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Abstract
Friedreich ataxia (FRDA) is an autosomal recessive neurodegenerative disorder caused by reduced
amounts of the mitochondrial protein frataxin. Frataxin levels in research studies are typically
measured via Western blot analysis from patient fibroblasts, lymphocytes, or muscle biopsies;
none of these is ideal for rapid detection in large scale clinical studies. Recently, a rapid, non-
invasive lateral-flow immunoassay was developed to accurately measure picogram levels of
frataxin protein and shown to distinguish lymphoblastoid cells from FRDA carriers, patients and
controls. We expanded the immunoassay to measure frataxin directly in buccal cells and whole
blood from a large cohort of controls, known carriers and patients typical of a clinical trial
population. The assay in buccal cells shared a similar degree of variability with previous studies
conducted in lymphoblastoid cells (~10% coefficient of variation in controls). Significant
differences in frataxin protein quantity were seen between the mean group values of controls,
carriers, and patient buccal cells (100, 50.2, and 20.9% of control, respectively) and in protein
extracted from whole blood (100, 75.3, and 32.2%, respectively), although there was some overlap
between the groups. In addition, frataxin levels were inversely related to GAA repeat length and
correlated directly with age of onset. Subjects with one expanded GAA repeat and an identified
frataxin point mutation also carried frataxin levels in the disease range. Some patients displaying
an FRDA phenotype but carrying only a single identifiable mutation had frataxin levels in the
FRDA patient range. One patient from this group has a novel deletion that included exons 2 and 3
of the FXN gene based on multiplex ligation-dependent probe amplification (MLPA) analysis of
the FXN gene. The lateral flow immunoassay may be a useful means to non-invasively assess
frataxin levels repetitively with minimal discomfort in FRDA patients in specific situations such
as clinical trials, and as a complementary diagnostic tool to aid in identification and
characterization of atypical patients.
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Introduction
Friedreich ataxia (FRDA) is an autosomal recessive neurodegenerative disorder caused by
mutations in the FXN gene, reducing the levels of the mitochondrial protein frataxin [1].
Deficiency of frataxin leads to increased intramitochondrial iron levels, deficiency of iron-
sulfur cluster-containing enzymes, and enhanced sensitivity to oxidative stress [2]. Patients
usually present during adolescence with progressive limb and gait ataxia, dysarthria, and
hypertrophic cardiomyopathy [2]. FRDA has an incidence of approximately 1:40,000–
1:50,000 people of Western European descent, making FRDA the most common inherited
ataxia [3,4]. Normal alleles contain between 7–38 GAA repeats, while pathologic alleles
typically have between 66–1500 repeats [1,5,6]. The length of the shorter GAA repeat
correlates with age of onset in patients with FRDA [6–11].

Approximately 97% of FRDA patients are homozygous for a GAA expansion in the first
intron of the FXN gene; the remaining patients are compound heterozygotes with an
expanded GAA repeat on one allele and a point mutation on the other allele [1,12,13]. Both
are associated with decreased levels of frataxin, though this has not been applied to large
heterogeneous cohorts. A single patient has been identified with a large deletion of the gene,
and another locus has been reported in a single instance [14]. Currently, there is no cure for
FRDA, but several potential therapies may increase frataxin protein levels in affected tissues
[15–17].

Traditionally, frataxin protein levels could only be determined through Western blot or
ELISA analysis from patient-derived cells [18,19]. The potentially time-consuming nature
of these assays (particularly Western blots) is not ideal for rapid quantification in a clinical
research setting. An electrochemiluminescence assay based on the ELISA principle has been
used to quantify frataxin from lymphocytes and fibroblasts, but the procedure is labor-
intensive and untested in cell types collected noninvasively, and is limited by a narrow
working range across different cell types and tissues [20]. Recently, a lateral-flow
immunoassay was developed to measure levels of frataxin protein in FRDA patients and
carriers without isolating or purifying mitochondria [21]. Here we expanded the application
of the lateral-flow immunoassay to measure frataxin protein levels in buccal cells and whole
blood samples from large numbers of control, known FRDA carriers, and FRDA patients.

Methods
This study had the approval of International Review Boards at the Children’s Hospital of
Philadelphia and the University of California Los Angeles. All patients provided written
informed consent before participating in study procedures.

Patients
Clinical and demographic information (including molecular confirmation of FXN gene
mutations) was provided through a longitudinal natural history study on FRDA [22]. Whole
blood samples were used from a subset (n=52) of these patients. Cheek swab and whole
blood samples were also collected from known carriers and healthy controls. Samples were
from individuals at the University of Pennsylvania, the Children’s Hospital of Philadelphia,
the UCLA Medical Center, and other patients referred to physicians practicing at these
institutions. A series of patients with other disorders also participated. These subjects had
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other ataxia or movement disorders in which FRDA has been ruled out by clinical and
genetic criteria.

Buccal Cell and Whole Blood Sample Preparation
Buccal cells were harvested using MasterAmp Buccal Swab Brushes (Epicentre) by firmly
pressing a brush against the inner cheek and swabbed while twirling for 30 seconds on each
cheek. Both brushes were then immersed in the same tube containing 500 µL of ice cold
extraction buffer (MitoSciences) and twirled gently to dislodge the cells. Samples were then
microcentrifuged at 16,100g for 10 min at 4°C, and the supernatant was analyzed. Protein
concentration was calculated using the BCA protein assay (Pierce). Whole blood from
controls, known carriers, and patients was collected in EDTA tubes and frozen immediately
at −80°C until use. Whole blood protein was extracted by mixing 1 volume of whole blood
to 3 volumes of ice cold extraction buffer (MitoSciences). Samples were microcentrifuged
as above, and supernatant was saved for analysis. Samples were further diluted as necessary
for frataxin quantity.

Lateral Flow Immunoassay Protocol
MitoSciences dipstick assays (MSF31) were used to measure frataxin levels in buccal cells
and whole blood (see reference 21 for schematic) [21]. Briefly, 10 µg of buccal cell protein
in 25 µl of extraction buffer was mixed with 25 µl blocking buffer and added to individual
wells on a 96-well plate with gold-conjugated mAb at the bottom of each well. After
samples were allowed to equilibrate with the antibodies, dipsticks were inserted into the well
and sample was allowed to wick up the membrane, where frataxin was immunocaptured
onto designated capture zones on the dipstick. Capture zones on developed dipsticks were
quantified with a Hamamatsu immunochromato reader (MS1000 Dipstick reader). A
standard curve using a range (1–50 µg) of total protein extracted from buccal cells was run
to determine an appropriate concentration of sample to use within the working range of the
assay. Raw mABS (milli-Absorbance) results were corrected for protein concentration and
normalized to the control goat α-mouse IgG band (internal positive control), and the data
were expressed as percentages of the average controls run on the same assay.

MLPA Analysis
Genomic DNA was extracted from peripheral blood using an AutoGenFlex STAR
automated DNA extractor (AutoGen, Inc.) or a commercially available kit (Genetra
Systems, Inc.) according to manufacturer’s instructions.

Deletion/duplication analysis of the FXN gene was performed by MLPA (multiplex ligation-
dependent probe amplification assay) according to manufacturer’s instructions with a
commercially available probe mix (P316-B1, Recessive Ataxias, MRC Holland,
Amsterdam, the Netherlands). In brief, 200ng of genomic DNA in a final volume of 5µl was
heated for 5 min at 98°C. After cooling to room temperature, 1.5µl of the probe mix and
1.5µl SALSA hybridization buffer were added to each sample, followed by heat
denaturation (1 min at 95°C) and hybridization (16 h at 60°C). Ligation was performed by
adding 32 µl of ligation mix at 54°C for 15min and the reaction was stopped by incubating
for 5min at 98°C. PCR amplification was carried out for 35 cycles in a final volume of 40
µl. PCR products were separated by capillary electrophoresis using an ABI 3130Xl (Applied
Biosystems). An internal size standard LIZ 600 was used (Applied Biosystems). Two female
controls were processed along with patient samples. Data analysis was performed using
GeneMarker v 1.6 (SoftGenetics, USA). Threshold values were set at 0.75–1.3 for normals,
0.4–.65 for deletions and 1.4–1.6 for duplications. For normalization two female control
samples were used.
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Statistical Analysis
Data analysis was performed using STATA software. Difference in means was compared
using Student’s t-test. The data assumed equal variance and were considered significantly
different when p <0.05. Frataxin levels in control, carrier, and patient samples were typically
expressed as % of average control. Means were expressed as % of average control ±
standard deviation (SD) or standard error (SE), and variability was expressed using the
coefficient of variation (%CV).

Results
Clinical and Demographic Information

Clinical and demographic information for the 195 FRDA patients (complete information
unavailable for all 195 patients) is summarized in Table 1. The number of GAA repeats
ranged from 41–1200, with a median value of 675. The age of onset ranged from 2–63, with
a median age of 9; the majority of patients sampled were from the Children’s Hospital of
Philadelphia (n=85) and the UCLA Medical Center (n=54), so there were few older-onset
FRDA patients in this study that came from elsewhere.

Assay Reproducibility and Linearity
To determine the working range of the lateral flow immunoassay, a standard curve was
generated using recombinant frataxin protein (Figure 1). In agreement with previous work,
the relationship between frataxin loaded and dipstick signal was linear through 500 pg of
recombinant frataxin and did not saturate until approximately 4,000 pg of recombinant
frataxin was loaded (Figure 1A) [21]. Furthermore, we determined that the assay’s linear
range could be expanded significantly by normalizing the frataxin signal to the signal of the
“procedural control” (goat anti-mouse IgG, GAM) band, which is an internal positive
control automatically run on each dipstick. Because initial experiments with buccal swab
samples indicated a similar, and perhaps more pronounced improvement using this approach
(Figure 1B), all results reported here have been normalized to the “GAM” band as described
in the Methods.

A typical cheek swab contains approximately 700 µg of total cell protein, at a concentration
of 1–3 µg/µl, and up to 50 µl of each buccal cell sample can be loaded into wells reliably for
the lateral immunoassay. A standard curve using a range of buccal cell protein amounts from
0–50 µg of a representative control sample (Figure 1C) showed that the assay remained
linear throughout the experimental range of 0–20 µg (R2 = 0.997). Therefore, for ease of use
and to remain within the most linear range of the immunoassay, a set amount (10 µg) of total
cellular cheek swab protein was used in routine experiments. Importantly, loading 10 µg per
test allows accurate measurement of the reduced frataxin levels (10–30% of control values)
expected (and observed) in FRDA patient samples. Note that this amount is small compared
to the total amount of protein collected per cheek swab (~700 µg), allowing frozen storage
of an archive of samples for additional subsequent study.

Reproducibility of the assay was assessed by intra-assay, interassay, and intersample
variability within the working range of buccal cell extracts collected from a representative
control and patient (Tables 2 and 3). The immunoassay was reproducible within the working
range with reasonable intra-assay (3.3–11.2% and 0.5–12.2%, control and patient,
respectively), interassay (10.3% and 5.3%, control and patient, respectively), and
intersample (17.4%, control) coefficient of variation (CV) values. CV values (standard
deviation expressed as percent of mean) may be higher for patients than controls in some
instances due to the low residual levels of frataxin in patient samples, i.e., small variations in
absolute values result in larger percent CV values. The variability seen between different
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collected samples from the same individual can be attributed to a combination of intra-assay
variance and unknown biological factors. Even with thorough rinsing, there are likely to be
small, varying levels of non-cellular protein harvested with buccal cells while swabbing the
inner cheek that can alter protein concentrations measured. A disproportionate amount of
this non-cellular protein in aliquots of harvested buccal cells may have also contributed to
interassay and intersample variability. Subsequent variability and reproducibility studies in
controls and patients showed similar results to that seen in Table 2 and Table 3.

Frataxin Measurements from Buccal Cells and Whole Blood
We expanded upon the previous studies using this approach and measured frataxin protein
levels from large numbers of buccal cell samples collected from cheek swabs of controls
(n=40), known carriers (n=81), and FRDA patients (n=195). Carriers and FRDA patients
show significantly lower amounts of frataxin protein compared to controls (50.5% of
control, p ⋘ 0.0001, and 21.1% of control, p ⋘ 0.0001, respectively) (Figure 2A–B). The
absolute value of frataxin in control buccal swabs is approximately 30 pg/µg total protein
(data not shown). Values from controls, known carriers, and FRDA patients overlap slightly,
although there is no overlap between the interquartile range in any of the three groups.
While this overlap may reflect the variability intrinsic to the assay to some degree (Figure
1), a few patients had levels of frataxin in the control range (nine outliers >1.5*IQR above
Q3). Most of these individuals had later onset disease. For example, the three patients with
highest frataxin levels (161.8, 151.7, and 99.8% of control) were all late-onset patients (age
of onset 40, 43, and 27 respectively), suggesting a relationship between measured frataxin
levels and severity of disease. Frataxin levels were also measured in eight patients who are
compound heterozygotes with one expanded allele, and one identified point mutation in the
FXN gene. These patients all have reduced frataxin levels with seven of the eight in the
lower range of individuals with GAA expansions on both alleles (Table 4). As a control for
the presence of disease/disability, frataxin levels were measured in buccal cells collected
from cheek swabs of non-FRDA movement disorder patients (n=15) (Figure 2A).
Confirming the specificity of low frataxin protein levels for FRDA patients, the non-FRDA
movement disorder patients had average frataxin levels similar to the control group (103.3%
of control, SDnon-FRDA − 45.9) with no statistically significant differences (p=0.46). These
patients also serve as age-matched controls for FRDA-patients.

Frataxin protein levels were also measured in whole blood (Figure 3A–B). Similarly to
buccal cells, known carriers (n=18) and patients (n=52) show lower amounts of frataxin
protein (81.7% and 32.2% of control, respectively) compared to controls (n=19). There were
higher relative frataxin levels in whole blood from carriers and FRDA patients compared to
protein extracts from buccal cells. Although less than in buccal cell measurements, there is
some overlap between the three groups, which may partially be a result of intra-assay
variability. The values are reproducible with intra-assay CV values less than 8% under
different blood storage conditions (Table 5). Control blood samples contained frataxin at a
concentration of approximately 30 pg/µl of prepared whole blood (data not shown).

Analysis of Patient Data
A strong inverse hyperbolic correlation (R2 = 0.650, p<0.001) exists between patient age of
onset and GAA repeat length on the shorter allele for the patients in our sample group
(Figure 4A), in agreement with other studies [10,23]. Frataxin protein levels from buccal
cell extracts of FRDA patients also correlated with GAA repeat length of the shorter allele
(R2 = 0.153, p<0.001) and even more so with the age of onset (R2 = 0.241, p<0.001) (Figure
4B–C). These data suggest that the immunoassay captures information relating to the disease
severity.
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Interestingly, frataxin levels also correlated with age (R2 = 0.155, p<0.001) in FRDA
patients. To separate the effect of multiple covariates of subject age that could secondarily
alter frataxin levels, we used linear regression analysis using frataxin levels as the dependent
variable and age, sex, and GAA repeat length as independent variables. In controls and
carriers, GAA repeat length was not included. In control samples, age at buccal cell
collection did not predict with frataxin levels in models accounting for sex (p=0.48 for age,
p=0.39 for sex, R2 = 0.03, n=31), indicating that age does not alter frataxin levels in control
subjects. Similar results were noted with carriers (p=0.78 for age, p=0.40 for sex, R2=0.03,
n=34). In contrast, among FRDA patients GAA repeat length was highly predictive of
frataxin level (p=0.002) as was age (p=0.001, R2=0.21), with older age predicting higher
frataxin levels. Sex did not predict frataxin levels (p=0.94); this reveals the presence of age
dependence of frataxin levels in our patient cohort.

We also assessed whether quantification of disease progression by neurological exam
predicted frataxin scores. While there was no correlation between FARS exam scores and
frataxin levels (p=0.24, R2=0.02), in multivariate linear regression models FARS exam
scores did predict frataxin levels when age was accounted for (p=0.000 for age, p=0.002 for
FARS, R2=0.29, n=86). However, when models accounted for GAA repeat length, FARS
scores did not predict frataxin levels. Likewise, FARS scores were not predicted by frataxin
when taking GAA repeat length into account (p=0.424 for frataxin, p=0.398 for GAA,
R2=0.03). This shows that clinical severity does reflect frataxin level, but clinical severity
does not predict levels to the degree predicted by genetic severity.

MLPA Analysis Identifies a Novel Deletion
Approximately 96–98% of all FRDA patients carry an expanded GAA repeat on both alleles
of the FXN gene, while the remaining 2–4% are compound heterozygotes for an expanded
GAA repeat on one allele and a deleterious point mutation within the FXN gene on the other
allele [1,12,13]. During the course of our work, we identified eleven patients who had
phenotypes that were similar to FRDA but who did not have pathogenic mutations identified
on each allele, including two with only a single point mutation. Seven of these patients had
reduced frataxin levels detected in buccal cell samples, with six of them in the low end of
the patient range (Table 6). One patient (P.A.011) had levels of frataxin below the range of
detection and thus was given a “0” value. We screened a subset of these patients for a
possible deletion in the FXN gene using multiplex ligation-dependent probe amplification
(Table 6). Five of the six patients tested were negative for any deletions within the FXN
gene, but one patient carried a novel heterozygous partial deletion that included exons 2 and
3 indicated by a decrease in amplification of the associated primer pairs (Figure 5 bottom).
This mutation appears to be deleterious as indicated by the lower frataxin levels and FRDA-
like phenotype the patient displays. These data further confirm the wide spectrum of
deleterious FXN mutations and indicate that other patients likely carry deleterious mutations
that remain to be characterized.

Discussion
In the current study, we have shown that a rapid, lateral-flow immunoassay can be used to
noninvasively assess disease severity in FRDA patients, measure frataxin levels in a clinical
research study format, and serve as a complementary diagnostic tool. This assay identifies
differences in frataxin protein levels between controls, carriers, and patients in buccal cells
and whole blood. Protein extracted from purified PBMCs and platelets also showed clear
differences (data not shown), although the isolation procedure is more involved and thus not
ideal for clinical trial settings.
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While frataxin levels correlate with age of onset and GAA repeat length (Figure 4B, 4C),
there was no correlation between FARS (Friedreich ataxia rating scale) scores and frataxin
levels, indicating that frataxin levels match biologic severity of disease but remains
unaffected by clinical status unless one accounts for subject age (noted in linear regression
models). Thus, the simplicity of the lateral flow assay makes it useful in clinical research
studies alongside clinical measures. It provides a biologic measure, not a clinical measure,
which can be useful in assessing therapies designed to alter the steps leading to frataxin
deficiency.

Although there are clear differences between the controls and carriers, there also appears to
be substantial overlap between the two groups, which could be explained by a number of
factors. Overall, none of the IQRs intersect between any of the three groups, suggesting that
it is mainly outliers responsible for some of the overlap. Some of the patient overlap with
other groups may again be attributed to late-onset and other less severely affected FRDA
patients. Similar results are seen in platelet and PBMC samples (data not shown), suggesting
that this overlap is seen in multiple tissues that are unaffected in FRDA. There are several
explanations for this. Frataxin may be an inducible protein in some situations, and it may be
the inability to increase frataxin levels that gives rise to disease [24–26]. If this were true,
then samples from subjects could easily vary from day-to-day depending on many factors,
including diet and time of day, thus explaining the highly variable results in controls. In
addition, it would explain the overlap in unaffected tissue by presuming that frataxin levels
in affected tissues are always being induced. Similarly, identification and characterization of
outliers may lead to discovery of additional genetic modifiers of frataxin levels, and thus
provide new targets for therapeutic intervention and recovery of frataxin levels in FRDA
patients.

However, the complex age relation of frataxin levels in patients may play a role in the
overlap between groups. Our data show that within the patient group only, age predicted
frataxin level when accounting for GAA repeat length. This could reflect statistical
considerations in a failure to completely account for effects of shorter GAA repeat length in
older subjects; there were no advanced-aged early-onset patients in the cohort, and all of the
older patients were less severely affected late-onset FRDA patients indicating a patient
selection bias in our sample population. However, this could not explain the levels of the
least severely affected patients being found in the normal range. Thus, the age relation also
could reflect biological factors related to age if cells carrying shorter GAA repeats were
selected for over the course of aging. As somatic variability is shown to exist in FRDA, this
provides a reasonable explanation for the age dependence of frataxin levels as well as the
overlap between control and patient groups [27,28]. In addition, increased frataxin levels
with age may be accounted for by contraction of the longer GAA repeats as seen in vivo,
thus adopting the properties of cells from less severely affected patients with smaller GAA
repeat length [29].

We measured frataxin levels in eight compound heterozygous patients with an expansion on
one allele and a known point mutation on the other allele (Table 4); all eight patients display
reduced frataxin levels with seven of the eight in the lower FRDA patient range. However,
protein levels did not correlate with phenotypic severity. Patients heterozygous for the
G130V mutation often present with a milder, atypical phenotype, but we have shown that
they still have frataxin protein levels <15% of controls [30]. In contrast, they have roughly
50% of normal mRNA levels, consistent with this mutation leading to loss of protein after
translation of the altered transcript [30]. One patient with a severe phenotype with the
W155R mutation, at an evolutionarily conserved residue of frataxin protein, was assayed to
have 17.9% frataxin compared to controls, levels similar to other compound heterozygous
and homozygous FRDA patients.
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In our study we have come across a few patients missing an expansion, a deleterious point
mutation, or both (Table 6). Although they theoretically exist, no double-point mutation
patients with normal GAA repeat lengths have been reported, as null mutations are likely
embryonic lethal. There must be other deleterious mutations that account for patients that
still display an FRDA-like phenotype but have only one or no detectable mutation in the
FXN gene. Zühlke, et al (2004) have detected a heterozygous 2776 bp deletion including
exon 5a in one of their patients that resulted in a 50-residue deletion in the frataxin protein
[31]. Here, we measured frataxin levels in ten of eleven patients that exhibit an FRDA-like
phenotype that do not have a FXN gene mutation (GAA expansion or point mutation) on
both alleles (Table 6). MLPA analysis on six of these patients revealed a novel deletion
encompassing exons 2 and 3 of the FXN gene in a patient with a single GAA expansion
(Figure 5). It is possible that the five patients testing negative in the MLPA analysis are
actually carriers that registered positive for low frataxin in the immunoassay. The carrier
frequency for FRDA is approximately 1:100, so they could have potentially been in the low
range of carrier frataxin levels. However, these individuals do have a phenotype resembling
FRDA, suggesting that they may in fact have an as yet undetected mutation resulting in
disease. Taken together, these reports all indicate that the spectrum of mutations for FRDA
is wider than originally anticipated.

Abbreviations

FRDA Friedreich ataxia

FXN frataxin

FXN frataxin gene

MLPA multiplex ligation-dependent probe amplification

GAM goat anti-mouse IgG

CV Coefficient of Variation

IQR Interquartile Range

PBMC peripheral blood mononuclear cells

FARS Friedreich ataxia rating scale
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Figure 1.
A. The assay remains sensitive and in the linear range through 500 pg of recombinant
frataxin protein (n=3), higher than the amount of frataxin in 10 µg of total extracted protein
from buccal cells (Figure 1C). Y-error bars show standard deviation. B. Normalized to
GAM signal, the assay remains sensitive and in the linear range through 4000 pg of
recombinant frataxin protein (n=3), levels much higher than the amount of frataxin in 10 µg
of total extracted protein from buccal cells (Figure 1C). Y-error bars show standard
deviation and show that error increases with increased signal, but variance remains
consistent. C. The standard curve of a representative control (n=3, 0.899 µg/µl) using 0, 1,
2, 5, 10, 20, and 50 µg of total protein extracted from a cheek swab shows the assay remains
in the linear range between 0–20 µg -- levels easily obtained from a typical cheek swab. All
samples were normalized to 0 µg dipsticks and corrected for the completion of the assay
(GAM) of the negative control. Y-error bars show standard deviation.
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Figure 2.
Lateral flow immunoassays showed significant differences between controls, known carriers
and patients in collected buccal cell samples. A. Frataxin protein levels in buccal cells
collected from controls (n=40), known carriers (n=81), patients (n=195), and non-FA
movement disorder (MD) patients (n=15). Buccal cells were collected and assayed as
described in the Methods section, and data is expressed as frataxin, % of average control for
that day’s experiment. The carrier group contains 3 outliers (>1.5*IQR above/below
quartiles), while the patient group contains 9 outliers. The p-values (Student’s t-test) were
calculated for two samples assuming equal variance. B. Average frataxin protein levels in
buccal samples collected in A. (expressed as % of control). Known carriers (n=81) and
patients (n=195) show significant decreases in frataxin protein (50.5% and 21.1% of control,
respectively) compared to controls (n=40).
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Figure 3.
Lateral flow immunoassays also showed significant differences between controls, known
carriers and patients in whole blood samples. A. Frataxin protein levels in whole blood
samples collected from controls (n=19), known carriers (n=18), and patients (n=52). Protein
from whole blood was extracted and assayed as described in the Methods section, and data
is expressed as frataxin, % of average control for that day’s experiment. FRDA patients
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show significant decreases in frataxin protein compared to carriers and controls. The control
group contains 3 outliers (>1.5*IQR above/below quartiles) carrier and patient groups
contain 1 outlier. The p-values (Student’s t-test) were calculated for two samples assuming
equal variance. B. Average frataxin protein levels in whole blood collected in A. with
standard error Y-error bars (expressed as % of control). Similarly to buccal cells, known
carriers (n=18) and patients (n=52) show significantly less amounts of frataxin protein
(81.7% and 32.2% of control, respectively) compared to controls (n=19).
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Figure 4.
There are distinct relationships between frataxin levels and severity of disease. A. We
confirm the suggested inverse relationship between patient age of onset and GAA repeat
length of the shorter allele (p<0.001). B. Measured frataxin levels inversely correlates with
GAA repeat length, suggesting that the assay is useful for assessing severity of disease in
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buccal cells (p<0.001). C. Age of onset correlates directly with measured frataxin levels
(p<0.001).
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Figure 5.
MLPA results for a normal control (top) and for P.A.001 (bottom) revealing a heterozygous
deletion of exons 2 and 3 of the FXN gene (arrows). Mutations in APTX and SETX genes are
involved in ataxia-ocular apraxia.
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Table 1

Summary of clinical and demographic values from FRDA patients

Sex (M/F, n=166) Age, years
(n=188)

Age of Onset,
years (n=183)

GAA Repeat
Range (n=171)

FARS (n=90)

81/85 3–76 2–63 41–1200 27.33–113

195 patients were involved in the study, but complete information for all patients could not be obtained.

FARS = Friedreich ataxia rating scale
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