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We read with great interest the original article “RFC1 nonsense and frameshift

variants cause CANVAS: clues for an unsolved pathophysiology” by Benkirane et al.

Biallelic RFC1 (AAGGG), expansions are responsible for .cerebellar ataxia,
neuropathy, and vestibular areflexia syndrome (CANVAS), a frequent cause of late-onset
ataxia, with sporadic or autosomal recessive inheritance.” Since their discovery, other

pathogenic pentanucleotide motifs have been reported in the literature.>®

The authors reported two cases of heterozygous. compound truncating variants of
RFC1 in two patients with CANVAS. They were null. variants (one frameshift and one
nonsense variant) and were associated with a classical RFC1 (AAGGG), intronic expansion
in trans. For the first time, Benkirane et al.* succeeded in advancing our understanding of the
pathophysiology of CANVAS, which, until'now, has remained elusive. The authors showed a
decrease in RFC1 mRNA levels in the patients’ blood, supporting the hypothesis of a loss-of-
function of the gene as the cause of the disease. Here, we report genetic and clinical data from
two additional unrelated families with heterozygous compound expansions in RFC1 and loss-

of-function pathogenic variants.

Case reports

Case 1

A 62-year-old French man who was referred to the Caen University Hospital presented
with progressive proprioceptive ataxia associated with cerebellar signs and self-reported hand
myotonia. His familial history revealed possible late-onset gait problems in his mother and
maternal grandfather. He started at age 37 with gait problems which were worse in the dark.
He had a chronic and unexplained cough since age 20. Clinical examination showed severe
proprioceptive ataxia, absent deep tendon reflexes, a flexor plantar response, and sensory
problems, with a decreased tactile sense and abolition of the vibration sense of the

extremities. He had a cerebellar syndrome, shown by a SARA (Scale for the Assessment and
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Rating of Ataxia) score of 26/40, with action tremor and dysarthria. He exhibited vertical
nystagmus on videonystagmography, diplopia in the lateral view, a positive head impulse test,
and abolished visually-enhanced vestibulo-ocular reflex. He suffered from severe
dysautonomia with orthostatic hypotension, abnormal secretion and vomiting of mucus,
constipation, dysuria, erectile dysfunction, tachycardia, excessive sweating, and a disorder of
thermoregulation, with an intolerance to hot humid weather. He had normal hearing/but had
had tinnitus since age 55. Myotonia was not found during the examination nor by EMG and
he was diagnosed instead with myokymia. He developed akineto-rigid syndrome at age 56
and his gait problems and orthostatic hypotension progressively worsened and confined the

patient to bed or a wheelchair at age 60.

EMG at age 50 showed sensory neuronopathy associated with moderate reductions in
motor action potentials of the lower limbs. EMG at age 57 confirmed the previous results and
showed a small decrease in motor potentials in the lower limbs associated with prolonged
distal motor latency in the upper limbs. Brain MRI showed mild cerebellar atrophy involving
the vermis. Dopamine transporter (DaT) SPECT showed bilateral and symmetrical reduction
of striatal fixation. Computed tomography of the chest, abdomen, and pelvis was normal. The

patient fully met the criteria for the diagnosis of clinically definitive CANVAS.°

We excluded acquired or metabolic causes of cerebellar atrophy, including infectious,
inflammatory, immune, carential, and neo- and paraneoplasic causes. Previous genetic
screening of the POLG and DMPK genes, dystrophic myotonia and episodic ataxia panel
genes (CACNALA;CLCN1, KNJ2, KCN1A) by next-generation sequencing (NGS), and
polyglutamine-expansions in the ATXN1, ATXN2, ATXN3, CACNALA, ATXN7, and TBP
genes were negative. The FMR1 locus was normal. Analysis of mitochondrial DNA by NGS
was normal. Screening for Friedreich ataxia showed an expanded allele of ~1000 triplets and
anormal allele without other pathogenic variants shown by Sanger sequencing and MLPA of
the:!EXN gene. We screened the RFC1 gene by fluorescent duplex PCR, repeat primer-PCR,
and'LR-PCR with Southern-blotting of the PCR product, as previously described.” The patient
carried an expanded (AAGGG), allele and an allele of normal length with 10 pentaplets.
Finally, we performed exome sequencing and found a heterozygous splicing variant in the
canonical acceptor site of exon 19 in the RFC1 gene: NM_002913.5: ¢.2535+2T>C, p?.
Segregation analyses performed on the proband’s mother and son confirmed the compound

heterozygous status (Figure 1).
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Case 2

A 38-year-old French man with a personal history of rheumatoid arthritis and no
family history of neurodegenerative diseases presented with cerebellar and proprioceptive
ataxia at the Neurogenetics Reference Center for Rare Diseases at the Salpétriere Hospital in
Paris. He started at age 32 with gait problems. Clinical examination showed a decreasedSense
of vibration at the ankles (2/8), cerebellar ataxia, and cerebellar dysarthria, with-a SARA
score of 8.5/40. He had brisk deep tendon reflexes and fasciculations of the lower limbs. He
had suffered from a chronic and unexplained cough since age 18.

EMG showed generalized sensory neuronopathy. Somatosensory-evoked potentials
showed a somatosensory deficit. Eye movement recording showed dysmetric horizontal
saccades, decreased velocity of vertical saccades, numerous square waves, and downbeat
nystagmus. Brain MRI showed cerebellar atrophy of both the vermis and cerebellar
hemispheres. Previous genetic screening, including for Friedreich ataxia and the search for
polyglutamine expansions in the ATXN1, ATXN2, ATXN3, CACNA1A, ATXN7, and TBP
genes showed no abnormal expansions. RFC1 gene screening showed an expanded
(AAGGG), allele and an allele of normal length with nine pentaplets. Exome sequencing
showed a heterozygous splicing variant in.the canonical acceptor site of exon 20 in the RFC1
gene: NM_002913.5: ¢.2690+1G>A, p.? (Figure 1).

Discussion

Here,-we confirm the report of Benkirane et al." by adding two additional patients
whose phenotypes-are characteristic of RFC1-related disorders and who carry heterozygous
compound mutations in the RFC1 gene. Such compound heterozygous mutations are
reminiscent of the loss-of-function mutations associated with (GAA), intronic expansion in
the FXN gene, responsible for Friedreich ataxia, for which the phenotype of late onset forms
is very similar to that of CANVAS.2° Consistent with this hypothesis, we noted that the RFC1
gene is intolerant to loss-of-function variants based on the constraint score in the gnomAD
database (loss-of-function observed/expected upper bound fraction = 0.305). There are only
121 allele counts with a loss-of-function variant recorded in gnomAD v2.1.1, including three
counts with disputable annotation or quality and 98 counts of a splice variant with an
uncertain loss-of-function effect due to weak/unrecognized splice rescue. Moreover, Zhao et

al.’® showed that RFC1™ knock-out mice are embryonic lethal.
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The two patients have first motor neuron signs (brisk deep tendon reflexes in case 2)
or second motor neuron signs (myokymia in case 1 and fasciculations in case 2). Mixed motor
and sensory neuronopathy was also observed in case 1. This is consistent with our previous
report of frequent motor neuron involvement in RFC1 patients.” Interestingly, the two cases
that we report had earlier onset than that previously reported for classical CANVAS. The
second difference is the presence of an MSA-like phenotype in the first case, not present in
the second, indicating that other factors are involved in this phenotypic expression of RFC1-

related disorders.

Data availability

The data that support the findings of this study are available from the corresponding authors

upon reasonable request.
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Figure legend

Figure 1 Pedigrees and RFC1 variants of the two families. A. Pedigrees of familyl (left)
and family 2 (right). The probands are indicated by an arrow. Filled black symbols denote
clinically affected members. Grey filled symbols denote members clinically affected by late-
onset gait problems but who had not been examined by one of us. Numbers indicate the age at
onset in years for neurological signs (cough excluded). Open symbols indicate unaffected
individuals. A forward slash indicates deceased individuals. Intronic (AAGGG), RFC1
expansions are shown in bold. The two RFC1 splicing variants are shown in boldand in red.
B. Electropherograms of the heterozygous splicing variants in the RFC1 gene in the probands

from family 1 (left) and family 2 (right).
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