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Abstract

Mitochondrial membrane protein-associated with neurodegeneration (MPAN) is a rare genetic
disease characterized by aggressive neurodegeneration and massive iron accumulation in patients’
brains. Genetics studies identified defects in C190rf12 locus being associated with MPAN which
likely caused loss of function although underlying pathogenic mechanism(s) remain elusive. In
the present study, we investigated C190rf12 knockout (KO) M17 neuronal cells and primary skin
fibroblasts from MPAN patients with C190rf12 homozygous G58S or heterozygous C190rf12
p99fs*102 mutations as cellular models of MPAN. C190rf12 KO cells and MPAN fibroblast cells
demonstrated mitochondrial fragmentation and dysfunction, iron overload and increased oxidative
damage. Antioxidant NAC and iron chelator DFO rescued both oxidative stress and mitochondrial
deficits. Moreover, C190rf12 KO cells and MPAN fibroblast cells were susceptible to erastin- or
RSL3-induced ferroptosis which could be almost completely prevented by pretreatment of iron
chelator DFO. Importantly, we also found mitochondrial fragmentation and increased ferroptosis
related oxidative damage in neurons in the biopsied cortical tissues from an MPAN patient.
Collectively, these results supported the notion that iron overload and ferroptosis likely play an
important role in the pathogenesis of MPAN.
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Conclusion

The study demonstrated that the increased iron levels promote oxidative stress and

mitochondrial deficits which likely causes characteristic ferroptosis in MPAN neurons.
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Introduction

Prominent iron accumulation in the brain was associated with rare hereditary
neurodegeneration with brain iron accumulation (NBIA) disorders, in which iron built-up

in the brain could be detected in the first decade of young cases 1. Hereditary NBIAs
consisted of more than ten clinical subtypes caused by different genetic defects, most

of which were associated with mutations in loci of WDR45, PANK2, or PLA2G6 2.

Recent studies identified mutations in C190rf12 gene in a novel NBIA subtype termed

as mitochondrial membrane protein-associated neurodegeneration (MPAN) due to the
mitochondrial membrane localization of wild-type C190rf12 protein 3. Like other NBIA
types, MPAN was characterized by the massive accumulation of iron and aggressive
neurodegeneration in the brain, particularly in basal ganglia, among affected cases diagnosed
with devastating neurological symptoms 4. Most MPAN cases showed autosomal recessive
heredity, while some C190rf12 mutants display dominant transmission likely due to
dominant-negative effects of these mutations, suggesting a loss of function mechanism in the
pathogenesis of MPAN °: 6. Highly conserved among vertebrates, C190rf12 gene encodes an
orphan mitochondrial membrane protein while the function of the protein and the pathogenic
mechanism of its mutations underlying neurodegeneration in MPAN remain elusive 7-°.

In the central nervous system, iron metals are involved in many important physiological
processes such as mitochondrial respiration, DNA replication, neurotransmitter synthesis

Free Radic Biol Med. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shao et al.

Page 3

and myelin formation 19. On the other hand, iron accumulation could cause oxidative
damage to biomolecules because of the redox reactivity of iron atoms. Therefore, iron levels
are strictly controlled 11. Aberrant iron regulation in the brain is associated with oxidative
damage characterizing multiple common neurodegenerative diseases such as Alzheimer’s
disease and Parkinson’s diseases!? 13, Emerging evidence suggested that overload of
cellular pool of redox active iron could initiate ferroptosis, a regulated cell death that is
biochemically and genetically distinct from other regulated cell death such as apoptosis
14,15 Indeed, ferroptosis was one common cause of regulated and progressive cell death

in multiple neurodegenerative disorders including neuronal loss related to the neuronal
toxicity of glutamate 18, intracerebral hemorrhage 17, amyotrophic lateral sclerosis 18,

and Parkinson’s diseases 19. Mitochondria play a critical role in the regulation of iron
metabolism and importantly ferroptosis was closely associated with impaired mitochondrial
homeostasis 20. Given the massive iron accumulation in the brain of MPAN cases and
mitochondrial localization of C190rf12, it is of interest to determine whether ferroptosis

is involved in neuronal dysfunction and cell death during the pathogenesis of MPAN and
whether and how C190rf12 mutations impact mitochondria and iron regulation. To address
these important gaps in our knowledge, we investigated cellular models and biopsied brain
tissues of MPAN for mitochondria deficits, iron changes, oxidative stress and ferroptosis.

Material and methods

Cell culture and MPAN tissue

Biopsy cortical tissue of a C190rf12T1tM MPAN case was collected and reported previously
21 Normal control samples were obtained from the Case Western Reserve Brain Bank.
Human neuroblastoma M17 cells were maintained in OptiMEM supplemented with 1%
Penicillin and Streptomycin and 5% FBS (Gibco) in incubator with 5% CO»at 37 °C. Three
lines of C190rf12 KO M17 cells were generated by crisper-cas9 by targeting sequence:
CGCCACGATGACTATCATGG (Abm). Primary skin fibroblasts of MPAN cases (bearing
C190rf12G58S/GS8S or heterozygous C190rf12P9975*102y \were obtained from EuroBioBank
and were cultured in DMEM with 1% Penicillin and 10% FBS supplemented with essential
amino acids (Invitrogen). The gender and age matched control of skin fibroblasts were
obtained from Coriell Institute. C190rf12 cDNA was obtained from Addgene and cloned
into pPCMV-lenti vector (Clontech). Mitochondria was visualized by mitoDsRed transfection
as previously described 22, Plasmids were transfected with Lipofectamine 2000 reagent.

Live cell imaging with fluorescent probes

Cells were seeded in glass bottom 35 mm dishes (Ibidi) with density of 0.5 million cells

per well for 24 hours. Cells were loaded with fluorescent probes to measure cytosolic

labile ferrous iron (BioTracker 575 Red Fe2* Dye, Millipore), cytosolic labile iron (Calcein-
AM, Thermo), lipid peroxidation (BODIPY ™ 581/591 C11, Thermo), cytosolic ROS
(H2DCFDA, Thermo) and mitochondrial ROS (mitoSOX, Thermo). Dyes were incubated
with cells for 15~30 minutes and washed with warmed PBS for three times. Cells were
treated by Erastin or RSL3 (Cayman) overnight and cell death were analyzed by propidium
iodide (PI) (Sigma) staining for 15 minutes. Live cell images were collected by Plan-Apo
20x/0.8 objective and Axiocam 503 Mono camera with AxioVert 200 system.
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Cellular fractionation and oxygen consumption assay

Mitochondria were purified as previously described 23. Briefly, cells were homogenized
with MSM (220mM D-mannitol, 70mM sucrose, 5mM MOPS, pH 7.4) by 2 ml Dounce
homogenizer. Homogenates were centrifuged at 500g for 10 minutes and the supernatants
were further centrifuged at 9000g for 10 mins to obtain mitochondrial fraction in the
pellets. Total cell homogenates were subject to 270,000g centrifugation to obtain cytosolic
(supernatant) and membrane fractions (pellet). Mitochondrial respiration in cultured cells
were analyzed by Seahorse XF-24 analyzer (Seahorse Bioscience) as described before 22,
Cells were seeded in plates at a density of 100,000 cells per well which was coated with
poly-D lysine (50 pug/ml). The assay protocol consisted of repeated cycles of 3 minutes
mixing, 2 minutes wait and 3 minutes measurement periods. Basal OCR was measured 3
times before drug exposure. Then oligomycin (1 uM), FCCP (0.5 uM for M17 cells and 2
UM for primary fibroblasts) and Rotenone/antimycin A (0.5 pM) were injected sequentially.
After injection of each drug, OCR measurements were made three times.

ATP and iron measurement

Cellular ATP levels were measured by luminescence methods with cell homogenates as
described in the kit instructions (Cayman) and measured by Biotek Synergy H1. For total
iron level measurement, mitochondria and cytosol fractions were digested with equal volume
of concentrated trace-metal grade nitric acid. The samples were heated for 2 hours at 90 °C
and were assayed for iron levels by atomic absorption spectroscopy.

SDS-PAGE and western blot

SDS-PAGE and western blot were performed as we previously published 24. Cells were
lysed by NP-40 cell lysis buffer (50 mM Tris, pH 7.4, 250 mM NaCl ,5 mM EDTA,

50 mM NaF, 1 mM Na3COy4 and 1 % NP40) with 1X protease inhibitor cocktail (Cell
signaling) and were centrifuged at 18,000 g at 4°C for 30 minutes. Samples were separated
by 4-12% Bis-Tris Protein Gel (Bio-rad) and blotted to PVDF membrane. The blots were
probed with primary and secondary antibodies at room temperature for 1-2 hours and then
imaged by Amersham Imager 600 imager. Antibodies used in the study were C190rf12
(27382, Proteintech), VDAC (10866, Proteintech), Actin (66009, Proteintech), HMOX1
(SPA-895, Enzo Life Sciences), 80OHG (12501, QED Bioscience) and HNE (HNE11-S,
Alpha Diagnostics Intl).

Immunocytochemistry, confocal immunofluorescence and EM

Cells were seeded on the 12 mm NO.1.5 round cover glass 24 hours before transfection.

48 hours after transfection, cells were fixed in 4% fresh paraformaldehyde for 10 minutes

at room temperature and washed with PBS three times. Fixed cells were permeabilized

with 0.5% Triton X-100 and blocked with 109% NGS for 30 minutes at room temperature,
then incubated with primary antibody overnight at cold room and then incubated with
fluor-conjugated secondary antibody (Thermo) at room temperature for 1 hour. The sections
were mounted on the top of glass slide with Fluoromount-G mounting medium (Southern
Biotech). Confocal images were collected by Leica TSC S8 platform with an inverted DMI
6000 adaptive focus microscope. Immunocytochemistry was performed by the peroxidase
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anti-peroxidase protocol with formalin fixed paraffin embedded brain samples sectioned

at 6 um thickness as described before 23. For electron microscopic images, cultured cells
were treated with EM fixative (the quarter strength Karnovsky-1.25% DMSO mixture).
Then specimens were dehydrated in ascending concentrations of ethanol and embedded in
Poly/Bed 812 embedding resin (Polysciences, Warrington, PA, USA). Thin sections were
sequentially stained with 2% acidified uranyl acetate followed by Sato’s triple lead staining
and examined in an FEI Tecnai T12 electron microscope equipped with a Gatan single tilt
holder and a CCD camera (Gatan, Pleasanton, CA, USA).

Statistical analysis

Results

All these data were independently assessed by investigators without prior knowledge of
samples. Statistical analysis was done with one-way or two-way analysis of variance
(ANQVA) followed by multiple comparison test or Student’s t-test. Data were normally
distributed with similar variance between the groups.

Loss of C190rf12 caused mitochondrial dysfunction in M17 cells.

It was suggested that MPAN-associated C190rf12 mutations caused either loss of function
through the recessive inheritance of C190rf12 mutations (e.g., T11M and G58S mutations),
or through dominant-negative effects in individuals with only one heterozygous mutation
such as p99fs*102 5 6. Therefore, we established stable M17 cell lines to abolish protein
expression of C190rf12 (i.e., C190rf12 KO cell lines) with CRISPR-Cas9 technique as cell
models of MPAN. Western blot analysis with C190rf12 antibody showed non-detectable
C190rf12 protein in C190rf12 KO cells when compared with wildtype (WT) M17 cells
(Fig 1A). Given the mitochondrial localization of C190rf12 protein, we first determined the
effects on mitochondria in C190rf12 KO cells. Mitochondrial morphology was visualized
by confocal fluorescent images after transient transfection of mitoDsRed (Fig 1B). There
was significant reduction of mitochondrial length in C190rf12 KO M17 cells compared with
WT M17 cells. Mitochondrial function was determined by seahorse assay which revealed
impaired mitochondrial respiration activity in C190rf12 KO M17 cells as evidenced by
significantly reduced maximal oxygen consumption rate (OCR) (Fig 1D-E). It was noted
that non-mitochondrial respiration was increased in C190rf12 KO M17 cells (Fig 1G).
Collectively, these data demonstrated that loss of C190rf12 caused mitochondrial deficits in
neurons.

Loss of C190rf12 increased iron levels and oxidative stress damages in lipids in M17 cells.

MPAN is characterized by massive iron accumulation in cerebral tissues 4. We hypothesized
that loss of C190rf12 protein might affect cellular iron pool to disturb cellular homeostasis.
To test this hypothesis, the labile iron pool was analyzed with two specific cellular iron
probes BioTracker 575 and Calcein-AM. Live cell imaging revealed that BioTracker 575
fluorescence was increased while Calcein-AM was quenched following chelation of low-
mass labile iron, suggesting both cytosolic ferrous and ferric iron pools were increased in
C190rf12 KO cells (Fig 2A-B). To corroborate this finding, total iron levels were analyzed
by atomic furnace spectrometry in the cytosolic and mitochondrial fractions isolated from
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C190rf12 KO cells. Iron levels were significantly increased in cytosol fraction of C190rf12
KO cells, though the iron levels in mitochondrial fraction were decreased but did not reach
significance in C190rf12 KO cells (Fig 2C). Increased cellular transition metals such as iron
promotes generation of reactive oxygen species (ROS) 2°. In this regard, cytosolic ROS and
mitochondrial ROS were measured by fluorescent probes H2DCFDA and mitoSOX in live
cells (Fig 2D). Consistent with increased iron levels in the cytosol but not in mitochondria,
there were significantly increased ROS levels in the cytosol but no changes of ROS levels
in the mitochondria in C190rf12 KO cells. Accompanying the increased cytosolic ROS,
lipid peroxidation levels measured by BODIPY C11 for probe by live cell imaging showed
significant increase of oxidized membrane lipids in C190rf12 KO cells (Fig 2E), suggesting
impaired membrane integrity of cellular organelles in cells with loss of C190rf12 proteins.

Antioxidant treatment rescued oxidative damage and mitochondrial dysfunction in
C190rf12 KO cells

To determine the causal role of oxidative stress on mitochondrial dysfunction in the
C190rf12 KO cells, these cells were treated with a widely used antioxidant, n-acetyl
cysteine (NAC, 5mM). Interestingly, NAC treatment significantly rescued mitochondrial
fragmentation in C190rf12 KO cells as evidenced by increased mitochondrial length (Fig
3A). NAC treatment also rescued mitochondrial function in C190rf12 KO cells as evidenced
by improved maximal OCR and ATP production (Fig 3B and C). More importantly, NAC
treatment could attenuate levels of lipid ROS measured by BODIPY C11 probe in live

cells or isolated mitochondria from C190rf12 KO cell (Fig 3D). These data suggested the
essential role of oxidative stress in mediating the toxic effects of C190rf12 ablation on
mitochondrial structure and function in MPAN.

Loss of C190rf12 caused increased vulnerability to ferroptosis in M17 cells.

Given the increased iron overload and lipid peroxidation in C190rf12 KO cells, we
hypothesized that C190rf12 KO cells might be susceptible to ferroptosis. To test this
hypothesis, C190rf12 KO cells or WT control M17 cells were treated with erastin for 24-
hours to induce ferroptosis (Fig 4A). As expected, erastin induced significant cell death in
WT control cells in a dose-dependent manner. However, significantly greater cell death was
induced by erastin in C190rf12 KO cells at all concentrations compared with WT control
cells. GPX4 inhibitor RSL3 was also used to induce ferroptosis and similarly, C190rf12 KO
cells demonstrated significantly greater cell death after RSL treatment compared with WT
control cells (Fig 4B).

The iron chelator desferoxamine (DFO) has been shown to inhibit ferroptosis 26. Indeed,
erastin-induced cell death was completely inhibited by DFO pretreatment in both WT
control cells and C190rf12 KO cells (Fig 4C). Notably, following DFO treatment, levels of
lipid ROS in C190rf12 KO cells were comparable to WT control cells (Fig 4D). Moreover,
DFO treatment also rescued mitochondrial fragmentation (Fig 4E) and mitochondrial
function measured by ATP levels and mitochondrial maximal respiration (Fig 4F-G) in
C190rf12 KO cells.
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Increased iron level and ferroptosis in human MPAN skin fibroblasts

To determine whether pathogenic C19o0rf12 mutations caused mitochondrial and iron
deficits, primary cultures of skin fibroblasts derived from the skin biopsies of two

MPAN cases bearing C190rf12G585/G58S qr heterozygous C190rf12P99%*102 mytations were
compared with age- and gender- matched normal control cells. We first analyzed changes
of mitochondrial morphology and function. Consistent with the findings in C19rof12 KO
M17 cells, electron microscopy and quantitative analysis revealed significantly reduced
mitochondrial length in C190rf12G585 MPAN skin fibroblasts compared with normal
controls (Fig 5A). Furthermore, mitochondrial oxygen consumption rate (OCR) assays
demonstrated impaired mitochondrial respiratory function as evidenced by significantly
reduced basal OCR, ATP production linked OCR and maximal OCR in C190rf12G585/G58S
and C190rf12P99fs*102 MPAN skin fibroblasts (Fig 5B-E).

We next analyzed live cultures of human MPAN skin fibroblasts with iron fluorescent
probes. Indeed, the levels of cytosolic labile ferrous iron (Figure 6A) and total cytosolic
labile iron (Figure 6B) were significantly increased in MPAN skin fibroblasts bearing either
homozygous C190rf12658S or heterozygous C190rf12P99fs*102 mytations when compared
with normal control fibroblasts. Lipid ROS levels indicated by fluorescent BODIPY

C11 probes were also increased in MPAN skin fibroblasts bearing either homozygous
C190rf12658S or C190rf12P99fs*102 mytations (Fig 6C). These data suggested that C190rf12
mutations caused mitochondrial deficits, iron overload and lipid peroxidation in patient
fibroblast cells.

To determine whether patient fibroblasts were vulnerable to ferroptosis, these cells were
treated with 25 uM erastin for 24 hours and cell death was measured by PI uptake. Indeed,
erastin induced significantly more P1 decorated dead cells in MPAN skin fibroblasts bearing
either homozygous C190rf12658S or C190rf12P99fs%102 mytations when compared with
control cells. Importantly, erastin-induced cell death in MPAN skin fibroblasts was almost
completely abolished by the pretreatment of iron chelator DFO (Fig 6D). In fact, DFO
treatment also rescued cytosolic ROS levels (Fig 6E) and mitochondrial function measured
by ATP levels (Fig 6F) in C190rf12C58S or C190rf12P99fs*102 mytatjons fibroblasts.

Mitochondria deficits and ferroptosis related oxidative damages in the MPAN brain.

To determine whether mitochondrial deficits and ferroptosis-related mechanism may

be involved in the brain of MPAN patients, biopsied cortical tissue of MPAN case

with C190rf12T1IM mytation was analyzed. Mitochondrial morphology was analyzed
by immunofluorescent microscopy with antibody cocktail against OXPHOS proteins
and compared with biopsied cortical tissues from age-matched controls. Confocal
images showed normal filament-like mitochondria in cortical neurons in the control
sample. In contrast, mitochondria became fragmented in neurons of MPAN case bearing
C190rf12™IM mytation (Fig 7A). Indeed, quantification analysis revealed significantly
reduced mitochondrial length in MPAN case, indicative of mitochondrial fragmentation.
Furthermore, there was reduced coverage of mitochondria in the neuronal somas, as
evidenced by the remarkable reduction of neuronal mitochondrial index in MPAN with
C190rf12T1IM mutation (Figure 7A). To explore the likely role of ferroptosis in MPAN
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C190rf12T1IM prain, we focused on ferroptosis related oxidative damages in cortical
neurons. We analyzed the protein expression of HMOX1 (also known as HO-1), an
antioxidant protein induced by oxidative stress which is widely used as an oxidative stress
and ferroptosis marker 27. Notably, neuronal expression of HMOX1 in C190rf1211M case
was significantly increased compared with that in control samples (Fig 7B). Importantly,
there was increased lipid peroxidation detected by 4-HNE and DNA oxidation detected

by 8-OHG in cortical neurons in the MPAN case (Fig 7C-D). Taken together, MPAN
neurons demonstrated remarkable mitochondrial deficit and ferroptosis associated oxidative
damages.

Discussion

In this study, we established C190rf12 knockout M17 human neuroblastoma cell lines as a
cell model of MPAN and characterized MPAN-related cellular defects in this model. As a
mitochondrial membrane protein 3, C190rf12 ablation caused mitochondrial fragmentation
and functional deficits in M17 neurons. MPAN is characterized by iron accumulation in
the brain #, and in this study C190rf12 ablation indeed caused dramatic iron overload in
M17 neurons which was accompanied by significantly increased cytosolic ROS generation
and lipid peroxidation. Moreover, we found C190rf12 ablation led to increased neuronal
susceptibility to erastin- or RSL3-induced ferroptosis. Interestingly, these defects induced
by C190rf12 ablation could be rescued by DFO, an iron chelator. By using fibroblasts from
MPAN patients carrying two different C190rf12 mutations as an additional cell model of
MPAN, we confirmed that C190rf12 mutants caused mitochondrial defects, iron overload,
lipid peroxidation and increased susceptibility to ferroptosis which could also be rescued
by DFO. Importantly, we provided further evidence demonstrating mitochondrial deficits
and increased oxidative stress and lipid peroxidation in the biopsied brain from MPAN
patients. These data support the contribution of ferroptosis mechanism to neurodegeneration
in MPAN and suggest the critical role of iron overload in mitochondrial dysfunction and
neurodegeneration in the pathogenesis of MPAN.

Although characteristic iron accumulation was found in the parenchyma of MPAN patients
4 it remains elusive whether and how iron accumulation plays a role in neurodegeneration
and pathogenesis of MPAN. We first investigated whether C190rf12 ablation in neurons
caused any abnormal changes in the labile iron pool (LIP), a subset of intracellular iron
which readily participate in redox cycling 2°. The data unveiled robust and remarkable
increases of both ferrous and ferric iron levels in the LIP in C190rf12 KO cells and skin
fibroblast from MPAN patients which appears due to significant changes in the cytosolic LIP
It was interesting to note that there was no remarkable change of LIP in mitochondria in
these MPAN cell models. This is likely due to the limited storage capacity and LIP within
neuronal mitochondria 28. Excessive labile iron usually led to dramatic oxidative damages in
the cell 25, Indeed, there were increased ROS levels and lipid peroxidation damages in both
C190rf12 knockout neurons and MPAN fibroblasts. Mitigation of iron levels by iron chelator
alleviated oxidative damages in these MPAN cell models, confirming the dependence of
oxidative damages on increased iron levels in MPAN neurons. Importantly, we confirmed
extensive oxidative damage to lipid and protein in neurons in the biopsied MPAN brain
tissues, which suggests iron overload likely contributed to oxidative damages in the brain,
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thus supporting a critical pathogenic role of iron overload in the MPAN pathogenesis.

Iron overload and lipid peroxidation have been associated with ferroptosis 2°. Indeed, we
found that C190rf12 KO M17 neurons and MPAN fibroblasts were sensitive to ferroptosis
when cells were challenged by erastin or RSL3, both are well known to chemically

induce the ferroptosis pathway. These findings suggest an important role of ferroptosis

in the neurodegeneration of MPAN. Emerging evidence demonstrated that ferroptosis is
involved in several related neurodegenerative diseases including Parkinson disease and
Alzheimer’s disease2® where both iron accumulation and lipid peroxidation were also
present. Importantly, iron chelator DFP could almost completely rescue erastin-induced cell
death in both C190rf12 KO M17 cells and MPAN fibroblasts, again highlighting the crucial
role of iron overload that triggered a cascade of toxic events through lipid peroxidation

to eventual cell death. It remains to be determined how C190rf12 changes caused iron
overload. We found increased HMOX1 expression in the biopsied cortical tissue from
MPAN patient, suggesting that an altered heme metabolism may be involved which warrants
further investigation.

Mitochondria are critical for neuronal function and survival 30, C910rf12 was originally
identified as a mitochondrial membrane protein, however, it was not clear whether and how
mitochondrial dysfunction is involved in the pathogenesis of MPAN caused by C190rf12
mutations. We found dramatic mitochondrial fragmentation accompanied by significantly
impaired mitochondrial respiratory function and ATP generation in the C190rf12 KO

M17 cells and MPAN fibroblasts. The rescue of mitochondrial fragmentation by NAC

or DFO treatment led to the rescue of mitochondrial function suggesting that loss of
C190rf12 function caused oxidative stress leading to mitochondrial fragmentation which

in turn mediated mitochondrial dysfunction. In fact, both oxidative stress and mitochondrial
fragmentation were also found in the biopsied cortical brain tissues from MPAN patients,
suggesting that mitochondrial dysfunction is likely involved in MPAN disease. Prior studies
demonstrated that mitochondrial dysfunction was involved in some subset of NBIA 31,

our study suggests a more common role of mitochondrial dysfunction in the pathogenesis
of NBIA. It is of interest to note that the observation of mitochondrial fragmentation
mediated mitochondrial dysfunction was extensively reported in different neurodegenerative
diseases such as Alzheimer’s disease and Parkinson’s disease3%- 32: 33 and unopposed
mitochondrial fission caused neurodegeneration in multiple brain areas 3436, How did
C190rf12 changes cause mitochondrial fragmentation? It was suggested that the altered
polarity and shape of phospholipid peroxidation products could change the properties of
membrane and related membrane fusion events 37. Given the increased lipoperoxidation of
membrane in C190rf12 cells, the fusion of mitochondrial membranes was likely insulted

by the buildup of oxidized lipids on mitochondrial membranes. Indeed, our study showed
that antioxidant NAC treatment not only could prevent the lipoperoxidation buildup but
also restore the mitochondrial fusion in C190rf12 cells, suggesting the essential role of
enhanced lipid oxidation on mitochondrial membrane fusion and fission. In addition to these
changes of phospholipid membranes, our unshown findings also demonstrated C19o0rf12
ablation caused increased expression of DLP1, an essential mitochondrial fission factor

but no changes in the expression of mitochondrial fusion GTPases such as Mfn2 and

OPA1, suggesting excessive fission likely plays a role as well. It was recently reported that
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C190rf12 was localized to ER-mitochondrial contact sites 7- 38, it is possible that C190rf12
changes may also cause excessive mitochondrial fission through disturbed ER-mitochondria
interaction or perturbed mitochondrial calcium handling. Because no cell death was
observed at basal conditions in the C190rf12 KO cells or MPAN fibroblasts, it may

suggest that mitochondrial fragmentation and dysfunction were not caused by ferroptosis.
However, the lack of cell death in our MPAN cell culture system in vitro may be due to
longer incubation time required for cell death events /n vivo as observed in human MPAN
patients. Compared with low oxygen levels in neurons /n vivo, the enhanced antioxidant
mechanisms and cellular adaptation to increased oxidative stress in common cell culture
models could mitigate the ferroptosis related damages in cultured neurons /n vitro. Future
studies should address these limitations in this study with a MPAN experimental model

in vivo. Nevertheless, given that fragmented mitochondria and mitochondrial dysfunction
could lead to increased ROS generation and oxidative damage 3°, they could exacerbate
iron overload-induced oxidative stress and contribute to ferroptosis and neurodegeneration
in MPANS34.39 |t is of interest to note that emerging evidence suggested crosstalk

between mitochondrial function and ferroptosis in cell. For example, it was reported that
mitochondrial metabolites of TCA cycle directly regulated ferroptosis 4, and dihydroorotate
dehydrogenase (DHODH) in mitochondrial attenuated lipid peroxidation to guard cell from
ferroptosis 41. Therefore, more detailed studies into the role of mitochondrial fragmentation
and dysfunction in C190rf12 changes induced-ferroptosis and neurodegeneration in MPAN
pathogenesis are warranted.

Conclusion

Taken together, this study demonstrated loss of C190rf12 function caused iron overload,
lipid peroxidation and susceptibility to ferroptosis which likely plays an important role

in neurodegeneration and the pathogenesis of MPAN. Such characteristic susceptibility

of ferroptosis was associated with mitochondrial fragmentation and functional deficits

in affected MPAN cells. Manipulation of cellular stress burden by antioxidants or iron
chelators could alleviate mitochondrial dysfunction and prevent cell death in MPAN

cells. These findings provide a new framework for future mechanistic studies into the
understanding of neurodegeneration in MPAN which may generate novel therapeutic targets
for the disease.
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Highlights
. MPAN cell models show mitochondrial deficits, iron overload and increased
lipid peroxidation.
. Antioxidant NAC and iron chelator DFO restore oxidative damage and
mitochondrial dysfunction in MPAN cell models.
. Erastin and RSL3 cause greater ferroptosis in MPAN cell models which could

be inhibited by iron chelator DFO pretreatment.

. Biopsied cortical brain tissues from MPAN patient demonstrated
mitochondrial deficits and ferroptosis related oxidative damage.
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Figure 1. Loss of C190rf12 damaged mitochondria in M17 cells.
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(A) Western blot analysis of protein expression of C190rf12 in M17 wildtype (WT) and
knockout (KO) cells (n = 3 replicates). (B) Representative confocal images of mitochondria
visualized by transfected mito-DsRed and quantification of mitochondrial length on the
right (n = 70 cells). (C-G) Representative mitochondria respiration assay in M17 cells (C),
quantification of basal oxygen consumption rate (OCR) (D), ATP-linked OCR (E), maximal
OCR (F) and non-mito OCR (G) (n =5 replicates). Results are representative data (Means +

SE) of three independent experiments. Student’s t test, * P < 0.05, ** P < 0.01.
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Figure 2. Increased iron levels in C190rf12 KO M17 cells.
(A) Ferric iron was stained by BioTracker Red Fe2* Dye in C190rf12 KO and WT cells (n

=200 cells). (B) Ferrous iron was stained by Calcein AM green in C190rf12 KO and WT
cells (n = 100 cells). (C) Iron levels in cytosolic and mitochondrial fraction of C190rf12 KO
and WT cells by atom furnace spectrometry (n = 3 replicates). (D) Cytosol ROS levels and
mitochondrial ROS levels were analyzed by H2DCFDA and mitoSOX (n = 3 replicates). (E)
Lipid ROS levels were analyzed by BODIPY C11 (n = 180 cells). Results are representative
data (Means £ SE) of three independent experiments. Student’s t test, * P < 0.05, *** P <
0.001, n.s., P > 0.05.
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Figure 3. Antioxidant NAC prevented mitochondrial deficits and lipid peroxidation in C190rf12
KO cells.

C190rf12 KO M17 cells were treated by antioxidant NAC (50 mM) for 24 hours: (A)
mitochondrial length was analyzed in mito-DsRed transfected cells by confocal images; (B)
Mitochondrial respiration assay was performed to analyze maximal OCR; (C) Cellular ATP
levels were measured; (D) cytosolic lipid ROS were measured by BODIPY C11 probes.
Results are representative data (Means + SE) of three independent experiments. One-way
ANOVA followed by Tukey correction, ** P < 0.01, n.s., P > 0.05

Free Radic Biol Med. Author manuscript; available in PMC 2023 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Shao et al.

C190rf12KO

C190rf12KO

Erastin 25 uM Erastin 50 uM

B RSL3 C Erastin Erastin/DFO

wr

C190rf12KO
C190rf12KO

Propidium iodide

Propidium iodide

Control DFO E F B G
o ns %
- = % pe § Vi Ty . MitoDsRed 6 P i * 2600
T Q% M2 . e, 2 H s — g 00
* & - g 2 " 2 £
5a..$ o 3° 5 S 5 o - 3 €10 [ a g 2w
L--_&, o, P ‘S Qe g 5, -” 5 ¥ & S 2000
St ) @ 0 B H 3 S 3 i g
. - a =} 2 Bl u! £ 054 S 1800
R “ i e - - o L 5 ﬁ ¥ 2
B S I e 4 g S £ o
v A e ; : i
( See k) U J‘? | 5 E — AL 100
4’\ - v o g S o O
3‘6‘0 Q?& € e % o | o g S @‘§ .\9\0Q Sl @‘*‘9 & <{\Qf
| e T | 5 & & O o
*¥a . g & &S
BODIPY v e €

Figure 4. C190rf12 KO cells were associated with ferroptosis.
(A-B) M17 cells were stained by PI after treatment by erastin (25 uM, 50 uM) (A) and

RSL3 (10 uM) (B) for 24 hours (n = 3 replicates). (C) Iron chelator DFO treatment (50

UM) rescued cell death in erastin treatment (n = 3 replicates). (D) DFO treatment rescued
oxidized lipid in C190rf12 KO cells (n = 150 cells). (E) Mitochondrial fragmentation in
C190rf12 KO cells was rescued by DFO treatment (n = 50 cells). (F-G), ATP levels (n

= 3 replicates) and maximal OCR (n = 5 replicates) in C190rf12 KO cells were restored
after DFO treatment. Results are representative data (Means + SE) of three independent
experiments. One-way ANOVA followed by Tukey correction, * P < 0.05, *** P < 001, n.s.,
P>0.05
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Figure 5. Abnormal mitochondrial function in MPAN skin fibroblasts.

(A) Electron microscopy analysis of mitochondria in cultured human MPAN skin fibroblasts
(n = 60 mitochondria from 5 neurons). (B-E) Mitochondria respiration assay of cultured
human MPAN skin fibroblasts by Seahorse analyzer (B) and quantification of relative basal
oxygen consumption rate (OCR) (C), relative maximal OCR (D) and non-mito OCR (E).

Results are representative data (Means + SE) of three independent expe

riments. Student’s t

test and one-way ANOVA followed by Tukey correction, * P < 0.05, ** P < 0.01, *** P <

0.001, n.s., P>0.05
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Figure 6. Increased iron levels and ferroptosis in MPAN skin fibroblasts.
(A-B) Iron levels were analyzed by cytosolic ferrous probes (A) and Calcein AM (B) in live

culture of MPAN skin fibroblasts with C190rf12658S/G58S or C190rf12P99%5%102 mytations
(n =110 cells). (C) Oxidized lipid levels were analyzed by BODIPY C11 in MPAN skin
fibroblasts (n = 110 cells). (D) DFO treatment (50 uM) rescued the cell death caused by
erastin in MPAN skin fibroblasts (n = 3 replicates). (E-F) DFO treatment rescued cytosolic
ROS levels (E) and ATP levels (F) in MPAN skin fibroblasts (n = 3 replicates). Results

are representative data (Means + SE) of three independent experiments. One-way ANOVA
followed by Tukey correction, * P < 0.05, ** P <01. *** p < 0.001, n.s., P > 0.05
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Figure 7. Abnormal mitochondria and ferroptosis related oxidative damages in cortical neurons

of MPAN brain.

(A) Representative confocal images of mitochondrial after immunostaining with anti-
OXPHOS cocktail antibodies in pyramidal neurons in C190rf12 1M MPAN cortical tissues.
Right, quantification of mitochondrial length and neurite mitochondrial index in neurons

(n = 16 neurons). (B-D) Representative immunochistochemistry images of staining with
anti-HMOX1 antibodies (B), anti-80HG antibodies (C) and anti-HNE antibodies (D) in
C190rf12T1IM MPAN cortex sections (n = 60 cells). Results are representative data (Means
+ SE) of three independent experiments (n = 3 replicates). Student’s t test, *** P < 0.001.
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