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Abstract

Background

Mitochondrial disease is a family of genetic disorders characterized by defects in the

generation and regulation of energy. Epilepsy is a common symptom of mitochondrial dis-

ease, and in the vast majority of cases, refractory to commonly used antiepileptic drugs. Fer-

roptosis is a recently-described form of iron- and lipid-dependent regulated cell death

associated with glutathione depletion and production of lipid peroxides by lipoxygenase

enzymes. Activation of the ferroptosis pathway has been implicated in a growing number of

disorders, including epilepsy. Given that ferroptosis is regulated by balancing the activities

of glutathione peroxidase-4 (GPX4) and 15-lipoxygenase (15-LO), targeting these enzymes

may provide a rational therapeutic strategy to modulate seizure. The clinical-stage thera-

peutic vatiquinone (EPI-743, α-tocotrienol quinone) was reported to reduce seizure fre-

quency and associated morbidity in children with the mitochondrial disorder pontocerebellar

hypoplasia type 6. We sought to elucidate the molecular mechanism of EPI-743 and explore

the potential of targeting 15-LO to treat additional mitochondrial disease-associated

epilepsies.
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Methods

Primary fibroblasts and B-lymphocytes derived from patients with mitochondrial disease-

associated epilepsy were cultured under standardized conditions. Ferroptosis was induced

by treatment with the irreversible GPX4 inhibitor RSL3 or a combination of pharmacological

glutathione depletion and excess iron. EPI-743 was co-administered and endpoints, includ-

ing cell viability and 15-LO-dependent lipid oxidation, were measured.

Results

EPI-743 potently prevented ferroptosis in patient cells representing five distinct pediatric dis-

ease syndromes with associated epilepsy. Cytoprotection was preceded by a dose-depen-

dent decrease in general lipid oxidation and the specific 15-LO product 15-

hydroxyeicosatetraenoic acid (15-HETE).

Conclusions

These findings support the continued clinical evaluation of EPI-743 as a therapeutic agent

for PCH6 and other mitochondrial diseases with associated epilepsy.

Introduction

Mitochondrial disease arises through defects in over 150 distinct mitochondrial- or nuclear-

encoded genes, but shares a common biochemical signature of cellular energy dysregulation

[1]. Defects in genes affecting mitochondrial proteins often result in oxidative stress, electron

transport chain (ETC) deficits, and subsequent mtDNA damage. Owing to the central role that

mitochondria play in metabolism, clinical manifestations of mitochondrial disease frequently

feature severe neurological and neuromuscular dysfunction. One of the most common neuro-

logical manifestations of mitochondrial disease is epilepsy, affecting an estimated 35–60% of

mitochondrial disease patients [2,3]. The majority of these seizures are reported to be refrac-

tory to current antiepileptic therapies [1,4]. Epilepsy associated with inherited mitochondrial

disease is thus a serious unmet clinical need requiring new therapeutic approaches that more

precisely target underlying disease mechanisms.

Ferroptosis is a recently-described form of iron- and lipid-mediated programmed cell

death distinct from apoptosis and necrosis [5] that has been implicated in a growing number

of central nervous system disease pathologies [6]. Also referred to as oxytosis or oxidative glu-

tamate toxicity [7,8], ferroptosis can be induced in cells by glutathione (GSH) depletion, cys-

tine-glutamate transporter inhibition, excess glutamate, genetic manipulation of glutathione

peroxidase 4 (GPX4), or chemical inhibition of GPX4 with small molecules such as RSL3 [9–

13]. Biochemical markers of ferroptosis include elevated oxidized polyunsaturated fatty acids

(PUFAs) and decreased GSH levels. Ferroptosis can be mitigated via several approaches,

including 15-lipoxygenase inhibition, GSH augmentation, iron chelation, and lipid radical

scavenging [9–11,14–18].

GPX4 is central to the regulation of ferroptosis as it constitutively reduces PUFA-derived

lipid hydroperoxides to their hydroxyl forms in a GSH-dependent reaction. When GSH is lim-

ited or GPX4 is inhibited, lipid hydroperoxides, particularly those generated by 15-LO in com-

plex with PEBP1 [19], accumulate over time. This leads to a feed-forward cascade in which

lipid hydroperoxides further activate 15-LO and additional lipoxygenase enzymes, committing
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cells to ferroptosis. Conversely, when the peroxidation of lipids by lipoxygenases is inhibited

genetically or pharmacologically, cells are protected from ferroptosis [9,11,15–17].

Genetic suppression of Gpx4 activity in mice and humans results in seizure phenotypes.

Whereas constitutive Gpx4-deficient mice demonstrate early embryonic lethality, conditional

neuron-specific ablation of Gpx4 results in viable animals that develop early-onset seizures

accompanied by astrogliosis and a loss of hippocampal parvalbumin-positive (PV+) inhibitory

interneurons [9]. Seizures, hyperexcitability, and loss of PV+ interneurons were also described

in a mouse strain in which the selenocysteine residue in the active site of Gpx4 was genetically

substituted with cysteine, resulting in a constitutive substantial loss of GPX4 catalytic activity

[12]. The ultrarare pediatric syndrome Sedaghatian-type spondylometaphyseal dysplasia

(OMIM #250220) results from mutations in the GPX4 gene. Patients with this syndrome pres-

ent with severe neurological defects including seizures and cerebellar hypoplasia [20–22].

The dystonia, early-onset seizures, astrogliosis, and neurodevelopmental phenotypes of

Gpx4 reduction-of-function mouse ferroptosis models are reminiscent of certain inherited

mitochondrial disease-associated epilepsy syndromes [23–25], raising the possibility that fer-

roptosis contributes to the pathology of these diseases. The presence of increased lipid peroxi-

dation biomarkers in epilepsy patients further suggests that ferroptosis represents a cellular

mechanism underlying excitotoxic neuronal injury in seizure disorders [26,27]. Accordingly,

targeting either 15-LO with the intent to decrease the formation of lipid peroxides or GPX4 to

increase the catalytic clearance of lipid hydroperoxides represent rational therapeutic

approaches to modulate ferroptosis as an intervention for mitochondrial disease-associated

epilepsy.

Pontocerebellar hypoplasia type 6 (PCH6, OMIM #611523) is a mitochondrial encephalo-

pathic epilepsy disease characterized by intractable seizures [24,28–38] and is caused by muta-

tions in the mitochondrial arginyl-tRNA synthetase RARS2. A clinical study reported a

reduction in seizure frequency and seizure-related disease morbidity in a small cohort of

PCH6 patients treated with the experimental drug EPI-743 [39]. We previously reported that

EPI-743 (α-tocotrienol quinone) potently prevents ferroptosis of immortalized mouse striatal

cells, perhaps due to observed direct 15-LO enzyme inhibition by its hydroquinone metabolite

[17]. These in vitro results raised the hypothesis that anti-ferroptotic activity via 15-LO inhibi-

tion underlies the observed clinical benefit of EPI-743. We explored this possibility more fully

in primary fibroblasts and B-lymphocytes derived from pediatric patients affected by PCH6

and other inherited mitochondrial epilepsy disorders. EPI-743 potently and completely pre-

vented ferroptosis in cells from patients with pediatric epilepsy, consistent with the model that

targeting 15-LO, a key enzymatic governor of ferroptosis, may provide a rational therapeutic

approach to treat diseases characterized by energetic dysfunction and refractory epilepsy.

Materials and methods

Human cells

All cells studied [PCH6 patient fibroblasts (n = 3), Leigh syndrome patient fibroblasts (n = 3),

Alpers syndrome patient fibroblasts (n = 1), Rett syndrome patient fibroblasts (n = 1), epileptic

encephalopathy, early infantile, 2 patient B-lymphocytes (n = 1), and pediatric apparently

healthy donor fibroblasts (n = 7, ages 1d-13y, average 4y)] were obtained with prior written,

informed consent. All samples were collected under oversight of local Institutional Review

Boards (IRB), as described below. The following cell lines were obtained from the NIGMS

Human Genetic Cell Repository at the Coriell Institute for Medical Research: GM01503,

GM03672, GM17567, GM23710B, GM01651, GM21811, GM22143, GM22168, GM00969,

GM05565, and GM00038. One patient was enrolled in the NIH Undiagnosed Diseases
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Program [40–43] under protocol 76-HG-0238, “Diagnosis and Treatment of Patients with

Inborn Errors of Metabolism or Other Genetic Disorders” (NCT00369421), approved by the

National Human Genome Research Institute (NHGRI) IRB. Written informed consent was

obtained from the patient’s parents. The remaining patient-derived cells were obtained under

the oversight and approval of the Stanford University IRB, the Children’s National Rare Dis-

ease Institute—Children’s National Health System IRB, and the Seattle Children’s Hospital

IRB. In all instances where patient cells were provided, written, informed consent was obtained

from the patient’s parents.

Cell culture

Unless otherwise specified, cells were cultured in high-glucose (25 mM) DMEM medium

(Gibco) supplemented with fetal bovine serum (FBS, 10% v/v; Sigma), penicillin (100 U/mL;

Gibco), and streptomycin (100 μg/mL; Gibco). Subject 4 Leigh Syndrome fibroblasts were cul-

tured in MEM (Gibco), FBS (25% v/v, Sigma), 1 mM sodium pyruvate (Gibco), penicillin (100

U/mL; Gibco), and streptomycin (100 μg/mL; Gibco). For routine maintenance, fibroblast

cells were passaged every 3–4 days, maintaining sub-confluent cell densities. For FeC-BSO fer-

roptotic challenge studies, fibroblasts were cultured in MEMα medium (Gibco) supplemented

with FBS (10% v/v; Corning or Sigma), penicillin (100 U/mL; Gibco), and streptomycin

(100 μg/mL; Gibco) and passaged every 4–5 days, maintaining sub-confluent cell densities.

B-lymphocytes were cultured in RPMI-1640 medium (Gibco) supplemented with FBS (10–

15% v/v; Sigma), penicillin (100 U/mL; Gibco), and streptomycin (100 μg/mL; Gibco). For

routine maintenance, B-lymphocytes were passaged every 3–4 days, maintaining densities

under 1 million cells per mL.

RSL3 cell survival assays

Ferroptotic cell death was induced in patient-derived fibroblast cells using the GPX4 inhibitor

RSL3 [44]. Fibroblasts were resuspended in assay medium (DMEM + 10% FBS + penicillin/

streptomycin) and seeded at 500 cells per well in clear bottom, black wall, 384 well, tissue cul-

ture-treated polystyrene microplates (Corning) using either an electronic multichannel pipette

or a Multidrop Combi Reagent Dispenser (ThermoFisher Scientific). Cells were incubated for

18 h at 37˚C (95% humidity, 5% CO2) to allow attachment. A D300e Digital Dispenser (Tecan)

or manual pipetting was used to administer test compounds to the desired final concentra-

tions, followed within 15 min by RSL3 (2 μM final concentration). DMSO diluent was back-

filled to a final concentration of 0.3% (v/v). Cell plates were incubated for 24 h at 37˚C (95%

humidity, 5% CO2). After a 15 min equilibration to room temperature, cell viability was

assessed using CellTiter-Glo 2.0 (Promega), which was added using the Multidrop Combi

Reagent Dispenser (Thermo). After 15 min of incubation at room temperature in the dark, the

luminescence per well was determined on a Synergy plate reader (BioTek, 100 ms integration

time). Data were imported into and analyzed using Dotmatics Studies software suite. EC50 val-

ues were estimated using standard four-parameter curve fitting algorithms. EPI-743 treatment

typically restored viability to levels comparable with untreated cells, indicating complete

rescue.

To assess RSL3-mediated ferroptotic cell death in B-lymphocytes using RSL3, cells were

seeded at 40,000 cells per well in 96 well tissue culture-treated polystyrene plates (Falcon)

using an electronic multichannel pipette. EPI-743 and RSL3 were administered to the desired

final concentrations using a D300e Digital Dispenser (Tecan). DMSO diluent was back-filled

to a final concentration of 0.3% (v/v). Cell plates were incubated for 48 h at 37˚C (95% humid-

ity, 5% CO2). 50 μL cell suspension from each well was transferred into the wells of a white
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polystyrene plate (Corning). Cell viability was assessed with CellTiter-Glo 2.0 reagent (Pro-

mega), as above. Data were imported into and analyzed using GraphPad Prism software. The

luminescence values were scaled to the average of the RSL3-DMSO-treated group (defined as

0%) and the average of the DMSO-treated group (defined as 100%). EC50 values for each com-

pound were estimated using standard four-parameter curve fitting algorithms.

Iron-BSO cell survival assays

Ferroptotic cell death was induced in patient-derived primary fibroblast cells using L-buthio-

nine-(S,R)-sulfoximine (BSO, Sigma) in combination with iron(III) citrate (FeC, Sigma). For

each patient-derived fibroblast culture evaluated, an initial matrix of BSO and FeC titrations

was performed, from which the minimal BSO and FeC concentrations were determined that

(a) resulted in>80% reduction in cell viability and (b) showed the optimal differential sensitiv-

ity compared to a reference pediatric healthy fibroblast control (GM00038, tested in parallel

with each experimental replicate). Under these optimal patient fibroblast-specific challenge

conditions, subsequent EPI-743 rescue assays were performed, as follows.

Fibroblasts were seeded at 2,500 cells per well in 96 well clear bottom tissue culture-treated

polystyrene plates (Falcon) using an electronic multichannel pipette. Cells were incubated for

5 h at 37˚C (95% humidity, 5% CO2) to allow attachment. FeC and EPI-743 were administered

to the desired final concentrations using an electronic multichannel pipette, with DMSO final

concentration maintained at 1% (v/v). Cell plates were incubated for 18 h at 37˚C (95%

humidity, 5% CO2). BSO was then added at the desired final concentration and cell plates

were incubated for 48 h at 37˚C (95% humidity, 5% CO2). After removing media, cells were

washed once with Phosphate Buffered Saline with Magnesium and Calcium (PBS++, Gibco).

PBS++ containing 1 μM Calcein AM (Anaspec) was then dispensed to the wells. The cell plates

were incubated at 37˚C (95% humidity, 5% CO2) for 30 min. The relative fluorescence inten-

sity (RFU) was measured using a SpectraMax M2 plate reader (Excitation/Emission = 488 nm/

525 nm). Calcein fluorescence values were standardized to the average of the FeC-BSO/DMSO

group (defined as 0% viability) and the average of the DMSO control group (defined as 100%

viability). EC50 values were calculated using standard four-parameter curve fitting algorithms

in GraphPad Prism or XLfit.

Ferroptotic cell death was induced in CDKL5 B-lymphocytes using BSO and FeC. To assess

compound rescue activity and potency from ferroptotic cell death, cells were seeded at 40,000

cells per well in 96 well clear bottom tissue culture-treated polystyrene plates (Corning) using

an electronic multichannel pipette. EPI-743 was administered to the desired final concentra-

tions using a D300e Digital Dispenser (Tecan). DMSO diluent was back-filled to a final con-

centration of 0.3% (v/v). BSO and FeC were then added to the wells at the desired final

concentration. Cell plates were incubated for 48 h at 37˚C (95% humidity, 5% CO2). 50 μL cell

suspension from each well was collected into the wells of a white polystyrene plate. Viability

was assessed using CellTiter-Glo 2.0 reagent (Promega), as above. The luminescence values

were standardized to the average of the FeC-BSO/DMSO group (defined as 0% viability) and

the average of the DMSO group (defined as 100% viability). Data was imported into and ana-

lyzed using GraphPad Prism software. EC50 values for each compound were estimated using

standard four-parameter curve fitting algorithms.

RSL3 cell lipid oxidation assay

Ferroptosis was induced by RSL3 (2 μM) in patient-derived fibroblast cells as described above,

except seeding at 2,800 cells per well in clear bottom, black wall, 96 well, tissue culture-treated

polystyrene microplates. The rate of cellular lipid oxidation after GPX4 inhibition was assessed
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by monitoring the time-dependent changes in green fluorescence of cells pre-labeled with

5 μM BODIPY 581/591 C11 dye (ThermoFisher) for 30 min. Images were acquired with the

IncuCyte S3 live-cell imaging apparatus (Sartorius) using a 10x objective, and 440–480 nm

Excitation / 504–544 nm Emission filters. Cells were imaged once hourly for up to 24 h after

treatment. A minimum of two images were acquired per field, and at least three replicate wells

were imaged per condition in each experiment. Quantification of cell images was performed

using the IncuCyte Zoom software using the Basic Analyzer tool. Total green positive area per

well was defined relative to the local background-subtracted fluorescent signal. For the lipid

oxidation rate, the initial rate of change in thresholded fluorescence was calculated (0–5 h),

then expressed relative to that observed in the RSL3-only control treatment group, which was

defined as 100%. For cell lipid oxidation time course studies, the background-subtracted fluo-

rescent signal was normalized to the initial time point, then plotted longitudinally.

In vitro cell quinone reduction measurement

PCH6 patient fibroblasts were seeded at 150,000 cells per well in 6 well tissue-culture treated

plates in standard culture medium for 18 h prior to compound addition. After the specified

treatment time, the culture medium was removed and adherent cells were washed with PBS.

The wash was removed and adherent cells were harvested by adding 1 mL of 100 mg/mL suc-

cinic anhydride in 95:5 (acetonitrile:triethylamine), followed by immediate cell scraping. Cell

samples were then transferred to a 1.5 mL Eppendorf lo-bind tube, vortexed for 15 sec, and

kept on wet ice until all samples were harvested. Samples were vortexed again for 15 sec and

centrifuged in an Eppendorf 5427 centrifuge at 13,500 X g, 4˚C, for 3 min.

Following centrifugation, samples were protein-precipitated by addition of 3 volumes of

acetonitrile. Following precipitation, samples were vortexed for 30 seconds and centrifuged in

a Sorvall Legend XFR centrifuge at 4,000 X g, 4˚C, for 10 min. Subsequently, 1 volume of

supernatant was transferred to a 384-well injection plate and diluted with 1 volume of mobile

phase A and pipette mixed. Internal standard Diclofenac was added to the 384-well injection

plate. The injection plate was vortexed and centrifuged for a final time at 4,000 X g, 4˚C, for 10

minutes and subsequently placed in a Shimadzu Nexera MP autosampler maintained at 4˚C

for the duration of the analytical run.

Analytes were chromatographically separated on a Phenomenex Kinetex C18 (2.1 x 50 mm,

1.3 μm) column using a reverse phase gradient. The composition of mobile phase A was 0.1%

formic acid in water. The composition of mobile phase B was 3:1 (0.1% formic acid in (aceto-

nitrile: isopropyl alcohol)). Mobile Phase B was ramped from 30% to 98% over 7 min. The

total run time was 8 min.

Sample concentrations were analyzed using a developed method on a Shimadzu Nexera MP

system coupled to an AB Sciex 6500+ Qtrap mass spectrometer and configured for micro-flow.

The MS/MS instrument was operated in positive ESI mode with a source temperature of 250˚C.

Electrospray conditions for the μLC-ESI-MS/MS method were optimized and were as follows:

Ionspray voltage was set to 5500 V, temperature of 250˚C, curtain gas of 20, CAD gas of 10, and

ion source gas 1 and 2 of 15 and 60 psi respectively. Analyzer parameters were optimized for

each compound using a combination of manual tuning and compound optimization. The mrm

transitions were 423.251!165.100 for EPI-743, 425.230!165.100 for EPI-743 hydroquinone,

625.154!265.00 for EPI-743 hydroquinone bis-succinate, and 295.942!214.000 for IS-Diclo-

fenac. Uncapped EPI-743 hydroquinone was monitored but not observed in samples.

Data were analyzed using Sciex Analyst Chromatography software, version 1.6.3 and Sciex

MultiQuant software. The standard curve equation (y = mx +b) is generated from the calibra-

tion standards with weighted regression.
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Targeted LC-MS/MS analysis of cellular HETEs

Fibroblasts were cultured in 6 well (120,000 or 240,000 cells per well) or 24 well (24,000 cells

per well) plates, followed by RSL3 treatment, as above, to initiate ferroptosis. At the time of

harvest, 6 mL of methanol (-80˚C) was added directly to each well of the cell plate. The plate

was gently shaken before the media:methanol (1:3, v:v) solution was aspirated. The cell plate

was then frozen on dry ice and transferred to -80˚C storage.

Cell plates were removed from -80˚C storage and placed in a dry ice bucket. To each well of

the cell plate was added 800 μL of 2:1 methanol:75 mM HCl containing 50 nM of isotopically

labeled internal standards. The cells were mechanically scraped with a Costar cell lifter and

then transferred to a 5 mL 48-well plate. Lipids were extracted with two serial additions of 1.6

mL Heptane:Isopropyl Acetate (4:1, v:v) containing 0.4 mM butylated hydroxytoluene. Fol-

lowing centrifugation for 5 minutes at 2,000 X g (4˚C), the organic layer was transferred to a

glass-lined plate. The extracted lipids were evaporated to dryness under nitrogen without heat-

ing. All samples were reconstituted in methanol and transferred to injection plates for mass

spectrometry analysis.

A Shimadzu Nexera MP system coupled to a Sciex 6500 Qtrap and configured for micro-

flow was used to analyze all samples. Samples were maintained at 4˚C in the Nexera MP auto-

sampler for the duration of the analytical run.

A Thermo Gold-C8 column (1.9 μm, 1.0 x 100 mm) operated at 45˚C was used for chro-

matographic separation. The total run time of the liquid chromatography method was 10 min.

Mobile phase A consisted of water with 0.1% formic acid. Mobile phase B was composed of

0.1% formic acid in 3:1 acetonitrile:isopropyl alcohol. Gradient elution was employed, with

mobile phase B being ramped from 5% at 0 min, to 50% at 2 min, and finally 98% at 7.5 min.

Electrospray conditions for the μLC-ESI-MS/MS method were optimized for a flow rate of

125 μL/min and were as follows: Ionspray voltage was set to -4500 V, temperature of 250˚C,

curtain gas of 20, CAD gas of 10, and ion source gas 1 and 2 of 20 and 40 psi, respectively. Ana-

lyzer parameters were optimized for each compound using a combination of manual tuning

and compound optimization.

siRNA knockdown of ALOX15
Pools of siRNA against human ALOX15 (L-003808-00) and non-targeting control (D-001810-

10; referred to as siControl) were purchased from Dharmacon. Using standard protocols, Lipo-

fectamine RNAiMAX transfection reagent in Opti-MEM media (Thermo/Invitrogen) was used

to transfect cells with 0.01 pmol siRNA per well of a 6-well plate. Media was exchanged 24 h

after transfection to reduce the likelihood of negative impact of RNAiMAX transfection reagent

on cellular physiology. 72 h after transfection, cells were used for BODIPY 581/591 C11 lipid

oxidation assays and RSL3 survival assays as described above. Data was imported into and ana-

lyzed using GraphPad Prism 8.0.2 software. The luminescence values were scaled to the DMSO-

treated wells and the 10 μM RSL3-treated wells within a given experiment (defined as 100% and

0%, respectively). RSL3 IC50 values for each siRNA knockdown were estimated using standard

four-parameter curve fitting algorithms. Area under the curve (AUC) and Standard Error (SE)

values were calculated for the scaled 42-point dose-response values from three independent

experimental repeats, then compared by unpaired t-test relative to siControl.

Quantitative RT-PCR measurement of ALOX15mRNA levels

Total RNA from roughly 300,000 cells was extracted using the NucleoSpin RNA Plus kit

(Macherey-Nagel). cDNA was prepared using 1 μg of total RNA with the Superscript IV VILO

kit at 60˚C (ThermoFisher). cDNA was diluted 5-fold and used in downstream qPCR reactions
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with PerfeCTa Fast Mix II (Quanta) and TaqMan probes (ThermoFisher) on a LightCycler480

instrument (Roche). PPIA (Hs99999904_m1) was used as the endogenous control gene to

determine knock down efficiency for ALOX15 (Hs00993765_g1). Reactions were run in tech-

nical triplicate. Data was analyzed in Excel using the ΔΔCt method.

Enzymology materials

Purified human 15-lipoxygenase-1 (15-LO) was expressed and purified by Proteos, Inc., simi-

lar to previously published protocols [45]. Briefly, 6xHis-tagged human 15-LO was expressed

in SF9 cells via baculovirus expression and purified by nickel affinity chromatography followed

by size exclusion chromatography. The assay buffer used was DPBS (Gibco). Sodium cholate

and sulfuric acid were obtained from Sigma-Aldrich. Arachidonic acid was obtained from

Cayman Chemical. Xylenol orange disodium salt and ammonium iron (II) sulfate hexahydrate

were obtained from Fluka. HPLC-grade methanol was obtained from Millipore Sigma.

Lipoxygenase enzyme inhibition assay

The activity of 15-LO was determined by using a modified version of the ferrous oxidation-

xylenol orange (FOX) assay [46]. FOX reagent was prepared by combining 1 part reagent A

(10 mM ammonium iron (II) sulfate in 2.5 M sulfuric acid) with 99 parts reagent B (430 μM

xylenol orange in 90% (v:v) methanol, 10% water). To obtain fully active 15-LO, 3 μM enzyme

was pre-incubated with 10 μM ammonium iron (II) sulfate in 1x DPBS on ice for 30 minutes.

Enzyme reactions (500 μL final volume) were conducted in 1.0 mL deep well plates in 1x

DPBS, contained final concentrations of 50 μM arachidonic acid as a substrate, 0.05% (w:v)

sodium cholate, 10% (v:v) DMSO, and were initiated by the addition of 1 μM 15-LO. Stock

solutions of EPI-743 quinone or hydroquinone were prepared in DMSO at 10x concentrations

and 50 μL was added to enzyme reaction mixes to obtain a final concentration of 10% DMSO.

After initiation, 50 μL of the reaction was removed every 30 seconds over the course of 4 min-

utes, quenched by addition to 50 μL FOX reagent in Greiner clear 96–well half area plates, and

incubated for 30 minutes. Linear rates were assessed via FOX assay absorbance change at 560

nm on a Molecular Devices Spectramax M2.

Statistical methods

Unless otherwise specified, statistical analyses were performed using GraphPad Prism for Win-

dows (versions 7.0.2, 7.0.3, or 8.0.2). Standard 4-parameter curve fitting was used to calculate

EC50 and IC50 values, along with 95% confidence bands when specified. Areas under the dose-

response curves in siRNA experiments were calculated on log-transformed concentrations. To

determine if groups showed normal distributions, a D’Agostino & Pearson normality test was

used. If any group within a given figure did not meet normality assumptions, then a non-paramet-

ric Kruskal-Wallis test with Dunn’s multiple comparisons test was used. When only two groups

were compared, a two-tailed, unpaired t-test was used. The threshold for statistical significance

was defined as p<0.05. p-values were displayed in figures as ���, p<0.001, and ns, p>0.05.

Results

GPX4 inhibition by RSL3 induces ferroptosis in PCH6 patient-derived skin

fibroblasts

We initially established ferroptosis assays in skin fibroblasts derived from three different

PCH6 patients. All three patients’ cells had sequence changes predicted to introduce frame

shift, nonsense, and/or deleterious missense mutations in the RARS2 gene (Table 1).
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To induce ferroptosis, each PCH6 patient fibroblast culture was treated with the irreversible

GPX4 inhibitor RSL3 [44] and cellular viability was assessed 18 h later. RSL3 caused dose-

dependent decreases in cell viability, with IC50 values ranging from 53±4 to 139±48 nM (mean

±SD, N = 3–4 independent experiments for each patient culture; Fig 1A). While the potency of

RSL3 was comparable in the PCH6 patient-derived fibroblasts and a panel of seven reference

pediatric apparently healthy control fibroblast cultures, the maximal RSL3-induced toxicity

was nominally enhanced in PCH6 patient fibroblasts compared to those from healthy controls

(95±1% (N = 3) vs. 71±17% (N = 7) reduction in cell viability by 2 μM RSL3, respectively;

mean±SD, p<0.01, Mann-Whitney test; S1 Fig).

After establishing dose-dependent sensitivity to RSL3-mediated ferroptosis, subsequent

experiments focused on the mechanisms of ferroptotic cell death and rescue in PCH6 patient-

derived fibroblasts. Lipid oxidation is a hallmark of ferroptotic cell death [9] that can be

assessed using the oxidation-sensitive fluorescent lipid probe BODIPY 581/591 C11. RSL3

treatment of PCH6 patient fibroblasts dose-dependently increased cellular lipid oxidation

within ~1 hour of compound exposure, as measured by time-lapse fluorescence microscopy

(Fig 1B and 1C). The potency of RSL3-induced BODIPY 581/591 C11 lipid oxidation was sim-

ilar to that observed for the loss of cell viability (lipid oxidation EC50 range 103±29 to 134±36

nM, mean±SD, N = 3 independent experiments per patient culture; Fig 1B).

EPI-743 prevents RSL3-induced ferroptosis in PCH6 patient fibroblasts

The activity and potency of EPI-743 was evaluated in PCH6 patient-derived fibroblast ferrop-

tosis assays. EPI-743 co-treatment completely prevented the ferroptotic cell death induced by

RSL3 (2 μM) in all three Subjects’ fibroblasts, with mean EC50 potency values of 17.3 to 21.8

nM (Fig 1C and 1D and Table 2). EPI-743 also dose-dependently prevented RSL3-induced oxi-

dation of cellular BODIPY 581/591 C11, with mean IC50 values of 33.1 to 57.6 nM (Fig 1E and

1F and Table 2). EPI-743 therefore protects PCH6 patient-derived fibroblasts from lipid oxida-

tion and ferroptosis induced by irreversible pharmacological inhibition of GPX4.

Ferroptosis induced by glutathione depletion and iron overload in PCH6

patient fibroblasts is also prevented by EPI-743

To complement the model of acute RSL3-mediated pharmacological inhibition of GPX4 and

provide further evidence of ferroptosis-related cellular pathology, we employed a second

method of inducing ferroptosis that models the GSH depletion and oxidative stress observed

in mitochondrial disease patients [47]. Specifically, we utilized the inhibitor of γ-glutamylcys-

teine ligase, buthionine sulfoximine (BSO), to deplete cellular GSH in the presence of excess

Table 1. PCH6 patient-derived fibroblasts studied.

Subject Patient Sex Patient Age at Biopsy (y) RARS2 Genotype
1 c.943C>T, p.R315Ter

c.601C>G, p.H201D

in trans
Female 1.33

2 c.419T>G, p.F140C

c.1612delA, p.T538fs

in trans
Female 13.7

3 c.419T>G, p.F140C

c.1612delA, p.T538fs

in trans
Female 11.9

https://doi.org/10.1371/journal.pone.0214250.t001
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Fig 1. EPI-743 rescues PCH6 patient fibroblasts from RSL3-induced lipid oxidation and ferroptosis. (A) Dose-dependent reduction in viability of

PCH6 patient cells by RSL3 treatment (N = 6–8 replicates for each patient cell summarized). Cell viability was assessed 18 h after RSL3 treatment using

CellTiter-Glo 2.0 reagent to quantify cellular ATP. (B) The potency of RSL3-induced BODIPY 581/591 C11 lipid oxidation mirrors that of cytotoxicity

(N = 6 replicates per patient culture). (C) Dose- and time-dependent BODIPY 581/591 C11 lipid oxidation in PCH6 patient fibroblasts, as measured by

time-lapse microscopy (N = 2 independent experiments per patient culture, representative data from Subject 1 shown). (D) EPI-743 dose-dependently

protected PCH6 patient fibroblasts from ferroptosis induced by RSL3 (2 μM, 18 h). Dose-response curves are representative of 5–9 independent

experiments summarized in Table 2. (E) EPI-743 dose-dependently decreased the rate of cellular BODIPY 581/591 C11 oxidation following RSL3 (2 μM)

treatment (N = 6 replicates per patient culture). (F) Time course of EPI-743 prevention of BODIPY 581/591 C11 lipid oxidation (N = 2 independent

experiments per patient culture, representative data from Subject 1 shown). Mean ± SEM displayed along with best 4-parameter curve fits (A, B, D, E).

https://doi.org/10.1371/journal.pone.0214250.g001
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free iron (iron(III) citrate, FeC). Treatment of PCH6 patient fibroblasts with FeC and BSO

resulted in a gradual ferroptotic cell death by 48 h post-treatment. All three PCH6 patient

fibroblasts were more sensitive to the FeC / BSO challenge compared to a reference pediatric

control fibroblast culture (GM00038, Coriell; Fig 2A). As with RSL3-induced ferroptosis, EPI-

743 potently and completely rescued PCH6 patient cells from FeC / BSO-induced ferroptosis

(rescue EC50 range 4.8 to 9.6 nM; Fig 2B and Table 2). Thus, EPI-743 protected PCH6 patient

fibroblasts from ferroptosis, whether induced by acute GPX4 inhibition or by persistent GSH

depletion in the presence of FeC.

EPI-743 is reduced to its hydroquinone form in PCH6 cells and inhibits

human 15-lipoxygenase (15-LO)

We previously reported [17] that the reduced hydroquinone metabolite of EPI-743 (referred

therein as α-tocotrienol hydroquinone or αT3HQ) directly inactivates a 15-LO enzyme via

reduction of its non-heme iron from its active Fe3+ state to an inactive Fe2+ state, providing one

plausible mechanism for the prevention of cellular lipid oxidation and ferroptosis in PCH6

cells. To test this hypothesis, we first confirmed that EPI-743 is indeed metabolized in PCH6

patient fibroblasts to its reduced hydroquinone form (EPI-743-HQ; Fig 3A), with an average of

45–62% of dosed compound detected as EPI-743-HQ (n = 6/patient culture). Second, we dem-

onstrated that the EPI-743-HQ metabolite dose-dependently inhibited purified human 15-LO

enzyme activity, while the parent EPI-743 had only weak (20%) inhibitory activity at 100 μM

(Fig 3B). Third, we demonstrated that RSL3 treatment of PCH6 patient fibroblasts significantly

elevated cellular levels of the 15-LO downstream product 15-hydroxyeicosatetraenoic acid

(15-HETE) that were completely prevented by EPI-743 co-treatment (200 nM; Fig 3C). By con-

trast, the significant RSL3-dependent increase in cellular levels of the 12-lipoxygenase down-

stream product, 12-hydroxyeicosatetraenoic acid (12-HETE), was not prevented by EPI-743 co-

treatment (Fig 3D). Together, these data support our model that the ferroptosis protection con-

ferred by EPI-743 in PCH6 patient-derived fibroblasts results from the selective inhibition of

15-LO.

ALOX15 knockdown in PCH6 patient fibroblasts prevents RSL3-mediated

lipid oxidation and ferroptosis

In rodent cell-based studies, other investigators have demonstrated that inactivation of specific

lipoxygenases can slow or prevent cell death induced by GPX4 inactivation or GSH depletion,

although the responsible lipoxygenase(s) appears to depend on cellular context [9,11]. To

Table 2. Summary of EPI-743 rescue potencies in PCH6 patient fibroblasts.

EPI-743 potency (nM)

RSL3 RSL3 FeC / BSO
Challenge Challenge Challenge

Subject Survival EC50 Lipid Oxidation IC50 Survival EC50

mean ± SD [N] mean ± SD [N] mean ± SD [N]
1 21.8 ± 10.2 57.6 ± 11.3 9.6 ± 5.6

[9] [3] [2]

2 17.8 ± 5.4 33.1 ± 3.3 4.8 ± 4.9

[8] [3] [2]

3 17.3 ± 6.9 41.0 ± 3.0 4.8 ± 3.3

[5] [3] [2]

https://doi.org/10.1371/journal.pone.0214250.t002
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further substantiate a specific role of 15-LO in RSL3-mediated ferroptosis in PCH6 patient-

derived fibroblasts, we employed siRNA-mediated knockdown of ALOX15. In each patient

culture, treatment with ALOX15-directed siRNA decreased the cells’ sensitivity to an RSL3

insult (Fig 4A–4C, refer to S1 Table for full statistical analysis of results). Furthermore, siRNA-

mediated inhibition of ALOX15 partially mitigated RSL3-induced cellular lipid oxidation (Fig

4D–4I). These findings provide convergent support for the model that EPI-743 can protect

PCH6 patient-derived fibroblasts from RSL3-induced ferroptosis via inhibition of 15-LO activ-

ity via its hydroquinone metabolite.

Fig 2. EPI-743 rescues PCH6 patient fibroblasts from iron / BSO-induced ferroptosis. (A) PCH6 patient fibroblasts

were sensitive to ferroptosis induced by BSO-mediated GSH depletion in the presence of varying concentrations of

added iron(III) citrate (FeC). Viability relative to untreated control wells was measured by Calcein AM assay 48 h after

BSO treatment. (B) EPI-743 treatment dose-dependently prevented FeC/BSO-induced ferroptosis in PCH6 patient

fibroblasts. Mean ± SEM (N = 3) along with best-fit 4-parameter curve fits displayed; representative of two

independent experiments. Refer to Table 2 for summary statistics of calculated rescue potencies.

https://doi.org/10.1371/journal.pone.0214250.g002
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EPI-743 potently prevents ferroptosis in primary cells derived from

additional pediatric diseases associated with epilepsy

We extended our evaluation of the anti-ferroptosis activity of EPI-743 to fibroblasts derived

from patients with additional pediatric diseases characterized by high epilepsy incidence, such

as Leigh syndrome (OMIM #256000), Alpers syndrome (OMIM #203700), and Rett syndrome

(OMIM #312750). Each patient cell culture was assayed under FeC/BSO challenge conditions

under which the patient cells demonstrated increased sensitivity relative to reference healthy

control culture(s) (S1 and S2 Figs). As summarized in Table 3, EPI-743 potently protected

fibroblasts derived from Leigh syndrome (see Fig 5C for representative dose-response rescue

curve for Subject 4), Alpers syndrome, and Rett syndrome patients from ferroptosis induced

by GSH depletion and excess iron. EPI-743 treatment also protected additional patient-derived

fibroblasts from RSL3-induced lipid oxidation and ferroptosis (Table 3, S3 Fig and Fig 5A and

Fig 3. EPI-743 hydroquinone is detected in PCH6 patient fibroblasts and inhibits human 15-LO. (A) Dosed EPI-743 (1 μM, 3 h) was reduced

to EPI-743 hydroquinone (EPI-743-HQ) in PCH6 patient fibroblasts from Subjects 1, 2, and 3. Mean ± SD displayed, N = 6 per subject. (B) The

activity of purified human 15-LO was monitored via a ferrous oxidation-xylenol orange (FOX) method. EPI-743-HQ dose-dependently inhibited

human 15-LO enzyme activity, whereas EPI-743 showed only 20% inhibition at 100 μM. Mean ± SD displayed, N = 2. The IC50 for the displayed

curve is 4.4 μM. (C, D) LC-MS/MS measurement of downstream products of 15-LO (15-HETE, C) and 12-LO (12-HETE, D) in PCH6 patient

(Subject 1) fibroblasts following RSL3 (2 μM, 4 h) challenge, without or with EPI-743 (200 nM) co-treatment. Compound was dosed in the

quinone form. Results shown are N = 17 replicates from three independent experiments. Mean ± SD displayed. ���, p<0.001; ns, not significant;

by Kruskal-Wallis test followed by Dunn’s multiple comparisons test. We noted that cellular 15-hydroperoxyeicosatetraenoic acid (15-HpETE),

the direct product of 15-LO acting upon arachidonic acid as substrate, was not consistently detected within the quantifiable range by LC-MS/MS

in our studies.

https://doi.org/10.1371/journal.pone.0214250.g003
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5B). Ferroptosis protection was not limited to patient fibroblasts: EPI-743 also protected trans-

formed B-lymphocytes derived from a patient with early infantile epileptic encephalopathy

type 2 (EIEE2, OMIM #300672) and mitochondrial Complex IV deficits due to a partial dele-

tion of the CDKL5 gene (Table 3 and S3 Fig). In total, these patient-derived cell culture results

clarify a cellular mechanism-of-action for EPI-743 and support ongoing clinical investigations

of EPI-743 in additional pediatric epilepsy disorders.

Discussion

Loss of ferroptosis regulation leads to seizure phenotypes: Evidence from

mouse genetic studies

Evidence for ferroptosis as an underlying facet of epilepsy is emerging from mouse genetic

models with seizure phenotypes, particularly those in which the function of the essential phos-

pholipid hydroperoxide-reducing GPX4 enzyme was targeted directly or indirectly. Neuronal-

specific Gpx4 loss-of-function results in touch-evoked seizures, cerebellar hypoplasia, astro-

gliosis, and loss of parvalbumin-positive (PV+) interneurons [9,48,49]. The Gpx4cys/cys model,

in which the catalytic selenocysteine of GPX4 is replaced with cysteine, elegantly confirms an

Fig 4. ALOX15 siRNA-mediated gene knockdown partially abrogates ferroptosis in PCH6 patient fibroblasts.

(A-C) siRNA knockdown of ALOX15 (siALOX15) decreased the sensitivity of PCH6 patient cells to RSL3-induced

cytotoxicity, as assessed by ATP levels at 18h. Summarized results in each PCH6 patient culture from three

independent knockdown experiments. Means (circles) and best-fit curves (solid lines) from 4-parameter fits with

associated 95% confidence bands (dotted lines) displayed. (D-I) siRNA-mediated knockdown of ALOX15 partially

prevented BODIPY 581/591 C11 lipid oxidation induced by RSL3 (60 nM, panels D-F, or 167 nM, panels G-I) in

fibroblasts from Subject 1 (D, G), Subject 2 (E, H), or Subject 3 (F, I). Cellular lipid oxidation was measured by changes

in green fluorescence by time-lapse video microscopy. Mean ± SEM displayed, N = 6–8 per group. Representative

results from two independent studies. Statistical comparison of Area Under the Curve values was performed by

unpaired t-test relative to siControl; see S1 Table for summary of results. ALOX15-targeted siRNA transfection

resulted in>90% reduction in the target mRNA, as assessed by quantitative RT-PCR.

https://doi.org/10.1371/journal.pone.0214250.g004
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essential role for Gpx4 catalytic activity in the etiology of seizure and neuroinflammation:

Gpx4cys/cys mice also have spontaneous perinatal seizures, PV+ interneuron loss, reactive astro-

gliosis, and microgliosis [12]. Intriguingly, a similar constellation of phenotypes was also

described in the neuronal tRNA[Ser]Sec Trsp mutant mouse, which has reduced GPX4 activity:

Trsp mutant mice also develop seizures and exhibit PV+ interneuron loss, astrogliosis, and cer-

ebellar hypoplasia, including a marked loss of Purkinje cells [48,49]. The PV+ GABAergic

interneurons most impacted by Gpx4 and Trsp deficiency contain relatively high numbers of

mitochondria and ETC proteins to support their elevated rates of firing activity [1,50,51],

which makes this class of interneurons exceptionally vulnerable to mitochondrial oxidative

stress [52,53]. PV+ interneurons serve as key regulators of cortical and hippocampal network

activity and excitatory output, suggesting a possible mechanism for seizure origination in

Gpx4- and Trsp-deficient brains. In summary, Gpx4 and Trsp mouse models suggest a link

between seizures and underlying genetic deficits in the biochemical mechanisms used to clear

ferroptosis-promoting oxidized lipids.

Loss of ferroptosis regulation leads to epilepsy syndromes: Evidence from

human studies

Genetic evidence linking ferroptosis, neuroinflammation, and epilepsy also arises from human

genetic disorders involving selenoenzymes. Sedaghatian-type spondylometaphyseal dysplasia

(OMIM #250220) is an ultrarare pediatric disorder caused by mutations in the GPX4 gene

characterized by seizures and cerebellar hypoplasia [20–22]. Wirth and colleagues also noted

striking parallels between their Trsp mutant mice and human patients with pontocerebellar

hypoplasia type 2D (PCH2D, OMIM #613811), a syndrome caused by deleterious variants in

the SEPSECS gene, which encodes a protein essential to selenoprotein biosynthesis [49,54,55].

PCH2D patients present with infantile spasms and progressive cerebellar atrophy accompa-

nied by Purkinje cell loss and astrogliosis [56]. Reports of dietary selenium deficiency leading

Table 3. Summary of EPI-743 ferroptosis rescue of cells derived from pediatric seizure disorder patients.

EPI-743 Potency

(nM)

RSL3
Survival

RSL3
Lipid Oxidation

FeC/BSO
Survival

Condition Gene Cell ID Cell type EC50 IC50 EC50
MT-ND3 4 F 18 47 37

Leigh

syndrome

Unknown GM03672 F 28 20 22

Unknown GM01503 F 20 19 35

Alpers POLG 5 F - - 19

syndrome POLG 070718 F - - 14

Rett

syndrome

MECP2 GM17567 F 46 32 34

Epileptic

Encephalopathy

early infantile, 2

(EIEE2)

CDKL5 GM23710 B 90 - 20

F, dermal fibroblast

B, immortalized B lymphocytes

-, not tested

https://doi.org/10.1371/journal.pone.0214250.t003
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to intractable seizures provide additional evidence for a direct mechanistic role of selenium-

regulated ferroptosis in epilepsy [57,58].

Intriguingly, the clinical features of PCH2D have been noted to overlap with those of PCH6

and other disorders arising from genetic defects in mitochondrial translation components

[59]. Indeed, Purkinje cell loss and astrogliosis were reported in PCH6 and Alpers syndrome

patient brains studied postmortem [23–25]. Collectively, these results are consistent with fer-

roptosis being an underlying (and perhaps underappreciated) aspect of seizure disorders,

including those associated with mitochondrial defects, and further suggest that mitigating fer-

roptosis may be a promising therapeutic strategy for the treatment of epilepsy.

Mitochondrial dysfunction is commonly associated with epilepsy

Once thought to be primarily a disease of ion channels and neurotransmitter-mediated signal

transduction, emerging clinical evidence shows that epilepsy can arise due to mutations in

mtDNA or nuclear-encoded components of the mitochondria [1]. Primary defects in mtDNA

maintenance, mitochondrial protein translation, ETC assembly, or respiratory chain function

can each result in inefficient ATP production and oxidative stress, manifesting in some

patients as clinical presentation of high seizure incidence [4]. Neurons appear to be particu-

larly susceptible to mitochondrial defects, likely due to the stringent ATP demands for depo-

larization and synaptic transmission. We speculate that as mitochondrial function drops

beneath the threshold required for effective signaling, particularly by fast-spiking GABAergic

inhibitory neurons and Purkinje cells [1], network instability accompanied by neuroinflamma-

tion and ferroptosis may lead to seizure. Consistent with this speculation, lipid biomarkers

derived from 15-LO enzyme activity, including 15-HETE, malondialdehyde, and 4-hydroxy-

nonenal, have been proposed to be candidate clinical biomarkers associated with mitochon-

drial disease and seizure disorders [60–62].

Epilepsy due to mitochondrial defects has been reported to be refractory to current treat-

ment in the vast majority of cases, demonstrating an unmet medical need and underscoring

the need for novel therapeutic approaches arising from a nuanced understanding of seizure

origins [1,4,25,63], perhaps including those targeting ferroptosis.

EPI-743 is a first-in-class anti-ferroptotic drug targeting 15-LO

To elucidate the activity and mechanism-of-action of EPI-743, we employed an in vitro
approach employing enzymology and cell assays with primary patient-derived fibroblasts and

B-lymphocytes. Human patient-derived fibroblasts are a widely-used translational model for

mitochondrial disease-related epilepsy [28,64], but are just beginning to be used to study fer-

roptosis/oxytosis [65,66]. We demonstrated that dosed EPI-743 was metabolized in patient-

derived fibroblasts to its reduced hydroquinone form (Fig 3A), which dose-dependently inhib-

ited 15-LO in purified enzyme assays (Fig 3B) and decreased levels of the RSL3-induced 15-LO

product 15-HETE, but not the 12-LO product 12-HETE, in RSL3-treated cells (Fig 3C and

3D). EPI-743 potently prevented RSL3-induced general lipid oxidation (Figs 1E and 5B; Tables

2 and 3) and ferroptotic cell death induced by two independent challenge conditions in cells

derived from multiple patients (Figs 1D, 2B, 5A and 5C; Tables 2 and 3). While the radical

Fig 5. EPI-743 prevents ferroptosis and lipid oxidation in Leigh syndrome patient-derived fibroblasts. (A) Dose-

dependent protection by EPI-743 from RSL3-induced cytotoxicity of Leigh syndrome patient-derived fibroblasts

(Subject 4) as assessed by CellTiter-Glo 2.0. (B) Dose-dependent protection by EPI-743 from RSL3-induced lipid

oxidization as assessed by BODIPY 581/591 C11 cellular fluorescence. (C) Dose-dependent protection by EPI-743

from FeC/BSO-induced cytotoxicity as assessed by Calcein AM fluorescence. Mean ± SD displayed, N = 6.

https://doi.org/10.1371/journal.pone.0214250.g005
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trapping activity of EPI-743 has not been reported and hence this mechanism cannot be

excluded, our results are consistent with the model that EPI-743 mitigates ferroptosis of PCH6

patient-derived fibroblasts by inhibition of 15-LO by its hydroquinone metabolite.

Rationale for the clinical evaluation of EPI-743 in pediatric mitochondrial

disorders associated with epilepsy

A recent estimate suggests that up to 90% of pediatric epilepsies are refractory to treatment

[67]. The majority of currently-marketed anti-epileptic drugs target Na+, Ca2+, and/or GABAA

channel function, but can induce oxidative stress and exacerbate mitochondrial dysfunction.

This perhaps explains their lack of efficacy or contraindication in mitochondrial epilepsy

patients [4,63,67–69]. We propose that a variety of mitochondrial disease-associated seizure

disorders, including Leigh syndrome (MT-ATP6, MT-ND3, MT-ND5, SURF1, others), Alpers

syndrome (POLG), mitochondrial tRNA synthetase syndromes (RARS2 and others), Rett syn-

drome (MECP2), and CDKL5 disorder, have different genetic lesions but share common

underlying cellular pathologies, namely oxidative stress and ferroptosis. Given the limitations

of current therapeutic options, EPI-743 therefore offers a novel target and mechanism for the

treatment of pediatric mitochondrial diseases associated with epilepsy.

Indeed, EPI-743 treatment has been shown to reduce the seizure incidence in a small cohort

of PCH6 patients [39]. The results presented here support a mechanistic rationale for the ther-

apeutic approach of targeting 15-LO and ferroptosis for the treatment of additional mitochon-

drial disease patients with epilepsy [39,70].

Supporting information

S1 Fig. RSL3 sensitivity of PCH6 and Leigh Syndrome patient-derived fibroblasts com-

pared to a panel of pediatric healthy control fibroblasts. (A) PCH6 (N = 3 donors) and (B)

Leigh Syndrome (N = 3 donors) patient-derived fibroblasts show increased maximal RSL3-in-

duced cytotoxicity when compared to a panel of pediatric apparently healthy control fibro-

blasts (N = 7 donors). Cell viability was assessed 18h after RSL3 treatment using CellTiter-Glo

2.0 reagent to quantify cellular ATP. Means and best-fit curves (solid lines) from 4-parameter

fits with associated 95% confidence bands (dotted lines) displayed. (C) Summary of 4-parame-

ter curve-fit values as calculated in Prism 7.03.

(TIF)

S2 Fig. Sensitivity of mitochondrial disease patient-derived fibroblasts to Iron/BSO chal-

lenge compared to a reference pediatric healthy control fibroblast. Each pediatric mito-

chondrial disease patient-derived fibroblast tested showed heightened sensitivity to

combination treatment with iron(III) citrate (FeC) and buthionine sulfoximine (BSO) evalu-

ated in parallel to a reference pediatric apparently healthy control fibroblast (GM00038). (A)

Subject 070718; Alpers-Huttenlocher syndrome with confirmed POLG mutation. (B) Subject

GM17567; Rett syndrome with confirmed MECP2 mutation. (C) Subject 5; Alpers-Huttenlo-

cher syndrome with confirmed POLG mutation. (D) Subjects GM01503 and GM03672; Leigh

syndrome, mutations not reported. (E) Subject 4; Leigh syndrome due to confirmed MT-ND3
mutation. Each culture was exposed to a matrix of 4–5 different concentrations each of FeC

and BSO. Cell viability by Calcein AM staining was quantified 36-48h after BSO addition and

expressed relative to wells in which no FeC or BSO had been added. Mean±SEM (n = 3 repli-

cates) displayed for selected BSO concentrations at which the greatest differential sensitivity

compared to GM00038 controls was observed. We note that sensitivity of the GM00038 cells

to FeC/BSO challenge is affected by FBS lot and cell passage, contributing to the inter-assay
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variation observed.

(TIF)

S3 Fig. EPI-743 rescue of mitochondrial disease patient-derived cells subjected to ferropto-

tic challenges. (A) EPI-743 rescue of Rett syndrome fibroblasts (Subject GM17567) treated

with 2 μM RSL3 for 24h. Mean±SD (n = 2 replicates) displayed. (B) EPI-743 rescue of EIEE2

syndrome B-lymphocytes (Subject GM23710) treated with 2 μM RSL3 for 48h. Mean±SD

(n = 3 replicates) displayed. (C) EPI-743 rescue of EIEE2 syndrome B-lymphocytes (Subject

GM23710) challenged with 500 μM FeC and 100 μM BSO for 48h. Mean±SD (n = 3 replicates)

displayed. In all panels, cell viability was assessed using CellTiter-Glo 2.0 reagent to quantify

cellular ATP.

(TIF)

S1 Table. siRNA knockdown of ALOX15 in PCH6 patient-derived fibroblasts. Summary of

Area Under the Curve (AUC) analysis and statistics for the ALOX15 knockdown data in Fig 4,

showing that siALOX15 decreased the sensitivity of PCH6 fibroblasts to a cytotoxic RSL3 chal-

lenge, and partially decreased RSL3-induced BODIPY 581/591 C11 lipid oxidation. For each

Subject, RSL3 potency AUC values are presented as Total Area and associated Standard Errors,

and compared by unpaired t-test. Analysis was performed in GraphPad Prism 8.0.2.

(PDF)
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for their valuable critical reading of the manuscript.

Author Contributions

Conceptualization: Amanda H. Kahn-Kirby, Andrew Hinman, William D. Shrader, Euan A.

Ashley, Matthew T. Wheeler, Enrico Bertini, Rosalba Carrozzo, Diego Martinelli, Carlo

Dionisi-Vici, Kimberly A. Chapman, Gregory M. Enns, William Gahl, Lynne Wolfe, Russell

P. Saneto, Simon C. Johnson, Jeffrey K. Trimmer, Matthew B. Klein, Charles R. Holst.

Data curation: Yuko Kosaka, Stephanie A. Malone, Leslie Wang, Kevin G. Hoff, Charles R.

Holst.

Formal analysis: Amanda H. Kahn-Kirby, Akiko Amagata, Celine I. Maeder, Janet J. Mei,

Steve Sideris, Yuko Kosaka, Andrew Hinman, Stephanie A. Malone, Joel J. Bruegger, Virna

Kim, Joey C. Latham, Charles R. Holst.

Funding acquisition: Matthew B. Klein.

Investigation: Akiko Amagata, Celine I. Maeder, Janet J. Mei, Steve Sideris, Yuko Kosaka,

Andrew Hinman, Stephanie A. Malone, Joel J. Bruegger, Leslie Wang, Virna Kim, Joey C.

Latham.

Methodology: Akiko Amagata, Celine I. Maeder, Yuko Kosaka, Andrew Hinman, Stephanie

A. Malone, Joel J. Bruegger, Leslie Wang, Virna Kim, Joey C. Latham, Charles R. Holst.

Targeting ferroptosis for mitochondrial disease-related epilepsy

PLOS ONE | https://doi.org/10.1371/journal.pone.0214250 March 28, 2019 19 / 24

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214250.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214250.s004
https://doi.org/10.1371/journal.pone.0214250


Project administration: Amanda H. Kahn-Kirby, Andrew Hinman, Leslie Wang, Joey C.

Latham, Charles R. Holst.

Resources: Euan A. Ashley, Matthew T. Wheeler, Kimberly A. Chapman, Gregory M. Enns,

William Gahl, Lynne Wolfe, Russell P. Saneto, Simon C. Johnson, Matthew B. Klein.

Supervision: Amanda H. Kahn-Kirby, Kevin G. Hoff, Joey C. Latham, Jeffrey K. Trimmer,

Matthew B. Klein, Charles R. Holst.

Visualization: Amanda H. Kahn-Kirby, Akiko Amagata, Celine I. Maeder, Joel J. Bruegger,

Charles R. Holst.

Writing – original draft: Amanda H. Kahn-Kirby, Akiko Amagata, Celine I. Maeder, Andrew

Hinman, Stephanie A. Malone, Joel J. Bruegger, Charles R. Holst.

Writing – review & editing: Amanda H. Kahn-Kirby, Akiko Amagata, Celine I. Maeder, Janet

J. Mei, Steve Sideris, Yuko Kosaka, Andrew Hinman, Stephanie A. Malone, Joel J. Bruegger,

Leslie Wang, Virna Kim, William D. Shrader, Kevin G. Hoff, Joey C. Latham, Euan A. Ash-

ley, Matthew T. Wheeler, Enrico Bertini, Rosalba Carrozzo, Diego Martinelli, Carlo Dio-

nisi-Vici, Kimberly A. Chapman, Gregory M. Enns, William Gahl, Lynne Wolfe, Russell P.

Saneto, Simon C. Johnson, Jeffrey K. Trimmer, Matthew B. Klein, Charles R. Holst.

References

1. Zsurka G, Kunz WS. Mitochondrial dysfunction and seizures: The neuronal energy crisis. Lancet Neurol

[Internet]. 2015; 14(9):956–66. Available from: https://doi.org/10.1016/S1474-4422(15)00148-9 PMID:

26293567

2. Debray F-G, Lambert M, Chevalier I, Robitaille Y, Decarie J-C, Shoubridge EA, et al. Long-term Out-

come and Clinical Spectrum of 73 Pediatric Patients With Mitochondrial Diseases. Pediatrics [Internet].

2007 Apr 1; 119(4):722–33. Available from: https://doi.org/10.1542/peds.2006-1866 PMID: 17403843

3. Khurana DS, Salganicoff L, Melvin JJ, Hobdell EF, Valencia I, Hardison HH, et al. Epilepsy and respira-

tory chain defects in children with mitochondrial encephalopathies. Neuropediatrics [Internet]. 2008

Feb; 39(1):8–13. Available from: http://www.ncbi.nlm.nih.gov/pubmed/18504675 https://doi.org/10.

1055/s-2008-1076737 PMID: 18504675

4. Rahman S. Mitochondrial disease and epilepsy. Dev Med Child Neurol [Internet]. 2012 May; 54(5):397–

406. Available from: http://www.ncbi.nlm.nih.gov/pubmed/22283595 https://doi.org/10.1111/j.1469-

8749.2011.04214.x PMID: 22283595

5. Stockwell BR, Friedmann Angeli JP, Bayir H, Bush AI, Conrad M, Dixon SJ, et al. Ferroptosis: A Regu-

lated Cell Death Nexus Linking Metabolism, Redox Biology, and Disease. Cell [Internet]. 2017; 171

(2):273–85. Available from: http://www.ncbi.nlm.nih.gov/pubmed/28985560 https://doi.org/10.1016/j.

cell.2017.09.021 PMID: 28985560

6. Conrad M, Kagan VE, Bayir H, Pagnussat GC, Head B, Traber MG, et al. Regulation of lipid peroxida-

tion and ferroptosis in diverse species. Genes Dev [Internet]. 2018; 32(9–10):602–19. Available from:

http://www.ncbi.nlm.nih.gov/pubmed/29802123 https://doi.org/10.1101/gad.314674.118 PMID:

29802123

7. Tan S, Schubert D, Maher P. Oxytosis: A novel form of programmed cell death. Curr Top Med Chem

[Internet]. 2001 Dec; 1(6):497–506. Available from: http://www.ncbi.nlm.nih.gov/pubmed/11895126

PMID: 11895126

8. Lewerenz J, Ates G, Methner A, Conrad M, Maher P. Oxytosis/Ferroptosis-(Re-) Emerging Roles for

Oxidative Stress-Dependent Non-apoptotic Cell Death in Diseases of the Central Nervous System.

Front Neurosci [Internet]. 2018 Apr 20; 12(April):214. Available from: http://journal.frontiersin.org/

article/10.3389/fnins.2018.00214/full

9. Seiler A, Schneider M, Förster H, Roth S, Wirth EK, Culmsee C, et al. Glutathione Peroxidase 4 Senses

and Translates Oxidative Stress into 12/15-Lipoxygenase Dependent- and AIF-Mediated Cell Death.

Cell Metab. 2008; 8(3):237–48. https://doi.org/10.1016/j.cmet.2008.07.005 PMID: 18762024

10. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, et al. Ferroptosis: An iron-

dependent form of nonapoptotic cell death. Cell [Internet]. 2012; 149(5):1060–72. Available from:

https://doi.org/10.1016/j.cell.2012.03.042 PMID: 22632970

Targeting ferroptosis for mitochondrial disease-related epilepsy

PLOS ONE | https://doi.org/10.1371/journal.pone.0214250 March 28, 2019 20 / 24

https://doi.org/10.1016/S1474-4422(15)00148-9
http://www.ncbi.nlm.nih.gov/pubmed/26293567
https://doi.org/10.1542/peds.2006-1866
http://www.ncbi.nlm.nih.gov/pubmed/17403843
http://www.ncbi.nlm.nih.gov/pubmed/18504675
https://doi.org/10.1055/s-2008-1076737
https://doi.org/10.1055/s-2008-1076737
http://www.ncbi.nlm.nih.gov/pubmed/18504675
http://www.ncbi.nlm.nih.gov/pubmed/22283595
https://doi.org/10.1111/j.1469-8749.2011.04214.x
https://doi.org/10.1111/j.1469-8749.2011.04214.x
http://www.ncbi.nlm.nih.gov/pubmed/22283595
http://www.ncbi.nlm.nih.gov/pubmed/28985560
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.1016/j.cell.2017.09.021
http://www.ncbi.nlm.nih.gov/pubmed/28985560
http://www.ncbi.nlm.nih.gov/pubmed/29802123
https://doi.org/10.1101/gad.314674.118
http://www.ncbi.nlm.nih.gov/pubmed/29802123
http://www.ncbi.nlm.nih.gov/pubmed/11895126
http://www.ncbi.nlm.nih.gov/pubmed/11895126
http://journal.frontiersin.org/article/10.3389/fnins
http://journal.frontiersin.org/article/10.3389/fnins
https://doi.org/10.1016/j.cmet.2008.07.005
http://www.ncbi.nlm.nih.gov/pubmed/18762024
https://doi.org/10.1016/j.cell.2012.03.042
http://www.ncbi.nlm.nih.gov/pubmed/22632970
https://doi.org/10.1371/journal.pone.0214250


11. Friedmann Angeli JP, Schneider M, Proneth B, Tyurina YY, Tyurin V a, Hammond VJ, et al. Inactivation

of the ferroptosis regulator Gpx4 triggers acute renal failure in mice. Nat Cell Biol [Internet]. 2014; 3

(August):1–9. Available from: http://www.ncbi.nlm.nih.gov/pubmed/25402683

12. Ingold I, Berndt C, Schmitt S, Doll S, Poschmann G, Buday K, et al. Selenium Utilization by GPX4 Is

Required to Prevent Hydroperoxide-Induced Ferroptosis. Cell [Internet]. 2017 Dec 16;1–14. Available

from: http://linkinghub.elsevier.com/retrieve/pii/S0092867417314381

13. Yang WS, Sriramaratnam R, Welsch ME, Shimada K, Skouta R, Viswanathan VS, et al. Regulation of

ferroptotic cancer cell death by GPX4. Cell [Internet]. 2014; 156(1–2):317–31. Available from: https://

doi.org/10.1016/j.cell.2013.12.010 PMID: 24439385

14. Doll S, Proneth B, Tyurina YY, Panzilius E, Kobayashi S, Ingold I, et al. ACSL4 dictates ferroptosis sen-

sitivity by shaping cellular lipid composition. Nat Chem Biol [Internet]. 2016;(November). Available from:

http://www.nature.com/doifinder/10.1038/nchembio.2239

15. Kagan VE, Mao G, Qu F, Angeli JPF, Doll S, Croix CS, et al. Oxidized arachidonic and adrenic PEs nav-

igate cells to ferroptosis. Nat Chem Biol [Internet]. 2016; 13(1):81–90. Available from: https://doi.org/10.

1038/nchembio.2238 PMID: 27842066

16. Khanna S, Roy S, Ryu H, Bahadduri P, Swaan PW, Ratan RR, et al. Molecular basis of vitamin E action:

tocotrienol modulates 12-lipoxygenase, a key mediator of glutamate-induced neurodegeneration. J Biol

Chem [Internet]. 2003 Oct 31; 278(44):43508–15. Available from: http://www.ncbi.nlm.nih.gov/pubmed/

12917400 https://doi.org/10.1074/jbc.M307075200 PMID: 12917400

17. Hinman A, Holst CR, Latham JC, Bruegger JJ, Ulas G, McCusker KP, et al. Vitamin E hydroquinone is

an endogenous regulator of ferroptosis via redox control of 15-lipoxygenase. PLoS One [Internet].

2018; 13(8):e0201369. Available from: https://doi.org/10.1371/journal.pone.0201369 PMID: 30110365

18. Shah R, Shchepinov MS, Pratt DA. Resolving the Role of Lipoxygenases in the Initiation and Execution

of Ferroptosis. ACS Cent Sci [Internet]. 2018;acscentsci.7b00589. Available from: http://pubs.acs.org/

doi/10.1021/acscentsci.7b00589

19. Wenzel SE, Tyurina YY, Zhao J, St. Croix CM, Dar HH, Mao G, et al. PEBP1 Wardens Ferroptosis by

Enabling Lipoxygenase Generation of Lipid Death Signals. Cell [Internet]. 2017; 171(3):628–641.e26.

Available from: http://linkinghub.elsevier.com/retrieve/pii/S0092867417311388 https://doi.org/10.1016/

j.cell.2017.09.044 PMID: 29053969

20. Smith AC, Mears AJ, Bunker R, Ahmed A, MacKenzie M, Schwartzentruber JA, et al. Mutations in the

enzyme glutathione peroxidase 4 cause Sedaghatian-type spondylometaphyseal dysplasia. J Med

Genet. 2014; 51(7):470–4. https://doi.org/10.1136/jmedgenet-2013-102218 PMID: 24706940

21. English SJ, Gayatri N, Arthur R, Crow YJ. Sedaghatian spondylometaphyseal dysplasia with pachygyria

and absence of the corpus callosum. Am J Med Genet A [Internet]. 2006 Sep 1; 140A(17):1854–8.

Available from: http://www.ncbi.nlm.nih.gov/pubmed/16892303 https://doi.org/10.1002/ajmg.a.31376

PMID: 16892303

22. Aygun C, Celik FC, Nural MS, Azak E, Kucukoduk Ş, Ogur G, et al. Simplified gyral pattern with cerebel-

lar hypoplasia in Sedaghatian type spondylometaphyseal dysplasia: A clinical report and review of the

literature. Am J Med Genet Part A. 2012; 158 A(6):1400–5.

23. Joseph JT, Innes AM, Smith AC, Vanstone MR, Schwartzentruber JA, Bulman DE, et al. Neuropatho-

logic features of pontocerebellar hypoplasia type 6. J Neuropathol Exp Neurol. 2014; 73(11):1009–25.

https://doi.org/10.1097/NEN.0000000000000123 PMID: 25289895

24. Lax NZ, Alston CL, Schon K, Park SM, Krishnakumar D, He L, et al. Neuropathologic Characterization

of Pontocerebellar Hypoplasia Type 6 Associated With Cardiomyopathy and Hydrops Fetalis and

Severe Multisystem Respiratory Chain Deficiency due to Novel RARS2 Mutations. J Neuropathol Exp

Neurol. 2015; 74(7):688–703. https://doi.org/10.1097/NEN.0000000000000209 PMID: 26083569

25. Hayhurst H, Anagnostou M-E, Bogle HJ, Grady JP, Taylor RW, Bindoff LA, et al. Dissecting the neuro-

nal vulnerability underpinning Alpers’ syndrome: a clinical and neuropathological study. Brain Pathol

[Internet]. 2018;1–17. Available from: http://doi.wiley.com/10.1111/bpa.12640

26. Turkdogan D, Toplan S, Karakoc Y. Lipid peroxidation and antioxidative enzyme activities in childhood

epilepsy. J Child Neurol [Internet]. 2002 Sep; 17(9):673–6. Available from: http://www.ncbi.nlm.nih.gov/

pubmed/12503643 https://doi.org/10.1177/088307380201700904 PMID: 12503643

27. Martinc B, Grabnar I, Vovk T. Antioxidants as a preventive treatment for epileptic process: a review of

the current status. Curr Neuropharmacol [Internet]. 2014 Dec; 12(6):527–50. Available from: http://

www.ncbi.nlm.nih.gov/pubmed/25977679%5Cnhttp://www.pubmedcentral.nih.gov/articlerender.fcgi?

artid=PMC4428026 https://doi.org/10.2174/1570159X12666140923205715 PMID: 25977679

28. Edvardson S, Shaag A, Kolesnikova O, Gomori JM, Tarassov I, Einbinder T, et al. Deleterious Mutation

in the Mitochondrial Arginyl–Transfer RNA Synthetase Gene Is Associated with Pontocerebellar Hypo-

plasia. Am J Hum Genet [Internet]. 2007; 81(4):857–62. Available from: http://linkinghub.elsevier.com/

retrieve/pii/S0002929707630638 https://doi.org/10.1086/521227 PMID: 17847012

Targeting ferroptosis for mitochondrial disease-related epilepsy

PLOS ONE | https://doi.org/10.1371/journal.pone.0214250 March 28, 2019 21 / 24

http://www.ncbi.nlm.nih.gov/pubmed/25402683
http://linkinghub.elsevier.com/retrieve/pii/S0092867417314381
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1016/j.cell.2013.12.010
http://www.ncbi.nlm.nih.gov/pubmed/24439385
http://www.nature.com/doifinder/10.1038/nchembio.2239
https://doi.org/10.1038/nchembio.2238
https://doi.org/10.1038/nchembio.2238
http://www.ncbi.nlm.nih.gov/pubmed/27842066
http://www.ncbi.nlm.nih.gov/pubmed/12917400
http://www.ncbi.nlm.nih.gov/pubmed/12917400
https://doi.org/10.1074/jbc.M307075200
http://www.ncbi.nlm.nih.gov/pubmed/12917400
https://doi.org/10.1371/journal.pone.0201369
http://www.ncbi.nlm.nih.gov/pubmed/30110365
http://pubs.acs.org/doi/10.1021/acscentsci.7b00589
http://pubs.acs.org/doi/10.1021/acscentsci.7b00589
http://linkinghub.elsevier.com/retrieve/pii/S0092867417311388
https://doi.org/10.1016/j.cell.2017.09.044
https://doi.org/10.1016/j.cell.2017.09.044
http://www.ncbi.nlm.nih.gov/pubmed/29053969
https://doi.org/10.1136/jmedgenet-2013-102218
http://www.ncbi.nlm.nih.gov/pubmed/24706940
http://www.ncbi.nlm.nih.gov/pubmed/16892303
https://doi.org/10.1002/ajmg.a.31376
http://www.ncbi.nlm.nih.gov/pubmed/16892303
https://doi.org/10.1097/NEN.0000000000000123
http://www.ncbi.nlm.nih.gov/pubmed/25289895
https://doi.org/10.1097/NEN.0000000000000209
http://www.ncbi.nlm.nih.gov/pubmed/26083569
http://doi.wiley.com/10.1111/bpa.12640
http://www.ncbi.nlm.nih.gov/pubmed/12503643
http://www.ncbi.nlm.nih.gov/pubmed/12503643
https://doi.org/10.1177/088307380201700904
http://www.ncbi.nlm.nih.gov/pubmed/12503643
http://www.ncbi.nlm.nih.gov/pubmed/25977679%5Cnhttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC4428026
http://www.ncbi.nlm.nih.gov/pubmed/25977679%5Cnhttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC4428026
http://www.ncbi.nlm.nih.gov/pubmed/25977679%5Cnhttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC4428026
https://doi.org/10.2174/1570159X12666140923205715
http://www.ncbi.nlm.nih.gov/pubmed/25977679
http://linkinghub.elsevier.com/retrieve/pii/S0002929707630638
http://linkinghub.elsevier.com/retrieve/pii/S0002929707630638
https://doi.org/10.1086/521227
http://www.ncbi.nlm.nih.gov/pubmed/17847012
https://doi.org/10.1371/journal.pone.0214250


29. Namavar Y, Barth PG, Kasher PR, Van Ruissen F, Brockmann K, Bernert G, et al. Clinical, neuroradio-

logical and genetic findings in pontocerebellar hypoplasia. Brain. 2011; 134(1):143–56.

30. van Dijk T, van Ruissen F, Jaeger B, Rodenburg RJ, Tamminga S, van Maarle M, et al. RARS2 Muta-

tions: Is Pontocerebellar Hypoplasia Type 6 a Mitochondrial Encephalopathy? JIMD Rep. 2017;

31. Cassandrini D, Cilio MR, Bianchi M, Doimo M, Balestri M, Tessa A, et al. Pontocerebellar hypoplasia

type 6 caused by mutations in RARS2: Definition of the clinical spectrum and molecular findings in five

patients. J Inherit Metab Dis. 2013; 36(1):43–53. https://doi.org/10.1007/s10545-012-9487-9 PMID:

22569581

32. Li Z, Schonberg R, Guidugli L, Johnson AK, Arnovitz S, Yang S, et al. A novel mutation in the promoter

of RARS2 causes pontocerebellar hypoplasia in two siblings. J Hum Genet [Internet]. 2015 Jul; 60

(7):363–9. Available from: http://www.ncbi.nlm.nih.gov/pubmed/25809939 https://doi.org/10.1038/jhg.

2015.31 PMID: 25809939

33. Ngoh A, Bras J, Guerreiro R, Meyer E, McTague A, Dawson E, et al. RARS2 mutations in a sibship with

infantile spasms. Epilepsia. 2016; 57(5):e97–102. https://doi.org/10.1111/epi.13358 PMID: 27061686

34. Diodato D, Ghezzi D, Tiranti V. The Mitochondrial Aminoacyl tRNA Synthetases: Genes and Syn-

dromes. Int J Cell Biol [Internet]. 2014; 2014:787956. Available from: http://www.ncbi.nlm.nih.gov/

pubmed/24639874 https://doi.org/10.1155/2014/787956 PMID: 24639874

35. Glamuzina E, Brown R, Hogarth K, Saunders D, Russell-Eggitt I, Pitt M, et al. Further delineation of pon-

tocerebellar hypoplasia type 6 due to mutations in the gene encoding mitochondrial arginyl-tRNA syn-

thetase, RARS2. J Inherit Metab Dis. 2012; 35(3):459–67. https://doi.org/10.1007/s10545-011-9413-6

PMID: 22086604
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