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Abstract
Mitochondrial aconitase is the second enzyme in the tricarboxylic acid (TCA) cycle

catalyzing the interconversion of citrate into isocitrate and encoded by the nuclear

gene ACO2. A homozygous pathogenic variant in the ACO2 gene was initially

described in 2012 resulting in a novel disorder termed “infantile cerebellar retinal

degeneration” (ICRD, OMIM#614559). Subsequently, additional studies reported

patients with pathogenic ACO2 variants, further expanding the genetic and clinical

spectrum of this disorder to include milder and later onset manifestations. Here, we

report an international multicenter cohort of 16 patients (of whom 7 are newly diag-

nosed) with biallelic pathogenic variants in ACO2 gene. Most patients present in
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early infancy with severe truncal hypotonia, truncal ataxia, variable seizures, evolv-

ing microcephaly, and ophthalmological abnormalities of which the most dominant

are esotropia and optic atrophy with later development of retinal dystrophy. Most

patients remain nonambulatory and do no acquire any language, but a subgroup of

patients share a more favorable course. Brain magnetic resonance imaging (MRI) is

typically normal within the first months but global atrophy gradually develops

affecting predominantly the cerebellum. Ten of our patients were homozygous to

the previously reported c.336C>G founder mutation while the other six patients

were all compound heterozygotes displaying 10 novel mutations of whom 2 were

nonsense predicting a deleterious effect on enzyme function. Structural protein

modeling predicted significant impairment in aconitase substrate binding in the

additional missense mutations. This study provides the most extensive cohort of

patients and further delineates the clinical, radiological, biochemical, and molecular

features of ACO2 deficiency.
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1 | INTRODUCTION

The tricarboxylic acid (TCA) cycle also termed Krebs cycle
is a vital energetic pathway located in the mitochondrial
matrix. Genetic defects associated with human pathologies
were described in most of the TCA enzymes usually leading
to early onset encephalopathies.1,2 The mitochondrial
enzyme aconitate hydratase encoded by the nuclear gene
ACO2 (OMIM #100850) is the second enzyme in the TCA
cycle (EC 4.2.1.3) and it catalyzes the stereo-specific isom-
erization of citrate into isocitrate.3 In 2012, a deleterious
homozygous mutation c.336C>G (p.Ser112Arg) in the
ACO2 gene was initially reported to result in a neurodegen-
erative disorder termed “infantile cerebellar retinal degenera-
tion” (ICRD, OMIM #614559).4 That report described eight
affected individuals from two separate families who har-
bored the same homozygous mutation and presented with a
distinct neurodegenerative phenotype characterized by infan-
tile onset hypotonia, athetosis, inability to gain basic devel-
opmental milestones, convulsions, optic atrophy and retinal
degeneration, culminating in early legal blindness and severe
psychomotor handicap.4

Since then additional reports described less than a dozen
additional ACO2 deficient patients.5–10 Interestingly, these
reports further expanded the clinical spectrum of ACO2 gene
defects to include milder phenotypes such as isolated late
onset optic atrophy recently termed optic atrophy 9 (OPA9,
OMIM #616289). Here, we report seven new patients with
biallelic mutations in the ACO2 gene and in addition with
the nine previously reported individuals we present the

biggest clinical and genetic spectrum of this rare newly iden-
tified inborn error of metabolism.

2 | METHODS

2.1 | Patients

A cohort of 16 patients with confirmed molecular diagnosis
of ACO2 deficiency is included in the current study. Of
these, seven are newly diagnosed and their presentation and
clinical course are illustrated in detail (File S1). One of these
patients (E1) has been previously published but with a focus
on metabolomic biochemical findings.11 In addition, we pro-
vide an update and follow-up on the clinical, radiological,
and molecular details of the eight previously described
patients.4 Data were retrospectively collected from the phy-
sicians caring for these patients. This descriptive noninter-
ventional multicenter study was approved by the Emek
Medical Center Ethics Committee.

2.2 | Genetic analysis

Patients I1 to I8 were previously found to harbor the homo-
zygous pathogenic mutation c.336C>G (p.Ser112Arg) in the
ACO2 gene.4 Patients I9 and I10 (two siblings) and patients
E2 and E3 (two additional siblings) were diagnosed by
whole-exome sequencing (WES) performed on a research
basis. Patient E1 was previously reported and the genetic
diagnosis was made by WES performed on a research pro-
ject on epileptic encephalopathies.11 In patients A1, A2, and
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A3 clinical WES was part of the clinical diagnostic evalua-
tion and was performed by the Baylor Miraca Whole
Genome Genetics Laboratory (patient A1), Ambry Genetics
(patient A2), Gene Dx DNA diagnostic Experts (patient A3).
Suspected pathogenic variants identified by WES were vali-
dated by means of Sanger sequencing. Familial segregation
was further confirmed by Sanger sequencing.

In silico predictions for nonsynonymous variants were
performed by PolyPhen-2 (http://genetics.bwh.harvard.
edu/pph2/) Mutation Taster12 and ConSurf web server.13,14

Since the crystal structure of the human aconitase
(NP_001089.1) has not been solved yet we built its pre-
dicted structure by using pig aconitase (pdb entry 1b0j),
which is 96.5% identical in sequence to the human enzyme,
as a template. We then used the predicted structure of human
aconitase to evaluate the structural effects of the suspected
pathogenic variants. The structure was predicted using the
homology-modeling software Modeller.15 The MolProbity
web-server16 was used to optimize side chain orientations
and to add hydrogen atoms to the structure.

2.3 | Yeast analyses

Strains and oligos used in this work are reported in
Table S1. All experiments, except transformation, were per-
formed in synthetic complete (SC) medium media (0.69%
yeast nitrogen base without amino acids [Formedium, UK])
supplemented with 1 g/L drop-out mix according to Kaiser
et al,17 except amino acids and bases necessary to keep plas-
mids. Media were supplemented with various carbon sources
as indicated (Carlo Erba Reagents, Milan, Italy) in liquid
phase or after solidification with 20 g/L agar (Formedium).
Growth was performed with constant shaking at 28�C or
37�C. Transformation with suitable recombinant plasmids
was used to express ACO1 and aco1 protein variants. Addi-
tional details are reported in File S2.

3 | RESULTS

A total of 16 patients comprise the study group and their age
ranged between 5 and 23 years. Ten of them are of Arab
Israeli descent and are designated I1 to I10 accordingly.
Three patients are from the United States and are designated
A1 to A3 accordingly, three patients are European (one
Swiss designated E1, two siblings from Italy designated E2
and E3 accordingly). The clinical features of our patient
cohort are summarized in Table 1.

3.1 | Clinical description

A clinical description of the patients not reported previously4

are detailed in the supplementary data accordingly (File S1).

All patients were born following an uneventful pregnancy
and delivery, and growth parameters at birth including birth
weight and head circumference were normal. Typically,
patients presented within the first year of life usually during
the first months except for patient A2 who developed sei-
zures immediately after birth. Of note, a subgroup of three
patients including A1, E2, and E3 presented a relatively
milder phenotype with later onset of symptoms and more
preserved neurological functions.

Most patients initially presented with generalized hypoto-
nia, truncal ataxia, strabismus, seizures, and progressive
postnatal microcephaly. Optic atrophy developed gradually
and was clearly evident in most patients by the age of
5 years. This was invariably followed by progressive retinal
degeneration from as early as the first 2 years of life. The
retinal degeneration was associated with abnormal retinal
pigmentation on fundus examination often described as “salt
and pepper” appearance, and further confirmed by electroen-
cephalography (EEG) when studied (11/16 patients) with
completely absent or critically diminished responses, finally
resulting in legal blindness. Disease course was marked by
severe failure to thrive due to generalized muscle wasting
and severe to profound developmental delay within the first
2 years of life. Twelve of 16 patients became severely
microcephalic with head circumference ranging between z-
scores (−2 to −4 SD) typically by the end of the first or sec-
ond year. Most patients did not acquire any language skills
or independent walking. In general, truncal ataxia and dys-
tonic hand movements were dominant within the first 3 years
of life and gradually decreased concomitantly with further
motor regression. Most of the patients preserved oral feeding
and despite their major neurological impairment did not
experience recurrent episodes of aspiration pneumonia. Only
two patients required insertion of a gastric tube. Five of six
individuals above the age of 10 years, developed severely
debilitating kyphoscoliosis, all belonging to the Israeli
cohort. Over time the patients developed contractures,
mostly of the Achilles tendon. Tendon reflexes of all extrem-
ities were elicited normally during the first years of life. In
the Israeli patients, all of whom homozygous for the
c.336C>G mutation tendon reflexes gradually decreased
after the first year of life. Seizures occurred in most patients
(13/16) and should be considered a main feature of the syn-
drome. In the majority it started within the first 2 years of
life and included various types such as myoclonic and poly-
myoclonic jerks, generalized tonic-clonic, tonic, and focal
spasms. Notably, in two patients the first spasms occurred
during febrile illness. EEG studies typically showed slow
background consistent with generalized encephalopathy in
addition to convulsive activity. In most patients the seizures
were successfully controlled with conventional anticonvul-
sive drugs. However, in two patients (E1 and A2) seizures
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were intractable. Other manifestations attributed to ACO2
deficiency but seen less commonly included sensorineural
hearing loss (four patients) and pes cavus (eight patients).
Two patients died prematurely at 3 years (E1) and 14 years
(A2) both due to severe neurological complications directly
attributed to their disease. Patients I1 and I2 both had one
sibling who died prematurely in the second decade of life
with a similar phenotype; however, their genotype was not
determined since their death occurred several years before
the identification of the causative familial ACO2 mutation.

Despite the rather distinctive severe phenotype shared by
all patients we were able to define a subgroup of three
patients including A1 (p.Val229Met/ p.Ser87Leu), and sib-
lings E2 and E3 (p.His596Arg/p.Arg684Try) who displayed
a somewhat attenuated presentation. They acquired variable
walking abilities (either assisted or even independent
although impaired by their ataxia), limited language skills
and improved development and growth.

The majority of patients had extensive metabolic investi-
gations that were all normal including lactate in plasma and
cerebrospinal fluid (CSF), ammonia in plasma, amino acids
in plasma, CSF and urine, acylcarnitine profile, organic
acids in urine, total plasma homocysteine, serum transferrin
isoelectric focusing, liver transaminases, blood count, thy-
roid hormones, serum very long chain fatty acids, CSF bio-
genic amines, pterins and pipecolic acid. Muscle biopsy was
obtained from six patients (Table 1). In general, light
microscopy as well as immunohistochemistry staining and
electron microscopy when performed were largely normal.
Respiratory chain enzyme activities were normal in five
patients and revealed reduced activity of complex I/III
(NADH cytochrome c reductase) in only one patient (E1).
As reported previously glutamate oxidation was performed
in two patients and was slightly reduced.4 Seven patients
underwent metabolomics plasma analysis that revealed alter-
ations in the citric acid cycle, providing a fingerprint profile
of ACO2 deficiency.11

3.2 | Neuroimaging

Brain magnetic resonance imaging (MRI) was performed in
15 of 16 affected individuals (Figure 1). In eight patients
more than one scan was undertaken allowing better under-
standing of disease progression. When performed before the
age of 1 year brain imaging was either normal or showed
minimal cortical and/or cerebellar atrophy as well as mild
thinning of the corpus callosum (Figure 1A,E,I,K). Notewor-
thy, in one patient (I5) fetal MRI was performed at 30th
week gestation and was unremarkable. Typically, brain
imaging progressively became pathologic during the second
year of life with the gradual advancement of cortical atro-
phy, cerebellar atrophy, slow but obvious thinning of the

corpus callosum (Figure 1B,F) and the new emergence of
abnormal white matter signals consistent with dysmyelina-
tion (Figure 1D,H). Beyond the age of 2 years the predomi-
nant MRI feature seen in all patients was global cerebellar
atrophy characterized by considerable loss of volume of both
the vermis and the cerebellar hemispheres (Figure 1B,C,F,G,
J,L). This cerebellar shrinkage is associated with progressive
supra-tentorial cortical atrophy seen predominantly in the
central regions and to a lesser extent in the periphery
(Figure 1G,J). Notably, peri-ventricular white matter signal
abnormalities typically became visible early in disease
course but later remained relatively unchanged despite clini-
cal disease progression (Figure 1D,H). MR spectroscopy
(MRS) was performed in three patients. In one patient (I4) it
showed normal lactate levels and in the other two patients
(E1 and A3) it showed elevation of lactate peaks in the basal
ganglia and peri-ventricular regions consistent with mito-
chondrial function impairment. Of note, head ultrasound
examination performed during the first months of life was
typically normal. Taken together, brain imaging is an impor-
tant diagnostic tool and in combination with the typical clini-
cal course should raise high suspicion of ICRD.

3.3 | Genetic analysis

All the patients in our study cohort were found to harbor
biallelic pathogenic variants in the ACO2 gene. The details
of the identified ACO2 variants and their locations at the
gene and protein levels are summarized in Table 1 and
Figure 2A. Since most of the ACO2 changes identified were
novel missense variants, and were relatively distant from the
enzyme's catalytic site, we employed in silico evaluation to
estimate the pathogenic effect of the identified variants. We
first used the well-accepted web-based softwares Mutation
Taster, Polyphen-2, and ConSurf web server for calculating
the evolutionary conservation of the variants, and then we
employed protein structural modeling of the mitochondrial
aconitase enzyme. The results of these in silico tests includ-
ing the predicted structural effect of the variant on protein
function are detailed in Figures S1-S9 and supplementary
data (File S3).

The two sisters I9 and I10 were homozygous to the previ-
ously reported c.336C>G pathogenic variant. Of note,
although they are not related to the previously eight reported
patients, they live in the same town from which patients I1
to I5 originated. This town comprising about 50 000 inhabi-
tants and is known for its very high (around 45%) consan-
guinity rate18 predicting a relatively high carrier rate for this
mutation. Noteworthy, the c.336C>G mutation carrier rate
in this town was calculated to be 1% not justifying a prenatal
couple screening in this population (Spiegel et al unpub-
lished data).
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Patient A1 was found to be compound heterozygous for
the predicted deleterious c.685-1_685delinsAA variant
inherited from the mother resulting in the p.Val229Met pre-
dicting substantial enzyme conformational changes, and a
nonsynonymous c.260C>T variant resulting in substitution
of serine residue with leucine (p.Ser87Leu). The later vari-
ant, inherited from the father is predicted to reduce the bind-
ing of the enzyme to its substrate.

Patient A2 was compound heterozygous for the nonsense
variant c.1722G>A predicting a premature truncation of the
protein (p.Trp574*) and the missense variant c.1181G>A
(p.Gly394Glu) predicting an interference and reduced

substrate binding. Patient A3 is a compound heterozygous
for the nonsense c.172C>T predicting an early premature
truncation of the protein (p.Arg58*) and the missense variant
c.590A>G (p.Asn197Ser) predicting disruption of both the
catalytic activity and substrate binding.

Patient E1 was compound heterozygous for the nonsy-
nonymous variants c.1859G>A (p.Gly620Asn) and the
c.2048C>T (p.Gly683Val) both predicting interference with
enzyme binding to its substrate. Patients E2 and E3 both har-
bored the two missense variants c.1787A>G (p.His596Arg)
and c.2050C>T (p.Arg684Try) both are evolutionary con-
served and are predicted to impair substrate binding.

FIGURE 1 Typical MRI findings in ACO2 deficient patients. A to H are serial images of patient A2. A and E were taken at the age of
7 months, B and F at the age of 3 years C, D, G, and H at the age of 11 years and 8 months. A-C: T1-weighted image at similar sagital
section showing initially (A) normal cerebellum (thick white arrow) and corpus callosum (thin black arrow) with progressive thinning of corpus
callosum (B, thin black arrow) and severely developing cerebellar atrophy (C, thick white arrow). E-G: Similar coronal sections of T1-weighted
(E, F) and T2-weighted (G) scans showing initially normal cerebellum (E, white thick arrow) and cortex with later gradually evolving vermian
and hemispheral cerebellar atrophy as demonstrated by enlarged folia and decreased cerebellar volume (F and G, white arrow). In addition,
progressive cortical atrophy is evident both peripherally (F and G, thin black arrows) and centrally as evidenced by enlarged lateral ventricles
(G, thick black arrow). D and H are T1-weighted at axial section showing significantly enlarged ventricles “pseudo hydrocephalus” as a result of
considerable central cortical atrophy (thick white arrow) associated with abnormal peri-ventricular white matter signal consistent with
dismyelination (D, thin black arrow). I to L are serial images of patient E1. I and K were taken at the age of 7 months and J and L at the age of
2 years and 8 months. I and J are T2 weighted similar sagittal images showing already thin corpus callosum (I, thin black arrow) mild cortical
atrophy (I, thick black arrow) and very mild cerebellar atrophy (I, thick white arrow) at the age of 7 months with later almost disappearance of
corpus callosum with only remnants of its posterior part (J, thin black arrow) and progressive cerebellar atrophy as evidenced by its volume loss
(J, thick white arrow). K and L are T2 weighted similar coronal scans showing mainly progressive cerebellar atrophy (K and L, thick white
arrows) with less prominent cortical atrophy
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3.4 | Functional studies in yeast

Since the sibling patients E2 and E3, who are both com-
pound heterozygous for the missense variants His596Arg
and Arg684Trp, displayed an attenuated phenotype we
decided to investigate the functional consequences of these
two variants in yeast by introducing the analogous amino
acid substitutions in the ACO1 gene, the Saccharomyces cer-
evisiae ACO2 orthologue.19 To evaluate the effect of each
amino acid substitution, the oxidative growth, the oxygen
consumption, and the aconitase activity were studied in the
Δaco1 yeast strain carrying alone or in combination the two
mutant alleles. As depicted in Figure S10, the strain contain-
ing the allele Arg681Trp does not show any respiratory
defect while the one containing His593Arg allele displayed
a significant oxidative growth defect (Figure S10A) and a
reduction of oxygen consumption of 55% in respect to wild-
type strain (Figure S10B). We then analyzed the effect of
the variants on aconitase activity; the results, shown in
Figure S10C, indicate that in both mutants the aconitase
activity is affected being the values intermediate between the
wild-type and the null mutant. In particular the aconitase
activity is reduced in His593Arg mutant by 55% and by 25%
in the Arg681Trp strain whereas in the null mutant the activ-
ity was almost completely abolished. These results clearly
show that Arg681Trp is a mild variant compared with the
more severe His593Arg variant.

In the presence of the two mutant alleles combined, both
oxygen consumption and aconitase activity were signifi-
cantly reduced when compared with those of the wild-type
allele (Figure S10BII,CII) confirming that the phenotype
observed in the strain carrying both His593Arg and
Arg681Trp alleles was due to the compound hetero-allelic
condition.

4 | DISCUSSION

In the current study, we further delineate the clinical and
neuro-radiological phenotype of ICRD caused by biallelic
ACO2 pathogenic variants with an emphasis on disease
major features and natural course. In addition we report of
10 novel ACO2 variants and provide supporting data for
their pathogenic role by means of structural protein model-
ing and functional yeast studies performed on two variants.

Accordingly, affected individuals typically present with a
distinctive phenotype dominated by co-occurrence of infan-
tile hypotonia, truncal ataxia, and evolving microcephaly,
associated with ophthalmological abnormalities that include
strabismus, nystagmus, gradual development of optic atro-
phy, and retinal degeneration. Generally, disease course in
all affected individuals is progressive but we were able to
differentiate between two subgroups: a severely deteriorating

form advancing rapidly into a profound global psychomotor
retardation state, where patients acquire no speech, become
bedridden, and are legally blind already at late infancy, and
an attenuated form where patients are still ambulatory with
limited speech and communication skills and relatively pre-
served growth parameters.

Nevertheless, all the patients in our study display the
major characteristics and therefore may be regarded within
the phenotypic spectrum of ICRD. We speculate that sever-
ity may be correlated with residual enzyme activity. Unfor-
tunately, we were unable to assay aconitase activity in most
of our patients since this assessment is not readily available
in a clinical setup but based on previous analyses performed
in a research setup we speculate that enzyme activity of less
than 20% of control is associated with classical ICRD
phenotype.4,8,9

In support of this hypothesis we used yeast as model sys-
tem to investigate functional consequences of the two mis-
sense variants (p.His596Arg and p.Arg684Trp), identified in
patients E2 and E3 in compound heterozygosity exhibiting
milder phenotype. Accordingly, both mutations showed
reduced aconitase activity though to different extent; more-
over when expressed in combination, mimicking the patient
condition, enzyme activity determined in the yeast model
was 60% of that of the wild-type control. Although this anal-
ysis is not equivalent to determination of enzyme activity in
patient's cells (lymphoblasts or fibroblasts) it reflects
decreased activity and furthermore mutation severity.

In agreement, Metodiev et al already showed in their
study that partial decrease of 50% to 60% of control is asso-
ciated with a milder phenotype of isolated adult optic atro-
phy (currently termed OPA9 OMIM# 616289) whereas a
critical decrease of aconitase activity (5% of control) resulted
in the most severe phenotype of lethal neonatal encephalopa-
thy in two siblings thus suggesting a clear genotype pheno-
type correlation directly related to enzyme malfunction.8

Recently, Marelli et al reported a 56 years' woman with mild
cognitive delay and late, adult onset, progressive optic atro-
phy and spastic paraplegia due to biallelic ACO2 mutations.
Notably, aconitase enzyme activity measured in cultured
fibroblasts was 50% of control further supporting clear corre-
lation between clinical severity and enzyme activity.7 Of
interest, the clinical spectrum of ACO2 gene defects was
recently further extended to include early onset spastic para-
plegia with sparing of cerebellar symptoms and optic atro-
phy.5 In order to correlate residual enzyme activity with
patients' phenotype and genotype we summarized all cases
with biallelic ACO2 mutations where aconitase activity was
assessed (Table 2). Although preliminary, the table displays
a clear correlation between residual enzyme activity and dis-
ease severity and age of onset. Accordingly, enzyme activity
below 30% is associated with ICRD phenotype and enzyme
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activities of 50% or higher are associated with late onset
milder phenotypes such as isolated optic atrophy with or
without progressive spastic paraparesis.

In the last two decades, MRI is becoming a major com-
ponent in the diagnostic toolbox of patients with neuro-
genetic disorders. As expected, consecutive brain MR stud-
ies are also invaluable in the diagnostic evaluation of ICRD
especially when combined with careful and strict assessment
of the patients. Of note, MRI abnormalities appearance is
delayed compared with the emergence of clinical symptoms.
MR scans performed within the first year of life are typically
normal or show mild abnormalities even when significant
neurological impairment is already evident. Only later (usu-
ally within the second year of life) MR studies become

pathologic with global cerebellar atrophy being the key com-
ponent, associated with generalized cortical atrophy involv-
ing mainly the central regions with concomitant ventriculo-
megaly, thinning of the corpus callosum and peri-ventricular
white matter signal abnormalities. This delay in brain imag-
ing compared with clinical symptoms may frequently occur
in other TCA defects20 emphasizing the importance of
repeating MRI studies as disease progress. MRS an emerg-
ing complementary study to conventional MRI, in particular
when inborn errors of metabolism are clinically suspected,
was performed in only three individuals in our cohort (A1,
A3, E1). It showed abnormally elevated lactate peaks in two
of the patients (A3, E1) which imply an underlying mito-
chondrial disorder. Taken together, abnormally elevated

FIGURE 2 Schematic representation of exonic ACO2 and 3D structure of amino acid exchanges. A, Schematic representation of the
localization of each of the mutants in relation with the exonic ACO2 protein. The amino acid was determined for all missense variants from the
UCSC Genome Browser (genome.ucsc.edu). B, The location and evolutionary conservation of the ACO2 positions targeted by the missense
mutations. The positions are shown as spheres. The left image shows the positions within the 3D structure of the enzyme, where the enzyme's
backbone is shown as a ribbon, colored by evolutionary conservation. The conservation levels (cyan—lowest, maroon—highest; see color code in
figure) were calculated by ConSurf (http://consurf.tau.ac.il)13,14 using the Bayesian method. For clarity, the right image shows the locations of the
isolated positions (conservation-colored spheres) with respect to the substrate, bound to the sulfur-iron complex (sticks). The separate
representations of each ACO2 missense mutation are shown in Figures S1-S9 and the structural analysis is described in File S2. In Figures S1-S9,
α-helices are shown in red, β-strands in yellow, loops are in green, and hydrogen bonds are black-dashed lines. Suggested protein motions that may
result from the mutations are shown as purple arrows, where straight arrows mark translations and curved arrows mark hinge motions. Only the
relevant parts of the protein are shown, with respect to the bound substrate (isocitrate)
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lactate peaks in combination with cerebellar atrophy and typ-
ical clinical features including optic atrophy and retinal
degeneration is highly suggestive of ICRD. We speculate
that the increasing use of MRS in routine brain MR exami-
nations particularly when a metabolic disorder is suspected
will significantly contribute to the diagnostic rate of ICRD
patients.

Except for the 10 Israeli patients originating from an
inbred population all the other patients were compound het-
erozygous to apparently pathogenic variants. Interestingly
about half of the mutations identified in our study were
located within the small C-terminal domain (Figure 2A).
Two nonsense mutations predicted a premature stop codon
suggesting early truncation and thus loss of enzyme activity.
The rest of the mutations were missense. According to our
in silico structural modeling they are predicted to induce a
negative effect on substrate binding (Figure S1-S9 and File
S2). As expected all the variants, except for one (p.Ser87-
Leu), are placed at evolutionary conserved amino acid and
are predicted pathogenic by web-based prediction softwares
(Mutation Taster and Polyphen-2).

Given the lack of informative metabolic biomarkers, the
diagnosis of ICRD relies on meticulous and comprehensive
clinical assessment of the patients in association with typi-
cal MRI findings. The diagnosis is then confirmed by dem-
onstration of biallelic ACO2 pathogenic variants. High
throughput liquid chromatography-mass spectrometry (LC-
MS) serum metabolomic analysis was shown to provide
characteristic distinct fingerprint profile in ICRD
patients,11 and enzyme activity assay are currently avail-
able in research platforms but are expected to be available
in clinical setup in the near future and will thus support/-
confirm the diagnosis mainly in controversial or unequivo-
cal cases.

In summary, ICRD is a rare neurodegenerative disorder,
characterized by distinctive clinical phenotype and caused
by deleterious mutations in the ACO2 gene that severely dis-
rupt the structure, thereby the function, of mitochondrial
aconitase, a key enzyme in the TCA cycle.
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