuals tested and sized 

by Southern blotting demonstrated that AAGGG repeat expansion in RFC1 appears meiotically 

stable and no large expansions or contractions are observed in vertical transmission of the 

allele. Moreover, we specifically interrogated the affected cerebellum and unaffected tissues 

and the data obtained from patient bulk tissues do not support the existence of significant 

instability of the repeat size in different tissues, however, a variation of the repeat size at single 

cell level cannot be excluded. Repeat expansion disorders often show a degree of germline 

instability, where an expanded allele may become larger when passed onto an offspring, and 

somatic instability, where the expanded allele may be larger in the affected tissues compared 

to unaffected tissues of the same patient, these however appear not to be the case in RFC1 

disease. This is the first large multi-centre study of RFC1 repeat expansions and their influence 

on disease onset and the progression. Indeed, the findings are in line with other 

neurodegenerative repeat expansion diseases where larger repeat expansions are shown to 

cause more severe disease with earlier age of onset such as in recessive FRDA or dominant 

C9orf72 or DM1 (Filla et al., 1996: Santoro et al., 2000: van Blitterswijk et al., 2013; Peric et 

al., 2021). The findings have several implications which include better evidence for counselling 

the patients with biallelic RFC1 expansions and ability to better prognose the disease 
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progression as well as possibility to identify patients with a higher risk of developing more 

complex and debilitating symptoms.  

Indeed, this work further added to the ever-evolving picture of the RFC1 disease spectrum by 

identifying more expanded alleles with smallest pathogenic AAGGG seen so far at 250 repeats 

(the smallest previously reported being 400 (Cortese et al., 2019)) and so far, no patient 

carrying AAGGG expansions in biallelic form that are not pathogenic ï there are no 

premutation alleles and AAGGG is fully penetrant as opposed to some other repeat expansion 

disorders shown in fig.2.20 

 

Figure 2.20 A visual representation of repeat expansion sizes in AAGGG CANVAS and five other neurological 

conditions caused by repeat expansions. Purple indicates pathogenic expansions and black indicates pre-mutation 

expansions. To date, the smallest observed AAGGG repeat expansion in CANVAS is 250 repeats and no 

premutation alleles are observed. Other neurological conditions such as DM1, FRDA, HD, NIDD and SCA36 
have a premutation allele where expansions are present but are not yet sufficiently expanded to cause disease. 

There permutations may become expanded to pathogenic sizes when transmitted vertically to offspring.  

2.4.2 Repeat expansion sizing in RFC1 

The need for sizing of the alleles is also highlighted in this chapter. Whilst screening with PCR 

methods may indicate presence of biallelic expansions, those methods have many limitations, 

inability to size the repeat being one of the most important ones. Southern blotting has been a 

gold standard technique for sizing the expansions and used in this study, however, it also has 

its limitations. I was a part of the team who established optical genome mapping at Institute of 

Neurology, University College London and participated in validating the method as an 

alternative to Southern blotting.  
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Optical genome mapping is a new technology allowing for simultaneous detection of structural 

variants withing the entire patient genome. I processed 10 patient samples with optical genome 

mapping and altogether, we validated the technology on 17 blood samples with known biallelic 

RFC1 expansions that have been sized with Southern blotting.  

We compared the repeat sizing between SB and OGM and showed a very good linear 

correlation of the two techniques. We noticed a deviation from the expected identity function 

in the regression, which is accounted by a systematic error either in the SB or in the OGM 

method, particularly for the expanded alleles over ~1000 repeats. This could either be due to 

overestimation of repeat size with SB or underestimation with OGM. SB relies on gel 

electrophoresis to resolve large fragments of genomic DNA. Possible formation of secondary 

structures by the repeats, slowing down the migration during electrophoresis, could lead to an 

overestimation of the repeat lengths. Moreover, due to the necessity of a visual comparison 

with a logarithmic scale, estimation of the allele size is increasingly imprecise for larger 

fragments, and it often cannot resolve similarly sized alleles resulting in a single band 

(Facchini*, Dominik* et al., 2023). 

On the other hand, OGM may underestimate expansion size by taking into account kinked 

DNA molecules during imaging, leading to the underestimation of expansion size. 

Moreover, OGM, unlike SB, was able to distinguish two alleles of similar size in 3 out of the 

17 patients (Pt 6, Pt 9, Pt 17) while in one case (Pt 15), the presence of two distinct alleles was 

suggested via SB, but only one component was detected with OGM (table 2.6). Overall, OGM 

improved the allele sizing resolution in 4/17 (24%) samples. 

An additional advantage of OGM is the possibility to screen for SV as well as large expansions 

(>500 nt) in the entire patientôs genome in parallel to RFC1 testing. 

Both techniques require good technical skills, specific laboratory setups and special sample 

storage and transport considerations. However, advantages of OGM include a short response 

time (in ideal conditions, approximately 10hours hands-on time for DNA isolation and DNA 

labelling, overnight homogenisation of ultra-high molecular DNA, 8hours of run time at 100X 

coverage and 24hours for automated data collection), higher accuracy and high-throughput 

output (Facchini*, Dominik* et al., 2023). 

A known limitation of both OGM and SB is that they do not provide any information on the 

repeat sequence and need to be complemented with PCR, short or long-read sequencing. This 
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is particularly true in cases with typical CANVAS symptoms but only heterozygous expansion 

where a truncating variant could be present in trans with the expansion, or in cases with 

suspected configuration motifs different to canonical pathogenic AAGGG (both described in 

chapter 3). 

2.4.3 Beyond CANVAS 

Since the discovery of RFC1 expansions as causative of CANVAS in 2019 much evidence has 

been gained that the disease has been underdiagnosed. Increasing numbers of patients being 

tested for the expansions have been adding to the knowledge of RFC1 repeat expansions and 

our work shows that these expansions can cause a variety of phenotypes ranging from isolated 

sensory neuropathy, sensory neuropathy and ataxia and full-blown CANVAS. Chronic cough 

and dysautonomia were described in the first cohorts studied, however, in the recent years it is 

becoming increasingly apparent that other features, beyond CANVAS, may be present in 

patients with RFC1 repeat expansions. For example, a patient initially diagnosed with Sjºgren 

syndrome was found to carry biallelic pathogenic RFC1 expansions (Kumar et al., 2020). 

Conversely, to date we have not encountered a patient with pure cerebellar ataxia harbouring 

biallelic AAGGG expansions and this was further shown in an independent patient cohort 

where 54 patients with idiopathic ataxia were tested (Hadjivassiliou et al., 2024).  

With such a broad spectrum of signs and symptoms, it may be challenging to decide whether a 

patient should be tested for RFC1 expansions, however, anyone with an unexplained sensory 

neuropathy may benefit from RFC1 screening after exclusion of acquired causes. The table 

below presents typical and atypical RFC1 spectrum disorder features described thus far.  
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Typical features  Atypical features  

(RFC1 spectrum disorder unlikely) 

Progressive sensory neuropathy 

Chronic cough 

Altered vestibular ocular reflex and visually 

enhanced vestibulo-ocular reflex 

Gaze-evoked nystagmus, broken pursuits 

Dysarthria and dysphagia (more advanced 

stages of the disease) 

Absence of sensory neuropathy 

Presence of motor involvement 

Early age of onset 

Rapid progression 

Prominent dysautonomia 

Table 2.7 Typical clinical features in patients with RFC1 spectrum disorder and atypical features where diagnosis 

of RFC1 spectrum disorder is unlikely Adapted from Cortese et al., 2022 

2.4.4 Limitations and future horizons 

The main limitations of the work described in this chapter include: retrospective nature, where 

the recollection bias of onset of neurological symptoms in patients might have resulted in 

reporting an older age than when the symptoms actually developed; large multi-centre nature 

of the study resulted in differences of collected information and variable clinical investigations 

between centres; large amounts of good quality patient samples needed, which resulted in some 

patients not being included in the Southern blotting sizing analysis; unavailability of WGS data 

for most of the patients which could potentially uncover pathogenic variants in other genes; 

and finally but importantly the reliance on time consuming and somewhat imprecise testing 

methods where a Southern blotting takes four days of work and might be unsuccessful and the 

sizing relies on comparison to a ladder tract and a logarithmic scale that may add some degree 

of human error. 

The availability of more modern technologies for repeat expansions is improving with optical 

genome mapping described in this chapter and long read sequencing technologies further 

explored in the next chapter, however, there is still work necessary for those technologies to be 

more accessible, precise and cost effective. 
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2.5 Conclusion 

In conclusion, this study explored the relationship of size of the AAGGG expansions in RFC1 

locus with the age of onset of the disease, the disease progression, and its severity. The data 

showed an inverse coloration of AAGGG repeat expansion size and disease severity, younger 

age of onset of neurological symptoms in patients with larger expansions.  

In addition, exploring optical genome mapping technology and traditional southern blotting for 

measurement of repeat expansion sizes, this study showed that OGM appears as a valid 

alternative to SB for the detection and sizing of RFC1 expansions, along with genome-wide 

assessment of structural variants and other large repeat expansions, which could support its use 

in a diagnostic setting. 
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CHAPTER 3. Genetic heterogeneity of RFC1 disease spectrum 

and its implications on laboratory testing 

 

3.1 Introduction 

3.1.1 Heterogeneity of RFC1 disease spectrum 

Around 82%-97% of individuals with clinical CANVAS have biallelic AAGGG expansion 

however, few patients with full CANVAS phenotype do not test positive for the biallelic 

AAGGG repeat expansion and in some cases carry only one AAGGG expanded allele (Cortese 

et al., 2022; Dominik et al., 2023). At the discovery of RFC1 repeat expansions in 2019, 

Cortese et al. had already shown that the locus is polymorphic with AAAAG, AAAGG and 

AAGGG expansions identified that differ from normal allele of AAAAG11. Also in 2019, using 

a bioinformatic approach Akcimen et al., further added to the then, short list of pentanucleotide 

motifs found in RFC1 locus by identifying AAGAG and AGAGG, conformations of unknown 

pathogenicity.  

However, majority of confirmed cases have been of European ancestry and various studies of 

the locus in different populations have added to the knowledge of RFC1 expansions. Indeed, 

first CANVAS testing in populations of New Zealand MǕori and Cook Island MǕori revealed 

that those patients suffering with CANVAS had a novel, mixed allele of (AAAGG)10ï

25(AAGGG)n and their phenotype did not differ from the described European CANVAS 

sufferers (Beecroft et al., 2020). Further, an Asian-Pacific cohort was screened for RFC1 

expansions by Scriba et al., and novel pathogenic ACAGG motif was seen in 3 individuals. In 

collaboration with the group, we performed Southern blotting for one of the individuals where 

ACAGG motif has been discovered and saw large, expanded alleles.   

This evidence suggested that further genetic heterogeneity may be present in CANVAS and the 

disease spectrum and a list of likely non-pathogenic motifs as well as motifs of uncertain 

pathogenicity available when we embarked on our study is shown in fig.3.1.   
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Figure 3.1. Genetic heterogeneity of RFC1 repeat locus described up to 2020. Non-pathogenic expansions are 

shown in green and include the normal, reference allele AAAAG11. The pathogenic alleles shown in orange 

include the common expansion of AAGGGexp. Expansions of uncertain pathogenicity are shown in blue. Adapted 

from Davies et al., 2022 

3.1.2 Sequencing methods in repeat expansion research 

Sequencing of larger expansions can be challenging, prone to errors and might even not be 

possible using methods such as Sanger or short read sequencing (Cortese et al., 2019; 

Efthymiou et al., 2016; Dominik et al., 2023).  

Read length limitation of short read whole genome sequencing (WGS) and their susceptibility 

to errors mean that we and other groups are increasingly using targeted long read technologies 

for looking into expansion disorders which can resolve large and complex repeat expansions 

and not only identify novel repeat expansion sequences but also recognise sequence 

interruptions. Undeniably, long read sequencing is not without errors and challenges. Samples 

for long read sequencing platforms have to be prepared using specific protocols that allow for 

retrieval of unfragmented, high molecular weight DNA (Leitao et al., 2024; Dominik et al., 
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2023).  A commonly used indication of molecule quality is N50, which is the length of the 

molecule that is the shortest of the population containing at least 50% of all the bases. Another 

consideration for long read sequencing is its read depth. If a molecule only passes once through 

the sequencing machinery (as for example in Nanopore technologies) it may contain lower 

signal and more noise resulting in more artefacts and errors compared to next generation 

technologies where the signal is a consensus of hundreds if not thousands of copies of a 

molecule. However, the technology is improving and is increasingly allowing for resolving 

short tandem repeat sequences (fig.3.2). This is of course of high importance to diagnostic 

testing, but also is invaluable in research by allowing for streamlined sequencing of control 

populations to find which sequences might be pathogenic or which might be a polymorphism. 

Moreover, genome optical mapping is capable of detecting structural variants in most of the 

patientsô genomes opposed to specific targeted repeat expansion in Southern blotting and it will 

replace Southern blotting in the future. 

 

Figure 3.2 Techniques used in RFC1 repeat expansion testing with their advantages and disadvantages.  
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In this study we leveraged short read WGS from the Genomics England sequencing project to 

investigate the normal and pathologic variation of the RFC1 repeat expansion and to identify 

additional pathogenic repeat configurations in RFC1 causing CANVAS and disease spectrum.  

The full sequencing of novel pathogenic repeats was further analysed by targeted long read 

whole genome sequencing and sizes of the expansions were measured by optical mapping 

and/or Southern blotting. 

We identified 3 novel pathogenic repeat configurations AAGGC, AGGGC and AGAGG in 

homozygous or compound homozygous state with AAGGG.  

Patients with novel pathogenic configurations mostly showed similar features to biallelic 

(AAGGG)n repeat expansion carriers, although in some cases the disease was more complex 

and the disease course more severe.   
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3.2 Materials and methods 

Main contributors to the methods (and results) in this chapter are listed in table 3.1 

Contribution table 

Methods used  Contributors 

CANVAS Screening (PCR & Southern 

blotting) 

Natalia Dominik, Stefania Magri, Riccardo Curro 

Sanger sequencing Natalia Dominik 

Bionano Optical Genome Mapping  Natalia Dominik, Stephanie Efthymiou 

Clinical Examinations Andrea Cortese, Riccardo Curro, Elena Abati, 

Henry Houlden, RFC1 repeat expansion study 

group 

Bioinformatic analyses  Stefano Facchini, Arianna Tucci, Valentina Pirota 

Long read sequencing Ira Deveson, Hannah MacPherson,  

Natalia Dominik 

Table 3.1. Main contributors to the methods (and results) in this chapter 

3.2.1 Whole genome sequencing data analysis 

The 100,000 Genomes Project, run by Genomics England (GEL), was established to sequence 

whole genomes of UK National Health Service (NHS) patients affected by rare diseases and 

cancer (GPP Investigators et al., 2021). In this study, we leveraged GEL WGS data and 

screened for the presence of pentanucleotide expansions in RFC1 in 893 samples from patients 

diagnosed with ataxia and 8107 controls, all aged 30 years or older since RFC1 spectrum 

disease has a late age of onset. Repeat expansions were detected using 

ExpansionHunterDeNovo (EHDN) v0.9.0. We considered all motifs composed of five or six 

nucleotides at the RFC1 locus. Repeat motifs present in the homozygous or compound 

heterozygous state with the AAGGG expansion in ataxia cases, but absent or significantly less 

frequent in controls, were considered to be possibly pathogenic and were further assessed. 

Predicted genetic ancestries for samples from GEL were based on a principal component 

analysis (PCA), using the five macro-ethnicities of the 1000 Genomes project (European, 

African, South Asian, East Asian, American) as reference populations. Samples in which none 

of the components reached 95% were classified as óMixedô. 
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3.2.2 RP-PCR 

Samples identified to carry novel pathogenic repeat motifs with EHDN were tested using 

repeat-primed (RP)-PCR. In addition, we screened a cohort of 540 patients, of which I screened 

414 for the 3 novel configurations, with genetically confirmed RFC1 CANVAS, as defined by 

the presence of a positive RP-PCR for the AAGGG expansion and the absence of an amplifiable 

PCR product from the flanking PCR, to look for expansions of different repeat motifs on the 

second allele. RP-PCR for AAAAG, AAAGG and AAGGG expansions was performed as 

described in chapter 2 together with the rationale of RP-PCR primers used.  

Primers for the RP-PCR for the novel configurations were designed to detect the specific motif 

as in figure 3.3 and are available in the table 3.2 together with the PCR conditions for AGGGC 

and AAGGC modified to 30 s denaturation per cycle as opposed to 10 s for all other 

configurations. 

 

Figure 3.3 A schematic of binding of RFC1 primers used. RP-PCR uses a fluorescently labelled forward primer 

and two reverse primers ïa reverse primer specific to the motif being investigated and an anchor which is 

complementary to the reverse primer and aids PCR amplification when the reverse primer becomes depleted. The 

reverse primer contains a stretch of DNA sequence termed óa clampô which is complementary to the DNA 

sequence immediately after the repeat expansion sequence. 
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Table 3.2 RP-PCR primer sequences and cycler conditions 

3.2.3 Sanger sequencing 

Any patients with no amplifiable PCR product and negative RP-PCRs for AAGGG, AAAGG 

and AAAAG or where further sequencing information was needed, were subjected to Sanger 

sequencing as described in chapter 2. Although Sanger sequencing cannot show the entire 

repeat, it is useful to indicate presence of nucleotide changes within the RFC1 expansion region 

in ~1000bps amplified by PCR.  

3.2.4 Targeted RFC1 long-read sequencing 

In collaboration with Ira Deveson in Australia, we performed long-read sequencing to establish 

the precise repeat sequence in patients carrying a novel, likely pathogenic, expansion of RFC1. 

Given the technical hurdle of sequencing large repeat expansions, samples were sequenced on 

different platforms, including those from Oxford Nanopore and Pacific Biosciences (PacBio). 

Target enrichment was performed with either a clustered regularly interspaced short 

palindromic repeats (CRISPR)-associated protein-9 nuclease (Cas9) system or ReadUntil 

programmable selective sequencing. 
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3.2.4.1 Single molecule real time sequencing 

Single molecule real time sequencing (SMRT) technology is provided by Pacific Biosciences 

and relies on creating closed circles of DNA that are sequenced multiple times to generate a 

consensus read. This is accomplished by ligating the source DNA with two hairpin adapters for 

covalent closing of the DNA molecules. The information on sequence is collected with 

immobilised polymerase that extends DNA molecules with fluorescently labelled dNTPs who 

each have their signals detected when excitation at incorporation occurs (fig.3.4). 

Errors in sequencing may occur due to noise such as excitation of not yet incorporated dNTPs 

or nucleotides with no fluorophore. These errors are random and will decrease with more passes 

of polymerase through the DNA molecule.   

Pacbio relies on a large machine for its sequencing and is therefore not easily accessible nor 

affordable.  
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Figure 3.4. Pacbio machine and SMRT bell sequencing. A) An example of Pacbio machine which is a large 

machine and not easily affordable B) SMRTbell sequencing provides subreads from which consensus read is 
generated C) Excitation of different fluorescently labelled DNA bases results in different emission for each base 

(D) which is read by the machine. Adapted from https://www.pacb.com/ 

3.2.4.2 Nanopore sequencing 

Nanopore sequencing is a technology commercially provided by Oxford Nanopore 

Technologies (ONT). These sequencing methods allow DNA molecules to pass through protein 

nanopores which allow for sequencing in real time by monitoring the electrical current intensity 

for each base in DNA as it passes through.  

This technology is easily accessible with the smallest machine being portable and connecting 

to any computer by USB (fig.3.5). However, the technology has still a high error rate of 8-12% 
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which arises due to electrical current being similar for different bases. In addition, each DNA 

molecule only passes once through the pore adding to possible low depth of coverage.  

 

Figure 3.5 Oxford Nanopore technology and sequencing. A) Nanopore machines are of various sizes and the 

smallest MinION is portable and can be used wherever there is an access to a computer. B) the sequencing 

technology relies on a single strand of DNA passing a nanopore protein which results in D) different electrical 

current intensity for each base. Adapted from https://nanoporetech.com/ 

 

3.2.4.3 DNA extraction from blood 

DNA samples for long read sequencing were extracted from blood using an extraction method 

that allows for retrieval of high molecular weight DNA which is more suitable for sequencing 

of long stretches of DNA than column-based extraction methods which mechanically shear 

DNA and produce shorter molecules. Therefore, I extracted DNA with Qiagen MagAttract 

HMW DNA kit and an overview of the extraction method is available in fig.3.6.  
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Figure 3.6. Qiagen MagAttract HMW DNA extraction method. This extraction method relies on DNA fragments 

binding to magnetic beads. Impurities are washed off with buffers MW1, PE and water. Figure from 

www.qiagen.com 
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For the extraction, 20ɛl of Proteinase K was pipetted into an Eppendorf tube and 200ɛl of blood 

was added and gently mixed by tapping. Subsequently, 4ɛl of RNase A solution and 150ɛl of 

Buffer AL were added and vortexed. The mix was incubated at room temperature for 30 

minutes and 15ɛl of MagAttract Suspension G was added to the sample after the incubation. 

After addition of 280ɛl Buffer MB, the sample was incubated in a mixer at room temperature 

for 3 minutes at 1400rpm. The sample was placed on a magnetic rack and beads allowed to 

separate. Without disrupting the beads, the supernatant was collected and disposed of and 700ɛl 

Buffer MW1 was added, and the sample was incubated for 1 min at 1400 rpm. The wash step 

was repeated twice. After removing supernatant 700ɛl Buffer PE was added and incubation for 

1 min at 1400 rpm followed. This step was repeated. After removing supernatant, 70ɛl of Buffer 

AE was added to the beads and incubated 3 min at 1400 rpm. To elute the DNA, the sample 

was placed on the magnetic rack and the supernatant collected into a fresh Eppendorf tube 

without disrupting the beads.  

This DNA was used in long read sequencing collaboratively with Ira Deveson and Colleagues, 

Sydney, Australia, who also provided the methodology below. 

3.2.4.4 Long read sequencing 

For CRISPR/Cas9-targeted sequencing, fragment lengths were assessed using the Agilent 

Femto Pulse Genomic DNA 165 kb kit, and only samples in which the majority of the 

fragments were over 25 kb were used. Libraries were prepared from 5 Õg of input DNA for 

each sample for both the PacBio No-Amp targeted sequencing utilizing the CRISPR-Cas9 

system protocol (Version 09) and the Oxford Nanopore ligation sequencing gDNA Cas9 

enrichment (SQK-LSK109) protocol (Version: ENR_9084_v109_revT_04Dec2018). Libraries 

were sequenced on the Oxford Nanopore PromethION or MinION platforms or the PacBio 

Sequel IIe, respectively. For the Oxford Nanopore ligation sequencing gDNA Cas9 enrichment, 

we used four CRISPR-Cas9 guides from Nakamura et al.,  

RFC1-F1: 5ǋ-GACAGTAACTGTACCACAATGGG-3ǋ,  

RFC1-R1: 5ǋ-CTATATTCGTGGAACTATCTTGG-3ǋ,  

RFC1-F2: 5ǋ-ACACTCTTTGAAGGAATAACAGG-3ǋ and  

RFC1-R2: 5ǋ-TGAGGTATGAATCATCCTGAGGG-3ǋ, except for Cases IV-1, XI-1 and XII-1, 

for which only two, RFC1-F2 and RFC1-R2, were used. The guides RFC1-F3: 5ǋ-

GAAACTAAATAGAACCAGCC-3ǋ and RFC1-R3: 5ǋ-GACTATGGCTTACCTGAGTG-3ǋ, 



мнр 
 

designed in-house, were used for PacBio No-Amp targeted sequencing, and up to 10 samples 

were multiplexed using PacBio barcoded adapters. Libraries loaded onto the PromethION and 

MinION were run for 72 hours with standard loading protocols. Sequel IIe libraries were run 

for a movie time of 30 hours with an immobilization time of 4 hours. All libraries were loaded 

neat. 

Programmable targeted sequencing was performed as described previously (Stevanovski et al., 

2022). HMW DNA was sheared to fragment sizes of Ḑ20 kb using Covaris G-tubes. 

Sequencing libraries were prepared from Ḑ3ï5ɛg of HMW DNA using a native library prep 

kit SQK-LSK110, according to the manufacturerôs instructions. Each library was loaded onto 

a FLO-MIN106D (R9.4.1) flow cell and run on an Oxford Nanopore MinION device with live 

target selection/rejection executed by the ReadFish software package (Payne et al., 2021). 

Detailed descriptions of the software and hardware configurations used for the ReadFish 

experiments are provided in a recent publication that demonstrates the suitability of this 

approach for profiling tandem repeats (Stevanovski et al., 2022) The target used in this study 

was the RFC1 gene locus Ñ50 kb. Samples were run for a maximum duration of 72 hours, with 

nuclease flushes and library reloading performed at approximately 24 and 48 hoursô time-points 

for targeted sequencing runs, to maximize sequencing yield. 

3.2.4.5 Amplicon long read sequencing using Oxford Nanopore Flongle 

Standard testing of RFC1 repeat region with RP-PCR allows for detecting a presence or 

absence of a known repeat expansion motif due to the reverse primers carrying that specific 

motifôs sequence to bind along the repeat track. This inadvertently may result in false negative 

testing if the most common pathogenic AAGGG expansion is not present in the patient.  

In order to devise a quick and easy method of discerning possible RFC1 expansion motifs in 

genomic DNA, I used Oxford Nanopore long read sequencing with a Flongle flow cell on an 

amplified PCR product from a known biallelic AAGGG CANVAS sample. PCR amplification 

was carried out on 50ng/ɛl gDNA with primers flanking the repeat and with the long-range 

PCR protocol as in table 3.1. 

The library was prepared with Ligation sequencing DNA V14 (SQK-LSK114) kit from Oxford 

Nanopore. 100fmol of the PCR product was diluted to 23.5ɛl with PCR grade water and 0.5ɛl 

of DCS, 1.75ɛl of NebNext FFPE DNA repair buffer, 1ɛl of NEBNext FFPE DNA Repair Mix, 

1.75ɛl of Ultra II End-Prep Reaction Buffer and 1.5ɛl Ultra II End Prep Enzyme Mix were 

added and mixed gently by pipetting. Using a thermal cycler, the mixture was incubated for 5 
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minutes at 20oC and 65oC each. The sample was transferred to a DNA LoBind tube and 30ɛl 

of AMPure XP beads were added and incubated for 5 minutes at room temperature in hoola 

mixer. The tube was placed on a magnetic rack and the supernatant collected and disposed 

without disrupting the beads. The beads were washed twice with 80% ethanol and 31ɛl of 

nuclease free water was added. The eluate was collected to 1.5ml Eppendorf DNA LoBind tube 

and 1ɛl used for quantification with Qubit fluorometer.  

12.5ɛl of Ligation Buffer, 5ɛl NEBNext Quick T4 DNA Ligase and 2.5ɛl of Ligation Adapter 

were added to the 30ɛl of DNA sample and incubated for 10 minutes at room temperature. 50ɛl 

of AMPure XP beads were added to the sample and mixed by flicking the tube. The sample 

was incubated on hoolamixer for 5 minutes at room temperature and placed on magnetic rack 

for 2 washes with short fragment buffer. The sample was eluted with 7ɛl of elution buffer and 

1ɛl was used for concentration quantification using Qubit fluorometer. 10fmol of the prepared 

library was injected onto Oxford Nanopore Flongle flow cell and the sample was sequenced 

for 24 hours using fast model base-calling.  

 

3.2.4.6 Bioinformatic analysis 

Bioinformatic analyses were performed by Dr Stefano Facchini, the below methodology was 

provided by Dr Facchini.  

Alignment to the hg38 reference of Nanopore reads, PacBio CCS and PacBio subreads was 

done using minimap228 with additional options ó-r 10000 -g 20000 -E 4,0ô. For PacBio 

sequences, the recommended step of generating circular consensus sequencing (CCS) maps 

from subreads was not always possible because of the low depth of the sequencing data. The 

only CCS map we could obtain was for the AAGGG allele in Case V-1. After alignment, we 

used PacBio scripts (https://github.com/PacificBiosciences/apps-scripts) to extract the repeat 

region (extractRegions.py) and obtain waterfall plots (waterfall.py) for the following motifs: 

AAGGG, AGAGG, AGGGC, AAGGC and AAAGG. 

For programmable targeted sequencing, raw ONT sequencing data were converted to BLOW5 

format using slow5tools (v0.3.0)29 then base-called using Guppy (v6). The resulting FASTQ 

files were aligned to the hg38 reference genome using minimap2 (v2.14-r883). The short-

tandem repeat (STR) site within the RFC1 locus was genotyped using a validated process 

(Payne et al., 2021). This method involves the local haplotype-aware assembly of ONT reads 
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spanning a given STR site and annotation of the STR size, motif and other summary statistics 

using Tandem Repeats Finder (4.09), followed by manual inspection and motif counting. 

3.2.5 Haplotype analysis 

We used SHAPEITv430 with default parameters to phase a 2 Mb region (chr4:38020000ï

40550000) encompassing the RFC1 gene. To maximize available haplotype information, the 

entire Rare Diseases panel in Genomics England (78195 samples from patients affected by rare 

diseases) were jointly phased. The input data format was an aggregate VCF file with a total of 

551795 variants. 

The estimation of haplotype age was based on the online application Genetic Mutation Age 

Estimator (https://shiny.wehi.edu.au/rafehi.h/mutation-dating/) (Gandolfo et al., 2014). The 

method required as input a list of ancestral segments for sampled individuals. We used the five 

individuals with pathogenic expansions: AAGGG hom, ACAGG hom, Case VII-1, Case I-1 

and Case III-3. 

3.2.6 Optical genome mapping and southern blotting 

Patients for whom whole blood was available were subjected to BioNano optical genome 

mapping (OGM) as described in chapter 2. 

3.2.7 In-silico prediction of G-quadruplexes formation 

G-quadruplexes (G4s) are stable structures formed by nucleic acids (DNA and RNA) in regions 

that are rich in guanine. G4s can form multimers and therefore higher order structures, which 

can further stack together or connect by short loops (fig.3.7). The state of folding and unfolding 

of G-quadruplexes can affect numerous cellular processes such as genome replication, 

transcription, and translation (Frasson et al., 2022). 

 

Figure 3.7 G-quadruplex A) G quadruplex is formed through hydrogen bonding in molecules rich in guanine 

which further B) forms into higher order structures. Adapted from Frasson et al., 2022. 
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Multimeric G4s have been implicated in diseases such as: ALS/FTD in negative transcription 

regulation, generation of DNA:RNA hybrids and others (Haeusler et al., 2014); Fragile X 

syndrome in mRNA inefficient translation (Ofer et al., 2009).   

Collaboratively with Valentina Pirota, Pavia, the propensity of the different repeat 

configurations in RFC1 to form G-quadruplexes (G4s) (Frasson et al., 2022) was predicted 

using the Quadruplex forming G-Rich Sequences (QGRS) Mapper (Kikin et al., 2006) and G4-

Hunter software (Bedrat et al., 2016) through which the likelihood to form a stable G4 is rated 

in terms of G-score values. Putative G4s were identified according to the following parameters 

for QGRS: a maximum sequence length of 30 nucleotides, minimum number of two G-tetrads 

in a G4, loop lengths in the range of 0ï36 nucleotides and G-score values > 15. The G4-Hunter 

threshold was 1.5 with a window size of 20 nucleotides. 
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3.3 Results 

3.3.1 Novel pathogenic repeat motifs in RFC1 in patients from the 100,000 Genome project 

Of 893 cases diagnosed with adult-onset ataxia (over the age of 30 years) recruited as part of 

the 100,000 Genome project, 124 cases harboured at least one AAGGG repeat expansion and 

48 had biallelic AAGGG repeat expansions, thus confirming a diagnosis of CANVAS/spectrum 

disorder. 

To identify additional likely pathogenic repeat motifs in RFC1, we specifically looked for rare 

repeat configurations present in patients diagnosed with adult-onset ataxia (over the age of 30 

years) or in a compound heterozygous state with the known pathogenic AAGGG repeat 

expansion but absent or significantly less frequent in controls under the same conditions 

(fig.3.8). 

 

 

Figure 3.8 100000 genome project screening for novel configurations in RFC1. 893 patients over 30-year-old with 

hereditary ataxia were screened and homozygous and compound heterozygous motifs with AAGGG were noted. 

Non-neurological controls were also screened, and the 5 expansion motifs that were only found in the ataxia cohort 

are shown in the red box. The pentanucleotide motif ACAGG in yellow has previously been described (Scriba et 

al., 2020) and the four pentanucleotide motifs in green are novel motifs described in our study.  
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Various pentanucleotide and two hexanucleotide motifs were identified and they include, three 

cases carrying repeat expansions AAGGC (Case I-1), AGGGC (Case II-1) or AGAGG (Case 

VII-1) repeat motifs, which were absent in non-neurological controls. AAGGC was present in 

the homozygous state, while AGGGC and AGAGG were in the compound heterozygous state 

with the AAGGG expansion. One additional case with self-reported Asian ancestry carried the 

previously reported rare pathogenic ACAGG repeat expansion in the homozygous state. 

AAAAG, AAAGGG and AAGAG expansions were found at similar frequencies in patients 

and controls (table 3.3), supporting their non-pathogenic significance, while there was a higher 

percentage of compound heterozygous AAGGG/AAAGG carriers in ataxia cases (P = 0.05). 

Patients carrying AAGGC (Case I-1) and AGGGC (Case II-1) expansions were of predicted 

South Asian and mixed ethnicity, respectively; an ACAGG expansion carrier was confirmed to 

be East Asian based on the predicted genetic ancestry, while other repeat configurations were 

mostly identified in individuals of European or mixed ethnicity. 

We did not identify any loss-of-function variant or structural variant in the RFC1 gene in 

individuals carrying heterozygous AAGGG repeat expansions. 

 

Table 3.3 Frequency of different RFC1 biallelic expansions in 100000 genome projectsô ataxia patients and non-

neurological controls over the age of 30. Rare homozygous (<1%) and compound heterozygous with known 

pathogenic AAGGG motifs are shown. Orange circles highlight the AAGGG/AAAGG alleles that are 

significantly enriched in the hereditary ataxia cohort as opposed to the non-neurological controls. Ns=non-

significant. *ACGGG is found in small non-pathogenic repeat expansion range. Adapted from Dominik et al., 

2023. 
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3.3.2 Genetic screening for validation of novel motifs 

The presence of AGGGC, AAGGC or AGAGG repeat expansions was confirmed by RP-PCR 

in all three cases, and the AAGGC repeat segregated with the disease in Family I, as it was also 

present in the affected sister Case I-2 (fig. 3.9).  

 

Figure 3.9 Long-read sequencing defines the precise sequence of the novel pathogenic RFC1 motifs. (A) 

Pedigrees. P = proband. (B) RP-PCR plots and, where available, Southern blotting images and optical genome 
mapping plots. (C) Long-read sequencing results of representative patients with AAGGC, AGGGC, AGAGG and 

AAAGG expansions (Cases I-1, III-1, VII-1 and XII-1). In Case III-1, only partial reads, which did not span the 

entire RFC1 repeat locus, could be obtained from the AAGGG allele. Adapted from Dominik et al., 2023.  

Additionally, one case with isolated cerebellar ataxia carried the AAGGG expansion along with 

an ACGGG repeat, which was absent in the controls. However, Sanger sequencing showed that 

the ACGGG expansion was only 50 repeats, which is considerably below the lower limit of 

pathogenicity (250 repeats) for the pathogenic AAGGG motifs and was therefore considered 

likely to be non-pathogenic in this case (fig.3.10). Notably, the patient exhibited isolated 

cerebellar ataxia but no neuropathy, which is unusual in RFC1 disease. 
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Figure 3.10  ACGGG repeat motif. a) Southern blotting shows one allele with small expansion and one expanded 

allele. B) Sanger sequencing shows ACGGG motif and suggests a very small expansion of about 50 

pentanucleotide repeats which is within the non-pathogenic repeat expansion range of up to 220 repeats.  

Next, we used RP-PCR to screen an internal cohort of 540 DNA samples from cases with 

sensory neuropathy, ataxia or CANVAS and identified five additional cases carrying an 

AGGGC expansion (Cases III-1, IV-1, V-1, V-2 and VI-1) and three cases carrying AAAGG 

expansions on the second allele (Cases X-1, XI-1 and XII-1). We did not identify additional 

AGAGG or AAGGC repeat expansion carriers. All cases were of self-reported Caucasian 

ethnicity. 

Based on Southern blotting, OGM or long-read sequencing (fig. 3.9 B and C) when available, 

we observed that the sizes of the rare AGGGC, AAGGC and AGAGG repeat expansions were 

>600 repeats in all cases [mean Ñ standard deviation (SD), 892 Ñ 247 repeat units] (fig. 3.11 

A). Furthermore, enough DNA for Southern blotting was available from five patients with 

CANVAS/spectrum disorder (Cases VIïX), as defined by the presence of sensory neuropathy 

and at least one of the additional features of the full syndrome (cerebellar dysfunction, 

vestibular areflexia, cough), and eight controls carrying compound heterozygous 

AAGGG/AAAGG expansions (fig.3.11 B). 
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Figure 3.11 RFC1 repeat expansion sizes. A) Expansion sizes of common pathogenic AAGGG, previously 

thought non-pathogenic AAAGG and three novel configuration motifs. The dotted lines refer to the smallest 

pathogenic expansion of 250 AAGGG repeats identified so far  B) Expansion sizes of AAAGG compared in 
CANVAS patients and non-neurological controls. CANVAS patients show significantly (p<0.01) larger AAAGG 

expansions than non-neurological controls. The AAAGG expansions are in compound heterozygous state with 

the pathogenic AAGGG expansion. Adapted from Dominik et al., 2023. 

3.3.3 Long-read sequencing confirms the sequence of the expanded repeats 

To gain further insight into the exact sequence of the novel pathogenic motifs, we performed 

targeted long-read sequencing (fig. 3.9D). We confirmed the presence of uninterrupted 

AGGGC1240 in Case II-1 and AGGGC3200 in Case III-1. Moreover, long-read sequencing 

enabled us to define the exact repeat composition of the AGAGG and AAGGC expansions, 

which revealed the presence of mixed repeat motifs (AAGGC)900(AAGGG)940 and 

(AGAGG)470(AAAGG)470 in Cases I-1 and VII-1, respectively. Long-read sequencing was also 

performed in five cases carrying large AAAGG expansions and showed the presence of 

uninterrupted AAAGG motifs in three (Cases X-1, XI-1 and XII-1), with sizes of 980, 800 and 

600 repeat units, respectively, while two probands (Cases VIII-1 and IX-1) carried complex 

(AAAGG)610(AAGGG)390 and (AAAGG)700(AAGGG)200 repeats. 

3.3.4 All pathogenic repeat configurations share an ancestral haplotype 

A haplotype is a combination of different single nucleotide polymorphism along the same allele 

that tend to be inherited together (Greenspan and Geiger 2004). 

Haplotypes are important tools in investigating disease-causing loci in both family and 

population-based studies and can provide information on recombination events, population 

mutation events or distant events such as founder effects. 
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We looked at the inferred haplotypes associated with the novel pathogenic repeat motifs. A 

region of 66 kb (fig. 3.12, between Markers B and C, chr4:39302305ï39366034, hg38) was 

shared among all pathogenic alleles. It is worth noting that a larger region of 207 kb (between 

Markers A and C) containing the WDR19 and RFC1 genes was shared among all the pathogenic 

alleles, except one (Case III-1), where the haplotype became the same as the wild-type allele. 

This suggested a more recent recombination event at Marker B in Case III-1. The larger shared 

region identified in carriers of the novel pathogenic configurations, as well as in AAGGG and 

AAAGG carriers, supports the existence of an ancestral haplotype that gave rise to these 

expanded alleles. Notably, non-pathogenic AAAAG(9ï11) and expanded AAAAG repeats 

originated from a different haplotype. 

We estimated that the ancestral haplotype that gave rise to different pathogenic repeat 

configurations in RFC1 likely dates to 56 100 years ago (95% confidence interval: 27 680ï115 

580 years). 

 

Figure 3.12 A shared ancestral haplotype in patients with pathogenic RFC1 motifs. Graphical representation of 

the haplotypes associated with AAGGG, ACAGG and novel pathogenic repeat motifs identified in this study. For 

each single nucleotide polymorphism, the reference allele is represented in blue, while the alternative allele is 

represented in yellow. The repeat expansion locus is marked with a red line (R). There is a shared region (BïC, -

rs2066782-rs6851075, chr4:39302305ï39366034, hg38) of 66 kb for all novel configurations. A larger region of 
207 kb (AïC, rs148316325- rs6851075, chr4:39158847ï39366034, hg38), which is flanked by two recombination 

hotspots (arrows), is also shared among all but one allele for Case III-1, suggesting a recombination event at B 

(rs2066782) in this family. The shared haplotype lies in a region of low recombination rate (HapMap data) and is 

delimited by small peaks at A and C. A smaller increase in the recombination rate is also visible at B. hom = 

homozygous. Adapted from Dominik et al., 2023. 
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3.3.5 Clinical features of patients carrying novel pathogenic repeat configurations in RFC1 

We found 14 patients from 12 families carrying novel pathogenic RFC1 repeat configurations. 

The demographic and clinical characteristics of patients are available in appendix 1. All 

patients were Europeans, apart from Cases I-1 and I-2, who were from India, and Case X-1, 

who was from Australia. The mean age-of-onset was 51.5 Ñ 13.7 (24ï73) years, and mean 

disease duration at examination was 17.2 years Ñ 8.7 (3ï34) years. Six patients had isolated 

sensory neuropathy, which was associated with cough in four of them; one patient had sensory 

neuropathy and vestibular dysfunction; while seven cases had full CANVAS. Additional 

features were observed in some cases, including early onset and rapid progression (Case I-1), 

cognitive impairment (Cases III-1 and VI-1), muscle cramps (Cases I-1, II-1, III-1 and IV-1) 

and REM sleep behaviour disorder with positive dopamine transporter scan (DatScan) (Case 

IX-1). Autonomic dysfunction was observed in six cases, and in two of them (Cases II-1 and 

III-1), who both carried AGGGC expansions, it was severe and led to syncopal episodes.  

3.3.6 Pathogenic configurations in RFC1 are predicted to form G-quadruplexes 

As repetitive G-rich sequences are known to form G4s, secondary DNA structures which act 

as transcriptional regulators by impeding transcription factor binding to duplex-DNA or 

stalling the progression of RNA polymerase, we set out to evaluate the propensity of the 

different repeat configurations in RFC1 to form G4s. 

All pathogenic repeat configurations showed high G4 scores, which were in the range observed 

for the well-known G4-forming regions of the cMYC37 and HRAS138 genes, as predicted by 

QGRS-Mapper and G4Hunter, in contrast to the non-pathogenic AAAAG (Table 3.4). 
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Table 3.4. G quadruplex formation prediction by various RFC1 pentanucleotide motifs compared to well-known 

G4 forming sequences of c-MYC and HRAS-1. All the pathogenic pentanucleotides found in RFC1 repeat locus 

(AGGGC, AAGGG, AAGGC, AAAGG and AGAGG) show high G quadruplex scores comparable to the well-

known G4-forming regions of the cMYC37 and HRAS138 genes. The non-pathogenic AAAAG expansion is 

shown not to form G4. Adapted from Dominik et al., 2023. 

3.3.7 Motif detection using long read sequencing on amplified PCR product 

The currently used Sanger sequencing can only sequence the beginning of the repeat up to 

around 1000bp and often does not provide a good quality sequence. Similarly, and as discussed 

RP-PCR only provides indication of presence or absence of a specific motif tested. Whole 

exome or whole genome short read sequencing may enable to infer a motif at the beginning or 

end of the repeat sequence directly flanking the repeat region, however, this sequence would 

be short (around 100bp) and may incorrectly map to the region due to short read sequencing 

limitations. In addition, targeted long read sequencing using CRISPR/Cas9 guides proved 

challenging in the case of RFC1 repeat expansions, and it is still expensive therefore difficult 

to scale up.  

Therefore, a known biallelic AAGGG sample has been PCR amplified across the repeat region 

and I performed library preparation and long read sequencing with Oxford Nanopore Flongle 

sequencing to inspect whether a repeat motif can be inferred with this method thus warranting 

a possibility of easier, more streamlined and scaled-up RFC1 motif screening without the need 

for expensive and challenging CRISPR/Cas9 target enrichment.  

The Flongle sequencing of PCR product (fig.3.13) shows AAGGG sequence at the beginning 

of the repeat only followed by regions of high variability of bases and presence of thymines 
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and cytosines further downstream. These are errors likely to have arisen due to PCR 

amplification across the repeat region and relatively high error rate in nanopore basecalling. In 

addition, the sequencing indicates a presence of non-expanded allele (top panel, fig.3.13), 

contrary to flanking sequencing where no reference band was detected and Southern blotting 

where no allele of normal size was present. This is likely caused by a contamination of the 

sample at the DNA amplification stage. 

 

Figure 3.13 Oxford Nanopore Flongle sequencing. Barcoded primers targeting RFC1 repeat were used to visualise 

expansion motif present in a DNA sample known to contain biallelic AAGGG expansions for validation of using 

Flongle for RFC1 repeat expansion motif detection. Top panel indicates an unexpanded allele which might have 

resulted from contamination at PCR amplification stage, bottom panel indicates a repeat expansion and yellow 

box is used to zoom in on the repeat expansion which shows high error rate and presence of various bases other 

than expected in AAGGG expansions (green and orange). 
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3.4 Discussion  

We leveraged WGS data from nearly 10 000 individuals recruited to the Genomics England 

sequencing project to investigate the normal and pathogenic variation of the RFC1 repeat. We 

identified three novel repeat configurations associated with CANVAS/spectrum disorder, 

including AGGGC, AAGGC and AGAGG. Notably, we also showed a pathogenic role for large 

uninterrupted or interrupted AAAGG expansions, that had previously been thought not 

pathogenic. AAAAG, AAGAG and AAAGGG expansions are likely always to be benign 

(fig.3.14) 

 

Figure 3.14 Normal and pathogenic significance of repeat expansion motifs at the RFC1 locus. Likely non-

pathogenic repeat motifs found in RFC1 found in our cohort are shown as well as the pathogenic motifs observed 
either in single families or in multiple cases. AAAGG repeat expansion motif is found to be either non-pathogenic 

or pathogenic when sufficiently expanded and in compound heterozygous state with known pathogenic AAGGG.  

Adapted from Dominik et al., 2023. 

Most pathogenic repeat expansions were found in individuals of Caucasian ancestry; however, 

ACAGG seemed to be common in East Asians, while AAGGC was identified in a family of 

South Asian ancestry. Interestingly, most pathogenic repeats seem to have arisen from a shared 

region of 207 kb, supporting their origin from a common ancestor who lived Ḑ50 000 years 

ago. Rafehi et al. previously identified a larger ancestral haplotype in Australian patients 

affected by CANVAS of 360 kb and estimated that the most recent common ancestor lived 

Likely non pathogenic
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Variable penetrance/expressivity 
(dependent on size and/or 

AAGGG interruptions)

Observed in single families

AAAAG
AAAGGG
AAGAG

AAAGG
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Observed in multiple cases



моф 
 

approximately 25 880 (confidence interval: 14 080ï48 020) years ago (Rafehi et al., 2019). In 

our study, the inclusion of additional pathogenic repeat configurations and multiple ethnicities 

allowed the identification of a smaller core haplotype and has extended further back in time 

the origin of the common ancestor carrying a pathogenic repeat in RFC1. It is reasonable to 

believe that the occurrence of subsequent AïG transitions and AïG or G-C transversions in the 

poly-A tail of the AluxSx3 element on the ancestral haplotype favoured the further expansion 

of GC-rich motifs over the millennia. Since the most significant recent wave out of Africa is 

estimated to have taken place about 70 000ï50 000 years ago, we can speculate that the repeat-

containing haplotype spread with the migration of early modern humans from Africa through 

the Near East and to the rest of the world. 

Patients showed clinical features undistinguishable from those of patients carrying biallelic 

AAGGG expansions. In some cases, however, the disease appeared to be more severe due to 

symptomatic dysautonomia, early cerebellar involvement or disabling gait disturbance. 

The identification of these motifs has direct clinical implications. Given their frequency, RP-

PCR for AAAGG and AGGGC should be considered in all cases. Particular attention should 

be paid to carriers of compound AAGGG/AAAGG expansions and accurate sizing, and full 

sequencing of the satellite through long-read sequencing is recommended to establish its 

possible pathogenicity. In addition, depending on availability, Southern blotting, genome 

optical mapping or long-read sequencing are warranted in patients with a suggestive clinical 

phenotype but inconclusive screening, such as in cases with absence of a PCR-amplifiable 

product on flanking PCR but negative RP-PCR for AAGGG expansion. 

In addition, during the course of this thesis, Dr Corteseôs group uncovered 7 patients with 

clinical CANVAS phenotype but with AAGGG expansion on one allele only. We tested 15 

individuals with standard screening methods of flanking PCR and RP-PCR and Southern 

blotting if sufficient DNA was present and further, they were submitted for whole genome or 

whole exome sequencing to test for presence of a second coding variant in RFC1 in trans with 

the AAGGG repeat expansion. 7 patients from 5 unrelated families were found to carry a point 

mutation in RFC1 in trans with the AAGGG repeat expansion and patient fibroblasts were 

found to have reduced RFC1 transcript and protein (Ronco et al., 2023). 

These findings add complexity to CANVAS genetic testing and highlight the importance of a 

full characterisation of RFC1 expansions sequence and size to provide the patients with correct 

diagnosis (3.15).  
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Figure 3.15. Proposed algorithms for screening of RFC1 mutations. Canonical RFC1 screening includes RP-PCR 

for most common pathogenic AAGGG repeat expansion and sizing confirmation with Southern blotting. If a 

patientôs phenotype warrants strong clinical suspicion of CANVAS in absence of clearly biallelic AAGGG 

screening results, non-canonical RFC1 screening should be employed which can include expansion sizing via SB 

or OGM or LRS or WGS/WES for detection of a second pathogenic variant in trans with the pathogenic expansion.  

The findings of this study highlight the genetic complexity of RFC1 related disease and lend 

support to the hypothesis that the size and GC-content of the pathogenic repeat is more 

important than the exact repeat motif. Consistently, all pathogenic repeat configurations are 

rich in G-content and are predicted to form highly stable G4s, which have previously been 

demonstrated to affect gene transcription in other pathogenic conditions (Varshney et al., 2022; 

Wang et al., 2021). 

Both Nanopore or PacBio sequencing platforms and either the targeted CRISPR/Cas9 or 

adaptive selection approach were used to increase the accuracy of the sequencing of the RFC1 

repeat locus. Despite several attempts and similarly to other large satellites, long-read 

sequencing of the RFC1 repeat remained challenging and, depending on the specific 

configurations, size and DNA quality, only a few reads were available for analysis in some 

cases. Notably, uneven coverage at the RFC1 locus across samples was also observed in a 

recent study of RFC1 repeat composition using Nanopore sequencing (Erdman et al., 2023). 

The authors attributed the variability to variable degrees of DNA fragmentation depending on 

the delay between blood sampling and DNA extraction. 

3.4.1 The future of repeat expansion testing 

In my thesis, I have used a variety of repeat expansion sizing and sequencing techniques. My 

work expanded the knowledge of the heterogeneity of the RFC1 expansion locus and explained 

the importance of not only detecting the correct repeat expansion motif but also of sizing the 

repeat. I showed that PCR techniques are informative in detection of likely RFC1 RE positive 






























































































































































































































































































