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DNMIL encodes dynamin-related protein 1 (DRP1/DLP1), a
key component of the mitochondrial fission machinery that is
essential for proper functioning of the mammalian brain.
Previously reported probands with de novo missense
mutations in DNMI1L presented in the first year of life with
severe encephalopathy and refractory epilepsy, with several
dying within the first several weeks after birth. In contrast, we
report identical novel missense mutations in DNMIL in two
unrelated probands who experienced normal development for
several years before presenting with refractory focal status
epilepticus and subsequent rapid neurological decline. We
expand the phenotype of DNMIL-related mitochondrial
fission defects, reveal common unique clinical characteristics
and imaging findings, and compare the cellular impact of
this novel mutation to the previously reported A395D
lethal variant. We demonstrate that our R403C mutation,
which resides in the assembly region of DRP1, acts by a
dominant-negative mechanism and reduces oligomerization,
mitochondrial fission activity, and mitochondrial recruitment
of DRPI1, but to a lesser extent compared to the A395D
mutation. In contrast to the initial report of neonatal lethality
resulting from DNMIL mutation and DRP1 dysfunction, our
results show that milder DRP1 impairment is compatible with
normal early development and subsequently results in a
distinct set of neurological findings. In addition, we identify
a common pathogenic mechanism whereby DNM1L mutations
impair mitochondrial fission. © 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Mitochondria are essential for proper cellular function.
Classically, “mitochondrial disease” implies a primary defect in
a nuclear- or mitochondrial-encoded gene, whose disrupted

© 2016 Wiley Periodicals, Inc.

How to Cite this Article:

Fahrner JA, Liu R, Perry MS, Klein J, Chan
DC. 2016. A novel de novo dominant
negative mutation in DNMIL impairs
mitochondrial fission and presents as
childhood epileptic encephalopathy.

Am ] Med Genet Part A 9999A:1-10.

protein product precludes adequate oxidative phosphorylation,
and thus energy production in cells [Lightowlers et al., 2015].
Mitochondrial disease can present with a variety of disparate
phenotypic features affecting multiple organ systems and may
include developmental delay and regression, which can worsen
with intercurrent illness, as well as myopathy, seizures, and other
findings [Lightowlers et al., 2015]. Recently, with the advent of
clinical whole exome sequencing, the list of conditions associated
with mitochondrial dysfunction has greatly expanded and the term
mitochondrial disease has been used more broadly. One group of
conditions that has emerged involves disrupted mitochondrial
dynamics [Chan, 2007].

Mitochondrial dynamics, consisting of fusion and fission, is an
important regulator of mitochondrial function. Dynamin-related
protein 1 (DRP1), or dynamin-1-like protein (DLP1), encoded by
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DNML]I [Smirnova et al., 2001], is the central molecular player that
mediates mitochondrial fission. It is produced in the cytosol but
can be recruited to the mitochondrial surface by receptors located
on the outer membrane. There are currently four known DRP1
receptors: FIS1, MFF, MID49, and MID51 [Chan, 2012]. MFF
appears to be the major DRP1 receptor, because removal of MFF
causes the greatest defect in mitochondrial fission [Otera et al.,
2010; Loson et al., 2013]. Once recruited to mitochondria, DRP1
assembles into an oligomeric ring that drives constriction and
scission of the mitochondrial tubule [Ingerman et al., 2005; Mears
et al, 2011]. DRPI has also been shown to be important for
peroxisomal division [Koch et al., 2003].

DRP1 belongs to the GTP-hydrolyzing dynamin superfamily of
mechanoenzymes whose activity is regulated by self-assembly via a
stalk domain with multiple interacting regions (classically referred
to as the middle domain) [Schmid and Frolov, 2011; Ferguson
and De Camilli, 2012]. DRP1 initially forms dimers that are
stabilized by stalk—stalk interactions. Via a separate set of
stalk—stalk interactions, these dimers then build higher order
assemblies that form rings wrapping around the mitochondrial
tubule. These rings are thought to constrict the diameter of the
mitochondrial tubule and facilitate close lipid membrane
interactions that are needed for scission [Ingerman et al., 2005;
Mears et al., 2011]. DRP1 self-assembly is also important because it
stimulates GTP hydrolysis, which is necessary for scission. Finally,
self-assembly facilitates DRP1 recruitment to the mitochondrial
surface, because the major DRP1 receptor, MFF, only binds stably
to oligomerized DRP1 [Liu and Chan, 2015].

As a key component of mitochondrial fission, DRP1 is essential
for proper mitochondrial function and furthermore, is critically
important in the proper functioning of the mammalian brain and
for survival in general. Constitutive homozygous DnmIlknockout
mice die during embryogenesis, and conditional Dnm1lablation in
mouse brain leads to developmental defects, both of which are
associated with impaired mitochondrial fission [Ishihara et al.,
2009; Wakabayashi et al., 2009]. In humans, several de novo
heterozygous missense mutations in DNMIL have been reported.
The first presented in the first days of life with severe neonatal
encephalopathy, microcephaly, abnormal brain development in
the form of dysmyelination and altered gyral pattern, and optic
atrophy. She died at 37 days of age after attaining no developmental
milestones [Waterham et al., 2007]. She was found to have a de
novo missense mutation in the middle domain of DRP1 (p.
A395D), resulting in abnormal mitochondrial and peroxisomal
fission. A second proband presented at 6 months of age with global
developmental delay, developed refractory epilepsy at 1 year of age
with multiple subsequent episodes of status epilepticus, and
remains profoundly globally developmentally delayed. He har-
bored a de novo missense change in the middle domain of
DRP1 (p.G362D), again causing abnormal mitochondrial fission
[Vanstone et al., 2015]. Two siblings were reported to have
compound heterozygous truncating mutations, leading to an
autosomal recessive disorder with death within the first month
of life [Yoon et al., 2016].

Here, we report identical, novel, de novo, heterozygous missense
mutations in DNMIL [c.1207C>T (p.R403C)] in two unrelated
individuals who share a remarkably similar phenotype that is
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delayed in onset compared to the previously reported cases.
Despite the later onset, the course remains quite devastating.
Both young boys had undergone a period of essentially normal
development but then presented acutely in childhood with status
epilepticus after minor metabolic insults and had variably
progressive, yet remarkably similar courses involving refractory
epilepsy, encephalopathy, developmental regression, myoclonus,
and characteristic MRI findings. Through functional studies, we
demonstrate that this mutation impacts a critical amino acid
residue within the middle domain of DRP1 and exhibits a
dominant negative effect involving decreased recruitment of
DRPI1 to mitochondria, decreased DRP1 oligomerization, and
impaired mitochondrial fission, though not as marked as the
previously reported A395D lethal variant. Based on these
investigations, the R403C mutation appears to be less severe and
better tolerated at the phenotypic and cellular level, expanding the
clinical presentation of disease associated with DNMIL-related
mitochondrial fission defects.

Appropriate informed consent was obtained from human subjects.

Clinical exome sequencing, including variant filtering, was per-
formed by Baylor Miraca Genetics laboratories, Houston, TX.

Isoform b of mouse dynamin-like protein 1 isoform b (699 amino
acids, NCBI NP_001021118.1) was used. DRP1 mutants A395D
and R403C were generated by overlapping PCR mutagenesis and
verified by sequencing.

Cell lines were cultured in DMEM containing 10% fetal
bovine serum, 100 L.U./ml streptomycin and 100 pg/ml penicillin.
DrpI-null mouse cell lines were a generous gift from Katsuyoshi
Mihara (Kyushu University, Fukuoka, Japan). Mff-null mouse cell
lines were as previously described by Loson et al. [2013]. Wild-type
and Drpl-null MEF cell lines stably expressing mouse DRP1 and
DRP1 mutants were generated by retroviral transduction of
pQCXIP-based (Clontech, Mountain View, CA) vectors with
DRPI cloned into the BamHI/EcoRI sites with a Kozak sequence.
Transduced cells were selected in 0.5 pg/ml puromycin.

Antibodies to DRP1 (mouse anti-DLP1, BD Biosciences,
San Diego, CA) and TOM20 (rabbit anti-TOM20, Santa Cruz
Biotechnology, Santa Cruz, CA) were used for immunostaining.
Cells were grown in LabTek chambered glass slides (Nunc,
Rochester, NY), then fixed in pre-warmed 4% formaldehyde for
10 min at 37°C, permeabilized in 0.1% Triton X-100, and
incubated with antibodies in 5% fetal calf serum. For cytosol
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clearing of soluble DRP1, cells were permeabilized with 0.005%
digitonin in buffer containing 20 mM HEPES, pH 7.3, 110 mM
potassium acetate, 2mM magnesium acetate, 0.5mM ethylene
glycol tetraacetic acid (EGTA), 220mM mannitol, 70 mM
sucrose, and 2 mM fresh dithiothreitol for 90 sec at room tempera-
ture, then fixed and immunostained as above. Scoring of
mitochondrial morphology was performed blind to genotype
in triplicates of 100 cells. Imaging was performed with a Plan-
Apochromat 63 x /1.4 oil objective on a Zeiss LSM 710 confocal
microscope driven by Zen 2009 software (Carl Zeiss, Jena,
Germany). Images were cropped, globally adjusted for contrast
and brightness, and median filtered using ImageJ (National
Institutes of Health, Bethesda, MD).

DRPI1 and DRP1 mutants were cloned into either the pPGAD-C1 or
pGBDU-C1 vectors and transformed into PJ69-4a and PJ69-4a
yeast strains, respectively. Transformants were selected with leucine-
and uracil-deficient plates, respectively, and haploid combinations
for interaction testing were mated by spotting on YPD plus adenine
plates, at 30°C. Diploids were selected by replica-plating onto
leucine- and uracil-deficient plates (labeled as+ Adenine) at
room temperature, and interactions were assayed following rep-
lica-plating on leucine-, uracil-, and adenine-deficient plates
(labeled as -Adenine), at room temperature. Growth on adenine-
deficient plates indicates a positive interaction, and interaction tests
were performed at least three times.

Proband 1 was a previously healthy 4 year old male who
presented with partial status epilepticus characterized by right
hemibody clonus and impaired consciousness 2 weeks following
his Diptheria, Tetanus, and Pertussis (DTaP) booster. The
family denied any other illness or trauma in the weeks prior
to presentation. Video electroencephalogram on admission
revealed diffuse slowing with left central spikes time locked
to right hand clonus, and magnetic resonance imaging (MRI)
demonstrated curvilinear diffusion changes in the left thalamus
(Fig. 1A, arrow). MR angiogram was normal. He failed aggres-
sive treatment with multiple antiepileptic drugs, ultimately
being placed in pharmacologic coma with pentobarbital titrated
to burst suppression f or 5 days. Following resolution of his
status epilepticus he had expressive and receptive dysphasia,
difficulty ambulating without maximum assistance, and decline
in cognitive level to that of a toddler. Although his seizures
improved on a regimen of phenytoin, levetiracetam, lacosamide,
and clonazepam, he was readmitted 6 months after initial
discharge with epilepsia partialis continua, which resolved
over several days.

His evaluation was extensive and included normal electrolytes,
lactate, pyruvate, plasma amino acids, urine organic acids,
acylcarnitine profile, very long chain fatty acids, and ammonia.
Cerebrospinal fluid cell count, protein, glucose, culture, HSV PCR,
and encephalitis panels were normal. Autoimmune testing for
anti-NMDA, anti-GAD, anti-thyroglobulin, and ANA were
negative. Enzyme testing of palmitoyl-protein thioesterase one
and tripeptidyl peptidase one were normal. Mutation analysis
for MELAS (MIM# 540000) and DNA sequencing of POLG
(MIM#174763) were negative. Muscle biopsy was normal. Whole
exome sequencing revealed a heterozygous de novo variant of
unknown significance in DNMIL [c¢.1207C>T (p.R403C)].

At 8 years of age, seizures continue to occur on average 1-3
times per month without subsequent hospitalizations. He can
ambulate short distances without assistance, but requires a
wheelchair for longer distance. He has slow processing,
inattention, cognitive delay, and intermittent aggressive
behavior. He is able to speak, but has dysphasia. Follow-up
MRI demonstrates mild diffuse cerebral atrophy, which is
marked in the bilateral hippocampi (Fig. 1B,C).

Proband 2 was a previously healthy typically developing 5 year
old male, except for mild expressive speech delay in the form of
dysarthria, who presented suddenly with focal status epilepticus
and encephalopathy after minor head trauma involving a
collision with another child without loss of consciousness and
in the setting of a normal head CT. He had a viral illness the week
prior to presentation, during which he reportedly experienced
increased clumsiness and subtle changes in behavior. Prior to
that, he had tolerated routine childhood illnesses well. Initial
electroencephalogram showed diffuse cerebral disturbance with
widespread epileptiform activity maximal over the right fronto-
temporal region, correlating with his clinical presentation of
status epilepticus involving the left side of his body. His status
epilepticus was refractory to multiple therapies, requiring several
anti-epileptic medications, steroids, pharmacologic coma with
pentobarbital, intravenous immune globulin (IVIg), ketogenic
diet, and plasmapheresis prior to resolution. He experienced
significant developmental regression and developed sustained
myoclonus. He briefly recovered some function, including walk-
ing and speaking a few words initially. However, a few months
later he presented again in refractory status epilepticus and has
not recovered as well. Currently, at age 7, he has profound global
developmental delay and remains hypertonic, hyperreflexic
with myoclonus, tracheostomy and G-tube dependent, and
wheelchair bound.

Initial magnetic resonance imaging revealed a non-specific
T2 hyperintensity in the right thalamus (Fig. 2D, arrow) with
follow up imaging showing similar T2 hyperintensities in the
right putamen and right frontal lobe (data not shown). Serial
magnetic resonance imaging also revealed progressive global
cerebral volume loss, particularly involving the right posterior
putamen and bilateral hippocampi, left greater than right
(Fig. 2E,F). Magnetic resonance angiogram was normal.
Magnetic resonance spectroscopy revealed decreased N-acetyl
aspartate consistent with neuroaxonal loss or dysfunction, as
well as elevated lactate, which can be seen in status epilepticus
and in disorders involving mitochondrial dysfunction. An
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FIG. 1. Magnetic resonance imaging of brains from probands 1 and 2. (A) Axial diffusion-weighted magnetic resonance image with white arrow
showing curvilinear intensity in the left thalamus in proband 1. (B,C) Coronal magnetic resonance images obtained from proband 1 at (B)
initial presentation and (C) one month following resolution of status epilepticus show progressive atrophy of the brain, most marked in the
hippocampi. (D) Axial T2 FLAIR magnetic resonance image with white arrow showing hyperintensity in the right central thalamus in proband 2,
which was faintly hyperintense on diffusion-weighted imaging as well. (E,F) Coronal magnetic resonance images obtained from proband 2 at
(E) initial presentation and (F) one year following resolution of status epilepticus show progressive atrophy of the brain, particularly involving
the right posterior putamen and bilateral hippocampi (left greater than right).

elevated glutamate/glutamine (Glx) peak was also observed, the
significance of which is unclear, though it may be related to
seizure activity. EEGs during his two hospital admissions con-
tinued to show intermittent focal status epilepticus mainly over
the right hemisphere, sometimes associated with clinical seizure
activity and sometimes subclinically. His EEG progressed to
showing bilateral background slowing with rhythmic slowing
over the right hemisphere, consistent with a diffuse encepha-
lopathy and focal seizure disorder.

Extensive neurologic, infectious, rheumatologic, and bio-
chemical genetics evaluations were mostly negative. Notably,
lactate and amino acids in plasma and in cerebrospinal fluid
were normal, as were analysis of very long chain fatty acids and
two separate analyses of urine organic acids. He was found on
SNP array to harbor an interstitial duplication on Xp21.3p21.2
involving the ILIRAPLI gene (MIM#300206), which was inher-
ited from his unaffected mother and is thought to be non-

contributory. A forty-gene childhood-onset epilepsy panel,
which includes among others the neuronal ceroid lipofuscinosis
genes, MECP2 (MIM#300005), and POLG (MIM#174763), was
negative.

Whole exome sequencing, including mitochondrial sequencing,
was performed. As an aside, he carries two likely tolerated/benign
missense variants in ALDH5A1 (MIM#610045), which is the
causative gene for the autosomal recessive condition
succinic semialdehyde dehydrogenase (SSADH) deficiency
(MIM#271980). However, the diagnosis of SSADH deficiency
can be ruled out because he lacks the ubiquitous gamma
hydroxybutyric aciduria on repeated urine organic acid analyses
and has normal levels of free and total gamma-aminobutyric acid
(GABA) in cerebrospinal fluid. Ultimately, the proband was found
to have a likely causative de novo heterozygous variant of unknown
clinical significance in the DNMIL gene (MIM#603850), which
encodes DRPI. The novel heterozygous missense change
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FIG. 2. Mutants R403C and A395D have dominant-negative effects on mitochondrial fission. (A) Fission activity upon expression in Drp1-null

A395D

MEFs. Drp1-null MEFs expressing wild-type Drp1, Drp1 , and Drp1

R403C

were fixed and immunostained against the outer membrane protein

TOM20 to visualize mitochondrial morphology. (B) Same as (A) except that wild-type MEFs were used. (C) Quantitation of mitochondrial
morphology. Cells were scored into three categories of mitochondrial profiles: short, long tubular, or elongated, and/or collapsed mitochondrial
tubules. Quantitation was done in triplicate, with 100 cells scored per experiment. Error bars, SEM. [Color figure can be seen in the online
version of this article, available at http://wileyonlinelibrary.com/journal/ajmga].

[c.1207C>T (p.R403C)] has not been reported previously in
diseased or healthy individuals and is predicted to be not tolerated
and damaging by SIFT and PolyPhen-2, respectively.

To determine whether the R403C mutation affects DRP1 function, we
examined the effect of DrpI®*“ in mouse embryonic
fibroblasts (MEFs), where both wild-type and DrpI mutant cells are
available. In wild-type MEFs under basal conditions,
mitochondria exist as a population of short and/or fragmented tubules

(Fig. 2B,C). In contrast, DrpI-null cells, due to unopposed fusion, have
highly elongated and interconnected mitochondria (Fig. 2A,C). Ex-
pression of wild-type Drpl in these mutant cells restores fission,
resulting in shorter mitochondrial tubules, whereas expression of
Drp1*7*°P fails to rescue fission (Fig. 2A,C). Expression of Drp1**%*¢
only partially rescues fission in Drp1-null cells, resulting in an interme-
diate phenotype. The R403C mutation therefore impairs DRP1 func-
tion in MEFs, but not as severely as the A395D mutation.

Because the R403C mutation was found to be heterozygous in
the patients, we sought to determine whether Drp1****“ has a
dominant-negative effect that can interfere with the function of
wild-type DRP1 within the same cell. We expressed the mutant in
wild-type MEFs containing endogenous DRP1. Indeed, we find
that expression of DrpI®**“ interferes with fission activity,
resulting in mitochondrial elongation compared to control cells
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or cells expressing wild-type Drpl (Fig. 2B,C). Consistent with the
above results, we also find that expression of Drp1*7**” has an even
more severe dominant-negative effect, resulting in a higher
proportion of cells with elongated mitochondria.

We wondered whether recruitment of DRP1 to mitochondria
might be affected by the R403C mutation. To test this idea, we
expressed wild-type Drpl, Drp1*?**P, and Drp1****“ in Drpi-null
cells and examined their co-localization with mitochondria
(Fig. 3A). For immunostaining of DRP1, we treated the cells
with digitonin to remove cytosolic DRP1 before immunostaining.
This treatment fragments mitochondria, but allows clear
visualization of DRP1 puncta on mitochondria without
interference from cytosolic DRPI signals. For reference, we
examined DRP1 localization in a cell line devoid of a major
receptor, MFF, and found that DRP1 co-localization with
mitochondria is much reduced compared to wild-type MEFs. In
Drpl-null cells, we find that expressed wild-type DRP1 co-localizes
with mitochondria, whereas expressed DRP1?%€ and DRP14%%°P
show reduced signals, indicating loss of recruitment (Fig. 3A).

To examine whether expression of the mutants disrupts locali-
zation of endogenous Drp1, we expressed Drp1*7*°P and Drp 1743
in wild-type cells (Fig. 3B). We find that both mutants reduce the
amount of DRP1 co-localizing with mitochondria, suggesting that
the mutants dominantly interfere with recruitment of endogenous
DRP1 to mitochondria.

In previous work, we showed that DRP1 recruitment by the major
receptor MFF is dependent on the ability of DRP1 to assemble [Liu
and Chan, 2015]. We therefore tested whether DRP1 assembly is
affected by the R403C mutation in a yeast two-hybrid interaction
assay (Fig. 4A). Wild-type DRP1 interacts with wild-type DRPI, as
indicated by growth of AD-DRP1 against BD-DRP1, whereas
DRP1%%%°P fails to interact with wild-type DRP1 (Fig. 4A), indicat-
ing loss of higher order oligomer formation between the two.
DRP1**%*€ weakly interacts with wild-type DRP1, suggesting that
the R403C mutation affects DRP1 oligomerization but not to the
extent of the A395D mutation (Fig. 4A). Both A395 and R403 reside
in a region of DRP1 thought to be important for mediating the
dimer-to-dimer interactions required for assembly into oligomeric
rings [Frohlich et al., 2013] (Fig. 4B). In dynamin, the homologous
residue of DRP1 R403 is R399, which has been demonstrated to be
critical for higher order oligomerization [Ramachandran et al.,
2007]. The crystal structure of the dynamin tetramer shows that
the R399 residue from one dimer forms polar interactions with
glutamate residues on adjacent dimers, helping to link one dimer to
the next to form tetramers [Reubold et al., 2015] (Fig. 4C).

Our results indicate that the R403C mutation is a dominant-
negative allele that is defective in oligomerization, recruitment
to mitochondria, and mitochondrial fission activity. Each of these
deficits is also present, and more severe, in the lethal A395D
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mutation, discovered in an individual who presented with
abnormal brain development, encephalopathy, and lactic acidosis
[Waterham et al., 2007]. The milder clinical phenotype of the
R403C mutation described here is consistent with its milder defects
in DRP1 function, compared to the original A395D mutation.

Interestingly, the higher order oligomerization of DRP1 dimers
appears to be critical for recruitment by MFF, the major DRP1
receptor on the mitochondrial surface [Liu and Chan, 2015]. In a
screen for DRP1 mutants that fail to bind MFF, it was found that
mutations impairing DRP1 self-assembly secondarily reduce
binding to MFF, whereas binding to the alternative receptors
MID49 and MID51 is less affected. Consistent with these findings,
the R403C mutant shows reduced self-assembly and impaired
recruitment to the mitochondrial surface. Because other heterozy-
gous DNMIL mutations [Waterham et al., 2007; Vanstone et al.,
2015] localize to the stalk domain and appear to act as dominant-
negative alleles, the impaired DRP1 self-assembly mechanism
shown here may be a major pathogenic mode affecting DRP1
function. Self-assembly is critical for DRP1 function, because it
enhances GTP hydrolysis activity and facilitates DRP1 recruitment
via MFF. Importantly, the A395D and R403C mutations impair
higher order assembly but allow dimer formation. Therefore, they
act as dominant-negative alleles, allowing heterozygous mutations
to greatly impact neuronal function.

We found the R403C mutation in two unrelated individuals
with strikingly similar clinical features. Both experienced normal
development for 4-5 years before presenting with sudden-onset
refractory status epilepticus after distinct minor metabolic insults.
Both subsequently had devastating courses with refractory
epilepsy, myoclonus, brain atrophy on MRI, and regression,
resulting in profound global developmental delay. The predicted
damaging nature of the change, which is corroborated by the
functional studies herein, as well as the strikingly similar
phenotypes, make this the likely cause of the probands’ clinical
findings. Of the individuals reported to have DNMIL-related
mitochondrial fission defects, all except for one sibship [Yoon
et al., 2016] have had heterozygous de novo missense mutations
impacting the middle domain of DRPI, and both the R403C
(reported here) and A395D [Waterham et al., 2007] mutations
exhibit a common dominant-negative mutation mechanism, with
the A395D mutation exhibiting a more severe cellular and clinical
phenotype compared to R403C.

The previously reported individuals with DNM]IL-associated
mitochondrial fission defects had more severe phenotypes than the
two probands reported here with regard to age of onset and
severity. In all reported cases, developmental delays are profound,
but our unrelated probands each had several years of normal
development prior to acute regression following their initial
presentation with status epilepticus. All three living probands
have experienced one or more bouts of refractory status epilepticus;
however, only two of the three individuals (those reported here)
were thought to exhibit similar findings on brain MRI, including
diffuse cerebral atrophy involving the hippocampi and non-
specific thalamic hyperintensities. Notably, proband two was on
steroids during his course, which could have contributed to the
cerebral atrophy, but the same was not the case for proband 1,
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FIG. 3. Recruitment to mitochondria is impaired in the A395D and R403C mutants. (A) Analysis of Drp1 alleles in Drp1-null MEFs. Cells
expressing the indicated alleles were briefly permeabilized with digitonin to clear cytosolic DRP1 before fixation. This resulted in mitochondrial
fragmentation, but DRP1 puncta remained on mitochondria for visualization by immunostaining with an antibody against DRP1 (DRP1, green).
Mitochondria were visualized by immunostaining against TOM20 (Mito, red). The DRP1 signal, mitochondrial signal, and merged signals are
shown. Inset squares are maghnifications of the boxed region in the main image. In the first column, Mff-null MEFs are shown as a reference
for defective DRP1 recruitment to mitochondria. (B) Same as (A), except that wild-type MEFs are used. [Color figure can be seen in the online
version of this article, available at http://wileyonlinelibrary.com/journal/ajmga].
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supporting atrophy as part of the disease process rather than being
iatrogenic. Our report therefore expands the phenotypic spectrum
of this group of disorders.

The initially reported A395D mutation resulted in persistently
elevated lactate and alanine levels in blood and CSF and elevated
plasma very long chain fatty acids due to defects in mitochondrial
and peroxisomal fission, respectively [Waterham et al., 2007]. In
contrast, none of the three living probands exhibited these
laboratory findings on routine biochemical screening tests,
supporting a less severe defect and requiring whole exome
sequencing for diagnosis.

Interestingly, each individual reported here experienced a minor
metabolic insult prior to initial presentation, reminiscent of more

classic mitochondrial disorders. Proband one received a DTaP
booster a few weeks prior to his presentation, and proband two
had a viral illness the week prior to his presentation. These remain
interesting correlations with no way to prove causality. However, a
similar correlation exists in three individuals with mitochondrial
fission defects resulting from homozygous truncating mutations in
STAT2 (MIM#600556), a novel regulator of DRP1 [Shahni et al.,
2015]. All three presented shortly after receiving the measles,
mumps, rubella (MMR) vaccine with febrile illness, and one of
them progressed to having opsoclonus-myoclonus, refractory epi-
lepsy, spasticity, and cortical vision impairment [Shahni etal., 2015].

Finally, it is worth noting that several members of the dynamin
family of large GTPases [Schmid and Frolov, 2011; Ferguson and
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De Camilli, 2012], of which Drpl is a member, have now
been implicated in a range of neurologic disorders. Mutations
in dynamin 1 (DNMLMIM#602377), a GTPase involved in
synaptic vesicle recycling and endocytosis, have been found in
seven individuals with epileptic encephalopathy [Euro et al.,
2014; Nakashima et al., 2016]. Mutations in dynamin2
(DNM2; MIM#602378), also involved in endocytosis, are respon-
sible for some forms of Charcot—Marie-Tooth [Zuchner et al.,
2005], centronuclear myopathy [Bitoun et al., 2007], and a lethal
congenital syndrome [Koutsopoulos et al., 2013]. Mutations in
atlastin-1 (ATLI; MIM#606439), involved in homotypic fusion
of the endoplasmic reticulum, have been implicated in some
forms of spastic paraplegia [Zhao et al.,, 2001] and hereditary
sensory neuropathy [Guelly et al., 2011]. Furthermore, mutations
in the dynamin family genes MFN2 (MIM#608507) and OPAI
(MIM#605290), involved in mitochondrial fusion, also cause
neurological defects in humans [Reddy et al., 2011; Carelli
and Chan, 2014], showing that defects in either mitochondrial
fusion or fission can cause neurological disease. Indeed, more
common late-onset neurodegenerative conditions, like Alz-
heimer’s disease, Parkinson’s disease, Huntington’s disease,
and amyotrophic lateral sclerosis (ALS), have been shown to
exhibit abnormal mitochondrial dynamics [Reddy et al., 2011].
These observations further support mitochondrial fission and
fusion defects as a pathological mechanism causing significant
neurocognitive compromise, and thus morbidity and mortality,
for individuals of all ages with both rare and common diseases,
and sets the stage for the design of novel therapeutic strategies
aimed at restoring the disrupted balance of mitochondrial
dynamics.
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