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Abstract

Friedreich’s ataxia (FRDA) is a genetic neurodegenerative disorder caused by transcrip-
tional silencing of the frataxin gene (FXN) due to expansions of GAA repeats in intron 1.
FRDA manifests with multiple symptoms, which may include ataxia, cardiomyopathy and
diabetes mellitus. Expanded GAA tracts are genetically unstable, exhibiting both expan-
sions and contractions. GAA length correlates with severity of FRDA symptoms and
inversely with age of onset. Thus, tissue-specific somatic instability of long GAA repeats
may be implicated in the development of symptoms and disease progression. Herein, we
determined the extent of somatic instability of the GAA repeats in heart, cerebral cortex, spi-
nal cord, cerebellar cortex, and pancreatic tissues from 15 FRDA patients. Results demon-
strate differences in the lengths of the expanded GAAs among different tissues, with
significantly longer GAA tracts detected in heart and pancreas than in other tissues. The
expansion bias detected in heart and pancreas may contribute to disease onset and pro-
gression, making the mechanism of somatic instability an important target for therapy. Addi-
tionally, we detected significant differences in GAA tract lengths between lymphocytes and
fibroblast pairs derived from 16 FRDA patients, with longer GAA tracts present in the lym-
phocytes. This result urges caution in direct comparisons of data obtained in these fre-
quently used FRDA models. Furthermore, we conducted a longitudinal analysis of the GAA
repeat length in lymphocytes collected over a span of 7-9 years and demonstrated progres-
sive expansions of the GAAs with maximum gain of approximately 9 repeats per year. Con-
tinuous GAA expansions throughout the patient’s lifespan, as observed in FRDA
lymphocytes, should be considered in clinical trial designs and data interpretation.

Background

Friedreich’s ataxia (FRDA), the most common hereditary ataxia, is a multi-organ disorder
with an approximate prevalence of 1 in 50,000 [1]. The majority of patients (> 95%) are
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homozygous for a guanine-adenine-adenine (GAA) repeat expansion in the first intron of the
frataxin (FXN) gene. In FRDA patients, the expanded GAA repeat tracts are associated with
locus-specific chromatin changes leading to transcriptional silencing [2-4] of the FXN gene
and consequent deficiency of the mitochondrial protein, frataxin [1, 5, 6].

FRDA has a variable clinical presentation with onset typically between ages 5-15 and the
vast majority of patients exhibiting symptoms by age 25 [1, 7, 8]. The first symptoms of FRDA
often include ataxia, sensory impairment, and scoliosis. The heart is also affected, resulting in
cardiomyopathy and cardiac dysfunction, with 60% of FRDA deaths reflecting cardiac dys-
function [7, 9, 10]. Approximately 10-30% of patients develop dysfunction of pancreatic beta-
cells, including impaired glucose tolerance and diabetes mellitus [8, 9]. The severity of symp-
toms in FRDA correlates with the size of the expanded GAA repeats, and likely reflects the
effects of frataxin deficiency on different tissues.

GAA repeats are polymorphic in unaffected individuals, with lengths ranging from 7-22
copies [1]. The expanded GAA tracts typically contain between 200 and 900 or more repeats,
with the majority of alleles containing 700-800 copies of the GAA motif [1]. In unaffected
individuals GAA repeats are stable with some infrequently occurring contractions or expan-
sions. However, GAA instability can be seen in premutation FXN alleles, containing 26-44
uninterrupted repeats [11-14]. Intergenerational instability is observed in the expanded GAA
repeats, with a preference for contractions in the paternal line while the maternal line shows
both contractions and expansions [15]. Comparative analysis of paired blood and sperm sam-
ples from FRDA patients revealed shorter repeat lengths in sperm, occasionally with the GAA
tract contractions resulting in unaffected allele sizes [15].

In addition to intergenerational instability, expansions and contractions of GAA repeats in
somatic cells have been detected in FRDA, with different tissues containing varying GAA
lengths within the same patient [1, 13-22]. Analysis of GAA instability in dorsal root ganglion
(DRG) samples from six patients showed a pronounced bias towards repeat expansions [18].
In addition, heterogeneity of the GAA repeat tract was detected in a limited number of samples
from other tissues, including blood, cerebrum, cerebellum, spinal cord, brainstem, and heart
[18]. FXN GAA repeats in the cerebellum showed an expansion bias, while the lowest number
of large contractions in the repeat tract was observed in DNA isolated from a heart sample
[18]. Somatic GAA instability was also detected throughout different regions of the brain,
including four cerebral cortical areas, the dentate nucleus and cervical spinal cord [21]. Addi-
tionally, two case studies reported differences of GAA tract size in the sural nerve compared to
lymphocytes [16, 20]. GAA length heterogeneity was also observed when comparing repeats in
DNA samples isolated from paired lymphocytes and cultured fibroblasts of FRDA patients,
however, no bias for expansions or contractions was noted [22]. While longitudinal studies of
GAA repeat size in an FRDA cohort have not been reported, analyses of expanded GAA repeat
tracts in cerebrum, cerebellum, spinal cord, heart, and pancreas of a 24-year-old patient and
an 18-week fetus indicated an age-dependent increase of instability, thus suggesting an accu-
mulation of changes in expanded GAA length throughout the lifetime [19].

Along with human studies, somatic instability has been reported in the humanized YAC
transgenic YG8 and YG22 as well as the YG8sR FRDA mouse models [17, 23]. These mice har-
bor relatively short tracts of 190 + 82 (two tandem YAC transgene GAA sequences), 190, and
~200 GAA repeats, respectively [17, 23]. Similar to the results obtained from patient tissues,
the mouse tissues showed an expansion bias, particularly in the cerebellum and DRG, as well
as an age-dependent increase in mutation load [17, 23]. Lastly, in vitro studies on cultured
immortalized lymphoblast cell lines and induced pluripotent stem cells (iPSCs), obtained by
reprogramming of FRDA fibroblasts, demonstrated somatic instability when serially passaged
[24-26)].
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Although somatic instability in FRDA has been reported, systematic analyses of GAA hetero-
geneity in multiple tissues affected by frataxin deficiency in a larger cohort are lacking. Herein,
we determined the somatic instability of the expanded GAA repeats in five tissues from 15 FRDA
patients: heart, cerebral cortex, spinal cord, cerebellum, and pancreas. In addition, we compared
GAA tract lengths in paired fibroblast and lymphocyte samples isolated from 16 FRDA patients.
Finally, we have conducted a longitudinal analysis of GAA repeat tract lengths in lymphocytes
based on repeated blood sampling from FRDA patients. Tissue-specific differences and variabil-
ity in the number of GAA repeats may be one of the most important, but also the most difficult
to ascertain, factors underlying clinical variability among FRDA patients. As demonstrated in
our study, the dynamics of expanded GAA repeat length over time could have significant impli-
cations for correlating disease severity and interpretation of data from clinical trials.

Methods
Patient tissue and DNA samples

All research involving patient/patient tissues has been approved by the Institutional Review
Boards (IRB) at The University of Alabama at Birmingham (IRB Protocols: N160923005 and
N160922011) and Children’s Hospital of Philadelphia (IRB Protocol 10-007864). Autopsy
specimens of heart, cerebral cortex, spinal cord, cerebellar cortex, and pancreas of 15 FRDA
patients were obtained from the FRDA tissue repository maintained at the Veterans Affairs
Medical Center in Albany, NY, USA. Tissue samples were divided into aliquots upon arrival
and stored at -80°C. Blood and genomic DNA samples from five FRDA patients used in longi-
tudinal analyses were obtained from The Children’s Hospital of Pennsylvania (CHOP, Phila-
delphia, PA). Blood was stored at 4°C until the DNA extraction. Fibroblast lines were derived
from skin biopsies performed at CHOP as described in [27], with approvals from CHOP and
UAB IRBs. All FRDA patient material used in this study was derived from patients carrying
homozygous GAA repeat expansions. Cerebral and cerebellar cortex DNA from unaffected
individuals were obtained from The Cooperative Human Tissue Network (Southern Division,
University of Alabama at Birmingham) and Dr. Mark Pook (Brunel University, London, UK).

DNA isolation

Genomic DNA from patient tissue samples was isolated using the DNeasy Blood & Tissue kit
(cat. 69504; Qiagen). Genomic DNA was isolated from blood samples using the PureLink™
Genomic DNA Mini kit (cat. K1820-00; Invitrogen) or Quick-gDNA™ Blood MidiPrep (cat.
D3074; Zymo Research). All isolations were conducted according to manufacturers’ recom-
mendations. Genomic DNA concentration, purity, and quality were determined through mea-
surement on a NanoDrop 2000c Spectrophotometer (ThermoFisher SCIENTIFIC) as well as
visualization on a 0.7% agarose gel.

PCR amplification

Amplification of GAA repeat expansions in the FXN gene was performed by PCR using prim-
ers GAA_F: 5’ ~-GGCTTGAACTTCCCACACGTGTT and GAA_R: 5/ ~AGGACCATCATGGC
CACACTT as previously described [26, 28, 29]. Amplifications were conducted in 40 or 50uL
reactions containing 50-200ng of DNA template. The thermal cycler was programmed for an
initial denaturation step of 3 minutes at 94°C, followed by 20 cycles of 20 seconds at 94°C, 30
seconds at 64°C, and 5 minutes at 68°C, followed by 9 cycles of 20 seconds at 94°C and 5 min-
utes at 68°C, with each subsequent elongation step increased by 15 seconds. A final extension
step of 7 minutes at 68°C was then performed.
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Amplification of GAA repeats at the 5923 locus was performed with primers 5q23F: 57 -
GTTGCATAGATAAATCAAATTCAT and 5q23R: 5’ ~ACTCACAGAAAGTATTATTATTCC [30,
31]. Amplifications were conducted in 25pL reactions containing 100ng of DNA template. The
thermal cycler was programmed for a denaturation step of 3 minutes at 94°C, followed by 30
cycles which consisted of 30 seconds at 94°C, 30 seconds at 50°C, and 2 minutes at 72°C, with
a final extension step of 2 minutes at 72°C.

PCR amplification of the intronl-exon2 region of the FXN gene, approximately 9kbp from
the GAA repeat tract, was performed using primers In1Ex2F: 5’ ~AGCACTCGGTTACAGG
CACT and In1Ex2R: 5’ ~GCCCAAAGTTCCAGATTTCC as previously described [32]. Amplifi-
cations were performed in 20pL reactions containing 50-100ng of DNA template. The thermal
cycler was programmed for an initial denaturation step of 3 minutes at 95°C, followed by 35
cycles of 30 seconds at 95°C, 30 seconds at 60°C, and 30 seconds at 72°C, with a final extension
step of 7 minutes at 72°C.

Reactions utilized the FailSafe PCR System with mix D (cat. FS99250; Epicentre) or Jump-
Start™ REDTaq"™ ReadyMix™ Reaction Mix (cat. P0982; Millipore Sigma). The amplification
products were resolved on 0.9-1% agarose gels stained with ethidium bromide. Lane analyses
were performed using Image Lab 5.0 software (BioRad. The length of an expanded GAA tract
was determined using the base pair size called by Image Lab 5.0, with the total GAA length cal-
culated by subtracting the length of the sequences flanking the GAA repeats, including the
length of the PCR primers, from the number of base pairs of the PCR product and dividing the
difference by three: [Number of GAA repeats = (length of base pairs of a PCR product—498)/
3].

Western blot

Lysates were prepared using a RIPA buffer containing 150 mM NaCl, 1% IGEPAL®™ CA-630,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 50mM Tris-HCI, pH 8, and a
protease inhibitor cocktail (cat. P8340; Millipore Sigma). The Bradford Protein Assay Kit (cat.
#500-0006; Bio-Rad) was used to determine protein concentration. Fifty micrograms of tissue
protein lysate were electrophoresed on NuPAGE™ 4-12% Bis-Tris protein gels (cat.
NP0322BOX; ThermoFisher SCIENTIFIC) and transferred onto nitrocellulose membranes
(cat. 162-0112, Bio-Rad). Human frataxin was detected with the anti-frataxin polyclonal H-
155 antibody (cat. sc-25820; Santa Cruz) and human voltage dependent anion channel
(VDAC) was detected with the anti-VDAC polyclonal antibody (cat. #4866; Cell Signaling
Technology), both used at 1:1,000 dilutions. Human heat shock protein (Hsp) 60 was detected
with the anti-Hsp60 D307 antibody (cat. #4870; Cell Signaling Technology) at 1:2,000 dilution.
GAPDH was detected with the anti-GAPDH antibody (cat. MAB374; Millipore) at 1:25,000
dilution. Primary antibody incubation was performed for at least 12 hours at 4°C. Sheep anti-
mouse immunoglobulin (NA931V; GE Healthcare) and donkey anti-rabbit immunoglobulin
(NA934V; GE Healthcare), linked to horseradish peroxidase, were used as secondary antibod-
ies at a 1:5,000 dilution for 1 hour at room temperature. Signal was exposed using Amersham
ECL Prime Western Blotting Detection Reagent (cat. RPN2232; GE Healthcare) or Super-
Signal™ West Dura Extended Duration Substrate (cat. 34075; ThermoFisher SCIENTIFIC)
and measured using Image Lab 5.0. Quantification was performed using Image] software
(National Institutes of Health).

Statistical analysis

Statistical analyses were done using IBM™ SPSS™ Statistics Version 24 and Excel 2016 soft-
ware. A p-value less than 0.05 was considered significant for all analyses.
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Results

To determine whether somatic instability is present in the expanded GAA tracts of the FXN
gene in FRDA patient tissues, we analyzed sizes of the repeats in heart, cerebral cortex, spinal
cord, cerebellar cortex, and pancreas samples from 15 patients (Table 1). These samples repre-
sent a broad spectrum of tissues affected by frataxin deficiency in FRDA patients. Samples
were obtained from six males and nine females, with a mean age of disease onset at ~12+7
years and a mean age of death at ~43+18 years (Table 1). The majority of patients died of
heart-related causes (60%) and cachexia (27%). Quantitative western blot analyses demon-
strated reduced frataxin levels in patient tissues compared to controls, confirming FRDA status
of all samples (S1 Fig).

The sizes of the GAA tracts by PCR differed across five tissues analyzed in samples from all
15 FRDA patients (13 for the heart and pancreas samples; Fig 1A-1C and S2 Fig). Typically,
several bands or even a broad smear of the PCR products containing expanded GAAs are
observed following agarose gel electrophoresis (Fig 1A-1C). As a positive control to ensure
that the PCR conditions yielded robust amplification of expanded GAAs for each experiment,
genomic DNA was isolated from an FRDA fibroblast cell line and used as a template alongside
genomic DNA isolated from patient tissues. The fibroblast line used was derived form an indi-
vidual unrelated to the patients from whom the tissues were obtained. Amplification of
expanded GAAs using DNA obtained from the FRDA fibroblasts revealed two distinct FXN
alleles (Fig 1A-1C, positive control lane), indicating greater somatic instability in heart, cere-
bral cortex, spinal cord, cerebellar cortex, and pancreas when compared to homogeneous pri-
mary cell lines derived from patients. Furthermore, amplification of a polymorphic repeat tract
at locus 5q23, previously shown to contain >44 GAA triplets [31], revealed a lack of somatic
instability between analyzed tissues (Fig 1D-1F and S2 Fig). In parallel, PCR amplification of a
~200 bp intronl-exon2 fragment of the FXN gene demonstrated that the quality of genomic
DNA isolated from all tissues allowed for efficient amplification (Fig 1G-11 and S2 Fig).

Table 1. Characterization of the FRDA patient tissues.

Patient Sex Age of onset (years) Age of death (years) Disease duration (years) Tissues Available
M1 M 10 24 14 Cc, Sc, Cb
M2 M 8 27 19 H, Cc, Sc, Cb, P
M3 M 9 33 24 H, Cc, Sc, Cb, P
M4 M 9 37 28 H, Cc, Sc, Cb, P
M5 M 7 35 28 H, Cc, Sc, Cb, P
M6 M 16 46 30 H, Cc, Sc, Cb, P
F1 F 12 24 12 H, Cc, Sc, Cb, P
F2 F 10 47 37 H, Cc, Sc, Cb, P
F3 F 17 50 33 H, Cc, Sc, Cb, P
F4 F 5 25 20 H, Cc, Sc, Cb, P
F5 F 7 28 21 H, Cc, Sc, Cb, P
F6 F 7 55 48 H, Cc, Sc, Cb
F7 F 18 67 49 H, Cc, Sc, Cb, P
F8 F 15 69 54 H, Cc, Sc, Cb, P
F9 F 34 77 43 Cc, Sc, Cb, P

Mean + SD M, 6; F,9 12.3+7.2 429+17.6 30.7+13.1

Range 5-34 24-77 12-54

Abbreviations: F, female; M, male; SD, standard deviation; H, heart; Cc, cerebral cortex; Sc, spinal cord; Cb, cerebellar cortex; P, pancreas.

https://doi.org/10.1371/journal.pone.0189990.t001
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Fig 1. Instability analysis of the expanded GAAs in the FXN gene across different somatic tissues. Genomic DNA was extracted
from heart (H), cerebral cortex (Cc), spinal cord (Sc), cerebellar cortex (Cb) and pancreas (P) tissues and the GAA repeats in the FXN locus
were amplified by PCR. The results from FRDA patients (A) F2 (B) F7 and (C) M6 shown as examples. (-) represents no-template control
and (+) represents positive control for amplification of the expanded GAAs (genomic DNA isolated from fibroblasts obtained from an
unrelated FRDA patient). (D-F) A GAA repeat tract at the 5923 locus was amplified by PCR using the same genomic DNA templates used
for reactions shown in (A-C). (G-1) A fragment spanning intron 1—exon 2 of the FXN gene, downstream of the GAA tract, was also amplified
using the same templates to serve as a control for genomic DNA quality.

https://doi.org/10.1371/journal.pone.0189990.g001

Next, we performed quantitative analyses of PCR products containing expanded GAAs to
determine tissue-specific differences in the stability of the repeat tracts. As it was impossible to
assign a precise size of each expanded allele (GAA1 and GAA?2) in the majority of samples due
to the high level of somatic instability, we developed an unbiased GAA length analysis protocol
based on defining the minimum, maximum, and mean GAA size of the repeat tracts detected
in each sample (Methods). The mean GAA repeat sizes among 15 FRDA patients and 5 differ-
ent tissues were between 428 and 914 GAAs (Figs 1 and 2 and S2 and S3 Figs). The median dif-
ference between maximum and minimum GAA tract size is 726 GAAs (Figs 1 and 2 and S2
and S3 Figs).

Interestingly, comparisons of the GAA length between 5 tissues in a repeated measures
analysis revealed that the average GAA size in the heart and pancreas is significantly longer
than GAAs present in cerebral cortex, spinal cord, and cerebellar cortex of the same patient
(p-value <0.05; Fig 2A-2C and S3 Fig). The mean GAA sizes in the heart and pancreas were
752 (standard deviation (SD): 190) and 720 (SD: 167) GAAs compared to 614 (SD: 186), 552
(SD: 168) and 551 (SD: 131) triplet repeats in cerebellar cortex, spinal cord, and cerebral cor-
tex, respectively. The longest mean GAA tracts were detected in either the heart or pancreas
samples in 11 out of 14 patients. In contrast, the shortest mean GAA tracts were detected in
either the cerebral cortex or the spinal cord tissue samples in 14 out of 15 patients. For all tis-
sues, the number of GAA repeats correlated inversely with age of death, with Pearson’s R val-
ues ranging from -0.423 (heart) to -0.781 (pancreas). This trend reached statistical significance
in spinal cord, cerebellar cortex, and pancreas (p-values <0.05; Fig 3). For comparison, we
analyzed lengths of the GAA repeat tracts in cerebral cortex and cerebellar cortex samples
from 3 unaffected individuals. The number of GAA repeats in all non-FRDA tissues was less
than 30 and no somatic instability was observed (S5 Fig).
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Fig 2. Quantitative analysis of expanded GAA repeat instability in the FXN gene across different tissues. The expanded GAA
repeats in the FXN gene were amplified from genomic DNA extracted from heart (H), cerebral cortex (Cc), spinal cord (Sc), cerebellar cortex
(Cb) and pancreas (P) tissues isolated from FRDA patients. The band intensity of the PCR products and repeat size are shown for FRDA
patients (A) F2, (B) F7, and (C) M6. Solid vertical lines represent the mean of all GAA repeat sizes detected across all five tissues for each
patient. Gel lanes were manually outlined and gel bands were detected via the Image Lab 5.0’s band finder set to high sensitivity. Faint
bands of PCR products not detected by the software were manually identified. Band boundaries, accounting for smearing, were
automatically outlined by the program with final manual adjustments to include the entire spectrum of PCR products. Multiple PCR analyses
with determinations of GAA lengths were performed to demonstrate reproducibility of PCR and reliability of measurements (S4 Fig).

https://doi.org/10.1371/journal.pone.0189990.9002

Lengths of GAA tracts in paired FRDA fibroblast and lymphocyte
samples

Patient fibroblasts and lymphocytes are commonly used in vitro models of human diseases. To
determine whether the number of GAAs differ between fibroblasts and lymphocytes obtained
from the same FRDA patients, we performed PCR analysis of GAA sizes in 16 paired samples
(Table 2). Interestingly, in all 16 patient sample sets, longer GAA repeats were detected in lym-
phocytes compared to fibroblasts, in at least one allele (Fig 4A). The FXN gene contained larger
GAA expansions in 27 out of 32 alleles (84.4%; Fig 4A) when analyzed from lymphocyte DNA.
Only 3 FXN alleles exhibited GAA contractions in lymphocytes relative to the corresponding
GAA alleles in fibroblasts (FA2, FA11 and FA16; Fig 4; Table 2), while repeat lengths of 2
alleles did not change (FA1 and FA13; Fig 4; Table 2). The median increase in repeat number
detected in FRDA lymphocytes over the fibroblasts was 75 triplets for GAA1 and 258 repeats
for GAA?2 corresponding to 21% and 33% expansions, respectively. The maximum detected
gain in GAAs reached ~600 triplet repeats (FA5; Fig 4A). The somatic expansions in FRDA
lymphocytes versus fibroblasts differed significantly (p <0.01 by paired two sample for means
t-test performed for both alleles; Fig 4B). In addition, a correlation exists between the number
of GAA repeats gained in lymphocytes relative to size of the repeat tracts in fibroblasts and the
number of GAA repeats in lymphocytes, indicating that longer GAA repeat sequences are
prone to larger expansions (Fig 4C and 4D). Taken together, these data demonstrate a signifi-

cantly greater and length dependent propensity for expansion of GAA repeat tracts in FRDA
lymphocytes compared to fibroblasts.

Longitudinal analysis of GAA instability

To determine whether lengths of the expanded GAA tracts change over time in FRDA patient
blood samples, we performed a longitudinal analysis of repeat size in peripheral lymphocytes.
PCR analyses of GAA length were conducted using samples collected from five patients over a
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Fig 3. Correlative analyses between mean GAA repeat sizes and patient age of death. The mean tissue GAA tract length in FRDA
patient (A) heart, (B) cerebral cortex, (C) spinal cord, (D) cerebellar cortex, and (E) pancreas is plotted against the patient’s age at time of
death. Statistical significance was reached for spinal cord, cerebellar cortex and pancreas (p <0.05).

https://doi.org/10.1371/journal.pone.0189990.9003

span of 7-9 years (time point I—initial sample, time point II—second sample; Table 3). Differ-
ences in the number of repeats between the two time points were detected in all five patients,
in at least one allele (Fig 5A). The GAA repeat sizes determined at the initial time point ranged
from ~357 to ~1038 repeats (median of ~800). Interestingly, 8 out of 10 alleles exhibited an
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Table 2. GAA repeat length in fibroblasts and lymphocytes of FRDA patients.

Patient Fibroblasts: Lymphocytes:
GAA1 GAA2 GAA1 GAA2
FA1 542 1333 900 1333
FA2 400 967 456 833
FA3 500 750 533 1100
FA4 433 533 542 900
FA5 167 483 750 1083
FA6 458 458 533 533
FA7 233 1100 333 1417
FA8 667 817 833 900
FA9 133 500 153 517
FA10 483 483 533 667
FA11 183 833 133 1100
FA12 133 542 208 967
FA13 500 567 500 833
FA14 625 625 900 900
FA15 600 750 792 1000
FA16 483 933 500 867

https://doi.org/10.1371/journal.pone.0189990.t002

increase in size of ~10 repeats or greater and none of the analyzed alleles contracted over time
(Fig 5B). The maximum detected expansion of 64 GAAs corresponds to a ~15% increase over
7.3 years (F11; Fig 5). The median expansion size over the 7-9 year range was ~32 GAAs
(3.3%), indicating a yearly increase in the number of GAAs of ~4 repeats (maximum detected
~9 GAAs/year; Fig 5C). There is a direct correlation between the number of GAA repeats
detected in the FXN gene at the time of initial sampling and the change in GAA repeat number
over time, indicating a trend for longer repeat tracts to expand at a greater rate than shorter
tracts (Fig 5D). Overall, these results demonstrate a bias toward GAA repeat expansion in
FRDA patient lymphocytes with a propensity to expand that is dependent on the initial size of
the GAA tract.

Discussion

Friedreich’s ataxia presents with considerable variability in the age of onset, symptoms, and
progression. A well-established correlation exists between the number of GAA repeats in the
shorter allele detected at the diagnosis and the age of onset as well as development of select
symptoms, with GAAL1 being a good predictor of broadly defined disease severity [33]. It has
been estimated that an increase of the GAAL1 tract by 100 repeats translates to ~2.3 years earlier
disease onset [34]. Typically, the association between GAA number and age of onset reaches R
values of 0.6-0.75 [35]. Although strong, this correlation is far from perfect and numerous
“outliers” have been observed with FRDA patients lacking certain disease hallmarks or pre-
senting with symptoms unexpectedly early based on the number of GAAs determined at diag-
nosis. Prior studies demonstrated that GAA lengths estimated from lymphocytes, skin
fibroblasts or buccal cells may not reflect exactly the size of expanded repeat tracts in patholog-
ically relevant tissues, such as DRG neurons or spinal cord [16, 18-22]. Although some aspects
of somatic instability of the expanded GAA repeats in FRDA tissues were reported [13-22], no
comprehensive or comparative analyses of GAA tract status in larger cohorts and in various
tissue samples have been conducted.
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https://doi.org/10.1371/journal.pone.0189990.9004

In this work we addressed three separate, unanswered questions: (i) Is there a correlation

between the sizes of expanded GAA tracts and tissue type, especially tissues primarily affected
in the disease? (ii) Is the number of GAA repeats identical in different tissues? (iii) Do contrac-
tions or expansions of the GAA tracts accumulate over time in tissues? To answer these ques-
tions, we thoroughly characterized GAA tracts in a large number of different FRDA and
control tissue samples.
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Table 3. Characterization of FRDA patients.

Patient Age of Onset (years) Interval between I and Il @
F10 11 7y,9mo
F11 14 7y, 4mo
F12 20 8y,3mo
M7 10 8y,8mo
F13 16 7y, 4mo

2 Repeated blood samplings (I and Il) were performed at the intervals indicated in the table.

https://doi.org/10.1371/journal.pone.0189990.t003

Analyses of the GAA repeat region in pancreas, heart, cerebral cortex, cerebellar cortex and
spinal cord isolated from 15 different FRDA patients demonstrated significant somatic mosai-
cism. Unexpectedly, we detected significantly longer GAA tracts in the heart and pancreas
when compared to DNA samples isolated from central nervous system tissues. Considering
that DNA replication, repair and transcription are three major molecular processes involved
in the stimulation or prevention of repeat instability, tissue specific differences in lengths of
the GAA tracts can be expected. In fact, activity of the mismatch repair (MMR) system is con-
sidered a major factor contributing to GAA repeat instability in human cells. Expansions of
the GAA repeats in iPSCs reprogrammed from patient fibroblasts have been correlated with
increased expression of the MMR enzymes when compared to the parental fibroblast cells [36,
37] and overexpression of MMR components stimulated GAA expansions in FRDA fibroblasts
[38]. Thus, a combination of the number of replication cycles, tissue-specific transcriptional
activity of the FXN gene and differences in the activity of various DNA repair systems could be
responsible for the significantly longer GAAs detected in pancreas and heart tissues. Interest-
ingly, quantitative Western blot analyses of frataxin expression in different tissues from FRDA
patients and unaffected controls indicate a remarkably low level of frataxin in FRDA cardiac
tissue relative to nervous system tissue (S1 Fig). Developmentally regulated, tissue specific cell
division and replication patterns, aggravated by conditions of decreased frataxin levels, may
facilitate expansion of the GAA repeats.

Transcriptome analyses conducted using FRDA mouse models demonstrated a global
decrease of gene expression in frataxin deficient tissues [39]. Also, recent studies conducted in
our laboratory showed that a subset of genes involved in transcription, translation and DNA
repair is downregulated in FRDA cells [40]. Decreased expression of these genes may enable
somatic instability of the GAAs in a tissue-specific manner. Somatic expansions that further
decrease frataxin levels can in turn reinforce global transcriptome defects and perpetuate
expansions of the GAA tract feeding a “somatic instability cycle”. Furthermore, difficulties of
handling intracellular reactive oxygen species (ROS), characteristic of frataxin deficient cells,
may stimulate DNA damage, further augmenting GAA instability, similar to the “toxic oxida-
tion cycle” proposed to explain somatic instability of CAG repeats in Huntington’s disease
(HD) [41]. Considering an important role of ROS in FRDA pathogenesis, the use of potent
mitochondrial ROS scavengers inhibited somatic instability of CAG repeats and delayed phe-
notype development in the HD mouse model, and may also inhibit progressive somatic expan-
sions of the GAAs in FRDA [41].

Interestingly, results of the longitudinal analyses of the GAA tract in lymphocytes, although
conducted on a relatively small pool of expanded alleles, demonstrated a strong, length-depen-
dent bias towards repeat expansions. Eight of 10 alleles analyzed increased in GAA length by
up to 64 repeats over a period of 7-9 years. This result contrasts with prior in vitro studies on
immortalized lymphoblast cells where a predominance for contractions, frequently large, was
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Fig 5. Assessing time-dependent changes of GAA tract length in FRDA lymphocytes. (A) The GAA repeat tract at the FXN locus
was amplified using genomic DNA extracted from lymphocytes, which were isolated from 5 patients (F10, F11, F12, M7 and F13). Blood
samples were taken at an initial timepoint (l) and a second time point 7—9 years after the initial sampling (Il) (Table 3). The time-
dependent changes in GAA repeat length were quantitated as (B) total GAA repeat gain/loss (AGAA) and (C) rate of the change (AGAA
per year). (D) The Pearson’s correlation coefficient was calculated using the size of the GAA tract at time point | [GAA(I)] and the change
of the number of GAAs between time points Il and | [AGAA (lI-1)]. Five pairs of samples (n = 10 alleles) were analyzed.

https://doi.org/10.1371/journal.pone.0189990.g005

PLOS ONE | https://doi.org/10.1371/journal.pone.0189990 December 19, 2017

12/17


https://doi.org/10.1371/journal.pone.0189990.g005
https://doi.org/10.1371/journal.pone.0189990

@° PLOS | ONE

Somatic instability in Friedreich’s ataxia

observed [24]. In fact, in vitro culturing of FRDA cells or model cell lines harboring expanded
GAAs results in shortening of the expanded repeats with a notable exception of iPSCs where
continuous expansion of the GAA tracts was observed [25, 26]. This parallel between the
FRDA iPSCs and peripheral blood lymphocytes suggest that the specificity of the pluripotent/
multipotent state (iPSC and hematopoietic stem cells or lymphoid progenitors) may facilitate
GAA expansions. It is difficult to ascertain whether the longer GAA tracts detected in lympho-
cytes result from progressive expansions of the repeats in this lineage or from contractions in
the development and culturing of skin fibroblasts (or both processes at the same time). Results
of the longitudinal analyses described in this work strongly favor progressive expansions in
lymphocytes or their progenitors. Additionally, to date we have never detected contractions
during prolonged culture of FRDA primary skin fibroblasts. The inherent characteristics of
the stem cells, including chromatin status, replicative properties, transcriptional and repair
activity may contribute to the expansion bias observed in these cells.

Results of our longitudinal studies also indicate that comparative analyses of the GAA
length between patients need to be interpreted cautiously as expanded tracts change dynami-
cally over a patient’s lifetime. Considering the extreme case of a 15% increase over 7 years (Fig
5), substantial discrepancies in the number of GAAs can exist between a diagnosis made early
in life and adulthood. Frequently, symptom correlation studies include the lengths of the
GAALI and GAA? alleles. Furthermore, enrollment criteria for clinical trials also sometimes
consider the number of GAA repeats. Therefore, periodic follow-up determinations of GAA
length should be conducted. These data may also be directly beneficial to the FRDA patient
community. The GAA repeat number is a frequent topic of discussion during meetings with
FRDA patients, both between health professionals and patients as well as among patients
themselves. FRDA patients and caregivers frequently directly associate the repeat tract size
with differences in symptoms and disease progression. Thus, additional factors affecting repeat
length, such as tissue-specific instability or timing of the molecular diagnosis of the disease as
described in this study, may help explain imperfect relationships that sometimes exist between
disease status and the number of GAAs detected in blood samples at diagnosis. It is also impor-
tant to consider secondary genetic modifiers that can contribute to age of onset and disease
symptoms, for example, the milder FRDA presentation observed in the Acadian population
when compared to patients of other ethnic origins carrying GAA repeat tracts of similar size
[22] or earlier age of onset associated with heterozygosity for p. C282Y variant in hemochro-
matosis (HFE) gene [42].

Length polymorphism and somatic instability of the expanded GAA repeat tracts in dif-
ferent tissues represent the first layer of complexity responsible for differences in frataxin
expression that can translate to clinical variability between FRDA patients. It has been esti-
mated that the length of the repeat tract accounts for only 36% of the variability in the age of
onset with other contributing factors being genetic, epigenetic, or environmental in nature
[34]. The FXN GAA tract evolved from G/A rich sequences of the ancient Alu elements. It is
highly likely that long GAA sequences constantly evolve and change, resulting in introduc-
tion of point mutations (interruptions) into the pure GAA motifs. Examples of such inter-
ruptions have been recurrently reported in the literature but their actual detailed structure
and frequency in FXN alleles is unknown. Disturbance of the GAA repeat purity can affect
not only expression of the FXN gene but also can significantly influence instability of the
repeat tract, especially the propensity for continuous expansions. Although technically chal-
lenging, future studies addressing the role of GAA tract interruptions in FRDA heterogeneity
are necessary.
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Conclusions

Expanded GAA repeats are unstable in FRDA, and expansion bias detected in heart and pan-
creas is likely to contribute to symptom development and disease progression, making the
mechanism of somatic instability an important target for therapy. Differences in the size of the
GAA tracts between lymphocytes and fibroblasts urge caution in direct comparisons of data
obtained using different model systems. Continuous GAA expansions over time as observed
in FRDA lymphocytes should be considered in clinical trials design and data analyses. The
kinetics of longitudinal changes in GAA repeat number and potential cis and trans acting fac-
tors affecting this process need to be further investigated.

Supporting information

S1 Fig. Quantitative western blot analyses of frataxin expression. Western blots probed for
FXN were performed on (A,D) heart, (B,E) cerebral cortex, and (C,F) cerebellar cortex tissues.
Frataxin expression values were normalized using the mitochondrial HSP60 protein. Patient
F9 exhibited very low HSP60 expression in cerebellar cortex tissue, therefore GAPDH was
used for normalization.

(PDF)

S2 Fig. Instability of the expanded GA As in the FXN gene in different tissues. Genomic
DNA was extracted from heart (H), cerebral cortex (Cc), spinal cord (Sc), cerebellar cortex
(Cb) and pancreas (P) tissues. Results of PCR analyses of GAA repeat length in FRDA patient
tissues (top panel). Analyses of GAA repeat instability in the 5323 locus in patient tissues (mid-
dle panel). Amplification of an intron 1—exon 2 fragment of the FXN gene downstream of the
GAA tract as control for genomic DNA quality (bottom panel). (-) represents no-template
control and (+) represents positive control (genomic DNA isolated from FRDA fibroblasts).
(A) F1, (B) F4, (C) F5, (D) F3, (E) F6, (F) F8, (G) F9, (H) M1, (I) M2, (J) M3, (K) M5, and (L)
M4 as described in Table 1.

(PDF)

$3 Fig. Quantitative analysis of expanded GAA instability in the FXN gene in different tis-
sues. The expanded GAA repeats in the FXN gene were amplified from genomic DNA
extracted from heart (H), cerebral cortex (Cc), spinal cord (Sc), cerebellar cortex (Cb) and pan-
creas (P) tissues isolated from FRDA patients. The band intensity of the PCR products along
with the repeat sizes are shown. Solid vertical lines represent the mean of GAA repeat sizes
detected across all tissues analyzed. (A) F1, (B) F4, (C) F5, (D) F3, (E) F6, (F) F8, (G) F9, (H)
M1, (I) M2, (J) M3, (K) M5, and (L) M4 as described in Table 1.

(PDF)

S4 Fig. Reproducibility of PCR analyses of the expanded GA As in different tissues. The
expanded GAA repeats in the FXN gene were amplified from genomic DNA extracted from
heart (H), cerebral cortex (Cc), spinal cord (Sc), cerebellar cortex (Cb) and pancreas (P) tissues
isolated from FRDA patients in two independent reactions. Analyses of GAA repeat instability
in tissues of FRDA patient F2; (A) experiment 1, (B) experiment 2 and in tissues of FRDA
patient M5 (C) experiment 1, (D) experiment 2. Sizes of the individual PCR products were cal-
culated for each tissue and experiment. No significant differences were observed between sizes
of the GAA tracts determined in two independent experiments (t-test, p > 0.05).

(PDF)

S5 Fig. GAA repeat tracts in the FXN gene of unaffected individuals show no instability.
PCR analysis of the GAA repeat region in the FXN gene using genomic DNA extracted from
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sents no-template control and (+) represents positive control (genomic DNA isolated from
control fibroblasts).

(PDF)

Acknowledgments
The authors thank all FRDA patients for donating blood samples and skin biopsies.

Author Contributions

Conceptualization: Ashlee Long, Jill S. Napierala, Arnulf H. Koeppen, David R. Lynch, Marek
Napierala.

Funding acquisition: Jill S. Napierala, David R. Lynch, Marek Napierala.
Investigation: Ashlee Long, Urszula Polak.

Resources: Lauren Hauser, Arnulf H. Koeppen, David R. Lynch, Marek Napierala.
Supervision: Marek Napierala.

Writing - original draft: Ashlee Long, Marek Napierala.

Writing - review & editing: Ashlee Long, Jill S. Napierala, Urszula Polak, Lauren Hauser,
Arnulf H. Koeppen, David R. Lynch, Marek Napierala.

References

1. Campuzano V, Montermini L, Molto MD, Pianese L, Cossee M, Cavalcanti F, et al. Friedreich’s ataxia:
autosomal recessive disease caused by an intronic GAA triplet repeat expansion. Science. 1996; 271
(5254):1423-7. PMID: 8596916.

2. Al-Mahdawi S, Pinto RM, Ismail O, Varshney D, Lymperi S, Sandi C, et al. The Friedreich ataxia GAA
repeat expansion mutation induces comparable epigenetic changes in human and transgenic mouse
brain and heart tissues. Hum Mol Genet. 2008; 17(5):735-46. https://doi.org/10.1093/hmg/ddm346
PMID: 18045775.

3. HermanD, Jenssen K, Burnett R, Soragni E, Perlman SL, Gottesfeld JM. Histone deacetylase inhibitors
reverse gene silencing in Friedreich’s ataxia. Nat Chem Biol. 2006; 2(10):551-8. https://doi.org/10.
1038/nchembio815 PMID: 16921367.

4. Saveliev A, Everett C, Sharpe T, Webster Z, Festenstein R. DNA triplet repeats mediate heterochroma-
tin-protein-1-sensitive variegated gene silencing. Nature. 2003; 422(6934):909-13. https://doi.org/10.
1038/nature01596 PMID: 12712207.

5. Bidichandani SI, Ashizawa T, Patel Pl. 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
(1):111=21. https://doi.org/10.1086/301680 PMID: 9443873.

6. Campuzano V, MonterminiL, Lutz Y, Cova L, Hindelang C, Jiralerspong S, et al. Frataxin is reduced in
Friedreich ataxia patients and is associated with mitochondrial membranes. Hum Mol Genet. 1997; 6
(11):1771-80. PMID: 9302253.

7. Harding AE. Friedreich’s ataxia: a clinical and genetic study of 90 families with an analysis of early diag-
nostic criteria and intrafamilial clustering of clinical features. Brain. 1981; 104(3):589-620. PMID:
7272714.

8. Pandolfo M. Friedreich ataxia: the clinical picture. J Neurol. 2009; 256 Suppl 1:3-8. https://doi.org/10.
1007/s00415-009-1002-3 PMID: 19283344.

9. Delatycki MB, Corben LA. Clinical features of Friedreich ataxia. J Child Neurol. 2012; 27(9):1133-7.
https://doi.org/10.1177/0883073812448230 PMID: 22752493.

10. Tsou AY, Paulsen EK, Lagedrost SJ, Perlman SL, Mathews KD, Wilmot GR, et al. Mortality in Friedreich
ataxia. J Neurol Sci. 2011; 307(1-2):46-9. https://doi.org/10.1016/j.jns.2011.05.023 PMID: 21652007 .

PLOS ONE | https://doi.org/10.1371/journal.pone.0189990 December 19, 2017 15/17


http://www.ncbi.nlm.nih.gov/pubmed/8596916
https://doi.org/10.1093/hmg/ddm346
http://www.ncbi.nlm.nih.gov/pubmed/18045775
https://doi.org/10.1038/nchembio815
https://doi.org/10.1038/nchembio815
http://www.ncbi.nlm.nih.gov/pubmed/16921367
https://doi.org/10.1038/nature01596
https://doi.org/10.1038/nature01596
http://www.ncbi.nlm.nih.gov/pubmed/12712207
https://doi.org/10.1086/301680
http://www.ncbi.nlm.nih.gov/pubmed/9443873
http://www.ncbi.nlm.nih.gov/pubmed/9302253
http://www.ncbi.nlm.nih.gov/pubmed/7272714
https://doi.org/10.1007/s00415-009-1002-3
https://doi.org/10.1007/s00415-009-1002-3
http://www.ncbi.nlm.nih.gov/pubmed/19283344
https://doi.org/10.1177/0883073812448230
http://www.ncbi.nlm.nih.gov/pubmed/22752493
https://doi.org/10.1016/j.jns.2011.05.023
http://www.ncbi.nlm.nih.gov/pubmed/21652007
https://doi.org/10.1371/journal.pone.0189990

@° PLOS | ONE

Somatic instability in Friedreich’s ataxia

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Cossee M, Schmitt M, Campuzano V, Reutenauer L, Moutou C, Mandel JL, et al. Evolution of the Frie-
dreich’s ataxia trinucleotide repeat expansion: founder effect and premutations. Proc Natl Acad Sci U S
A. 1997; 94(14):7452—7. PMID: 9207112.

Montermini L, Andermann E, Labuda M, Richter A, Pandolfo M, Cavalcanti F, et al. The Friedreich
ataxia GAA triplet repeat: premutation and normal alleles. Hum Mol Genet. 1997; 6(8):1261-6. PMID:
9259271.

Pollard LM, Sharma R, Gomez M, Shah S, Delatycki MB, Pianese L, et al. Replication-mediated insta-
bility of the GAA triplet repeat mutation in Friedreich ataxia. Nucleic Acids Res. 2004; 32(19):5962-71.
https://doi.org/10.1093/nar/gkh933 PMID: 15534367.

Sharma R, Bhatti S, Gomez M, Clark RM, Murray C, Ashizawa T, et al. The GAA triplet-repeat
sequence in Friedreich ataxia shows a high level of somatic instability in vivo, with a significant predilec-
tion for large contractions. Hum Mol Genet. 2002; 11(18):2175-87. PMID: 12189170.

De Michele G, Cavalcanti F, Criscuolo C, Pianese L, Monticelli A, Filla A, et al. Parental gender, age at
birth and expansion length influence GAA repeat intergenerational instability in the X25 gene: pedigree
studies and analysis of sperm from patients with Friedreich’s ataxia. Hum Mol Genet. 1998; 7
(12):1901-6. PMID: 9811933.

Bidichandani S, Garcia CA, Patel PI, Dimachkie MM. Very late-onset Friedreich ataxia despite large
GAA triplet repeat expansions. Arch Neurol. 2000; 57(2):246-51. PMID: 10681084.

Clark RM, De Biase |, Malykhina AP, Al-Mahdawi S, Pook M, Bidichandani SI. The GAA triplet-repeat is
unstable in the context of the human FXN locus and displays age-dependent expansions in cerebellum
and DRG in a transgenic mouse model. Hum Genet. 2007; 120(5):633—-40. https://doi.org/10.1007/
s00439-006-0249-3 PMID: 17024371.

De Biase |, Rasmussen A, Endres D, Al-Mahdawi S, Monticelli A, Cocozza S, et al. Progressive GAA
expansions in dorsal root ganglia of Friedreich’s ataxia patients. Ann Neurol. 2007; 61(1):55-60. https://
doi.org/10.1002/ana.21052 PMID: 17262846.

De Biase |, Rasmussen A, Monticelli A, Al-Mahdawi S, Pook M, Cocozza S, et al. Somatic instability of
the expanded GAA triplet-repeat sequence in Friedreich ataxia progresses throughout life. Genomics.
2007; 90(1):1-5. https://doi.org/10.1016/j.ygeno.2007.04.001 PMID: 17498922.

Machkhas H, Bidichandani SI, Patel PI, Harati Y. A mild case of Friedreich ataxia: lymphocyte and sural
nerve analysis for GAA repeat length reveals somatic mosaicism. Muscle Nerve. 1998; 21(3):390-3.
PMID: 9486868.

Montermini L, Kish SJ, Jiralerspong S, Lamarche JB, Pandolfo M. Somatic mosaicism for Friedreich’s
ataxia GAA triplet repeat expansions in the central nervous system. Neurology. 1997; 49(2):606—10.
PMID: 9270608.

Montermini L, Richter A, Morgan K, Justice CM, Julien D, Castellotti B, et al. Phenotypic variability in
Friedreich ataxia: role of the associated GAA triplet repeat expansion. Ann Neurol. 1997; 41(5):675-82.
https://doi.org/10.1002/ana.410410518 PMID: 9153531.

Anjomani Virmouni S, Ezzatizadeh V, Sandi C, Sandi M, Al-Mahdawi S, Chutake Y, et al. A novel GAA-
repeat-expansion-based mouse model of Friedreich’s ataxia. Dis Model Mech. 2015; 8(3):225-35.
https://doi.org/10.1242/dmm.018952 PMID: 25681319.

Bidichandani S|, Purandare SM, Taylor EE, Gumin G, Machkhas H, Harati Y, et al. Somatic sequence
variation at the Friedreich ataxia locus includes complete contraction of the expanded GAA triplet
repeat, significant length variation in serially passaged lymphoblasts and enhanced mutagenesis in the
flanking sequence. Hum Mol Genet. 1999; 8(13):2425-36. PMID: 10556290.

Ku S, Soragni E, Campau E, Thomas EA, Altun G, Laurent LC, et al. Friedreich’s ataxia induced pluripo-
tent stem cells model intergenerational GAATTC triplet repeat instability. Cell Stem Cell. 2010; 7
(5):631=7. https://doi.org/10.1016/j.stem.2010.09.014 PMID: 21040903.

Polak U, Li 'Y, Butler JS, Napierala M. Alleviating GAA Repeat Induced Transcriptional Silencing of the
Friedreich’s Ataxia Gene During Somatic Cell Reprogramming. Stem Cells Dev. 2016; 25(23):1788—
800. https://doi.org/10.1089/scd.2016.0147 PMID: 27615158.

Li Y, Polak U, Clark AD, Bhalla AD, Chen YY, Li J, et al. Establishment and Maintenance of Primary
Fibroblast Repositories for Rare Diseases-Friedreich’s Ataxia Example. Biopreserv Biobank. 2016; 14
(4):324-9. https://doi.org/10.1089/bi0.2015.0117 PMID: 27002638.

LiY,LuY, Polak U, Lin K, Shen J, Farmer J, et al. Expanded GAA repeats impede transcription elonga-
tion through the FXN gene and induce transcriptional silencing that is restricted to the FXN locus. Hum
Mol Genet. 2015; 24(24):6932—-43. https://doi.org/10.1093/hmg/ddv397 PMID: 26401053.

LiY, Polak U, Bhalla AD, Rozwadowska N, Butler JS, Lynch DR, et al. Excision of Expanded GAA
Repeats Alleviates the Molecular Phenotype of Friedreich’s Ataxia. Mol Ther. 2015; 23(6):1055-65.
https://doi.org/10.1038/mt.2015.41 PMID: 25758173.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189990 December 19, 2017 16/17


http://www.ncbi.nlm.nih.gov/pubmed/9207112
http://www.ncbi.nlm.nih.gov/pubmed/9259271
https://doi.org/10.1093/nar/gkh933
http://www.ncbi.nlm.nih.gov/pubmed/15534367
http://www.ncbi.nlm.nih.gov/pubmed/12189170
http://www.ncbi.nlm.nih.gov/pubmed/9811933
http://www.ncbi.nlm.nih.gov/pubmed/10681084
https://doi.org/10.1007/s00439-006-0249-3
https://doi.org/10.1007/s00439-006-0249-3
http://www.ncbi.nlm.nih.gov/pubmed/17024371
https://doi.org/10.1002/ana.21052
https://doi.org/10.1002/ana.21052
http://www.ncbi.nlm.nih.gov/pubmed/17262846
https://doi.org/10.1016/j.ygeno.2007.04.001
http://www.ncbi.nlm.nih.gov/pubmed/17498922
http://www.ncbi.nlm.nih.gov/pubmed/9486868
http://www.ncbi.nlm.nih.gov/pubmed/9270608
https://doi.org/10.1002/ana.410410518
http://www.ncbi.nlm.nih.gov/pubmed/9153531
https://doi.org/10.1242/dmm.018952
http://www.ncbi.nlm.nih.gov/pubmed/25681319
http://www.ncbi.nlm.nih.gov/pubmed/10556290
https://doi.org/10.1016/j.stem.2010.09.014
http://www.ncbi.nlm.nih.gov/pubmed/21040903
https://doi.org/10.1089/scd.2016.0147
http://www.ncbi.nlm.nih.gov/pubmed/27615158
https://doi.org/10.1089/bio.2015.0117
http://www.ncbi.nlm.nih.gov/pubmed/27002638
https://doi.org/10.1093/hmg/ddv397
http://www.ncbi.nlm.nih.gov/pubmed/26401053
https://doi.org/10.1038/mt.2015.41
http://www.ncbi.nlm.nih.gov/pubmed/25758173
https://doi.org/10.1371/journal.pone.0189990

@° PLOS | ONE

Somatic instability in Friedreich’s ataxia

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Clark RM, Bhaskar SS, Miyahara M, Dalgliesh GL, Bidichandani SI. Expansion of GAA trinucleotide
repeats in mammals. Genomics. 2006; 87(1):57—67. https://doi.org/10.1016/j.ygeno.2005.09.006
PMID: 16316739.

P MR, Clark RM, Pollard LM, De Biase I, Bidichandani SlI. Replication in mammalian cells recapitulates
the locus-specific differences in somatic instability of genomic GAA triplet-repeats. Nucleic Acids Res.
2006; 34(21):6352—61. https://doi.org/10.1093/nar/gkl846 PMID: 17142224.

Kim E, Napierala M, Dent SY. Hyperexpansion of GAA repeats affects post-initiation steps of FXN tran-
scription in Friedreich’s ataxia. Nucleic Acids Res. 2011; 39(19):8366—77. https://doi.org/10.1093/nar/
gkr542 PMID: 21745819.

Mateo |, Llorca J, Volpini V, Corral J, Berciano J, Combarros O. Expanded GAA repeats and clinical var-
iation in Friedreich’s ataxia. Acta Neurol Scand. 2004; 109(1):75-8. PMID: 14653855.

Reetz K, Dogan |, Costa AS, Dafotakis M, Fedosov K, Giunti P, et al. Biological and clinical characteris-
tics of the European Friedreich’s Ataxia Consortium for Translational Studies (EFACTS) cohort: a
cross-sectional analysis of baseline data. Lancet Neurol. 2015; 14(2):174-82. https://doi.org/10.1016/
S1474-4422(14)70321-7 PMID: 25566998.

Lynch DR, Perliman SL. Friedreich’s ataxia: the European consortium. Lancet Neurol. 2015; 14(2):130-
1. https://doi.org/10.1016/S1474-4422(14)70327-8 PMID: 25566997

Du J, Campau E, Soragni E, Ku S, Puckett JW, Dervan PB, et al. Role of mismatch repair enzymes in
GAA.TTC triplet-repeat expansion in Friedreich ataxia induced pluripotent stem cells. J Biol Chem.
2012; 287(35):29861—-72. https://doi.org/10.1074/jbc.M112.391961 PMID: 22798143.

Hick A, Wattenhofer-Donze M, Chintawar S, Tropel P, Simard JP, Vaucamps N, et al. Neurons and car-
diomyocytes derived from induced pluripotent stem cells as a model for mitochondrial defects in Frie-
dreich’s ataxia. Dis Model Mech. 2013; 6(3):608-21. https://doi.org/10.1242/dmm.010900 PMID:
23136396.

Halabi A, Ditch S, Wang J, Grabczyk E. DNA mismatch repair complex MutSbeta promotes GAA.TTC
repeat expansion in human cells. J Biol Chem. 2012; 287(35):29958-67. https://doi.org/10.1074/jbc.
M112.356758 PMID: 22787155.

Coppola G, Marmolino D, Lu D, Wang Q, Cnop M, Rai M, et al. Functional genomic analysis of frataxin
deficiency reveals tissue-specific alterations and identifies the PPARgamma pathway as a therapeutic
target in Friedreich’s ataxia. Hum Mol Genet. 2009; 18(13):2452—61. https://doi.org/10.1093/hmg/
ddp183 PMID: 19376812.

Napierala JS, Li Y, Lu Y, Lin K, Hauser LA, Lynch DR, et al. Comprehensive analysis of gene expres-
sion patterns in Friedreich’s ataxia fibroblasts by RNA sequencing reveals altered levels of protein syn-
thesis factors and solute carriers. Dis Model Mech. 2017; 10(11):1353-69. https://doi.org/10.1242/
dmm.030536 PMID: 29125828.

Budworth H, Harris FR, Williams P, Lee DY, Holt A, Pahnke J, et al. Suppression of Somatic Expansion
Delays the Onset of Pathophysiology in a Mouse Model of Huntington’s Disease. PLoS Genet. 2015; 11
(8):1005267. https://doi.org/10.1371/journal.pgen.1005267 PMID: 26247199.

Delatycki MB, Tai G, Corben L, Yiu EM, Evans-Galea MV, Stephenson SE, et al. HFE p.C282Y hetero-
zygosity is associated with earlier disease onset in Friedreich ataxia. Mov Disord. 2014; 29(7):940-3.
https://doi.org/10.1002/mds.25795 PMID: 24390816.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189990 December 19, 2017 17/17


https://doi.org/10.1016/j.ygeno.2005.09.006
http://www.ncbi.nlm.nih.gov/pubmed/16316739
https://doi.org/10.1093/nar/gkl846
http://www.ncbi.nlm.nih.gov/pubmed/17142224
https://doi.org/10.1093/nar/gkr542
https://doi.org/10.1093/nar/gkr542
http://www.ncbi.nlm.nih.gov/pubmed/21745819
http://www.ncbi.nlm.nih.gov/pubmed/14653855
https://doi.org/10.1016/S1474-4422(14)70321-7
https://doi.org/10.1016/S1474-4422(14)70321-7
http://www.ncbi.nlm.nih.gov/pubmed/25566998
https://doi.org/10.1016/S1474-4422(14)70327-8
http://www.ncbi.nlm.nih.gov/pubmed/25566997
https://doi.org/10.1074/jbc.M112.391961
http://www.ncbi.nlm.nih.gov/pubmed/22798143
https://doi.org/10.1242/dmm.010900
http://www.ncbi.nlm.nih.gov/pubmed/23136396
https://doi.org/10.1074/jbc.M112.356758
https://doi.org/10.1074/jbc.M112.356758
http://www.ncbi.nlm.nih.gov/pubmed/22787155
https://doi.org/10.1093/hmg/ddp183
https://doi.org/10.1093/hmg/ddp183
http://www.ncbi.nlm.nih.gov/pubmed/19376812
https://doi.org/10.1242/dmm.030536
https://doi.org/10.1242/dmm.030536
http://www.ncbi.nlm.nih.gov/pubmed/29125828
https://doi.org/10.1371/journal.pgen.1005267
http://www.ncbi.nlm.nih.gov/pubmed/26247199
https://doi.org/10.1002/mds.25795
http://www.ncbi.nlm.nih.gov/pubmed/24390816
https://doi.org/10.1371/journal.pone.0189990

