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Cerebellar ataxia, neuropathy and vestibular areflexia syndrome (CANVAS) is an inherited late-onset
neurological disease caused by bi-allelic AAGGG pentanucleotide expansions within intron 2 of RFC1. Despite
extensive studies, the pathophysiological mechanism of these intronic expansions remains elusive.

We screened by clinical exome sequencing two unrelated patients presenting with late-onset ataxia. A repeat-
primer polymerase chain reaction was used for RFC1 AAGGG intronic expansion identification. RFC1 mRNA
expression was assessed by quantitative reverse transcription—polymerase chain reaction.

We identified the first two CANVAS affected patients who are compound heterozygous for RFC1 truncating
variants (p.Arg388* and c.575delA, respectively) and a pathological AAGGG expansion. RFC1 expression
studies in whole blood showed a significant reduction of RFC1 mRNA for both patients compared to three
patients with bi-allelic RFC1 expansions.

In conclusion, this observation provides clues that suggest bi-allelic RFC1 conditional loss-of-function as the
cause of the disease.

Introduction

Cerebellar ataxia, neuropathy and vestibular areflexia syndrome (CANVAS) is a recessive neurodegenerative
disease, estimated to be one of the most common recessive ataxia.1Clinical features associated with CANVAS
include late-onset cerebellar ataxia (80%), length-independent sensory neuronopathy (100%) and bilateral
vestibular impairment (53%).2Less frequently, autonomic dysfunction, parkinsonism and pyramidal irritation are
noticed, indicating overlap with multiple system atrophy.3Recently, bi-allelic expansions within an AluSx3
element in intron 2 of RFC1 have been identified as the cause of CANVAS.1,4To date, only bi-allelic expansions
of the AAGGG pentanucleotide motif or an East Asian ACAGG motif have been reported to cause the disease,
although other pathogenic motifs arrangement exist.5,6CANVAS pathophysiology has remained elusive so far,
since previous studies failed to demonstrate direct loss-of-function of RFC1.1Herein we report two patients from
unrelated families harbouring compound heterozygous pathogenic AAGGG expansion and RFCL1 truncating
mutation (p.Arg388* and c.575delA, respectively). Studies of RFC1 messenger RNA expression in whole blood
of these two patients compared to bi-allelic expansion patients provide pathophysiological clues for this
enigmatic disease.

Materials and methods

Patient and clinical information collection

The proband of Family 1 (Patient F1-11.4) was part of a large ataxia cohort of 448 families, including 366
families previously reported.7The proband of Family 2 (Patient F2.11.1) was referred for RFC1 pathogenic
expansion screening due to suspected CANVAS diagnosis. Both patients were analysed by clinical exome
sequencing after exclusion of expansions causing spinocerebellar ataxias 1, -2, -3, —6, —7, —17, dentato-rubro-
pallido-luysian atrophy and Friedreich’s ataxia. Clinical data were collected by B.l. and A.-G.C. for Patient F1-
1.4, and C.M. and R.J.M. for Patient F2-I1.1, respectively. All individuals signed a written consent prior to
genetic analysis. All procedures were conducted according to the guidelines of the Declaration of Helsinki.

Clinical exome sequencing and data analysis



Clinical exome sequencing was performed using the TruSight One expanded kit (www.illumina.com/trusightone)
that targets ~6700 genes, most of them involved in human inherited diseases. Sequencing was performed using
Illumina NextSeq technology with 150-bp paired-end reads (Montpellier Hospital next- generation sequencing
platform). Sequence alignment, variant calling was performed following the Broad Institute’s Genome Analysis
Toolkit (GATK4) best practices, as described in a previous study.7Guidelines from the American College of
Medical Genetics were used for clinical sequence interpretation.8BAM files were viewed with Integrative
Genomics Viewer software (v.2.7.0 Broad Institute). Probands and available relatives from each family were
tested for mutation segregation by Sanger sequencing.

Repeat-primer PCR and long-range PCR analysis

Repeat-primer PCRs (RP-PCRs) were designed for each of three pentanucleotide repeat units
(AAAAG/AAAGG/AAGGG). Fragment length analyses were performed on an ABI3500xI/Dx DNA Analyzer
(Applied Biosystems®) and visualized through GeneMapper® v.4.0 (Applied Biosystems®). Presence of
normal-sized or expanded repeat alleles was confirmed by standard and long- range PCR (LR-PCR), using
Phusion® High-Fidelity PCR Master Mix (New England Biolabs). Sanger sequencing was performed on
expanded alleles to determine the repeat motif sequence. Primers, reagents and methods were designed as
described in Cortese et al.1

Total RNA Isolation and RCF1 transcripts analysis

Total RNA was purified after collection of peripheral whole blood using 2.5 ml of the PAXgene Blood RNA kit
(Qiagen, Courtaboeuf, France) allowing intracellular RNA stabilization for quantification. First-strand cDNAS
were synthesized from 300 ng of total RNA using random primers and the SuperScript Il First Strand cDNA
Synthesis Kit (Invitrogen). For quantitative reverse transcription PCR (RT-PCR), 1 ul of 1:6 diluted cDNA was
amplified using the LightCycler 480 SYBR Green | Master Kit in a final volume of 5 ul containing 0.5 uM of
primers. Three different primer pairs spanning RFC1 exons 2/3 (F1-R1) and exons 7/8 (F2-R2), previously
described,1and exons 20/21 (F3-R3) were used for RFC1 amplification. Each sample was assayed in triplicate.
Amplified transcripts were quantified using the comparative CT method normalized to GAPDH (glyceraldehyde-
3- phosphate dehydrogenase) and RPLPO (ribosomal protein, large, PO) (QuantiTect Primer Assay, Qiagen) as
reference housekeeping transcripts, and presented as normalized fold expression change (2AACT). The
differences in the expression of RFC1 transcripts between biological conditions were tested using the non-
parametric Kruskal— Wallis statistical test with the GraphPad Prism 9 software (version 4.0). Technical replicate
data for the three RFC1 exons were pooled for each condition (controls n=36; E/E n=27; Patient F2-11.1 n=9;
Patient F1-11.4 n=9). A P-value <0.05 was considered statistically significant. Inclusion level of mutated RFC1
exons 6 and 10 was assessed by PCR amplification (35 cycles) using primers spanning exons 5/7 (F4-R4) and
exons 9/11 (F5-R5), respectively. PCR products were analysed by agarose gel electrophoresis and Sanger
sequencing (a list of primers in provided in Supplementary Table 1). Semi-quantitative allelic contribution to
RFC1 transcript expression was estimated based on calibrated nucleotide peak height from Sanger sequence
electropherograms. Electropherogram peak heights were adjusted with nucleotides flanking the mutations. Allele
peak heights were estimated by comparison with the corresponding wild-type nucleotide of genomic DNA and
cDNA from a control individual (set at the 100% level) and with wild-type and mutant nucleotides of genomic
DNA from the patients (both set at the 50% level).

Ethics declaration

The study was approved by the local ethics committee. All individuals signed a written consent before genetic
analysis.

Data availability

Readers can freely access all software used for this study by following the most recent version links mentioned in
the ’Materials and methods’ section. Patients’ data can be made available upon reasonable request.



Results

Clinical findings

The proband of Family 1 (Patient F1-11:4) is a 68-year-old female born from unrelated parents who presented
with progressive cerebellar and sensory ataxia at 45 years. Cerebellar signs included dysmetria, understandable
dysarthria and gait imbalance leading to walking disability without support at 59 years. Neurological examination
confirmed lower limbs hypoesthesia, length- dependent paraesthesia and loss of vibration sense. Deep tendon
reflexes were brisk on the upper limbs and absent on the lower limbs. She later exhibited autonomic dysfunction
with bladder sphincter complains, requiring permanent protection wearing. Vestibulo—ocular reflexes were
clinically preserved on last examination (at 66 years).

Similarly, a 61-year-old female (Patient F2-11:1) presented with length-dependent sensory impairment, including
painful hyperesthesia and hypopallesthesia of the lower limbs since the age of 46 years, associated with chronic
cough. Mild gait ataxia, brisk lower limbs reflexes and bilateral loss of vestibulo—ocular reflexes were noticed on
first examination. Disease progression led to upper limb sensory symptoms (49 years), dysphagia, dysarthria (57
years) and walking disability without support at 60 years. In both cases, electroneuromyography studies revealed
normal motor nerve conductions and reduced nerves sensory amplitudes from the upper and lower limbs,
consistent with sensory neuronopathy and dorsal root ganglia degeneration. Cerebral MRI showed global
cerebellar atrophy for both patients, and non-specific diffuse white matter hyper intensities only for Patient F1-
1.4 (Fig. 1B).
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Figure 1 Pedigrees and cerebral MRI of compound heterozygous patients. (A) Pedigree of Families 1 and 2
showing segregation of truncating RFC1 variants (p.Arg388* and c.575delA, yellow star) and intronic AAGGG
RFC1 expansion (E). N indicates normal AAAAG allele followed by the number of repeats. N* indicates non-
pathogenic expanded alleles associating different motifs followed by the number of repeats. (B) Cerebral and
spinal cord MRI of both probands. Patient F1-11.4 (i—iii): sagittal (i) and coronal (ii) T1-weighted images of
cerebral sections showing marked vermian and hemispheric cerebellar atrophy (arrows), respectively. Axial
FLAIR image (iii) showing white matter hyper intensities (arrow). Patient F2-11.1 (iv—vi): sagittal T1-weighted
images of cerebral sections (iv) and spinal cord section (v) showing moderate global cerebellar atrophy (arrow)
and normal image, respectively. Normal axial FLAIR image (vi) of cerebral sections.
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Figure 2 RFC1 mRNA transcript analysis. (A) Schematic representation of RFC1 transcript (NM_002913.5)
and mapping of the primers (black arrows) used for RFC1 mRNA assessment by quantitative RT-PCR (F1-R1,
F2-R2 and F3-R3) in controls (n=4), E/E affected individuals (n=3) and both reported patients (F2-11.1 and F1-
11.4). GAPDH was used as reference housekeeping gene for normalization. Data of technical replicates for each
tested individual are reported (black dots). The bar graphs show the meanzstandard deviation. (B) Agarose gel
electrophoresis of RT-PCR products of exons 5/7 (left) and of exons 9/11 (right) in controls (Ctrl n=3) and
Patients F2-11.1 or F1-11.4 with the corresponding sequences of RFC1 exons 6 and 10 amplified from mRNA and
genomic DNA (primers F4-R4, F5-R5). Electropherograms were normalized according to peak heights of
nucleotides preceding the point mutations in exons 6 and 10. Contribution of both expanded and truncated alleles
in RT-PCR product was calibrated against homozygotes (shown in Supplementary Fig. 2) and against the
corresponding genomic DNA (50%). Scales used for level estimation of the mutant alleles are indicated.

Genetic investigations

A heterozygous RFC1 nonsense mutation ¢.1162C>T (p.Arg388*) was identified by clinical exome sequencing
in the proband of Family 1 (Patient F1-11.4) and was absent in her mother and two unaffected brothers (the father
being deceased). An AAGGG expansion was subsequently found by RP-PCR in the proband, her mother and one
unaffected brother, while a large normal (AAAAG)44 repeat allele was identified in all three siblings but not in
the mother (Fig. 1Aand Supplementary Fig. 2). Flanking single-nucleotide polymorphism analysis confirmed the
de novo occurrence of the ¢.1162C>T variant, presumably on the father’s allele, in cis with the large normal
(AAAAG)44 allele (Supplementary Table 2and Supplementary Fig. 3). Similarly, RFC1 screening of the second
patient (Patient F2-11.1) revealed a heterozygous AAGGG expansion inherited from her father, and a maternally
inherited c.575delA (p.Asn192llefs*7) frameshift mutation found by clinical exome sequencing (Fig. 1A).

RFC1 transcript analyses

RFC1 mRNA quantification in whole blood of both probands, three patients with bi-allelic RFC1 AAGGG
expansion (E/E) and four control individuals was assessed by quantitative RT-PCR. Using GAPDH as reference
housekeeping gene, a marked reduction (>50%) of RFC1 transcripts level was observed for both compound
heterozygous probands F2-11.1 and F1-I1.4, while E/E patients did not show a significant change in RFC1



transcript expression compared to controls (Fig. 2A). These results were comparable for the three primer sets
spanning exons 2-3, exons 7-8 and exons 20-21, and were confirmed with a second reference gene (RPLPO)
(Supplementary Fig. 1). Statistical analyses of all data-points (shown separate for each individual in
Supplementary Fig. 1) indicate that RFC1 mRNA reduction in proband F1-11.4 was highly significant compared
to controls (P<0.01) using both reference housekeeping genes for normalization. For proband F2-11.1, this
reduction was also highly significant when normalized with GAPDH (P=0.003) but only suggestive (P=0.142,
ns) when RPLPO was used as reference gene (Supplementary Fig. 1). RFC1 transcripts levels were also
significantly reduced (P<0.05) in probands F1-11.4 and F2-11.1 compared to E/E patients. We next sought to
estimate the contribution of each allele to this reduction by visualization of the truncating allele on sequences of
the corresponding complementary DNA fragments. Semi-quantitative estimation of the respective transcripts by
comparison with genomic DNA sequencing peak heights (Supplementary Fig. 2) indicates that the ¢.1162C>T
and c.575delA alleles account for ~20 and 15% of total RT-PCR products, respectively, reflecting a significant
expression reduction of both truncating alleles down to 10% (Fig. 2B). Transcript level of the AAGGG expanded
allele was deduced to be on the normal range for both patients (Patients F1-11.4 and F2-11.1) compared to controls
and E/E patients. RT-PCR analysis of fragments, spanning exons 5 to 7 and exons 9 to 11, did not show
abnormal splicing (Fig. 2Band Supplementary Fig. 4).

Discussion

We expand the mutational spectrum of CANVAS causing variants by reporting the first two patients who are
compound heterozygous for the pathogenic AAGGG expansion and an RFC1 mutation (p.Arg388* and
c.575delA, respectively) and who present with a late-onset form of cerebellar ataxia consistent with CANVAS
diagnosis. Age of onset (45 and 46 years) and clinical presentation appear unremarkable from that of E/E
affected individuals (average 54%9 years, range 35-73 years).1,2,9Quantification of RFC1 transcripts by
quantitative RT-PCR in whole blood showed a marked reduction of expression of the p.Arg388* and c.575delA
alleles, reflecting efficient nonsense-mediated mMRNA decay of the truncating alleles. E/E affected individuals did
not show significant reduction mMRNA expression, in accordance with previous results obtained by Cortese and
colleagueslin several other tissues.

RFC1 loss-of-function evidence?

RFC1 encodes the large subunit of Replication Factor C1, a heteropentameric AAA ATPase that acts as PCNA
clamp-loader, particularly involved in mismatch repair, nucleotide excision repair and translesion
synthesis.10,11Interestingly, numbers of neurodegenerative diseases leading to ataxia and neuropathy are caused
by genes involved in DNA repair pathways12,13(e.g. ATM, MRE11, APTX, PNKP, ERCC6 and ERCCS),
reflecting cerebellar and sensory neurons intolerance to DNA damage. Pathophysiology of CANVAS remains
elusive since no detectable impact was observed on RCF1 gene expression or splicing in peripheral tissues or
post-mortem brain samples (including cortex and cerebellum).1lin addition, no RNA foci of either the sense
(AAGGG) or antisense (CCCUU) repeated unit could be detected in any of the examined tissues.12,14.
Identification of truncating RFC1 variants leading to CANVAS is suggestive of a bi-allelic loss-of-function of
RFC1 as the cause of the disease. The normal RFC1 mRNA transcript level found in leucocytes and other tissues
of E/E affected individuals suggests an incomplete impact of the intronic RFC1 AAGGG expansion on RFC1
transcriptional regulation, by contrast with similar bi-allelic non-coding expansion diseases such as Friedreich’s
ataxia.15Rather, the AAGGG intronic expansion may only conditionally interfere with RFC1 expression in stress
conditions, not seen in native leucocytes or in post-mortem tissues (where fragile cells have already disappeared).
Stress conditions may relate to DNA repair at the RFC1 locus and may account for the specific pathogenicity of
AAGGG expansions, as opposed to AAAGG and AAAAG expansions, possibly in relation with the GC content
of the expanded motifs.16Alternatively, an RNA toxic pathogenic mechanism for the AAGGG expansion cannot
be formally excluded, as was suggested by foci detection in SHY-H5 cells transfected with (AAGGG)54
oligonucleotides, and by the identification of intron 2 retention in RFC1 transcripts across different tissues of



patients with bi-allelic expansion.lin this case, one normal allele, absent from our compound heterozygous
probands, would be sufficient to balance the recessive toxic gain of function of the expanded allele. Identification
of additional CANVAS patients with non-expanded mutations is needed to unravel the puzzling pathophysiology
of this intriguing disease.
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