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Abstract Friedreich ataxia (FRDA) is caused by a GAA
expansion in the first intron of the FXN gene, which
encodes frataxin. Four percent of patients harbor a point
mutation on one allele and a GAA expansion on the other.
We studied an Italian patient presenting with symptoms
suggestive of FRDA, and carrying a single expanded 850
GAA allele. As a second diagnostic step, frataxin was
measured in peripheral blood mononuclear cells, and
proved to be in the pathological range (2.95 pg/ug total
protein, 12.7 % of control levels). Subsequent sequencing
revealed a novel deletion in exon 5a (c.572delC) which
predicted a frameshift at codon 191 and a premature
truncation of the protein at codon 194 (p.T191IfsX194).
FXN/mRNA expression was reduced to 69.2 % of control
levels. Clinical phenotype was atypical with absent dys-
arthria, and rapid disease progression. L-Buthionine-sul-
phoximine treatment of the proband’s lymphoblasts
showed a severe phenotype as compared to classic FRDA.
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Introduction

Friedreich ataxia (FRDA; MIM#229300) is an autosomal
recessive neurodegenerative disorder [1]. The disease is
characterized by gait and limb ataxia, dysarthria, usually
absent tendon reflexes, bilateral Babinski sign, impairment
of position/vibratory senses [2]. The most common
molecular defect in FRDA is the homozygous trinucleotide
GAA expansion in the first intron of the FXN gene [3].
However, 4 % of patients harbor a point mutation on one
allele and a GAA expansion on the other allele. Frataxin is
a mitochondrial protein involved in iron—sulphur cluster
synthesis, heme biogenesis, iron binding/storage, and iron
chaperone activity [4].

To date, 46 mutations have been detected in the FXN
gene of FRDA patients (missense, nonsense, frameshift,
splice-site and deletion) [2, 5]. Phenotypic features of
patients harboring point mutations are often similar to
typical FRDA, although slightly different characteristics
are sometimes observed, which may cause confusion in the
clinical diagnosis [6-8]. We recently proposed frataxin
measurement as a second diagnostic step of patients in the
suspect of FRDA and heterozygous routine genetic testing
[9], and before FXN sequencing. We present clinical,
molecular, and cellular features in an additional FRDA
patient harboring a new mutation in FXN.

Materials and methods
Patients and controls
We collected blood samples from five classic FRDA

patients (cFA) with a homozygous GAA expansion on both
alleles, five FRDA GAA carriers, and five healthy controls.
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The Ethics Committee of our Institution approved the
procedure (n. 49/09). All individuals gave written informed
consent. The study was performed in accordance to the
Declaration of Helsinki.

Genetics

Amplification of the FXN gene (MIM#606829;
NM_000144.4), triplet repeat primed PCR for correct siz-
ing of the expansion, and PCR amplification of coding
exons and exon—intron boundaries of FXN were performed
as reported elsewhere [9]. Sequences were examined using
Sequence NavigatoreSeqScape2.6 software. The three-
dimensional structures of modeled wild-type and mutant
proteins were analyzed using Deep View Swiss PDB
viewer.

Scale for the assessment and rating of ataxias (SARA)

The SARA scale is a scale consisting of eight items (gait,
stance, sitting, speech disturbance, finger chase, nose-finger
test, fast alternating hand movements, heel-shin slide). The
scale can score from 0 to 40, with 40 being the worst
condition. The scale was validated in FRDA [10].

Frataxin and FXN/mRNA

Lateral flow immunoassay was used to determine frataxin
levels as reported elsewhere [11]. Briefly, peripheral blood
mononuclear cells (PBMCs) were extracted from whole
blood using Leucosep® tubes. PBMCs were lysed and total
protein was measured using the bicinchoninic acid assay.
Samples were assayed in duplicate and interpolated against
recombinant human frataxin (MSF31-MSF24, Mito-
Sciences, Eugene, USA).

Total mRNA from PBMCs was extracted with TRIzol®
reagent. Quality was checked with spectrophotometry and
agarose-formaldehyde electrophoresis. Total RNA was
reversely transcribed (High Capacity RNA-to-cDNA, Life
Sciences, Carlsbad, USA), and cDNA amplified using the
TagMan® Gene Expression Master Mix. mRNA was
quantified using a Gene Expression Assay for frataxin (Life
Sciences, catalog n. Hs00175940_m1) and standardized by
quantification of hypoxanthine phosphoribosyl-transferase
one as a reference gene. Relative expression was calculated
with the efficiency-calibrated model [12].

Cell culture

Lymphoblastoid cell lines (LCLs) were obtained from the
proband, one unrelated FRDA patient (genotype 1065/1065
GAA), and one control. A total of 300,000 cells were sub-
cultured in a final volume of 300 pL of experiment medium

(RPMI 1640, FBS 10 %, 2 mM L-Glutamine, 100 U/mL
penicillin, 100 pg/mL streptomycin), for each replicate
(total n = 9). Cells were incubated for 168 h with phosphate
buffered saline (PBS) or L-Buthionine-sulphoximine (BSO;
range 0.5-10 mM). Baseline was set at 0 h, immediately
before BSO or PBS addition. Cell viability was measured
with an automated Cell Counter (TClOTM, Bio-Rad Inc.).

Statistical analysis

Statistical analysis for frataxin and FXN/mRNA levels was
conducted by univariate ANOVA. Post hoc analysis was
performed with the Bonferroni multiple-comparisons test.
Comparisons of the proband’s FXN/mRNA expression and
frataxin was performed with a one-sample t-test, in the
attempt to compare the single values of the proband with
cFA, carriers, and controls.

BSO experiments were analyzed with the Generalized
Linear Model (GLM) for repeated measures. Viability was
analyzed without normalization (% X 100). Two
models were constructed. In the first, time was considered
as a within-subjects factor, and phenotype and BSO treat-
ment were both considered as between-subject factors. In
the second model, time was considered as a within-subjects
factor, whereas 15 groups were created to consider phe-
notype (three variables), and BSO treatment (five vari-
ables), and were set as the only between-subjects factor.
Mauchly’s test of sphericity could not be used because of
the presence of only two time points. Therefore, the within-
subjects effect was tested with multivariate tests using
Pillai’s trace, and with the within-subjects effects using the
lower-bound correction. A pairwise comparison, with
Bonferroni correction, was performed to identify signifi-
cant differences among groups. All variables were tested
for normal distribution with the Kolmogorov—Smirnov test.
P values of less than 0.05 were considered statistically
significant. Analysis was performed using SPSS software
version 18.0.3 for Mac OSX (IBM, Chicago, USA). Graphs
were generated with Prism 5.0c for Mac OSX (Graphpad,
La Jolla CA, USA).

Results
Patients and controls

Age, disease duration, GAA1, GAA2, point mutation of all
individuals included in the study is shown in Table 1.

Genetics

Amplification of the FXN gene of the patient showed a
heterozygous state with 850 GAA repeats in the expanded
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Table 1 Demographics and genetics of patients and controls

Age Disease duration GAALl GAA2 Point mutation
Proband 22 8 9 850 ¢.572delC
Proband’s mother 50 - 9 9 ¢.572delC
Proband’s father 50 - 7 1157 -
cFA 41.2 £ 12.1 22.1 + 10.2 690.8 £ 389.1 1030.8 £+ 222.1 -
Carriers 52 £9.7 - 15+£5 1187.2 £+ 138.8 -
Controls 282 +24 - 88 £ 64 9.8 £58 -

Part of the values are indicated as mean + SD

cFA Classic FRDA

allele and nine GAA repeats in the non-expanded allele.
Frataxin protein was measured, as a second step in the
diagnosis of FRDA, and was 2.95 pg/ug total protein

Fig. 1a). Modeled structure of mutated frataxin shows a
premature termination at the C-terminal of the o2-helix,
missing the terminal random coil (Fig. 1b).

(12.7 % of controls). Subsequent sequencing of all five

exons of the FXN gene, revealed a novel deletion in exon

Clinical description

5a (c.572delC). The same deletion was found in the

patient’s mother together with a non-expanded allele. The
patient’s father showed an expanded allele with 1157 GAA

repeats.

The mutation predicts a frameshift at codon 191 with a
shift from Threonine (T) to Isoleucine (I) and a premature
truncation of the protein at codon 194 (p.T1911fsX194;

Fig. 1 Molecular modeling.

a Wild-type human frataxin
from PDBsum databse (code
lekg) and mutant human
frataxin with sequence
annotated by structure (SAS). A
color code identifies the amino
acid conservation. b Swiss-PDB
ribbon diagram of wild-type
human frataxin Compact of3
sandwich (o helices red,
strands green, wild-type residue
blue). ¢ Swiss-PDB ribbon
diagram of mutated human
frataxin (c.572delC) Compact
o sandwich (o helices red, B
strands green, shifted residue
blue)
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The index case was a 20-year-old Italian Caucasian female.
Onset was at the age of 14 years with gait instability. She
was the only child of non-consanguineous parents, with
negative family history. The first examination, at the age of
20, showed: abnormal gait and stance with the ability to
stand and walk only with strong support, square waves in
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primary position, lateral gaze nystagmus, saccadic smooth
pursuit eye movements, upper and lower limbs weakness,
absent tendon reflexes, extensor plantar reflexes, mild fin-
ger-nose dysmetria, abnormal heel-shin slide, lower limb
reduced vibration/position sense, pes cavus, and scoliosis.
SARA score was 19, indicating a moderate ataxia. Routine
biochemistry showed a subclinical hypothyroidism,
slightly reduced vitamin A serum level. Inverted T waves
were present at the electrocardiogram. The patient under-
went a brain and cervical MRI that showed atrophy of the
cervical spinal cord with normal brain imaging. Neuro-
physiologic study showed a marked axonal degeneration of
peripheral sensitive and central corticospinal pathways.

The patient was re-evaluated 2 years later and showed a
clear worsening of the clinical picture. She became
wheelchair bound, developed slight dysarthria, and showed
a worsening of dysmetria. The SARA score was 26, indi-
cating a moderate-severe ataxia.

g-PCR of FXN/mRNA

Relative FXN/mRNA expression was 18.9 % of control
values for cFA (range 9.1-27.7), 50.1 % for GAA FRDA
carriers (range 44.5-59.9; Fig. 2a). FXN/mRNA levels
were significantly different between all groups (p < 0.001).
The patient (c.572delC/GAA850) showed 65.7 % of con-
trol mRNA, the mother (c.572delC) 77.7 %, the father
(GAA1157) 84.6 %. The one-sample ¢-test showed that the
proband’s FXN/mRNA expression was significantly dif-
ferent from cFA (p < 0.001), and controls (p < 0.01), no
difference was evident with GAA carriers (p = 0.169).

Frataxin levels

Mean + SD frataxin in cFA patients was 9.2 + 2.2 pg/ug
total protein (39.4 % of controls; range 5.6-11.6; Fig. 2b).
Frataxin in FRDA carriers was 14.6 & 2.4 pg/ng (62.9 %;
12.0-17.8). Frataxin in controls was 23.2 + 3.1 pg/ug
(20.2-27.9). Frataxin levels were different between all
groups (p < 0.001). Frataxin was 2.95 pg/pg for the pro-
band (12.7 % of controls), 10.05 pg/ng for the mother, and
12.35 pg/ug for the father. The one-sample #-test showed
significantly different levels between the proband’s fra-
taxin levels and cFA (p <0.01), FRDA carriers
(p < 0.001), and controls (p < 0.001).

Lymphoblastoid cell line (LCL) viability after BSO
treatment

At baseline viability for untreated LCLs was 70.0 % for the
control, 70.8 % for the cFA, and 48.1 % for the proband.
After 7 days untreated cells showed an absolute viability of
39.9, 38.1, and 33.0 % (Fig. 2c). This resulted in a viability

difference in the 0-168 h time frame of 14.4 % between
the proband and control (p < 0.0001), and 13.9 % between
the proband and cFA (p < 0.0001). BSO significantly
reduced viability, as compared to PBS, in a concentration
dependent manner with a different effect depending on the
phenotype (p < 0.0001; Fig. 2d). The proband suffered a
stronger effect of BSO as compared to control and to cFA
for all concentrations (p < 0.001). cFA showed a stronger
effect of BSO as compared to control for concentrations of
5 mM (p < 0.01), and 10 mM (p < 0.001).

Discussion

We describe a novel deletion in exon 5a of the FXN gene.
The clinical phenotype was different from classic FRDA
for the absence of dysarthria in the first disease stage, and a
rapid disease progression. The patient became wheelchair-
bound 8 years after disease onset, and worsened seven
points in the SARA scale during the last 2 years of
observation. This is clearly different from typical mile-
stones in FRDA progression (classic phenotype), where the
use of a wheelchair takes place 13.1 years after onset [13],
and where typical progression in the SARA score is 1.36
points/year [14].

Frataxin levels are reduced in cFA, and to a higher
extent in point mutation FRDA patients. We previously
proposed frataxin measurement as and intermediate step in
the diagnosis of suspect FRDA where the routine genetic
test reveals a heterozygous state [9]. The method proved to
be useful in clinical practice and lead us to the diagnosis of
the novel mutation.

Taking into account the limitations of our sample size
and the use of the one-sample 7-test, the proband showed a
reduced expression of FXN/mRNA of similar degree to
that of GAA expansion carriers. This may be explained by
the effect of the GAA expansion on one allele, whereas the
c.572delC on the other allele seems not to affect tran-
scription, as it does not further reduce FXN/mRNA
expression. On the contrary, frataxin protein level was
extremely low in the patient. These results are consistent
with the reported effects on expression and protein analysis
of previously reported point mutations [9, 15].

The new deletion crops the C-terminal of frataxin,
which does not appear to be well conserved through dif-
ferent species (Fig. la). Nevertheless, three-dimensional
models of frataxin have shown that the hydrophobic side
chains of Leu-198, Leu-200 and Leu-203, all truncated in
our patient, are essential for frataxin stability [16, 17].

BSO inhibits y-glutamyl cysteine synthase, the rate-
limiting enzyme, involved in the de novo synthesis of
glutathione, leading to its depletion. Glutathione is
involved in a variety of cellular functions: protection

@ Springer
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Fig. 2 Functional study patient carrying the 572delC mutation (filled
circle), patient’s mother (filled diamond; 9GAA/c.572delC), patient’s
father (filled square; 7/1157TGAA). a FXN/mRNA expression levels
in PMBCs. Box and whiskers plot (min to max) of FXN/mRNA
relative expression levels (mean of controls is set as 100 %).
b Frataxin protein levels in PMBCs. Box and whiskers plot (min to
max) of frataxin levels shown as pg/ug total protein. ¢ Cell viability at
0 and 168 h of untreated cells the c.572delC patient, a cFA patient
and control. Viability is shown as not-normalized percentage of live/

against oxidative damage by reacting with reactive oxygen
species, maintenance of the mitochondrial structure and
membrane integrity, cell differentiation and development
[18]. Cell viability after BSO exposure has been previously
used as a phenotypic model of FRDA, using control and
patient fibroblasts [19]. We were able to reproduce a
similar effect using LCLs, that are easier to culture than
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fibroblasts, can be obtained non-invasively, and have a
longer life span. Untreated LCLs of the patient showed a
lower viability at baseline and appeared to survive less than
control and cFA cells under starving conditions. The
¢.572delC deletion caused a severe phenotype after BSO
treatment, allowing us to phenotypically separate our
patient over cFA and controls. It is interesting to note that
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low concentrations of BSO, such as 0.5 mM, were able to
differentiate the proband and cFA, thus supporting the idea
that the mutation causes an increased sensitivity to oxida-
tive stress. We can speculate that altered protein stability
may contribute to the higher sensitivity of LCLs carrying
the deletion. This, in turn, could lead to a rapid degener-
ative process and be responsible of the observed rapid
disease progression.

In conclusion, we report a novel deletion in the FXN
gene, with slightly altered transcription, severely reduced
frataxin and higher oxidative stress sensitivity compared to
classic FRDA patients. The clinical picture is atypical with
a rapidly progressive phenotype.
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