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ORIGINAL ARTICLE

Disturbed mitochondrial and peroxisomal dynamics
due to loss of MFF causes Leigh-like
encephalopathy, optic atrophy and peripheral

neuropathy

Johannes Koch,' René G Feichtinger,’ Peter Freisinger,” Mechthild Pies,’
Falk Schrédl,* Arcangela luso,”® Wolfgang Sperl," Johannes A Mayr,'

Holger Prokisch,>® Tobias B Haack>®

ABSTRACT

Background Mitochondria are dynamic organelles
which undergo continuous fission and fusion to maintain
their diverse cellular functions. Components of the fission
machinery are partly shared between mitochondria and
peroxisomes, and inherited defects in two such
components (dynamin-related protein (DRP1) and
ganglioside-induced differentiation-associated protein 1
(GDAP1)) have been associated with human disease.
Deficiency of a third component (mitochondrial fission
factor, MFF) was recently reported in one index patient,
rendering MFF another candidate disease gene within the
expanding field of mitochondrial and peroxisomal
dynamics. Here we investigated three new patients from
two families with pathogenic mutations in MFF.
Methods The patients underwent clinical examination,
brain MR, and biochemical, cytological and molecular
analyses, including exome sequencing.

Results The patients became symptomatic within the first
year of life, exhibiting seizures, developmental delay and
acquired microcephaly. Dysphagia, spasticity and optic and
peripheral neuropathy developed subsequently. Brain MRI
showed Leigh-like patterns with bilateral changes of the
basal ganglia and subthalamic nucleus, suggestive of
impaired mitochondrial energy metabolism. However,
activities of mitochondrial respiratory chain complexes were
found to be normal in skeletal muscle. Exome sequencing
revealed three different biallelic loss-of-function variants in
MFF in both index cases. Western blot studies of patient-
derived fibroblasts indicated normal content of mitochondria
and peroxisomes, whereas immunofluorescence staining
revealed elongated mitochondria and peroxisomes.
Furthermore, increased mitochondrial branching and an
abnormal distribution of fission-mediating DRP1 were
observed.

Conclusions Our findings establish MFF loss of function
as a cause of disturbed mitochondrial and peroxisomal
dynamics associated with early-onset Leigh-like basal ganglia
disease. We suggest that, even if laboratory findings are not
indicative of mitochondrial or peroxisomal dysfunction, the
co-occurrence of optic and/or peripheral neuropathy with
seizures warrants genetic testing for MFF mutations.

INTRODUCTION

Mitochondria form a highly dynamic tubular
network and undergo continuous fusion and fission
to maintain their diverse cellular functions and

organisation throughout the cell.'> Whereas mito-
chondrial fusion promotes the exchange of organel-
lar content, fission of mitochondria into small
segments facilitates mitochondrial trafficking along
the cytoskeleton. Mitochondrial trafficking is
thought to be particularly important for the main-
tenance of cellular (energy) homeostasis in large,
differentiated cell types such as neurons, and during
cell division.* In addition, fission is essential for
mitochondrial quality control, by separating out
dysfunctional mitochondrial components targeted
by the mitophagy machinery for subsequent degrad-
ation.” In peroxisomes, only fission has been
demonstrated.® Mitochondria and peroxisomes
exhibit a close functional relationship and share
key components of their division machinery, includ-
ing the dynamin-like GTPase dynamin-related
protein 1 (DRP1) and its membrane adaptor pro-
teins FIS1 (fission factor 1), MFF (mitochondrial
fission factor) and GDAP1 (ganglioside-induced
differentiation-associated protein 1).> DRP1 is
recruited from the cytosol onto the outer membrane
and mediates mitochondrial and peroxisomal fission
through the formation of large multimeric spiral
complexes that wrap around the tubule at the fission
sites. Membrane fission is then realised by mechano-
chemical forces released upon guanosintriphosphat
(GTP) hydrolysis.” Clinical features of the first
patient with a defect in DRP1 and an early lethal
course were reported by Waterham ez al in 2007.°
Mutations in GDAP1 give rise to a Charcot—-Marie
Tooth disease (CMT) phenotype.® The outer mem-
brane protein MFF is an essential component of the
conserved membrane fission pathway of mitochon-
dria and peroxisomes,* * and presumably the major
DRP1 receptor for organelle fission.” Knockdown
of MFF results in mitochondrial elongation’ and
reduces the amount of DRP1 recruited to mitochon-
dria.'® Shamseldin ez al'" first identified a truncating
mutation in MFF in a 4.5-year-old Saudi Arabian
boy with delayed psychomotor development, spasti-
city, optic atrophy, and bilateral, increased signal
intensities of the basal ganglia. His brother was
mentioned as having similar psychomotor delay,
without any further information given. Here we
report detailed clinical, structural and functional
data of three additional patients from two families
with pathogenic MFF mutations.
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METHODS

Human subjects

Patient 1 was recruited at a tertiary university children’s hospital
(Paracelsus Medical University, Salzburg) and patients 2 and 3
were recruited at Social Pediatric Center Frankfurt and a
regional tertiary referral hospital (Klinikum Reutlingen), respect-
ively. Both hospitals are specialised in mitochondrial diseases
and are partners of the Bundesministerium fiir Bildung und
Forschung (BMBF)-funded mitoNET research programme. All
clinical data and samples were obtained with written informed
consent of the patients’ parents. The ethics committee of
Technische Universitit Miinchen approved the study.

Genetic studies

Exome sequencing was used to investigate the molecular basis of
the mitochondrial disease presentation in patients 1 and 3.
Genomic DNA was extracted from EDTA blood samples using
standard protocols. Library preparation, bioinformatic analyses
and prioritisation of candidate variants were performed as
described previously.'* Briefly, coding regions were enriched using
a SureSelect Human All Exon 50 Mb VS5 kit (Agilent) and the pre-
pared libraries were sequenced on a HiSeq2500 platform
(Illumina). Reads were aligned to genome assembly hgl19 with
Burrows—Wheeler Aligner (BWA, V.0.5.87.5) and genetic variation
was detected using SAMtools (V0.1.18), PINDEL (V.0.2.4t) and
ExomeDepth (V.1.0.0). Of the target sequences, 98% were
covered >20-fold.

Detected MFF variants were confirmed by Sanger sequencing.
Genomic DNA was extracted from EDTA blood from all indivi-
duals but patient 2, from whom only a dry blood spot stored
from newborn screening was available. Primer sequences and
PCR conditions will be provided upon request.

Biochemical studies

Skeletal muscle tissues were homogenised in extraction buffer
(20 mM Tris-HCI, pH 7.6, 250 mM sucrose, 40 mM KClI,
2 mM ethylene glycol tetraacetic acid) and centrifuged at 600 g
to generate the postnuclear supernatant (600 g homogenate),
which was used for measurement of mitochondrial respiratory
chain (MRC) enzyme activities and western blot analysis. MRC
enzyme activities were determined as published elsewhere.'>~"*
Briefly, rotenone-sensitive complex I activity was measured spec-
trophotometrically as NADH/decylubiquinone oxidoreductase.
The enzyme activities of citrate synthase, complex IV (ferrocyto-
chrome c/oxygen oxidoreductase), and the oligomycin-sensitive
ATPase activity of the F{Fy ATP synthase (complex V) were
measured in buffer conditions described by Rustin et al.'®
Succinate dehydrogenase activity (complex II) was determined
according to Rustin et al with slight modifications.'* Buffer con-
ditions and determination of complex III activity are described
in ref 14. All spectrophotometric measurements were performed
at 37°C. Long-range PCR of the mitochondrial DNA was per-
formed with two independent sets of primers.'”

Immunoblotting

For western blot analysis, a total of 10 wg protein of 600g
homogenate was separated on 10% acrylamide/bisacrylamide
gels and  transferred to  nitrocellulose = membranes
using N-cyclohexyl-3-aminopropanesulfonic acid buffer. Washing
and blocking procedures were performed as previously
described.'* The following primary antibody dilutions, incuba-
tion times and temperatures were used: monoclonal mouse
anti-DRP1 (1:1000; 1 h, room temperature; Abcam, Cambridge,

UK), monoclonal mouse antiporin (1:1000; 1 h, room tempera-
ture, MitoSciences) and polyclonal rabbit anticatalase (1:1000;
1 h, room temperature; Thermo Fisher Scientific). After washing,
the membranes were incubated with secondary antibodies as
follows: DRP1 and porin with labelled polymer-HRP (heat react-
ive protein)-antimouse (1:1000; 1 h, room temperature, EnVision
kit, Dako) and catalase with labelled polymer-HRP-antirabbit
(1:1000; 1 h, room temperature, EnVision kit, Dako). Detection
was carried out with Lumi-Light™"VSPOD substrate (Roche).

Immunofluorescence staining

For double immunofluorescence staining the following anti-
bodies were used: mouse monoclonal anti-DRP1 (1:200;
Abcam), rabbit polyclonal anticatalase (1:200; Thermo Fisher
Scientific, Rockford, Illinois, USA), mouse monoclonal antiporin
(1:400; Abcam) and rabbit polyclonal antiporin (1:400;
Abcam). All primary antibodies were diluted in Dako antibody
diluent with background-reducing components (Dako, Glostrup,
Denmark). The following secondary antibodies were used: anti-
mouse Alexa Fluor 488 (1:500; Invitrogen, Eugene, Oregon,
USA) and antirabbit Alexa Fluor 594 (1:1000; Invitrogen).
Secondary antibodies were diluted in phosphate-buffered saline
(PBS) containing 0.5% Tween 20 (PBS-T, pH 7.4).

Patient and control fibroblasts were allowed to attach over-
night. After two washes with PBS, the cells were fixed overnight
in neutral-buffered 4% formalin followed by heat-induced
epitope retrieval in EDTA-T buffer (1 mM EDTA, pH 8.0,
0.05% Tween 20) for 40 min at 95°C and 20 min at room tem-
perature. Sections were washed in deionised H,O and equili-
brated with PBS-T. Sections were incubated with primary
antibodies for 1h at room temperature. Afterwards, sections
were washed three times in PBS-T and incubated for 1h
with secondary antibodies. Specimens were again washed
three times in PBS-T and incubated with 0.5 pg/mL
(4’,6-diamidino-2-phenylindole (Sigma, St Louis, Missouri,
USA) for 10 min. Slides were washed twice in distilled H,O and
mounted in Fluorescent Mounting Medium (Dako, Glostrup,
Denmark).

Analysis of mitochondrial and peroxisomal morphology
Images were analysed using the image processing package Fiji.'®
Raw images were processed to remove the background and
noise, and mitochondria were detected using the plugin tube-
ness. Images were then binarised, thresholded, skeletonised and
subjected to particle analysis to acquire form factor (FF
4r*area/perimeter?) values and aspect ratio (AR) values derived
from lengths of the major and minor axes. An AR value of 1
indicates a perfect circle, and AR increases as mitochondria
elongate and become more elliptical. An FF value of 1 corre-
sponds to a circular, unbranched mitochondrion, and higher FF
values indicate a longer, more-branched mitochondrion.
Quantitative analysis of peroxisome morphology was conducted
on intermodes thresholded images after fast fourier transform
(FFT) band filtering of the raw images and subjected to particle
analysis. Peroxisomes were classified as either normal, elongated
or juxtaposed elongated peroxisomes (JEPs).'” Data were ana-
lysed using an unpaired two-tailed Student’s t test.

RESULTS

Case reports

Patient 1

The boy was the first child of non-consanguineous Austrian
parents; the family history was unremarkable. He was born at
full term and of normal weight, length and head circumference
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after a normal pregnancy, and postnatal adaptation was uncom-
plicated. At age 7 months he was admitted to hospital due to
infantile spasms, and a subsequent EEG showed hypsarrhyth-
mia. At that time the head circumference was microcephalic
(1.5 cm less than the third percentile), he was severely hypo-
tonic and showed few spontaneous movements, he was not
grasping, fixating was reduced and tendon reflexes were normal.
Lactate in plasma (<2.1 mmol/L) and cerebrospinal fluid (CSF)
(<1.8 mmol/L) was normal, as was a brain MRI. Seizures
responded well to antiepileptic medication and EEG was almost
normalised. Despite continuous support, further motor and cog-
nitive development remained very poor. At age 18 months a gas-
trostoma was inserted due to difficulties in swallowing and an
external ophthalmoplegia became evident. Brain MRI at age
21 months revealed bilateral signal hyperintensities of the basal
ganglia (putamen, pallidum) in T2-weighted images. At age
5 years, MRI changes became more prominent, with additional
T2 signal hyperintensities in the caudate nucleus, subthalamic
nucleus (figure 1, 1B) and dentate nucleus (figure 1C), and cere-
bellar atrophy was noted (figure 1E). MRC enzymes in muscle
were normal (table 1).

Seizures relapsed, but barely compromised the patient. At age
7 years the boy was severely hypotonic without head and trunk
control. Vision was severely impaired, and he only responded
with smiling and crying. He was able to move his arms in a

target-oriented manner, but was unable to grasp. Tendon
reflexes were increased and muscle tone was stiff, and he
required feeding via a gastric tube. Over the years, plasma
lactate was mostly normal and only occasionally elevated, to a
maximum of 4.1 mmol/L. The optic disc was pale, indicating
optic nerve atrophy, and visual-evoked potentials were slowed
(table 1). Motor nerve conduction velocities also were slowed
and compound muscle action potential was reduced consistent
with a mixed form of peripheral neuropathy. In addition, brain
MRI at age 7 years showed increased T2 signalling of the optic
radiation (figure 1D). Metabolic laboratory parameters for per-
oxisomal dysfunction, including very long chain fatty acids
(VLCFAs), plasmalogens, phytanic acids and bile acid metabo-
lites, were all within normal range (table 1).

Patient 2

The boy was the first child of consanguineous Turkish parents
(first cousins). After a normal pregnancy, he was born at term by
emergency caesarean section due to abnormal cardiotocography.
The baby experienced severe asphyxia, with Apgar scores 1/4/6
and umbilical artery pH 6.92, and was resuscitated and venti-
lated for 6 days. Birth weight and head circumference were
within normal ranges. Due to newborn seizures, he was treated
with phenobarbital for 2 months. At age 4 months he presented
with infantile spasms, head growth was microcephalic, brain

Figure 1

T2 and fluid attenuation inversion recovery (FLAIR) (1C —E) weighted images of patient 1 (1A, B: age 3 years; 1C,E: age 5 years; 1D: age

8 years), patient 2 (age 14 months) and patient 3 (age 2 years). Images illustrate increased signalling of basal ganglia (1A, 1B, 2A, 2B, 3A, 3B),
thalamus (2A, arrow), subthalamic nucleus (1B, 2B, 3B, arrows), dentate nucleus (1C, arrows) and optic radiation (1D, arrows). Image 1E shows

atrophy of the cerebellar vermis.
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Table 1 Geneticfindings and phenotypic features of MFF-deficient patients

Patient 1 Patient 2 Patient 3 Patient 4
Report This paper This paper This paper Shamseldin et a/'®
Family 1 2 2 3
Consanguinity - + + +
Origin Austrian Turkish Turkish Saudi Arabian
MEFF variants .(184dup);(892C>T), .(453_454del);(453_454del), .(453_454del);(453_454del),p. ¢.(190C>T);(190C>T) p.
p.(Leu62Profs*13);(Arg298*) p.(Glu153Alafs*5);(Glu153Alafs*5)  (Glu153Alafs*5);(Glu153Alafs*5) (GIn64*);(GIn64™))
Type of variant Loss of function Loss of function Loss of function Loss of function
Phenotypic features
Sex Male Male Male Male
Age at onset 4 months 4 months 11 months First year
Acquired microcephaly + + + Borderline microcephaly
Delayed motor milestones + + + +
Unable to sit independently + + + n.c.
GMEFCS VI + + + n.c.
Muscular weakness + + + n.c.
Muscular hypotonia + + + n.c.
Increased tendon reflexes + + + +
Spasticity + + + +
Difficulties swallowing + + + n.c.
Gastric tube + + - n.c.
Growth retardation - - + n.c.
Verbal communication - - - +
Non-verbal communication + + + n.c.
Regression/loss of skills + + + n.c.
Abnormal EEG + + + n.c.
Hypsarrhythmia + + + n.c.
epileptic seizures + + + -
West syndrome + + - -
External ophthalmoparesis + + + -
Pale optic disc + —(9 months) + +
Visual impairment + + + -
Visual-evoked potentials abnormal + + + n.c.
Nerve conduction velocity abnormal ~ + n.d. + n.c.
Reacting to noises + + + n.c.
Brain MRI
Increased T2 signal
Putamen + - + n.c.
Pallidum + + + +
Caudate nucleus + - + n.c.
Thalamus - + + n.c.
Mesencephalon + + + n.c.
Dentate nucleus + - - n.c
Optic radiation + - - n.c.
Cerebellar atrophy, acquired + - + n.c.
Increased lactate MRS - n.d. n.d. n.c.
Laboratory findings
Max. plasma lactate (mmol/L) 4.1 2.5 2.9 Normal
Increased lactate CSF - n.d. n.d. n.c.
MRC in muscle Normal n.d. Normal n.d.
MRC fibroblasts n.d. n.d. n.d. Normal
VLCFA increased - - n.d. -
Plasmalogens abnormal - n.d. n.d. n.d.
Pristanic acid abnormal - n.d. n.d. n.d.
Phytanic acid abnormal - n.d. n.d. n.d.
Bile acid metabolites abnormal - n.d. n.d. n.d.
Bone abnormalities - n.d. n.d. n.d.
Kidney cysts - n.d. n.d. n.d.

+, present; —, absent; CSF, cerebrospinal fluid; GMFCS, Gross Motor Function Classification System; MFF, mitochondrial fission factor; MRC, mitochondrial respiratory chain enzymes;
MRS, magnetic resonance spectroscopy; n.c., not commented; n.d., not determined; VLCFA, very long chain fatty acids.
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Figure 2

Immunofluorescence staining of catalase and dynamin-related protein 1 (DRP1) in mitochondrial fission factor (MFF) patient and control

fibroblasts. (A—F) catalase; (G and H) DRP1; (A, D, G) control; (B, E) patient 1; (C, F, H) patient 3; white arrows point to giant peroxisomes in patient
samples (B, C, E, F); small peroxisomes are visible in controls (A, D); localisation of DRP1 at distinct points in control cells (G); diffuse localisation of

DRP1 in patient cells (H); magnification 63x.

MRI showed mild global atrophy but no specific posthypoxic
changes, alanine in plasma was mildly elevated and serum
lactate was normal. Despite extensive antiepileptic medication,
the boy never became seizure-free. At age 9 months he was fix-
ating, following with his eyes and reacting to his mother’s voice
and facial expressions with smiling and vocalising. He was
severely hypotonic and never acquired trunk control. Brain MRI
at age 14 months revealed bilateral increased T2 signalling of
the globus pallidus, thalamus and subthalamic nucleus (figures 1
and 2A, B). At age 16 months, feeding via a gastric tube was
started due to dysphagia, he had lost fixation and visual-evoked
potentials were severely slowed (table 1), indicating optic
atrophy. Nerve conduction velocity was not tested in this
patient. The boy died at age 3 years due to respiratory failure.

Patient 3
The boy was the younger brother of patient 2. After a normal
pregnancy he was born with normal birth weight, length, and

head circumference, and his postnatal adaption was normal. At
age 11 months the boy presented with developmental delay and
microcephaly. He exhibited severe truncal hypotonia with
increased tone in the limbs and normal tendon reflexes. He was
able to fixate, follow with his eyes and respond to voices. EEG
showed discontinuous hypsarrhythmia and subtle myoclonic sei-
zures. Under antiepileptic medication the seizures stopped and
EEG normalised. In his second year of life he displayed external
ophthamoplegia. Brain MRI showed bilateral increased T2 sig-
nalling of basal ganglia (putamen, caudate nucleus) and the sub-
thalamic nucleus (figures 1 and 3A, B) and the first signs of
cerebellar atrophy. At age 4 years he was severely hypotonic
without trunk control, was able to fixate and follow with his
eyes and his tendon reflexes were increased. He had dysphagia,
but a gastric tube was denied by the parents. Lactate was normal
or minimally elevated (up to 2.5 mmol/L), and VLCFA was not
tested. Visual-evoked potentials were negative and optic discs
were pale, indicating optic atrophy (table 1). Motor nerve
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conduction velocity was slowed with compound muscle action
potential within normal ranges, consistent with demyelinating
peripheral neuropathy.

Exome sequencing reveals truncating biallelic MFF variants

In a first filtering step we focused on rare (MAF<0.1% in 6000
control exomes) homozygous or potentially compound hetero-
zygous non-synonymous variants. This search identified 15 and
36 different genes in patients 1 and 3, respectively. Two and five
of these genes were listed in OMIM with a phenotype key of 3,
and have been associated with autosomal recessive or X-linked
inherited disorders. None of the variants in these OMIM genes
were considered as likely to be clinically relevant. In a second
step we prioritised rare predictively biallelic loss-of-function var-
iants in genes coding for mitochondrial proteins. In both
patients, MFF was the only remaining candidate with no such
variants being identified in 6000 control exomes. Sanger
sequencing confirmed the variants, which in the two families
segregated in a pattern compatible with a recessively inherited
condition. The MFF variant ¢.892C>T, p.(Arg298*) has been
listed once in a heterozygous state in 121 244 control alleles of
the Exome Aggregation Consortium (ExAC) Server (08/2015).
All other variants were absent from 6000 control exomes of an
in-house database and public databases (dbSNE Washington
Exom Variant Server (EVS), ExAC Server (08/2015)). These
findings support the clinical relevance of the identified MFF
variants.

Biochemical studies of muscle

No significant alterations of the oxidative phosphorylation
complex activities were found in the patients compared with
controls (table 1). Long-range PCR analysis of mitochondrial
DNA of patient 3 revealed no deletions.

Immunoblotting

DRP1 amounts were normal in patients compared with con-
trols, as indicated by western blot analysis (figure 3A). In add-
ition, no significant alterations of porin (figure 3A) (marker for
the mitochondria) and catalase (figure 3A) (marker for peroxi-
somes) were detected.

Immunofluorescence staining

Immunofluorescence staining of fibroblasts revealed a distinct
staining pattern of DRP1 in patients 1 and 3 versus controls.
The patients showed a diffuse staining (figure 2H), whereas in
control fibroblasts DRP1 was concentrated in specific spots
(figure 2G).

Quantitative analysis of peroxisomes

Extremely elongated peroxisomes were found in fibroblasts of
patients 1 and 3 (figure 2B, C, E, F) compared with controls
(figure 2A, D), as indicated by catalase immunostaining. In con-
trols, many punctate reactivities were present, whereas in the
patients’ fibroblasts, few giant peroxisomes were visible. The bar
graph (figure 3B) shows the reduction in the proportion of
normal peroxisomes and increases in the proportions of elon-
gated and very elongated (JEPs, p value <0.0001) peroxisomes
in patient cells versus control cells.

Quantitative analysis of mitochondria

A significant increase of mitochondrial branching (FF, form
factor; p value 1.2e—7) and AR (p value 1.9¢—25) in the patient
group versus the control group was found. Plotting AR against
FF revealed that particles analysed from MFF-derived cells have

A SEPPO S B 1
= 80 -
DRP1Sms=bs manu, 75 kDa E
ar > 60 -
Catalase ===~ g~ = 55kDa 2
S 40 -
Porin s = = #5=s= 31kDa § 20
8 all J
GP| Gl e 60 kDa 0 : : .
- Normal Elongated  JEPs
Figure 3  (A) Immunoblot analysis of the content of mitochondria,

peroxisomes and dynamin-related protein 1 (DRP1) in mitochondrial
fission factor (MFF)-mutated patients. C1-C4: control muscle; P1, P3:
patient muscle; glucose-6-phosphate isomerase (GPI) was used as a
loading control. (B) Bar graph showing the decrease in percentage of
normal peroxisomes and the increase of the elongate and very elongated
(juxtaposed elongated peroxisomes (JEPs), p value<0.0001) in the
patient group versus the control group. Purple, controls; red, patients.

higher values of both FF and AR (figure 4). These high values
indicate that patients’ mitochondria were significantly elongated,
as indicated by porin staining, compared with mitochondria of
normal fibroblasts (figure 41, L). The mitochondrial strands of
the patients were long and interconnected, giving a continuous
network. In contrast, the mitochondria of control cells were
short and frequently interrupted.

DISCUSSION

The clinical phenotype of the three boys was characterised by
disease onset in the first year of life, which manifested as sei-
zures, developmental delay and acquired microcephaly; in subse-
quent years, dysphagia, spasticity, optic neuropathy and
peripheral neuropathy developed (table 1). The clinical pheno-
type of our three patients partially overlaps with that of the first
boy characterised with an MFF mutation in 2012,"" except for
the seizures and dysphagia. That first-described patient had an
apparently milder course, but because his clinical features were
not described in detail, a fuller comparison is not possible. In
our patients, bilateral basal ganglia and brainstem changes on
brain MRI (figure 1) in the second year of life led to the differ-
ential diagnosis of mitochondrial disease, even though lactate
was normal in plasma, CSF and on MRI spectroscopy. The
course of the disease was slowly progressive, without crisis.
MRC enzymes in muscle biopsy were normal. Exome sequen-
cing revealed the molecular defect in each case, with patient 2
diagnosed retrospectively.

All three patients were found to have truncating mutations in
MFE, resulting in mitochondrial and peroxisomal biogenesis
defects, as proven by the results of porin (figure 4G, H) and
catalase (figure 2B, C, E, F) immunostaining. Extremely
elongated and interconnected mitochondria and peroxisomes
were observed in fibroblasts of patients 1 and 3 (figures 2B, C,
E, E 3B and 4G, H). Immunoblot analysis revealed normal con-
tents of mitochondria and peroxisomes (figure 3A). DRP1, a
binding partner of MFE, was present in normal amounts, as
indicated by western blot analysis (figure 3A). However, we
found different cellular localisations of DRP1 between the
patients and controls. In controls, DRP1 was localised at very
distinct points (figure 2G), which likely represent the nodes
were mitochondrial and peroxisomal fission is initiated. In the
two patients examined, DRP1 showed a diffuse staining pattern
(figure 2H), suggesting that DRP1 is not recruited to the fission
nodes, as MFF is thought to be the major DRP1 receptor
during organelle fission.> We assume that enlarged mitochondria
and peroxisomes are ill-suited for axonal transport, especially in
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Figure 4 Mitochondrial morphology
in control and mitochondrial fission
factor (MFF)-mutant fibroblasts.
Plotting aspect ratio (AR) against form
factor (FF) shows that the particles
analysed from the MFF-derived cells
have higher values of FF and AR.
These high values indicate that
mitochondria are bigger and more
elongated in these cells. (A) control 1;
(B) control 2; (E) patient 1; (F) patient
3.(C, D, G, H) Porin staining with
background correction; (C) control 1;
(D) control 2; (G) patient 1; (H) patient
3; 63xmagnification, (I-J)
box-and-whisker plot showing the
significant increase of mitochondrial
branchin9 (FF, form factor), p value
1.2x107" and (C) AR, p value:
1.9x107% in the patient sample
versus the control sample.
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neurons. In addition, delivery to other, even smaller protuber-
ances in the brain might be disturbed. For example, fine astro-
cyte processes were reported to contain very small
mitochondria.?® The authors of that study speculated that glial
oxidative capability may fuel transmitter metabolism. Primary
culture of neural cell-specific Drp1—/— mouse forebrain showed
a reduced number of neurites and defective synapse formation,
thought to be due to aggregated mitochondria that failed to dis-
tribute properly within the cell processes.”! Interestingly, it was
reported that a Bcl-xL-Drp1 complex regulates synaptic vesicle
membrane dynamics during endocytosis and depends on mito-
chondrial ATP?> Therefore, improper recruitment of DRP1
might enhance neuronal perturbation. Importantly, MFF was
reported to mediate DRP1 recruitment to synaptic vesicles.”
Clinically early signs of impaired neuronal function, including

Control 2

Patient 1 Patient 2

Control 1 Control 2 Patient 1 Patient 2

reduced nerve conduction velocity, delayed visual-evoked poten-
tials and optic nerve atrophy, were documented in all three boys
(table 1). An interesting finding on brain MRI was the increased
signalling of the optic radiation in fluid attenuation inversion
recovery-weighted images of patient 1 (figure 1D). White matter
hyperintensities along the optic radiation have been found to be
focal or distributed in patients with optic nerve atrophy due to
OPA1 mutations, a gene involved in mitochondrial fusion.**
Cerebellar atrophy was observed as a subsequent sign and was
most distinct in patient 1 (figure 1E) and at an early stage in
patient 3. Cerebellar atrophy and increased T2 signalling
(dentate nucleus in patient 1, figure 1C) are common findings in
patients with mitochondrial disease”® and have been described as
well in patients with mutations in genes involved in mitochon-
drial dynamics such as SLC25A46 (optic atrophy and CM T type
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2 disease)*® and in patients with OPA1 mutations.>” In contrast
to OPA1 patients, no deletions of mtDNA were identified in
muscle sample from patient 3.

Similarly, enlarged peroxisomes might also be disruptive to the
nervous system. Peroxisomes in the brain have been reported to
be very small, so-called microperoxisomes.”® Most peroxisomes
of neurons are located in the soma; however, peroxisomes are
also frequently found in the cellular processes of astrocytes, oli-
godendrocytes and microglia. They are rarely found in axons and
synaptic terminals.”®° Developmental delay, impaired vision,
generalised muscular hypotonia, failure to thrive and epileptic
seizures are the main features of the three patients presented
here, compatible with peroxisomal biogenesis disorders (PBD).
However, more specific signs of early-onset PBD such as facial
abnormalities (macrocephaly, high forehead, frontal bossing),
typical brain MRI findings (malformations of cortical develop-
ment, leukodystrophy) and signs of impaired liver function were
not found in our patients. Furthermore, biochemical parameters
for PBD (VLCFA, plasmalogens, phytanic acid, pristanic acid,
bile acid metabolites) were within normal ranges (table 1).

In summary, we described for the first time detailed clinical and
functional data of three patients with a mitochondrial and peroxi-
somal biogenesis defect due to loss-of-function mutations in MFFE.
The clinical phenotypes of the three boys are quite similar (table
1) and structural pathology of the organelles is evident (figures 2
and 3). Noteworthy biochemical parameters for mitochondrial
and peroxisomal function are within normal ranges (table 1). We
conclude that in early-onset Leigh-like basal ganglia disease with
seizures along with early-onset optic and peripheral neuropathy,
diagnostic workup should include investigation of MFF. Further
studies are needed to clarify the specific mode of damage as a con-
sequence of the organellar structural abnormalities.
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