
Please cite this article in press as: Paul et al., FDXR Mutations Cause Sensorial Neuropathies and Expand the Spectrum of Mitochondrial Fe-S-
Synthesis Diseases, The American Journal of Human Genetics (2017), http://dx.doi.org/10.1016/j.ajhg.2017.09.007
REPORT

FDXR Mutations Cause Sensorial Neuropathies
and Expand the Spectrum of Mitochondrial Fe-S-Synthesis Diseases

Antoine Paul,1 Anthony Drecourt,1 Floriane Petit,1 Delphine Dupin Deguine,2 Christelle Vasnier,3

Myriam Oufadem,1 Cécile Masson,1 Crystel Bonnet,4 Saber Masmoudi,5 Isabelle Mosnier,6

Laurence Mahieu,7 Didier Bouccara,6 Josseline Kaplan,1 Georges Challe,8 Christelle Domange,9

Fanny Mochel,10 Olivier Sterkers,6 Sylvie Gerber,1 Patrick Nitschke,1 Christine Bole-Feysot,1

Laurence Jonard,11 Souad Gherbi,12 Oriane Mercati,12 Ines Ben Aissa,12 Stanislas Lyonnet,1,13

Agnès Rötig,1 Agnès Delahodde,3,14 and Sandrine Marlin1,12,13,14,*

Hearing loss and visual impairment in childhood have mostly genetic origins, some of them being related to sensorial neuronal defects.

Here, we report on eight subjects from four independent families affected by auditory neuropathy and optic atrophy. Whole-exome

sequencing revealed biallelic mutations in FDXR in affected subjects of each family. FDXR encodes the mitochondrial ferredoxin reduc-

tase, the sole human ferredoxin reductase implicated in the biosynthesis of iron-sulfur clusters (ISCs) and in heme formation. ISC pro-

teins are involved in enzymatic catalysis, gene expression, and DNA replication and repair. We observed deregulated iron homeostasis in

FDXR mutant fibroblasts and indirect evidence of mitochondrial iron overload. Functional complementation in a yeast strain in which

ARH1, the human FDXR ortholog, was deleted established the pathogenicity of these mutations. These data highlight the wide clinical

heterogeneity of mitochondrial disorders related to ISC synthesis.
Hearing loss and visual defects havemostly genetic origins.

Several syndromes, including Usher (OMIM: 276903) and

Wolfram syndromes (OMIM: 606201), are associated

with hearing and visual impairments. Sensorial neuropa-

thies are less frequent than cochlear and retinal defects.

Auditory neuropathies (ANs) represent about 8% of

congenital deafness,1,2 and the prevalence of optic atrophy

(OA) is 1/40,000.3 The association between ANs and OA

can be part of a multiorgan syndrome, usually implicating

other neurologic systems. Examples include Friedreich

ataxia (OMIM: 606829), Charcot-Marie-Tooth disease

(OMIM: 159440), Brown-Vialetto-Van-Laere syndrome

(OMIM: 614707), and Mohr-Tranebjaerg syndrome

(OMIM: 304700). The AN-OA association is due to specific

rare OPA1 (OMIM: 605290) and TMEM126A (OMIM:

612988) mutations.4,5 Interestingly, several of the impli-

cated genes encode mitochondrial proteins.

Here, we report on eight subjects, two boys and six girls,

from four different families (F1–F4) affected by AN andOA.

The first clinical signs were observed during childhood or

adolescence. The four families are from different origins

(F1—Tunisia; F2—Algeria; F3—France; and F4—Azerbaijan

and Russia). All parents were healthy, and there were no

cases of sensorial defect in any relatives. Recurrence of
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the AN-OA was observed in two families, F1 and F4, with

2/5 and 2/4 of the children being affected, respectively

(Figure 1, Table 1, and Supplemental Note). Consanguinity

was noted only in family 1. All subjects were born at term,

after normal pregnancy and delivery, with normal param-

eters. They all had normal psychomotor development

except that subject 7 had a slight language delay; she spoke

her first words at 2 years of age (Table 1 and Supplemental

Note). For all subjects the diagnosis of AN was made on the

basis of severe impaired auditory brainstem responses

(ABRs), discrepancies between tonal and vocal audiometry,

and the presence of otoacoustic emissions on both ears

(Figure S1A). All subjects underwent ophthalmological

fundus, electroretinogram (ERG), visual evoked potential

(VEP) tests, and optic coherence tomography (OCT) and

showed a bilateral defect of the optic nerves (Figure S1B).

Magnetic resonance imaging (MRI) of cerebral and tempo-

ral bones did not reveal any abnormalities in supra-tento-

rial regions, posterior fossa, or inner ears (data not shown)

in any index cases. Subjects 1–5 and 7–8 had isolated

sensorial neurologic defects. Bilateral retinitis pigmentosa

was diagnosed in subject 6 at 2 years of age because of

low vision and nystagmus. ERG waves were indiscernible,

and the fundus was altered. At the age of 20, his neurologic
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Figure 1. Pedigree of the Investigated Families
FDXR variants are reported according to GenBank: NM_024417.4.
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examination showed only hypopallesthesia of the lower

limbs. His cerebral MRI spectroscopy study and electro-

myogram were normal at this age.

None of the index cases (subjects 1 and 5–7) harbored

mutations in OPA1, TMEM126A, or mitochondrial DNA.

Molecular analysis of 35 different genes involved in severe

congenital retinitis pigmentosa did not identify any causa-

tive variation. Because of a high degree of consanguinity in

family 1 and the absence of disease in any parent,

autosomal-recessive inheritance was hypothesized, and

whole-exome-sequencing (WES) for subjects 1 and 3 was

performed. Informed consent for diagnostic and research

studies was obtained for all subjects in accordance with

the Declaration of Helsinki protocols, and the local institu-

tional review boards in Paris (Comité de Protection des

Personnes, Ile de France II) approved the study.

DNA was extracted from leucocytes. Exome capture was

performed with the Sure Select Human All Exon kit (Agi-

lent Technologies). Agilent Sure Select Human All Exon

(58 Mb, V6) libraries were prepared from 3 mg of genomic

DNA sheared with an Ultrasonicator (Covaris) as recom-

mended by the manufacturer. Barcoded exome libraries

were pooled and sequenced with a HiSeq2500 system (Illu-

mina), generating paired-end reads. After demultiplexing,

sequences were mapped on the human genome reference

(NCBI build 37, hg19 version) with BWA. Variant calling

was carried out with the Genome Analysis Toolkit

(GATK), SAMtools, and Picard tools. Single-nucleotide var-

iants were called with GATK Unified Genotyper, whereas

indel calls were made with the GATK IndelGenotyper_v2.

All variants with a read coverage %23 and a Phred-scaled

quality %20 were filtered out. All the variants were anno-

tated and filtered with PolyWeb, an in-house-developed

annotation software. For subject 1’s library, a 863 mean

depth of coverage was obtained, and 86% of the targeted

exonic bases were covered by at least 15 independent

sequencing reads (86% at 153). The mean depth of
2 The American Journal of Human Genetics 101, 1–8, October 5, 201
coverage obtained for the exome library of subject 3

was 1063, and >97% of the targeted exonic bases were

covered by at least 15 independent sequencing reads

(>97% at 153). Variant-filtering strategies and familial

segregation led to the identification of only one homozy-

gous variant shared by subjects 1 and 3 in FDXR

(NM_024417.4): c.916C>T (p.Arg306Cys). This allele has

been reported with a frequency of 8.85 3 10�6, 1/112999

alleles (ExAc Browser Beta). We detected the FDXR

c.916C>T homozygous variation in subjects 1–4 by Sanger

sequencing (Figure S2). This variation co-segregated with

the disease as expected for autosomal-recessive inheritance

(Figure 1). We subsequently performed FDXR Sanger

sequencing in subjects 5–8. Subject 5 was found to be

compound heterozygous for the same c.916C>T FDXR

variation and for c.1255C>T (p.Gln419*). Unfortunately,

we did not have access to DNA of other members of this

family. Subject 6 had two compound heterozygous

missense variations: c.724C>T (p.Arg242Trp) and

c.979C>A (p.Arg327Ser) (Figure 1 and Figure S2). Subjects

7 and 8 were found to be compound heterozygous for two

other missense mutations, c.643C>G (p.Leu215Val) and

c.1429G>A (p.Glu477Lys) (Figure 1 and Figure S2). DNA

of other family members was not available. The pathoge-

nicity clues for these FDXR variations are presented in

Table 1. No FDXRmutation could be found in 12 indepen-

dent subjects who demonstrated hearing loss due to a

cochlear defect and optic atrophy, 12 subjects with isolated

auditory neuropathy, 58 subjects with isolated optic atro-

phy, or four subjects with auditory neuropathy associated

with peripheral neuropathy.

FDXR (OMIM 103270) encodes a mitochondrial

NADPH: adrenodoxin oxidoreductase or ferredoxin reduc-

tase, the sole human ferredoxin reductase involved in the

biosynthesis of iron-sulfur (Fe-S) clusters and heme forma-

tion.6–8 We built a structural-homology model of ferre-

doxin reductase on the basis of the crystal structure of
7



Table 1. Clinical Data of Affected Individuals and FDXR Genotypes

Families F1 F2 F3 F4

Familial origin Tunisia Algeria France Russia and Azerbaijan

Individuals 1 2 3 4 5 6 7 8

Genders F F F F M M G G

Onset of hearing
defect

13 yr 13 yr 15 yr 11 yr teenage 20 yr 17y 5y

Hearing phenotype BAN BAN BAN BAN BAN BAN BAN BAN

Onset of visual
defect

13 y 13y 36y 31y 31y 2 and 20y Childhood 17y

Visual phenotype BOA BOA infraclinical
BOA

infraclinical
BOA

infraclinical
BOA

BRP and BOA BOA BOA

FDXR variations c.916
C>T Ho

c.916
C>T Ho

c.916
C>T Ho

c.916
C>T Ho

c.916 C>T
c.1255 C>T

c.724C>T,
c.979C>A

c.643C>G,
c.1429 G>A

c.643C>G,
c.1429 G>A

Protein change p.Arg306Cys p.Arg306Cys p.Arg306Cys p.Arg306Cys p.Arg306Cys,
p.Gln419*

p.Arg242Trp,
p.Arg327Ser

p.Leu215Val,
p.Glu477Lys

p.Leu215Val,
p.Glu477Lys

ExAC browser
allele frequency

8.85 3 10�6 8.85 3 10�6 8.85 3 10�6 8.85 3 10�6 8.85 3 10�6

0
0 0 0

Score prediction,
SIFT

0.585 0.585 0.585 0.585 0.04
NA

0
0.3

0
0.03

0
0.03

Score prediction,
Mutation Taster

1 1 1 1 1
NA

1
1

1
1

1
1

F1–4: families 1–4. M: male. F: female. BAN: bilateral auditory neuropathy. BOA: bilateral optic atrophy. BRP: bilateral retinitis pigmentosa. Ho: homozygous. NA:
not available.
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Bos taurus ferredoxin reductase (Figure 2A). This in silico

modeling showed that the amino acids modified by the

mutations are scattered in various parts of the protein

but are not located in FAD or Fe-S binding sites. Three

amino acid changes are predicted to create new H bonds:

p.Leu215Val with Ala211 and Leu212, p.Arg242Trp with

Leu279, and p.Arg327Ser with Gln313 (Figures 2B, 2C,

and 2E). On the contrary, p.Arg306Cys is predicted to

abolish the H bond with Glu349 (Figure 2D). These modi-

fications are thus expected to destabilize ferredoxin reduc-

tase. Indeed, immunoblot analyses showed a major

decrease of ferredoxin reductase in fibroblasts of subjects

1 and 5 (Figure 3A). To assess the consequences of FDXR

mutations on ISC synthesis, we measured in-gel activity

of mitochondrial and cytosolic aconitase, both containing

ISC, that were found to be decreased (Figure 3B). Moreover,

the amounts of heme oxygenase (HO-1) (Figure 3B) and

SDHB, an iron-sulfur cluster (ISC)-containing subunit of

respiratory chain complex II (Figure 3D), were severely

decreased in subjects’ fibroblasts. Finally, we also observed

decreased activities of complexes I and III in these cells

(Table 2). No fibroblasts were available for other affected

subjects.

Several mitochondrial proteins are involved in ISC

assembly; these include frataxin, encoded by FXN

(MIM: 606829), themutations of which result in Friedreich

ataxia.11 In yeast, Arh1 and Yfh1, the orthologs of human

ferredoxin reductase and frataxin (FXN), respectively,

are two factors involved in the first step of ISC assembly.

Considering that (1) human FXN mutations induce
The
mitochondrial iron accumulation and decreased activity

of ISC enzymes,8,12 (2) yeast Yfh1 defects result in

mitochondrial iron overload,13 and (3) yeast Arh1 defects

induce a cellular iron uptake and disturbed iron trafficking

within the cell,14 we examined iron homeostasis in fibro-

blasts of subjects with FDXR mutations. Iron enters cells

either via internalization of transferrin (Tf)-bound iron

by transferrin receptor 1 (TfR1)-mediated endocytosis or

by non-Tf-bound iron (NTBI) uptake.15,16 An increase

of the TfR1 steady-state level was observed in the fibro-

blasts of subjects 1 and 5 compared to control (187% and

184% of the control amount, respectively), and highly

elevated amounts of mitochondrial superoxide dismutase

2 (SOD2) were also observed (Figure 3A and Figure S3). In

keeping with this, increased mitochondrial superoxide

production in S1 and S5 fibroblasts was detected by flow

cytometry with MitoSOX (Figure 3C). These results suggest

that mutations in the gene encoding ferredoxin reductase

induce abnormal iron uptake by TfR1 and that they result

in a major oxidative stress in mitochondria. Homeostasis

of cellular iron is regulated by a post-transcriptional mech-

anism that involves iron-regulatory proteins (IRPs) and

that modulates TfR1 levels, so that iron uptake does not

take place in high-iron conditions. When grown for

3 days in low-iron conditions (fetal beef serum [FBS]-free

DMEM, i.e., devoid of Tf-bound iron), a major increase in

the ferritin steady-state level was observed in cultured fi-

broblasts of subject 1 and to a lesser extent those of subject

5 (Figure 3D and Figure S3), reflecting iron overload. Ferric

ammonium citrate (FAC) is a soluble form of iron known to
American Journal of Human Genetics 101, 1–8, October 5, 2017 3



Figure 2. Ferredoxin Reductase Mutations
(A) Three-dimensional representation of the crystal structure of beef ferredoxin reductase (PDB: 1CJC). Blue and green sticks illustrate
flavin adenine dinucleotide and sulfate ion, respectively. The mutated residues are highlighted in pink.
(B–E) H-bond modification resulting from p.Leu215Val, p.Arg242Trp, p.Arg306Cys, and p.Arg327Ser changes.
(F) Sequence alignment of ferredoxin proteins from various species. The arrows indicate the amino acid changes.

Table 2. Respiratory-Chain Enzyme Activities in Cultured Skin
Fibroblasts

S1 S5 C

Absolute Activities (nmol/min/mg protein)

CI 7 6 14 5 3

CII 29 26 22 5 2

CIII 82 125 190 5 23

CIV 61 144 107 5 14

CV 10 14 21 5 3

Activity Ratios

CI/CII 0,23 0,22 0,57 5 0,11

CIII/CII 2,9 4,9 8,8 5 0,8

CIV/CII 2,1 5,7 4,7 5 0,5

CV/CII 0,34 0,56 0,87 5 0,09

CI–V: complexes I–V. Abnormal values are shown in bold.
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enhance NTBI uptake in fibroblasts17 by a poorly under-

stood mechanism that might involve the endocytic

pathway.16 After 3 days of incubation with FAC, control

cells increased amounts of ferritin as expected, but S1

and S5 fibroblasts displayed a much higher ferritin

steady-state level, showing that both fibroblast cultures

abnormally increased their iron content (Figure 3D and

Figure S3). As expected, in high-iron conditions, amounts

of ACO1 (also called IRP1) decreased in control and sub-

jects’ fibroblasts, and amounts of TfR1 decreased in control

cells. Cultured fibroblasts of subject 5 also had decreased

amounts of TfR1 in high-iron conditions, but not only

did TfR1 amounts fail to decrease in S1 fibroblasts, they

actually increased, allowing abnormal iron uptake. We

therefore quantified iron content in fibroblasts. When

grown in low-iron conditions (no FAC and no FBS), control

and affected individual fibroblasts showed a similar

amount of iron. After a 3 day incubation with FAC,

FDXR mutant fibroblasts exhibited a major increase in

cellular iron content (a 50- and 100-fold change for S5

and S1, respectively), whereas control fibroblasts displayed

a 2- to 3-fold upregulation (Figure 3E and Figure S3).

Accordingly, SOD1 and SOD2 increased in high-iron con-

ditions, reflecting the oxidative stress induced by iron
4 The American Journal of Human Genetics 101, 1–8, October 5, 201
overload. Nevertheless, mitochondrial ROS production

was not modified in high- versus low-iron conditions

(Figure 3C), suggesting that SOD2 induction efficiently

protects against ROS overproduction. The mitochondrial
7



Figure 3. A Defect in Ferredoxin Reduc-
tase Results in Deregulation of Iron Ho-
meostasis
(A) Decreased steady-state levels of ferre-
doxin reductase (upper panel) and
increased steady-state levels of TfR1
and SOD2 (lower panel) in fibroblasts of
subjects 1 and 5 (S1, S5). Controls (C1
and C2) are representative of three con-
trols. Fibroblasts were grown in DMEM
with 10% FBS. Ferredoxin reductase was
studied in reducing conditions, and SOD2
and TfR1 were studied in non-reducing
conditions so that TfR1 dimerization
would be maintained. GAPDH was used
as a loading control.
(B) Upper panel: in-gel aconitase assays re-
vealed decreased mitochondrial (m-aco)
and cytosolic (c-aco) aconitases in S1
and S5 fibroblasts compared to controls
(C1–3).9 Lower panel: decreased HO-1
steady-state levels in S1 and S5 fibroblasts.
C1–3: controls 1–3.
(C) Measurement of mitochondrial reac-
tive oxygen species (ROS). Fibroblasts
were grown in low- (-FAC) or high-
(þFAC) iron conditions, and ROS amounts
were similar in both conditions for control
(C is representative of three controls) and
subjects 1 and 5. The figure presents the
ROS content in high-iron conditions. The
numbers represent the percent of fluores-
cence intensity of subjects’ fibroblasts
compared to controls. ROS were measured
as previously described.10

(D) Steady-state levels of proteins involved
in iron homeostasis. TfR1, SOD1, and
SOD2 were studied in non-reducing condi-
tions, ferritin (FTH, FTL), ACO1, ACO2,
and SDH were studied in reducing condi-
tions in controls (C1–2), and FDXR fibro-
blasts grown in FBS-free DMEM medium
were studied in low (-FAC) and high-
(þFAC) iron conditions. GAPDH was used
as a loading control.
(E) Iron quantification using the ferrozine-
based colorimetric assay in fibroblasts of
controls (C1–C4) and FDXR subjects (S1,
S5) grown in FBS-free DMEM medium
and low- (-FAC) or high- (þFAC) iron con-
ditions. The data are the means 5 SEM of

three independent experiments. A Student-Newman-Keuls ANOVA multifactorial test was used. ***p < 0.001.
We harvested cultured skin fibroblasts on ice by scraping cells in reducing (2 mM DTT, denaturation at 95�C for 5 min) or non-reducing
(no DTT, no heat denaturation) cell lysis buffer. SDS-PAGE was performed on whole-cell protein extracts in 10% or 7.5% acrylamide gel
for reducing and non-reducing conditions, respectively. Immunodetections were performed in PBS with 5% milk and 0.05% Tween
20 (SIGMA) and the following antibodies: mouse anti-TfR1 (ab108985), rabbit anti-ferritin (ab75973), rabbit anti-FDXR (ab204310), rab-
bit anti-HO1 (Enzo Life Sciences, ADI-SPA-896), mouse anti-SOD1 (ab86454), mouse anti-SOD2 (ab125702), rabbit anti-GAPDH
(ab62489), rabbit anti-ACO1 (ab126595), rabbit anti-ACO2 (ab129069). HRP-conjugated goat anti-mouse IgG H&L (ab6789), or goat
anti-rabbit IgG (ab6721) were used as secondary antibodies before ECL-based detection (SuperSignal18 West Dura, Thermo Scientific).
Images were visualized on a CCD camera (BioRad) and analyzed with ImageLab software (BioRad).
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aconitase (ACO2) and SDHB amounts were decreased in

subjects’ fibroblasts in low- and high-iron conditions

because of the ISC defect induced by FDXR mutations.

Altogether, these results suggest that the defect in ferre-

doxin reductase induced a failure to repress iron uptake,

as previously demonstrated in FDXR knock-down human

cells18 and in ARH1-deficient yeast cells.14
The
To definitively demonstrate the pathogenic nature of the

identified FDXR mutations, we studied their effect on the

growth of a Saccharomyces cerevisiae strain in which ARH1

was deleted. Yeast mitochondrial Arh1 shares 35% identity

with ferredoxin reductase (Figure 2F) and is essential

for cell viability. Consistent with previous studies,19 the

ARH1-nullmutation (arh1D) led to lethality thatwas rescued
American Journal of Human Genetics 101, 1–8, October 5, 2017 5



Figure 4. Functional Complementation
Assay of the Yeast arh1DMutant Strain Ex-
pressing Either the Wild-Type FDXR or the
FDXR Mutants
(A) Growth on synthetic dextrose (SD)
with or without 5-fluoroorotic acid
(5-FOA) of arh1D and not D cells express-
ing the yeast wild-type ARH1 and trans-
formed with the wild-type FDXR (wt),
the FDXR mutants, or the corresponding
empty plasmid (-) under the control of
the strong PGK promoter. 5-FOA treat-
ment, as described by Boeke,20 eliminates
the plasmid encoding the yeast ARH1 and
allows one to evaluate growth capability
of the arh1D cells expressing only FDXR
or its mutated forms.
(B) Growth after 5-FOA treatment of wt
cells (BY4741) and arh1D cells expressing
wtARH1, FDXR, or the FDXR mutants.
Cells were spotted onto fermentable
(YPD) or non-fermentable (YPG) plates.
Drop dilution growth tests were performed
at 1/10 dilution steps, and plates were
incubated for 3 days at 28�C.
(C) FDXR mutations affect aconitase activ-
ity. Aconitase assays on crude yeast extracts
from arh1D cells expressing the wild-type
FDXR (wt) or the mutant forms Arg306Cys
and Leu215Val are shown. Cells were
grown to mid-logarithmic phase, and total
crude extracts were prepared and analyzed
for aconitase activity as previously
described.21 Consumption of cis-aconitate
was monitored spectrophotometrically at
240 nm at a molar absorption of 3,600
M�1 3 cm�1. Activities shown are an
average of two independent experiments.
Error bars indicate SD.
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byoverexpressionofARH1 (Figures 4A and4B).Usingawell-

known plasmid-shuffling system,20 we found, contrary to

findings of the Manzella study,19 that overexpression of

wild-type (wt) human FDXR cDNA was able to rescue

arh1D lethality (Figures 4A and 4B), demonstrating that

FDXR is the true functional ortholog of ARH1, as suggested

by Webert et al.,22 who used purified human ferredoxin

reductase instead of Arh1 in an in vitro reconstitution of

yeast Fe/S cluster synthesis on Isu1. Subsequently, we intro-

duced amino acid changes into the ferredoxin reductase

sequence for 3/5 missense mutations. p.Arg242Trp was

completely unable to complement the arh1D growth defect

(Figure 4A), indicating that this mutation disrupts the ferre-

doxin reductase function. p.Arg306Cys and p.Leu215Val

changes did not modify cell growth in this condition but

induced a growth defect on non-fermentable (respiratory)

substrate (YPG, Figure 4B). Because Arh1 is required for ISC

assembly, we further measured the enzyme activity of

mitochondrial aconitase, which contains an ISC. Spectro-

photometric analyses revealed that aconitase activity in

arh1D cells expressing p.Arg306Cys and p.Leu215Val was

decreased in comparison to that in cells expressing WT

Fdxr (Figure 4C), thus confirming the deleterious nature of

the FDXR variants.
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By using exome sequencing, we found mutations in the

gene encoding the mitochondrial ferredoxin reductase in

eight subjects from four independent families, and func-

tional studies in yeast clearly established that the varia-

tions tested cause disease in these subjects. Mutations in

several genes involved in ISC assembly have been reported

in human diseases (Friedreich ataxia due to FXNmutations

is the most frequent).11 These mutations result in a wide

panel of variably severe clinical presentations, ranging

from fatal infantile leukodystrophy to mitochondrial

myopathy.23 Interestingly, whereas mutations in FDX1L,

encoding ferredoxin-2 (FDX2), result in mitochondrial

myopathy and myoglobinuria,24 we showed here that

mutations in the gene encoding its reductase (FDXR) result

in sensorial neuropathies. Those points highlight the wide

clinical heterogeneity of mitochondrial disorders even

when the disease-causing mutations arise in a same

pathway. Ferredoxin reductase is also able to reduce ferre-

doxin-1 (FDX1), which is not involved in ISC assembly

but rather in steroid metabolism. Nevertheless, none of

the subjects with FDXR mutations show any defect in ste-

roid metabolism, suggesting that these specific mutations

do not modify FDX1 function or steroid metabolism.

Why FDXR mutations result in sensorial neuropathies is
7
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intriguing, and further studies will be needed to help us

understand it. Nevertheless, several examples of isolated

deafness or optic atrophy have been described in mito-

chondrial disorders and result from mitochondrial DNA

mutations (m.1555A>G)25 or nuclear gene mutations,

such as OPA121 and PNPT1.26

Indirect evidence of mitochondrial iron overload in

arh1D yeast cells expressing humanmutant proteins is pro-

vided by increased SOD2 levels and defective mitochon-

drial aconitase activity. Moreover, we detected a major

iron overload and increased mitochondrial ROS produc-

tion in fibroblasts of affected individuals, which is in

accordance with previous studies performed in human

FDXR-knockdown cells18 as well as FDX2-knockdown

cells.27 We also observed increased TfR1 amounts that

could be ascribed to the increased binding of IRP1 to the

iron-responsive element; this increased binding activity

was induced by an ISC defect, as previously demon-

strated.18,27 Finally, we detected a considerable amount

of iron in FDXR mutant cells when we grew these in

high-iron conditions, suggesting that these cells are unable

to regulate iron entry. Nevertheless, ferritin is not repressed

in FDXR mutant fibroblasts, suggesting that an additional

defect of iron homeostasis could occur in cultured skin

fibroblasts.

In conclusion, we have shown that biallelic mutations in

FDXR lead to sensorial neuropathies, confirming the crit-

ical role of the Fe-S biogenesis in the function of optic

and auditory neurons.
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