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Abstract
Objective
To describe the clinical and molecular genetic findings in a family segregating a novel mutation
in the AIFM1 gene on the X chromosome.

Methods
We studied the clinical features and performed brain MRI scans, nerve conduction studies,
audiometry, cognitive testing, and clinical exome sequencing (CES) in the proband, his mother,
and maternal uncle. We used in silico tools, X chromosome inactivation assessment, and
Western blot analysis to predict the consequences of an AIFM1 variant identified by CES and
demonstrate its pathogenicity.

Results
The proband and his maternal uncle presented with childhood-onset nonprogressive cerebellar
ataxia, hearing loss, intellectual disability (ID), peripheral neuropathy, and mood and behav-
ioral disorder. The proband’s mother had mild cerebellar ataxia, ID, and mood and behavior
disorder, but no neuropathy or hearing loss. The 3 subjects shared a variant (c.1195G>A;
p.Gly399Ser) in exon 12 of the AIFM1 gene, which is not reported in the exome/genome
sequence databases, affecting a critical amino acid for protein function involved in NAD(H)
binding and predicted to be pathogenic with very high probability by variant analysis programs.
X chromosome inactivation was highly skewed in the proband’s mother. The mutation did not
cause quantitative changes in protein abundance.

Conclusions
Our report extends the molecular and phenotypic spectrum of AIFM1 mutations. Specific
findings include limited progression of neurologic abnormalities after the first decade and the
coexistence of mood and behavior disorder. This family also shows the confounding effect on
the phenotype of nongenetic factors, such as alcohol and drug use and side effects of
medication.
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We describe a family segregating a complex syndrome be-
cause of a previously unreported mutation in the AIFM1
(apoptosis-inducing factor, mitochondrion-associated, 1)
gene, encoding a homodimeric flavoprotein tethered to the
mitochondrial inner membrane that is required to maintain
the mitochondrial respiratory complex I. AIFM1 has a rote-
none-sensitive reduced nicotinamide adenine dinucleotide
(NADH):Ubiquinone oxidoreductase activity, whose func-
tional role remains unclear.1 In addition, under conditions of
mitochondrial stress, a cleaved fragment of AIFM1 is also
implicated in caspase-independent programmed cell death
induction.2 Mutations may affect one or both of these func-
tions.3 Cerebellar atrophy is prominent in theHarlequin (Hq)
mouse, a spontaneous Aifm1 mutant,4 but is not a common
feature of the multiple phenotypes associated with AIFM1
mutations in humans. These include a severe neonatal mito-
chondrial encephalomyopathy,5 a more slowly progressive
encephalopathy,6 the association of sensorineural hearing loss
and axonal neuropathy called Cowchock syndrome,7 other
“mitochondrial” phenotypes of variable severity and symp-
toms, and other unique presentations as infantile motor
neuron disease,8 distal motor neuropathy,9 ventriculomegaly,
and myopathy.10 Cerebellar ataxia, mostly of childhood onset,
has been occasionally reported in association with other
phenotypes of variable severity.6,8,10,11 In this article, we ex-
tend the spectrum of AIFM1-related phenotypes and report
a novel AIFM1 mutation affecting the NAD(H) binding site.

Methods
We collected DNA samples on 3 family members. Initial ge-
netic screening involved testing the proband for spinocer-
ebellar ataxias (SCAs) caused by cytosine-adenosine-
guanosine repeat expansions (SCA1, 2, 3, 6, 7, 17). Because
this was negative, next generation sequencing of 3,638 genes
associated with pathologic human phenotypes (clinical exome
sequencing [CES]) was performed on all 3 individuals’ DNA.

X chromosome inactivation in the proband’s mother pe-
ripheral blood mononuclear cells (PBMCs) was assessed by
amplification of the cytosine-adenosine-guanosine repeat in
the androgen receptor gene before and after cleavage with the
methylation-sensitive enzymes HpaII and CfoI.

For Western blot analysis, PBMCs from the proband and his
mother were isolated by centrifugation on Ficoll, mechan-
ically lysed and separated into a nuclear and cytoplasmic
fraction by centrifugation. AIFM1 was detected using a goat
polyclonal primary antibody (Novus Biologicals, Abingdon,
UK) and chemiluminescence detection.

Standard protocol approvals, registrations,
and patient consents
Patients provided written informed consent for genetic
analysis and for the use of their coded data for research pur-
poses, as approved by the Ethics Committee of the Hôpital
Erasme, Brussels, Belgium.

Data availability
Coded clinical and genetic data not allowing patient identi-
fication and details on pipeline and filtering of CES results are
available on request.

Results
Clinical presentation
The family tree is shown in figure 1. No information is available
on the maternal grandparents of the proband. In the proband,
instability and clumsiness were first noticed when he was 2 years
old. At age 10, he had severe gait and limb ataxia, dysarthria, and
abnormal eye movements with jerky pursuit and slow saccades.
Brain MRI was performed at age 2, 4, 7, 9, and 13 years. Al-
though the first 2 investigationswere reported to be normal, mild
cerebellar atrophy was seen at age 7, which progressed in the
following years, affecting both vermis and hemispheres (figure 2,
A and B). Knee and ankle reflexes were absent at age 2, and there
was mild leg amyotrophy, suggesting that polyneuropathy was
initially responsible for motor symptoms. Cognitive de-
velopment was considered normal until age 2, and then, it

Figure 1 Family pedigree

The proband, individual III-1, is indicated with an arrowhead. AIFM1 geno-
types are indicated as wt (G399) or M (S399).

Glossary
CES = clinical exome sequencing; CR = creatine; ID = intellectual disability; MRS = magnetic resonance spectroscopy;
PBMC = peripheral blood mononuclear cell; SCA = spinocerebellar ataxia.
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stagnated. At age 10, he had a total IQ of 50, with no significant
difference between verbal and perceptual reasoning scores.
Hearing was still normal at age 8, but hearing loss was present at
age 10. The clinical picture remained stable in the second decade,
with some improvement with intense rehabilitation.

The proband’s mother had mild truncal and limb ataxia,
dysarthria, mild loss of vibration sense at external malleoli, and
a bilateral extensor plantar response. Tendon reflexes in her
lower limbs were brisk at age 42, then weakened and dis-
appeared by age 46. Gaze-evoked nystagmus, present at age
42, also disappeared by age 46, whereas saccades become slow
and hypometric. She had had mood instability and behavioral
problems since her adolescence, leading to repeated referrals
to psychiatric services. She had received a diagnosis of bipolar
disorder and was treated with antidepressants, neuroleptics,
and mood stabilizers. A rest and action tremor of her hands

was attributed to chronic treatment with valproate as mood
stabilizers. Her cognitive function was in the mild intellectual
disability (ID) range. She had no hearing loss. Brain MRI at
age 43 showed mild cerebellar atrophy (figure 2, C and D).
Magnetic resonance spectroscopy (MRS) revealed decreased
N-acetyl-aspartate/creatine (CR) and choline/CR ratios in
the cerebellum and brainstem, with a detectable lactate peak.

The proband’s maternal uncle, twin brother of the proband’s
mother, when examined in his 40s had similar clinical features of
childhood-onset ataxia that stopped progressing in the second
decade, ID with prominent executive dysfunction, peripheral
neuropathy, and deafness. Mood instability and behavioral
problems, for which he received antidepressants, neuroleptics,
and mood stabilizers, had been prominent since childhood.
When seen at age 42, he had moderate generalized bradykinesia
and rigidity, which resolved after stopping neuroleptics and

Figure 2 Patients MRI showing cerebellar atrophy

Coronal (A, C, and E) and sagittal (B, D, and F) T1-
(A-F) and T2-weighted (C) brain MRI images from
the proband at age 13 (A and B), his maternal
uncle at age 42 (C and D), and proband’s mother
at age 42 (E and F). Notice the mild cerebellar
atrophy in the proband’s mother and the mod-
erate cerebellar atrophy in the proband and his
uncle.
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valproate. At age 42, MRI showed diffuse cerebellar atrophy,
affecting both vermis and hemispheres (figure 2, E and F).
Blood lactate was mildly increased on several occasions.

Genetic analyses
CES revealed a variant (c.1195G>A; p.Gly399Ser) in exon 12
of the AIFM1 gene (NM_004208) on the X chromosome
shared by the proband, his maternal uncle, and his mother.
This variant is not reported in the literature and is not present
in ExAC and gnomAD (supplemental material, links.lww.
com/NXG/A254).

AIFM1 has 3 domains: flavin adenine dinucleotide-binding
(residues 128–262 and 401–480), NADH-binding (residues
263–400), and C-terminal (residues 481–608) (atlas-
geneticsoncology.org//Genes/AIFM1ID44053chXq25.
html). The variant affects a highly conserved glycine that is
located in the NADH-binding domain, where it directly
interacts with NADH (figure 3). It is predicted to be delete-
rious by Polyphen-2, SIFT, and MutationTaster, likely pre-
venting or destabilizing NADH binding to AIFM1, which is
needed for its oxidoreductase activity and dimerization.12

Following the American College of Medical Genetics guide-
lines, the variant, even if found in a single family, is classified as
likely pathogenic because it is located in a critical and well-
established functional domain without benign variation
(PM1), it is absent from controls in exome and genome

databases (PM2), it is a missense variant in a gene that has
a low rate of benign missense variation and in which missense
variants are a common mechanism of disease (PP2), and
multiple lines of computational evidence support a deleteri-
ous effect on the gene or gene product (PP3). In addition, the
patients’ phenotype has highly specific features associated
with AIFM1 mutations, in particular axonal polyneuropathy
and deafness (PP4). Highly skewed X inactivation in the
heterozygous proband’s mother (91:9 ratio) further supports
the pathogenicity of this variant.

Western blot analysis of AIFM1 (not shown) revealed no
difference in size or abundance between the proband, his
mother, and normal male and female controls, indicating that
the mutation did not affect the synthesis, maturation, or
degradation of the protein.

Discussion
The phenotype of our male patients partially overlaps with
Cowchock syndrome because they both have axonal poly-
neuropathy and deafness in addition to cerebellar ataxia and ID.
However, cerebellar atrophy, which is a prominent feature in this
family has rarely been reported in human patients with AIFM1
mutation. Interesting, cerebellar ataxia progression essentially
occurred in the first decade, followed by stabilization and, in the
proband, even improvement with intensive rehabilitation.
Treatment with riboflavin, reported to be beneficial in 2 patients
with ataxia and AIFM1 mutations, might have provided further
improvement.11 Whether the mood and behavior disorder also
prominent in this family is coincidental, possibly because of an
unfavorable environment combined to other genetic risk factors,
or a consequence of themutation remains speculative. However,
the very similar psychiatric and cognitive profiles of the proband
and his uncle suggest that the mutation may indeed have
a predisposing role, if not a causative role.

Of interest all previously reported AIFM1 mutations are re-
cessive, with only hemizygous men being clinically affected,
whereas in our family, a heterozygous woman seems to be
symptomatic, although in a much milder form than her
brother and son. However, in her case, the causative role of
the AIFM1 mutation may be questioned. First, highly skewed
X inactivation makes it unlikely that a mutation present in
a very small proportion of active X chromosomes can be
disease causing, even if, by affecting NADH binding, it may
prevent dimerization of the protein. In addition, although
brain lactate was detected by MRS in this patient, this finding
is not specific and cannot prove a role of the mutation in
causing her neurologic features. In addition, this patient has
a history of alcohol and drug abuse and use of neuroleptics
and mood stabilizers, which are likely to have clouded her
clinical picture. In this regard, her tremor was clearly induced
by valproate, whereas polyneuropathy and mild cerebellar
atrophy might have been secondary to alcohol abuse, al-
though we cannot exclude that the AIFM1mutation may have

Figure 3 Amino acid change affecting the AIFM1 NAD(H)A
binding site

Schematic of the AIFM1 structure around theNAD(H)A and FADbinding sites.
The mutated G399 residue (boxed) is directly involved in NAD(H) binding.
Adapted with permission from American Chemical Society from Ferreira P,
et al.12 Copyright 2014 American Chemical Society, Washington, DC. All
permission requests for this image should bemade to the copyright holder.
FAD = flavin adenine dinucleotide.
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enhanced her vulnerability to these factors. Notably, iatro-
genic complications due to neuroleptic treatment also oc-
curred in the proband and in his uncle; a strong reminder of
how a variety of factors, including nongenetic ones, may affect
the phenotype of a genetic disorder and be potentially mis-
leading in the diagnostic process.
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