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PURPOSE. The purpose of this study was to report retinal dystrophy as a novel clinical
feature and expand the ocular phenotype in patients harboring biallelic candidate FDXR
variants.

METHODS. Patients carrying biallelic candidate FDXR variants were identified by whole
genome sequencing (WGS) as part of the National Institute for Health Research BioRe-
source rare-disease and the UK’s 100,000 Genomes Project (100KGP) with an additional
case identified by exome sequencing. Retrospective clinical data were collected from the
medical records. Haplotype reconstruction was performed in families harboring the same
missense variant.

RESULTS. Ten individuals from 8 unrelated families with biallelic candidate variants in
FDXR were identified. In addition to bilateral optic atrophy and variable extra-ocular
findings, 7 of 10 individuals manifested retinal dystrophy comprising dysfunction and
degeneration of both rod and cone photoreceptors. Five of 10 subjects had sensorineural
hearing loss. The previously unreported missense variant (c.1115C > A, p.(Pro372His))
was found in 5 of 8 (62.5%) study families. Haplotype reconstruction using WGS data
demonstrated a likely ancestral haplotype.

CONCLUSIONS. FDXR-associated disease is a phenotypically heterogeneous disorder with
retinal dystrophy being a major clinical feature observed in this cohort. In addition, we
hypothesize that a number of factors are likely to drive the pathogenesis of optic atrophy,
retinal degeneration, and perhaps the associated systemic manifestations.

Keywords: FDXR, ferredoxin reductase, syndromic optic neuropathy, retinal dystrophy,
neurodegenerative disorder, iron accumulation
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Biallelic variants of FDXR, encoding ferredoxin reduc-
tase, were recently reported to be associated with a vari-

able mitochondrial disorder characterized by sensorineu-
ral hearing loss, visual impairment, and systemic, particu-
larly neurological, manifestations.1–5 Since the first reports
in 2017, a total of 35 cases have been reported worldwide.1–5

Ferredoxin reductase is a mitochondrial flavoprotein that
is required for iron-sulfur cluster biogenesis, which are
essential for a number of cellular processes, including elec-
tron transport along the mitochondrial respiratory chain,
regulation of gene expression, substrate binding and acti-
vation, iron homeostasis, and DNA repair. Dysfunction or
dysregulation of mitochondrial iron-sulfur cluster biosynthe-
sis is known to lead to defects in iron homeostasis, iron
overload, oxidative stress, and mitochondrial dysfunction.6,7

This study describes previously unreported candidate
pathogenic variants in FDXR and details the association of
FDXR variants with retinal dystrophy, further expanding
the clinical phenotypic spectrum consequent upon FDXR
defects.

MATERIALS AND METHODS

Study Cohort

In this retrospective multicenter study, the clinical and
genetic data of individuals with biallelic FDXR variants was
reviewed to establish and expand the phenotypic spectrum
of FDXR-associated disease. Interrogation of whole genome
sequencing (WGS) data lead to the identification of nine
families found to harbor candidate pathogenic FDXR geno-
types. Three families were identified in the inherited eye
disease clinics at Moorfields Eye Hospital NHS Foundation
Trust (London, UK), with additional UK families identified
via the UK’s 100,000 Genomes Project (100KGP) recruited
at University College London Hospitals NHS Foundation
Trust (London, UK), the Newcastle upon Tyne Hospitals
NHS Foundation Trust (Royal Victoria Infirmary, Newcas-
tle upon Tyne, UK), the Liverpool Women’s NHS Foun-
dation trust (Liverpool, UK), and the Sheffield Teaching
Hospitals NHS Foundation Trust (Royal Hallamshire Hospi-
tal, Sheffield, UK). In addition, one family was identified
via exome sequencing of a cohort of French patients with
bilateral optic atrophy, but no genetic diagnosis. This retro-
spective study adhered to the tenets of the Declaration of
Helsinki and the contributing study centers had the relevant
ethical and institutional approvals.

Clinical Phenotyping

Medical records were reviewed for each individual following
the identification of candidate pathogenic FDXR variants. In
addition, all affected individuals underwent an ophthalmo-
logical examination during the initial diagnostic work up or
following the molecular diagnosis.

Four individuals from three families (families 1–3) exam-
ined at Moorfields Eye Hospital underwent electrophysio-
logical assessment. In the oldest child, pattern and full-field
electroretinography (PERG; ERG) were performed accord-
ing to international standards using gold foil corneal record-
ing electrodes.8,9 The three youngest children were tested
with gold foil electrodes (N = 1) or lower eyelid skin elec-
trodes (N = 2) according to a shortened protocol.10 Flash
visual evoked potential (VEP) testing was performed in the
three youngest cases, including one that underwent addi-

tional pattern VEP testing to a large stimulus field to mini-
mize the effects of fixation error.11

Molecular Genetic Analysis

WGS was performed as part of the National Institute for
Health Research BioResource rare-disease project (NIHR-
RD) and 100KGP as previously described.12,13 To identify
the most likely disease-causing variant, a multistep rare vari-
ant filtering pipeline was used. Family 1 (GC 21294) under-
went rare variant filtering for protein altering variants in
genes previously shown to be associated with inherited optic
neuropathy, which did not identify any candidate variant/s.12

As autosomal recessive disease was suspected, the search
was subsequently broadened to include potential biallelic
protein altering variants across the entire genome with a
minor allele frequency (MAF) < 0.001 (Genome Aggrega-
tion Database, gnomAD, https://gnomad.broadinstitute.org)
which revealed two rare variants in FDXR. To identify addi-
tional individuals carrying biallelic variants in FDXR, a simi-
lar analysis was performed (focusing on the FDXR gene
following exclusion of variants in known genes using a
virtual gene panel [PanelApp]) in the NIHR-RD and 100KGP
datasets from individuals with inherited ocular disorders.14

Exome sequencing was performed at BGI Genomics, China,
followed by variant filtering for biallelic rare variants (MAF
< 0.003). Pathogenic mtDNA variants were excluded in all
individuals by direct whole mtDNA sequencing from blood
or muscle tissue, or WGS. Additional rare (MAF < 0.001)
variants within the optic neuropathy or retinal dystrophy
gene panels not thought to contribute to disease are listed
in Supplementary Table S1.

Bioinformatics

To predict the functional impact of missense vari-
ants, in silico prediction tools were applied, includ-
ing the predictive algorithms of Polymorphism Phenotyp-
ing version 2 (PolyPhen-2) and Mutation Taster predic-
tive algorithms available at http://genetics.bwh.harvard.
edu/pph2 and http://www.mutationtaster.org, respectively.
The evolutionary conservation of the affected amino
acid residues across orthologues was assessed using
Uniprot sequence alignments (https://www.uniprot.org/
help/sequence-alignments).

Haplotype Analysis

The haplotypic background of the c.1115C>A,
p.(Pro372His) variant was investigated using the WGS
data from family 2 (GC 17577), family 4, family 6 (GC
28579), and family 7 (GC 28550). Single nucleotide variants
(SNVs) up to approximately 150 kb up and downstream
of the FDXR gene were phased to determine those in cis
with the FDXR c.1115C>A variant. SNVs with MAF < 0.1
in the gnomAD dataset were considered to be informative
for phasing. Hemizygous variants present in the affected
individual (family 6, GC 28579) carrying c.1115C>A in trans
with a large multigene deletion involving the entire FDXR
gene, were assumed to be in cis with the c.1115C>A. Once
these haplotypes and informative SNVs were established in
four families, direct variant interrogation on WGS dataset
was performed to identify the haplotype in the singleton
from family 1.

https://gnomad.broadinstitute.org
http://genetics.bwh.harvard.edu/pph2
http://www.mutationtaster.org
https://www.uniprot.org/help/sequence-alignments
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FIGURE 1. Pedigrees of families. An arrow indicates proband. Shaded shape represents affected individual. Asterisk (*) indicates families
without retinal dystrophy.

RESULTS

We identified 10 individuals from 8 unrelated families (Fig.
1) with clinical features of bilateral optic atrophy (N = 10),
retinal dystrophy (N = 7), and extra-ocular findings conse-
quent upon biallelic variants in the FDXR gene (Table 1, Fig.
2A). Half of the study subjects had sensorineural hearing
loss, which had previously been reported in association
with biallelic variants in FDXR. Two individuals from unre-
lated families (2/10) were suspected to have Guillain-Barre
syndrome. A summary of ophthalmological and neurological
phenotypic features of the affected individuals is provided
in Table 2.

Clinical Data of Individuals Carrying Biallelic
FDXR Variants

The proband from family 1 presented with decreased vision
of approximately 1.3 logMar in both eyes at the age of
3 years. He had rotary nystagmus in all directions of gaze,
a left convergent squint, and small pale optic nerves bilat-
erally. He was otherwise fit and healthy with no neuro-
logical deficit or cerebellar dysfunction. At the age of
11 years, he complained of headaches and visual halluci-
nations, which were thought to be due to Charles-Bonnet
syndrome. Around that time, he started reporting dizziness
and balance issues that progressed over time. He devel-
oped shaking of his hands (tremor) at the age of 12 years.
Neuroimaging showed slender optic nerves and chiasm with
no other intracranial abnormalities. Scotopic and photopic
flash ERGs at the age of 3 years revealed no evidence of
generalized retinal dysfunction. The PERG P50 components
were of short peak time and preserved amplitude but the
N95:P50 ratios were reduced and flash VEPs subnormal,
in keeping with bilateral retinal ganglion cell/optic nerve
dysfunction. Pattern VEPs performed at the age of 11 years
were delayed and subnormal and there was marked wors-
ening of flash VEP timing, in keeping with progressive optic
nerve dysfunction (Fig. 3A). Retinal imaging is not available.

Previous genetic screening of the mitochondrial genome was
negative.

The proband from family 2 was 14 years old when an
abnormal retina appearance was noted during a routine
optician consultation. At that time, he was asymptomatic
with visual acuities of 0.06 logMar in the right eye and 0.1
logMar in the left eye. Visual field testing showed signifi-
cantly constricted fields. Fundus examination revealed bilat-
eral optic atrophy with atrophy and pigment migration in
the mid periphery of the retina (Fig. 4A). Later, he developed
mild sensorineural hearing loss and peripheral neuropathy.
ISCEV-standard electrophysiology revealed ERG evidence of
a rod-cone dystrophy and PERG P50 reduction in keeping
with mild macular involvement; there was no evidence of
a reduced PERG N95:P50 ratio (see Fig. 3B). His younger
brother started experiencing symptoms at the age of 4 years
with reduced vision under low light conditions. At 5 years,
scotopic and photopic flash ERGs and PERG were unde-
tectable, consistent with severe photoreceptor dysfunction
with severe macular involvement (see Fig. 3A). At the age
of 11 years, ophthalmological examination showed early
cataracts, bilateral optic atrophy, retinal vessel attenuation,
peripheral pigmentary changes (see Fig. 4A), and macular
edema (see Fig. 4C, II-2), which developed at the age of
5 years and was unresponsive to treatment with oral aceta-
zolamide. At the same age, he was diagnosed with profound
hearing impairment. Similar to his older brother, he subse-
quently developed peripheral neuropathy. In addition, he
was diagnosed with verbal dyspraxia.

The proband from family 3, now aged 27 years, was diag-
nosed with bilateral optic atrophy and retinal dystrophy at
the age of 7 years. His best corrected visual acuities were
0.79 logMar in the right eye and 0.9 logMar in the left eye.
Ophthalmological examination revealed pale optic nerves,
atrophic retina, and a slight epiretinal membrane bilater-
ally. At the age of 8 years, flash ERGs showed evidence of
marked retinal dysfunction, affecting both rods and cones.
ISCEV-standard PERGs, of sufficient technical quality in the
left eye only, were undetectable suggesting severe macular
involvement. Pattern reversal VEPs were undetectable and
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FIGURE 2. (A) Schematic diagram of the ferredoxin reductase protein. Domains are indicated by different shading. The identified variants
are indicated on the right side of the bar at the corresponding positions. (B) A visualization of a large deletion spanning the two 3′ exons of
TNEM104, FDXR, GRIN2C, and the four 3′ exons of FADS6 identified in one individual from family 6 using the Integrative Genomics Viewer
(IGV). (C) Multiple alignment of ferredoxin reductase orthologues. All mutated sites are strictly conserved in diverse species.

flash VEPs delayed and subnormal bilaterally. Within a year,
the retinal vessels were lost, followed by retinal pigmentary
changes (see Fig. 4A). At the age of 14 years, he devel-
oped horizontal nystagmus in both eyes, which changed
to pendular nystagmus in the next 2 years. At the age of
15 years, he was diagnosed with a tremor affecting his right
upper limb, that progressed to involve both arms by the age
of 17 years. The proband had an early cataract bilaterally
diagnosed at the age of 18 years, progressing to a dense
cataract with no fundus view in the left eye 6 years later. At
the age of 20 years, he was diagnosed with sensorineural
hearing loss. Neuroimaging was normal other than a poste-
rior fossa arachnoid cyst that was an incidental finding. The
patient had learning difficulties, in particular, delay in read-
ing and writing that were thought to be secondary to the
visual impairment.

The proband from family 4 developed acute neurologi-
cal symptoms at the age of 22 years, which was thought to
represent a mild form of Guillain-Barre syndrome. Within a
year of presentation, he experienced a relapse and lower
limb distal flaccid paresis with areflexia and peripheral
dysesthesia. Neurophysiological studies at that time indi-
cated a combined peripheral motor and sensory neuropa-
thy involving the lower limbs. He underwent muscle biopsy,
which showed evidence of very significant axonal loss likely
secondary to the demyelination process. He was treated with
intravenous immunoglobulins with no significant effect. At

the age of 24 years, he experienced subacute severe reduced
vision in both eyes associated with a significant increase
in his peripheral dysesthesia. His visual acuity was count-
ing fingers in the right eye and 0.6 logMar in the left eye.
Fundus examination showed atrophic pale optic nerve head
bilaterally. Visual electrophysiology testing revealed delayed
VEPs bilaterally with more severe changes observed in the
right eye. In addition, he became increasingly short of breath
and a significant reduction in exercise tolerance. Neuroimag-
ing did not identify any significant abnormality. As the clini-
cal picture of visual loss resembled that of Leber hereditary
optic neuropathy (LHON) presentation, and the neurolog-
ical involvement suggested spinocerebellar ataxia, genetic
testing for LHON and PMP22 was performed, which did not
identify any pathogenic variant. Retinal imaging is not avail-
able.

The proband from family 5 was born at term by
normal delivery and met all milestones during development.
However, she was noticed to have some learning difficul-
ties at school. In additional, she was noted to be clumsy
and there was a suggestion of mild deafness long before
she suffered sudden onset of bilateral severe deafness in
her 40s. The onset of hearing loss was followed by foot
pain with pins and needles and deterioration of vision.
On examination, she had evidence of a mild neuropathy,
minimal weakness of ankle dorsiflexion, absent lower limb
reflexes, and reduction of vibration to the costal margins
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FIGURE 3. (A) – Electrophysiological recordings from right eye (RE) and left eye (LE) of the proband in family 1, the younger sibling from
family 2 and from one eye of an unaffected control subject (N) for comparison. The flash ERGs and large field pattern ERGs were recorded
using lower eyelid skin electrodes at the age of 3-years (proband family 1) or 5 years (younger sibling; family 2); flash VEPs (FVEP) were
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recorded in the 3-year-old and repeated with additional pattern reversal VEPs (PVEP) at the age of 11 years. The ERGs and PERG P50
component in the proband of family 1 are normal but the abnormal PERG N95:P50 ratio, abnormal PVEP and progressively abnormal flash
VEPs are consistent with bilateral retinal ganglion cell/optic nerve dysfunction. The younger sibling in family 2 has undetectable ERGs and
PERG, in keeping with severe rod and cone photoreceptor function with severe macular involvement. (B) International standard full-field
ERGs and pattern ERGs from the right eye (RE) and left eye (LE) of the 14-year-old proband in family 2 and from an unaffected control
subject (N) for comparison. The recordings were obtained using gold foil corneal electrodes and show ERG evidence of a rod-cone dystrophy
with PERG P50 reduction consistent with relatively mild macular involvement.

bilaterally. Neuro-otological investigations showed bilateral
symmetrical sensorineural hearing loss. Her visual acuity
was 0.78 logMar in the right eye and 0.6 logMar in the
left eye and ophthalmological investigations confirmed bilat-
eral optic atrophy. Interestingly, VEPs from both eyes were
well formed and of normal amplitude. However, the center
field latencies were markedly increased and the whole field
responses were at the upper limit of normal. The findings
were suggestive of bilateral demyelinating optic neuropa-
thy. Extensive investigations indicated a severe axonal length
dependent polyneuropathy affecting mostly the lower limbs.
A brain magnetic resonance imaging (MRI) scan was within
normal limits; the optic nerves and optic chiasm appeared
normal. Nerve conduction studies showed no demyelination.
Electromyography showed active and chronic neurogenic
changes of the right tibialis anterior and peroneus tertius.
Sural nerve biopsy showed an axonal neuropathy with no
evidence of primary demyelination. A muscle biopsy showed
no specific features of mitochondrial disease. Respiratory
chain analysis in muscle biopsy was normal and whole mito-
chondrial genome sequencing was normal. Over the years,
she had developed a mild cerebellar syndrome and intermit-
ted psychosis. In addition, she developed an episode of very
severe hyperchloremic metabolic acidosis requiring hospi-
talization.

The proband from family 6 presented in infancy with
ataxia due to poor coordination and balance. Throughout
childhood he had three to four episodes of viral illness
with fever, which would lead to him becoming more ataxic
followed by recovery but not to his baseline. At the age of
7 years, he was diagnosed with retinitis pigmentosa. Later,
he developed bilateral nystagmus and optic atrophy. Retinal
imaging is not available. At around 17 to 18 years of age,
he was found to have cataracts. In addition, he was diag-
nosed with attention deficit hyperactivity disorder (ADHD)
and hypermobility. His mother and sister also have hyper-
mobility. Previous genetic screening of the mitochondrial
genome was negative.

The proband from family 7 presented with visual symp-
toms at the age of 3.5 years. Her visual acuity was 0.78
logMar in both eyes. She was diagnosed with optic atrophy
and retinal dystrophy. At the age of 15 years, she developed
evidence of posterior column disease with mild gait ataxia,
brisk knee jerks, absent ankle jerks, and impaired vibration
sense to the knee. In addition, she developed cyclical vomit-
ing leading to investigation for a gastrointestinal tract disor-
der, which did not identify any abnormality. Genetic testing
including for known mitochondrial mutations and for genes
associated with ataxia were normal. Her brother developed
neurological symptoms at age 2.5 years and was suspected
to have Guillain-Barre syndrome. He underwent a muscle
biopsy, which showed an increase in fiber size and variabil-
ity in diameter with unclear clinical significance. He was
subsequently diagnosed with optic atrophy and rod cone
dystrophy. Retinal imaging is not available. At the age of
12 years, neurological examination revealed absent ankle

jerks, impaired joint position, and vibration sense and gait
ataxia. Similar to his sister, genetic testing was normal.

The proband from family 8 presented with neuropathic
pain at the age of 42 years. Nerve conduction studies showed
sensory neuropathy; she later developed an additional motor
neuropathy and subsequent sensory ataxia and motor weak-
ness. Ophthalmic examination showed optic atrophy, which
was confirmed by optical coherence tomography (OCT)
imaging. Color fundus imaging showed retinal pigmentary
changes in the far periphery nasal to the disc (see Fig. 4A)
with outer retinal thinning at the macula suggestive of reti-
nal degeneration. In addition, she had hearing loss with
additional signs and symptoms, namely vomiting, constipa-
tion, and severe weight loss, suggesting gastrointestinal tract
involvement.

Molecular Genetic Analysis

Eleven distinct candidate FDXR variants were identified
in 10 affected individuals from 8 families (see Table 1).
Nine (81.8%) of these were missense variants with only
one stop-gain and one entire gene deletion observed. No
individuals had a biallelic null genotype. A large deletion
(chr17:74818633–74888183del) spanning the two 3′ exons
of TNEM104, FDXR, GRIN2C, and the four 3′ exons of
FADS6, was identified in one individual from family 6 in
the heterozygous state (see Fig. 2B). To determine if any of
the additional affected genes could be a candidate for retinal
dystrophy, optic atrophy, or ataxia, we reviewed the Online
Mendelian Inheritance in Man (OMIM) database, litera-
ture, and gnomAD constraint data revealing no compelling
evidence for causality. This individual also harbored a
previously unreported variant (NM_024417.4: c.1115C>A,
p.(Pro372His)) in the hemizygous state falling within the
region deleted on the trans allele (demonstrated by review-
ing individual reads using the Intergrative Genomics Viewer
[IGV]15 see Fig. 2B).

This variant was identified in seven affected individuals
in five of eight (62.5%) families (see Table 1). This variant
is present in 2 of 68,025 European alleles (MAF 0.00003)
in gnomAD. Haplotype analysis of the 5 unrelated fami-
lies showed a likely ancestral haplotype spanning 128kb
around the FDXR gene (chr17:74819055 [rs35292847] to
chr17:74947323 [rs34805215]) that was observed in all carri-
ers from families 2, 6, and 7 (see Table 3). Recombinations
were identified centromeric to chr17:74863955 in family 1
and telomeric to chr17:74863955 in family 4 (Table 3). All
genotypes were confirmed to be biallelic with the exception
of that in family 8 where no segregation was possible.

The majority of coding FDXR variants (8/10) were located
within the FAD/NAD(P) binding domain with two remaining
variants located in the NAD(P) binding domain (see Fig. 2A).
All candidate missense FDXR variants were predicted to be
damaging/disease causing by in silico prediction algorithms
and rare or absent from the gnomAD dataset. Multiple align-
ment of FDXR orthologues confirmed the strict conservation
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FIGURE 4. Multimodal imaging of affected individuals from family 2, family 3, and family 8. (A) Fundus color photographs, Optos wide-angle
upper panels (family 8) show retinal pigmentary changes in the far periphery (nasal to the disc). Topcon low panels show optic atrophy and
retinal vessel attenuation in family 2 II-1, II-2 and family 3. (B) Heidelberg Spectralis autofluorescence images (30 degree upper 4 panels,
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55 degrees lower 2 panels). Both family 2 II-1 and family 3 show hyperautofluorescent rings (of Robson36) delineating preservation of the
central, outer retinal structure (see C). (C) SD-OCT imaging of individuals from family 2 showing in family 2 II-1 preserved ellipsoid and
outer nuclear layer only within the autofluorescent ring (see B). In family 2 II-2, there is greater loss of outer retina with some visible
ellipsoid centrally, as well as significant macular oedema. The overall retinal thickness is significantly reduced.

of the protein across different species with complete conser-
vation of all affected amino acid residues in mammalian
orthologues (see Fig. 2C). ACMG classification16 for each
variant is provided in Supplementary Table S2.

DISCUSSION

We report the detailed clinical and genetic findings in a
series of 10 individuals from 8 unrelated families affected
by FDXR-associated disease. To date, biallelic variants in
FDXR have been reported to cause mitochondrial syndromic
optic atrophy and sensorineural hearing loss. Thirty-five
cases are reported in the literature with a variable pheno-
type featuring optic atrophy as a unifying clinical finding
observed in all individuals.1–5 It is not unusual to observe
ocular manifestations in mitochondrial disease, which can
occur as isolated optic atrophy or accompanied by addi-
tional systemic abnormalities. Interestingly, FDXR-associated
optic neuropathy seems to be variable and may present simi-
lar to OPA1-associated optic atrophy, Wolfram syndrome, or
LHON. However, retinal dystrophy is not observed in these
disorders. Extra-ocular findings, such as the severe neuro-
logical manifestations seen in FDXR-disease, are not typi-
cal for these well-characterized optic neuropathies, whereas
diabetes, which is classically seen in autosomal recessive
Wolfram syndrome and maternally inherited diabetes deaf-
ness (MIDD), has not been observed in FDXR-associated
disease to date.

Here, we report retinal dystrophy in 7 of 10 individuals
with no apparent clustering of genotypes in the remaining
3 affected individuals. Optic atrophy is a major manifesta-
tion of mitochondrial disease and, with pigmentary retinopa-
thy, is being increasingly recognized in patients with both
mutations in mitochondrial DNA and nuclear-encoded mito-
chondrial proteins.17–22 The pigmentary retinal changes can
be mild and they are frequently missed in the absence of
a detailed fundus examination and more sophisticated reti-
nal fundus autofluorescence imaging. Multimodal imaging
is therefore useful to fully characterize any retinal involve-
ment in patients with confirmed or suspected mitochon-
drial diseases, including FDXR-associated disease. Further-
more, visual electrophysiology is an essential test that can
provide additional evidence of an underlying photoreceptor
dysfunction in addition to retinal ganglion cells and optic
nerve dysfunction, when clinical examination alone does
not detect retinal degeneration. Although a retinal dystrophy
has been described in 7 of 34 (20.6%) previously reported
cases of FDXR-associated disease, there is limited informa-
tion on the retinal pathology (Supplementary Table S3) and
the findings were not highlighted as part of the disease
spectrum.

The mechanisms of outer retinal degeneration in FDXR-
associated disease have not yet been clarified, although,
in the current study, retinal imaging and electrophysiol-
ogy has demonstrated that the site of pathology is likely
to be the photoreceptor. Mitochondria plays a key role in
the assembly and biogenesis of mitochondrial iron-sulfur
clusters, which is essential for the maturation of not only

mitochondrial iron-sulfur proteins, but also those required
for cytosolic and nuclear functions.6,7,23 Iron-sulfur clus-
ters are ubiquitous enzymatic cofactors essential for multi-
ple cellular processes, both inside and outside the mito-
chondria, including participation in mitochondrial respira-
tion and regulation of iron metabolism. It is well-established
that ferredoxin reductase is necessary for the biogenesis
of these clusters and pathogenic variants affecting proteins
driving the multistep biosynthesis and maturation pathway
disrupt iron homeostasis within the cell and cause severe
metabolic, systemic, neurological and hematological disor-
ders.6,7,23 Ferredoxin reductase deficiency has been reported
to cause mitochondrial disease with broad spectrum of
phenotypic features dominated by nervous system involve-
ment. Functional assays in patient fibroblasts and tissues
from a murine Fdxr mutant model have shown multiple
biochemical and metabolic consequences, including reduc-
tion of electron transport due to impaired activity of the
mitochondrial respiratory chain complexes, reduced ATP
production, and a significant increase in the production
of reactive oxygen species (ROS).4,6,23,24 The production
of ROS is a normal metabolic process and ROS accumu-
lation in the retina is an important mechanism leading to
cell death and disease.25 Recent functional studies demon-
strated that FDXR variants lead to a partial impairment
of the electron transport along the mitochondrial respira-
tory chain and elevation of ROS.4,24 Iron excess has been
reported within mitochondria with depolarization of the
mitochondrial membrane in mutant Fdxr mice, highlight-
ing the role of ferredoxin reductase in iron homeostasis.24

Furthermore, abnormal retinal iron metabolism may lead to
a variety of retinal changes, including the ones observed
in hereditary iron overload disorders namely, aceruloplas-
minemia, pantothenate kinase associated neurodegenera-
tion, Friedreich’s ataxia (in which there is progressive iron
accumulation within mitochondria), and those observed
in the current study.26–28 Interestingly, variants in FDX2,
encoding another mitochondrial ferredoxin (FDX2) have
been associated with mitochondrial disease, including optic
atrophy but without retinal involvement.29,30 However, the
present study and data from other iron overload disor-
ders suggest ophthalmological assessment, including multi-
modal imaging, may be advised in such cases. Single-cell
RNAseq data suggests that the average expression of FDXR
within the human neural retina is relatively low, for exam-
ple, compared with SSBP1 (see Supplementary Table S4 for
graphical illustration of both genes RNAseq data), defects
of which similarly cause both optic atrophy and retinal
degeneration.17–19,31

Thus, FDXR-associated disease may be a multifactorial
disorder precipitated by mitochondrial dysfunction, accu-
mulation of ROS, iron-induced oxidative damage, defects
in iron-sulfur clusters biogenesis, and possibly iron toxi-
city. On this basis, we hypothesize that the outer retinal
changes observed within this cohort are secondary, due
to a cumulative effect of these mechanisms rather than a
primary photoreceptor dysfunction.32,33 Understanding the
pathogenic mechanism could lead to a potential thera-
peutic strategy, for example, iron chelating agents have
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TABLE 3. Haplotype Reconstruction for Individuals Carrying c.1115C>A, p.(Pro372His) Variant

Haplotypes were reconstructed using WGS datasets (NIHR-RD and 100KGP study).
* c.1115C>A, p.(Pro372His) variant. # undetermined single nucleotide polymorphism (SNP). Shaded haplotype is shared. Underlined

individuals are c.1115C>A, p.(Pro372His) variant carriers.
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been trialed in the iron accumulation disorder, Freidrich’s
ataxia, or Idebenone, now with European Medical Associa-
tion approval for LHON treatment.34,35

Interestingly, the murine Fdxr mutant demonstrated a
significantly thinned retina mainly due to ganglion cell
complex loss and the outer retina did not appear to be
affected. In humans, optic atrophy has been documented
in all cases with the retinal dystrophy reported in 7 of 34
cases.1–4 Thus, the retinal dystrophy and photoreceptor loss
in this cohort may follow the primary retinal ganglion cell
disease. Furthermore, FDXR-associated disease is in keeping
with the marked variability seen in patients with mitochon-
drial disorders.

This study identified 7 individuals from 5 families harbor-
ing the previously unreported missense variant c.1115C>A,
which is rare in the gnomAD dataset with only two alle-
les out of 68,000 demonstrating that it is enriched in the
optic atrophy and retinal degeneration patient population.
We demonstrate a likely ancestral haplotype harboring this
variant with no evidence to suggest it has arisen indepen-
dently in different families. This may therefore represent a
significant cause of FDXR-disease in the British population.

Overall, we report retinal dystrophy as a major clini-
cal feature observed in patients harboring biallelic FDXR
variants. In addition, our observation suggests that multiple
factors, such as mitochondrial dysfunction, accumulation of
ROS and iron could lead to the characteristic combination
of optic atrophy and retinal degeneration.
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