
 

 

 
PhD IN BIOMEDICAL SCIENCES 

DEPARTMENT OF BRAIN AND BEHAVIORAL SCIENCES 
UNIT OF NEUROPHYSIOLOGY 

 

 

Genotype-phenotype correlation  
and functional mechanisms of  
wC/м repeat expansion  

causing CANVAS and sensory neuropathy 
 
 
 
 

PhD Tutor: Andrea Cortese, MD, PhD 
 

 
 

PhD dissertation of 

Riccardo Currò 
 
 
 

Academic Year 2023-2024 



 

2 

 

Contents 

Chapter 1. Introduction .................................................................................................... п 

1.1 Cerebellar Ataxia, Neuropathy, and Vestibular Areflexia Syndrome (CANVAS): historical notes 
and gene identification ............................................................................................................. 4 

1.2 Genetic heterogeneity at the repeat locus ........................................................................... 4 

1.3 Clinical phenotype .............................................................................................................. 6 

1.4 Investigations ..................................................................................................................... 7 
1.4.1 Neurophysiological studies .................................................................................................................. 7 
1.4.2 Neuroimaging ....................................................................................................................................... 7 
1.4.3 Vestibular testing .................................................................................................................................. 7 

1.5 Prevalence of RFC1 expansion ............................................................................................. 7 

мΦс wC/м expansions in sensory neuropathies ........................................................................... 8 

1.7 Differential Diagnosis .......................................................................................................... 8 

1.8 Genetic testing for wC/м expansions .................................................................................... 9 

1.9 Replication Factor Complex subunit 1: structure and function ............................................ 10 

1.10 Disease mechanisms in repeat expansion disorders ......................................................... 11 

1.11 Aims of the thesis .................................................................................................... мн 

Chapter 2. Role of the repeat expansion size as a predictor of age at disease onset, of 

clinical phenotype, and of disease progression ................................................................ мо 

2.1 Study rationale .......................................................................................................... 13 

2.2 Material and methods ................................................................................................ 13 
2.2.1 Patients Enrollment and Diagnostic Categories ................................................................................. 13 
нΦнΦн wC/м genetic testing ........................................................................................................................... 14 
2.2.3 Clinical features .................................................................................................................................. 17 
2.2.4 Brain MRI data acquisition ................................................................................................................. 18 
2.2.5 Statistical analysis ............................................................................................................................... 18 

2.3 Results ............................................................................................................................. 18 
2.3.1 Genetic testing for wC/м expansions .................................................................................................. 18 
2.3.2 Clinical heterogeneity and disease course of RFC1 disease ............................................................... 19 
2.3.3 Repeat expansion size predicts onset and progression of RFC1 disease ............................................ 21 
2.3.4 Repeat expansion size influences disease phenotype........................................................................ 23 
2.3.5 Repeat expansion size correlates with the degree of cerebellar atrophy .......................................... 23 

2.4 Discussion ........................................................................................................................ 24 

Chapter 3: Expanding the genotypic spectrum of RFC1 disease: null variants in trans with 

a monoallelic AAGGG expansion cause CANVAS .......................................................... нр 

3.1 Study rationale ................................................................................................................. 25 

3.2 Materials and methods ..................................................................................................... 26 
3.2.1 Patients enrolment ............................................................................................................................. 26 
3.2.2 Whole-Genome Sequencing and Whole-Exome Sequencing ............................................................ 26 
3.2.3 wC/м Expression Studies in Patient-Derived Cell Lines ....................................................................... 26 
3.2.4 Real-Time Quantitative PCR ............................................................................................................... 27 
3.2.5 Long-range PCR and Sanger Sequencing ............................................................................................ 27 



 

3 

 

3.2.6 Western Blotting ................................................................................................................................ 27 
3.2.7 RNA sequencing ................................................................................................................................. 28 

3.3 Results ............................................................................................................................. 28 
3.3.1 RFC1 Genetic Studies ......................................................................................................................... 28 
3.3.2 Clinical Features ................................................................................................................................. 29 
3.3.3 RFC1 Expression Studies ..................................................................................................................... 29 

3.4 Discussion ........................................................................................................................ 31 

Chapter 4: Expanding the genotypic spectrum of RFC1 disease: novel pathogenic repeat 

motifs ............................................................................................................................. он 

4.1 Study Rationale ................................................................................................................ 32 

4.2 Material and Methods ...................................................................................................... 32 
4.2.1 Whole genome sequencing data analysis .......................................................................................... 32 
4.2.2 Repeat-primed-PCR and Southern blotting ........................................................................................ 32 
4.2.3 Targeted RFC1 long-read sequencing ................................................................................................. 33 
4.2.5 Bioinformatic analysis ........................................................................................................................ 34 
4.2.6 Haplotype analysis ............................................................................................................................. 34 
4.2.7 G-quadruplexes .................................................................................................................................. 35 

4.3 Results ............................................................................................................................. 35 
4.3.1 Novel pathogenic repeat motifs in RFC1 in patients from the 100,000 Genome project .................. 35 
4.3.2 Long-read sequencing confirms the sequence of the expanded repeats .......................................... 37 
4.3.3 All pathogenic repeat configurations share an ancestral haplotype .................................................. 37 
4.3.4 Clinical features of patients carrying novel pathogenic repeat configurations in wC/м ..................... 38 
4.3.5 Pathogenic configurations in wC/м are predicted to form G-quadruplexes ....................................... 38 

4.4 Discussion ........................................................................................................................ 39 

Chapter 5. Functional studies ......................................................................................... пн 

5.1 Study rationale ................................................................................................................. 42 

5.2 Methods .......................................................................................................................... 43 
5.2.1 Investigations on the repeat stability ................................................................................................. 43 
5.2.2 Validation of anti-RFC1 antibodies ..................................................................................................... 44 
5.2.3 Quantification of RFC1 transcript and protein in disease relevant model ......................................... 46 
5.2.4 Effects of the biallelic RFC1 expansion on neuronal maturation and DNA damage repair ................ 49 
5.2.5 Investigating the interaction between wC/м expansion and DNA damaging agents in humans ........ 50 

5.3 RESULTS ........................................................................................................................... 51 
5.3.1 Stability of RFC1 repeat expansion across generations and tissues ................................................... 51 
5.3.2 Validation of anti-RFC1 antibodies ..................................................................................................... 53 
5.3.3 Quantification of RFC1 transcript and protein levels in brain tissue .................................................. 54 
5.3.4 Quantification of RFC1 transcript and protein level in IPSC-derived neurons .................................... 57 
5.3.5 Effects of the biallelic RFC1 expansion on neuronal maturation and DNA damage repair ................ 60 
5.3.6 Investigating the interaction between wC/м expansion and DNA damaging agents in humans ........ 66 

5.4 Discussion ........................................................................................................................ 67 

/ƘŀǇǘŜǊ с ς DŜƴŜǊŀƭ /ƻƴŎƭǳǎƛƻƴǎ ..................................................................................... тл 

.ƛōƭƛƻƎǊŀǇƘȅ ................................................................................................................... тн 
 



 

4 

 

Chapter 1. Introduction 
 

1.1 Cerebellar Ataxia, Neuropathy, and Vestibular Areflexia Syndrome 

(CANVAS): historical notes and gene identification 
Ataxia refers to a family of neurological conditions in which motor coordination is impaired. 

Coordination is a complex function achieved by the integration in the cerebellum of visual, 

vestibular and proprioceptive information. Thus, the impairment of any of these systems can 

result in ataxia[1].  

Ataxic disorders can be acquired or hereditary. To date, up to 300 genes associated to hereditary 

ataxia have been described. However, up to 75% of ataxic patients still lack a genetic diagnosis 

[2].  

Hereditary ataxias have been classified according to the inheritance mode (autosomal 

recessive, autosomal dominant, X-linked) or to the age at onset (early onset if < 25 years old, 

late onset if > 25 years old) [3].  The clinical presentation of late-onset ataxia may range from 

a pure idiopathic ataxia caused by cerebellar degeneration (ILOCA) to complex ataxia due to 

multisystem involvement. A peculiar example is Cerebellar Ataxia, Neuropathy, and 

Vestibular Areflexia syndrome (CANVAS).    

In 1991, Bronstein et al first described a syndrome characterized by the combination of 

neuropathic, cerebellar, and vestibular dysfunction. At clinical examination, vestibular reflexes 

and smooth-pursuit eye movements were abnormal[4]. In 2004, four additional patients with 

cerebellar ataxia and bilateral vestibular areflexia were reported [5]. However, only in 2011 the 

term CANVAS was coined, when the authors thoroughly characterized the phenotype of 23 

patients with the typical triad of the syndrome, highlighting how sensory involvement is a key 

and distinctive manifestation of this new clinical condition [6]. Autonomic symptoms and 

chronic cough were identified as possible part of the syndrome in subsequent reports [7], 

Infante et al., 2018. At histopathology, CANVAS cases exhibited a depletion of sensory 

neurons in the dorsal root ganglia and a loss of Purkinje cells in the cerebellum, particularly in 

the lobules VI and VII. Additionally, atrophy of ganglia of the V, VII and VIII cranial nerves 

was observed [9].  

In most cases family history in CANVAS patients was negative, however several families 

where the condition occurred in multiple siblings were reported, raising the possibility of a 

recessive transmission [10].  

 

In 2019, adopting a combination of non-parametric linkage analysis and whole-genome 

sequencing in CANVAS 29 patients from 11 unrelated families, Cortese et al. identified a 

pentanucleotide AAGGG repeat expansion in the second intron of the replication factor 

complex-subunit 1 (RFC1) gene (hg19 chr4:39350045–39350103) [11].  Using a bioinformatic 

approach, an independent group detected the same repeat expansion [12].  

The disease follows a recessive mode of inheritance, thus affected patients carry biallelic 

AAGGG expansions. The pathogenic AAGGG is fully penetrant where all individuals with the 

biallelic expansion develop the disease. Recently, several families with multiple affected 

members from successive generations have been reported, highlighting the possibility of a 

pseudo-dominant pattern of inheritance [13]. 

 

1.2 Genetic heterogeneity at the RFC1 repeat locus 
The repeat locus is located at the tail of an AluSx3 element in the second intron of RFC1. Alu 

elements are primate-specific retroelements belonging to the class of short-interspersed 

element (SINE), accounting for ≈ 10% of the human genome[14].  



 

5 

 

The general structure of an Alu element comprise an internal RNA polymerase III promoter, a 

high number of CpG islands, a polyA tail and a short internal A-rich region [14]. Alu elements 

do not encode a terminator for RNA polymerase III, therefore transcription terminates at the 

first stretch of T nucleotides found downstream of the Alu element. For this reason, the 3’ end 

of RNA transcripts from Alu elements is unique for each locus [15]. However, only few Alu 

elements across the whole genome are amplified, probably for multiple reasons including high 

methylation status, the influence of the flanking regions, the length of the 3' unique region and 

of the A-tail (Gama-Sosa et al., 1983; Shaikh et al., 1997). 

It has been suggested that multiple inherited neurological disorders might share variations and 

expansions at these highly polymorphic regions as common underlying mechanism. For 

instance, expansions within the A-stretches of Alu elements have been previously associated 

to FRDA[18], spinocerebellar ataxia type 37 (SCA37) [19] and benign adult familial myoclonic 

epilepsy (BAFME) [20]. Interestingly, the repeated units in both SCA37 and BAFME differ 

both in sequence and size compared to the reference sequence, and large expansions of the 

reference repeated configuration are found in healthy population, suggesting that the expansion 

size may not be sufficient to lead to disease [19], [20]. 

With regard to RFC1 repeat locus, the reference sequence consists of an AAAAG 

pentanucleotide repeated 9-11 times. Short repeat expansions, usually below 200 units, of 

AAAAG and AAAGG motifs have been consistently detected in healthy controls [11], [12], 

[21], [22], [23], [24]. 

Contrastingly, the repeat size for the pathogenic AAGGG configuration ranges between 200 to 

above 2000 repeat units (figure 1.1). It could be speculated that the substitution of an adenosine 

with a guanine might have increased the instability of the AluSx3 element, giving origin to 

different motifs and sizes at the repeat locus. However, no studies have investigated the 

stability of the repeat, particularly during vertical transmission and across different tissues. 

 

 
Figure 1.1 Schematic representation of RFC1 gene with the expansion locus and the different repeat 

motifs identified in the discovery paper (Cortese et al., 2019). A normal reference RFC1 repeat locus 

consist of pentanucleotide AAAAG repeated 11 times. This pentanucleotide can be expanded or the 

sequence motif can change to AAAGG or AAGGG and further expand. Figure adapted from Cortese 

et al., 2019. 

 

In 2021, two additional pathogenic repeat motifs have been identified, namely ACAGG and 

the complex AAAGG10–25AAGGGexpAAAGG4–6. However, these configurations appear 

extremely rare and population specific (i.e., East Asian and Māori individuals, respectively) 

[25], [26], [27]. Further configurations have been reported in small cohorts, however the lack 
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of sufficient clinical and functional data prevented a univocal definition of their 

pathogenicity[28]. 

 

1.3 Clinical phenotype 
In 2020 we described the clinical features of the first 100 genetically confirmed RFC1-positive 

patients, enrolled across multiple centres worldwide[29]. Mean age at disease onset was 52 

years, although the range was quite broad (19 to 76 years). The most reported symptom during 

disease course was imbalance (96% at last examination), which was also the presenting 

manifestation in half cases. Sensory symptoms, including loss of sensation and pins-and-

needles, were reported by ≈ 70% of patients. Vestibular symptoms (i.e., oscillopsia) and 

dysarthria/dysphagia possibly due to cerebellar involvement were less common at onset but 

frequently complicating later stages of disease. Interestingly, over 60% of patients complained 

of a long-standing spasmodic cough, generally preceding neurological symptoms by decades. 

One third of patients complained of dysautonomia (e.g., postural hypotension, erectile 

dysfunction, bowel and urinary symptoms, anhidrosis), but it was generally mild in severity 

(figure 1.2). 

 
Figure 1.2 Schematic representation of symptoms at disease onset and during disease course in 100 

patients with biallelic RFC1 expansions. Modified from Cortese et al, Brain, 2020 

 

The disease course was slowly progressive, however half of the cohort lost independent 

walking after a median of 10 years of disease duration and one fourth were wheelchair-bound 

after 15 years.  

At neurological examination, all main sensory modalities (i.e., sensation to pinprick, vibration 

and joint position) were impaired. Assessment of eye movements commonly exhibited 

cerebellar signs, including nystagmus, broken pursuit, and dysmetric saccades. Vestibular 

areflexia was revealed by catch-up saccades at the head-impulse test, abnormal in 90% of 

patients tested. Possible pyramidal involvement was suggested by the preserved or even brisk 

reflexes observed in up to 45% of cases, unexpected in the context of a widespread 

neuronopathy. However, muscle strength was always preserved. 
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Subsequent studies were mostly confirmatory of these findings, however some authors reported 

cognitive impairment, motor weakness, cramps and fasciculations, and parkinsonism [30], 

[31], [32], [33].  

 

1.4 Investigations 
1.4.1 Neurophysiological studies 

Nerve conduction studies constantly exhibit reduced or absent sensory action potentials at the 

four limbs. Motor conductions are normal or slightly reduced in amplitude[29]. 

Blink and masseter reflexes can be abnormal because of trigeminal involvement, whereas H 

reflex seems preserved [8]. The latter finding suggests normal activity of the muscle spindles 

and might explain the normal or increased reflexes in CANVAS patients. 

 

1.4.2 Neuroimaging 

Brain MRI displayed cerebellar atrophy, particularly of the posterior cerebellar vermis, in up 

to 60% of cases[29]. Some authors described a more widespread involvement of brain 

structures, with atrophy of basal ganglia, brainstem, corpus callosum and deep white matter. A 

striking thinning of cranial nerves V and VIII was reported, in keeping with previous 

pathological studies[9], [34].  

Spine MRI can show cord atrophy and hyperintensity of dorsal columns [29], [35]. 

Recently, Salvalaggio et al. estimated via ultrasound the nerve cross-sectional area (CSA) in 

RFC1-positive patients vs other neurological conditions, including CIAP, Friedreich’s Ataxia, 

and CMT2. Nerves in RFC1 patients were significantly smaller than in other 

neuropathic/neuronopathic conditions tested [36]. This study confirmed the findings observed 

by an independent group in CANVAS patients identified before the identification of the genetic 

cause [37].  

 

1.4.3 Vestibular testing   

No systematic characterization of vestibular abnormalities and their modifications over the 

disease course has been performed in RFC1-positive patients yet, with current knowledge 

deriving from observations on patients diagnosed with full-blown CANVAS before the genetic 

discovery. In these patients, video-oculography was a sensitive method to reveal the 

characteristic deficits in the vestibulo-ocular reflex (VOR) and in the visually-enhanced 

vestibulo-ocular reflex (vVOR). The VOR, tested through the video-head impulse test, is 

evoked by high-velocity/low-amplitude rotations of the head and assesses the dynamic 

semicircular canal function. The vVOR is stimulated by slow head movements side-to-side and 

reflects the coexistence of cerebellar and vestibular dysfunction [6]. 

 

1.5 Prevalence of RFC1 expansion 
In the discovery paper, RFC1 repeat expansion explained 22% of idiopathic late-onset 

cerebellar ataxia (ILOCA) cases. The percentage of positive cases was higher in patients with 

sensory neuronopathy and cerebellar involvement (62%) or with full-blown CANVAS (92%) 

[11]. Subsequent works investigated the prevalence of the pathogenic expansion in ataxia 

cohorts of multiple ethnicities, with variable results depending on the inclusion criteria[21], 

[22], [23], [38].  

With regard to the prevalence of the AAGGG expansion in healthy controls, percentages 

ranged between 0.7% and 6.5% (table 1.1). However, most of these studies were based on PCR 

screening of small cohorts. Recently, a study leveraged unbiased whole genome sequencing 

data from over 80,000 individuals of different ancestries and estimated an allele frequency for 

the AAGGG expansion of 1 out of 14 individuals. With a prevalence of biallelic AAGGG 
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expansions of 1 in 712, RFC1 disease is likely the most common cause of autosomal recessive 

ataxia [39]. The high prevalence of RFC1 carriers in the general population warrants caution 

in the genetic counselling of affected patients, as the possibility of pseudodominant 

transmission is not negligible.   

 

Table 1.1 Frequency of carriers of monoallelic AAGGG expansions in separate cohorts. Adapted from 

Davies et al, Neurol Genet, 2022 
 

1.6 RFC1 expansions in sensory neuropathies 
 

In 2021, we investigated the prevalence of biallelic AAGGG expansions in a cohort of patients 

with a diagnosis of chronic idiopathic axonal polyneuropathy (CIAP)[40]. This diagnostic label 

refers to a slowly progressive, purely or predominantly sensory neuropathy, in which extensive 

investigations failed to identify the underlying cause[41], [42], [43]. In previous observational 

studies, CIAP represented up to one third of neuropathy cases[44], [45], [46]. Sensory 

neuropathy/neuronopathy is universal in RFC1 disease and can be isolated in the early stage of 

this condition. Therefore, we speculated that idiopathic sensory neuropathy, labelled as CIAP, 

could be at least partly explained by biallelic RFC1 expansions. Through the interrogation of 

neurophysiological studies and after excluding neuropathies of known causes, we identified a 

cohort of 125 individuals with a diagnosis of sensory CIAP and compared it with 100 patients 

with sensory-motor CIAP. RFC1 testing was positive in 43 sensory CIAP cases (34%) and in 

no patients with sensory-motor CIAP. We highlighted a frequent “clinical-neurophysiological 

dissociation”, namely a disproportionate and widespread impairment of sensory conductions 

compared to the length-dependent distribution of sensory symptoms and signs. Furthermore, 

neurological re-assessment enabled the detection of subtle cerebellar and/or vestibular signs in 

half cases. Chronic cough was reported by 70% of patients when directly questioned about it, 

but it was rarely self-reported. More importantly, RFC1 testing led to reclassify 11 patients 

who previously received alternative diagnoses, including three cases who received unnecessary 

immune-suppressive treatments.  

 

1.7 Differential Diagnosis 
Even though the association of the symptomatic triad of RFC1-CANVAS is highly specific for 

this disorder, the occurrence of partial phenotypes implies that the differential diagnosis should 

include genetic and acquired causes of sensory neuropathy, cerebellar ataxia, and bilateral 

vestibular failure. Furthermore, patients with RFC1 disease might be first seen in ataxia, 

neuropathy, or neuro-otology clinic with a possible delay in diagnosis if only one system is 

investigated. The key differential diagnoses are reported in Table 1.2 and divided by 

phenotypes. 

Multiple system atrophy (MSA) is an important diagnosis to exclude. Compared to RFC1-

CANVAS, MSA is more rapidly progressive, displays a more prominent and severe autonomic 
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involvement, does not exhibit sensory and vestibular involvement. Furthermore, REM-sleep 

disorders, parkinsonism, and brain MRI findings strongly support a diagnosis of MSA [47]. 

Friedreich’s ataxia typically has an earlier onset (<25 years old) and presents skeletal 

deformities, spasticity, hearing and vision impairment, extra-neurological involvement 

(cardiomyopathy, diabetes mellitus)[48]. Sensory ganglionopathy with vestibular areflexia has 

been observed in patients with mutations in RNF170, however inheritance mode is autosomal 

dominant and cerebellum is not affected [49]. Biallelic mutations in polymerase-gamma gene 

(POLG) cause a mitochondrial disease with sensory ganglionopathy, dysarthria, and 

occasionally vestibular areflexia. However, external ophthalmoplegia is a discriminative 

feature, as well as the multisystem involvement and the earlier age at onset [50]. 

Recently, an intronic GAA repeat expansion in FGF14 has been identified as a major cause of 

late-onset cerebellar ataxia (SCA27B)[51]. Vestibular areflexia and peripheral neuropathy can 

be present. However, several features help differentiate the two conditions: in SCA27B chronic 

cough is uncommon, neuropathy is usually sensory-motor, and episodic symptoms are 

distinctive of the initial stages of disease[52]. Furthermore, FGF14 expansion is inherited in an 

autosomal dominant way, although sporadic and seemingly autosomal recessive cases have 

been reported. 

 

 
Table 1.2 Differential diagnosis of CANVAS-RFC1 disease spectrum. Modified from Cortese et al, 

Pract Neurol, 2021. MR, magnetic resonance; SCA, spinocerebellar ataxia 

 

1.8 Genetic testing for RFC1 expansions 
Technical details of the genetic testing for RFC1 expansion will be provided in the method 

section of Chapter 2. Briefly, the molecular diagnosis of RFC1 CANVAS is based on a multi-

step PCR approach. The first step employs a standard PCR reaction with primer targeting the 
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regions flanking the repeat locus. If at least one of the alleles is unexpanded, an amplicon of 

343 base pairs will be amplified and will generate a band when run on an agarose gel. If both 

alleles are expanded, primers will not generate PCR product due to the excessive size of the 

amplicon and the increased GC-content. In this case, no amplifiable product will be detected 

on the agarose gel. The second step is based on a repeat-primed PCR (RP-PCR), which is 

designed to generate multiple fluorescent amplicons when at least one allele is expanded. Given 

that repeat-primed PCR is motif-specific, separate amplifications are required to detect the 

AAAAG, AAAGG, or AAGGG motifs. 

Genetic screening is positive in case of no amplifiable products at flanking PCR, positive RP-

PCR for AAGGG, and negative RP-PCRs for AAAGG and AAAAG. 

When enough DNA is available (> 5 mg), Southern blotting is performed to confirm the biallelic 

status and to measure the size of the expansion. Given that this technique is laborious, novel 

methods, such as long read-whole genome sequencing (LR-WGS) and optical genome 

mapping (OGM), have been recently tested and might be a valuable alternative to the current 

diagnostic algorithm [53], [54], [55]. However, the use of these techniques in a diagnostic 

setting is currently limited by their cost and availability. 

 

1.9 Replication Factor Complex subunit 1: structure and function 
The Replication Factor Complex (RFC) is a protein complex composed of 5 subunits (RFC1-

5), essential for DNA replication and DNA damage response. Notably, RFC is a clamp loader, 

term referring to a family of ATPases which can bind to ring-shaped proteins, called sliding 

clamps, facilitating their loading onto the DNA. The proliferating cell nuclear antigen (PCNA) 

acts as sliding clamp for eukaryotes and it is necessary for DNA polymerase δ and ε activity 

(Gaubitz et al., 2020). PCNA ensures that the polymerase and the template DNA maintain a 

high affinity interaction during the elongation process (figure 1.3).  

RFC1 encodes the major subunit of RFC-complex, with a molecular weight of 140kDa (others 

being 36-40kDa). It binds to the C-terminus of PCNA and DNA, both single- and double-

stranded [57]. Interestingly, the N-terminus of RFC1 is non-essential for the PCNA loading 

function and it contains a BRCA1 C-terminal (BRCT) domain [58]. This domain can bind 

gapped or nicked DNA(Y. Li et al., 2018; Liu et al., 2022), enabling the complex to act in DNA 

damage response, specifically in mismatch and excision repair. 

Given the essential role of RFC1 in many essential cellular functions, it is not surprising that 

this gene is highly intolerant to loss-of-function mutations (pLI= 0.98 according to GnomAD 

database). Accordingly, both in silico predictions and mice models show that biallelic knockout 

of RFC1 is lethal for embryos[61], [62].  

In humans, dysfunction of the RFC complex has been associated to several genetic diseases, 

such as Hutchinson–Gilford progeria and Warsaw breakage syndromed, or acquired 

conditions, such as breast cancer, acute myeloid leukaemia, ovarian and many others [59]. 
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1.10 Disease mechanisms in repeat expansion disorders 
Repeat expansions leading to human diseases are heterogeneous in terms of motifs, length, and 

genomic location. Notably, recent progress in sequencing technologies enabled the discovery 

of new disease-causing repeat expansions located within the non-coding regions of DNA (e.g., 

introns and 5’UTR) [63]. The mechanisms underlying these disorders, including RFC1 disease, 

might therefore differ from the ones commonly observed in coding repeat expansions (e.g., 

polyglutamine diseases), where toxicity is often mediated by abnormally long amino-acid 

stretches.  

Disease mechanisms can be broadly categorized in gain-of-function (GoF) and loss-of-function 

(LoF) [64]. 

GoF mechanisms can occur at RNA or protein level. For instance, RNA can aggregate in 

insoluble foci and sequester RNA-binding proteins, as showed for instance in myotonic 

dystrophy 1, C9orf72, FXTAS, or OPDM [65], [66], [67], [68]. Additionally, translation of the 

repeat-containing RNA can start in the absence of canonical AUG codon (RAN translation) 

and result in toxic polymeric peptides.  This has been described in SCA8, C9orf72, 

Huntington’s disease [69], [70], [71], [72]. Misfolding of canonically translated proteins occurs 

in polyalanine (polyA) and polyglutamine (polyQ) diseases, where the abnormally long stretch 

of amino-acids leads to aggregates formation and neuronal damage ([73] . 

LoF mechanisms imply the inability of the gene products to function as in wild type conditions. 

This can be mediated by gene silencing due to hypermethylation of the promoter region, as 

observed in Fragile X Syndrome [74], or by the formation of RNA-DNA structures, called R-

loops, which stall RNA polymerase II [75]. Other mechanisms include defective transcription 

of RNA, due to abnormal splicing events, or increased mRNA degradation, due to nonsense-

mediated decay[76].  

Although mediated by different mechanisms, loss-of-function usually results in a decrease in 

RNA or protein levels detectable by traditional molecular biology approaches[64].  

Mechanisms underlying RFC1 disease have been investigated by several groups, but little 

understanding has been gained yet because of controversial results or limited availability post-

mortem tissues and disease-relevant cell lines. For instance, initial studied showed that levels 

of RFC1 were not reduced nor there was an effect on RNA of neighboring or distant genes 

[11], [22]. Two studies have shown opposite results regarding the presence of RNA foci in the 

nervous system of CANVAS patients, with discrepancies potentially related to different 

Figure 1.3. Schematic representation of RFC1 protein and function. A. The hRFC comprises 5 

proteins, named A to E in a clockwise fashion. B. Representation of the binding of the clamp 

loader to the PCNA clamp slider and the primer-template binding to the clamp (Modified from 

Gaubitz et al.) 
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imaging technologies, repeat motifs investigated, and control samples selection [11], [77]. A 

recent work did not show an increase of RNA foci in iNeurons derived from CANVAS patients 

compared to controls [78]. Similarly, controversial results have been published with regard to 

the synthesis of repeat peptides [11], [78].  

 

In conclusion, clinical heterogeneity and pathomechanisms in RFC1 disease are still largely 

unexplained. In this thesis I will address multiple clinical and biological questions, including 

the role of the repeat size on clinical variability of RFC1 disease, alternative genetic variation 

causing RFC1-CANVAS in cases without the biallelic AAGGG expansion, and the possible 

involvement of DNA repair pathway as cause of neurodegeneration in this condition. 

 

1.11 Aims of the thesis 
This thesis aimed to gain increased understanding of the clinical and molecular heterogeneity 

of RFC1 disease. Particularly, in Chapter 2 I have investigated the role of the repeat expansion 

size as predictor of age at disease onset, of clinical phenotype, and of disease progression. 

Chapter 3 and Chapter 4 explore the topic of genetic heterogeneity underlying RFC1 disease. 

Combining deep phenotyping, genetic investigations, and functional assays we identified point 

mutations and novel pathogenic repeat motifs in RFC1 in CANVAS patients. In Chapter 5, I 

will summarise our preliminary investigation on the mechanisms underlying RFC1 disease, 

using disease-relevant models like IPSC-derived neurons and post-mortem brain tissues.  
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Chapter 2. Role of the repeat expansion size as a predictor of age 

at disease onset, of clinical phenotype, and of disease progression 
 

2.1  Study rationale 
Following the identification of the biallelic AAGGG repeat expansion in RFC1 as the 

underlying cause of CANVAS (Cerebellar Ataxia, Neuropathy, and Vestibular Areflexia 

Syndrome) and a common cause of late-onset ataxia, several studies have explored the 

prevalence of RFC1 expansions across various ethnic groups and clinical presentations [21], 

[23], [24], [29], [38], [79]. These studies consistently demonstrated the critical role of sensory 

involvement as a hallmark feature of RFC1 disease, present across all cases and occasionally 

observed as an isolated manifestation in RFC1-positive patients [40]. Concurrently, this body 

of work has underscored the clinical heterogeneity of the condition, characterized by a broad 

variability in age of onset, clinical phenotype, and disease severity. Despite these insights, the 

factors contributing to the heterogeneity in RFC1 disease have not been elucidated yet.  

As discussed in the introduction, repeat length is a critical determinant of disease onset and 

severity in several repeat expansion disorders. This is particularly true for the CAG repeat motif 

in polyglutamine (poly-Q) diseases, such as Huntington’s Disease, SCA1, 2, 3, and 7, and 

DRPLA [80], [81], [82], [83], [84], [85], the GAA repeat in Friedreich’s Ataxia [18], [86], and 

the CTG repeat in myotonic dystrophy type 1[87]. In light of this, we leveraged a large cohort 

of patients carrying biallelic RFC1 repeat expansions to investigate the influence of the repeat 

size on age at disease onset, clinical phenotype, and disease severity. The results of this study 

were published in Brain[88] . 

 

2.2 Material and methods 
 

2.2.1 Patients Enrollment and Diagnostic Categories 

Through an international collaboration, we enrolled and screened 2,334 cases for RFC1 

expansions. These individuals had a diagnosis of isolated sensory neuropathy, adult-onset (>30 

years) cerebellar ataxia, complex neuropathy, or CANVAS. All patients provided informed 

consent prior to their participation in the study.  

Sensory neuropathy was defined based on clinical and neurophysiological criteria [89], [90], 

with abnormal pinprick, vibration, and/or proprioception serving as clinical indicators of 

sensory involvement. Deep tendon reflexes were not taken into account, given that CANVAS 

patients can present with reduced, normal, or even brisk reflexes [29], [40]. Clinical assessment 

of cerebellar involvement included ocular movements (e.g. nystagmus, dysmetric saccades, 

broken pursuit), speech, limb coordination, and gait. Vestibular dysfunction was defined by an 

abnormal head-impulse test and/or visually enhanced vestibular reflex.  

Based on neurological examination, patients were classified into three categories: (1) isolated 

sensory neuropathy, where only sensory modalities were affected; (2) complex neuropathy, 

where sensory neuropathy co-occurred with cerebellar or vestibular involvement; and (3) 

CANVAS, where there was concomitant involvement of sensory, vestibular, and cerebellar 

systems [91], [92].  



 

14 

 

Nerve conduction studies, brain MRI, and instrumental vestibular testing were included, when 

available, to further support the phenotypic classification. To this regard, a previous work 

demonstrated that clinical examination is more sensitive than neuroimaging in detecting 

cerebellar involvement in CANVAS patients, whereas vestibular testing is mainly 

confirmatory of abnormal findings at bedside examination[40]. Conversely, clinical-

neurophysiological dissociation was often observed, with severe nerve conduction 

abnormalities occurring alongside mild sensory symptoms. As sensory involvement is the 

hallmark of RFC1-related disorders [29], [40], patients were not assigned a phenotype category 

if sensory examination or nerve conduction studies were unavailable. Furthermore, a phenotype 

category was assigned only when at least two of the three core systems (i.e., sensory, cerebellar, 

and vestibular) were examined. 

 

2.2.2 RFC1 genetic testing 

Flanking PCR  

RFC1 genetic testing was initiated using a standard PCR reaction targeting the regions flanking 

the repeat locus. One microliter of DNA (concentration: 25-150 ng/μl) was added to a master 

mix containing 7.5 μl FastStart™ PCR Master (Roche), 5 μl PCR-grade water, and 1 μl of 10 

μM forward and reverse primers. The primer sequences and PCR conditions are outlined in 

Table 2.1. After PCR amplification, 10 μl of the PCR product were mixed with 2 μl of Gel 

loading dye (New England Biolabs) and subjected to gel electrophoresis on a 1% agarose gel. 

Band sizes were measured against a GelPilot 100 bp DNA ladder (Qiagen) and run at 90V for 

30 minutes. An unexpanded RFC1 locus generates a 343 bp amplicon ("reference" allele), 

while no amplifiable products are observed when both alleles are expanded. Small expansions, 

typically below 500 bp, may be amplified and produce bands larger than the reference allele, 

referred to as "intermediate" expansions.  

 

Repeat primed-PCR (RP-PCR) 

RP-PCR is an established technique used to detect repeat expansions. This method employs a 

fluorescent primer that targets a locus-specific region upstream of the repeated motif of interest, 

along with two additional primers. The reverse primer, complementary to the repeat motif 

(repeated 5 to 8 times), extends at the 5' end with a "tail” a sequence designed to be non-

complementary to any human genomic region. The second reverse primer, known as the 

"anchor” binds to this tail. 

The rationale for using two reverse primers lies in their distinct roles: the reverse primer binds 

to the repeat motif at any point within the expanded locus during the initial amplification cycles, 

generating amplicons of varying lengths that produce the characteristic "saw-tooth" pattern 

during capillary electrophoresis. To minimize internal priming (i.e., random binding of primers 

within the PCR products), the reverse primer is used at a lower concentration, typically in a 

1:10 molar ratio relative to the forward and anchor primers. As the reverse primer depletes after 

the first amplification cycles, the anchor primer takes over, amplifying the full-length 

amplicons by binding to the complementary tail. Fluorescence-labeled amplicons are 

subsequently subjected to fragment analysis via capillary electrophoresis (e.g., ABI 3730). 

During capillary electrophoresis, amplicons are separated by high voltage depending on their 

size and the fluorescent signal is detected by a laser/camera system. In the presence of a repeat 



 

15 

 

expansion, the distinct DNA fragments will generate a “saw-tooth” pattern of fluorescent 

peaks.  

For RFC1 testing, multiple RP-PCR reactions were performed, each targeting one of the most 

common repeat motifs found in the general population (e.g., AAAAG, AAAGG, AAGGG). 

The reverse primer and cycler conditions were adjusted for each repeat motif (Table 2.1). 

Unlike the traditional method, which typically uses a lower molarity of reverse primer (1:10), 

in our screening better results were obtained by using equimolar primer ratios. 

Table 2.1 Primers sequence and cycler conditions used in RFC1 genetic testing 

 

For each RP-PCR reaction, 1 μl of DNA (concentration: 25-150 ng/μl) was combined with 7.5 

μl of Phusion High-Fidelity PCR Master Mix (ThermoFisher), 5 μl PCR-grade water, and 0.75 

 

Primer  Sequence 

Cycler 

programme 

Flanking 

PCR 

Forward  TCAAGTGATACTCCAGCTACACCGTT

GC 

Denaturation: 

95°C 4 min  

35 cycles of: 

95°C 30 s 

63°C 30 s  

72°C 1 min 

Final extension: 

72°C 5 min 

Reverse  GTGGGAGACAGGCCAATCACTTCAG 

Repeat-

primed 

PCR 

FAM -forward  FAM-TCAAGTGATACTCCAGCTACACCGT   

Anchor CAGGAAACAGCTATGACC   

AAGGG 

Reverse 

  

  

  

  

CAGGAAACAGCTATGACCAACAGAGCAA

GACTCTGTTCAAAAAGGGAAGGGAAGGG

AAGGGAA 

  

  

  

  

Denaturation:  

98°C 3 min  

35 cycles of: 

- 98°C 10 s 

- 70°C 15 s  

- 72°C 2 min 

Final extension: 

72°C 1 min 

AAAGG 

reverse 

  

  

  

  

CAGGAAACAGCTATGACCAACAGAGCAA

GACTCTGTTTCAAAAAGGAAAGGAAAGG

AAAGGAAA 

  

  

  

  

Denaturation:  

98°C 3 min  

35 cycles of: 

- 98°C 10 s 

- 65°C 15 s  

- 72°C 2 min 

Final extension: 

72°C 1 min 

AAAAG 

reverse 

  

  

  

  

CAGGAAACAGCTATGACCAACAGAGCAA

GACTCTGTTTCAAAAAGAAAAGAAAAGA

AAAGAAAA 

  

  

  

  

Denaturation:  

98°C 3 min  

35 cycles of: 

- 98°C 10 s 

- 55°C 15 s  

- 72°C 2 min 

Final extension: 

72°C 1 min 
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μl each of 10 μM FAM-labeled forward primer, anchor primer, and reverse primer. The 

screening for biallelic AAGGG expansions was considered positive when the flanking PCR 

failed to amplify the product (i.e., no bands observed on the agarose gel), the AAGGG RP-

PCR generated a saw-tooth pattern, and the AAAAG/AAAGG RP-PCR tests were negative. 

It is important to note that novel repeat motifs were reported by our group and others during 

the course of data collection [25], [26], [53], [93], [94](see Chapter 3). Some of these novel 

configurations (i.e., ACAGG, AAAGG/AAGGG, AGGGC, AGAGG, AAGGC) are 

considered pathogenic but are exceedingly rare and population specific. We have implemented 

RP-PCR protocols to detect these novel pathogenic configurations in Caucasian patients 

(details in Chapter 4) and screened all cases included in this cohort. 

 

Southern blotting  

When enough good quality DNA was available, Southern Blotting was performed to confirm 

the biallelic status of patients and to measure the repeat size.  

Up to 18 DNA samples can be processed per blot. Five micrograms of genomic DNA (at a 

concentration of ≥ 150 ng/μl) was diluted with water to a final volume of 33 μl in a 96-well 

plate. A master mix containing 4 μl of 10X CutSmart buffer (New England Biolabs), 2 μl of 

spermidine (Sigma), and 1 μl of EcoRI (100,000 U/ml; New England Biolabs) was prepared 

per sample. Seven microliters of the master mix were added to each DNA sample, followed by 

incubation in a PCR cycler at 37°C for 1 hour. Next, 1 μl of EcoRI was added, and the samples 

were incubated for an additional 2 hours at 37°C. After enzymatic digestion, samples were 

mixed with 8.6 uL of Blue/Orange 6X loading dye (Promega) and loaded on a 1.5% agarose 

gel. DNA ladders were prepared by mixing 1 uL of DIG-labeled molecular weight marker II 

(Roche), 1 uL of Blue/Orange 6x loading dye, and 4 uL of water, and were loaded onto the gel 

alongside the samples. The gel was run overnight at 40V for approximately 15 hours. 

Once electrophoresis was complete, the gel was washed in distilled water for 5 minutes, then 

treated with depurination solution (475 ml water + 25 ml concentrated HCl) for 45 minutes. 

After another 5-minute water wash, the gel was incubated in denaturing solution (10 g NaOH 

+ 29.2 g NaCl in 500 ml distilled water) for 45 minutes, followed by a wash in neutralizing 

solution (ThermoFisher) for 45 minutes. 

Following the washes, a sandwich setup for blotting was created using layers of 3MM 

Whatman paper soaked in 10XSSC solution (Lonza). The gel was placed on the 3MM 

Whatman paper, and a positively charged nylon membrane (Roche) was carefully positioned 

on top. The edges of the sandwich were masked with cling film and a 1 CHR paper soaked in 

2XSSC was put on the membrane. After adding more 3MM Whatman paper, a stack of paper 

towels and a glass weight on top, DNA was allowed to transfer from the gel to the membrane 

overnight for about 15 hours. 

After the transfer, the membrane was inspected and then exposed to UV light for 3 minutes for 

DNA crosslinking. Pre-hybridization followed with 40 mL of DIG Easy-Hyb solution (Roche) 

in a shaking incubator at 49°C for 4-5 hours. A probe mixture containing 60 μl of 1 kb RFC1 

probe and 150 μl of salmon sperm (Agilent) was boiled for 5 minutes, snap-cooled on ice, and 

added to 30 ml of DIG Easy-Hyb solution. The membrane was then incubated with this 

hybridization mixture overnight at 49°C.  
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The hybridized membrane was washed twice for 15 minutes with 2XSSC/0.1% SDS solution, 

followed by four washes of 0.1XSSC/0.1% SDS at 65°C for 15 minutes each in a shaking 

incubator. After a 2-minute wash with washing buffer (Roche), the membrane was incubated 

in a blocking solution, consisting of 10X maleic acid buffer and 10X block solution (Roche) 

diluted in distilled water, for 1 hour at room temperature. 

The membrane was then incubated with Anti-DIG AP antibody (Roche) (dilution 1:10000 in 

blocking solution) for 30 minutes. After another round of washes, the membrane was incubated 

for 5 minutes in detection buffer (Roche) and the chemiluminescent CDP-STAR substrate 

(Roche) was applied. Next, the membrane was wrapped in cling film and bands were detected 

using an X-ray developer or a ChemiDoc Imaging System (Bio-rad). 

 

Repeat expansion size measurement  

Repeat expansion sizes were measured using a standardised algorithm. Distances between the 

ladder track were measured and a line was drawn between the 6.5kb marker on the two ladders. 

The distance between each visible band in tested samples and the inter-marker line was 

measured. The fragment sizes were then calculated via linear regression, after subtraction of 

the size of the probe binding to the normal allele (5000 bp). Sizes were reported in repeat units. 

In affected individuals, biallelic expansions are visualized as two bands between 6.5 kb and 15 

kb, or as one thicker band if the expansion size on both alleles is similar. In unaffected 

individuals carrying a single pathogenic expansion, one band would appear in the expanded 

range (6.5 kb to 15 kb), whereas the second band would be unexpanded (5 kb) or expanded in 

the non-pathogenic range (up to 6.5 kb). 

The smallest AAGGG repeat expansions measured in this study was approximately 6.5 kb, 

corresponding to around 250 repeat units. 

2.2.3 Clinical features    

A standardized template was utilized to collect clinical and demographic data for patients with 

biallelic RFC1 expansions. The study focused exclusively on patients of Caucasian ancestry to 

minimize confounding effects from population-specific repeat motifs. Referring clinicians 

completed the template in a semi-anonymized way, covering various aspects, including: 

1. Family history 

2. Age at onset of neurological symptoms such as sensory disturbances, dysarthria, 

dysphagia, and oscillopsia 

3. Use of walking aids 

4. Detailed neurological examinations (first and last available) 

The presence of chronic cough was enquired, although it was not used to define neurological 

onset. Additional clinical features like parkinsonian signs, cognitive impairment, autonomic 

dysfunction, or pyramidal involvement were also recorded. Among the 392 patients with 

confirmed biallelic AAGGG expansions: 

¶ Sensory system assessment was available for 381 patients (97%) 

¶ Cerebellar assessment was available for 385 patients (98%) 

¶ Vestibular system assessment was available for 260 patients (66%) 

Data from the collaborating centres were gathered, converted into standardized numeric values 

(when expressed as free text), and merged into a single dataset for analysis. 
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2.2.4 Brain MRI data acquisition  

Previous neuropathological and neuroimaging studies of CANVAS patients have highlighted 

a prominent atrophy of the cerebellar vermis [6], [9] These studies predated the discovery of 

the RFC1 expansions, focusing on patients with the full CANVAS phenotype.  

To explore the relationship between repeat size and cerebellar atrophy, we retrospectively 

identified brain MRI studies performed from 2004 to 2023 at the National Hospital for 

Neurology and Neurosurgery (London, UK). In 59 cases, structural 2D or 3D T1 acquisitions 

suitable for volumetric analyses were available. Of these, 27 MRI scans were discarded due to 

failing the quality check. The remaining 32 MRIs underwent brain volume parcellation using 

the Geodesic Information Flows (GIF) algorithm [95], [96]  and the Desikan-Killiany-Tourville 

atlas[97]. Parcellation was followed by the measurement of volumes for vermis lobules I-V, 

VI-VII, VII-X, and total intracranial volume (TIV), expressed in mm3.   

2.2.5 Statistical analysis  

Data were expressed as means and standard deviations or medians, 25%-75% interquartile 

ranges (IQRs), and min-max values, depending on distribution. A p-value < 0.05 was set for 

statistical significance, with corrections for multiple comparisons applied when necessary. 

Cluster-adjusted robust standard errors were employed in survival models and a family random 

effect was added in linear regressions to account for clustered data (i.e., members of the same 

families). 

Due to the correlation between the repeat sizes of the smaller and larger alleles, two separate 

models were employed for each allele in all analyses. The Pearson correlation coefficients were 

calculated between repeat size and age of disease onset (excluding cough). Cox regression 

models were adopted to estimate the effect of repeat length on age of disease onset (excluding 

cough) and at onset of individual symptoms (i.e. unsteadiness, sensory issues, dysarthria, 

dysphagia, oscillopsia, and chronic cough). 

Time from disease onset to dysarthria/dysphagia and to use of walking aids were modelled as 

a proxy of progression to a disabling disease. A Fine-Gray competing risk model was used to 

adjust for the risk of death before experiencing symptoms.  

For each regression, the hazard ratios (HR) with 95% confidence intervals (CI) and p-values 

of a two-tailed Wald’s test were reported. Coefficients were calculated for a 1000-unit change 

in repeat size. Predicted Cumulative Incidence Functions (CIFs) were plotted for all symptoms 

of interest.  

A quasi-Poisson regression was employed to examine the relationship between phenotype and 

repeat units. Rate ratios (RR) were reported, with adjustments for sex, age at last examination, 

and disease duration. Tukey-adjusted pairwise comparisons between three phenotypes were 

conducted. 

A multivariate linear regression assessed the correlation between repeat size and cerebellar 

vermis atrophy, adjusted for age, disease duration, and total intraparenchymal volume (TIV). 

All statistical analyses were conducted using STATA version 14, while plots and graphs were 

created using GraphPad Prism 9.4.1 for Windows (GraphPad Software, San Diego). 

2.3 Results  

2.3.1 Genetic testing for RFC1 expansions  

An overview of the genetic results is provided in figure 2.1 
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Figure 2.1 Flow chart describing the results of the genetic screening for RFC1 expansions. RP-

PCR = repeat-primed polymerase chain reaction. 

A total of 2334 patients were tested for RFC1 genetic expansions. Of these, 556 patients (24%) 

carried biallelic AAGGG expansions identified through PCR-based screening. For 395 patients 

with sufficient DNA quality, Southern blotting confirmed the expansions in 392 cases (99.3%). 

In the remaining three cases, Sanger sequencing revealed intermediate expansions (<100 

repeats) of non-pathogenic motifs (i.e. AAAAG, AAAGG, or AAAGGG), missed in the initial 

screening. 

2.3.2 Clinical heterogeneity and disease course of RFC1 disease  

Table 2.2 summarizes the demographic and clinical data of the 392 patients confirmed by 

Southern blotting. Males and females were equally represented, and most cases (347/392, 89%) 

had a negative family history. Multiple family members were affected in 19 families (45 cases), 

with family history suggesting an autosomal recessive inheritance in most instances. A 

pseudodominant pattern was noted in two families with successive generations affected. 
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Demographics                                                                                                                              

N. of males (%), females (%) 
Positive family history  

Current age (IQR, min-max) 
Age at neurological onset (IQR; min-max) 
Deceased 
Duration of follow up  

195 (50%), 197 (50%) 
45 (11%) 

70 years (64-77; 42-90) 
54 years (49-61; 25-80) 
32 (8%)  
10 years (6-17) 

Symptoms  Disease onset  
(N/total) 

Last follow -up 
(N/total) 

Age at onset  
(median, IQRs, min-max) 

Chronic cough 
Sensory symptoms 
Unsteadiness 

Oscillopsia 
Dysarthria/Dysphagia 

178/358 (50%) 
138/383 (36%) 
255/388 (66%) 

19/352 (6%) 
21/381 (6%) 

267/358 (75%) 
276/383 (72%) 
366/388 (94%) 

94/352 (27%) 
196/381 (51%) 

40 years (30-50; 15-83) 
55 years (50-62; 25-75) 
56 years (50-63; 30-80) 

62 years (55-70; 36-81) 
64 years (57-70; 30-85) 

Loss of independent walking  N/total  
(%) 

Age at walking aid  
(median, IQRs, min-max) 

Time to walking aid  
(median, IQRs, min-max) 

Any walking aid 
One stick 

Two sticks 
Wheelchair 

203/379 (54%)   
181/377 (48%) 

86/354 (24%) 
61/357 (17%) 

67 years (61-72; 37-88) 
66 years (61-71; 37-88) 

70 years (65-75; 41-86) 
70 years (66-76; 46-85) 

10 years (5-16; 0-43) 
9 years (5-15; 0-43) 

12 years (7-20; 0-45) 
14 years (11-21; 2-48) 

Neurological examination  First examination  
(N=392) 

Most recent examination  
(N=205) 

Age at examination (IQR, min-max) 

Disease duration (IQR, min-max) 
Interval between examinations (IQR, min-max) 
Sensory impairment 

- Pinprick 
- Vibration 
- Joint Position 

Cerebellar signs 
Vestibular areflexia 

65 years (57-70; 32-86) 

7 years (3-13; 0-49) 
- 
376/376 (100%) 

215/304 (71%) 
295/333 (89%) 
116/267 (43%) 

270/374 (72%) 
147/196 (75%) 

69 years (62-75; 41-89) 

12 years (8-20; 1-43) 
4 years (2-8; 1-26) 
204/204 (100%) 

144/164 (88%) 
173/179 (97%) 
88/149 (59%) 

170/202 (84%) 
116/147 (79%) 

Clinical Phenotype  First examination  Last follow -up 

Isolated neuropathy  
Complex neuropathy 

- Sensory neuropathy +  

Cerebellar involvement 

- Sensory neuropathy +  

Vestibular involvement 

CANVAS 

Not assigned due to incomplete clinical data  

  93 (24%) 
150 (38%) 

 
134 (34%) 
 

  16 (4%) 
122 (31%) 
  28 (7%) 

54 (14%) 
131 (33%) 

 
117 (30%) 
 

  14 3%) 
195 (50%) 
  12 (3%) 

Table 2.2 The table displays the main demographic and clinical characteristics of the 392 patients 

with biallelic RFC1 expansions confirmed by Southern Blotting. 

 

All patients included were Caucasian, predominantly of European descent (92%). However, 

multiple countries were represented, including Turkey (n=18), Brazil (n=1), Iran (n=1), Iraq 

(n=1), Algeria (n=1), Lebanon (n=1). Country of origin was not specified for 6 patients.  

The median age of disease onset (cough excluded) was 54 years (IQR=49-61; range 25-80). 

The most common presenting symptoms were unsteadiness and sensory symptoms, while 

cerebellar (51%) and vestibular (27%) symptoms emerged later in the disease course. 

Chronic cough was recorded in 358 patients (91%), with 267 patients (75%) reporting it. In 

half of these cases, cough preceded other symptoms by decades, although exact onset timing 

was often difficult to determine. Less common symptoms included dysautonomia (n=17), 

cognitive impairment (n=7), parkinsonism (n=2), and upper motor neuron involvement (n=1). 
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Walking aids were used by 54% of patients after a median disease duration of 10 years (IQR=5-

16), and 17% required a wheelchair after 14 years (IQR=11-21).  

Median age at the first neurological evaluation was 65 years (IQR=57-70), and the median 

disease duration was 7 years (IQR=3-13). All patients displayed signs of sensory neuropathy, 

with complex neuropathy (38%) being the most common phenotype, followed by full-blown 

CANVAS (31%) and isolated sensory neuropathy (24%). Twenty-eight cases (7%) were not 

assigned to a phenotype category, due to incomplete clinical assessment. 

A second examination was available in 205 cases, after a median interval of 4 years (IQR=2-

8) and a disease duration of 12 years (IQR=8-20). At follow-up, additional cerebellar and 

vestibular involvement was detected in 12% and 17% of patients, respectively. 

By the final assessment, 195 patients (50%) had full-blown CANVAS, while 131 patients 

(33%) had complex neuropathy and 54 (14%) had isolated sensory neuropathy.  

Thirty-two patients (8%) were deceased at the time of the study, with seven deaths directly 

related to complications of the neurological disease (e.g. prolonged immobility, falls, aspiration 

pneumonia, cachexia). Other reported causes of death were neoplasms (n=3), Sars-Cov2 

infection (n=2), myocardial infarction (n=1), cerebral hemorrhage (n=1), pulmonary fibrosis 

and respiratory failure (n=2).  

Median age at death was 76 years for both males (IQR=74-78) and females (IQR=74-79), 

slightly below the mean life expectancy in Europe according to WHO data (overall=80.4; 

females=83.2; males=77.5)(Eurostat). 

2.3.3 Repeat expansion size predicts onset and progression of RFC1 disease  

The median AAGGG repeat size was 1042 units (IQR=844-1306; range=249-3885), 

specifically 937 units (IQR=771-1129) for the smaller allele and 1195 units (IQR=927-1452) 

for the larger allele. There was a significant correlation between the sizes of the two alleles 

(r=0.7, p<0.001). Furthermore, Southern blotting showed a single band in 143 patients (36%), 

suggesting nearly identical sizes for both alleles, within the limits of resolution of this 

technique. 

An inverse relationship was observed between repeat size and age at disease onset (cough 

excluded), more significant for the smaller allele (r=-0.21, p<0.001) than for the larger allele 

(r=-0.17, r2=0.03, p<0.001) (figure 2.2 A-B). 

 

The association remained significant in logistic regression after adjusting for sex and clinical 

phenotype, with a hazard ratio (HR) of 2.06 for the smaller allele (p<0.001) and 1.53 for the 

larger allele (p<0.001). 

A Fine-Gray model with robust cluster standard errors, corrected for sex and adjusted for 

competing risks of death was used to analyze the impact of repeat size on symptom onset. 

Coefficients were calculated for 1000-repeat units increase.  

At any timepoint, larger repeat sizes increased the hazard of unsteadiness (HR=2.68, p<0.001 

for the smaller allele; HR=1.64, p<0.001 for the larger allele) and of dysarthria/dysphagia 

(HR=4.01, p<0.001 for the smaller allele, HR=1.93, p<0.001 for the larger allele).  

Cough onset was significantly associated with the smaller allele (HR=1.95, p<0.001), and the 

larger allele was marginally associated with sensory symptoms (HR=1.33, p=0.009) (figure 

2.2 C-F). 
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Patients with larger repeat sizes had a higher risk of earlier development of disabling symptoms 

(for the smaller allele: HR=3.40, p<0.001 for dysarthria/dysphagia and HR=2.78, p<0.001 for 

the need for walking aids; for the larger allele: HR=1.71, p=0.002 for dysarthria/dysphagia and 

HR=1.60, p<0.001 for walking aids) (figures 2.2 G-H). 

 
Figure 2.2 Relationship between repeat size and main symptoms of RFC1 disease. A-B The scatter 

plots display the correlation between the age at disease onset (y-axis) and the repeat size of the smaller 

or the larger allele (x-axis). (C–F) The curves illustrate the predicted cumulative incidence function 

(CIF) of core symptoms of CANVAS (i.e., chronic cough, unsteadiness, dysarthria/dysphagia and 

oscillopsia) plotted against age at disease onset. (G and H) Predicted CIF for dysarthria/dysphagia and 
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need of walking aid plotted against disease duration. Each curve represents a different percentile of 

distribution of the repeat size for the smaller allele (i.e., minimum value, 25th, 50th,75th percentiles 

and maximum value). 

 

However, age at onset was an independent predictor of disease severity, with later onset 

correlating with a shorter duration to severe symptoms.  

Disease duration at onset of cerebellar symptoms and at need for walking aids was significantly 

shorter in patients with repeat size of the smaller allele above the 75th percentile (median 

duration =14.5 years for dysarthria/dysphagia, 15.1 years for walking aids) compared to 

patients with a repeat size below the 25th percentile (median duration= 21.5 years for 

dysarthria/dysphagia, 19.2 years for walking aids; p<0.001).  

 

2.3.4 Repeat expansion size influences disease phenotype  

Using a quasi-Poisson regression, repeat size was found to correlate with disease phenotype, 

after correcting for sex, age at last examination, and age at disease onset. 

Mean size of both smaller and larger alleles was significantly higher in patients with complex 

neuropathy (smaller allele RR=1.30, p=0.003; larger allele RR=1.33, p=0.008) or CANVAS 

(smaller allele RR=1.34, p<0.001; larger allele RR=1.31, p=0.009) than in patients with 

isolated neuropathy. These differences were confirmed at pair-wise comparison (figure 2.3). 

Conversely, no significant size difference was observed between patients with complex 

neuropathy and those with CANVAS (p=0.83 smaller allele; p=0.97 larger allele).  

 
Figure 2.3 Relationship between phenotype and repeat length. In these box plots the repeat sizes for 

the smaller (left) and larger (right) alleles in patients with different phenotypes are compared. Tukey’s 

correction was applied to calculate P-values. CANVAS = cerebellar ataxia, neuropathy and vestibular 

areflexia syndrome; CN = complex neuropathy; SN = sensory neuropathy. 

 

2.3.5 Repeat expansion size correlates with the degree of cerebellar atrophy  

Finally, we analyzed the correlation between the repeat size and the volume of cerebellar 

vermis in an internal cohort of 32 brain MRI acquired at the National Hospital for Neurology 

and Neurosurgery, London (UK). At logistic regression, correcting for age at MRI, disease 

duration, and total intracranic volume, repeat size of the smaller allele was significantly 

associated with the volume of cerebellar vermis lobules I-V (β=-1.06, p<0.001) and lobules 
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VI -VII  (β=-0.34, p=0.005). No significant correlation was found between the smaller allele 

and lobules VIII-X volume, and between the repeat size of the larger allele and any area of the 

cerebellar vermis.  

 

2.4 Discussion  
In this chapter of my PhD thesis, I examined clinical and genetic data from a large international 

cohort of patients with biallelic RFC1 expansions to understand the role of repeat expansion 

size in disease onset, phenotype, and severity. This study confirmed that RFC1 disease often 

begins as an isolated sensory neuropathy, sometimes accompanied by a chronic cough, and 

progresses to a more complex neurodegenerative disorder affecting the cerebellum and 

vestibular system. Importantly, we found that the size of the repeat expansion modifies disease 

progression, with larger expansions associated with faster progression to multisystem 

involvement, making repeat size a key phenotypic modifier. 

Patients with isolated sensory neuropathy had a smaller repeat size than patients with complex 

neuropathy or CANVAS and similar disease duration. This suggests that sensory neurons might 

have a higher susceptibility to the AAGGG repeat expansion, compared to other tissues. 

Patients with larger expansions showed a higher risk of developing symptoms earlier and 

having a more severe disease course, with an increased hazard of losing independent mobility 

or experiencing speech and swallowing difficulties. The less significant risks reported for 

sensory symptoms, imbalance and chronic cough, which appear earlier in the disease course, 

might be the consequence of a recollection bias: patients commonly struggle to date back the 

exact onset of these symptoms, which are usually mild and slowly progressive. Therefore, the 

reported age at onset is often close to the age at first medical consultation. 

Notably, patients with an older age at disease onset seemed to have a faster progression. This 

could be explained by the reduced neuronal reserve typical of older patients, as described in 

other neurodegenerative disorders, including sporadic and familiar (C9orf72) ALS/ALS-FTD 

[99], [100], [101], [102]. In addition, as discussed in the previous paragraph, this finding could 

reflect a recollection bias in dating back the disease onset or a delay in the diagnostic process.  

Our data showed that the repeat size of the smaller allele inversely correlates with the volume 

of cerebellar vermis, particularly with lobules I-V and lobules VI-VII. This finding is consistent 

with the pattern of selective atrophy reported in previous neuroimaging and neuropathological 

studies[6], [9]. However, a cautious approach is required when interpreting these data, due to 

the small sample size and to the inclusion of 2D acquisitions. Particularly, possible partial 

volume artifacts in 2D acquisitions cannot be excluded. Prospective studies with larger cohorts 

and homogenous volumetric acquisitions are warranted to confirm these findings.  

A key takeaway is that repeat size explained only a small portion (up to 6%) of the variability 

in disease onset, suggesting that additional genetic or environmental factors likely play a role. 

For instance, future studies should explore the role of repeat interruptions, which could not be 

addressed in the current study. As a matter of fact, Southern blotting provides information only 

on the repeat size but is unable to detect repeat interruptions or modifications in the repeat 

motif.  

In addition, a genome-wide approach could provide information on additional genetic 

modifiers and shed light on the molecular pathways involved in the pathogenesis of RFC1 

disease. 
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Given that the size of the smaller and larger alleles is not independent and many patients had 

expansions of similar size, geographic distribution of the expanded alleles could play a role in 

maintaining these similar sizes within populations and over time. This hypothesis could be 

confirmed by larger studies including patients from multiple ethnicities. 

This study also uncovered two families with a pseudodominant inheritance pattern, not yet 

reported in the literature at the time of this study, likely due to the high frequency of the 

expanded allele in the general population[39]. Clinicians should consider RFC1 disease even 

when a dominant inheritance pattern is observed, particularly if an idiopathic sensory 

neuropathy is observed in association with chronic cough. 

Finally, the smaller allele's repeat size had a stronger predictive value than the larger allele. 

This could support a loss-of-function mechanisms underlying RFC1 disease. While the longer 

allele is poorly or not functional, the residual function of RFC1 progressively worsens as repeat 

size of the smaller allele increases. A loss-of-function hypothesis is also supported by the 

identification of CANVAS patients carrying null variants in RFC1 in trans with an expanded 

AAGGG allele (see chapter 3).  Notably, null mutations in the coding region and a prominent 

effect of the smaller allele have both been previously described in Friedreich’s ataxia, a 

recessive disorder caused by biallelic GAA expansion in FXN and associated with a loss-of-

function of frataxin[18], [75], [103]. 

This study presents some limitations, mainly due the retrospective collection of data. First, a 

recollection bias in dating back the onset of early disease symptoms might have influenced the 

strength of correlation between the repeat size and some clinical features. Then, clinical 

examinations and investigations were performed by multiple clinicians from different centres. 

This might have introduced a lack of homogeneity in the assessment and collection of clinical 

data. This is particularly true for examinations performed before the description of the first 

genetically confirmed cases[29], when enquiring about chronic cough or performing vestibular 

testing in patients with isolated sensory neuropathy were not part of the routine assessment. 

 

In conclusion, this study highlighted the key role of RFC1 repeat size as disease modifier. 

Measuring the repeat size has prognostic implications, as it can help in stratifying patients 

according to their risk of developing disabling symptoms, and in improving counseling for 

patients and their families. It will also have an impact on the design of future trials, as a similar 

distribution of repeat sizes among placebo and active drug groups will be required during the 

randomization process.  

 

Chapter 3: Expanding the genotypic spectrum of RFC1 disease: 

null variants in trans with a monoallelic AAGGG expansion cause 

CANVAS 

 

3.1 Study rationale 
As discussed in the introduction of this thesis, CANVAS is a neurodegenerative condition 

typically caused by biallelic AAGGG repeat expansions in the RFC1 gene. However, a small 
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subset of patients with a CANVAS-like phenotype do not carry the biallelic repeat expansion, 

suggesting potential genetic heterogeneity. Furthermore, despite the recessive nature of 

CANVAS, no significant reduction in RFC1 mRNA or protein levels has been detected[11], 

[22], contrasting with other recessively inherited disorders where loss of gene expression is 

often observed. 

In this chapter I will describe how we identified the first CANVAS cases carrying a 

heterozygous AAGGG repeat expansion along with a null variant in RFC1 on the second allele.  

This discovery could have significant implications for understanding the molecular basis of 

the disease. The results of this chapter have been published in Neurology[104] 

3.2 Materials and methods 

 

3.2.1 Patients enrolment 

Samples from patients with a diagnosis of sensory neuropathy, ataxia, or CANVAS were 

collected for RFC1 genetic screening, as described in Chapter 2. Ethical approval was obtained 

from local institutional review boards, and informed consent was collected from all 

participants. RFC1 screening was performed following the protocol previously described, 

namely flanking PCR and RP-PCRs for the main repeat motifs (i.e. AAAAG, AAAGG, 

AAGGG).  RFC1 screening was performed using flanking PCR and RP-PCR to detect the main 

repeat motifs (AAAAG, AAAGG, AAGGG). Due to the availability of detailed clinical data 

and the possibility of direct patient review, we narrowed our study to patients referred from 

National Hospital for Neurology and Neurosurgery (London, UK), Salford Royal Hospital 

(Manchester, UK), and Mondino IRCCS Foundation (Pavia, Italy). Clinical information for 

carriers of monoallelic AAGGG expansions were reviewed, when available. Patients with a 

CANVAS phenotype were prioritized for further genetic analysis. Additional samples were 

obtained through collaboration with the University of Chicago. 

 

3.2.2 Whole-Genome Sequencing and Whole-Exome Sequencing  

Whole-Genome Sequencing (WGS) and Whole-Exome Sequencing (WES) were performed by 

Macrogen (Netherlands) and at the University of Chicago. At Macrogen, a Novaseq6000 

system (Illumina) was employed to generate paired-end sequencing reads (150 bp) with a mean 

coverage of 40x per sample. Reads were aligned to GRCh38 using the Burrows-Wheeler 

Aligner[105]. Variants were called according to the Genome Analysis Toolkit HaplotypeCaller 

workflow[106] and annotated with Ensembl Variant Effector Predictor[107]. Criteria to 

prioritize variants included segregation, minor allele frequency, evolutionary conservation, and 

in silico prediction of pathogenicity. Exome sequencing at the University of Chicago was 

performed using the IDT xGEN Exome Research kit (Integrated DNA Technologies), and 

reads were aligned to GRCh37. A custom bioinformatic pipeline was adopted to annotate 

variants.   

 

3.2.3 RFC1 Expression Studies in Patient-Derived Cell Lines  

Fibroblasts cell lines were derived from skin punch-biopsies obtained from affected patients 

carrying a null variant in trans with a monoallelic AAGGG expansion, from cases carrying 

biallelic AAGGG expansions, and from age- and sex- matched controls. Fibroblasts were 
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maintained in culture in Dulbecco’s Modified Eagle Media (DMEM) supplemented with 10% 

fetal bovine serum (ThermoFisher). Medium was changed twice per week. Cells were pelleted 

using Trypsin/EDTA 0.25% (ThermoFisher) and centrifugation (250 g x 5 minutes). Pellets 

were snap-frozen in dry ice and stored at -80°C until RNA or protein extraction. Quantitative 

PCR (qPCR) and Western blotting were replicated on biologically independent samples at least 

twice with similar results.  

 

3.2.4 Real-Time Quantitative PCR  

Total RNA was extracted from fibroblasts using the RNAeasy Mini kit (Qiagen) according to 

manufacturer’s instructions (details in Method section chapter 5). We used SuperScript III First 

Strand cDNA Synthesis kit (Invitrogen) to synthesize complementary DNA (cDNA) from 500 

ng of total RNA. An equimolar mixture of oligo(dT) and random hexamer primers was added 

to the mastermix. cDNA was amplified by qPCR using the Power SYBR Green Master Mix 

(Applied Biosystems) and measured on a QuantStudio 7 Flex Real-Time PCR System (Applied 

Biosystems). We used the following primers: RFC1 (forward: 5’-

CTTCGCGGGAGAAGTTGTTG-3’, reverse: 5’-ATTTCCGAATGTCCATCGCAG-3’); 

GAPDH (forward = 5’-TGCACCACCAACTGCTTAGC-3’, reverse = 5’-

GGCATGGACTGTGGTCATGAG-3’); RPL10 (forward = 5’-

AATCTCCAGGGGCACCATT-3’, reverse = 5’-CGCTGGCTCCCACTTTGT-3’). 

Normalization was done using GAPDH and RPL10 as reference genes, and fold-change 

expression was calculated using the comparative CT method (2DDCt).  

3.2.5 Long-range PCR and Sanger Sequencing 

Given that segregation analysis could not be performed in individual II, we leveraged the 

presence of a c.2511T>C (p.Ser837=) (rs2066782) synonymous variant on exon 19, which is 

part of the same haplotype containing the (AAGGG)n repeat expansion, to confirm the allelic 

status of the c.2876del (p.Pro959GlnfsTer24) variant in exon 22. We designed primers 

encompassing exons 17–23 (forward:5’-TCTTCGTTTTCAAAGACCTCGGG-3’, reverse:5’-

TTTGCCACCCCAGCTGCTG-3’) and amplified the PCR product using a touchdown 

protocol. Sanger sequencing was performed on exon 19 (forward: 5’-

TGGGAGCCAATCAAGATATCAGA-3’, reverse: 5’-GCTGCAAACACTTTCCGGGC-3’) 

and exon 22 (forward: 5’-CTGGAGTCTTCTGCCTGCGC-3’, reverse: 5’-

GGTCAAGGGCTGTACAAGTGCA-3’). For comparison, exons 19 and 22 were PCR-

amplified and sequenced also from genomic DNA (primers for exon 19: forward 5’-

GGTGTGCACGAAGTAAAGCA-3’, reverse 5’-ATTCCACAGGCATACCAAGG-3’; 

primers for exon 22: forward 5’-TGGATCAAGGTGTGTACCGC-3’; reverse 5’-

CCCGAACAGAGTAATCCCAC-3’).  

 

3.2.6 Western Blotting  

Cells pellets were resuspended in RIPA buffer (Sigma Aldrich) supplemented with protease 

inhibitor (Sigma Aldrich) and phosphatase inhibitor (Roche) for 20 minutes on ice and then 

centrifuged (for 15 minutes at 69200 g, 4°C). Protein lysates were collected and protein 

concentration were assessed using the Protein Assay Dye Reagent Concentrate (Bio-Rad). 

Twenty-five μg of protein lysates were mixed with 1X cracking buffer (300 mM Tris-HCl [pH 

6.8], 10% SDS, 40% glycerol, 600 mM DTT, 5% 2-mercaptoethanol, and 0.2% bromophenol-
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blue), denatured for 5 minutes at 95°C, and loaded on an 8% SDS-polyacrylamide gel. Transfer 

onto a nitrocellulose membrane was performed with a Turbo Transfer Pack (Bio-Rad). 

Membrane was then blocked for 1 hour in 6% milk and incubated overnight at 4°C with the 

following antibodies: anti-RFC1 (1:2500; gifted by prof. Ulrich Hubscher), anti-GAPDH 

(1:10000; ab8245, Abcam), or anti–α-actinin (1:1000; 3134, Cell Signaling). After three 

washes in TBS-T (1X Tris-buffered Saline ph 7.4 + 0.1% Tween-20), membrane was probed 

with horseradish peroxidase–conjugated anti-mouse secondary antibodies (1:5000; 115-035-

146, Jackson ImmunoResearch Laboratories) for 1 hour at room temperature. Protein bands 

were visualized using the chemiluminescent Westar Eta C Ultra 2.0 reagent (Cyanagen)  

 

3.2.7 RNA sequencing  

Library preparation and RNAseq were performed at UCL genomics. STAR (c 2.7.7a)[108] was 

employed for reads alignment to GRCh38. UMI-tools (version 1.1.1)[109] was used for BAM 

files sorting and to flag duplicate reads. FeatureCounts (version 2.0.1)[110] was employed to 

count the aligned reads overlapping the human genes (Gencode v35).  

 

3.3 Results 

 

3.3.1 RFC1 Genetic Studies  

Genetic testing was performed as described in Chapter 2. We identified 11 cases, from 10 

unrelated families, with a clinical picture of CANVAS and one AAGGG expansion. Whole-

exome sequencing (WES) or whole-genome sequencing (WGS) was performed, revealing null 

variants (i.e. nonsense or frameshift mutations) in 3 patients from 2 unrelated families. Through 

a collaboration with the University of Chicago, we identified 4 additional cases from 3 

unrelated families carrying a null mutation in compound heterozygosity with the AAGGG 

expansion. The mutations identified are shown in figure 3.1. Alternative disease-causing 

mutations in other genes were excluded in all patients.  

 

 

Figure 3.1 The figure illustrates the location of the null mutations in RFC1 identified in this study. 

Exons are portrayed as grey rectangles and numbered from 1 to 25, while intronic regions are outlined 

as black lines between the exons. 

Segregation of the mutations with the disease within families was confirmed in all cases where 

DNA from relatives was available. For patient II.1, direct segregation was not possible due to 

adoption. However, we performed mRNA and gDNA sequencing proving that the c.2876del 

(p.Pro959GlnfsTer24) variant and the synonymous variant (p.Ser837 = ), which is part of the 

haplotype containing the AAGGG expansion (rs2066782), resided on separate alleles. We 

examined large public datasets and identified 11 null variants in RFC1 across 251,000 alleles 

in gnomAD (allele frequency = 0.00002). The observed-to-expected ratio was 0.18 (90% CI = 
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0.12–0.3), and the loss-of-function intolerance score (pLI) was 0.97, indicating that RFC1 is 

highly intolerant to loss of function. Additionally, we found only 18 null variants in RFC1 out 

of 150,000 alleles on Genomics England. Biallelic null variants are absent from public control 

databases or Genomics England. 

No pathogenic variants in RFC1 or other genes were identified in the remaining seven 

families.   

 

3.3.2 Clinical Features 

The clinical characteristics of the patients carrying null variants and a monoallelic AAGGG 

expansion are summarized in table 3.1. It is worth noting that patients with null variants 

exhibited an earlier disease onset (mean age= 45 years) and an earlier age at need of walking 

aids (mean age= 59 years) compared to patients with biallelic AAGGG expansions (55 and 67 

years, respectively). Furthermore, a higher percentage of cases experienced disabling 

autonomic symptoms (57% vs 17%). However, the small sample size (7 patients with null 

variants vs 100 patients with biallelic AAGGG expansion) limits the generalizability of these 

findings and will require further validation in larger studies. 

 

Table 3.1 Main demographic and clinical features of patients with null variants in RFC1 and 

comparison with patients carrying biallelic AAGGG expansions 

 

3.3.3 RFC1 Expression Studies 

We performed qPCR on fibroblasts derived from three patients (I-1, I-2, and II-1) and observed 

a 40% reduction in RFC1 mRNA level compared to controls (P= 0.03) and patients with 

biallelic AAGGG expansions (P<0.0001). Conversely, no significant difference was detected 

between controls and biallelic CANVAS cases (P = 0.15). Decreased RFC1 transcript levels 

were confirmed by RNAseq (figure 3.2). Notably, less than 10% of total number of reads 

contained the c.1267C>T variant, as opposed to an equal representation of the reads from the 

two alleles on DNA sequencing by WGS or Sanger sequencing. This suggested nonsense-

mediate decay with degradation of the transcript from the allele containing the null variant. In 

keeping with this, Western Blot confirmed a 50% reduction in RFC1 protein levels in 
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fibroblasts from patients with null variants compared to biallelic AAGGG expansion carriers 

and controls. However, no truncated RFC1 isoforms were detected (figure 3.3). 

 

Figure 3.2 RFC1 transcript quantification through Real Time PCR and RNA-sequencing in patients 

with null variants compared with cases with biallelic AAGGG expansions and healthy controls. 

 

Figure 3.3 The plots on the left display the comparison between RFC1 protein levels in controls and in 

two patients carrying a null variant in compound heterozygous state with AAGGG expansion in RFC1 

(top plot) and between controls and patients with biallelic RFC1 expansions (bottom plot). On the right, 

representative blots for each of the comparisons are shown. 
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3.4 Discussion  
In this chapter, I reported the first CANVAS patients carrying null variants in RFC1, in 

compound heterozygous state with a monoallelic AAGGG expansion. We first identified 

patients with a typical CANVAS phenotype, but carrying only one AAGGG expansion. 

Considering that AAGGG expansion frequency is relatively high in the general population (1 

out of 14 individuals[39], clinical suspect was paramount in addressing these cases to further 

genetic investigations. The identification of null variants leading to RFC1 disease strongly 

supports a loss-of-function mechanism underlying this condition. Additionally, pathogenic 

point mutations in trans with monoallelic repeat expansions have been described in other 

recessive disorders, such as Friedreich’s Ataxia [48], [111], glutaminase deficiency 

(GLS)[112] and Baratela-Scott syndrome[113]. In all these conditions, the loss of function of 

the repeat-containing genes has been demonstrated.  

The extremely low frequency of null variants in the general population and in WGS datasets 

(0.00002%) suggest that RFC1 is intolerant to loss of function. The absence of biallelic null 

variants in multiple datasets supports the evidence from in silico and mice models that complete 

loss of RFC1 function is incompatible with life [61], [62]. However, haploinsufficiency of 

RFC1 seems tolerated, considering that parents of the affected patients, carrier of one null 

variant and one normal allele, did not develop CANVAS even later in life.  

Our expression studies demonstrate a clear reduction in RFC1 transcript and protein in patients 

with null variants, contrasting with previous studies that found no change in expression in 

patients with biallelic expansions. It is possible that, compared to null variants, the AAGGG 

repeat expansion leads to milder effects on RNA and protein levels, which may be undetectable 

by standard quantification methods but sufficient to impair function in vulnerable cells. 

Clinically, patients with null variants exhibit a more severe phenotype, with earlier onset and 

faster progression compared to those with biallelic expansions. 

Additionally, this work expands the genotypic spectrum of RFC1-related disease, highlighting 

the importance of deep clinical phenotyping and full RFC1 gene sequencing in cases with 

unexplained CANVAS-like phenotypes. 

Finally, we did not identify the causative mutation in 7 patients with a CANVAS phenotype 

and carrier of one expanded AAGGG allele. This raises the possibility of more complex genetic 

abnormalities at RFC1 locus, which warrants further investigation with more advanced 

sequencing methods. 

 

 

 

 

  



 

32 

 

Chapter 4: Expanding the genotypic spectrum of RFC1 disease: 

novel pathogenic repeat motifs 

 

4.1 Study Rationale 
As discussed in the previous chapters, RFC1 disease presents significant clinical and genetic 

heterogeneity. For instance, various configurations at the RFC1 repeat locus have been 

described after the gene discovery in 2019, including both motifs commonly found in 

unaffected individuals (e.g., AAAAG, AAAGG) and rare pathogenic ones described in certain 

ethnic groups (i.e., AAAGG10–25AAGGGn and ACAGG in Oceania and East Asia)[25], [26], 

[27]. However, comprehensive data on the distribution, size range, and pathogenicity of motifs 

at RFC1 repeat locus across a large and unbiased cohort remain scarce. 

In this study, we leveraged whole genome sequencing (WGS) data from the 100,000 Genomes 

Project to investigate the normal and pathogenic variation of the RFC1 repeat expansion. We 

also aimed to identify and characterize novel pathogenic motifs in CANVAS patients negative 

for biallelic AAGGG expansions. The results of this study have been published in Brain[94] . 

 

4.2 Material and Methods 
 

4.2.1 Whole genome sequencing data analysis  

We analyzed WGS data from the 100,000 Genomes Project, established by Genomics England 

(GEL). This project aimed to sequence the genomes of patients under the UK National Health 

Service and affected by rare diseases or cancer(The 100,000 Genomes Project Pilot 

Investigators, 2021). Our study included 893 genomes from ataxia patients and 8107 genomes 

from non-neurological controls, all aged 30 years or above. We used ExpantionHunterDeNovo 

(EHDN) v0.9.0 to detect penta- and hexa-nucleotide repeat expansions in RFC1. We estimated 

the distribution of repeat motifs and their zygosity status, focusing on motifs that were 

homozygous or compound heterozygous with AAGGG in ataxia cases and absent or less 

represented in controls. Genetic ancestry was predicted using a principal component analysis 

(PCA) based on the five macro-ethnicities from the 1000 Genomes project (European, African, 

South Asian, East Asian, American), with a “mixed” category for samples not fitting any of 

the components with 95% threshold.  

 

4.2.2 Repeat-primed-PCR and Southern blotting 

We validated by RP-PCR the novel repeat motifs identified in GEL. Additionally, we screened 

540 patients with genetically confirmed RFC1 CANVAS for these motifs. Primers sequence 

and cycling conditions are reported in table 4.1.  

All RP-PCR screening was then followed by Southern blotting to confirm the biallelic status 

and to measure the repeat expansion size. 
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Table 4.1 Primers sequence and cycling conditions used for the screening of the novel pathogenic 

configurations identified through WGS data. 

 

4.2.3 Targeted RFC1 long-read sequencing  

To obtain accurate information about the repeat sequence and the presence of interruptions, we 

employed long-read sequencing with different platforms, including Oxford Nanopore and 

Pacific Biosciences (PacBio) ones. The adoption of multiple methods was motivated by the 

technical challenges in sequencing large and highly repetitive regions. 

PacBio platforms employ a “single molecule real time” (SMRT) sequencing technology. This 

relies on the creation of circular DNA molecules by inserting two hairpin adapters. The circular 

DNA is then sequenced multiple times by incorporation of fluorescently labelled dNTPs, with 

release of a detectable fluorescent signal. Sequencing of a single circular molecule happens 

multiple times in order to generate a consensus read and to eliminate noise by random 

excitation of not yet incorporated dNTPs. 

Oxford Nanopore technology allows DNA molecules to pass through protein nanopores and 

detects real-time changes in electrical current intensity related to the passage of each 

nucleotide.  This technology is usually more easily accessible and library preparation is 

streamlined compared to PacBio platforms. However, it still suffers from a higher error rate in 

base calling (8-12%) and a possible lower depth of coverage. 

DNA samples were extracted from blood using MagAttract HMW DNA kit (Qiagen). This is 

a beads-based extraction method that allows for retrieval of high molecular weight DNA, more 

suitable for long-read sequencing. 
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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 fragments 

were over 25 kb were used. 

Libraries were prepared from 5 μg of input DNA and sequenced on the Oxford Nanopore 

PromethION or MinION platforms or the PacBio Sequel IIe. 

Target enrichment was achieved using either a clustered regularly interspaced short 

palindromic repeats (CRISPR)-associated protein-9 nuclease (Cas9) system or the ReadUntil 

programmable selective sequencing.   

For the Oxford Nanopore ligation sequencing gDNA Cas9 enrichment, we used four CRISPR-

Cas9 guides from [53], 

 

RFC1-F1: 5′-GACAGTAACTGTACCACAATGGG-3′, 

RFC1-R1: 5′-CTATATTCGTGGAACTATCTTGG-3′, 

RFC1-F2: 5′-ACACTCTTTGAAGGAATAACAGG-3′ and 

RFC1-R2: 5′-TGAGGTATGAATCATCCTGAGGG-3′ 

 

For PacBio No-Amp targeted sequencing, the following guides were designed in-house 

 

RFC1-F3: 5′-GAAACTAAATAGAACCAGCC-3′ 

RFC1-R3: 5′-GACTATGGCTTACCTGAGTG-3′ 

 

and up to 10 samples were multiplexed using PacBio barcoded adapters. 

Programmable targeted sequencing was performed as described previously [115]. HMW DNA 

was sheared to fragment sizes of Ḑ20 kb using Covaris G-tubes. Sequencing libraries were 

prepared from Ḑ3–5μg of HMW DNA using a native library prep kit (SQK-LSK110), 

according to the manufacturer’s instructions. Libraries were then 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 [116].  The target used in this 

study was the RFC1 gene locus ±50 kb. 

 

4.2.5 Bioinformatic analysis  

Reads were aligned to the hg38 reference using minimap2 [117]. Waterfall plots were obtained 

using PacBio scripts (https://github.com/PacificBiosciences/apps-scripts) 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) [118] and base-called using Guppy (v6). The short-tandem 

repeat (STR) site within RFC1 was genotyped with Tandem Repeats Finder (4.09). This 

program allows the annotation of the STR size, motif and other summary statistics. Reads were 

then manually inspected.  

 

4.2.6 Haplotype analysis  

We phased a 2 Mb region (chr4:38020000–40550000) encompassing the RFC1 gene using 

SHAPEITv4 [119]. Phasing was conducted for all samples in the Rare Diseases panel in 

Genomics England (n = 78,195). 



 

35 

 

We estimated haplotype age by the Genetic Mutation Age Estimator tool [120], using as input 

a list of ancestral segments from five individuals with pathogenic expansions. 

 

4.2.7 G-quadruplexes  

We predicted the propensity of different repeat configurations in RFC1 to form G-quadruplexes 

(G4s)[121] using the Quadruplex forming G-Rich Sequences (QGRS) Mapper and G4-Hunter 

software[122], [123]. G4 formation likelihood was expressed as G-score value and was 

estimated according to the following parameters: maximum sequence length, minimum 

number of G-tetrads, loop lengths.   

 

4.3 Results  
 

4.3.1 Novel pathogenic repeat motifs in RFC1 in patients from the 100,000 Genome 

project  

Of 893 ataxia cases enrolled in the 100,000 Genome Project, 124 cases had at least one 

AAGGG repeat expansion, and 48 had biallelic AAGGG expansions. 

Table 4.2 summarizes the distribution of repeat motifs in ataxia patients and controls. Four 

configurations, namely AAGGC, AGGGC, AGAGG, and the previously reported ACAGG, 

were present only in the ataxia cohort. Of them, AAGGC and ACAGG were in homozygous 

state, while AGGGC and AGAGG were coupled to an AAGGG expansion. Additionally, we 

identified one patient with isolated cerebellar ataxia carrying an AAGGG expansion along with 

an ACGGG repeat. However, the ACGGG expansion was 50 repeats long, as measured by 

Sanger Sequencing, considerably below the pathogenic threshold (250 repeats) reported for the 

AAGGG motif. Moreover, the patient’s phenotype (isolated cerebellar ataxia without 

neuropathy) supported the non-pathogenicity of the ACGGG motif. 
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Table 4.2 Distribution of repeat motifs in ataxia and non-neurological controls cohorts.  

hom = homozygous; ns = not significant.  
aThis expansion was identified in a patient with a phenotype not suggestive for CANVAS. Sanger 

sequencing showed a small expansion (50 repeat units) in the typical non-pathogenic range (10–220). 

 

RP-PCR was employed to validate the novel repeat motifs in all cases identified by EHDN and 

to confirmed segregation of the AAGGC repeat with the disease in one family (two affected 

sisters). 

These novel repeat configurations were mostly identified in European or mixed ethnicity 

individuals, with the exception of AAGGC (South Asia) and ACAGG (East Asia).  

Southern blotting, OGM and long-read sequencing revealed that the size of AGGGC, AAGGC 

and AGAGG repeat expansions was >600 repeats in all cases [mean ± standard deviation (SD), 

892 ± 247 repeat units]. 

Comparing motifs present both in ataxia cases and in controls, compound heterozygous 

AAGGG/AAAGG expansions were more frequent in the ataxia group (P= 0.05).  

We performed Southern Blotting in 5 CANVAS patients and in 8 controls with 

AAGGG/AAAGG expansions and observed that AAAGG expansions in patients were > 600 

repeat units long (979 ± 257 repeat units), significantly larger than in controls (238 ± 142 repeat 

units, P < 0.0001). 

No truncating or structural variants in RFC1 were identified in individuals carrying 

heterozygous AAGGG repeat expansions. 
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4.3.2 Long-read sequencing confirms the sequence of the expanded repeats  

We employed long-read sequencing to characterize the novel repeat motifs. We confirmed the 

presence of an uninterrupted AGGGC in Case II-1 and AGGGC in Case III-1. Conversely, we 

observed mixed AGAGG/AAAGG and AAGGC/AAGGG repeat configurations. AAAGG 

configuration was interrupted in 3 cases and mixed with the AAGGG motif in two cases (figure 

4.1) 

 
Figure 4.1 The panel shows data from four representative patients with novel pathogenic 

configurations. From top to bottom, the figure displays the pedigree (p=proband), RP-PCR plots, 

Southern Blotting and, if available, Optical Genome Mapping results. At the bottom, long-read 

sequencing results showing AAGGC, AGGGC, AGAGG, and AAAGG expansions, pure or 

interrupted. 

 

4.3.3 All pathogenic repeat configurations share an ancestral haplotype  

A region of 66 kb (figure 4.2, between Markers B and C, chr4:39302305–39366034, hg38) 

was common to all pathogenic alleles. Interestingly, 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) In this patient, the haplotype became the same as 

the wild- type allele, suggesting a more recent recombination event at Marker B. The estimated 

age of the ancestral haplotype that gave rise to the different pathogenic configurations is 

approximately 56,100 years (95% confidence interval: 27,680–115,580 years).  
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Figure 4.2 Graphical representation of the haplotypes associated to the different pathogenic repeat 

motifs identified in RFC1. 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). The haplotype shared by all patients is delimited between marker A and B. However, a 

larger region of 207 kb (A-C) is shared among all but one allele for Case III-1, suggesting a 

recombination event at marker B (rs2066782) in this family. The haplotype of the unexpanded AAAAG 

allele is provided at the bottom of the figure for comparison. 

 

4.3.4 Clinical features of patients carrying novel pathogenic repeat configurations in 

RFC1  

We identified 14 patients from 12 families carrying novel pathogenic RFC1 repeat 

configurations. All patients were Europeans, apart from Cases I-1 and I-2, who were from 

India, and Case X-1, who was from Australia. Mean age-of-onset was 51.5 ± 13.7 years (range: 

24–73), and mean disease duration at examination was 17.2 ± 8.7 years (range: 3–34). Six 

patients presented isolated sensory neuropathy, associated with cough in four of them; one 

patient had sensory neuropathy and vestibular dysfunction; seven cases had full CANVAS. 

Additional features were observed in some cases, including early onset and rapid progression 

(n=1), cognitive impairment (n=2), muscle cramps (n=4) and REM sleep behaviour disorder 

with positive dopamine transporter scan (DatScan) (n=11). Autonomic dysfunction was 

observed in six cases and was severe in two of them (both cases carrying AGGGC expansions). 

 

4.3.5 Pathogenic configurations in RFC1 are predicted to form G-quadruplexes  

G4s are secondary DNA structures that act as transcriptional regulators by impeding 

transcription factor binding to duplex-DNA or stalling the progression of RNA 

polymerase[121], [124], [125]. As repetitive G-rich sequences are known to form G4s, we set 

out to evaluate the propensity of the different repeat configurations in RFC1 to G4s formation.  

Using QGRS-Mapper and G4Hunter, all the pathogenic repeat configurations showed high G4 

scores, comparable to the well-known G4-forming regions of the cMYC[126] and 

HRAS[127]genes. Therefore, pathogenic motifs are predicted to form G4s. Conversely, non-

pathogenic AAAAG configuration did not show a high propensity for G4 formation (Table 

4.3).  



 

39 

 

 
Table 4.3 The table provides an estimate of the G-score values for the pathogenic and non-pathogenic 

repeat configurations found in RFC1 and compared to well-known G4-forming sequences 

 

4.4 Discussion  
In this study, we leveraged WGS data from nearly 10,000 individuals enrolled in the Genomics 

England sequencing project to explore the normal and pathogenic variation of the RFC1 repeat 

locus. We identified three novel repeat configurations associated with RFC1-CANVAS 

disorder, including AGGGC, AAGGC and AGAGG. Additionally, we provided evidence for 

an “incomplete penetrance” of the AAAGG repeat motif: expansions larger than 600 repeat 

units, either uninterrupted or interrupted, are pathogenic, whereas shorter AAGGG expansions 

are common in unaffected individuals. AAAAG, AAGAG and AAAGGG expansions are 

likely always to be benign (figure 4.3).  
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Figure 4.3 Normal and pathogenic significance of repeat expansion motifs at the RFC1 locus. AAAGG 

repeat expansion motif is found to be either non-pathogenic or pathogenic depending on the repeat size. 

Adapted from Dominik et al., 2023. 

 

Novel pathogenic motifs were predominantly found in Caucasian patients; however, ACAGG 

and AAGGC were identified in non-Caucasians (East Asian and South Asian individuals, 

respectively). However, the presence of a shared 207 kb region among most pathogenic repeats 

suggests that they originated from a common ancestor who lived Ḑ50 000 years ago. 

Interestingly, a previous study[12] identified a 360 kb haplotype in CANVAS patients from 

Australia and dated back a common ancestor approximately 25880 years ago. In our study, the 

inclusion of additional motifs and multiple ethnicities allowed us to narrow the core haplotype 

and to extend further back in time the common ancestor carrying a pathogenic expansion in 

RFC1. Notably, our timeline falls within the migration of humans from Africa to the other 

continents (i.e. between 70,000 and 50,000 years ago), which could have explained the spread 

of the repeat-containing haplotype. Patients carrying novel configurations presented the typical 

clinical features of RFC1-disease, although some cases seemed to have a more severe disorder 

due to symptomatic dysautonomia, early cerebellar involvement or disabling gait disturbance. 

The findings of this study have important clinical implications. First, AAAGG and AGGGC 

seem to be common in Caucasian individuals and should be included in the screening for RFC1 

expansions in all cases. Then, for individuals with compound AAGGG/AAAGG expansions, 

precise sizing and full sequencing through long-read techniques are essential to determine the 

pathogenicity. In case of high suspicion for RFC1 disease but inconclusive PCR screening 

(e.g., absence of amplifiable product at flanking PCR and negative RP-PCR for the canonical 

motifs), additional methods like Southern blotting, genome optical mapping or long-read 

sequencing are recommended. Based on our findings, we hypothesize that the size and GC-

content of the pathogenic repeat may be more relevant than the repeat motif itself. In keeping 
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with this, all pathogenic repeats are rich in GC-content and are predicted to form stable G4s. 

This could be relevant in understanding the mechanisms underlying RFC1 disease, given that 

G4s affect gene transcription in other conditions[124], [125]. Moreover, recent studies 

confirmed that the AAGGG expansion promotes the formation of G4s in vitro [128], [129], 

[130]. 

 

In conclusion, this study improved the understanding of genetic heterogeneity in RFC1- 

CANVAS disease by identifying new pathogenic repeat motifs (AAGGC, AGGGC, and 

AGAGG) and demonstrating the pathogenic role of large AAAGG expansions. Accurate sizing 

and full sequencing of RFC1 repeats in selected cases are crucial for proper diagnosis and 

patient counselling. The findings also emphasize the importance of incorporating advanced 

sequencing methods when dealing with challenging or unsolved cases. 
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Chapter 5. Functional studies  
 

5.1 Study rationale 
This chapter presents our investigation into the mechanisms underlying RFC1 disease. We also 

focused on the biological properties of the AAGGG repeat expansion, specifically the stability 

of the repeat length during intergenerational transmission and across different tissues.  

As discussed in previous chapters, the identification of null variants in CANVAS patients, 

together with the observed correlation between the size of the AAGGG repeat expansion on 

the smaller allele and the age of disease onset, support the existence of a loss-of-function 

mechanism. 

Consistent with this hypothesis, we observed a reduction in RFC1 transcript and protein levels 

in patients carrying compound heterozygous null mutations and AAGGG expansions. 

However, fibroblasts from CANVAS patients with biallelic AAGGG expansions did not 

exhibit altered RFC1 expression[11], [22]. Thus, the exact disease-causing mechanism remains 

elusive. 

To address this gap, we formulated the following working hypotheses: 

a) the AAGGG repeat is unstable, expanding beyond a pathogenic threshold in affected tissues, 

which leads to decreased RFC1 transcript and/or protein levels in those tissues. 

b) the AAGGG repeat is somatically stable, with reduced RFC1 expression in affected tissues 

being driven by mechanisms independent of repeat length. 

c) changes in RFC1 expression are either absent or undetectable using current quantification 

methods. Nevertheless, one or more functions of RFC1 are impaired in vulnerable tissues. 

To test the first and second hypotheses, we evaluated the stability of the AAGGG repeat size 

in unaffected tissues (e.g., peripheral blood, fibroblasts, muscle, frontal cortex) and affected 

tissues (e.g., cerebellar hemispheres and vermis) from CANVAS disease patients. 

Additionally, we quantified and compared RFC1 mRNA and protein levels in disease-relevant 

models, including induced pluripotent stem cell (IPSC)-derived neurons and post-mortem brain 

tissue from both patients and controls. 

We also investigated the intergenerational stability of the AAGGG repeat by measuring its size 

across multiple family members, both affected and unaffected. 

Regarding the third hypothesis, RFC1 has been implicated in DNA replication and DNA repair 

pathways. We hypothesized that impaired DNA repair function is the most likely contributor 

to RFC1-CANVAS pathology. Two observations support this hypothesis: first, clinical 

evidence indicates that RFC1 disease predominantly affects terminally differentiated, non-

proliferating neuronal cells[29]. Second, the DNA repair pathway is frequently implicated in 

neurodegenerative diseases, particularly in cerebellar ataxias [131], [132], [133]. Preliminary 

data from our collaborators at the Institute of Molecular Genetics (IGM-CNR) in Pavia (Dr. 

Crespan) indicated that lymphoblasts from CANVAS patients exhibit reduced viability and 

early activation of apoptosis following exposure to platinum derivatives (manuscript in 

preparation). Hence, we aimed to investigate the involvement of the DNA repair pathway 
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using disease-relevant models such as IPSC-derived neurons and post-mortem brain tissue. 

Additionally, the assessment of gamma-H2AX in post-mortem brain tissues was justified by 

earlier neuropathological works, which demonstrated a neuronal accumulation of double-

strand breaks (DBS) in Alzheimer’s disease[134], [135], therefore highlighting a possible link 

between DNA damage and neurodegenerative disease. 

Prior to protein quantification experiments, I performed a validation of antibodies against 

RFC1 protein. Previous work by former collaborators involved testing several commercially 

available anti-RFC1 antibodies (listed in figure 5.1 in the methods section) as well as one 

customised antibody (provided by Prof. Huebscher, University of Zurich). However, the 

detection of multiple bands near RFC1 expected molecular weight (approximately 140 kDa) in 

most cases precluded accurate quantification and comparison of signal intensity. This issue 

may be attributed to nonspecific antibody binding, post-translational modifications, or 

proteolytic cleavage during protein extraction or sample preparation. To identify the correct 

RFC1 target band, we employed an RNA interference-based knockdown of RFC1 in HEK293 

cells. 

In the final section of this chapter, we explored the effects of DNA-damaging agents on 

individuals carrying AAGGG expansions in RFC1.  DNA-damaging agents are routinely used 

to treat a wide range of neoplasms. Neurotoxicity is a well-known side effect of many 

chemotherapy drugs, including taxanes, platinum derivatives, and bortezomib [136]. Sensory 

neurons appear to be particularly vulnerable, likely due to the unique properties of the dorsal 

root ganglia-blood barrier [137]. We focused specifically on platinum derivatives, as there are 

notable similarities between platinum-induced neuropathy and RFC1 disease. For instance, 

both conditions manifest as a predominantly ataxic, non-length-dependent sensory 

neuronopathy.  

Given the estimated prevalence of biallelic RFC1 expansions in the general population (~1 in 

625 individuals), detecting a significant association between biallelic AAGGG repeats and the 

effects of platinum exposure would require an extraordinarily large sample size. Contrastingly, 

approximately 1 in 14 individuals in Europe is estimated to carry an AAGGG expansion in 

RFC1 [39]. We therefore investigated whether the presence of a single expansion represents a 

risk factor for the development of a platinum-induced peripheral neuropathy. 

 

5.2 Methods 

 

5.2.1 Investigations on the repeat stability 

Somatic instability  

To assess somatic instability of the AAGGG repeat expansion across various tissues, Optical 

Genome Mapping (OGM) was used to measure repeat sizes from both affected (vermis, 

cerebellar hemispheres) and unaffected (frontal cortex, muscle, fibroblasts) tissues of four 

patients with biallelic RFC1 expansions. A DNA sample from a patient with a C9orf72 

GGGGCC repeat expansion served as a positive control for repeat instability. OGM technology 

enables precise detection of large (>500 bp) structural variants through fluorophore-labeled 

probes that tag ultra-high molecular weight DNA molecules. 
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Even though OGM and Southern Blotting perform similarly in sizing RFC1 repeat 

expansions[55], the former demonstrated a higher sensitivity in the detection of somatic 

variation[138].  

OGM involves ultra-high molecular weight DNA extraction, fluorophore labeling, 

linearization of DNA on a Saphyr chip, and imaging on Saphyr machine. Structural variants 

are detected by observing variations in the distances between CTTAAG-labeled sequences, 

which occur about 15–20 times per 100 kbp. The distribution of intervals between labels is 

variable at each locus, therefore enabling the correct alignment of DNA molecules. Structural 

variants (e.g. expansions, duplication, deletions) will result in variation of the distance between 

markers. As multiple molecules are mapped against the reference sequence at any locus, the 

final output is a Gaussian distribution of the inter-label distance in base pairs. For this study, 

the focus was on the RFC1 locus located between markers 7723 and 7724, comparing repeat 

sizes and standard deviations across different tissues to detect somatic instability. 

Meiotic instability  

Meiotic instability was assessed using Southern Blotting to measure RFC1 repeat sizes in 

blood-derived DNA from 27 probands and their first-degree relatives. The repeat sizes were 

compared within families to evaluate stability during intergenerational transmission. Variation 

in size was expressed both as percentage and as absolute number of repeat units. A linear 

mixed-effects model was used to analyze the stability of the repeat expansion. 

 

5.2.2 Validation of anti -RFC1 antibodies  

RNA interference 

To validate multiple anti-RFC1 antibodies, RNA interference (RNAi) was performed to silence 

RFC1 expression in HEK293 cells. Cells were cultured in DMEM (ThermoFisher) 

supplemented with 10% Fetal Bovine Serum (ThermoFisher) and were transfected with 25 

pmol of an RFC1-silencing siRNA pool ((siRFC1: 5’-GUAAAUAGCUCCCGUAAAG-3’; 5’-

GGAAUUAAUUGGCCUGAUA-3’; 5’-GUCCAAAGAUCUAAUAAGA-3’; 5’-

CAUAUGCGAUGGUGACCUA-3’) or non-targeting siRNA (shamRNA, D-001810-10-05, 

ThermoFisher). The experiment was carried on 6-well plates and HEK293 cells were 

transfected when they reached a 60-70% confluence. The cells were harvested after 48 hours 

for RNA and protein extraction. 

RNA extraction 

RNA was extracted using Qiagen RNeasy extraction kit, according to manufacturer’s 

instructions.  Cell pellets were resuspended in RLT buffer, then one volume of 70% ethanol 

was added and mixed by pipetting. The whole volume was transferred onto a RNeasy Mini 

spin column in a collection tube. After a brief centrifugation, flowthrough discarded. Column 

was then washed once with buffer RW1 and twice with buffer RPE. Finally, RNA was eluted 

in 30 uL of RNAse-free water by centrifugation for 1 minute at maximum speed. Concentration 

and quality were checked on a Nanodrop spectrophotometer.  
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cDNA synthesis and RealTime PCR 

cDNA synthesis was carried out using the SuperScript® III First Strand Synthesis System kit 

(Invitrogen). Random hexamers and dNTPs (1 uL each) were added to 500 ng of RNA into a 

PCR tube. Volume was adjusted to 10μl by adding RNAse free water. The mixture was 

incubated at 65°C for 5 minutes and placed on ice. Meanwhile, cDNA synthesis mix was 

prepared by mixing 2 μl of 10X RT buffer, 4 μl of 25mM MgCl2, 2 μl of 0.1 M DTT, 1 μl of 

RNase OUT and 1 μl of SuperScript® III. Ten μl of the cDNA mixture was added to the RNA 

and amplification was achieved using the following cycler conditions: 10 minutes at 25°C, 50 

minutes at 50°C and 5 minutes at 85°C. Subsequently, RNase H treatment was performed for 

20 minutes at 37°C.  

Each PCR Reaction (final volume=20 uL) was prepared by mixing 10 μl of Fast SYBR Green 

Master Mix (2x) with 8 μl of DPEC water, 1 μl each forward and reverse primer (10uM) and 

1μl of DNA. Samples were plated on an optical 96-well plate in technical triplicates and run 

on a QuantStudio RealTime PCR machine. The following primers were used: RFC1 (forward: 

5’-CTTCGCGGGAGAAGTTGTTG-3’, reverse: 5’-ATTTCCGAATGTCCATCGCAG-3’); 

GAPDH (forward = 5’-TGCACCACCAACTGCTTAGC-3’, reverse = 5’-

GGCATGGACTGTGGTCATGAG-3’). Relative gene expression was quantified with the 

comparative CT method and normalized to GAPDH as a housekeeping gene. Data were 

presented as normalized fold expression change (2DDCt). 

 

Protein extraction and Western Blot 

Proteins were extracted after incubation in RIPA buffer supplemented with protease inhibitor 

(Sigma Aldrich) for 60 minutes on ice. After a centrifugation step (15 minutes at 6200 g, 4°C), 

the protein-containing supernatant was transferred to a new tube. Protein concentration was 

measured with the Pierce™ BCA Protein Assay Kit (ThermoFisher), according to 

manufacturer’s protocol.  

Fifteen mg of protein lysates were mixed to BOLT sample loading buffer and BOLT denaturing 

agent (ThermoFisher), denatured for 5 minutes at 95°C, and loaded on a BOLT Bis-Tris Plus 

4-12% Mini Protein Gel (ThermoFisher). Samples were separated in 1X MES SDS running 

buffer (ThermoFisher) and transferred onto a polyvinylidene fluoride (PVDF) membrane 

(Millipore). Multiple replicates of the lysates from the siRNA-transfected, the shamRNA-

transfected, and the untrasfected line were loaded, to enable testing of multiple anti-RFC1 

antibodies.  

Transfer efficiency was evaluated by Ponceau staining (ThermoFisher). Membrane was 

blocked for one hour in 5% nonfat dry milk in TBS-T (1X Tris-buffered Saline ph 7.4 + 0.1% 

Tween-20). After blocking, membrane was cut into multiple strips and each of them was 

incubated with a separate anti-RFC1 antibody overnight at 4°C.  

Primary antibodies tested included: GTX129291 (GeneTex); LS‑C331592 (LS-Bio); 

H00005981-M01 (Abnova); Invitrogen PA5-79923 (ThermoFisher); customised anti-RFC1 

donated by Prof. Hubscher; sc-271656 (Santa Cruz); 19159-1-AP (Proteintech). A list of the 

aminoacid targets and a map of the binding sites is showed in figure 5.1.  
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Figure 5.1 The diagram outlines the target of the antibodies anti-RFC1 employed in this study. A 

scheme of RFC1 gene with coding and intronic regions is provided. Different colours are used to 

highlight the combination between the antibody and the specific targeted region. For the GTX129291 

antibody, the specific region targeted at the C-terminus of RFC1 protein is not provided by the supplier. 

 

After three washes in TBS-T, blots were incubated with secondary antibodies (anti-mouse or 

anti-goat, 1:10000, Abcam), for 1 hour at room temperature. Protein bands were visualized 

using an enhanced chemiluminescent reagent (ECL™ Select Detection Reagent; Cytiva). The 

intensity of the bands was quantified using Fiji software, normalizing against beta-actin.   

 

5.2.3 Quantification of RFC1 transcript and protein in disease relevant model 

Post-mortem brain tissues 

Post-mortem brain tissue samples from RFC1 positive patients were collected through an 

international collaboration involving the brain banks at UCL Institute of Neurology, King’s 

College London, University of Newcastle, Columbia University (New York, US), and Harvard 

Medical School (Boston, US). When available, multiple brain regions were sampled (i.e., 

frontal cortex, cerebellar hemispheres, and cerebellar vermis).  

Each centre provided control samples to address for site-specific variability (e.g. sampling and 

fixation methods, storage conditions).  

 

Generation and maintenance of induced pluripotent stem cells 

A first batch of induced pluripotent stem cells (IPSC) lines from CANVAS patients and healthy 

subjects were generated by Axol Bioscience (Edinburgh, UK) from human skin fibroblast 

samples. A second batch was generated by Oxford StemTech (Oxford, UK) from human whole 

blood derived peripheral blood mononuclear cells (PBMCs) or human skin fibroblast samples. 

Appropriate consent and local ethical committee approval were obtained prior to human 

specimen sampling. Skin fibroblasts were reprogrammed into iPS cells via Cytotune Sendai 

virus iPSC reprogramming system. Blood samples were processed for PBMC isolation and 

cryopreservation. All PBMC lines were exposed to erythroblast derivation media and growth 

factors. Eritroblasts were subjected to Sendai virus-based iPSC reprogramming using the 

company’s ReproPlex™ technology. iPSC colonies were manually isolated and expanded to 

derive 2 iPSC lines per donor and frozen between passage number 5-7. Quality control analyses 
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included assessment of morphology, post-thaw viability, expression of pluripotency markers 

by flow cytometry (i.e. TRA-1-60, NANOG), global screening array karyotyping, and 

mycoplasma test. 

iPSCs were maintained in mTesR1 (StemCell Technologies) on Geltrex (ThermoFisher) coated 

dishes. Cells were routinely passaged at 70-80% confluence with 0.5 mM EDTA 

(ThermoFisher). Y-27632 (Tocris) was supplemented to the cell medium for 24 hours after 

thawing iPSCs. 

 

Differentiation of IPSCs in sensory neurons  

Sensory neurons were differentiated from IPSCs according to a published protocol[139]. IPSCs 

were maintained and passaged as described above. When cells reached 70-80% confluency, 

mTESR1 medium was replaced with a KSR-based medium (day 0 of the differentiation 

protocol). This medium consisted of Knockout-DMEM, 100 mM beta-mercaptoethanol, 1% 

Glutamax, 1% nonessential amino acids, 15% knockout-serum replacement. From day 4, 

medium was gradually transitioned to a N2/B27 medium (Neurobasal Medium, 2% B27, 1% 

N2, 1% Glutamax), with 25% increases every other day. Supplements were added as per the 

following schedule: SB431542 10 uM and LDN-193189 100 nM (day 0 to day 5): CHIR99021 

3 uM, SU5402 10 uM and DAPT 10 uM (day 3 to day 11). On day 12 of differentiation cells 

were dissociated in TrypLE (ThermoFisher) and replated in plasticwares (for RNA and protein) 

or on glass coverslips (for immunofluorescence). Medium was supplemented with Rock 

Inhibitor (for the first 24 hours), NGF, BDNF, GDNF, NT3 (each at 25 ng/mL; Peprotech) and 

CHIR90221 (withdrawn on day 16). Medium was changed twice weekly. To eliminate non-

neuronal cells, Cytosine b-D-arabinofuranoside (1 mM, Sigma) was added every other medium 

change for 2-3 weeks. After day 28, concentration of the neurotrophic growth factors was 

reduced to 10 ng/ml and laminin 10 ug/mL (Bio-techne) was added to the medium. Efficiency 

of the differentiation protocol was assessed by staining for the transcription factor BRN3A 

(Abcam), which is a well-established marker of sensory neuron lineage [139]. 

 

Differentiation of IPSCs in motor neurons  

Motor neurons were differentiated from iPSCs following a published protocol[140]. On day 0, 

IPSCs were dissociated with Accutase (STEMCELL Technologies) and resuspended in a 

N2B27-based medium (1:1 DMEM/F12 - Neurobasal medium, N2-supplement, B27, 2 mM L-

glutamine, 1% Penicillin-Streptomycin, 0.1 mM β-ME; all from ThermoFisher), supplemented 

with 10 μM Y-27632 (Abcam), 0.1 μM LDN193189, 20 μM SB431542, and 3 μM CHIR-

99021 (all from Sigma Aldrich). Embryoid bodies (EBs) were visible from day 2. Media was 

changed every 2-3 days and small molecules were supplemented according to the following 

scheme: on day 2, 0.1 μM LDN 193189, 20  μM SB431542, 3  μM CHIR-99021, and 100 nM 

retinoic acid (RA, from Sigma Aldrich); on day 4: 0.1 μM LDN 193189, 20 μM SB431542, 3 

μM CHIR-99021, 100 nM RA, and 500 nM Smoothened Agonist (SAG, Sigma Aldrich); on 

day 7: 100 nM RA and 500 nM SAG; finally, on day 9: 100 nM RA, 500 nM SAG, and 10 μM 

DAPT (Cambridge Bioscience). EBs were dissociated between day 11 and 14 and seeded on 

Geltrex-coated plates. Post-mitotic neurons were maintained in a N2B27-based medium 

supplemented with 100 nM RA, 500 nM SAG, 10 μM DAPT (all withdrawn on day 7 after 

replating) and the neurotrophic factors BDNF, GDNF, and CNTF (10 ng/mL; Peprotech). 
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Medium was changed every other 3-4 days and experiments were performed between day 18 

and day 25 of differentiation, unless otherwise specified. The efficiency of differentiation in 

neurons was assessed by staining for the neuronal markers Beta-tubulin III (eBioscience) and 

Microtubule-associated protein 2 (MAP2, Sigma-Aldrich).  

Figure 5.2 provides an overview of the differentiation protocols for motor and sensory neurons. 

 

 
Figure 5.2 Overview of differentiation protocols for IPSC-derived sensory and motor neurons 

 

cDNA synthesis and RealTime PCR 

For brain samples, RNA extraction was carried out by BioXpedia (Aarhus, Denmark) and RNA 

samples were stored at -80°C. 

For sensory and motor neurons, cells were harvested in RLT lysis buffer and detached using a 

cell scraper. Subsequent steps of RNA extraction followed the methods described in paragraph 

2.1.2.  

cDNA synthesis was carried out starting from 250 ng (cerebellum) or 500 ng (sensory and 

motor neurons), due to the variable yield of RNA extraction process. 

 

RNA-sequencing 

Library preparation and RNA-sequencing from post-mortem brain tissue and IPSC-derived 

neurons was performed at UCL genomics.   

For IPSC-sensory neurons and brain tissue, read quality was assessed with FastQC v0.11.9 and 

alignment to reference hg38 was performed using STAR v2.7.7a[108].  

For IPSC-motor neurons, data were analyzed following the nf-core/rnaseq pipeline 

v3.14.0[141], including FastQC v0.12.1 and STAR v2.7.9. Subsequently, reads were processed 

with featureCounts v2.0.1[110] and Gencode v35 to obtain gene expression count. 

Differential gene expression (DESeq2) and differential exon usage (DEXSeq) analysis were 

conducted. 

 

Protein extraction and Western Blot 

For brain samples, tissue was lysed in RIPA buffer supplemented with a complete EDTA-free 

protease inhibitor cocktail (Roche Diagnostics) and homogenized on ice using a tissue ruptor 

with disposable probes (Qiagen). For IPSC-neurons, cells were harvested in RIPA buffer on 

ice and detached using a cell scraper. Protein extraction and western blot were performed as 

described in section 2.1.5 and 2.1.6. Up to 50 mg of brain lysates and up to 25 mg of IPSC-

motor neuron lysates were loaded. Protein quantification in IPSC-sensory neurons was 

prevented by the low yield of protein extraction. 
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Immunohistochemistry  

In collaboration with UCL IQPath facility, immunohistochemistry was performed on formalin-

fixed paraffin-embedded (FFPE) slides of brain tissues from CANVAS patients, healthy and 

pathological controls.   

All the staining were carried out on the automated Ventana Discovery Ultra machines (Roche). 

During anti-RFC1 antibody optimisation stage, the following epitope retrieval techniques were 

assessed: 

- CC1, or Cell Conditioning using Conditioner #1, employs Tris-EDTA buffer at a pH of 7.8, 

heated to 95 degrees Celsius for heat-induced epitope retrieval lasting 44 minutes;  

- CC2 differs from the previous method for the use of a Citrate-based buffer at a pH of 6.0;  

- P3 is an enzyme-based antigen retrieval, based on the use of protease 3.  

 

The following primary antibodies were used: anti-RFC1 (LS-C331592, LSBio), at a dilution 

of 1:100 and an incubation time of 1 hour; anti-gamma H2A.X (phospho S139) (ab81299, 

Abcam) at a dilution of 1:250 and an incubation time of 4 hours. Slides were when incubated 

with a goat anti-rabbit secondary antibody (ab207995, Abcam) for 1 hour.  Antigen detection 

was performed using 3,3'-diaminobenzidine (DAB, Roche 760-124) and cells were 

counterstained with haematoxylin (Roche, 760-2021) and bluing reagent (Roche, 760-2037). 

Images were acquired on a NanoZoomer S360 Digital slide scanner (Hamamatsu) with a x40 

lens. The distribution of DAB and percentage of positive staining area relative to the region of 

interest (ROI) were annotated. 

 

5.2.4 Effects of the biallelic RFC1 expansion on neuronal maturation and DNA damage 

repair  

 

Multi -electrode arrays (MEA) 

IPSC-derived motor neurons were dissociated on day 13 and 100,000 cells per well were plated 

on geltrex-coated 24-well CytoView MEA plates (Axion Biosystems). Four replicates were 

plated for each line. Cells were maintained in a N2B27-based medium until day 2 post-replating 

and then gradually switched to BrainPhys (StemCell Technologies). Recordings were 

performed twice in a week from day 7 on a Maestro MEA system (Axion Biosystems), using 

the manufacturer’s Spontaneous Neural+Viability Configuration. Last recording was 

performed on day 31 post-dissociation.  The threshold for spike detection was set to 5.5 times 

the standard deviations of the estimated noise for each electrode. A burst was defined according 

to an Inter-Spike Interval (ISI) algorithm, that is at least five spikes with a maximum ISI of 100 

ms. Detection of network bursts, which indicate the synchronous spiking across electrodes in 

the well, required a minimum number of 50 spikes, minimum ISI of 100 ms, and a minimum 

of 35% active electrodes. Time window for firing synchrony was set at 20 ms. The following 

parameters were collected and analyzed: number of spikes, weighted mean firing rate, number 

of bursts, bursts frequency and duration, number of network bursts, resistance.  
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DNA damage assays  

On day 7 after dissociation, medium was supplemented with either DMSO, 5uM Cisplatin or 

10 uM Cisplatin (Sigma Aldrich, P4394). Each condition was tested in triplicates. For gamma-

H2AX quantification assay, medium was removed after one hour of treatment and replaced 

with fresh N2B27 supplemented with BDNF, GDND, and CNTF. To observe the kinetics of 

foci formation and removal, cells were then fixed at 0, 1, 6, 24, 48, and 72 hours after treatment 

and stained as described below. For Cleaved-Caspase3 detection, medium was removed after 

24 hours of continuous treatment and cells were fixed immediately after.  

 

Immunofluorescence 

Fixation was done using 4% paraformaldehyde for 20 minutes at room temperature, followed 

by permeabilization with 0.2% Triton X-100. Cells were then blocked with 5% goat serum in 

PBS containing 0.1% Tween-20 for 1 hour. Primary antibodies were incubated overnight at 

4°C. Depending on the experiments, the following primary antibodies were used: mouse anti-

gamma H2AX (1:1000, Millipore); rabbit anti-cleaved caspase-3 (1:500, Cell Signaling); 

mouse anti-beta Tubulin III (1:1000, eBioscience); mouse anti-MAP2 (1:100, Sigma Aldrich); 

rabbit anti-Brn3a (1:500, Sigma Aldrich). Cells were then washed, incubated with secondary 

antibodies for 1 hour, and nuclei counterstained with DAPI (Sigma Aldrich). 

Image Acquisition and Analysis  

For neuronal marker expression, confocal images were captured using the MICA imaging 

system (Leica) with optimal focus set on the DAPI channel. Z-stacks with six optical slices 

(1.25 µm apart) were acquired. For gamma-H2AX foci quantification and Cleaved-caspase 3 

assessment, images were analysed using the Opera Phenix High-Contents Screening (HCS) 

System (PerkinElmer Inc.) equipped with Harmony software. Images were captured using a 

20x lens for gamma-H2AX and 40x water immersion lens for cleaved caspase-3, optimized for 

individual channels. Analysis involved maximum projection of Z-stacks, using nuclei and spot 

detections algorithms with custom settings for noise reduction and nuclear segmentation. 

Number of gamma-H2AX was expressed as total spot area (in mm2) and normalized per total 

nuclei count. Apoptotic rate was measured as percentage of positive Cleaved-caspase 3 nuclei.  

 

5.2.5 Investigating the interaction between RFC1 expansion and DNA damaging agents 

in humans 

 

Patients enrollment and data collection 

Patients were retrospectively enrolled from multiple oncological and neurological institutions 

across Europe and US. Inclusion criteria were age > 18 years and exposure to at least 6 cycles 

of oxaliplatin treatment, with no specification regarding the chemotherapy scheme or the 

underlying neoplasm. Demographic information and data about dosage and duration of 

exposure to oxaliplatin and severity of the chemotherapy-induced neuropathy were collected.  

 

RFC1 genetic testing 

All DNA samples underwent RFC1 screening, including flanking PCR and repeat-primed PCR 

for the AAGGG motif. RP-PCRs for the AAAGG and AAAAG motifs were performed only if 
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no amplifiable product was visible at flanking PCR, to exclude a biallelic status of the AAGGG 

repeat.  

 

Chemotherapy-induced peripheral neuropathy (CIPN) grading 

The severity of CIPN was graded according to validated scores, namely the Total Neuropathy 

Scale (TNS) and the National Cancer Institute-Common Toxicity Criteria for Adverse Events 

(NCI-CTCAE). The NCI-CTCAE is a descriptive classification system used by oncologists as 

the standard to evaluate toxicity of chemotherapy drugs. All organs and systems are included 

in this classification, including the peripheral and central nervous system. This system 

emphasizes the impact of the adverse event on patients' functionality. Grades of toxicity range 

from 1 (asymptomatic or mildly symptomatic) to 5 (death related to the adverse event)[142]. 

The NCI-CTCAE has been criticised by neurologists with expertise in chemotherapy-induced 

peripheral neuropathy for several reasons: first, the correlation between severity of the 

neuropathy and patients’ perception of functional impairment is often inconsistent; second, 

non-neurological conditions can mimic neuropathic symptoms and can produce falsely high 

scores of neurotoxicity[143], [144]. The TNS system was introduced to address these issues. 

This grading system is specifically designed for CIPN and includes symptoms and signs from 

neurological examination[143], [145]. While the TNS system is regarded as more objective 

compared to the NCI-CTCAE, a categorization of TNS score into discrete groups based on the 

severity of neuropathy has not been proposed yet. Additionally, the requirement for a 

neurological examination limits the broader applicability of the TNS in non-neurological 

settings. 

For this study, we classified patients in two categories according to the severity of neuropathy: 

no/mild neuropathy (TNS < 7 and/or NCI-CTC <2) or moderate/severe neuropathy (TNS≥7 

and/or NCI-CTC= 2-3). 

 

Statistical analysis 

Chi square test was employed to compare the prevalence of RFC1 expansions between patients 

who developed no or mild neuropathy vs patients with moderate/severe neuropathy. Multiple 

logistic regression was then performed to measure the strength of the association between 

RFC1 expansion and neuropathy severity (TNS <7 vs TNS≥7), adjusted for sex, age, and 

duration of oxaliplatin treatment. All analyses were performed All analyses were performed 

using STATA statistical software, version 14. 

 

 

5.3 RESULTS 
 

5.3.1 Stability of RFC1 repeat expansion across generations and tissues  

We evaluated 69 subjects (including 27 probands, 22 siblings, 18 offspring and 2 parents) from 

27 families, for a total of 64 meiotic events. AAGGG repeat expansion appeared stable across 

generations (r2=0.95), with a median intra-familial variation of 25 repeats (IQR=-17/+45, min 

max=-250/+510), and less than 10% compared to the proband’s allele in 80% of meiosis (figure 

5.3A). Expansion or contraction of the repeat across generations occurred with the same 
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frequency. Next, we compared the RFC1 repeat size from different brain areas and peripheral 

tissues including blood, muscles and/or fibroblasts, as available, from four patients carrying 

biallelic RFC1 expansions. There was limited instability of the repeat across the tissues 

analyzed, with a variation in size between -97 and +190 repeats (-5%/+7%) compared with the 

mean size (figure 5.3B). Furthermore, mean dispersion of the repeat length was ± 1.7% for 

vermis, ± 2% for cerebellar hemispheres and ± 2.7% for frontal cortex, as opposed to a 

dispersion of ± 36% in an individual carrying C9orf72 expansion. Overall, there was evidence 

of limited somatic instability across affected and unaffected bulk tissues.  

 

 
Figure 5.3 (A) On the left, the picture illustrates a representative example of Southern blotting 

including probands (asterisks) and unaffected relatives from six families. On the right, the correlation 

plot shows the relationship of the repeat size within members of the same family. Each dot 

corresponds to a meiotic event. (B) Left: The bar chart shows the dispersion of the repeat size among 

different brain areas and peripheral tissues of four patients with RFC1 biallelic expansions and in one 

patient with C9orf72 expansion. Mean intermarker distance (expressed in base pairs, bp) and standard 

deviations (SDs) are shown. In Patient 1 and Patient 3, repeat size from peripheral tissue was 

measured by Southern blotting. Right: Distribution of DNA molecules measured by genome optical 

mapping (Bionano Genomics) in different tissues of a patient with a biallelic expansion in RFC1 and in 

blood-derived DNA of a patient with C9orf72 expansion. The size of DNA molecules mapping on RFC1 

or C9orf72 locus is expressed in base pair 
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5.3.2 Validation of anti -RFC1 antibodies 

To test the specificity of multiple anti-RFC1 antibodies available in commerce or synthesized 

by other laboratories, we silenced RFC1 expression in HEK293 cell lines through RNA 

interference. A 68% drop of RFC1 mRNA in the silenced HEK293 line was confirmed at qPCR 

(figure 5.4A). We then compared by Western Blotting the accuracy and specificity of the anti-

RFC1 antibodies (listed in figure 5.1 in the methods section). Three of them detected a band at 

≈ 140 kDa whose intensity was significantly reduced in the knockdown line (LS-Biosciences: 

-80%; Invitrogen: -61%; Proteintech: -79%). Contrastingly, the other antibodies were less 

accurate in quantifying the protein decrease (Genetex: -21%; Huebscher: -32%; Abnova: 30%). 

Additional bands located in proximity of 140 kDa showed minimal or no signal reduction in 

the knockdown line (Invitrogen -18%; Huebscher: -5%) (figure 5.4B) 

At the end of the validation process, we identified the 19159-1-AP anti-RFC1 (ProteinTech) 

as the antibody of choice, in terms of accuracy and specificity, for our quantification 

experiments.  

 

 
Figure 5.4 A) On the left, a comparison of the cDNA amplification plots at RealTime PCR. On the 

right, the silencing of RFC1 in siRNA-transfected cells is quantified as fold change relative to the 

untransfected HEK293 cells lines. A cell line transfected with a non-targeting siRNA pool was used as 

additional control. B) The figure displays the banding pattern of the anti-RFC1 antibodies tested and 

compares untransfected and silenced lines. Red arrows show the band corresponding to RFC1 protein 

(140 kDa) 
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5.3.3 Quantification of RFC1 transcript and protein levels in brain tissue 

Sample cohort 

Thanks to a collaborative effort involving Brain Banks from multiple universities across UK 

and US, we collected post-mortem brain tissue from CANVAS patients, pathological and 

healthy controls, for a total of 38 individuals. Six brains were excluded from experiments 

because of insufficient clinical and/or demographic information. The remaining 32 samples 

presented the following diagnoses: CANVAS (n=6), cerebellar ataxia of unknown origin (n=6), 

Friedreich’s ataxia (n=2), SCA1 (n=2), SCA17 (n=1), SCA6 (n=1), SCA7 (n=1), sensory 

neuronopathy of unknown origin (n=1), Alzheimer's disease (n=1), healthy controls (n=11). 

Additional pathological controls were provided by UCL IQPath facility. Main demographic 

and pathological data of the samples included in the analyses are detailed in table 5.1.  

  
CANVAS  

(N=6) 
Pathological Controls 

 (N=15) 
Healthy controls (N=11) 

Males  4 (67%) 6 (40%) 4 (36%) 

Age at death (median, range) 78 years (73-83) 66 years (37-95) 77 years (55-81) 

PMI (median, range) 87.5 hours (25-93.1) 51.5 hours (40-66) 71 hours (30.1-105) 

Cerebellar hemispheres 

N. of samples 5 (83%) 14 (93%) 11 (100%) 

RIN (median, range) 4.4 (2-5) 4.3 (3.9-5.2) 3.9 (3.2-4.7) 

Frontal Cortex 

N. of samples 5 (83%) 14 (93%) 10 (91%) 

RIN (median, range) 4.2 (2.6-5.9) 5.7 (5.2-7.5) 4.6 (2.4-5.3) 

Vermis 

N. of samples 4 (67%) 8 (53%) 6 (54.5%) 

RIN (median, range) 4.6 (1.7-6.9) 5.7 (2.2-7.1) 4 (1.6-6.1) 

Table 5.1 Data on demographics and histopathology of post-mortem brain tissue included in this study. 

PMI= Post-mortem Interval, RIN= RNA Integrity Number 

 

RNA sequencing and qPCR 

We performed short read-RNA sequencing on RNA extracted from vermis, cerebellar 

hemispheres, and frontal cortex (14 samples each, for a total of 42 RNA samples). Principal 

component analysis (PCA) for each brain region failed to discriminate between CANVAS 

patients, pathological or healthy controls. We observed that RNA integrity number (RIN) 

perfectly correlated with the PC1, suggesting that factors like age at death, post-mortem 

interval, RNA storage affected overall gene expression. RIN was therefore included as a 

covariate in the DE model. Components PC2 and PC3 were calculated. Consistently, we did 

not observe a clear separation between groups (figure 5.5A). At differential gene expression 

(DGE) analysis, no genes of interest were up-or down-regulated in CANVAS patients. 

Particularly, no change in RFC1 and RFC-complex transcript level were detected. This finding 

was confirmed at qPCR. Finally, no aberrant splicing event was observed at exon usage 

analysis (figure 5.5B).  
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Figure 5.5 A) The graphs display the PCA analysis of global gene expression in patients vs controls. 

No clear clustering according to the disease status is visible in any of the tissues investigated. B) On the 

left, the figure shows the results of exon usage analysis. No difference can be observed at any exons, 

suggesting the absence of aberrant splicing processes. On the right, no significant changes in RFC1 

expression are visible at RealTime PCR 

 

Western Blot 

We then quantified RFC1 protein expression in cerebellum. Two different antibodies were 

employed, targeting the N-terminus (Invitrogen) or the C-Terminus (Proteintech) of RFC1 

protein, to account for possible isoforms/truncated proteins. 

Western Blot did not reveal any notable difference in RFC1 levels between patients and 

controls (mean relative intensity= 0.79 in controls, 0.86 in CANVAS, P=0.56). Interestingly, 

both antibodies detected a single band around 125 kDa, below the expected molecular weight 

of RFC1 (i.e., 140 kDa). No additional bands were observed (figure 5.6). To confirm the 

correspondence between the observed band and RFC1 protein, we performed mass 
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spectrometry after immunoprecipitation. RFC1 peptide fragments were identified within the 

immunoprecipitated lysate, supporting the specificity of the antibody.  
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Figure 5.6 This panel displays the results of two quantification assays through Western Blot. On top 

left, the membrane was incubated with the Invitrogen PA5-79923 antibody, targeting the N-terminus of 

RFC1 protein. On top right, the Proteintech 19159-1-AP, targeting the C-Terminus of RFC1 protein, 

was used. On bottom, the plot shows the RFC1 protein quantification in CANVAS vs control samples, 

normalised per beta-actin. 

  

Immunohistochemistry  

To assess the spatial distribution of RFC1 protein in brain tissue, we performed 

immunohistochemistry on formalin-fixed paraffin-embedded (FFPE) tissue slides from 

cerebellar hemispheres, vermis, and frontal cortex. As part of the staining optimization process, 

we tested several epitope-retrieval methods, antibody concentrations, and incubation times. 

The combination of sCC1 antigen-retrieval method and incubation with anti-RFC1 antibody 

for 1 hour, at a dilution of 1:100, provided the best results in terms of signal intensity and 

background suppression. As expected, we observed a severe depletion of Purkinje cells in 

CANVAS patients, with no apparent atrophy of the granular layer. The distribution of RFC1 

signal was variable across samples, as well as the intensity of background, probably due to 

external factors such as sample processing (e.g. fixation, storage) and post-mortem interval. 

Taking into account these limitations, we observed most accumulation of RFC1 in the nuclei 

of granular cells, with an average of DAB-positive cells slightly less than 50%. Conversely, 

some Purkinje cells exhibited a cytoplasmic signal, more intense towards the dendritic side of 
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the soma rather than in proximity of the neurite (figure 5.7). However, this pattern was 

inconsistent across patients and controls. 

 
Figure 5.7 Representative images displaying the layer of Purkinje cells (black arrows). DAB-positive 

staining appears as a deposition of brown signal. 

 

5.3.4 Quantification of RFC1 transcript and protein level in IPSC-derived neurons 

We successfully generated IPSC-derived sensory neurons from 3 patients (F285, F286, F287) 

and 3 controls (CENSOi053-A, CENSOi055-A, CENSOi058-A) and motor neurons from an 

equal number of patients (PV9, PV72, RC21) and controls (SBAD02, SBA03, SFC856).  

The efficiency of differentiation was confirmed via immunofluorescence, where sensory 

neurons were positive for the marker Brn3a, and motor neurons exhibited signal for beta-

tubulin III and MAP2 (figure 5.8).  
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Figure 5.8 The panel shows some representative images of immunofluorescence staining for neuronal 

markers. A-B show two pictures of IPSC-derived sensory neurons at different magnification (10X and 

20X). Nuclei are stained with the anti-Brn3a antibody (in green), while Neurofilament-200 (NF200) 

targets the neurites. C-D display two images of IPSC-motor neurons, where neurites are stained with 

the anti-MAP2 antibody (in red). 

 

RNA sequencing and qPCR 

RNA sequencing was performed at UCL Genomics. In both sensory and motor neurons, PCA 

did not reveal distinct clustering of lines based on disease status. For sensory neurons, 

differential expression analysis using DeSeq2 identified two genes, FOXD3 and SIK1, 

alongside a pseudogene (ENSG00000214776), as differentially expressed (log2 fold change = 

4.76, p = 0.02 for FOXD3; log2 fold change = -4.90, p = 0.02 for SIK1). SIK1 encodes an AMP 

kinase involved in the regulation of several cellular pathways and has been associated with 

developmental epileptic encephalopathy [146]. Conversely, FOXD3 is a transcription factor 

regulating neural crest development. While no diseases have been associated yet with this gene, 

studies in zebrafish with FOXD3 mutations reported decreased formation of neural crest 

derivatives, including peripheral neurons [147]. Despite being a good candidate for a role in 

neurodegeneration in RFC1 disease, FOXD3 downregulation in CANVAS patients was not 

confirmed by qPCR.  

In motor neurons, DEG analysis identified multiple genes with altered expression between 

patients and controls, including TLX2, COL6A3, HAND2, and MEG3. Gene Ontology (GO) 
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enrichment analysis indicated as differentially expressed gene sets in pathways related to 

embryonic development and morphogenesis, cell-cell adhesion and mesenchymal 

differentiation. 

Notably, in both sensory and motor neurons, the expression of RFC1 and the other subunits of 

RFC-complex were unchanged, consistently with qPCR findings (figure 5.9A-B). 

 
                                                  IPSC-sensory neurons 

 
Figure 5.9 Quantification of the subunits of RFC-complex in IPSC-derived motor neurons (A) and 

sensory neurons (B) 

 

Western Blot 

Protein quantification has not been performed yet in IPSC-derived sensory neurons, due to low 

yields from multiple attempts at protein extraction. However, a sufficient amount of protein for 

Western Blotting was obtained from 3 controls and 2 CANVAS IPSC-motor neurons. RFC1 

protein levels were highly variable in most samples, with no statistically significant differences 

between patients and controls (p=0.56) (figure 5.10). 

 

A 

B 
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Figure 5.10 Quantification of RFC1 protein levels in IPSC-derived motor neurons 

 

5.3.5 Effects of the biallelic RFC1 expansion on neuronal maturation and DNA damage 

repair  

 

Electrophysiological maturation of IPSC-neurons 

We confirmed that IPSC-derived neurons were electrically active via a multi-electrode array 

(MEA) platform. Neuronal activity was recorded every 3-4 days over the course of one month. 

Spiking activity was detectable by day 7 and increased progressively until day 21, when it 

reached an average firing rate of 21 Hz. This was mirrored by both bursting and neuronal 

network activity. However, no statistically significant differences between patient and control 

groups were detected in terms of weighted mean firing rate (11 Hz in CANVAS lines vs. 16 

Hz in controls on day 31, p = 0.1), number of bursts (3118 bursts in CANVAS lines vs. 4554 

in controls, p = 0.12), or network burst activity (25.7 network bursts in CANVAS lines vs. 24.6 

in controls, p = 0.12). A trend toward earlier decline in electrical activity was observed in 

patients’s lines (figure 5.11), though further technical and biological replicates are required to 

confirm these preliminary observations. 

  



 

61 

 

 
Figure 5.11 The bar charts display the electrical activity of CANVAS and control lines over one month 

of recordings. The following parameters are shown: number of spikes, weighted mean firing rate, 

number of bursts, and number of network bursts. 

 

DNA-damaging treatments in IPSC-neurons 

To investigate the effects of DNA-damaging agents on neurons harbouring biallelic AAGGG 

expansions, we treated 20-day-old iPSC-derived motor neurons with cisplatin at concentrations 

of 5 µM and 10 µM. In a first experiment, IPSC-neurons were exposed to cisplatin for 1 hour 

and fixed at different timepoints post-treatment (up to 72 hours). As expected, cisplatin 

treatment induced an increase in gamma-H2AX nuclear foci (expressed as total area of spots 

in the field analysed), which peaked at 48 hours. However, no differences in foci formation 

were observed between patients and controls at any timepoint or concentration (figure 5.12). 
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Figure 5.12 The top panel shows representative pictures of IPSC-neurons before and after cisplatin 

treatment. Nuclear gamma-H2AX foci appear as red dots. The bar charts on the bottom display the area 

covered by foci (or spots) within the range of interest (ROI), defined as the total area occupied by nuclei 

(DAPI signal) in the image field.  

In a separate experiment, IPSC-neurons were treated with cisplatin continuously for 24 hours, 

after which they were stained for the apoptotic marker cleaved-Caspase 3. Both CANVAS and 
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control lines exhibited susceptibility to cisplatin, though the percentage of apoptotic cells was 

significantly higher in CANVAS lines (12% vs 8% after 5 µM cisplatin, p=0.002; 15% vs 9% 

after 10 µM cisplatin, p<0.001) (figure 5.13). 
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Figure 5.13 On top panels, images from one control and one CANVAS patients untreated or after 10 

uM cisplatin treatment are shown. Apoptotic activation is detected by the positivity for cleaved-caspase 

3 signal (in green). On bottom panel, the plot expresses the apoptotic rate in the different conditions 

tested, measured as the percentage of Cleaved Caspase-3 positive nuclei per total number of nuclei. 

 

DNA damage in post-mortem brain tissues 

To assess the accumulation of DNA damage in post-mortem brain tissue, cerebellar 

hemispheres and, when available, cerebellar vermis from a total of 26 brain samples (6 

CANVAS, 9 healthy controls, and 11 pathological controls) were stained for gamma-H2AX. 

In 19 samples (73%), we observed a sharp deposition of signal along the interface between the 

molecular layer and the Purkinje cells layer, where Bergmann glia cells reside. This pattern 

was present in most CANVAS patients (5/6, 83%), as well as in pathological (7/11, 64%) and 

healthy controls (6/9, 67%) (figure 5.14, A-F). In four cases (15%), gamma-H2AX signal 

seemed to accumulate within cytoplasm and nuclei of Purkinje cells (figure 5.15), though the 

cerebellum of CANVAS and SCA patients was severely depleted of Purkinje cells. No disease-

specific signal distribution was evident in CANVAS patients.  
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Figure 5.14 The panel displays representative images of gamma-H2AX positive and negative samples. 

In the positive cases, the signal accumulated in the Bergmann glia, at the interface between the granular 

layer and the layer of Purkinje cells. 
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Figure 5.15 Deposition of DAB-signal in Purkinje cells of controls and CANVAS patients 

after staining for gamma-H2AX  

 

 

5.3.6 Investigating the interaction between RFC1 expansion and DNA damaging agents 

in humans 

 

Thanks to a multicentre collaboration, we enrolled 375 individuals who underwent oxaliplatin 

treatment. Females were slightly more represented in the cohort (n=231, 61%) and median age 

at enrolment was 65 years (range: 36-84). TNS was available in 361 of them (96%) and median 

score was 7 (range 0-21). NCI-CTCAE was available only in 253 cases (67.5%), with a median 

score of 2 (range 0-3). Classification of neuropathy severity was consistent between the two 

scoring systems, with 134 moderate-severe cases out of 253 (52.9%) according to NCI-CTCAE 

and 187 cases out of 361 according to TNS (51.8%). For this reason, and given that NCT-

CTCAE scoring was missing in one third of the cohort, we used the TNS-based severity 

classification for the subsequent analyses. At genetic testing, thirty-four individuals (9%) 

resulted carrier of a monoallelic AAGGG expansion in RFC1. Of them, 24 developed a 

moderate-severe neuropathy after oxaliplatin treatment (24/187=13%) and 10 presented mild 

or no neuropathy (10/164=6%, p=0.03). At multiple regression analysis, after adjusting for age, 

gender, and duration of oxaliplatin treatment, carrying an AAGGG expansion in RFC1 was 

independently associated with increased odds to develop a more severe neuropathy (OR=2.45, 

p<0.001) (figure 5.16). 
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Figure 5.16 The chart on the left shows the prevalence of carriers of a monoallelic RFC1 expansion in 

the two groups “no/mild neuropathy” vs “moderate/severe neuropathy”. At multiple logistic regression 

(table on the right), RFC1 is an independent risk factor for the development of oxaliplatin-induced 

peripheral neuropathy  

 

5.4 Discussion 
In the preceding chapters, I have outlined novel clinical and molecular evidence supporting a 

loss-of-function mechanism for RFC1 disease. However, earlier studies using fibroblasts did 

not reveal reduced RFC1 transcript or protein levels in CANVAS patients, prompting further 

exploration of potential pathomechanisms, which I discussed in this chapter. 

We first evaluated the germline and somatic stability of the AAGGG repeat expansion. Repeat 

expansions have been shown to exhibit somatic instability, with a bias toward further expansion 

in affected tissues, as observed in C9orf72-related ALS and Huntington’s disease [148], [149], 

[150], [151], [152], [153]. However, our analysis of DNA extracted from affected (cerebellum) 

and unaffected (frontal cortex, skin-derived fibroblasts, muscle) tissues in four RFC1-positive 

cases revealed that the AAGGG repeat remained stable across tissues, unlike the C9orf72 

CCGGGG repeat, which served as a positive control for instability. Moreover, repeat size was 

consistent across generations in most families. These findings suggest that repeat instability is 

unlikely to account for tissue specificity or clinical heterogeneity in RFC1 disease. However, 

our investigations were performed on bulk tissue, therefore single-cell level instability cannot 

be excluded[154]. 

We next investigated whether RFC1 expression was altered exclusively in affected tissues. 

Despite the observation of isolated neuropathy in patients with smaller expansions, which 

suggest tissue-specific vulnerability, our quantification of RFC1 mRNA and protein levels in 

iPSC-derived neurons and post-mortem brain tissues did not reveal significant differences 

between patients and controls. Furthermore, RNA sequencing failed to identify differentially 

expressed genes or aberrant splicing events. 

Our negative findings could be attributed to several factors. First, analyses were conducted on 

bulk brain tissue and mixed iPSC cultures. For brain samples, the depletion of Purkinje cells in 

CANVAS patients may have biased results toward non-neuronal cells or neurons more resistant 

to degeneration, arguably expressing higher RFC1 levels. In the case of iPSCs, both protocols 
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we employed generate mixed-cell populations culture, which required cytotoxic treatment to 

remove proliferating cells.  However, this approach presents two possible drawbacks: on one 

hand, a too conservative treatment might be insufficient to get rid of all the contaminating cells; 

on the other hand, an aggressive treatment might be toxic to neurons and exert a selective 

pressure in favour of the least affected cells. The latter concern is of particular interest 

considering that RFC1 is involved in DNA repair, which may render cells harbouring biallelic 

expansions more vulnerable to cytotoxic agents.  

Another factor to take into consideration is the relatively young age of IPSC-derived neurons 

at the time the experiments have been performed (approximately 20 days from the start of 

differentiation). RFC1 disease is a late-onset neurodegenerative disorder, thus ageing of 

neurons may be necessary to unveil RFC1 expression reduction or overt functional 

insufficiency.  

Despite these challenges, we explored potential functional consequences of RFC1 dysfunction. 

IPSC-derived neurons from CANVAS patients went through normal developmental stages, 

successfully formed post-mitotic neurons, and exhibited normal firing activity during 

maturation. 

As previously mentioned, established role of RFC1 include DNA replication and repair. Given 

the selective involvement of neurons, which are non-replicating cells, we focused on DNA 

repair as the likely affected pathway. To prove our hypothesis, we exposed IPSC-neurons to 

cisplatin, a DNA damaging agent commonly used as anti-cancer drug and known to cause a 

sensory neuronopathy.   

Even though cisplatin-induced DNA damage elicited a similar gamma-H2AX response in both 

patient and control neurons, yet significantly more CANVAS neurons underwent apoptosis, 

suggesting increased susceptibility to DNA damage in CANVAS patients. 

To this regard, it is important to note that our experiments on IPSC-neurons replicate the 

findings on lymphoblastoid cell lines from our collaborators at the IGM-CNR of Pavia.  

However, further validation is required, including the investigation of additional compounds 

and DNA damage/repair markers and the replication of these findings on IPSC-sensory 

neurons.  

We did not observe a disease-specific pattern of gamma-H2AX staining in the cerebellum of 

CANVAS patients. The accumulation of signal in Bergmann glia, detected in both patients and 

controls, might be consequent to technical (e.g., fixation and storage methods) or biological 

factors (e.g., post-mortem interval, cause of disease, age at death). Previous works suggested 

that the role of gamma-H2AX as a marker extends beyond DNA damage, being variably 

expressed during cell replication, embryogenesis, senescence, and apoptosis. In our case, it will 

be important to exclude whether the observed pattern of signal accumulation reflects a process 

of reactive gliosis consequent to variable types of injury in senescent brains. 

Finally, we looked at the interaction between DNA damaging agents and AAGGG expansions 

in humans. We leveraged clinical and genetic data from a multicentre cohort of 361 individuals 

exposed to oxaliplatin treatment and assessed the prevalence of the AAGGG expansion in 

patients who developed a more severe CIPN. Considering the relatively low prevalence of 

RFC1 disease (1 in 712 individuals)[39] and to avoid false negative results because of an 

insufficient sample size, we focused on individuals with a single expansion (i.e., unaffected 

carriers). We found that the prevalence of AAGGG carriers was higher among patients who 

developed a moderate-severe neuropathy, and the association was significant even adjusting 
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for sex, age, duration of treatment. The importance of this finding extends beyond the 

understanding of RFC1 disease pathomechanisms and could be of interest to the broader 

medical community. If further studies confirm the role of RFC1 expansion as a risk factor for 

the development of chemotherapy-induced neurotoxicity, genetic testing would have a direct 

impact on the decision process of clinicians looking after cancer patients. 

In conclusion, the projects that I led or contributed to during my PhD course provided new 

insights into the clinical and genetic heterogeneity of RFC1 disease. Notably, we elucidated the 

role of the repeat length in predicting age at onset and disease severity of this condition; we 

identified novel pathogenic motifs and point mutations that explain part of the CANVAS 

patients with negative canonical screening; and we advanced our understanding of the 

biological basis of RFC1 disease and suggested a possible impairment of the DNA repair 

pathways.  
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Chapter 6 ï General Conclusions 
 

During my PhD research project, I have leveraged large clinical and genomic datasets, and I 

have employed multiple molecular biology techniques to advance the understanding and 

characterisation of RFC1 disease. 

First, I have demonstrated the role of RFC1 repeat expansion size, particularly of the smaller 

allele, as a predictor of age at disease onset, clinical phenotype, and disease progression. 

Patients with larger repeat expansions had an earlier disease onset, a more complex 

involvement and a faster progression towards a disabling condition. The peculiar correlation 

between smaller allele and clinical variables was already observed in Friedreich’s Ataxia, a 

repeat expansion disorder in which a loss-of-function has been already demonstrated[103]. 

This study was possible thanks to a multicentre collaboration and to the detailed clinical and 

genetic characterization of around 400 patients. To date, the repeat size is the first and only 

known prognostic factor in RFC1 disease. Southern blotting is a cumbersome technique used 

for measuring sizes of repeat expansions and it relies on large quantities (over 5μg) of good 

quality DNA. However, it is expected that the novel sequencing techniques will enable the 

measurement of the repeat size as part of the standard genetic testing, due to the importance of 

this information in genetic counselling and in patients’ stratification for future clinical trials.  

Interestingly, the repeat size explained only part of the clinical heterogeneity in RFC1 disease, 

suggesting the involvement of additional modifiers. Genome-wide association studies may 

help identify these genetic modifiers. Moreover, novel technologies (e.g., long-read WGS) may 

clarify the role of repeat interruptions in influencing the association between repeat size and 

clinical variables. 

 

Next, we have shed new light into the genetic heterogeneity underlying this disorder. First, we 

identified patients carrying null variants in compound heterozygous state with a mono-allelic 

AAGGG expansion. RFC1 mRNA and protein levels were decreased in these individuals, 

supporting the existence of a loss-of-function mechanism. Accurate phenotyping is paramount 

to identify individuals with CANVAS-like symptoms and carrier of a single expansion in 

RFC1, as in these cases full-gene sequencing via whole exome- or whole genome-sequencing 

is recommended. 

 

Then, we discovered novel disease-causing repeat expansions in RFC1. Indeed, between 3-18 

% of individuals with clinical CANVAS do not test positive for biallelic AAGGG expansions 

[11], [12].  

We leveraged a large dataset of WGS from the Genomics England sequencing project to 

investigate the normal and pathologic variation of the RFC1 repeat expansions. We identified 

three novel pathogenic repeat motifs (i.e., AGAGG, AGGGC and AAGGC) and characterized 

them using long read sequencing. Importantly, we demonstrated that the repeat motif AAAGG, 

previously thought non-pathogenic, can cause disease when sufficiently expanded (>500 repeat 

units). All patients carrying these novel pathogenic motifs shared a common ancestral 

haplotype. Finally, all the pathogenic motifs are predicted to form G-quadruplexes, which have 

already been linked to neurodegeneration in other conditions[121], [125].  The findings of this 

study highlight how both size and GC-content of the repeat expansion are important in 

determining the pathogenicity. 

 

Finally, in the last chapter I described our investigations on the functional mechanisms 

underlying RFC1 disease. Although multiple lines of evidence support a loss-of-function 

hypothesis, initial observations did not detect a reduction either in RFC1 mRNA or protein 

levels. We employed disease-relevant models, including IPSC-derived neurons and post-
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mortem brain tissue, to perform expression studies and to assess the downstream function of 

the gene. We did not detect changes in RFC1 expression in none of the models investigated, 

although several limitations may have influenced these findings, including the mixed nature of 

the cell populations analysed and, for the IPSC-derived neurons, an insufficient ageing of the 

cell lines. Interestingly, we observed an increased susceptibility of CANVAS IPSC-neurons to 

DNA damaging agents, as displayed by a higher apoptotic rate after cisplatin treatment 

compared to controls. In order to replicate this finding in humans, we assessed the distribution 

of RFC1 carriers in a cohort of cancer patients who underwent oxaliplatin treatment. After 

classifying patients according to the severity of their chemotherapy-induced peripheral 

neuropathy, as defined by validated clinical scores, we observed a higher prevalence of RFC1 

carriers in the subgroup of individuals developing a moderate/severe neuropathy after 

oxaliplatin treatment. This study supports our observations in vitro and may represent an 

important observation in future stratification of patients at risk of developing chemotherapy-

induced peripheral neuropathy. 

 

To conclude, future directions in the research on RFC1 disease will have to focus on the natural 

history of the disorder disease and on the identification of biomarker of disease progression. 

Further investigations on disease mechanisms may benefit of novel single-cell sequencing 

methods and of alternative approaches to differentiate proprioceptive sensory neurons, the most 

affected neuronal population in vivo. Advancements in both clinical and preclinical 

understanding of this condition will be essential to pave the way for future treatments.  
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