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Abbreviations

ALS amyotrophic lateral sclerosis

BVP bilateral vestibulopathy

CANVAS cerebellar ataxia, neuropathy, vestibular areflexia

syndrome

CIAP chronic idiopathic axonal polyneuropathy

CSF cerebrospinal fluid

GER gastroesophageal reflux

HSAN hereditary sensory and autonomic neuropathy

MOCA Montreal Cognitive Assessment

MRI magnetic resonance imaging

MSA multiple system atrophy

NCS nerve conduction study

NfL neurofilament light chain

PD Parkinson’s disease

RBD rapid eye movement sleep behavior disorder

RCC refractory chronic cough

RFC1 replication factor C subunit 1

SNAP sensory nerve action potential
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a b s t r a c t

Biallelic intronic expansions (AAGGG)exp in intron 2 of the RFC1 gene have been shown to be

a common cause of late-onset ataxia. Since their first description, the phenotypes, neuro-

logical damage, and pathogenic variants associated with the RFC1 gene have been fre-

quently updated. Here, we review the various motifs, genetic variants, and phenotypes

associated with the RFC1 gene. We searched PubMed for scientific articles published

between March 1st, 2019, and January 15th, 2024. The motifs and phenotypes associated

with the RFC1 gene are highly heterogeneous, making molecular diagnosis and clinical

screening and investigation challenging. In this review we will provide clues to give a better

understanding of RFC1 disease. We briefly discuss new methods for molecular diagnosis, the

origin of cough in RFC1 disease, and research perspectives.
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1. Introduction

The RFC1 gene, located on chromosome 4, encodes a

ubiquitous protein, replication factor C subunit 1, which is

the largest subunit of replication factor C, involved in

replication and DNA repair [1–5]. In 2019, biallelic intronic

(AAGGG)n expansions in intron 2 of the RFC1 gene were shown

to be a common cause of late-onset ataxia, in particular, most

cases of cerebellar ataxia with neuropathy and vestibular

areflexia syndrome (CANVAS) [6,7]. This disorder belongs to a

vast and growing group of genetic diseases due to DNA repeat

expansions. However, this genetic disease stands out due to

the particular combination of large expansions and a change

in the expanded nucleotide motif. Cortese et al. reported that,

in the general population, the expanded locus generally

consists of a stretch of �11 (AAAAG) pentanucleotides, but

this locus appears to be highly variable, as non-pathogenic

(AAAAG)n and (AAAGG)n expansions can be frequently

observed [6].

Since their first description, the phenotypes, neurological

damage, and pathogenic variants associated with the RFC1

gene have been frequently updated. This review focuses on: (i)

the various pathological/non pathological expanded motifs

and other genetic variants of the RCF1 gene, which make

molecular diagnosis increasingly difficult; and (ii) the pheno-

typic spectrum and related pathological conditions associated

with the RFC1 gene, which appear to be highly variable.

2. Materials and methods

We searched the literature published in English between

March 1st, 2019, and January 15th, 2024, in the database of the

National Center for Biotechnology Information (NCBI; http://

www.ncbi.nlm.nih.gov/pubmed) using the key words ‘‘RFC1’’,

‘‘CANVAS’’, and ‘‘Replication Factor C1’’. We manually

screened bibliographies of the publications that met these

criteria and each relevant review to ensure that we did not

miss any potential articles. Exclusion criteria were papers

addressing non-human studies or the RFC1 protein only or

papers focusing on ‘‘Reduced Folate Carrier 1’’, i.e., the

SLC19A1 gene. We excluded animal or cellular studies,

conference proceedings, authors’ corrections, replies, and

editorials. The complete screening strategy is shown in Online

material Fig S1.

3. Results

3.1. Molecular aspects

The RFC1 locus is highly dynamic, giving rise to a large number

of pathogenic and non-pathogenic motifs. To date, the

pathophysiological mechanism of RFC1 expansions are still

uncertain, without subsequent functional testing. Most of the

elements that define the pathogenicity of the motifs and other

described variants depend on: (i) their frequency in patients;

(ii) their presence in the homozygous state in healthy controls;

and/or (iii) their association with another pathogenic variant in
Please cite this article in press as: Delforge V, et al. RFC1: Motifs an
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trans. The various motifs observed thus far are presented in

Fig. 1.

3.1.1. Non-pathogenic motifs

The expanded locus in intron 2 of the RFC1 gene is precisely

located at position chr4:39,348,425-39,348,485 in the reference

genome hg38. It consists of the 30 end of a short tandem repeat,

AluSx3, a subtype of the Alu element. Various motifs can be

observed in the general population. The most frequent allele

corresponds to �11 repeats of the pentanucleotide (AAAAG).

The allele frequency in Caucasians of (AAAAG)11 is �0.75.

Other common non-pathogenic motifs are the expanded

(AAAAG)n and expanded (AAAGG)n motifs (respective allele

frequencies: �0.13 and �0.08) [8]. Recently, Scriba et al.

analyzed the RFC1 locus in 19,241 ethnically diverse samples

from the gnomAD v3 database [9]. This bioinformatic analysis

of whole genome sequencing data retrieved 34,768/38,482

alleles with the (AAAAG)n motif and 1,914/38,482 alleles with

the (AAAGG)n motif (respective allele frequencies: �0.9 and

�0.05). These two motifs have been observed in the homo-

zygous state in healthy individuals and should thus be

considered benign. However, recent studies reported a

pathogenic role for certain highly expanded alleles with > 500

500 (AAAGG)n (see below, ‘‘3.1.3. Pathogenic motifs’’).

In large cohorts of 1,069 amyotrophic lateral sclerosis (ALS)

patients and 853 controls, Abramzon et al. did not discover any

carriers of the homozygous (AAGGG)n expansion. However,

after Sanger sequencing of the samples suspected to carry

biallelic expansions, they observed that certain individuals

carried complex motifs with different repeat units. In total,

they reported 18 different combinations of expansions in ALS

patients and/or controls. None was observed in the homozy-

gous state in the ALS patients. The (AAAGGG)n motif alone or

associated with another motif on the same allele has been

observed in the homozygous state in healthy controls. In total,

the allele frequencies of this rare and likely benign allele

(AAAGGG)n in Caucasians (mixed ALS patients and controls)

were 12/1,706 (0.007) in the ALS cohort and 13/2,138 (0.006) in

the controls [10].

3.1.2. Motifs of unknown significance
Since the first report in 2019, the existence of other non-

pathogenic allelic conformations was suspected, with 18/608

(0.03) uncharacterized expansions in healthy individuals [6].

Further studies revealed the highly dynamic nature of the

RFC1 locus [9,11–15]. Scriba et al. reported 20 different motifs in

the gnomAD v3 database, among them 16 with a

frequency < 0.01. Most of these motifs have been observed

in the gnomAD v3 database or in various cohorts of patients

with various neurological disorders and controls. However,

these motifs were only found in the heterozygous state, which

makes it difficult to define their pathogenicity [9]. In the same

study, the authors showed that the motif (AAGAG)exp has a

frequency of 474/38,482 (0.012). This motif has been previously

reported in the heterozygous state in Brazilian and Canadian

cohorts of adult-onset ataxia and in healthy Canadian controls

[11]. Finally, Scriba et al. reported a high proportion of complex

interrupted patterns in their cohort of 242 Australasian

patients with neurological diseases. They showed that some

alleles comprised more than one repeat motif [9]. Such
d phenotypes. Revue neurologique (2024), https://doi.org/10.1016/

http://www.ncbi.nlm.nih.gov/pubmed
http://www.ncbi.nlm.nih.gov/pubmed
https://doi.org/10.1016/j.neurol.2024.03.006
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Fig. 1 – Motifs of RFC1 repeat expansions.
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variability and complex interrupted patterns at the RFC1 locus

were confirmed by two other studies in the same year [14,15].

In a large Indian cohort, Tyagi et al. screened for RFC1

expansions and found 27 different repeat motifs, sometimes

in the homozygous state or in complex alleles with different

repeat motif units in the same allele. However, the phenotype

of the carriers of these repeat motif arrangements is not

known [14].

Dominik et al. reported complex alleles in two CANVAS

families. The (AAGGG)n(AAGGC)n motif was carried in the

homozygous state in two affected siblings, whereas the

(AAAGG)n(AGAGG)n motif was in a compound heterozygous

state with the common pathogenic (AAGGG)n motif in one

sporadic CANVAS patient [15]. In silico predictions favor the

formation of G-quadruplexes, which may be involved in the

pathophysiology [16]. However, the low number of affected

patients and the association with large repeats of the common

pathogenic (AAGGG)n motif on the same allele as the

(AAGGG)n(AAGGC)n motif makes it impossible to say whether

or not the (AGAGG)n and (AAGGC)n motifs are pathogenic or not.
Please cite this article in press as: Delforge V, et al. RFC1: Motifs an
j.neurol.2024.03.006
3.1.3. Pathogenic motifs
Among the various pathogenic motifs, biallelic (AAGGG)n
expansions in intron 2 of the RFC1 gene are the most frequent

pathogenic variants. The allele frequencies of (AAGGG)n
expansions in the general population is �0.031 in the general

population [9] and up to 0.045 in Caucasians [7]. They were

initially reported in CANVAS [6] and then shown to be

associated with various phenotypes, from isolated sensory

neuropathy to more complex clinical presentations grouped

under the name of RFC1 CANVAS/spectrum disorders [8]. The

size for the pathogenic (AAGGG)exp alleles generally range

from > 250 to > 2000 repeats (maximum number of reported

repeats = �4000) [6,15,17,18]. However, smaller expansions

(�100–160 repeats) have been shown to be associated with a

neurodegenerative disorder similar to multiple system atro-

phy [19]. The allele frequency in Caucasians of such

(AAGGG)exp alleles ranges from 4/608 (0.007) to 21/466 (0.045)

in the literature [6,7]. This pathogenic variant arose from a

common haplotype shared by Caucasian and Asian popula-

tions [7] and has subsequently been observed in Asian
d phenotypes. Revue neurologique (2024), https://doi.org/10.1016/

https://doi.org/10.1016/j.neurol.2024.03.006
https://doi.org/10.1016/j.neurol.2024.03.006


r e v u e n e u r o l o g i q u e x x x ( 2 0 2 4 ) x x x – x x x4

NEUROL-2920; No. of Pages 17
populations [20,21]. More recently, Scriba et al. analyzed the

RFC1 locus in 19,241 ethnically diverse samples from the

gnomAD v3 database [9]. This bioinformatic analysis of whole

genome sequencing data retrieved 1202 alleles with the

(AAGGG)n motif, corresponding to an allele frequency of 0.031.

In a recent study, Currò et al. reported an inverse

correlation between the repeat size of both smaller and larger

alleles with (AAGGG)n expansions and an earlier age or

severity of the disease. Larger repeat size, especially of the

smaller allele, were shown to be associated with an earlier age

at: (i) neurological onset; (ii) dysarthria; (iii) dysphagia; and (iv)

first walking aid. A comparison of patients with either isolated

sensory neuropathy, complex sensory neuropathy, or full-

blown CANVAS showed the more complex phenotypes to be

associated with larger repeat size. Larger repeat size in the

smaller allele only was associated with more pronounced

cerebellar vermis atrophy. Finally, the authors did not show

meiotic instability nor significant variation of repeat size

between tissues [22].

Other pathogenic expansions showing variations in the

pentanucleotide repeat sequence have been reported in

various populations. In Ma-ori, Beecroft et al. observed an

alternate pathogenic allele configuration (AAAGG)10–25(AAGG-

G)
exp

(AAAGG)4–6 [23]. Patients carrying such biallelic expan-

sions had a CANVAS phenotype, with similar clinical

impairment as CANVAS patients with European ancestry.

The authors showed that their patients shared a common

disease haplotype, suggestive of a founder effect in this

population. Moreover, the authors showed the same core

haplotype as previously described by Cortese et al. [6],

supporting a single origin of the pathogenic (AAGGG)n
expansions [23]. In Asian and Asia-Pacific CANVAS families,

several studies showed an (ACAGG)n expansion in the

homozygous state or in a compound heterozygous state with

(AAGGG)exp [21,24–27]. This (ACAGG)exp shares a common

haplotype, suggesting a single origin, but the same expansion

with a different haplotype has been found in Dutch patients

[28]. The CANVAS feature in these patients was similar, with

perhaps more frequent lower neuron involvement that needs

to be confirmed in a larger cohort of patients [25].

In 2023, Dominik et al. reported new motifs associated with

CANVAS [15]. They found (AGGGC)n expansion in a compound

heterozygous state with the common pathogenic (AAGGG)n
expansion in six patients from five unrelated families with a

CANVAS or sensory neuropathy phenotype. In the same study,

they found a higher percentage of compound heterozygous

(AAGGG)exp/(AAAGG)exp carriers among ataxia cases and

showed that the patients with CANVAS/spectrum disorder

(n = 5) and compound heterozygous (AAGGG)exp/(AAAGG)exp

carriers had larger (AAAGG)n expansions than healthy

controls with a similar genotype (n = 8). Large expansions

of > 500 repeats units of the (AAAGG)n motif should thus be

considered as likely pathogenic.

3.1.4. Other pathogenic variants
In 2022, five studies identified patients with a CANVAS

phenotype and exhibiting compound heterozygosity for the

pathogenic (AAGGG)exp and a conventional pathogenic variant

(i.e. single nucleotide variant or small insertion/deletion) in

the RFC1 gene on the other allele [29–33]. All of these reported
Please cite this article in press as: Delforge V, et al. RFC1: Motifs an
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variants were nonsense, frameshift, or splice variants,

supporting a loss-of-function of RFC1 in CANVAS patients.

Ronco et al. suggested that such compound heterozygous

patients may have a more severe phenotype, with frequent

dysautonomia, an earlier need for walking aids, and an earlier

onset of neurological impairment [31]. We compiled all the

published patients with compound heterozygosity (i.e. (AAGG-

G)exp/conventional variant) and compared them to 94 patients

with extensive phenotyping [34]. There was no difference in

the frequency of dysautonomia (6/14 versus 39/63, P = 0.31)

(Wilcoxon rank sum test). However, there was, indeed, an

earlier need for walking aids (median age: 58.5 years,

interquartile range: 54.5–59 years, n = 8, P = 0.006) and an

earlier onset of neurological impairment (median age at onset:

44.5 years, interquartile range: 37.75–45.75 years, n: 14,

P = 3 � 10�5). The conventional variants were associated with

lower RFC1 mRNA levels in peripheral whole blood [29,32] or

fibroblasts [31].

To date, the pathophysiological mechanism of RFC1

pathogenic expansions is not understood and the loss-of-

function of the RFC1 gene remains a hypothesis. The

pathogenicity of these conventional variants is thus not

certain and we propose considering them as being likely

pathogenic because of: (i) their low frequency in the databases

of controls; (ii) their detection in trans with the pathogenic

(AAGGG)exp; (iii) their in-silico prediction and the intolerance of

the RFC1 gene to haploinsufficiency; and (iv) multiple

publications reporting similar variants. These other pathoge-

nic variants in the RFC1 gene are presented in Fig. 2.

3.2. Clinical aspects

RFC1 expansions were initially found to be a common cause of

late onset ataxia and, in particular, CANVAS, a clinical

syndrome first described in 1991 [36] and clinically defined

in 2011. It is characterized by cerebellar ataxia, sensory

neuropathy, and bilateral vestibular areflexia [37]. The family

history is generally consistent with autosomal recessive

inheritance (affected siblings or parental consanguinity) or a

sporadic presentation. However, the high frequency of the

RFC1 (AAGGG)n pathogenic expansion in the general popula-

tion (�0.031 in the general population and up to 0.045 in

Caucasians) is compatible with some cases of pseudodomi-

nant inheritance. Since then, the phenotypes and clinical

impairment associated with RFC1 pathogenic expansions have

been regularly updated to include more restricted or more

complex phenotypes. The various clinical impairments

associated with RFC1 mutations and their possible investiga-

tions are presented in Fig. 3 and in Online material Table S1.

3.2.1. The CANVAS core phenotype
Biallelic RFC1 pathogenic expansions were initially described

in CANVAS patients [6,7] or those affected by a disorder that

always included sensory neuropathy associated with cerebel-

lar ataxia and/or vestibular areflexia [6,17]. Since then, the

spectrum of manifestations associated with RFC1 has been

shown to range from isolated neuropathy [18] to more

complex phenotypes [34].

RFC1 CANVAS and spectrum disorders [8] frequently start

with a dry spasmodic cough, but the first recognized
d phenotypes. Revue neurologique (2024), https://doi.org/10.1016/

https://doi.org/10.1016/j.neurol.2024.03.006
https://doi.org/10.1016/j.neurol.2024.03.006


Fig. 3 – Phenotype and investigations associated with RFC1 pathogenic expansion. Investigations (left) that can be performed

to show RFC1-associated clinical features (right), which consist of a spectrum of clinical impairments including or not the

CANVAS core features (red). GER: gastroesophageal reflux; MRI: magnetic resonance imaging; NCS: nerve conduction study.

Fig. 2 – Conventional pathogenic variants in RFC1. Localisation of the reported conventional pathogenic variants in the RFC1

gene compared to the domain of the RFC1 protein. Exons and introns are shown as boxes and horizontal lines, respectively.

Untranslated regions are indicated as grey boxes and coding exons are marked in orange. Domains were investigated via

InterProScan [35]. BRCT domain: breast cancer type 1 susceptibility C Terminus domain, AA: amino acid.
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symptoms are usually features of sensory neuropathy and/or

gait disturbances during the sixth decade. Patients experience

sensory neuropathy consisting frequently of sensory neuro-

nopathy, but other patterns can be found during clinical

examination and nerve conduction studies (NCS). Related

symptoms include unsteadiness, altered sensations (pinprick,

vibration, position sense, and nociception), numbness, pares-
Please cite this article in press as: Delforge V, et al. RFC1: Motifs an
j.neurol.2024.03.006
thesia (pins and needles), sensory ataxia, positive Romberg

sign, and/or neuropathic pain. Cerebellar ataxia is frequently

observed and can be associated with mild to severe cerebellar

atrophy, which may help to distinguish it from late-onset

Friedreich ataxia, in which cerebellar atrophy is mild or

absent. Oculomotor recording may show abnormal eye

movements, including gaze-evoked, downbeat, and horizon-
d phenotypes. Revue neurologique (2024), https://doi.org/10.1016/

https://doi.org/10.1016/j.neurol.2024.03.006
https://doi.org/10.1016/j.neurol.2024.03.006
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tal nystagmus, saccadic pursuit, and dysmetric saccades.

Bilateral vestibular areflexia can be found during vestibular

testing using the video head-impulse test, caloric response

(video-oculography system and an irrigation unit), or rotatory

chair. Bilateral vestibulopathy leads to oscillopsia, an illusion

of unstable vision in which still objects appear to oscillate.

Based on two major prospective cohorts [17,34], the median

age at onset, excluding cough, is 54 years (interquartile range:

47–60.75 years, n = 190). Cough is frequently the first symptom,

but sensory neuropathy is, to date, the most studied feature

and is frequently the only clinical impairment. Subsequently,

neurodegeneration expands following a pattern of spatial

progression to other neurological systems in later stages of the

disease. However, progression of the disease is variable, as the

onset of the disease can consist of broad multisystemic

neurodegeneration for certain patients [38]. The progression of

RFC1 CANVAS/spectrum disorders is slow, with an average

progression of 1.3 points per year using the scale for the

assessment and rating of ataxia (mainly evaluating the

cerebellar part of the symptoms). However, a small subset

of patients may experience sudden phases of rapid progres-

sion. The median age at first walking aid is 63.5 years

(interquartile range: 60–70 years, n = 26) [34]. Half of the

patients need a cane after 10 years from disease onset and one

quarter are wheelchair dependent after 15 years [17].

Premature death related to RFC1 disease has been reported

and was due to severe dysphagia with cachexia, cough, and

immobility/being bedridden after 13 to 22 years of the disease

[34]. It is possible that falls, dysphagia, and severe dysauto-

nomia could also cause the death of some patients. Never-

theless, RFC1-related disorders do not appear to lead to a

significant reduction in life expectancy, as the median age of

death is 77 years (range: 59–87) [17].

3.2.1.1. The full-blown CANVAS phenotype. According to the

studies and after the exclusion of case-reports, the patients

who presented with the classical triad of CANVAS were

associated with a high diagnostic yield of RFC1 biallelic

(AAGGG)n expansion, for a total of 179/222 (80.6%) positive

CANVAS patients [6,7,12,17,34,39–41]. However, electrophy-

siological data on all subjects was not always available and the

diagnosis of CANVAS did not always fulfill the criteria [42].

When focusing on the patients with an NCS examination and

the presence of sensory neuronopathy, the diagnostic yield

increased to 137/155 (88.4%) [6,7,17,34,41]. RFC1 biallelic

pathogenic expansions are thus the major cause of CANVAS.

Other known genetic causes consist of mutations in the genes

ATXN3 (spinocerebellar ataxia-3, Machado-Joseph disease;

OMIM #109150), FXN (Friedreich’s ataxia; OMIM #229300),

RNF170 (ataxia, sensory, 1, autosomal dominant;

OMIM #608984), and POLG (sensory ataxic neuropathy, dysar-

thria, and ophthalmoparesis; OMIM #607459) and other single

large-scale mitochondrial DNA deletion syndromes. Rafehi

et al. also reported one CANVAS patient harboring two

variants (one pathogenic variant and one variant of unknown

significance in trans) in the SACS gene (spastic ataxia,

Charlevoix-Saguenay type; OMIM #270550) [7].

3.2.1.2. CANVAS spectrum. Some RFC1 patients may have

initially only one or two features of the classical triad of
Please cite this article in press as: Delforge V, et al. RFC1: Motifs an
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CANVAS � cough, but do not fulfil the diagnostic criteria of

CANVAS. Until recent studies on patients with chronic

unexplained cough [43], it was expected that all patients

would be affected by clinical sensory neuropathy, or at least

subclinical sensory neuropathy assessed by NCS [17]. Sensory

neuropathy is thus a major feature of RFC1-related diseases

and may consist of sensory neuronopathy, sensory neuropa-

thy, sensorimotor neuropathy [12,26,44], or small fiber

neuropathy [45]. The presence of sensory neuronopathy

appears to increase the diagnostic yield [44,46,47]. Proprio-

ceptive ataxia, sensory symptoms, and abnormal NCS with a

diminished sensory nerve action potential (SNAP), an electro-

physiological sign related to sensory neuronopathy, are

discriminating features for positive RFC1 testing [34]. This

also highlights the interest of searching for different signs of

sensory neuropathy and performing NCS on patients sus-

pected of having inherited cerebellar ataxia and/or vestibular

areflexia.

After the first report in which the authors observed biallelic

RFC1 expansion in 33/150 (22%) of CANVAS or late-onset ataxia

(onset > 35 years) patients [6], a number of studies focused on

late-onset and non-dominant cerebellar ataxia. These studies

reported a diagnostic yield of RFC1 biallelic (AAGGG)n expan-

sion of between 1.5% and 15% of patients [21,25,34,39,40,48–

53]. The inclusion/exclusion of multiple system atrophy

(MSA), previous genetic testing, the notion of familial

history/sporadic cases, the frequencies of consanguinity,

and ethnicity in the different cohorts could explain the

differences between studies. In a prospective study of 205

patients with sporadic late-onset (> 40 years) cerebellar

ataxia, RFC1 was the second genetic cause (after SPG7

mutations), with 3/205 (1.5%) (AAGGG)exp biallelic carriers

[54]. In a monocentric study, the authors screened the RFC1

gene in 20 patients with at least two of the following features:

progressive ataxia, sensory neuropathy/neuronopathy, vesti-

bulopathy, and chronic cough. They identified biallelic

(AAGGG)exp in 13/20 (65%) patients [46].

3.2.1.3. Isolated sensory neuropathy. In 2021, Currò et al.

screened 225 patients diagnosed with chronic idiopathic

axonal polyneuropathy (CIAP) (125 with sensory neuropathy,

100 with sensory-motor neuropathy) for RFC1 expansions and

found 43/125 (34.4%) sensory neuropathy patients with

biallelic (AAGGG)exp [18]. They did not find RFC1 expansions

in patients with sensorimotor neuropathy [18]. Among the

RFC1-positive patients, 10/43 (23.3%) had isolated sensory

neuropathy and 8/43 (18.6%) presented with sensory neuropa-

thy and cough. Vestibular and/or cerebellar involvement were

identified in 25/43 (58.1%). The distribution of sensory

involvement was length-dependent in 20/29 (69%) cases.

Motor nerve conduction studies were normal for all but two

patients. In a cohort of 234 patients with CIAP, Tagliapietra

et al. showed biallelic (AAGGG)exp in 21/40 (52.5%) pure sensory

CIAP, 10/56 (17.8%) predominantly sensory, and 3/138 (2.2%)

sensorimotor neuropathy cases. Sensory ataxia, dysautono-

mia, retained deep tendon reflexes, and axonal neuropathy

were discriminative features for positive RFC1 testing. Most of

the 34 RFC1 patients had no cerebellar signs and no cough and

none had vestibulopathy [55]. We also reported one RFC1

patient with cramp-fasciculation syndrome at onset and a
d phenotypes. Revue neurologique (2024), https://doi.org/10.1016/

https://doi.org/10.1016/j.neurol.2024.03.006
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history of chronic cough, leading to a diagnosis of mixed motor

and sensory neuronopathy, preceding cerebellar ataxia by 15

years [56]. After the exclusion of other molecular diagnoses,

Ando et al. screened for RFC1 expansions in 1475 Japanese

cases with inherited peripheral neuropathy and identified

biallelic pathogenic expansions in 18/1475 (1.2%) patients.

Cerebellar ataxia and/or vestibular dysfunction were observed

in only 5/16 (31.3%). The most common phenotype of the RFC1

patients in this study was sensory-motor neuropathy [27].

3.2.1.4. Isolated vestibular areflexia. Oscillopsia, a common

sequela of bilaterally vestibular areflexia, was reported as the

first symptom for 6/100 RFC1 patients, and it was the only

initial symptom for 3/100 (3%) [17]. Isolated vestibular areflexia

was then shown to be an informative clinical impairment for

RFC1 genetic testing. Borsche et al. reported three RFC1

patients with vestibular impairment assessed by an abnormal

vestibulo-ocular reflex on video-oculography of the horizontal

head impulse test. These three patients had neither cerebellar

ataxia nor neuropathy at the first visit. Some later developed

cerebellar ataxia found during clinical follow-up visits [57].

Traschütz et al. screened 168 patients with idiopathic bilateral

vestibulopathy (BVP), 41 with a probable diagnosis and 127

meeting the full diagnostic criteria of BVP, and found 10/127

(8%) and 1/41 (2%) patients with biallelic RFC1 (AAGGG)n
expansions, respectively. Most RFC1 patients had at least

associated sensory neuropathy and only one had isolated BVP.

None had BVP associated only with cerebellar features. This

study identified RFC1 mutations as the first monogenic cause

of BVP [58].

3.2.1.5. Isolated cerebellar ataxia. A few studies have reported

RFC1 patients affected with isolated cerebellar ataxia. Two

reported eight patients, but their phenotypes and the

investigations performed on them (especially NCS) were not

detailed [39,40]. Montaut et al. described one patient with

isolated ataxia, without sensory neuronopathy, bilateral

vestibular areflexia, or chronic cough [50]. However, the

patient carried two small expansions of 32 and 155 (AAGGG)n,

which are below the threshold of 250 [8]. In a recent study that

included a small cohort of 54 patients with pure cerebellar

ataxia without evidence of sensory neuronopathy, the authors

did not find any RFC1 biallelic expansions [57]. They concluded

that RFC1 expansions are highly unlikely in cases with isolated

cerebellar ataxia. To date, there have not been enough studies

to confirm or refute previously reported associations and

involvement of the RFC1 gene in isolated cerebellar ataxia is

still a subject of debate.

3.2.2. Other clinical impairments
3.2.2.1. Cough. Although not part of the ‘‘CANVAS’’ acronym,

cough is frequently associated with RFC1 mutations and is

sometimes included in the core CANVAS phenotype [34]. A

cough can precede the onset of neurological symptoms [17,58].

Traschütz et al. showed that in a cohort of RFC1 patients, 46/64

(72%) had chronic cough with an onset at a median age of 35

years (range: 16–69 years, interquartile range: 30–42 years) [34].

Cortese et al. reported chronic cough in 64/100 (64%) RFC1

patients and it was the initial symptom for one third [17].

When studying a cohort selected based on the presence of
Please cite this article in press as: Delforge V, et al. RFC1: Motifs an
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sensory neuronopathy using clinical and electrophysiological

criteria from the Camdessanché score [59], we observed

chronic cough in 33/34 (97.1%) of RFC1 patients [44]. Inter-

estingly, Traschütz et al. also reported that among patients,

some with chronic cough, the onset of gait ataxia was earlier

for those with chronic cough (n: 46, age 50.3 � 7.3 years) than

those without (n: 19, age 61.7 � 7.4 years, t-test, P < 0.001).

Chronic cough could thus be a marker of the sensitivity of

patients to nerve damage [34]. Conversely, some authors have

reported a decrease in the frequency of cough episodes after

the onset of ataxia [58,60].

The presence of a chronic cough is a discriminating feature

for positive RFC1 testing and its presence in different cohorts

increases the diagnostic yield [34,46,61]. Tatineni et al.

characterized the cough of 13 RFC1 patients using question-

naires, an esophagram, a modified barium swallow study,

esophageal manometry, and video laryngostroboscopy. The

cough was dry (67%), disturbed sleep (75%), and triggered by

various factors, including talking, eating, and dry/spicy foods.

They showed frequent associated laryngeal alterations,

including vocal fold lesions or atrophy. Most treatments,

especially standard reflux therapy, were ineffective. Neuro-

modulating medications (e.g., amitriptyline, gabapentin, and

pregabalin) were useful for only 3/8 patients. The patients

inconsistently responded to superior laryngeal nerve injec-

tions [60]. Cough in RFC1 patients may also represent a major

source of impairment and significantly alter their quality of

life [60,62,63].

A recent study on a cohort of patients with refractory

chronic cough (RCC) and no diagnosis of CANVAS showed 11/

68 (16.2%) to have RFC1 biallelic pathogenic expansions

without ataxia or vestibular syndrome, and only a small

subset to have neuropathy [43]. Thus, genetic testing of

patients with RCC could allow the diagnosis of RFC1 disease at

the earliest stages. The authors also showed 6/68 (8.8%) of

patients with RCC to be heterozygous for pathogenic (AAGGG)n
expansions. To date, it is not clear whether only one

pathogenic mutation is sufficient to favor the appearance of

chronic cough.

3.2.2.2. Dysautonomia. Dysautonomia was already known to

be a common feature associated with CANVAS before the

description of RFC1 expansions and is thought to arise from

neuronopathy involving the autonomic nervous system [64].

According to the studies and depending on the criteria for

patient inclusion and the investigations on them, the presence

of dysautonomia is highly variable and ranges from to 21% [18]

to 75% [23] of RFC1-positive cases. In the two studies that

reported on the most patients, the authors reported dysau-

tonomia in 30/46 (65.2%) [17] and 39/63 (61.9%) [34]. It occurred

�5 years (interquartile range: 1–11 years) after the onset of gait

ataxia [34]. When focusing on isolated phenotypes, dysauto-

nomia was less frequently observed [18,65]. Dysautonomia is a

discriminative feature for RFC1 expansions when associated

with CIAP [55].

In hereditary sensory and autonomic neuropathy (HSAN)

associated with chronic cough, Beijer et al. found biallelic RFC1

expansions in 9/12 (75%) families [61]. In a less restricted study,

Yuan et al. molecularly diagnosed RFC1 disease in 20/79

(25.3%) patients in a cohort of 79 Japanese patients with HSAN,
d phenotypes. Revue neurologique (2024), https://doi.org/10.1016/
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making RFC1 the major cause of HSAN [66]. In RFC1 HSAN

patients, dysautonomia spans across multiple domains,

involves both the sympathetic and parasympathetic nervous

systems, and is characterized by small-fiber autonomic

axonopathy [67].

The enteric nervous system is also affected. Indeed,

numerous RFC1 patients experience constipation and/or

gastroesophageal reflux (GER). Because of the chronic cough,

which may precede gait ataxia by decades, some RFC1 patients

have been previously diagnosed with GER, a major cause of

chronic cough with normal thoracic imaging. However, GER is

a common feature in RFC1 disease and was reported in 31% of

RFC1 patients but was not associated with cough [34]. Using an

esophageal pH test, high-resolution esophageal manometry,

or an esophagram or modified barium swallow study, two

studies reported frequent GER and esophageal dysmotility in

RFC1 CANVAS patients [60,62].

3.2.2.3. Upper and lower motor neuron signs. Motor nerve

conduction is normal for most RFC1 patients [6]. However,

recent studies showed that the phenotype of RFC1 pathogenic

expansions should be extended to include motor neuron

involvement. Initially, motor neuron involvement was des-

cribed by Scriba et al. in patients with expansions of the

(ACAGG)n motif and experiencing muscle waiting, fascicula-

tions, elevated creatine kinase levels, and sensorimotor

peripheral neuropathy [24]. These results were later confirmed

in other patients with the same repeat expansion motif [25–

27]. Several studies also hypothesized that motor involvement

was more common for patients with biallelic (ACAGG)n
pathogenic expansions than those with heterozygous

(AAGGG)n/(ACAGG)n or biallelic (AAGGG)n, especially for

involvement of the lower motor neurons [25–27]. Given the

small number of reported patients with (ACAGG)exp, it is not

possible to draw any conclusions. Further studies are

warranted to confirm (or not) whether the different motifs

of RFC1 pathogenic expansions have an influence on the

frequency of motor neuron damage. The proportion of motor

neuron signs in RFC1 patients ranges from 12/67 (17.9%) [58] to

24/38 (63.2%) [44]. It is important to note that patients in these

cohorts had biallelic expansions of the (AAGGG)exp motif.

Evocative of lower motor neuron impairment, Traschütz

et al. reported muscle atrophy in 14/68 (20.6%) patients. They

also reported abnormal conduction study of motor nerves,

generally mild, for 28/59 (47.5%) patients and muscle weak-

ness for 7/68 (10.3%) [34]. Reduced or abnormal compound

muscle action potentials have been reported for 2/94 (2.1%)

patients in the upper limbs and 10/93 (10.8%) in the lower

limbs [17] to 2/8 (25%) in the upper limbs and 3/9 (33.3%) in the

lower limbs [48]. As for sensory neuropathy, the lower limbs

appear to be more frequently affected by motor neuropathy

than the upper limbs. In a cohort of patients selected based on

the presence of sensory neuronopathy, we observed lower

motor neuron signs (fasciculations, wasting, weakness) or a

neurogenic pattern by NCS in 16/38 (42.1%) RFC1 patients [44].

Because decreased deep tendon reflexes due to sensory

neuropathy are frequently observed in RFC1 disease, upper

motor neuron involvement (brisk reflexes, extensor plantar

responses, and/or spasticity) is less frequently investigated. It

is thus difficult to know the proportion of patients with this
Please cite this article in press as: Delforge V, et al. RFC1: Motifs an
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impairment. Cortese et al. observed retained or even brisk

ankle jerks in 45/100 (45%) cases, but all patients had a normal

plantar reflex. One patient, however, had a previous diagnosis

of spastic paraplegia [17]. We observed upper motor neuron

signs in 18/38 (47.4%) patients [44].

We also performed a neuropathological examination of a

patient with biallelic pathogenic expansions and motor

neuron involvement that included cramps in the lower limbs,

extensor plantar reflexes, diffuse fasciculations, brisk reflexes,

and an extensor response on plantar reflex. Although the

lower motor neuron in the anterior horn of the spinal cord was

preserved, there was an astrogliosis pattern in contact with

the motor neuron dendrites and axonal swelling of the

synapse between the upper and lower motor neuron. These

data suggest synaptic dysfunction between the motor neurons

[44]. Another neuropathological examination of one RFC1

patient reported a moderate reduction in the lower motor

neurons [68].

3.2.2.4. Cognitive and psychiatric impairments. Several groups

have reported cognitive impairment in RFC1 patients

[26,34,44,52,69,70]. In a large cohort, Traschütz et al. showed

mild cognitive impairment in 13/52 (25%) patients, but the

cognitive assessment method was not detailed. In this study,

the authors showed that the age and duration of disease of

patients with cognitive impairment were no different than

those without [34]. Herrmann et al. reported two RFC1 CANVAS

patients with a Mini-Mental State Exam score of 24 or 25, but

the formal education duration was not recorded. Neuropsy-

chological evaluation of three patients showed impaired

memory for one patient and deficits in memory, attention,

executive function, and conceptualization for another [69].

Watanabe et al. reported 4/6 (66.7%) RFC1 patients from one

Japanese family with cognitive decline assessed by the frontal

assessment battery versus the Mini-Mental State Exam. These

results suggest a predominance of frontal lobe dysfunction in

this family [26]. Using the Montreal Cognitive Assessment

(MOCA), we reported four RFC1 patients with mild to moderate

cognitive impairment, but did not test all the patients from our

cohort [44]. Using the Mini-Mental State Exam and revised

Hasegawa dementia scale, Ando et al. observed 2/13 (15.4%)

patients with pathogenic RFC1 expansions and cognitive

decline [52].

Korpioja et al. showed that 4/9 (44.4%) RFC1 patients had

cognitive impairment. The authors also showed no RFC1

biallelic pathogenic expansions in 564 Finnish patients with

Alzheimer’s disease or frontotemporal dementia. Pathogenic

expansion in the RFC1 gene appears thus to be rare in

dementia. Interestingly, in their cohort, 2/9 patients with RFC1

expansions were followed for diverse psychiatric disorders [70].

All four patients in the study of Hermann et al. also showed

depressive symptoms [69], whereas only 3/76 (3.9%) patients in

a study of Traschütz et al. had depression [34]. The link

between these psychiatric disorders and RFC1 pathogenic

expansions is thus not certain. In an Italian family with five

siblings carrying biallelic pathogenic expansions, all patients

had behavioral and/or psychiatric disorders, such as depres-

sive-anxious traits, panic attacks, and alcohol abuse. The

minor signs of parkinsonism in three RFC1 patients from the

same Italian family may link alteration of the basal ganglia
d phenotypes. Revue neurologique (2024), https://doi.org/10.1016/
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and/or the dopaminergic system with the observed behavioral

and psychiatric disorders [71].

In a recent monocentric study, we showed that 71% of RFC1

patients had an abnormal score at the MOCA and 71% met the

criteria for definite cerebellar cognitive affective/Schmah-

mann syndrome. Among them, three patients had dementia

and seven mild cognitive impairment. The severity of

cognitive impairment did not correlate with the severity of

clinical manifestations. We concluded that cognitive mani-

festations in RFC1 disease are highly underestimated and

recommend routine cognitive screening for these patients

[72].

3.2.2.5. Parkinsonism. The phenotype associated with RFC1

pathogenic biallelic expansions has recently been extended to

include parkinsonism. One 82-year-old Japanese RFC1 patient

showed impaired olfactory function and abnormal 123I-

ioflupane (DaTSCAN) single-photon emission imaging, but

no signs of parkinsonism [20]. In 2020, da Silva Schmitt et al.

reported the first case of parkinsonism in a RFC1 patient. The

symptoms of his disease started with a chronic cough,

followed by dopa-responsive parkinsonism with an abnormal

dopamine transporter scan, and then the other signs of the

classical triad of CANVAS [73]. Following this first description,

several research groups reported RFC1 CANVAS/spectrum

disorder cases associated with parkinsonism

[26,44,52,71,74,75]. Most patients were dopa-responsive, but

only slight or no responses to levodopa were reported [71,75].

Traschütz et al. reported features of parkinsonism with

bradykinesia and postural instability in 22/75 (29.3%) and

32/61 (52.5%) RFC1 patients, respectively. One patient was

treated with levodopa, with a relatively good response of

bradykinesia. The authors noted the overlap with MSA,

cerebellar subtype and progressive supranuclear palsy, two

neurodegenerative causes of parkinsonism [34]. We reported

4/38 (10.5%) RFC1 patients with parkinsonism, a rate 10-fold

higher than that expected in a matched healthy population of

similar age [44]. In the same study, we reported one RFC1

CANVAS patient with dopa-responsive parkinsonism and a

neuropathological examination consistent with a neuropa-

thological diagnosis of Parkinson’s disease (PD). In a small

cohort of 13 RFC1 patients, Azevedo et al. showed that 9/13

(69%) patients had an abnormal DaTSCAN and this result did

not correlate with the duration of the disease or ataxia. Among

these nine patients, only three had parkinsonism [76]. These

studies all show that parkinsonism is an additional feature of

RFC1 expansions.

3.2.2.6. Sleep disorders. Sleep disorders are not rare and are

probably not sufficiently investigated in RFC1 disease. Chronic

cough affects the quality of life and disturbs sleep for 75% of

patients [60]. Other sleep disorders include sleep apnea, which

may have an influence on the onset of cognitive impairment,

and rapid eye movement sleep behavior disorder (RBD), which

can suggest alpha-synuclein neurodegeneration and may be

related to parkinsonism. Tsuchiya et al. first reported sleep

apnea in one case [21]. Other research groups then reported

this clinical feature too [28,34,58,62]. Traschütz et al. described

sleep apnea in 8/78 (10.3%) [34] patients and Malaquias et al. in

4/67 (6%) [58]. Beecroft et al. first reported RBD in RFC1 patients
Please cite this article in press as: Delforge V, et al. RFC1: Motifs an
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[23]. It was then observed in RFC1 patients with parkinsonism

[15,44,75,77,78] or those without [34,58].

3.2.2.7. Dysphagia. Dysphagia frequently complicates the

disease course in later stages and is classically explained by

cerebellar degeneration. However, other neurological featu-

res, such as parkinsonism, may cause oropharyngeal dyspha-

gia. Moreover, it should be noted that there is a high frequency

(71%) of esophageal dysmotility in the RFC1 CANVAS/Spec-

trum [60]. This condition could be secondary to dysautonomia

and be the cause or consequence of GER, but it may also be a

cause of esophageal dysphagia in RFC1 patients. In a small

study of 11 patients, Casanueva et al. reported a degree of

impairment of swallowing for all patients and associated

alterations in the quality of life using dedicated questionnaires

[79].

3.2.2.8. Pain. Sensory neuropathy concerns most RFC1

patients. Thus, loss of the sensation of pain, as well as

neuropathic pain, both related to sensory neuropathy, are to

be expected. It has been reported that between 16/83 (19.3%)

[34] and 42/105 (40%) [17] RFC1 patients experience neuropa-

thic pain. The painful sensations are similar to other types of

neuropathic pain and are described as a stabbing pain or

electric shock sensations by the patients. They often originate

in the legs and appear to be worse at night [63]. Between 16/63

(25.7%) [17] and 14/43 (32.6%) [18] RFC1 patients have also

reported frequent paresthesia. Currò et al. reported that 10/43

(23.3%) patients experienced pain at the onset of the disease

and this proportion increased at a later evaluation to 17/43

(39.5%) [18]. Magy et al. reported sudden attacks of neuropathic

pain for 3/8 (37.5%) patients [63]. In a retrospective study of a

cohort of 40 RFC1 patients with CANVAS, complex neuropathy,

or isolated neuropathy, Tagliapietra et al. reported a non-

length-dependent impairment in nociception in both clinical

and paraclinical investigations. Mild to moderate neuropathic

pain showed a weak correlation with disease duration and no

correlation with disease severity or age at evaluation [45].

Neuropathic pain is thus a frequent feature of RFC1 disease

and may significantly alter the quality of life of patients. RFC1

pathogenic expansions have also been reported to cause a

reduction in the sensation of pain due to the damaged sensory

nerves [66]. Such reduction in the sensation of pain was

observed in a cohort of patients diagnosed with HSAN and

concerned 17/20 (85%) RFC1 patients. The loss of nociception

was also observed by Tagliapietra et al. but was remarkably

patchy [45].

3.2.2.9. Hyperkinetic movements. Hyperkinetic movement dis-

orders are rarely observed in RFC1 disease. In the study of

Traschütz et al., they consisted of orofacial dyskinesia (5%),

orofacial dystonia (5%), or limb chorea (2%) [34]. Basal ganglia

atrophy found in RFC1 patients [74] could explain such

abnormal movement and parkinsonism. A few studies have

reported myoclonus, sometimes as the first symptom

[28,34,80].

3.2.3. Neuroimaging
3.2.3.1. Brain MRI. Cerebellar atrophy is the most prominent

neuroradiological finding in RFC1 CANVAS/Spectrum disor-
d phenotypes. Revue neurologique (2024), https://doi.org/10.1016/
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ders and was reported in 35/42 (83.3%) RFC1 cases in the first

description of the causative gene [6]. In 56 RFC1-positive

patients, Traschütz et al. more precisely described the

neuroimaging findings. Cerebral atrophy was mild to mode-

rate for most patients but was severe or absent for some,

highlighting the variability of this feature. The cerebellar

atrophy affected the vermis more than the hemisphere, and

its presence was not associated with a longer duration of

disease. Cerebral atrophy was detected in 42% of patients.

Brainstem atrophy was detected in 13% of reviewed MRIs and

associated with disease duration and clinical features,

including dysphagia, urinary urge, and oculomotor impair-

ment. Signal abnormalities of the basal ganglia in two patients

was later confirmed as a characteristic feature of RFC1 disease

[34]. Using 3T MRI, Matos et al. found atrophy of the

cerebellum, brainstem, and basal ganglia. They noted deep

cerebral white matter damage, whereas cerebral cortical

damage was relatively restricted [74]. Usually evocative of

MSA, a ‘‘hot cross bun’’ sign on T2-weighted imaging has been

reported for RFC1 patients [77]. Two cases of RFC1 CANVAS

also showed mild cerebellar atrophy, with greater involve-

ment of the vermis and a (pseudo-)eye-of-the-tiger sign

corresponding to hyperintensity of the central region sur-

rounded by a ring of hypointensity on coronal and transverse

T2-weighted images of the globus pallidus [81].

3.2.3.2. Spine MRI. Cortese et al. reported that 19/42 (45.2%)

RFC1 patients in their study had spinal cord atrophy and 4/34

(11.8) showed T2 hyperintensities in the posterior column [17].

Using 3T MRI on 17 RFC1 patients, Rezende et al. observed

spinal cord atrophy at all cervical levels, anteroposterior

flattening in the lower cervical/upper thoracic regions, and

diffusivity abnormalities in the posterior columns. The

authors also found atrophy of the grey matter in the cervical

spinal cord [82]. El Houjeiry et al. published the case-report of

one RFC1 patient initially presenting with slowly progressive

ataxia, paresthesia, and an isolated spinal cord lesion that was

hyperintense in T2-weighted images and mimicked dysim-

mune myelitis [83].

3.2.4. Neuropathological examination

3.2.4.1. Brain. To date, seven studies have described neuro-

pathological examinations of six patients with biallelic

(AAGGG)exp and two patients with biallelic (ACAGG)exp

[6,25,44,50,68,84,85]. The most notable finding in all studied

cases was cerebellar atrophy, which appeared to primarily

affect the vermis. It was accompanied by widespread deple-

tion of Purkinje cells and Bergmann gliosis in all patients. The

granule-cell layer showed neuronal loss in two cases [50,85]

and the cerebellar dentate nucleus showed signs of gliosis and

neuronal loss in two patients [50,84]. In three patients, there

was a pallor of the substantia nigra and a depletion of neurons

in this region [44,84,85]. Among these three patients, one had

parkinsonism [44], one had impaired olfactory function and an

abnormal DaTSCAN, but no signs of parkinsonism [20,85] and

the last showed no signs of parkinsonism [84]. The two

patients with features of parkinsonism also had Lewy bodies

in the substantia nigra and locus coeruleus. These data appear to

be consistent with the already discussed findings suggesting

that impairment in the dopaminergic system could lead to
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parkinsonism in some RFC1 patients. The other brain regions

that were inconstantly altered were the frontal cortex and the

medulla oblongata (vestibular, hypoglossal and inferior olivary

nuclei).

There were neurofibrillary tangles in all neuropathological

examinations, which could have been age-related in most

cases. Khurana et al. reported multisystem tauopathy in their

examination. Three studies also reported neuropathological

changes consistent with Alzheimer’s disease of varying

severity [6,68,85]. Immunostaining for p62 and TDP-43 were

negative in all studies.

In addition, Cortese et al. performed fluorescence in situ

hybridization using oligonucleotides that recognize the

(AAGGG)n repeat expansions in the vermis of an RFC1 patient.

They did not find any evidence of RNA foci formation in their

samples [6]. This result contradicts those of another study that

showed RNA foci in two patients with biallelic (AAGGG)n or

(ACAGG)n repeat expansions [85].

3.2.4.2. Spinal. Spinal cord examinations have revealed

severe degeneration of the posterior column [25,44,50,68,85].

A moderate loss of motor neurons was observed for four

patients in the anterior horn of the spinal cord [68,84,85]. We

did not note any loss of motor neurons but we have observed

axonal swelling of cells in contact with the motor neurons.

TDP-43 and p62 immunostaining of the motor neurons in the

anterior horn did not reveal any inclusions [44].

3.2.4.3. Nerves. The main observation in sural nerve biopsies

from RFC1 patients has been the depletion of myelinated fibers

[6,17,55,63,84,86,87]. Disorganization around Schwann cells

was observed in radial and sural nerves of RFC1 patients [63].

Hirano et al. observed damage in myelinating Schwann cells,

with cytoplasmic inclusions. They hypothesized that RFC1

patients occasionally develop demyelination neuropathy or

Schwann-cell damage [87]. The loss of small myelinated fibers

could be related to the neuropathic pain experienced by RFC1

patients [63]. However, both large and small myelinated and

unmyelinated fibers appear to be affected [55]. The presence of

multiple collagen pockets has also been observed, reflecting

unmyelinated fiber damage [63,87]. In addition, Tagliapietra

et al. noted that the involvement of unmyelinated fibers was

greater in RFC1 patients (85%) than in those with other CIAP

(41%). Signs of active degeneration and regeneration clusters

are uncommon in nerve biopsies of RFC1 patients [17,55,63].

Moreover, regeneration clusters were significantly less repre-

sented in RFC1 patients than in those with other CIAP [55].

Muscle and skin biopsies confirmed chronic denervation

[6,55,58,63,84]. Intraepidermal nerve fiber density was similar

at the thigh and leg, consistent with non-length-dependent

axonal degeneration and suggestive of sensory neuronopathy

[55].

3.2.5. Other associations and overlapping phenotypes

3.2.5.1. MSA. Because of frequent multisystem involvement

and similar clinical symptoms, such as cerebellar ataxia

(which can rapidly progress in some patients), dysautonomia,

parkinsonism, and cognitive impairment, sporadic presenta-

tion of RFC1 disease overlaps with MSA, especially the

cerebellar subtype [34]. However, in the previous guidelines
d phenotypes. Revue neurologique (2024), https://doi.org/10.1016/
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for the diagnosis of MSA, the presence of neuropathy, a highly

frequent feature in RFC1 disease, was a red flag against a

diagnosis of MSA [88]. Moreover, given the speed of progres-

sion and severity of MSA, which has a very poor prognosis,

with a life expectancy limited to �10 years after the onset of

the disease [89], it is thus difficult not to consider these

pathologies as two different entities.

These similarities, at least at presentation, led several

teams to study RFC1 expansions in cohorts of MSA patients.

Several studies did not find any RFC1 biallelic pathogenic

expansions in cohorts of patients with ‘‘probable’’ or ‘‘pos-

sible’’ MSA [50,90]. In a cohort of 336 pathologically confirmed

MSA patients, Sullivan et al. found no biallelic pathogenic

expansions [91]. Further studies reported 3/282 (1.1%) [19], 3/

207 (1.4%) [77], and 3/44 (6.8%) [80] patients with RFC1 biallelic

pathogenic expansions in cohorts of ‘‘probable’’ or ‘‘possible’’

MSA. Among these nine patients, 5/9 had parkinsonism non-

responsive to levodopa, 3/4 had vestibular impairment, and

one had history of chronic cough [19,77]. An abnormal

DaTscan does not appear to contribute to the differential

diagnosis between CANVAS and MSA [80]. NCS was not

performed on all patients. The authors concluded that RFC1

pathogenic expansions can cause symptoms similar to MSA,

which can be confusing during diagnosis. In these studies, the

diagnosis of ‘‘probable’’ or ‘‘possible’’ MSA relies purely on

clinical observations and was based on the previous diagnostic

criteria. None of these nine patients had a neuropathological

examination.

In summary, the overlap of symptoms between MSA and

CANVAS complicates their differential diagnosis. The associa-

tion between RFC1 pathogenic expansions and MSA is still a

subject of debate, given that the diagnoses of MSA in the

cohorts reported in the literature were not confirmed by

neuropathological examination.

3.2.5.2. PD. Rare cases of pathogenic expansions have been

reported in cohorts of patients with isolated or prominent

parkinsonism. In a cohort of 559 Finnish patients with

parkinsonism, Kytövuori et al. found 3/559 (0.5%) biallelic

pathogenic expansions [78]. These three patients fulfilled the

criteria of PD, but they also showed comorbidity unusual for

PD patients, such as chronic cough, sensory neuropathy,

vestibulopathy, abnormal deep tendon reflexes, and/or

abnormal eye movements. The same research group reported

3/273 (1.1%) patients with RFC1 pathogenic expansions in a

cohort of patients diagnosed with early-onset PD [92]. One

patient had mild vestibular dysfunction but the other two did

not show signs of CANVAS. In these two studies, the (AAGGG)n
repeat units were relatively small (range: 141–831), sometimes

below the threshold of 250 [8]. Further studies are warranted to

confirm the association of RFC1 biallelic pathogenic expan-

sions and the occurrence of PD.

3.2.5.3. ALS. RFC1 patients may have lower and/or upper

motor neuron signs. Neuropathological examinations are also

suggestive of motor neuron alterations [44,68]. However, it is

still difficult to compare CANVAS and classic ALS, given the

rapid progression and very poor prognosis of ALS. Abramzon

et al. found no biallelic pathogenic expansion in a cohort of

1069 American sporadic ALS patients, indicating that RFC1 is
Please cite this article in press as: Delforge V, et al. RFC1: Motifs an
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not a common cause of sporadic ALS [10]. Schoeberl et al.

reported the case of one ALS patient with associated

subclinical sensory neuronopathy, bilateral vestibulopathy,

and biallelic (AAGGG)n expansions [93]. To date, it is

impossible to state whether RFC1 can cause rare inherited

ALS, whether (AAGGG)n expansions could be a genetic risk

factor, or whether RFC1 disease can convert to ALS, as

described in some cases of spastic paraplegia [94].

4. Discussion

The RFC1 locus is a highly dynamic region of the human

genome and numerous motifs have thus far been described.

Various motifs and loss-of-function variants can be associated

with certain phenotypic differences, but they do not appear to

cause disorders with dramatically different phenotypes. The

steady increase in the identification of pathogenic motifs or

motifs of uncertain significance makes the molecular diag-

nosis of this disease complex. These difficulties in molecular

diagnosis are also a limitation of this review, as many of the

studies we report here concerned a small number of cases and

did not always confirm their analyses by Southern-blotting, a

similar technique, or long-read sequencing. New molecular

methods, such as optical genome mapping [95] or Nanopore

DNA long-read sequencing [9], have been used for the

diagnosis of RFC1 disease. In the future, it is highly likely that

the use of these new methods, allowing a more precise

analysis of these expansions, along with the study of the

motifs that compose them, will provide predictions on the

associated phenotypes and/or prognosis.

As recently shown by Curro et al., a larger repeat size of both

pathogenic alleles correlate with an earlier age at neurological

onset. However, the effect is very small and explains only up to

6% of the variability. The authors suggested that additional

environmental or genetic modifiers may influence the disease

[22]. Indeed, considering the late-onset of the disease and the

variability in phenotypes, it is possible that aging and

environmental exposure could have a more important role

than in other genetic diseases with a pediatric or neonatal

onset. For example, alcohol consumption might favor neuro-

pathy and cerebellar ataxia, whereas exposure to other

neurotoxic agents, such as pesticides, could favor parkinso-

nism in RFC1 patients. Epidemiological studies on the role of

the environment and, in particular, exposure to toxic sub-

stances or comorbidities, would therefore be necessary.

Given the higher frequency of the RFC1 allele with

(AAGGG)n expansions (i.e. 0.045) among Caucasians [7], it is

possible to estimate the proportion of carriers of biallelic

(AAGGG)exp to a maximum of 2/1000 in the Caucasian

population. This is �40-fold greater than initially described.

RFC1 disease may thus be a non-rare genetic disorder. The

high variability in phenotype and the late-onset of RFC1

CANVAS/spectrum disorders raises the question of whether

such biallelic expansions are fully penetrant or not. Further

studies on large populations of older healthy individuals are

warranted to assess the penetrance of this genetic disorder.

Another unresolved question is the impact of heterozygous

pathogenic expansion on health in the general population. Fan

et al. reported no differences in (AAGGG)n allele frequencies
d phenotypes. Revue neurologique (2024), https://doi.org/10.1016/
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Fig. 4 – Different entryways into RFC1 pathology. The first signs presented by RFC1-positive patients (orange) can lead to a

wider complex sensory neuropathy (red) or CANVAS (dark red), with clinical features such as those described in paragraph

3.2.2. Other reported entryways have not yet been confirmed (yellow) due to the small number of cases described. CANVAS:

cerebellar ataxia, neuropathy, and vestibular areflexia syndrome; PD: Parkinson’s disease; MSA: multiple-system atrophy;

HSAN: hereditary sensory and autonomic neuropathy.
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between MSA, late-onset ataxia and healthy controls [90].

However, in some studies, the authors reported a high allele

frequency, up to 28/136 (�0.21) in the refractory chronic cough

cohort in a study of Guilleminault et al. [43]. It may therefore be

informative to assess the frequency of heterozygous (AAGGG)n
carriers in large cohorts of patients with neurological diseases

with a late-onset (for example: Alzheimer’s disease, PD,

dementia with Lewy bodies) to determine whether heterozy-

gous (AAGGG)n expansion could constitute a genetic risk factor

for these diseases.

RFC1 disease can encompass a large number of clinical

features and initial presentations, leading to complex pheno-

types with frequent multisystemic involvement (Fig. 4).

Neuroradiological findings, as clinical impairments, have

provided additional evidence to the heterogeneous and

multisystemic nature of RFC1 disease [96]. RFC1 disease should

be considered as continuous spectrum of phenotypes. In

incomplete CANVAS or isolated phenotypes, the diagnosis

may be challenging, leading to frequent molecular screening.

There are still no guidelines for the prescription of genetic

testing for these patients and biomarkers of RFC1 disease are

yet to be found. A few studies have provided clues for the

development of such biomarkers. Indeed, taupathology and

neurofibrillary tangles in the brain have been observed in

every neuropathological examination to date

[6,20,25,44,50,68,84,85]. Although likely related to aging or

associated with Alzheimer’s disease, Traschütz et al. reported

elevated levels of tau protein in the CSF of a patient with

sensory neuropathy and chronic cough. They also reported
Please cite this article in press as: Delforge V, et al. RFC1: Motifs an
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elevated levels of neurofilament light (NfL) chain in the CSF

[38]. Serum NfL levels of RFC1 patients have been measured

and were significantly higher in RFC1 patients than healthy

controls and correlated with cerebellar involvement [97].

Another putative plasma biomarker could be the elevated

creatine kinase previously shown in patients with (ACAGG)n or

(AAGGG)n expansions [24,25,27].

Beyond the classic clinical presentations, RFC1-related

diseases have been found in patients previously diagnosed

with a wide variety of conditions, including other genetic

diseases and those related to metabolic or toxic causes or

various auto-immune pathologies, such as Sjögren’s syn-

drome [17,18,57,63,83,87,98–101]. Other diagnostic corrections

are awaited, especially for diseases with cough as the main

clinical feature. The origin of cough in RFC1-related disorders

is not known. Chronic cough is frequently hypothesized to be a

consequence of GER, but it was not associated with cough in a

cohort of RFC1 patients [34]. It is highly probable that chronic

cough is the first neurological sign of the disease. Various

neurocentric hypotheses can be proposed. First, neuronal loss

in the vagal nucleus could explain the cough, as we showed in

a neuro-examination of a CANVAS patient [44]. Second, such

alterations of the vagal nucleus may be secondary to vagal

neuronopathy or damage to the afferent sensory nerves, of

which the terminals are located in the major airways or lung

parenchyma. Therefore, it is possible that damage of the vagal

nerve could be the first event in RFC1 disease. Third, other

brain or cerebellar regions involved in the control of the cough

reflex could also be involved.
d phenotypes. Revue neurologique (2024), https://doi.org/10.1016/
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The mechanism leading to RFC1 CANVAS/spectrum dis-

orders is still unknown. Although Cortese et al. did not find any

RNA foci formation [6], Wada et al. showed the presence of

some in the brain of a patient without the presence of RNA-

binding proteins [85]. This could indicate that the pathogenic

expansions lead to a toxic RNA gain-of-function mechanism.

However, there are also reports of compound heterozygous

patients with pathogenic variants in the RFC1 gene (missense,

nonsense, and frameshift) and pathogenic expansion. These

patients have the same symptoms as other RFC1 CANVAS

patients [29–33] and showed reduced RFC1 mRNA levels. In

addition, recent studies have shown the formation of G-

quadruplexes and triplexes by pathogenic (AAGGG)n expan-

sions [15,16,102]. This would suggest a loss-of-function

mechanism, as observed in Friedreich’s ataxia [103].

In conclusion, RFC1 disease is a recently discovered genetic

disorder that explains many neurological conditions. The

most frequent pathogenic variants are biallelic (AAGGG)n
expansions in intron 2 of the gene, but there are numerous

pathogenic/non-pathogenic motifs. RFC1-related disease is

highly heterogeneous and ranges from various isolated

neurological conditions, mostly sensory neuropathy, to

complex neurological pathologies with multisystemic invol-

vement, such as CANVAS. New phenotypes and clinical

presentations are likely to be discovered over the next few

years. Much effort is still needed to completely understand the

clinical picture. Future studies using cellular or animal models

will likely improve our understanding of the pathophysiolo-

gical mechanisms and perhaps aid the development of

treatment for this disease.
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