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Abstract

Many diseases are caused by pathogenic expansion of microsatellite repeats. Longread sequencing allows evaluation of the content
of such expanded repeats. Friedreich ataxia patients are typically homozygous for an expanded GAA repeat in intron 1 of the FXN
gene. Longread whole genome sequencing identified expanded composite alleles, consisting of substantial tracks of tandem GGA
triplets within the expanded GAA repeat. In a prospective series of 112 unrelated patients, we found that approximately 20% of people
with Friedreich ataxia have at least one such expanded composite allele. Other minor sequence interruptions in the expanded GAA
repeat were detected in a further 10% of patients. Most expanded composite alleles revealed by longread genome sequencing are not
detectable by standard PCR-based testing, and have therefore remained hidden despite their relatively high prevalence. This results in
erroneous genotyping of patients and heterozygous carriers. We describe an optimized workflow to detect these expanded composite
alleles, which permitted accurate genotyping and heterozygous carrier identification. A recurrent proximal FXN gene deletion caused
by Alu-mediated non-homologous recombination was identified in an additional 2% of patients. These findings redefine the spectrum
of pathogenic alleles in Friedreich ataxia, and demonstrate that expanded alleles containing substantial non-GAA interruptions are
prevalent and pathogenic.
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region to estimate the length of the expanded tract, or via repeat-
primed PCR to determine that the repeat length is greater than
the threshold associated with disease pathogenesis. Non-motif
sequence variants that may be located deep within the expanded
microsatellite repeat tract are thus typically not detected. The

Introduction

Over 50 genetic diseases are caused by abnormal expansion
of microsatellite repeats [1]. Molecular diagnosis is typically
established via PCR-based amplification of the repeat-containing
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availability of longread genome sequencing technologies (e.g.
Oxford Nanopore & PacBio sequencing) has made it possible to
evaluate the precise sequence of the entire expanded repeat,
without PCR amplification, even within very long disease-
causing expanded repeats that are typically beyond the purview
of standard short-read sequencing technology (e.g. Illumina
sequencing). Moreover, longread genome sequencing also has the
advantage of revealing local genomic rearrangements (e.g. indels)
in the vicinity of the expanded repeat.

Friedreich ataxia, a recessive condition, is typically caused by
inheriting an expanded GAA repeat sequence in intron 1 of both
copies of the FXN gene [2, 3]. Pathogenic alleles, which range
from 56 to ~ 1300 triplets (and commonly > 500 triplets) in length,
require a ‘long-range’ PCR strategy to detect and size them. In
such assays, visualization of two distinct expanded alleles (e.g.
800 and 1000 triplets) and the absence of a normal allele con-
firms the diagnosis of FRDA. Given that most expanded alleles
contain 600-1000 triplets, symptomatic FRDA patients who show
only one expanded allele (and absence of a normal allele) are
assumed to have inherited expanded alleles of the same (or
similar) size (e.g. 800 and 800 triplets). The latter occurs in a
substantial proportion (~20%) of FRDA patients, and no further
testing is typically performed in the current diagnostic workflow.
While detection of a single expanded allele may simply represent
inadequate resolution of two expanded alleles of similar size (e.g.
800 and 850 triplets), we hypothesized that in some of these
cases we may be missing truly hemizygous genotypes, e.g. genomic
deletions that preclude amplification of one of the FXN alleles.
We tested this hypothesis via longread genome sequencing in a
cohort of symptomatic FRDA patients with only one identifiable
expanded allele, which permitted analysis of the entire FXN locus
including the entirety of the expanded repeat. This revealed two
types of novel pathogenic alleles; expanded composite alleles
(most with variable tracks of GGA triplets) and proximal FXN
gene deletions. Both of these pathogenic alleles have been missed
by standard diagnostic testing, which has led to the apparently
high prevalence of individuals deemed to be homozygous for
identically sized expansions. A large number of pathogenic alleles
in Friedreich ataxia have thus remained invisible. This shows for
the first time that expanded alleles with substantial non-GAA
interruptions are both prevalent and pathogenic in Friedreich
ataxia.

Results

A substantial number of FRDA patients seem to
be homozygous for identically-sized expanded
GAA repeats

In a prospective series of 112 unrelated FRDA patients (with
a commercial genetic test indicating they are homozygous for
expanded GAA repeats in the FXN gene), long-range PCR was
performed with two different primer pairs flanking the GAA
repeat in intron 1 of the FXN gene (Fig. 1A; see methods) [2, 4].
The goal was to identify individuals who have a ‘single-band’
pattern (e.g. patients #3 and #4 in Fig. 1B), suggesting that they
are homozygous for expanded alleles of the same size, versus a
‘double-band’ pattern (e.g. patients #1 and #2; Fig. 1B), indicating
homozygosity for expanded alleles of different sizes. Two differ-
ent primer pairs were used in order to rule out potential allele
dropouts due to primer site polymorphisms. Serial dilutions were
run on higher resolution gels to confirm the single-band pattern
(Supplementary Fig. 1A), as opposed to unresolved alleles that

were very similar in size (Supplementary Fig. 1B) or unresolv-
able smears due to somatic instability (Supplementary Fig. 1C).
Twenty-nine unrelated individuals were identified with a defined
single-band pattern (26%; Fig. 1C; 18 of whom are shown in Fig. 1D
and E). Thus, approximately a quarter of FRDA patients were clas-
sifiable as being homozygous for identically-sized GAA repeats. A
fresh blood sample was obtained from 25 of these 29 individuals
for extraction of ultra-high molecular weight DNA suitable for
longread genome sequencing.

Identification of a recurrent proximal FXN gene
deletion via Alu-mediated non-homologous
recombination

Longread genome sequencing (Oxford nanopore; PromethION)
revealed that three of the 25 unrelated single-band patients (12%)
were compound heterozygous for a proximal FXN gene deletion
and an expanded pure GAA repeat allele (Supplementary Fig. 2A-D;
Supplementary Data 1). All three unrelated patients showed
deletions of the same genomic region (~2.3 kb), which extended
from the right (3') arm of an AluY element mapping upstream of
the FXN gene promoter to the right (3') arm of the AluSx element
within which the FRDA-related GAA repeat is located (Fig. 2A).
These deletions are therefore consistent with an Alu-mediated,
non-homologous recombination event (Supplementary Figs 3
and 4) [5]. As a result, the FXN gene promoter, exon 1, proximal
portions of intron 1 and the GAA repeat were deleted, and a new
AluY element was created (Fig. 2A). Patients FA97 and FA200 had
the same deletion, which was slightly different from the deletion
seen in patient FA68 (Fig. 2B), indicating at least two separate
origins. These deletions resulted in removal of the upstream
primer binding sites of both long-range PCR protocols employed
(Fig. 1A, D and E), explaining the single-band pattern seen in these
three patients.

A PCR assay was designed to detect this proximal FXN dele-
tion (Fig. 2A), which confirmed the deletion in all three patients
(Fig. 2C-E). Sequencing of the PCR products confirmed the same
breakpoints previously detected by longread genome sequencing
(Fig. 2B). Patient FA97 inherited the deletion from his father, who
was himself a heterozygous carrier for this deletion (Fig. 2C).
Patient FA200 shared the same deletion with a sib (Fig. 2D), sug-
gesting thatit was inherited from a carrier parent. However, FA68’s
deletion, with slightly different breakpoints from FA97 and FA200,
occurred as a de novo event (Fig. 2E). Both parents of FA68 are
heterozygous for the expanded GAA repeat and do not have the
proximal FXN deletion (Fig. 2E). FA68’s sib, FA69, who has a sig-
nificantly milder phenotype (Supplementary Table 1), developed
FRDA in the conventional manner, i.e. by inheriting expanded
alleles from each parent. Thus, the two sibs in this nuclear family
have varied molecular events leading to their FRDA phenotype.
All patients with this common proximal FXN gene deletion (three
unrelated, plus one sib) have a similarly severe FRDA phenotype
(Supplementary Table 1).

Identification of pathogenic expanded GAA-GGA
composite alleles in FRDA via longread genome
sequencing

Longread genome sequencing of the remaining 22 single-band
patients showed no FXN gene rearrangements, and all 44 FXN
alleles were represented in the sequencing dataset. However,
11 patients showed expanded GAA alleles with substantial
non-GAA content. Variable lengths of GGA tracks were a
prominent feature of a majority of these alleles (Fig. 3A and B;
Supplementary Data 2), thus defining a subclass of pathogenic
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Figure 1. A substantial number of FRDA patients seem to be homozygous for identically-sized expanded GAA repeats. (A) Schematic of the FXN gene
showing coding exons 1-5a, the GAA repeat (GAA), and two primer sets flanking the GAA repeat: Bam & 2500F (gray arrows) and GAA-104F & GAA-629R
(white arrows). (B) Representative results of a long-range PCR assay showing a non-FRDA control (N), a heterozygous carrier (C), FRDA patients with
two distinct expanded alleles, i.e. the ‘double-band’ pattern (1 & 2), and FRDA patients with only one discernible expanded allele, i.e. the ‘single-band’
pattern (3 & 4). L=1 kb ladder; B=blank (no template) control. (C) In a total of 112 unrelated FRDA patients, 26% had the ‘single-band’ pattern. (D, E)
long-range PCR analysis in 18 FRDA patients (lab IDs are indicated) showing a ‘single-band’ pattern with two different primer combinations. L=1 kb

ladder; B=blank (no template) control.

expanded GAA-GGA composite alleles in FRDA. The GGA
sequence mapped close to the 5 end of the expanded GAA
repeat (Fig.3B). In some instances, the GGA content was
contained within (GAAGGA), hexanucleotides and (GAGGA),
pentanucleotides (named as ‘other composite’ alleles; Fig. 3B).
Both types of composite alleles contained substantial GGA
content (range: 22-342 triplets; median=44 triplets; Fig. 3C). A
few alleles showed minor non-triplet G/A interruptions in an
otherwise pure GAA repeat, located either close to the 5 or 3’
end (Fig. 3B). In every case, the expanded repeat maintained
the polypurineepolypyrimidine sequence composition. Notably,
28 of the 44 alleles (64%) were pure GAA repeats, hence most
people with composite alleles were compound heterozygous for
a pure GAA allele and a composite allele (Supplementary Fig. 5).
The length of expanded composite/interrupted alleles was not
significantly different from expanded pure GAA repeats.

Detection of pathogenic expanded GAA-GGA
composite alleles in FRDA via modified PCR
conditions

The visible allele via long-range PCR did not always match the
length of the composite allele detected via longread genome
sequencing, indicating that composite alleles were not being
amplified efficiently. A modified PCR protocol, primarily the
addition of 7-deaza-dGTP (see Methods) [6, 7], remedied this
situation, suggesting that the relatively high G/C content of
the GGA motif (versus GAA) contributed to the difficulty in
amplification via conventional PCR. Thus, when the expanded
GAA-GGA composite allele was different in size from the pure
GAA allele, the single-band changed to a double-band pattern
(Fig. 4A). However, given that composite and pure alleles are
quite often the same length, a distinct double-band pattern was
not always seen in patients known to have composite alleles
(Fig. 4B). In order to visualize the composite allele, the PCR
amplicons generated with/without 7-deaza-dGTP were subjected
to longread sequencing (Oxford nanopore; PromethION). This
clearly showed that addition of 7-deaza-dGTP was required to

detect the composite allele. For instance, patient FA103, who
remained with a single-band pattern upon PCR with 7-deaza-
dGTP (Fig. 4B), showed composite alleles via deep sequencing of
amplicons generated with 7-deaza-dGTP, but not in its absence
(Fig. 4C versus Fig. 4D). Indeed, in our series of patients with
the single-band pattern and known to have a composite allele,
addition of 7-deaza-dGTP permitted efficient detection of the
composite allele, which accounted for ~40% of the reads via
deep sequencing (Fig. 4E). The efficiency of 7-deaza-dGTP to
detect the expanded composite allele was dependent on the total
GGA content and the length of the longest GGA track within
the composite allele (Supplementary Fig. 6A and B). This latter
dependence was not seen for total GAA content or the total length
of the expanded allele (Supplementary Fig. 6C and D). Some
composite alleles were detectable at low levels in the absence
of 7-deaza-dGTP (Supplementary Fig. 7), but it was required for
the efficient detection of most composite alleles (Fig. 4E). The
Oxford nanopore platform is known to generate errors during
sequencing, but this was found to be quite low. Deep sequencing
of the amplicons generated in the presence of 7-deaza-dGTP
detected composite alleles in patients known to have composite
alleles by longread genome sequencing but not in individuals
known to have only pure GAA alleles (Fig. 4F).

A validation cohort of 14 additional FRDA patients with the
single-band pattern was analyzed by PCR with and without 7-
deaza-dGTP followed by longread deep sequencing of the ampli-
cons. Similar to the larger cohort, this validation cohort revealed
seven new composite alleles, six of which were the common
expanded GAA-GGA composite allele (Supplementary Fig. 8;
Supplementary Data 3), which confirmed that a substan-
tial number of single-band FRDA patients have composite
alleles.

False-negative outcomes in heterozygous

carriers of expanded GAA-GGA composite alleles
First-degree relatives of FRDA patients are often tested for
carrier status determination. Since parents are almost always
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B=blank (no template) control; '+’ =positive control; ‘-’ =negative control.

heterozygous carriers, we tested the parents of three patients
known to be compound heterozygous for an expanded GAA-
GGA composite allele and a pure GAA allele. In each case, the
standard long-range PCR assay (i.e. minus 7-deaza-dGTP) showed
a single band pattern in the proband, and that one of the parents
was not a heterozygous carrier (Fig. SA, C, E). This is consistent
with the previous observation that composite alleles are resistant
to amplification via the conventional PCR-based assay. The
modified long-range PCR (i.e. plus 7-deaza-dGTP) revealed that
these parents were indeed heterozygous carriers of an expanded
allele (Fig.5B,D,F), and deep sequencing of the amplicons
confirmed that they carried the expanded GAA-GGA composite
allele.

Detection of pathogenic composite and
interrupted alleles in ‘double-band’ FRDA
patients

In order to determine the prevalence of composite alleles in FRDA
we additionally tested a cohort of 59 FRDA patients who had the
‘double-band’ pattern on conventional testing, i.e. homozygous
for expanded GAA repeats of different sizes. We reasoned that
composite alleles with low GGA content and other types of smaller
sequence interruptions may be present in such patients. Long-
range PCR plus 7-deaza-dGTP followed by deep sequencing of
the amplicons on the Oxford nanopore platform was performed.
Of the 118 alleles, 102 (86%) were pure GAA repeats, indicat-
ing that a majority of double-band FRDA patients do not have
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composite/interrupted alleles. However, we did detect a total of
7 composite alleles, 5 of which were expanded GAA-GGA com-
posite alleles (Fig. 6A and B; Supplementary Data 4). The two
‘other composite’ alleles featured multiple instances of (GAGGA),
pentanucleotides, with one of them (FA12B) having 88 repeats
of [(GAGGA)1(GGA)1(GAA)g]. As expected, the longest GGA track
in these readily amplifiable alleles (hence ‘double-band’ pattern)
was significantly shorter than in the non-amplifiable compos-
ite alleles seen in single-band patients (Fig. 6C). A variety of 5
and 3’ interruptions were also detected (Fig. 6D and E). Interest-
ingly, one of the 5 interrupted alleles (in FA16) contained mul-
tiple units of (GACGACGAA), different from the pathognomonic
polypurineepolypyrimidine sequence composition seen in FRDA-
associated expanded alleles.

Discussion

Longread sequencing revealed a previously unrealized level of
heterogeneity among pathogenic alleles in FRDA. It is estimated
that ~20% of patients are heterozygous for an expanded compos-
ite allele, i.e. compound heterozygous for an expanded composite
repeat and a pure GAA repeat. Most of these individuals are
currently diagnosed as being homozygous for expanded alleles of
the same size, because the G/C-rich composite allele is commonly
missed by conventional PCR-based assays. Indeed, as many as 40%
of FRDA patients who are said to be homozygous for expanded
alleles of the same size will have one pathogenic expanded GAA-
GGA composite allele. Minor sequence interruptions at the 5" and
3" end of expanded GAA repeat have been known to occur in
FRDA [8, 9], and these were also observed in ~ 10% of the present
series of patients. However, it is now clear that major non-GAA

interruptions occurring near the 5 end of pathogenic repeats are
quite common in FRDA. Variable lengths of tandem GGA triplets
constitute a very common non-GAA motif, and is the defining
feature of the pathogenic expanded GAA-GGA composite allele.

This new category of allelic variability provides additional
opportunities for the refinement of genotype-phenotype correla-
tion in FRDA, which has thus far relied primarily on the variable
length of the expanded repeat [3, 4, 10-13]. Indeed, these com-
posite alleles have been missing from the genotypes considered
for phenotypic correlations, even in studies specifically designed
to evaluate the effect of non-GAA interruptions [8, 9]. In addition,
patients with an inordinately severe FRDA phenotype that also
appear to be homozygous for expanded alleles of the same size
should be considered as candidates for the recurrent proximal
FXN gene deletion.

It has been suggested that major non-GAA interruptions in typ-
ical FRDA-related expanded alleles are rare [14]. When detected,
they have tended to be associated with relatively short expanded
alleles (<300 triplets), which either produced a very late onset
FRDA phenotype [15], or were non-pathogenic [16, 17]. This type of
interrupted and relatively short expanded allele is known to have
very low levels of somatic instability [18]. Indeed, base-editing
strategies designed to incorporate non-GAA sequence interrup-
tions within the expanded GAA repeat is being considered as a
therapeutic strategy to reduce somatic repeat expansions in vivo
[19]. However, our findings show that large expanded alleles with
substantial non-GAA interruptions are pathogenic and are quite
prevalent in Friedreich ataxia.

The observation of pathogenic expanded composite alleles
(and those with other types of interruptions) in FRDA contrasts
with SCA27B, the other genetically-determined ataxic phenotype
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and max value. *** =p < 0.0001 (Mann-Whitney test). (D, E) schematic representation of expanded alleles with 5" and 3’ interruptions. Color-codes denote
the type of non-GAA sequence.
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associated with an expanded GAA repeat (located in intron 1 of
the FGF14 gene) [20]. Pathogenic alleles causing SCA27B are typi-
cally pure GAA tracks of > 300 triplets (alleles with 250-299 GAA
triplets are associated with reduced penetrance). Non-pathogenic
FGF14 alleles containing the equivalent of > 250 (or even > 300)
triplets are typically interrupted with non-GAA sequences [21, 22].
It is unclear why repeat interruptions at the FXN locus allow for
disease pathogenesis, but those at the FGF14 locus do not (despite
both repeats mapping to intron 1 of their respective transcrip-
tional units). Possible explanations include the following: (i) FRDA-
related pathogenic composite alleles are considerably longer and
have substantial tracks of pure GAA sequence compared with
non-pathogenic alleles at the FGF14 locus; (i) non-pathogenic
interrupted alleles with > 250 triplets at the FGF14 locus have
relatively short pure GAA tracks [23], which is similar to the
interrupted GAA alleles at the FXN locus that are either non-
pathogenic [16, 17], or associated with a very late onset of disease
[15]; and (iii) the pathogenic consequences of the expanded GAA
repeat may be different at the FXN and FGF14 loci; for instance, in
the FXN transcriptional unit the repeat track is in the (GAAeTTC),
orientation, which is known to be more transcriptionally repres-
sive compared with the (TTCeGAA), orientation [24], which is seen
at the FGF14 locus [23].

The inclusion criterion for this study was that patients must
have had a genetic test (from a commercial testing lab) and
have a molecular diagnosis of FRDA due to homozygosity for
the expanded GAA repeat (thus, base substitutions, small indels,
etc.,, were not studied here). All patients were subsequently
retested in our research lab, which showed a reasonable level
of congruence in the estimation of repeat lengths. There were
occasional patients for whom the commercial lab reported
expanded alleles of the same size, which we resolved into two
distinct bands. However, each of the 29 patients in the prospective
series of 112 whom we determined to have the ‘single-band’
pattern, were similarly determined by the commercial lab to be
homozygous for identically-sized expanded GAA repeats. As seen
here, many of these individuals have expanded composite alleles
(and a few of them have FXN gene deletions) that were missed
by long-range PCR. This indicates that commercial gene testing
presently misses composite alleles (and the proximal FXN gene
deletion). This is not necessarily a major clinical problem, because
the molecular diagnosis of FRDA is still appropriately made.
However, false-negative results in carrier status determination
among relatives of these patients is unfortunately a distinct
possibility. Another PCR-based protocol often used to diagnose
FRDA, repeat-primed PCR [25], would likely also miss detecting the
G/C-rich composite alleles. Similar to long-range PCR, detection
of the amplifiable pure GAA allele paired with the absence of
a normal allele will still result in the accurate diagnosis of
FRDA. However, carrier status determination for heterozygous
carriers of the composite allele would likely be fraught. Short-
read whole genome sequencing followed by use of algorithms
such as ExpansionHunter/Dragen, should be able to accurately
identify the presence of expanded composite alleles in FRDA
patients and in heterozygous carriers [26], but may not be able
to characterize the precise sequence content of such alleles.
Commercial testing labs, and research labs that require accurate
determination of the size of both expanded alleles, should
consider updating their detection protocol, either by using
the PCR conditions we describe here or via other methods to
adequately address the relatively high G/C content of composite
alleles. Furthermore, whereas the expense and logistics of
longread genome sequencing are presently prohibitive for routine

diagnostic testing, the detailed characterization of expanded
composite alleles via longread sequencing of the repeat-
containing amplicons generated in the presence of 7-deaza-dGTP
is a more manageable strategy.

Materials and methods
Study participants

Peripheral blood samples were collected in purple-top/EDTA tubes
from a prospective series of individuals with a confirmed molec-
ular diagnosis of FRDA at the Children’s Hospital of Philadelphia
(CHOP). Only individuals who were homozygous for the expanded
GAA repeat in the FXN gene, as determined via commercial DNA
testing, were included in this study. Fresh blood samples were
shipped overnight on ice via courier service for processing and
analysis at the University of Oklahoma Health Sciences Center
(OUHSC) in Oklahoma City. Research protocols were approved by
the institutional review boards at both institutions (CHOP IRB 25—
023116 and OUHSC IRB 18177).

DNA isolation

Genomic DNA used for PCR was extracted using the QIAamp DNA
Blood Midi Kit (Qiagen; 51 185). Ultra-high-molecular weight DNA
used for longread genome sequencing was extracted from whole
blood using the Nanobind CBB kit (PacBio; 102-207-600). Long-
range PCR amplicons were purified for longread sequencing using
the Wizard SV Gel and PCR Clean-Up System (Promega; A9282).

Detection of the proximal FXN deletion

The recurrent proximal FXN deletion was detected by PCR
using primers: Alu-Del-F: 5-ACTTTCACAATTTGCATCCCTTT-3
and Alu-Del-R: 5-CAGGGGTGGAAGCCCAATAC-3'. PCR cycling
conditions were as follows: initial denaturation at 94°C for
3 minutes followed by 30 cycles of 94°C for 1 minute, annealing
at 58°C for 1 minute, and extension at 72°C for 1 minute, followed
by a final extension at 72°C for 10 minutes.

Long-range PCR of pure and composite expanded
alleles

GAA repeat lengths were determined by long-range PCR using
the AccuStart Long Range SuperMix (QuantaBio; 95199-100).
Duplicate analysis was performed via generation of two different
amplicons, in order to determine the presence of a “double-
band” or “single-band” pattern, for each individual. The two
different primer sets that flank the GAA repeat in intron 1 are
as follows: (a) GAA-104F & GAA-629R, as described previously
[4] (which generates a product of 499 bp + repeats); (b) T3F: 5'-
GCGCGCAATTAACCCTCACTAAAGGGAACAGGAGGGATCCGTCTG

GGCAAAGG-3' & T7R: 5'-CGCGCGTAATACGACTCACTATAGGGCGA
CAATCCAGGACAGTCAGGGCTTT-3' (which generates a product of
1429 bp + repeats). The italicized portion of T3F and T7R match
the sequence of primers Bam and 2500F, which were used in
the original description of the expanded GAA repeat in FRDA [2].
Primers T3F and T7R primers were generated for another project,
and in our experience, they perform more consistently compared
with the original Bam and 2500F primers for the detection of
expanded repeats. The following PCR cycling conditions were
used for GAA-104F and GAA-629R: initial denaturation at 93°C
for 3 minutes followed by 10 cycles of 93°C for 15 s, annealing
at 65°C for 30 s, and extension at 68°C for 3 minutes, followed by
25 cycles of 93°C for 15 s, annealing at 65°C for 30 s, and extension
at 68°C for 3 minutes, with a 15 s increment in extension period
per cycle, followed by a final extension at 68°C for 7 minutes.
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The following PCR cycling conditions were used for T3F and T7R:
initial denaturation at 93°C for 3 minutes followed by 20 cycles of
93°C for 15 s, and annealing plus extension at 68°C for 5 minutes,
followed by 17 cycles of 93°C for 15 s, and annealing plus extension
at 68°C for 5 minutes, with a 15 s increment in extension period
per cycle, followed by a final extension at 68°C for 7 minutes.
For amplification of composite alleles, the same long-range PCR
conditions with T3F and T7R primers were used, with the addition
of 0.2 mM 7-deaza-dGTP (New England Biolabs; N0445L) and 0.1 M
betaine (Millipore Sigma; B0300). Detection of composite alleles
was performed as two separate reactions; i.e. plus and minus
7-deaza-dGTP and betaine.

Detection of composite alleles by longread
genome sequencing

Whole genome shotgun (WGS) libraries were prepared using the
Ligation Sequencing Kit V14 (Oxford Nanopore Technologies;
SQK-LSK114) as per the manufacturer’'s protocol. Briefly, DNA
samples underwent nick repair and end-prep followed by ligation
with ONT-specific sequencing adapters. These libraries were
loaded onto a R10.4.1 PromethION flowcell (FLO-PRO114M)
and run on the ONT PromethION 2 Solo instrument. On-
instrument basecalling was set to Fast Accuracy model, 400 bps,
using MinKNOW v23.07.12 and Guppy v7.1.4. Whole genome
sequencing was performed for most samples. However, a few
samples were analyzed by adaptive sampling in order to sequence
only the genomic interval spanning the FXN locus (chr9:69007181-
69236526 in GRCh38). Adaptive sampling was performed during
the sequencing run, set to Enrich Reference. The reference was
generated as a custom track for the FXN locus in the UCSC
Genome Browser using the View > DNA Sequence tool with Mask
Repeats set to ‘N.” Dorado v0.8.0 with default parameters was used
for re-basecalling and alignment to the human reference genome
(GRCh38). Sequence reads were filtered to retain only those
overlapping the FXN locus (chr9:69035752-69 079 076 in GRCh38)
using SAMtools v1.21. Mapping statistics and depth of coverage
were computed using the Epi2Me Labs alignment workflow, which
incorporates Minimap?2, Bamstats, and Mosdepth. The resulting
aligned and sorted BAM files were analyzed using the Epi2Me
Labs human variation workflow to detect phased small variants
(via Clair3 and SnpEff), structural variants (via Sniffles?), copy
number variants (via Spectre), and short tandem repeats (via
Straglr). Together, these workflows were used to characterize
the FXN locus for substitutions, insertions/deletions, and copy
number variants. The short tandem repeat workflow, along with
analysis of individual aligned reads, was used to characterize the
FXN GAA repeat region and to identify composite and interrupted
alleles.

Detection of composite alleles by longread
sequencing of long-range PCR amplicons
Long-range PCR (with T3F and T7R primers), plus and minus 7-
deaza-dGTP and betaine, was performed for each individual. Both
purified amplicons were analyzed via longread deep sequencing.
Amplicon libraries were prepared using Rapid Sequencing Kit
V14 (Oxford Nanopore Technologies; SQK-RAD114) as per the
manufacturer’'s protocol. Briefly, DNA from each sample was
tagmented with ONT-specific transposase adapters followed by
attachment of sequencing adapters via click chemistry. Libraries
were loaded onto a R10.4.1 PromethION flowcell (FLO-PRO114M)
and run on the ONT PromethION 2 Solo instrument. Basecalling
was set to High Accuracy, 400 bps, using MinKNOW v23.07.12
and Guppy v/.1.4. Reads were re-basecalled and aligned to the

human reference genome (GRCh38) using Dorado v0.8.0 with
default parameters. Reads overlapping the 5 or 3’ ends of the
GAA region in intron 1 of the FXN gene were extracted and
visualized in the Integrative Genomics Viewer (IGV). Composite
allele sequence frequency was determined by randomly selecting
100 reads overlapping the 5 and 3 end of the GAA repeat.
Reads were included only if they contained at least 200 bp
of the GAA repeat. While both ends of the repeat sequence
were analyzed, composite sequences were mostly detected
at the 5 end in our series. The number of motif-positive
and motif-negative reads at each boundary was counted to
estimate the percentage of composite reads and pure GAA reads,
respectively.

Determination of the consensus sequence

of composite alleles

The consensus sequence for each of the composite alleles was
determined using a combination of the multiple sequence reads
obtained via longread genome sequencing and amplicon sequenc-
ing. The total allele length was determined based on the allele
sizes calculated via gel electrophoresis. All composite alleles are
graphically depicted in the associated figures (and supplemental
figures), and the actual consensus sequences are provided in
Supplementary Data 1-4.

Statistical analyses

Statistical analyses were performed using GraphPad Prism v10.4.2
and Epi2Me Labs. The Mann-Whitney test was used to com-
pare medians and interquartile ranges for non-normally dis-
tributed data. Simple linear regression and Pearson correlation
was applied to assess the relationship between composite allele
characteristics and PCR amplification efficiency under modified
PCR conditions. Read depth and quality metrics were obtained
using the Epi2Me Labs alignment workflow.
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References

1.

10.

11.

12.

Malik I, Kelley CP, Wang ET. et al. Molecular mechanisms
underlying nucleotide repeat expansion disorders. Nat Rev Mol
Cell Biol 2021;22:589-607. https://doi.org/10.1038/s41580-021-
00382-6.

Campuzano V, Montermini L, Moltd MD. et al. Friedreich’s
ataxia: autosomal recessive disease caused by an intronic GAA
triplet repeat expansion. Science 1996;271:1423-1427. https://doi.
org/10.1126/science.271.5254.1423.

Bidichandani SI, Delatycki MB, Napierala M. Friedreich
ataxia. In: Adam MP, Everman DB, Mirzaa GM et al. (eds.),
GeneReviews®. Seattle, Seattle (WA): University of Washington,
2025.

Filla A, De Michele G, Cavalcanti F. et al. The relationship
between trinucleotide (GAA) repeat length and clinical features
in Friedreich ataxia. Am ] Hum Genet 1996;59:554-560.
Deininger PL, Batzer MA. Alu repeats and human disease.
Mol Genet Metab 1999;67:183-193. https://doi.org/10.1006/
mgme.1999.2864.

Fernandez-Rachubinski F, Eng B, Murray WW. et al. Incorpora-
tion of 7-deaza dGTP during the amplification step in the poly-
merase chain reaction procedure improves subsequent DNA
sequencing. DNA SeqJ DNA Seq Mapp 1990;1:137-140. https://doi.
0rg/10.3109/10425179009016041.

Motz M, Paéabo S, Kilger C. Improved cycle sequencing of GC-rich
templates by a combination of nucleotide Analogs. Bio Techniques
2000;29:268-270. https://doi.org/10.2144/00292st01.
Nethisinghe S, Kesavan M, Ging H. et al. Interruptions of the FXN
GAA repeat tract delay the age at onset of Friedreich’s ataxia in
a location dependent manner. Int ] Mol Sci 2021;22:7507. https://
doi.org/10.3390/ijms22147507.

Benkirane M, Marelli C, Choumert A. et al. Type and position
of repeat interruptions as determinants of disease severity and
expansion size in Friedreich ataxia. Genet Med 2025;27:101588.
https://doi.org/10.1016/j.gim.2025.101588.

Durr A, Cossee M, Agid Y. et al. Clinical and genetic
abnormalities in patients with Friedreich’s ataxia. N Engl ] Med
1996;335:1169-1175.  https://doi.org/10.1056/NEJM 1996101733
51601.

Montermini L, Richeter A, Morgan K. et al. Phenotypic variability
in friedreich ataxia: role of the associated GAA triplet repeat
expansion. Ann Neurol 1997;41:675-682. https://doi.org/10.1002/
ana.410410518.

Regner SR, Wilcox NS, Friedman LS. et al. Friedreich ataxia
clinical outcome measures: natural history evaluation in
410 participants. J Child Neurol 2012;27:1152-1158. https://doi.
0rg/10.1177/0883073812448462.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Reetz K, Dogan I, Costa AS. et al. Biological and clinical char-
acteristics of the European Friedreich’s ataxia consortium for
translational studies (EFACTS) cohort: a cross-sectional analy-
sis of baseline data. Lancet Neurol 2015;14:174-182. https://doi.
0rg/10.1016/S1474-4422(14)70321-7.

Al-Mahdawi S, Ging H, Bayot A. et al. Large interruptions
of GAA repeat expansion mutations in Friedreich ataxia are
very rare. Front Cell Neurosci 2018;12:443. https://doi.org/10.3389/
fncel.2018.00443.

Stolle CA, Frackelton EC, McCallum J. et al. Novel, complex
interruptions of the GAA repeat in small, expanded alleles of two
affected siblings with late-onset Friedreich ataxia. Mov Disord
2008;23:1303-1306. https://doi.org/10.1002/mds.22012.
Ohshima K, Sakamoto N, Labuda M. et al. A nonpathogenic
GAAGGA repeat in the Friedreich gene: implications for
pathogenesis. Neurology 1999;53:1854-1857. https://doi.org/10.
1212/WNL.53.8.1854.

Santoro M, Perna A, La Rosa P. et al. Compound heterozygosity
for an expanded (GAA) and a (GAAGGA) repeat at FXN locus:
from a diagnostic pitfall to potential clues to the pathogenesis
of Friedreich ataxia. Neurogenetics 2020;21:279-287. https://doi.
0rg/10.1007/510048-020-00620-7.

Pollard LM, Sharma R, Gémez M. et al. Replication-mediated
instability of the GAA triplet repeat mutation in Friedre-
ich ataxia. Nucleic Acids Res 2004;32:5962-5971. https://doi.
org/10.1093/nar/gkh933.

Matuszek Z, Arbab M, Kesavan M. et al. Base editing of
trinucleotide repeats that cause Huntington’s disease and
Friedreich’s ataxia reduces somatic repeat expansions in patient
cells and in mice. Nat Genet 2025;57:1437-1451. https://doi.
0rg/10.1038/s41588-025-02172-8.

Pellerin D, Danzi MC, Wilke C. et al. Deep Intronic FGF14 GAA
repeat expansion in late-onset cerebellar ataxia. N Engl ] Med
2023;388:128-141. https://doi.org/10.1056/NE]Mo0a2207406.
Pellerin D, Del Gobbo GF, Couse M. et al. A common flanking
variant is associated with enhanced stability of the FGF14-
SCA27B repeat locus. Nat Genet 2024;56:1366-1370. https://doi.
0rg/10.1038/541588-024-01808-5.

Pellerin D, Danzi MC, Renaud M. et al. Spinocerebellar ataxia 27B:
a novel, frequent and potentially treatable ataxia. Clin Transl Med
2024;14:e1504. https://doi.org/10.1002/ctm?2.1504.

Pellerin D, Iruzubieta P, Xu IRL. et al. Recent advances in the
genetics of ataxias: an update on novel autosomal dominant
repeat expansions. Curr Neurol Neurosci Rep 2025;25:16. https://
doi.org/10.1007/s11910-024-01400-8.

Bidichandani SI, Ashizawa T, Patel PI. The GAA triplet-repeat
expansion in Friedreich ataxia interferes with transcription and
may be associated with an unusual DNA structure. Am J Hum
Genet 1998;62:111-121. https://doi.org/10.1086/301680.

Jama M, Margraf RL, Yu P. et al. A comprehensive triple-
repeat primed PCR and a long-range PCR agarose-based assay
for improved genotyping of guanine-adenine-adenine repeats
in Friedreich ataxia. J Mol Diagn 2022;24:915-923. https://doi.
0rg/10.1016/j jmoldx.2022.04.008.

Ibanez K, Polke J, Hagelstrom RT. et al. Whole genome sequenc-
ing for the diagnosis of neurological repeat expansion disorders
in the UK: a retrospective diagnostic accuracy and prospective
clinical validation study. Lancet Neurol 2022;21:234-245. https://
doi.org/10.1016/51474-4422(21)00462-2.

© The Author(s) 2025. Published by Oxford University Press. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and
reproduction in any medium, provided the original work is properly cited.

Human Molecular Genetics, 2026, Vol. 35, 3, ddaf190
‘https://doi.org/10.1093/hmg/ddaf190

Original Article


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaf190#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaf190#supplementary-data
https://doi.org/10.1038/s41580-021-00382-6
https://doi.org/10.1126/science.271.5254.1423
https://doi.org/10.1126/science.271.5254.1423
https://doi.org/10.1126/science.271.5254.1423
https://doi.org/10.1126/science.271.5254.1423
https://doi.org/10.1006/mgme.1999.2864
https://doi.org/10.1006/mgme.1999.2864
https://doi.org/10.1006/mgme.1999.2864
https://doi.org/10.1006/mgme.1999.2864
https://doi.org/10.3109/10425179009016041
https://doi.org/10.3109/10425179009016041
https://doi.org/10.3109/10425179009016041
https://doi.org/10.2144/00292st01
https://doi.org/10.2144/00292st01
https://doi.org/10.2144/00292st01
https://doi.org/10.2144/00292st01
https://doi.org/10.3390/ijms22147507
https://doi.org/10.3390/ijms22147507
https://doi.org/10.3390/ijms22147507
https://doi.org/10.3390/ijms22147507
https://doi.org/10.1016/j.gim.2025.101588
https://doi.org/10.1016/j.gim.2025.101588
https://doi.org/10.1016/j.gim.2025.101588
https://doi.org/10.1016/j.gim.2025.101588
https://doi.org/10.1016/j.gim.2025.101588
https://doi.org/10.1056/NEJM199610173351601
https://doi.org/10.1002/ana.410410518
https://doi.org/10.1002/ana.410410518
https://doi.org/10.1002/ana.410410518
https://doi.org/10.1002/ana.410410518
https://doi.org/10.1177/0883073812448462
https://doi.org/10.1177/0883073812448462
https://doi.org/10.1177/0883073812448462
https://doi.org/10.1016/S1474-4422(14)70321-7
https://doi.org/10.1016/S1474-4422(14)70321-7
https://doi.org/10.1016/S1474-4422(14)70321-7
https://doi.org/10.1016/S1474-4422(14)70321-7
https://doi.org/10.1016/S1474-4422(14)70321-7
https://doi.org/10.1016/S1474-4422(14)70321-7
https://doi.org/10.3389/fncel.2018.00443
https://doi.org/10.3389/fncel.2018.00443
https://doi.org/10.3389/fncel.2018.00443
https://doi.org/10.3389/fncel.2018.00443
https://doi.org/10.1002/mds.22012
https://doi.org/10.1002/mds.22012
https://doi.org/10.1002/mds.22012
https://doi.org/10.1002/mds.22012
https://doi.org/10.1212/WNL.53.8.1854
https://doi.org/10.1007/s10048-020-00620-7
https://doi.org/10.1007/s10048-020-00620-7
https://doi.org/10.1007/s10048-020-00620-7
https://doi.org/10.1007/s10048-020-00620-7
https://doi.org/10.1093/nar/gkh933
https://doi.org/10.1093/nar/gkh933
https://doi.org/10.1093/nar/gkh933
https://doi.org/10.1093/nar/gkh933
https://doi.org/10.1093/nar/gkh933
https://doi.org/10.1038/s41588-025-02172-8
https://doi.org/10.1038/s41588-025-02172-8
https://doi.org/10.1038/s41588-025-02172-8
https://doi.org/10.1038/s41588-025-02172-8
https://doi.org/10.1056/NEJMoa2207406
https://doi.org/10.1056/NEJMoa2207406
https://doi.org/10.1056/NEJMoa2207406
https://doi.org/10.1056/NEJMoa2207406
https://doi.org/10.1038/s41588-024-01808-5
https://doi.org/10.1038/s41588-024-01808-5
https://doi.org/10.1038/s41588-024-01808-5
https://doi.org/10.1038/s41588-024-01808-5
https://doi.org/10.1002/ctm2.1504
https://doi.org/10.1002/ctm2.1504
https://doi.org/10.1002/ctm2.1504
https://doi.org/10.1002/ctm2.1504
https://doi.org/10.1007/s11910-024-01400-8
https://doi.org/10.1007/s11910-024-01400-8
https://doi.org/10.1007/s11910-024-01400-8
https://doi.org/10.1007/s11910-024-01400-8
https://doi.org/10.1086/301680
https://doi.org/10.1086/301680
https://doi.org/10.1086/301680
https://doi.org/10.1016/j.jmoldx.2022.04.008
https://doi.org/10.1016/j.jmoldx.2022.04.008
https://doi.org/10.1016/j.jmoldx.2022.04.008
https://doi.org/10.1016/j.jmoldx.2022.04.008
https://doi.org/10.1016/j.jmoldx.2022.04.008
https://doi.org/10.1016/S1474-4422(21)00462-2
https://doi.org/10.1016/S1474-4422(21)00462-2
https://doi.org/10.1016/S1474-4422(21)00462-2
https://doi.org/10.1016/S1474-4422(21)00462-2
https://doi.org/10.1016/S1474-4422(21)00462-2
https://doi.org/10.1016/S1474-4422(21)00462-2
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/hmg/ddaf190

	 Unrecognized high prevalence of expanded composite repeats in Friedreich ataxia
	Introduction
	Results
	Discussion
	Materials and methods
	Author contributions
	Supplementary data
	Funding
	Data availability


