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The ataxias comprise diseases of both genetic and nongenetic origin with extreme clinical and
genetic heterogeneity. They may present as a pure cerebellar form or as part of a more complex
neurologic syndrome. Progressive, neurodegenerative sporadic adult-onset ataxias (SAOAs)
without a known cause have a prevalence rate of 2.2–12.4 per 100,000. In several ataxia cohorts,
repetitive genetic screening using high-coverage ataxia-speciﬁc gene panels in combination with
next-generation sequencing (NGS) failed to identify a causative gene in 50%–90% of SAOAs.1–3
Cerebellar ataxia, neuropathy, vestibular areﬂexia syndrome (CANVAS), ﬁrst described by
Brownstein et al.,4 is a slowly progressive neurodegenerative disorder with adult onset, aﬀecting
the cerebellum, sensory neurons, and the vestibular system. CANVAS is usually sporadic, but
occasionally occurs in siblings. Two research groups recently identiﬁed large biallelic intronic
AAGGG expansions in replication factor C subunit 1 (RFC1) resulting in CANVAS, an adultonset neurodegenerative ataxia.5–7 RFC1 normally loads proliferating cell nuclear antigen onto
DNA and activates DNA polymerases δ and e to promote the coordinated synthesis of both
strands during replication or after DNA damage.8
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In this issue of Neurology® Genetics, Syriani et al.9 investigated the prevalence of intronic AAGGG
expansions in the RFC1 gene in a North American cohort of 911 predominantly adult-onset
patients with undiagnosed familial or sporadic ataxia. Testing in this cohort revealed 29 patients
with biallelic expansions (3.2%), one-third of whom had the full CANVAS syndrome. The
remaining had late-onset ataxia frequently accompanied by neuropathy (60%). All RFC1 expansion carriers were Caucasian. The rate of heterozygosity was as high as 6.8%, which may be
caused by overrepresented alleles with repeat lengths below 400 repeats—the pathogenic
threshold in RFC1 anticipated in 2 previous studies.

Nucleotide repeat disorder reloaded
Repetitive DNA sequences constitute approximately one-third of the genome. There is evidence
that they may contribute to diversity within and between species. They display considerable
variability in length between individuals, which is presumed to have no detrimental consequences
unless the repeat number is expanded beyond a gene-speciﬁc threshold. Pathologic unstable
repeat expansions are classiﬁed according to their length, repeat sequence, gene location, and
underlying pathologic mechanisms. Large (hundreds-thousands of copies) pathogenic repeat
expansions are typically located in noncoding regions including promoters, introns, and untranslated regions of genes and can show somatic instability. Repeat expansions in introns are
thought to produce aberrant repeat-bearing RNAs that interact with and sequester a wide variety
of essential proteins, resulting in cellular toxicity.
Targeted non–sequence-based testing is still the method of choice to detect nucleotide repeat
expansions in the human genome. Commonly used NGS techniques such as whole genome
sequencing (WGS) and whole exome sequencing (WES) fail to detect repetitive regions.
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Indeed, in the initial study in inherited CANVAS, WGS did
not detect the causative mutation in RFC1.5 The use of targeted non–sequence-based techniques and Southern blot ﬁnally led to the detection of 4 distinct intronic repeat
conformations in RFC1: AAAAG11 (the wild-type sequence)
and longer expansions of AAAAGn, AAAGGn, and AAGGGn.
Of these, the AAGGG pentanucleotide expanded up to
400–2,000 repeats was the only disease-causing condition.
The expansion occurs in the poly(A) tail of an AluSx3 element, and diﬀers in both size and nucleotide sequence from
the reference (AAAAG)11 allele.

Haplotype and allele carrier frequency
in RCF1
The same ancestral haplotype is shared by the majority of
familial and positive RFC1 cases, as well as some healthy carriers of 2 (AAAGG)exp alleles. It is likely that the nucleotide
change from AAAAG to AAAGG or AAGGG represents an
ancestral founder event, followed by the pathologic expansion
of the repeated unit, whose size seems to be related to its
guanine-cytosine content. Up to now, analyses of the core
haplotype in the mixed ethnic cohort conﬁrmed the European
core haplotype estimated to have arisen more than 25,000 years
ago. Although the AAGGG repeat expansion has been identiﬁed in non-European individuals (Native American, Arabic,
and Japanese), it remains highly overrepresented in populations of European descent, with frequencies of 4%–6.8%
(White and Hispanic).7,9–11

of the pathogenic pentanucleotide and its function remains to
be elucidated by additional studies.5,6,10
The fact that this highly prevalent ataxia gene was unknown
until now, highlights both the importance of precise phenotyping and sampling, as well as the use of analytic techniques
beyond currently available panels and NGS. Intronic repeat
expansions, in particular, are diﬃcult to identify but may be
common causes of neurodegenerative disease.
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In summary, the study by Syriani et al. supports the notion
that the newly discovered RCF1 gene is a major cause of
CANVAS. Analysis of RCF1 should be included in clinical
diagnostic testing of adult-onset neurodegenerative ataxia,
especially when neuropathy is present. There are multiple
areas for future work, including deep phenotyping in sporadic
adult-onset ataxias, analyses for a correct determination of
pathogenic repeat lengths, and the stability of this pentanucleotide repeat sequence across siblings and generations
within families. Moreover, an understanding of the ﬁne
structure of RFC1 as it relates to the ﬁnal repeat composition
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