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Abstract

Background and Objectives

The intronic biallelic AAGGG expansion in the replication factor C subunit 1 (RFCI) gene was
recently associated with a phenotype combining cerebellar ataxia, neuropathy, and vestibular
areflexia syndrome, as well as with late-onset ataxia. Following this discovery, studies in multiple
populations extended the phenotypic and genotypic spectrum of this locus. Multiple benign
and additional pathogenic configurations are currently known. Our main objectives were to
study the prevalence of the pathogenic AAGGG expansion in the Cypriot population, to further
characterize the RFCI repeat locus allele distribution, and to search for possible novel repeat
configurations.

Methods

Cypriot undiagnosed patients, in the majority presenting at least with cerebellar ataxia and non-
neurologic disease controls, were included in this study. A combination of conventional methods
was used, including standard PCR flanking the repeat region, repeat-primed PCR, long-range
PCR, and Sanger sequencing. Bioinformatics analysis of already available in-house short-read
whole-genome sequencing data was also performed.

Results

Alarge group of undiagnosed patients (n = 194), mainly presenting with pure ataxia or with ataxia
accompanied by neuropathy or additional symptoms, as well as a group of non-disease controls
(n=100), were investigated in the current study. Our findings include the diagnosis of 10 patients
homozygous for the pathogenic AAGGG expansion and a high percentage of heterozygous
AAGGG carriers in both groups. The benign AAAAG,, AAAGG,, and AAGAG,, configurations
were also identified in our cohorts. We also report and discuss the identification of 2 recently
reported novel and possibly benign repeat configurations, AAAGGG,, and AAGAC,,, thus con-
firming their existence in another distinct population, and we highlight an increased frequency of
the AAAGGG,, in the patient group, including a single case of homozygosity.

Discussion

Our findings indicate the existence of genetic heterogeneity regarding the RFCI repeat con-
figurations and that the AAGGG pathogenic expansion is a frequent cause of ataxia in the
Cypriot population.
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Glossary

ARCA = autosomal recessive cerebellar ataxias; CANVAS = cerebellar ataxia with neuropathy and vestibular areflexia syndrome;
MSA = multiple system atrophy; RFCI = replication factor C subunit 1; WGS = whole-genome sequencing.

Introduction

Autosomal recessive cerebellar ataxias (ARCAs) are a clinically
and genetically heterogeneous group of neurodegenerative dis-
eases with an estimated prevalence of 3-6/ 100,000.1 The most
common pathologic feature of ARCAs is cerebellar degeneration,
and therefore, progressive ataxia is the main symptom, usually
accompanied by dysarthria, dysmetria, or oculomotor abnor-
malities. Other neurologic and extra-neurologic signs can also
often be observed.” Recent methodological advances in molec-
ular diagnosis over the last 2 decades have led to an expanded list
of ARCA pathogenic variants in more than 100 genes," including
many novel genes. The replication factor C subunit 1 (RFCI)
gene is one of the recently identified genes. A biallelic pentanu-
cleotide (AAGGG) repeat expansion in RFCI has been initially
associated with cerebellar ataxia with neuropathy and vestibular
areflexia syndrome (CANVAS) and other phenotypes of late-
onset cerebellar ataxia®* in European patients, with the number of
repeats usually ranging from 400 to more than 2,000. Two other
non-pathogenic polymorphic repeat configurations (AAAAG,
and AAAGG,,) were also reported. Following initial observations,
studies in different populations extended the heterogeneity of
the locus by identifying additional pathogenic and non-
pathogenic repeat configurations. These include the pathogenic
ACAGG, motif identified in Asia Pacific cohorts® and the Maori-
specific allele configuration of AAAGG(10-25)AAGGG(n)
AAAGG(4-6) discovered within the Maori populations of New
Zealand and the Cook Islands.’ Likely non-pathogenic AAGAG,,
and AGAGG,, motifs were described in a Canadian and Brazilian
cohort. The AACGG,, motif was also described in a single non-
CANVAS case in heterozygosity with another motif.” Very re-
cently, a study of whole -genome sequencing (WGS) data of
nearly 10,000 individuals supported pathogenicity for the already
reported AGAGG,, and non-pathogenicity for the AAGAG,,
This study also supported pathogenicity for 2 novel repeat ex-
pansions, the AGGGC, and AAGGC,, as well as large un-
interrupted or interrupted AAAGG expansions.® Another recent
Australian population study described 3 additional most probably
non-pathogenic repeats (AGGGG,, AAAGGG,, and AAGAC,),
by using the targeted long-read sequencing approach.”

The phenotypic spectrum of the RFCI reported variants has
been extended to include additional conditions to the initially
described, such as pure cerebellar ataxia, isolated somatosen-
sory impairment, and other parkinsonian disorders, including
multiple system atrophy (MSA).'® However, it is disputable if
attributing a previously described disease, such as the CMT"'
or MSA,"* to a novel gene/genetic mechanism is the correct
approach. Alternatively, it has been suggested that phenotypic
overlap is more likely to exist between diseases (i.e, CMT and
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an RFCI-related disease with somatosensory loss; MSA and an
RFClI-related disease with autonomic dysfunction and/or
parkinsonism).'® Furthermore, while the reported mean age at
onset is high in most of the cases, patients with an earlier age at
onset, such as the third decade or even earlier at 19,"* 15,"* or
10 years old," have been described. It is also remarkable that
smaller repeat expansion lengths (100-160 AAGGG repeats)
have been reported as disease-causative for MSA.

Since identifying the RFCI first pathogenic expansion, studies
have been performed in control populations of different eth-
nicities and cohort sizes to estimate the carrier frequency
ranging from 0.7% to 6.5%."° A more accurate estimation is
expected to be performed in future analysis of large population
data sets using improved bioinformatics tools. Many clinical
cohorts with ataxia have also been studied, and biallelic path-
ogenic expansions have been identified in up to 38% of the
tested patients in some of these cohorts. Therefore, the current
data indicate that RFCI expansions are likely the most frequent
cause of recessive ataxias, and many patients remain
undiagnosed.'®'® More recently, the genotype spectrum of
RFCl-related disease has been expanded by identifying trun-
cating, frameshift, and nonsense variants in compound het-
erozygosity with an AAGGG expansion.'*'®"” Regarding the
disease pathophysiologic mechanism in the case of homozy-
gous expansions, it proved to be puzzling and remains un-
determined. Thus far, extensive functional studies have
excluded any effect on RNA and protein expression or the
function of DNA replication and repair machinery.” In contrast,
in the compound heterozygous cases for a truncating variant
and an expansion, a significant reduction of the mRNA was
observed and suggested biallelic RFC1 conditional loss of
function, thus shedding some light on the unexplained disease
pathogenesis.m’lé’17

Our group has studied families and sporadic cases of pure or
complex ataxia phenotypes in the Cypriot population for
more than 30 years. Thus far, the most frequent pathogenic
varjation in our population is the GAA repeat expansion in
intron 1 of the FXN gene.'®"? Additional pathogenic variants
in ARCA and spastic ataxia genes have been identified in
distinct families, some of which have been published.****
However, a large pool of sporadic patients, excluded for the
most common repeat expansions" and all the other variants
identified in the population, remain genetically undiagnosed.
Considering the appearance of the novel RFCI gene as a
frequent cause of adult-onset ataxia, we aimed to study the
prevalence of the AAGGG repeat expansion and the other
common RFCI repeat locus alleles in a large group of un-
diagnosed patients presenting either with pure ataxia or with
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ataxia accompanied by neuropathy or additional symptoms, in
their majority at late onset. Few patients with an earlier age at
onset were also included in this study group since such cases
have been reported with RFCI pathogenic variants. A small
number of clinically suspected CANVAS and neuropathy
cases were also tested. In addition, a group of non-disease
controls was studied to obtain a more reliable determination
of the RFCI repeat locus alleles and their frequencies in the
population. Furthermore, analysis of already available in-
house short-read whole-genome sequencing data of non-
ataxia Cypriot individuals was performed to investigate the
presence of any other unknown repeat motif in our pop-
ulation. We hereby report our current findings, including the
diagnosis of 10 homozygous patients for the pathogenic
AAGGG expansion and the high percentage of heterozygous
AAGGG carriers both in the group of patients and controls.
We also report the identification of 2 of the recently reported
benign repeat configurations AAAGGG,
AAGAC,,* thus confirming their existence in another dis-
tinct population, and we highlight an increased frequency of
the hexanucleotide AAAGGG,, in the patient group.

novel and

Methods

Samples

One hundred eighty-seven Cypriot sporadic patients pre-
senting at least with cerebellar ataxia were identified from the
Neurogenetics Department (Cyprus Institute of Neurology
and Genetics) database and included in the study. In their
great majority (90%), they had adult-onset disease, and their
current age was over 30. Any causes of acquired ataxia had
been excluded in all of them. In their majority, they had also
been previously excluded from the repeat expansions causing
FRDA, SCAI, SCA2, SCA3, SC6, SCA7, SCA8, SCAIQ,
SCA12, SCA17, and DRPLA and other recessive variants
identified to cause pure or complicated ataxia in Cypriot
families. Two available patients from a family with 3 affected
individuals, the proband presenting full-blown CANVAS and
2 affected sisters presenting with cerebellar ataxia and sensory

neuropathy (Figure 1), 3 additional sporadic patients with
clinically suspected CANVAS, 2 sporadic patients with neu-
ropathy, and a cohort of 100 non-disease Cypriot control
individuals over 30 years old, were also included in the study.

Standard Protocol Approvals, Registrations,
and Patient Consents

This study has been approved by the National Bioethics
Committee of Cyprus (EEBK/EIT/2013/28). Written in-
formed consent was obtained from all control individuals
participating in the study. For the patients, no additional in-
formed consent was requested as the test was in line with the
original request for diagnostic testing.

Flanking PCR and RP-PCR Analyses

To investigate the presence of an AAGGG pathogenic expan-
sion, determine the configurations of any expansions, and ge-
notype each individual, all patient and control DNA samples
were analyzed following the PCR protocols previously de-
scribed.® In brief, a standard PCR was performed for all the
samples using a set of primers flanking the repeat region. The
expected product corresponding to the reference allele
(AAAAG),; should be 355 bp. A larger band indicates an
intermediate expansion of any polymorphic repeat motifs. The
absence of a product suggests a possible large expansion of the
pathogenic repeat motif that could not be amplified under
these conditions. All samples were also subjected to repeat-
primed PCR (RP-PCR) analyses specific for the first described
and most common AAAAG, AAAGG, and AAGGG configu-
rations.> Additional RP-PCR analyses were performed for the
samples excluded from any of these 3 motifs. These have been
specific for the distinct reported configurations ACAGG,,
AGAGG,, and AAGAG, and the 2 novel AAAGGG, and
AAGAC,, that we had identified in our population before they
were published by other glroups.g’9 The current study un-
covered these 2 repeats using different approaches, as described
below in the results section. All RP-PCR products were ana-
lyzed on an ABI 3500xL Genetic Analyzer [Applied Biosystems
(ABI), CA, USA], and the results were visualized using the
GeneMapper v$ software (ABI).

Figure 1 Pedigree of Family 1
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11:6 The proband is indicated by the arrow.

Neurology.org/NG

Neurology: Genetics | Volume 10, Number 3 | June 2024

3


http://neurology.org/ng

Sanger Sequencing

Sanger sequencing was performed in the following cases: (1)
To confirm the AAGGG motif in the patients with con-
firmed homozygous AAGGG expansion by the preliminary
testing. Long-range PCR was used to amplify the repeat
locus in the samples with no product in the preliminary
flanking PCR and with positive RP-PCR for the AAGGG
configuration. The Phusion polymerase was used in 30 yL
volume following the reaction conditions previously de-
scribed.” The PCR product was then used as the template for
Sanger sequencing in both directions. (2) To investigate the
samples resulting in peculiar RP-PCR patterns or gel elec-
trophoresis bands through the preliminary screening. PCR
products were excised and extracted from the gel using the
NucleoSpin Gel and PCR clean-up kit (Macherey-Nagel)
according to the manufacturer’s instructions and were used
as templates for Sanger sequencing in all cases. (3) To ge-
notype the SNPs rs2066790, rs11096992, rs17584703, and
rs6844176, which map inside the RFCI region. Primers
amplifying the sequence encompassing each SNP were
designed by us and are available on request. Standard PCR
was performed, and the products were used as templates for
Sanger sequencing.

Sanger sequencing was performed using the BigDye
Terminator v1.1 Cycle Sequencing kit (ABI). Sequence
traces were evaluated using the Sequence Analysis soft-
ware (ABI). For SNP genotyping, traces were also auto-
matically compared with the normal region sequences
listed in the GenBank database using the SeqScape soft-
ware (ABI).

WGS Data Analysis

The aligned short-reads from WGS of a cohort of 96 Cypriot
non-ataxia samples, available in-house, were visually inspected
at the region containing the RFCI intron 2 using the In-
tegrative Genomics Viewer software (IGV) (Web app
v1.13.11 igvjs v 2.15.11, Broad Institute). The alignments
were further analyzed using the ExpansionHunter De novo
software (version 0.9.0)*** to investigate for any other un-
known repeat motif in our cohort.

Allele Distribution Comparison

To compare the distribution of the RFCI alleles in the patient
and control groups, we performed a X2 test using the counts
of the 7 conformations found in our population thus far
(AAAAGq 14, AAAAG,, AAAGG,, AAGGG,, AAGAG,,
AAAGGG,, and AAGAC,) in a 2 x 7 contingency table.
Additional pairwise comparisons across the different confor-
mations, as well as the pathogenic AAGGG,, and the likely
non-pathogenic AAAGGG,, vs all non-pathogenic patterns
were performed.

Data Availability
The data supporting this study’s findings are available from
the corresponding author on reasonable request.
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Results

We examined the prevalence of the RFCI expansions in the
Cypriot population. We tested for the presence and nature of
repeat expansions in 194 patients included in the study.
Preliminary screening revealed no PCR product on flanking
PCR in 10/194 (5.15%) individuals, thus indicating the
presence of a biallelic expansion. Further investigation with
RP-PCR revealed the presence of the AAGGG pathogenic
expansion and the absence of AAAAG and AAAGG expan-
sions. Subsequent long-range PCR enabled the amplification
of large size products (corresponding to more than 500 re-
peats), and Sanger sequencing confirmed the presence of the
AAGGG repeat sequence. Furthermore, these patients were
genotyped at 4 informative SNPs defining a shared haplotype
by most reported patients [rs2066790 (A/A), rs11096992
(A/A), 1517584703 (C/C), and rs6844176 (T/T)]* and were
also found to share this haplotype. Accurate sizing calculation
was not possible due to an insufficient amount of DNA for
Southern blotting. Long-read sequencing was also unavailable
in our laboratory. The clinical features of these 10 patients are
described in the subsection below and are also summarized in
Table 1.

To complete the allelic characterization of the remaining in-
dividuals, we performed a preliminary genetic analysis with
RP-PCR on known repeat configurations for all individuals
presenting with at least one band <1,300 bp on flanking PCR,
thus excluding homozygosity for the most common patho-
genic AAGGG,, or any other reported pathogenic expansions
of more than ~150 repeats (that could be detected with
flanking PCR). Overall, the distribution of the distinct motif
alleles showed differences between patients and controls (the
allele counts and Chi-square calculation values are shown in
eTables 1 and 2). The non-expanded AAAAGo.,, allele was
identified as the most common in the patient (45.7%) and
control (56%) cohorts, followed by the expanded poly-
morphic AAAAG, allele (Table 2). The polymorphic ex-
panded AAAGG,, allele was identified in a low frequency
(1.3%-2.0%). In contrast, a high frequency of the AAGGG,
expanded pathogenic allele was observed in both groups,
much higher and statistically significant in the patient’s group
(12.5%). Clinically, 2/27 patients heterozygous for the
AAGGG expansion presented with full-blown CANVAS, and
7/27 presented with 2/3 typical symptoms (ataxia with sen-
sory neuropathy [6/27] and ataxia with vestibulopathy [1/
27]). For samples without fully determined allelic repeat
combinations by analysis of the 3 common motifs, further
analysis by RP-PCR on the other reported motifs revealed the
presence of the AAGAG,, allele in some individuals (7 patients
and 3 controls). The ACAGG, and AGAGG,, motifs were
excluded from all tested samples. Sanger sequencing was
employed to further investigate a selected number of samples
presenting with uncharacteristic laddering RP-PCR patterns
(such as atypical short saw-tooth patterns or patterns with
gaps) that indicated the presence of complex alleles of more
than one repeat motif. This investigation required gel excision
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Table 1 Clinical Features of the Patients Carrying the Homozygous AAGGG Pathogenic RFCT Repeat Expansion

Age Bilateral Nerve
at Age at Disease Cerebellar  Peripheral vestibular conduction Evoked
N onset examination Fam/S Symptom at onset progression dysfunction neuropathy impairment Autonomic dysfunction Cough MRIfindings studies findings potentials
1 60-65 ~65 Fam Gait unsteadiness, Slow Yes Yes Yes No No White matter ~ Sensory axonal Normal VEPs,
slurred speech lesions, mild polyneuropathy abnormal
CA SSEPs, and
BAEPs
2 60-65 ~70 Fam Gait unsteadiness Slow Yes Yes No No No White matter ~ Sensory axonal n/a
lesions polyneuropathy
3 50-55 ~65 S Gait unsteadiness Slow Yes Yes Yes Yes (postural hypotension, Yes CA Sensory and mild  n/a
sweating issues, easy abdominal motor axonal
bloating, xerophthalmia, polyneuropathy
occasional urinary complaints,
syncope episodes
4 60-65 ~65 S Gait unsteadiness Slow Yes Yes No No No CA Sensory axonal Abnormal VEPs
polyneuropathy and SSEPs
5 65-70 ~70 S Neurogenic cough,  Slow No Yes Yes Yes (constipation, urinary Yes No major Sensory axonal n/a
loss of incontinence and impotence) abnormalities  polyneuropathy
consciousness®
6 50-55 ~60 S Gait unsteadiness Slow Yes Yes No No Yes Mild CA Sensory axonal n/a
and cough polyneuropathy
7 55-60 ~60 S Gait unsteadiness Slow Yes NoP No Yes (bowl disturbances and Yes Mild CA n/a n/a
with occasional diarrhea episodes)
numbness of LL
8 60-65 ~65 S Gait unsteadiness Slow Yes Yes No No No CA Sensory axonal n/a
polyneuropathy
9 40-45 ~55 S Gait unsteadiness Slow Yes Yes Yes Yes (urinary incontinence) No CA Sensory axonal Normal VEPs
polyneuropathy and BAEPs
10 45-50 ~55 S Gait unsteadiness, Slow Yes Yes Yes No No CA, brainstem  Sensory axonal Normal VEPs

long standing pain
below left knee

andspinal cord polyneuropathy

atrophy

Abbreviations: BAEPs = brainstem auditory evoked potentials; CA = cerebellar atrophy; LL = lower limbs; SSEPS = somatosensory evoked potentials; VEPs = visual evoked potentials.

2 Loss of consciousness was triggered by dysautonomia.
® NCS had not been performed for this patient. Clinical signs of pallesthesia disturbance were observed peripherally at both legs, which is not a definite sign of peripheral neuropathy (this could be due to type 2 diabetes

complications).
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Table 2 Allele Frequencies (%) of the RFCT Repeat Identified
Motifs in the Cypriot Cases and Control Cohorts

Patients Patients

including AAGGGn?  excluding AAGGGn?
Repeat motif homozygotes homozygotes Controls
AAAAG(o.14) 45.7 483 56
AAAAGN? 32.2 34 31.5
AAAGGn? 1.3 1.4 2.0
AAGAGn? 1.9 2.0 1.5
AAGGGN? 12.5 7.6 3.0
AAAGGGN? 6.4 6.8 3.5
AAGACn? — — 2.5

“n represents expanded repeats.

and extraction of flanking PCR products before performing
Sanger sequencing. This analysis revealed the existence of an allele
of ~60-70 repeats, consisting mainly of the hexanucleotide

repeat motif AAAGGG (~48 repeats), combined with a small
segment of AAGGG repeats (in the majority of samples) or
AAAGG repeats (eFigure 1). RP-PCR on this motif was also
performed and confirmed the presence of a decremental saw-
tooth pattern in all samples. This pattern appeared with a delay
compared with the primer position, thus indicating the presence
of different sequence motifs preceding the repeat. In these cases,
the initial RP-PCR obtained atypical short saw-tooth patterns on
the AAGGG or the AAAGG motif, corresponding to the repeats
neighboring the AAAGGG motif (Figure 2). The presence of this
repeat was tested by RP-PCR in all samples presenting with the
same atypical RP-PCR during the preliminary analysis and con-
firmed its presence. The frequency of this repeat was also tested in
the cohort of the non-disease control samples. Of interest, it was
higher in the patients’ group (6.4%) than the controls (3.5%);
however, non-significant, and a single homozygote with slowly
progressive ataxia by the age of 54 and axonal polyneuropathy was
identified. Regarding the remaining AAAGGG expansion het-
erozygote patients, 3/23 also carried the AAGGG expansion; one
presented with ataxia and neuropathy. None of the remaining
AAAGGG heterozygote patients presented with neuropathy or

Figure 2 Representative RP-PCR Plots of Cases Presenting With Atypical Patterns by the Preliminary Analysis of Motifs
AAAAG, AAAGG, and AAGGG and Confirmed With an Allele Consisted Mainly of the AAAGGG Motif
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(A) Plots of an individual carrying the normal AAAAG, allele and an expanded allele mainly of AAAGGG repeats, a small segment of AAGGG and other repeats
as indicated by Sanger sequencing. (B) Plots of an individual carrying the expanded AAGGG allele and an expanded allele mainly of AAAGGG repeats and a

smaller segment of AAAGG repeats.
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Figure 3 IGV Snapshots of the RFCT Repeat Region Obtained
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The data of 2 Cypriot individuals from a CMT1A family (not presenting ataxia features), with the AAGAC repeat expansion, are displayed. The first individual was
found to carry one allele with the pathogenic AAGGG expansion and one allele with the expanded motif AAGAC. The second individual was found to carry one
allele with the non-expanded AAAAG repeat and one allele with the expanded motif AAGAC. These data were further confirmed by the use of ExpansionHunter De
novo software, as well as experimentally by flanking PCR and RP-PCR targeting this novel and the other common repeat motifs. IGV = Integrative Genomics Viewer.

vestibulopathy in addition to ataxia. For 6 out of 184 non-
AAGGG, homozygous patients studied, the above analyses were
insufficient to resolve the observed complexity in RP-PCR pat-
terns and conclude on the second allele synthesis. Therefore, they
have been excluded from the allele frequency estimation that is
currently presented (Table 2).

In addition to the above, we identified another repeat motif
through WGS data analysis. This expanded AAGAC, repeat
was found only in compound heterozygosity with the ex-
panded AAGGG, repeat or the expanded AAAAG, repeat in
this family (Figure 3). In contrast to the other polymorphic
repeats, the allele carrying this repeat was not amplifiable with
flanking PCR, thus indicating a high number of repeats similar
to the pathogenic AAGGG,, repeat. However, accurate sizing
of this expansion was impossible due to an insufficient amount
of DNA for Southern blot experiments. RP-PCR analysis
confirmed the presence of a decremental saw-tooth pattern in
all candidate family members, as indicated by WGS data.
Further screening by RP-PCR to estimate its frequency in the
control population enabled its identification in 5/100 indi-
viduals in compound heterozygosity with the expanded
AAAAG, or the non-expanded AAAAG, or the polymorphic
expanded AAGAG repeats.

Clinical Features of the Patients Confirmed
With Biallelic RFC1 Expansion

The clinical features of the patients confirmed with homo-
zygous AAGGG expansions (6 males and 4 females) were

Neurology.org/NG

retrospectively collected and are summarized in Table 1. Most
patients (9/10) presented with adult onset gait unsteadiness
as their first symptom and shared cerebellar dysfunction and
peripheral (mostly sensory axonal) neuropathy features.
Cerebellar dysfunction was absent only from patient number
S. This patient had neurogenic cough and loss of conscious-
ness as the first symptoms. The progression of the disease was
slow in all patients. Bilateral vestibular impairment, auto-
nomic dysfunction, and chronic cough, common in CANVAS
cases, were reported for some patients (5/10,4/10, and 4/10,
respectively). Cerebellar atrophy, either mild or moderate,
was detected in most cases.

Only 4 of them, one of which was the family 1 proband,
presented with the 3 symptoms of full-blown CANVAS,
cerebellar ataxia, neuropathy, and vestibulopathy. In 4 of the
remaining cases with no vestibulopathy, one of which was the
second member of family 1, cerebellar ataxia and neuropathy
coexisted. In contrast, cerebellar ataxia was absent from a
single case of neuropathy and vestibulopathy. A single case
also presented with pure ataxia without neuropathy.

Discussion

We present a study investigating the RFCI gene polymorphic
and pathogenic expanded repeat configurations in the Cypriot
population. A large group of genetically undiagnosed patients
(194) consisted mainly of adult and a few younger onset ataxia

Neurology: Genetics | Volume 10, Number 3 | June 2024
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cases, along with a few CANVAS suspected and neuropathy
cases, and a group of non-disease control individuals have been
included in this investigation. Genetically undiagnosed younger
onset cases were also included because such cases have been
reported as positive for RFCI expansions.'>"® In addition, the
growing number of studies performed thus far on this relatively
recently described disease indicated an expansion of the phe-
notypic spectrum and the genetic heterogeneity, which possibly
remain not fully elucidated.'®'*'>'523° Therefore, we cannot
exclude the possibility of identifying positive younger-age cases.
Ten out of 194 patients tested (5.2%) have been diagnosed with
the pathogenic AAGGG repeat expansion in a homozygous
state. More specifically, it was found in 4 out of 7 cases (57%)
presenting with full-blown CANVAS, in one out of 2 cases with
neuropathy (50%), and in S out of 185 cases (2.7%) presenting
at least with ataxia as one of their prominent symptoms. Overall,
the observed phenotypes of the diagnosed patients support the
broad clinical spectrum associated with RFCI pathogenic ex-
pansions.' Similar to other reports, all diagnosed patients had at
least 2 of the 3 typical features of CANVAS (mostly CA and
sensory neuropathy) except for one presenting with pure ataxia.
Full-blown CANVAS was presented only in 4 out of 10 cases.
Moreover, a retrospective collection of clinical and other per-
sonal information of the diagnosed cases indicated that 4 out of
the 10 cases originate from the same village, thus indicating the
possible existence of a founder effect.

The currently reported diagnostic yield for the biallelic
AAGGG repeat expansion in the group of CANVAS cases
(57%) falls within the range reported by other studies
(36%-92%).>*7132631 Regarding our main cohort of un-
diagnosed cases presenting with pure or complex ataxia pheno-
types, the calculated diagnostic yield for a homozygous expansion
is much lower (2.7%). This percentage is close to the lower range
of the other reported yields in different cohorts of mixed pure and
complex ataxia cases rather than a full CANVAS phenotype (0.6%
Canadian, 4.3% Brazilian,” 1.0% French,>' 1.6% Dutch,** 1.6%
Greek,® 7.6% German,”® 14% Caucasian,"> and 15.9% British®).
A more detailed clinical description of all our patients or exclusion
of the young onset cases (n = 17) could slightly increase this
percentage. Moreover, we report a higher percentage of patients,
compared with the controls, that have been heterozygous for the
AAGGG allele, including a case with a young age at onset, 2
typical CANVAS cases, and 7 cases presenting with 2/3 typical
symptoms, thus indicating the possible presence of a second in-
tragenic variant that remains to be determined.

The estimated frequency of the detected alleles in the non-
disease control chromosomes revealed AAAAGy.14) as the most
frequent allele (57%) followed by AAAAG, (33%), as in the
majority of the reported populations (AAAAG;, 75%-85%;
AAAAG,, 7%-13%).> However, compared with other studies,
the frequency of both alleles is quite different (lower for
AAAAGy.14 and higher for AAAAG,). AAAGG, is very rare
(2%). In contrast, the frequency of the pathogenic AAGGG, is
relatively high in the control group (3%) and much higher in the
patient group (12.5%). Even if excluding the 10 AAGGG,
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homozygous cases, the percentage (7.6%) is still much higher
compared with the controls, thus suggesting that intragenic
RFCI variants might also exist in some of these patients in
compound heterozygosity with the expanded AAGGG,, allele,
pending identification. In addition to the 3 common confor-
mations tested first, the polymorphic AAGAG,, was identified at
1.9% and 1.5% in the patient and control groups, respectively.
We also report the identification of the hexanucleotide
AAAGGG repeat expansion in both cohorts. In the course of the
final stages of our study, this novel repeat expansion has also been
reported by 2 other groups. Dominik et al. (2023) identified this
and other novel repeats by performing bioinformatics analysis on
WGS data of 10,000 individuals from the 100,000 Genomes
Project, and they categorized it as likely non-pathogenic. Scriba
et al. (2023) identified this hexanucleotide repeat by using tar-
geted long-read sequencing in 2 patients of an Australian cohort
screened for RFCI expansions, and they did not make a clear
conclusion about its pathogenicity. Further screening using RP-
PCR resulted in its identification in 3 additional cases, thus
concluding to a total number of S cases out of 242 (2.1%), all
compound heterozygotes. In the current study, conventional
methods were used to investigate further cases resulting in un-
characteristic laddering RP-PCR patterns on the first tested re-
peats and enabled the discovery of this hexanucleotide repeat. As
there was a detectable flanking PCR product on gel electro-
phoresis in all candidate cases (ranging from ~700 to ~1,000
bp) that was distinct from the reference allele size, Sanger se-
quencing was initially used and successfully uncovered the
AAAGGG, motif, which was subsequently also confirmed by
RP-PCR. This repeat has been reported only in compound
heterozygosity with the AAGGG or other non-pathogenic
expansions.s’9 Homozygosity in a single patient presenting with
ataxia and neuropathy is reported for the first time in the current
study. Furthermore, compared with Dominik et al. (2023), who
found a similar frequency of the compound heterozygotes
AAGGG/AAAGGG in patients (0.6%) and controls (0.4%), we
identified 3 compound heterozygous AAGGG/AAAGGG pa-
tients (1.6%) and none in the controls (0% ). However, we report
an overall comparatively higher frequency of this repeat allele in
the patient’s group (6.4%) compared with the controls (3.5%),
which resembles the difference in frequency we observed for the
pathogenic AAGGG,, allele. Therefore, we still cannot conclude
on its pathogenicity. In addition, as already discussed by Scriba
et al. (2023), the size of this expansion reflects more the size of
the other benign configurations. Still, the GC content (50%) is
closer to that of the pathogenic configurations (60%-80%) than
the benign (20%-40%), thus suggesting that pathogenicity de-
pends more on repeat configuration than the expansion size.

We also report identifying the repeat configuration AAGAC,, in
heterozygosity with the pathogenic AAGGG,, repeats or other
non-pathogenic configurations, with the limitation of not
detecting its size. This novel configuration was also reported in
the course of the final stages of our study by Scriba et al. (2023),
who used targeted long-read sequencing to identify this repeat,
similar to the identification of the AAAGGG,,. This approach
enabled the size determination at ~270 repeats, and the
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identified frequency in this cohort was 1.65% (4/242 patients).
Pathogenicity was not supported clearly. We identified this
repeat by analyzing short-read WGS data. This approach could
not define the expansion size. RP-PCR further confirmed the
presence of this configuration, and flanking PCR indicated a
possible large size since there was no amplifiable product. Our
hypothesis was supported by the size reported in the Australian
patients. Thus far, this novel repeat allele was identified in our
control cohort only, and its estimated carrier frequency was 5%.
In addition, in the CMTI1A family initially identified, it was
found in compound heterozygosity with the pathogenic
AAGGG expansion both in one CMT1A patient and her un-
affected mother. Therefore, based on these observations, it is
likely a non-pathogenic configuration.

Future investigation is expected to shed more light on the effect
of these novel repeat motifs and the puzzling disease pathoge-
netic mechanism in general. Thus far, structure functional anal-
yses have been performed in vitro to study the formation of
possible unusual DNA structures by short pathogenic AAGGG
repeats compared with the non-pathogenic AAAAG repeats.***
Of interest, it was shown that the pathogenic repeats can form
triplex and quadruplex structures, thus leading to replication
stalling in an orientation-dependent manner.** Moreover, it was
shown that a G-quadruplex ligand (TMPyP4) binds specifically
to the pathogenic repeats’” quadruplexes.”> These findings are
promising toward understanding the disease pathogenicity and
development of targeted therapies.

In conclusion, we hereby present our study of RFCI polymorphic
and pathogenic configurations in the Cypriot population, which
resulted in interesting findings. We report the confirmation of a
homozygous AAGGG,, pathogenic expansion in one neuropathy
and 9 adult-onset ataxia cases presenting either with full-blown or
incomplete CANVAS clinical symptoms. Of interest, 4 of these
patients were found to have a common village origin. We also
report the identification of a high percentage of heterozygosity for
the pathogenic AAGGG, expanded allele in the remaining tested
non-homozygous patients, thus indicating the possible existence
of intragenic variants which are pending identification. In addition,
we confirm the existence of the recently reported AAAGGG, and
AAGAC, repeat motifs in another population and we describe
their discovery in our cohorts using distinct approaches from
those reported. We also highlight an increased frequency of the
alleles containing the AAAGGG, repeat in the patient group
compared with the controls, and we report a single case of ho-
mozygosity for this repeat motif for the first time. In addition, we
report the existence of 6 cases with unusual RP-PCR patterns on
the tested motifs that did not enable us to conclude on the
genotypes, thus indicating the possible existence of additional
unknown configurations that will expand more the genetic het-
erogeneity of the RFCI locus. Overall, our findings (including a
high carrier frequency of the expansion) indicate that the RFCI
pathogenic expansion is a frequent cause of ataxia in the Cypriot
population, and therefore, prioritizing the RFCI testing on the
patients fulfilling the CANVAS symptoms or at least 2 of the main

key symptoms is significant.
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