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Abstract

The ACO2 gene encodes the mitochondrial protein aconitate hydratase, which

is responsible for catalyzing the interconversion of citrate into isocitrate in the

tricarboxylic acid (TCA) cycle. Mitochondrial aconitase is expressed ubiqui-

tously, and deficiencies in TCA-cycle enzymes have been reported to cause var-

ious neurodegenerative diseases due to disruption of cellular energy

metabolism and development of oxidative stress. We investigated a severe early

infantile-onset neurometabolic syndrome due to a homozygous novel variant

in exon 13 of the ACO2 gene. The in vitro pathogenicity of this variant of

unknown significance was demonstrated by the loss of both protein expression

and its enzymatic activity on muscle tissue sample taken from the patient. The

patient presented with progressive encephalopathy soon after birth, character-

ized by hypotonia, progressive severe muscle atrophy, and respiratory failure.

Serial brain magnetic resonance imaging showed progressive abnormalities

compatible with a metabolic disorder, possibly mitochondrial. Muscle biopsy

disclosed moderate myopathic alterations and features consistent with a mito-

chondriopathy albeit nonspecific. The course was characterized by progressive

worsening of the clinical and neurological picture, and the patient died at

5 months of age. This study provides the first report on the validation in mus-

cle from human subjects regarding in vitro analysis for mitochondrial aconi-

tase activity. To our knowledge, no prior reports have demonstrated a

correlation of phenotypic and diagnostic characteristics with in vitro muscle

enzymatic activity of mitochondrial aconitase in humans. In conclusion, this

case further expands the genetic spectrum of ACO2 variants and defines a

complex case of severe neonatal neurometabolic disorder.
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1 | INTRODUCTION

The 18-exons ACO2 gene (OMIM *100850) encodes the
mitochondrial protein aconitate hydratase (mHA, hereaf-
ter referred to as aconitase). It is a tricarboxylic acid
(TCA) cycle iron–sulfur cluster protein that catalyzes the
reversible isomerization of citrate to isocitrate via cis-
aconitate in the second step of the TCA cycle.1,2 The TCA
cycle's defects are linked to various neurodegenerative
diseases, due to the disruption of cellular energy metabo-
lism and development of oxidative stress.

Since the first two families were described in 2012,
with involvement mainly of the cerebellum and retina,2

19 families with ACO2 mutations have been reported,
expanding the spectrum of phenotypes from isolated
optic atrophy3,4 to hereditary spastic paraplegia3,5 up to a
severe infantile-onset neurodegenerative disorder with
hypotonia, severe psychomotor delay, epilepsy, progres-
sive cerebellar and cortical atrophy, optic atrophy, and
retinal degeneration (infantile cerebellar retinal degener-
ation, OMIM #614559).1 A recent screening of a
European cohort of individuals with genetically unsolved
inherited optic neuropathies, positioned ACO2 as the
third most frequently mutated gene in autosomal inher-
ited optic neuropathies.6

Here, we report the case of a severe early infantile
onset neurometabolic syndrome due to novel homozy-
gous variant in exon 13 of the ACO2 gene. The in vitro
pathogenicity of this variant has been demonstrated by
the loss of both protein expression and its enzymatic
activity on muscle tissue sample taken from the patient.

This report was prepared in compliance with the reg-
ulations of the local ethics committee, and signed paren-
tal consent was obtained.

2 | CASE REPORT

The patient was the first child of consanguineous parents
(first cousins). She was born at term, without antenatal
or perinatal problems, and a birth weight of 2500 g. At
15 days of age, she experienced her first episode of acute
respiratory failure. At neurological examination, the
infant had global severe hypotonia, decreased deep ten-
don reflexes, very poor antigravity movements, and
absence of distal movements. No significant dysmorph-
isms were reported. Since the age of 3 months, the
patient presented numerous episodes of apnea in sleep

with a lowering of blood saturation to 84% and spontane-
ous recovery. She was unable to suck properly, with per-
sistent failure to thrive. Ocular motility was characterized
by the absence of fixation and tracking. The course was
then characterized by a gradual evolution of severe mus-
cle wasting, worsening of the hypotonia, and complete
areflexia. The infant had bradycardia and apneas, requir-
ing intubation and assisted ventilation. Due to recurring
seizures, antiepileptic drugs were required. The severity
of the neurological picture, with an evident state of dis-
tress and suffering, and the rapid and progressive worsen-
ing of the electroencephalogram (EEG) picture required
the start of a continuous infusion therapy with midazo-
lam, in combination therapy with morphine. The patient
eventually fell into a deep coma and died at 5 months
of life.

Regarding the diagnostic workup, EEGs revealed
multifocal paroxysmal abnormalities and progressive
deconstruction of electrical activity, consistent with
nonspecific encephalopathy. Visual evoked potentials
showed bilateral slowing of conduction. Somatosensory
evoked potentials (median nerve stimulation) showed
severe bilateral alteration of conduction, starting from
the peripheral components, and bilateral absence of
the N20-P25 cortical complex. Electroneurography
showed marked signs of mixed demyelinating and axo-
nal motor and sensory polyneuropathy both in the
upper and lower extremities. Echocardiography and
abdominal ultrasound were normal. Extensive labora-
tory investigations, including glucose, lactate, ammo-
nia, thyroid and adrenal function, creatine kinase,
acylcarnitines, amino acids, and very long-chain fatty
acids were all normal.

The brain magnetic resonance imaging (MRI) per-
formed at 18 months of age did not reveal any definite
abnormalities (Figure 1). At 3 months of age, the brain
MRI revealed bilateral and symmetric signal abnormali-
ties hyperintense on T2-weighted images and with
restricted diffusivity on diffusion-weighted imaging and

Synopsis

Combining clinical, neuroradiological, genetic,
and in vitro analysis to define a complex case of
severe neonatal neurometabolic disorder and val-
idate a homozygous novel variant in ACO2 gene.
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corresponding apparent diffusion coefficient maps,
involving the cerebral peduncles, subthalamic nuclei,
thalami, globi pallidi, and with less extension the deep
white matter. Localized magnetic resonance spectroscopy
(MRS) of the left thalamic region demonstrated a reduc-
tion of N-acetylaspartate (NAA) and a lactate doublet
(Figures 1 and S1). An additional targeted MRS of the left
centrum semiovale demonstrated a mild lactate peak.

These overall findings were suggestive of a metabolic dis-
order, possibly mitochondrial (Leigh-like MRI pattern).
The last brain MRI performed at 5 months of age demon-
strated diffuse atrophic changes in the brain, with a
global delay in cerebral myelination compared with that
expected for age. Localized MRS of the left thalamic
region showed further reduction of NAA, without evi-
dence of lactate (Figure 1).

FIGURE 1 Brain MRI findings. At admission (18 days of life), axial diffusion-weighted imaging (DWI) and T1-weighted imaging, axial

and sagittal T2-weighted images, along with left thalamic single voxel magnetic resonance spectroscopy (MRS) with echo time (TE) of

144 ms, do not reveal definite structural and metabolic brain abnormality. Three months later, axial DWI and corresponding apparent

diffusion coefficient (ADC) maps show restricted diffusivity involving the cerebral peduncles, subthalamic nuclei (arrowheads), globi pallidi

(thin arrows) and thalami (thick arrows). Additional linear lesions with restricted diffusivity are demonstrated in the deep white matter,

abutting the caudate nuclei (open arrows). Axial and coronal T2-weighted images show increased signal in regions of restricted diffusivity.

Single voxel MRS (TE 144 ms) of the left thalamic region shows a reduction of N-acetylaspartate (NAA) and a lactate doublet (see also

Figure S1). At 5 months, DWI, T1- and T2-weighted images show reduced volume of the cerebral hemispheres, thalami, and basal ganglia

(with cavitary lesion in both globi pallidi), no areas of restricted diffusivity, thinning of the posterior portion of the corpus callosum (open

arrow) and ex-vacuo dilatation of the ventricular system and subarachnoid spaces, in keeping with atrophic changes. Left thalamic single

voxel MRS (TE 144 ms) shows further reduction of NAA without evidence of lactate.
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The muscle biopsy revealed muscle tissue with mod-
erate myopathic changes including fair variability in fiber
caliber, inhomogeneity between fascicles, normally dis-
tributed nuclei, diffusely enlarged connective tissue, and
normal vessels. It also revealed characteristics compatible
with a mitochondriopathy albeit nonspecific (poor dis-
tinction of fiber types with oxidative enzymes: diffuse
hyperactivity with NADH (reduced form of nicotinamide
adenine dinucleotide) only a hint of distinction in types
with LDH (lactate dehydrogenase, and inhomogeneity
between fascicles with SDH (succinate dehydrogenase)
and COX (cyclooxygenase) some with reduced activity).
Immunohistochemistry showed a normal distribution of
structural proteins.

Genetic tests included karyotype test (negative), com-
parative genomic hybridization (CGH) array (duplication
of the 14q32.2 region with uncertain significance), and
whole exome sequencing (WES), which revealed a homo-
zygous variant in exon 13 of the ACO2 gene, c.1508G > C
(p.Gly503Ala). The variant was also confirmed in the par-
ents and is not reported in the dbSNP, gnomAD, or Clin-
Var databases. In silico analysis indicates that this
variant could be deleterious (MutationTaster: disease-
causing; FATHMM-MKL: damaging; Provean: damaging;
DANN: 0.998, range 0–1, with 1 for maximum pathoge-
nicity). Another missense variant at the same nucleotide
position c.1508G > A (p.Gly503Glu) was previously
reported as pathogenic in the Global Variome shared
LOVD v.3.0 database.

3 | IN VITRO VALIDATION

3.1 | Mitochondrial proteins'
enrichment from muscles' biopsies

To validate the WES results, enriched mitochondrial
proteins have been extracted from muscle biopsy of the
patient and an age-matched control subject (from now
on indicated as patient and control, respectively)
according to the protocol of the assay Cayman Chemi-
cal, Item No. 705502. Mitochondrial proteins have been
used for the enzymatic assay and Western blotting
experiments.

3.2 | Aconitase enzymatic activity test
from muscles' biopsies

Enzymatic activity of mitochondrial aconitase has been
measured by the aconitase assay (Cayman Chemical,
Item No. 705502), as previously described7 on enriched
mitochondrial protein extracted from the muscle biopsy

of the patient and an age-matched control subject. The
rate at which nicotinamide adenine dinucleotide phos-
phate hydrogen (NADPH) is generated is proportional to
the activity of aconitase.

From the enriched mitochondrial proteins extracted
by the muscle biopsy of the patient and the control, we
measured a marked reduction of about 66% of the aconi-
tase activity in the muscles from the patient versus the
control subject.

3.3 | Western blotting for aconitase and
mitochondrial markers

Western blotting experiments have been performed on
enriched mitochondrial proteins extracted from the
patient and an age-matched control subject, according to
standard protocols.8 After bicinchoninic acid (BCA)
quantification, 7 μg of total protein lysates extracted were
separated via sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) with 4%–20% gradient gels
(Biorad, Hercules, California, USA) and immunoblotted
onto PVDF (polyvinilydene difluoride) membranes
(GE Healthcare Life Sciences, Germany). Protein
amounts were evaluated by using specific antibodies and
normalized to Vinculin protein. The following primary
antibodies were used to detect the proteins: antimito-
chondrial aconitase (1:1000; Cell Signaling, Massachu-
setts, USA), antimitochondrial import receptor subunit,
Tom20 (1:1000; Cell Signaling, Massachusetts, USA),
antimitochondrial oxidative phosphorylation system
(OXPHOS), OXPHOS Cocktail (1:1500; Abcam, Cam-
bridge, UK) and anti-Vinculin (1:1000; Invitrogen, Mas-
sachusetts, USA). The membranes were incubated with
secondary antibodies: for aconitase and Tom20; goat anti-
rabbit IgG-HRP (1:6000) (Vector Laboratories, Burlin-
game, CA), for OXPHOS and Vinculin; goat anti-mouse
IgG-HRP (1:6000) (Santa Cruz Biotechnology, USA).
After secondary antibody incubation, the immunoreactiv-
ity was evaluated by using a chemiluminescence kit
(Western Lightning Plus ECL). The fluorescence emitted
was detected by a ChemiDoc XRS+ with Image Lab Soft-
ware (Bio-Rad). Data from WB quantification (Image Lab
Software, BIO-RAD, Italy) were normalized on levels of
Vinculin bands.

To investigate if the strong reduction in the enzymatic
activity of mitochondrial aconitase was due to a reduc-
tion of its protein levels or to mitochondrial content, we
performed the western blotting analysis on enriched
mitochondrial proteins extracted from the muscle biopsy
of the patient and an age-matched control subject. The
western blotting showed a significant reduction of mito-
chondrial aconitase protein levels of about 97% in the
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patient compared with the control subject (Figure 2A).
For the mitochondrial content, we analyzed the expres-
sion of Tom20 (translocase of the outer membrane 20), a
multisubunit protein complex of the outer mitochondrial
membrane (OMM), involved in the import of nucleus-
encoded precursor proteins across the OMM. Western
blotting revealed a strong reduction of about 91% of the
protein amount in the patient compared with the control
subject (Figure 2B). Since we found alterations in aconi-
tase enzymatic activity, and since it is known that the
TCA cycle is in direct relation with respiratory chain
(OXPHOS) for the maintenance of balanced cellular
metabolism, we evaluated the expression of the five com-
plexes of the respiratory chain using the OXPHOS cock-
tail of antibodies on enriched mitochondrial proteins
extracted from muscle biopsies. The results showed a sta-
tistically significant decrease in the expression of all the
five complexes of the respiratory chain in the patient
compared with the control (Figure 2C).

4 | DISCUSSION

A homozygous novel variant in exon 13 of the ACO2
gene, which encodes mitochondrial aconitase, was identi-
fied in a case of severe early infantile onset neurometa-
bolic syndrome.

As well as the cytoplasmic form, mitochondrial
aconitase is ubiquitously expressed and catalyzes the
interconversion of citrate into isocitrate in the TCA
cycle.9 The TCA cycle has a crucial role in the mitochon-
drial metabolism, generating reduced power in the form
of NADH and FADH2.10 In case of stressful cellular con-
ditions, aconitase undergoes posttranslational modifica-
tions, resulting in loss of activity.11 In addition to the
main role in the TCA cycle, aconitase is involved in mito-
chondrial DNA stabilization with pathophysiological
mechanisms including cellular energy metabolism dis-
ruption and mitochondrial DNA depletion when defi-
cient in humans.12,13 Aconitase deficiency may also cause
neurotoxicity by the accumulation of glutamate and free
radical species.13

Deficiencies in the TCA-cycle enzymes (e.g., fumarate
hydratase, succinate dehydrogenase, and succinyl-CoA
synthetase) have been reported to cause multisystem dis-
orders, including early-onset encephalopathies.14 A neu-
rometabolic early onset syndrome with ACO2 mutations
has been fully described, with typical onset between
2 and 6 months of age, and clinical features including
trunk hypotonia, athetosis, epilepsy, and ophthalmologic
abnormalities. In affected individuals, MRI shows pro-
gressive cerebral and cerebellar degeneration.1 Although
a clear genotype–phenotype correlation has not been
demonstrated, according to some reports the amount of

FIGURE 2 Quantification of mitochondrial

proteins in muscles' biopsies. Western blotting

analysis and quantification expressed as a

percentage (%) of (A) mitochondrial aconitase,

(B) mitochondrial import receptor subunit

(Tom20), and (C) mitochondrial Oxidative

Phosphorylation System (OXPHOS) in muscles'

biopsies (control and patient) are shown. Data

were normalized on Vinculin amount in the

same samples (Image Lab 4.0.1 Sofware, Bio-

Rad, California, USA).
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residual aconitase activity could mitigate the clinical
severity.5

Diagnosing aconitase deficiency in clinical practice
can be challenging due to the overlap of clinical features
with other neurometabolic or neurodegenerative disor-
ders, the lack of specific mitochondrial biochemical
abnormalities such as lactic acidosis, and the delayed evi-
dence of MRI abnormalities (diffuse cerebellar atrophy
and cortical atrophy) compared with severe clinical fea-
tures.1 Our patient presented with a progressive encepha-
lopathy (hypotonia, hyporeflexia, very poor antigravity
movements, disordered ocular motility, persistent failure
to thrive, and respiratory failure) soon after birth but
without specific biochemical markers. The first brain
MRI, performed 18 days after birth, was normal. How-
ever, the second MRI, performed at 3 months of age
showed a Leigh-like pattern. This MRI/MRS finding in
ACO2 mutations was previously unreported and oriented
us toward a mitochondrial disorder. A muscle biopsy dis-
closed moderate myopathic alterations and features con-
sistent with a mitochondriopathy albeit nonspecific. The
biochemical validation in muscle tissue of the homozy-
gous variant in exon 13 of the ACO2 gene c.1508G > C
(p.Gly503Ala), detected by WES, allowed for the diagno-
sis and genetic counseling of the parents. As reported by
Sharkia et al.15 in a series of 16 patients, also in our case
enzymatic activities of the mitochondria were not intact
and helped orientate the diagnosis. The last brain MRI,
performed a few days before patient's death, documented
the progressive evolution of the known picture with cavi-
tating areas and atrophic cerebral changes.

Regarding in vitro analysis, to our knowledge, this is
the first report on the validation of mitochondrial aconi-
tase activity in muscle from human subjects. Although
validation in fibroblasts derived from patients has been
reported,3,13 no other case report to date has demon-
strated the correlation of phenotypic and diagnostic fea-
tures with the muscular in vitro enzymatic activity of
aconitase in humans.

In conclusion, our case report further expands the
genetic spectrum of ACO2 variants. The combination of
clinical features, serial neuroradiological follow-up, next-
generation sequencing, and demonstration of loss of pro-
tein expression and its enzymatic activity in muscle tissue
has contributed to the accurate definition of this complex
case of severe neonatal neurometabolic disorder.
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in the Supporting Information section at the end of this
article.

Figure S1. Single voxel MRS (TE 144 ms) data performed
at 3 months processed by LCModel program. Localized
MRS of the left thalamic region demonstrates the pres-
ence of lactate and NAA reduction. Localized MRS of the
left centrum semiovale shows a mild lactate peak.
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