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Abstract

Peroxiredoxin 3 (PRDX3) encodes a mitochondrial antioxidant protein, which is essential for the control of reactive oxygen species
homeostasis. So far, PRDX3 mutations are involved in mild-to-moderate progressive juvenile onset cerebellar ataxia. We aimed to
unravel the molecular bases underlying the disease in an infant suffering from cerebellar ataxia that started at 19 months old
and presented severe cerebellar atrophy and peripheral neuropathy early in the course of disease. By whole exome sequencing, we
identified a novel homozygous mutation, PRDX3 p.D163E, which impaired the mitochondrial ROS defense system. In mouse primary
cortical neurons, the exogenous expression of PRDX3 p.D163E was reduced and triggered alterations in neurite morphology and in
mitochondria. Mitochondrial computational parameters showed that p.D163E led to serious mitochondrial alterations. In transfected
HeLa cells expressing the mutation, mitochondria accumulation was detected by correlative light electron microscopy. Mitochondrial
morphology showed severe changes, including extremely damaged outer and inner membranes with a notable cristae disorganization.
Moreover, spherical structures compatible with lipid droplets were identified, which can be associated with a generalized response
to stress and can be involved in the removal of unfolded proteins. In the patient’s fibroblasts, PRDX3 expression was nearly absent.
The biochemical analysis suggested that the mutation p.D163E would result in an unstable structure tending to form aggregates
that trigger unfolded protein responses via mitochondria and endoplasmic reticulum. Altogether, our findings broaden the clinical
spectrum of the recently described PRDX3-associated neurodegeneration and provide new insight into the pathological mechanisms
underlying this new form of cerebellar ataxia.

Introduction
The brain is especially sensitive to oxidative stress,
reactive oxygen species (ROS) and damage because of its
high oxygen consumption (1,2). Elevated levels of ROS
are a common etiology in various neurodegenerative
disorders (3–5). In the mitochondria, the thioredoxin
(TXN) and the glutathione (GSH) systems are crucial
to maintain the ROS levels and to prevent oxidative
damage. The TXN system consists of TXN2, thioredoxin
reductase 2, peroxiredoxins 3 (PRDX3) and 5 (PRDX5).

Two ultra-rare diseases are associated with deficiencies
in this system, caused by loss-of-function mutations in
TXN2 or PRDX3 (6,7). For both entities, the underlying
disease mechanism is associated with increased ROS
levels, impaired oxidative stress defense and mitochon-
drial dysfunction. PRDX3-associated neurodegeneration
(PRAN) is characterized by a progressive cerebellar ataxia
with a median onset of 21 years, together with hyper- and
hypokinetic movement disorders and severe cerebellar
atrophy (7). Here, we describe a patient carrying the novel
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PRDX3 p.D163E change in homozygosis, who suffered
from a new form of infantile-onset cerebellar ataxia
associated with a rapidly progressing cerebellar atrophy
and peripheral neuropathy that appears early in the
course of the pathology. In the patient’s fibroblasts,
ROS production was increased and proteins implicated
in the TXN system showed altered expression levels.
The expression of PRDX3 mutant in primary neurons
revealed neurite swellings and impaired morphology.
By overexpressing PRDX3 p.D163E in HeLa cells, we
observed propensity to aggregation of mitochondria,
underpinned by mitochondrial computational param-
eters. This phenotype was substantially stronger as
compared to the one observed for previous known
clinical mutations, p.D202N and p.A142G (7). Electron
microscopy and correlative light electron microscopy
(CLEM) demonstrated that mitochondria were strongly
damaged including hollow parts that lacked cristae,
and revealed the presence of spherical structures
compatible with lipid droplets (LDs), in transfected
HeLa cells expressing PRDX3 p.D163E. Global mitochon-
drial disturbances caused by p.D163E supported the
most severe clinical picture of our proband. PRDX3
p.D163E produced an unstable protein that resulted
in the formation of insoluble aggregates detected by
radioimmunoprecipitation assay (RIPA) subjected to
proteolytic degradation with the activation of unfolded
protein responses (UPRs) via mitochondria as well as
endoplasmic reticulum (ER). Overall, our report expands
the PRAN phenotypes and provides new insights into
the disease mechanisms of this new form of cerebellar
ataxia.

Results
The patient presented early onset rapid
progression of cerebellar atrophy with peripheral
neuropathy
The proband MD-174, after a normal perinatal history,
displayed acute onset of gait ataxia at 19 months old.
No triggers were ascertained. In less than 2 weeks, a
motor cerebellar syndrome was established; the patient
presented ataxia during sitting with loss of autonomous
ambulation, dysmetria, dysarthria, tremor and abnormal
ocular pursuit movements. Standardized extensive
investigations did not reveal any abnormalities at that
time (8,9). Brain magnetic resonance imaging (MRI) was
normal (Fig. 1A and F). Clinical follow-up during the
first 4 months after the onset showed consistency with
a motor cerebellar syndrome with a chronic course.
At 23 months old, MRI revealed a global cerebellar
atrophy, with a decrease from 61 to 52% (Fig. 1A, B and L).
At 32 months old, clinical course was stable without
any additional clinical signs, but cerebellar atrophy
progressed (midsagittal vermis relative diameter, MVRD,
42%; Fig. 1C and L) together with the development
of cerebellar cortical hyperintensities that suggested
neurodegeneration (Fig. 1H) (10,11). At the age of 4,

scale for the assessment and rating of ataxia (SARA)
was first applied to assess the severity of the disease,
obtaining a score of 26/40. Physical examinations did
not show any additional clinical signs at that time,
but a nerve conduction study (NCS) revealed moderate
signs of motor and sensory neuropathy, predominantly
in lower limbs; NCS at 19 months old was normal.
From 4 to 6.5 years of age, the clinical course was
stable with some improvements in postural and action
tremor, retaining walking abilities with assistance. SARA
total score was 19/40 at both 5 and 6.5 years old.
Receptive language, cognitive, affection, social skills and
academic achievement evolved normally during the first
5 years after the onset of the disease. On the contrary,
brain MRI showed rapid progression of global cerebellar
atrophy ascertained by the decrease of MVRD over time,
with early onset cerebellar cortical hyperintensities
(Fig. 1A–L).

We investigated by whole exome sequencing the
proband and his parents. The novel mutation NM_006793.
5:c.489C > G (p.D163E) in PRDX3 was identified in
homozygosis in the proband, and in heterozygosis in each
progenitor. The further segregation analysis confirmed
these findings and showed that his healthy brother was
carrier of the PRDX3 c.489C > G variant in heterozygosis
(Fig. 1M). In silico analysis predicted that the variant was
deleterious according to the American College of Medical
Genetics (ACMG) criteria (12), and the residue was located
in a conserved region (data not shown).

Antioxidant system is impaired in the patient’s
fibroblasts
Since PRDX3 is a mitochondrial antioxidant protein (13),
we investigated if the patient’s fibroblasts were affected
by the H2O2 concentration. MitoSox™ Red measure-
ments displayed increased mitochondrial superoxide
levels in MD-174’s fibroblasts as the H2O2 concentration
increased (∗P < 0.05), surpassing the control cell line
(Fig. 2A). Most intracellular ROS are derived from mito-
chondrial superoxide, which is efficiently dismutated to
H2O2 via superoxide dismutase, making mitochondria
a major site for H2O2 generation (6,14,15). In MD-174’s
fibroblasts, an impairment in scavenging H2O2 caused
by PRDX3 p.D163E could be expected.

We further investigated the viability of the fibrob-
lasts by an in vitro 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2- (4-sulfophenyl)-2H- tetra-
zolium) (MTS) assay after treatment with H2O2, showing
that in both cases (control and proband), cell viability
was reduced to a higher extent in 100 μM H2O2 (Fig. 2B),
supporting the importance of PRDX3 for the oxidative
stress defense system. We then studied its effect on
cell viability after exposition to L-BSO (L-buthionine
sulfoximine), a potent inhibitor of GSH synthesis. For
both lines, cell viability decreased upon L-BSO increase
(Fig. 2C), with the patient’s fibroblasts showing higher
sensitivity compared to those of a healthy individual
(∗P < 0.05; ∗∗P < 0.01).
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Figure 1. Brain MRI and pedigree of the proband. (A–F) Consecutive brain MRI of the patient from onset of ataxia at 19 months to 6.5 years of age. (A–E)
Midsagittal T1-weighted images showing vermian atrophy over time. (F–K) Coronal FLAIR images revealing atrophy of cerebellar hemispheres and early
appearance of cerebellar cortical hyperintensities (red arrow head). (L) Quantitative analysis using the midsagittal vermis relative diameter (MVRD).
The vermis diameter/total posterior cranial fossa diameter ratio (%) was used to represent the proportion of both values. (M) Pedigree of the proband.
The arrow indicates the proband MD-174. Mutation segregation PRDX3 c.489C > G (p.D163E) is below each symbol.

The TXN and the GSH pathways function in parallel
to protect mitochondria from oxidative stress (16).
We analyzed the mRNAs expression of pivotal genes
involved in the antioxidant TXN system. The patient’s
fibroblasts showed a significantly increased expression
of SOD2/manganese superoxide dismutase (MnSOD)
(Fig. 2D), which may be caused by a high concentration of
superoxide. Interestingly, we observed lower expression
of SOD1 mRNA, which shares function with SOD2,
suggesting a compensatory or regulatory mechanism,
together with increased SOD2 expression (SOD1, SOD2,
∗P < 0.05). H2O2 must be removed mainly by glutathione
peroxidases (GPXs), PRDXs and catalase. Consistently,
GPX1, GPX4, PRDX5, catalase and TXN2 mRNAs displayed
a high expression (GPX1, ∗P < 0.05), which may be caused
by a dysfunctional PRDX3. Noteworthy, the mRNA level

of PRDX3 was not altered in MD-174’s cell line, indicating
that the synthesis of PRDX3 mRNA is not affected by the
p.D163E mutation.

PRDX3 p.D163E expression in neurons
In mouse primary cortical neurons, we investigated
both developing neurons, at 5 days in vitro (D5), and
more mature neurons at D12, after transfecting the
neurons at D4 with a construct expressing both green
fluorescent protein (GFP) and PRDX (WT, wild-type,
or p.D163E) (Fig. 3A and B). While the WT-PRDX3 was
expressed both in the soma and along the neurites,
PRDX3 p.D163E expression was decreased (Fig. 3C, upper
graph) and mainly found in the soma (Fig. 3A and C,
bottom graph). WT-PRDX3 and PRDX3 p.D163E were
mainly located in mitochondria as revealed by colabeling
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Figure 2. Fibroblasts response to ROS production and related mechanisms. (A) Mitochondrial ROS levels were measured using the mitochondrial
superoxide indicator MitoSOX Red. (B) Fibroblast cell viability studied by MTS Assay under different concentrations of H2O2 or (C) L-buthionine
sulfoximine (L-BSO): optical density (OD) values were normalized to those obtained in basal conditions. (D) qPCR-based analysis of targets involved
in cellular pathways related to oxidative stress in RNA extracted from both fibroblasts lines. GAPDH was used as the normalizer for the amount of
RNA. For both viability assay and qPCR, the measurements obtained for control were set as 1 and the values obtained for the patient were appropriately
normalized. Error bars represent SD. ∗P < 0.05; ∗∗P < 0.01; ns: not significant. Student’s test.

with MitoTracker® Red (Fig. 3D). To further investigate
the role of the prolonged PRDX3 p.D163E expression in
neurons, we examined the morphology of more mature
primary cortical neurons at D12 (17,18). Notably, while
the morphology of neurons expressing WT-PRDX3 was
not distinguishable from control neurons expressing
GFP, neurons expressing mutant PRDX3 often displayed
different degrees of neurite swelling and impaired
morphology (Fig. 3E and F), a hallmark of neuronal
degeneration.

PRDX3 mutations elicit severe mitochondrial
alterations
PRDX3 is fundamental for maintaining mitochondrial
mass, morphology and membrane potential (19). We
estimated the distribution of cells according to the
mitochondrial morphology in HeLa cells overexpressing
PRDX3 WT, p.D163E and reported missense clinical
mutations (7). We concluded that p.D163E and p.D202N

showed the most impaired patterns, whereas p.A142G’s
percentages were quite similar to WT (Fig. 4A; Supple-
mentary Material, Fig. S1). In approximately 50% of the
cells, mitochondria were aggregated for p.D163E, tubular
for p.D202N and intermediate for p.A142G as for WT. To
delve in these alterations, we estimated mitochondrial
parameters (20). The most remarkable variations were
detected for p.D163E: the number of mitochondria as
well as the elongation index were decreased, whereas
the interconnectivity index was increased (∗∗P < 0.01)
(Fig. 4B–D). In contrast, p.D202N and p.A142G showed
values closer to WT. To better analyze the mitochondrial
network, we calculated the mitochondrial branch mean
length and the mitochondrial footprint (21). For the
mitochondrial branch mean length, the three mutations
turned out to be similar to WT, although p.D202N
was statistically significant (∗P < 0.05; Fig. 4E); regard-
ing the mitochondrial footprint, p.D163E was notably
reduced (∗P < 0.05; Fig. 4E). In summary, p.D163E was the
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Figure 3. PRDX3 p.D163E expression in primary neurons. (A) Representative pictures of primary cortical neurons expressing at D5 either WT-PRDX3 or
PRDX3 p.D163E. Boxed area shows the regions magnified and indicated as proximal and distal (solid and dashed lines, respectively). Arrowheads and
red lines show the GFP positive regions that colocalized with PRDX3 protein in the neurites. Scale bar = 10 μm. (B) Schematic representation of the vector
for the co-expression of PRDX3 and GFP linked by an internal ribosome entry site (IRES). (C) Upper graphs show either the ratio of the intensity of GFP
and PRDX3 labeling. n = 20 control or mutant neurons. ∗P < 0.05, two-way ANOVA test. Average ± SEM. Lower graph shows the colocalization expressed
as Manders’ Overlap Coefficient of PRDX3 over GFP labeling, overlapping areas are lined in red in (A). n ≥ 15 control or mutant neurons. ∗P < 0.05, two-
way ANOVA test. Mean ± SEM. (D) Representative pictures of primary neurons at D5 expressing either PRDX3 WT or p.D163E mutant co-labeled with
MitoTracker® Red. Full arrowheads indicate regions of co-localization. Scale bar = 10 μm. (E) Representative neurons at D12 expressing either PRDX3
WT or PRDX3 p.D163E mutant labeled with GFP. The box indicates the area of the neurite magnified or the right panels. Arrowheads indicate axonal
swellings. Scale bar = 10 μm. (F) Quantification of neurite integrity based on the neuronal morphology. Ctrl, n = 50; PRDX3 WT, n = 109; PRDX3 mut, n = 109.
∗P < 0.05; Fisher’s exact test.

mutation with the most altered mitochondrial parame-
ters. The changes detected in elongation, interconnectiv-
ity and mitochondrial footprint revealed that p.D163E
caused some tendency to abnormal accumulation.
We conclude that mitochondria morphology would be
seriously affected by p.D163E, which was consistent

with the most severe clinical picture observed in patient
MD-174.

To further investigate the mitochondrial morphology,
we carried out CLEM in transfected HeLa cells. In
cells expressing p.D163E, we observed colocation of
PRDX3 (in green) with mitochondria (Fig. 5A and B),
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Figure 4. Mitochondrial morphology in HeLa cells overexpressing WT-PRDX3 and mutated forms. (A) Distribution of cell percentage according to
mitochondrial morphology and obtained percentages for WT and each mutation. (B–E) Quantitative analysis of mitochondrial network morphology
by the ImageJ™ Mito-Morphology macro. Quantification of the number of mitochondria (B), and the elongation and interconnectivity indices (C, D). (E,
F) Quantitative analysis of mitochondrial network morphology by the ImageJ™ plugin MiNA. Mean Branch Length is the average of the lengths of all
lines used to represent the mitochondrial structures, and the footprint is the total area in the cell occupied by mitochondrial structures. Only statically
significant comparatives are shown. Error bars represent SEM. ∗P < 0.05; ∗∗P < 0.01. One-way ANOVA and Tukey post hoc test.

which occasionally were accumulated (Fig. 5C and D). By
electron microscopy, we detect that these mitochondria
are extremely impaired (Fig. 5E–H) compared to control
cells (Fig. 5I–L). In addition to an aberrant morphology, a
decrease in cristae was appreciated and even, hollow
parts that lacked cristae. What was most striking
was the presence of spherical bodies within/near the
mitochondria that were absent in the control cells

(Fig. 5F–H), suggesting that they are caused by the
pathological process. In appearance and density, the
spherical forms appeared to be LDs.

The PRDX3 p.D163E mutation produces an
unstable protein
Immunostaining and western blot (WB) using an anti-
PRDX3 antibody revealed that the PRDX3 p.D163E
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Figure 5. Electron microscopy in transfected HeLa cells expressing PRDX3 p.D163E. HeLa cells were transiently transfected with plasmid DNA encoding
PRDX3 p.D163E fused to Myc-DDK tag, immunostained and further processed for transmission electron microscopy (TEM) analysis. (A) Correlative light
and electron microscopy (CLEM) to identify transfected cells and highlight the localization of the mutated protein (green fluorescence). (B) Enlarged
picture of the square marked in (A), showing an overlay of p.D163E fluorescence signal and perinuclear clumped mitochondria at the ultrastructural
level, observed in more detail in lower panels (C, D). Two additional analyzed transfected cells (E) and representative TEM high-magnification images (F–
H) of the boxed regions in (E) displaying aberrant mitochondrial morphology and lipid droplets (LDs) absent in control cells. (I) Control non-transfected
HeLa cells and successive higher resolution views (J–L) of the selected region in (I).

expression was strongly reduced or even absent in the
patient’s fibroblasts (Fig. 6A and B). PRDX3 is organized
in dimers that associate to form dodecamers, which stack
to form higher tubular–shaped quaternary organizations
(Fig. 6C) (22). It should be noted that D163 is located in
a loop that is part of the interface between adjacent
subunits in the dodecamer, nearby the catalytic site,
where the peroxidatic cysteine is located (Fig. 6D and E).
The residue D163 stabilizes an α-helix dipole. Changing
to glutamate, although not changing the acidic nature of

the side chain, implies an enlargement, which is difficult
to accommodate without disturbing the surrounding
elements. Given the proximity to the intersubunit
surface, p.D163E may lead to destabilization of the
oligomer and consequently of the active center, causing
loss of function.

In addition, according to the in silico prediction
made using AGGRESCAN (23), the p.D163E mutation
might produce an unstable protein with an increased
aggregation tendency of PRDX3 at residues 155–165.
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Figure 6. PRDX3 p.D163E expression in fibroblasts and structural analysis. (A, B) PRDX3 expression in fibroblasts cultures derived from a healthy
control and the patient (MD-174). (A) Immunofluorescence showing the subcellular location of WT-PRDX3 and PRDX3 p.D163E (green), the mitochondrial
network with MitoTracker® Red and DAPI (blue). Scale bar = 50 μm. (B) WB analysis of the WT and mutated PRDX3 expression in both soluble and
insoluble fractions. α-Tubulin was used to normalize the detected protein levels. (C) Filament organization of human PRDX3 observed in the crystal
structure (PDB ID 5JCG). The subunits of each one of the stacked dodecamers are shown in different colors with different intensities for adjacent
subunits. (D) Structural model of human ring-like PRDX3 dodecamer. The two subunits of each dimer are colored in light or dark blue, respectively.
Localization of D163 is mapped with red spheres. (E) Detail of the intersubunit interface, where D163 is located. The side chain of D163 as well as that
for the catalytic cysteine 47 is shown with stick representation and labeled.

We calculated the ��G using FoldX (24,25), and the
most unstable protein was p.D163E (��G = 87.13 kcal/-
mol) with much difference compared to the other
known missense mutations (7), which revealed protein

instability as well (p.D202N,��G = 2.70 kcal/mol; p.A142G,
��G = 10.49 kcal/mol). Overall, prediction findings sup-
ported that the causative variants, especially p.D163E,
enhanced the instability of the PRDX3 protein.
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The PRDX3 p.D163E mutation leads to
aggregates degraded by the proteasome system
Based on the in silico data, we examined the bio-
chemical solubility of WT and mutants (p.D163E,
p.D202N and p.A142G) expressed in HeLa cells. The
protein carrying p.D163E was absent in the RIPA-soluble
fraction (∗∗P < 0.01), whereas p.D202N and p.A142G
were found in both fractions with a remarkable pres-
ence of p.D202N in the insoluble fraction (Fig. 7A–C).
On the whole, the three missense clinical mutations
seemed to have different behaviors, likely depending
on the mutation type and the final conformational
consequences. The insoluble fraction can be enriched
with unfolded proteins, and therefore p.D163E, and
to a lesser extent p.D202N, would produce unfolded
proteins.

Unfolded or unstable proteins trigger proteolytic
mechanisms. To explore whether p.D163E PRDX3 under-
went a degradation process, transfected HeLa cells
expressing either the WT or the mutant protein were
treated with inhibitors of the ubiquitin proteasome
system (UPS) or the autophagy-lysosome pathway. After
the proteasome inhibitor treatment (MG-132), a faint
band was detected for p.D163E PRDX3, indicating that
PRDX3 clearance was due in part to degradation by
the proteasome system; nonetheless, after inhibiting
autophagy by bafilomycin, no appreciable changes were
observed (Fig. 7D). In conclusion, the UPS plays a crucial
role in the removal of the mutated protein, which is
nearly absent in the patient’s fibroblasts.

PRDX p.D163E activates unfolded protein
responses
UPRs act together with cell stress signals and proteolytic
mechanisms such as the autophagy-lysosome pathway
and the UPS (26). The accumulation of damaged or
unfolded proteins triggers the UPRs in the ER (UPRER) and
in the mitochondria (UPRmt) to promote homeostasis and
to increase proteostasis (26,27). ER load is limited to the
upregulation of a handful of gene products, including
BiP/HSPA5, its cofactors SDF2L1 and ERj3/DNAJB11, the
oxidoreductase ERp72/PDIA4 and HERPUD1 (28). For all
these reporters, the expression levels in the patient’s
fibroblasts were increased in a statistically significant
way (∗P < 0.05) for SDF2L1 and DNAJB11 (Fig. 8A). The
UPRmt-mediated protection includes the activation
of LONP1, ATF5, HSP60/HSPD1 and PITRM1 (29,30).
Statistically significant increased expression levels for
LONP1 and ATF5 (∗P < 0.05; Fig. 8B) were found in the
patient’s fibroblasts. Similar results were obtained for
the ubiquitin ligase MITOL/MARCH5 (∗P < 0.05; Fig. 8B),
located on the junctions between mitochondria and ER,
which regulates cellular signaling from mitochondria
and from the ER (31). In conclusion, both UPR pathways,
in the ER and in the mitochondria, may activate
in sync to correct aberrations caused under stress
conditions.

Discussion
Neuronal cells consume a large amount of oxygen to
maintain their proper function, so they are especially
sensitive to deficiencies in the antioxidative defense sys-
tem of the mitochondria. Defects on TXN2 or PRDX3 trig-
ger a burst of ROS, and both deficiencies drive to early-
onset neurodegenerative disorders with severe cerebellar
atrophy (6,7). TXN2 deficiency described in one infant
was related to a severe psychomotor delay developed
early after birth, followed by a spastic-dystonic move-
ment disorder, drug-resistant epilepsy, optic and periph-
eral neuropathy and resembling classical mitochondrial
disorders (6). Conversely, the PRDX3 deficiency was char-
acterized by a mild-to-moderate progressive cerebellar
ataxia with onset at a median of 21 years (range 13–
22 years), and without any other features of classical
mitochondrial diseases (7). In both conditions, a severe
cerebellar atrophy was established. Our proband showed
an infantile-onset cerebellar ataxia, a motor and sensory
neuropathy, and a severe cerebellar atrophy with rapid
progression after onset of motor cerebellar syndrome,
prospectively followed from 19 months to 6 years of age.
The progression of cerebellar atrophy was ascertained by
a quantitative analysis using MVRD, a 2D analysis that
showed a good correlation with cerebellar volume loss
over time in other infantile-onset ataxias with cerebellar
atrophy (32). In addition, cerebellar cortical hyperinten-
sities were present in coronal FLAIR (fluid-attenuated
inversion recovery) images early in the course of the dis-
ease, a common neuroimaging finding in other infantile-
onset ataxias with neurodegeneration, but also in non-
progressive congenital ataxias (10,11). On the contrary,
the motor cerebellar syndrome severity, as measured by
SARA, showed a mild improvement over time. Thus, this
enhancement may be explained by the fact that fine and
gross motor functions change significantly in pediatric
age during normal development, especially during the
first 5 years of age, as suggested in other infantile neu-
rodegenerative phenotypes like phosphomannomutase-
2 deficiency (32,33). Altogether, these data broaden the
clinical spectrum of disorders associated with defects in
the mitochondrial antioxidant TXN system, and specifi-
cally in the PRDX3 gene.

Mitochondrial dysfunction is well established as a hall-
mark of neurodegeneration. PRDX3 plays a major role in
H2O2 detoxification and has protective effects in neu-
rons, which are especially sensitive to oxidative stress
(34). In mitochondria, superoxide is converted into perox-
ide by SOD2/MnSOD and ensures that the concentration
of H2O2 is very low. Superoxide can be decomposed by
GPXs, PRDX3 and PRDX5. In the MD-174’s fibroblasts,
ROS production was higher, and cell viability signifi-
cantly decreased upon H2O2 or L-BSO treatments. Mito-
chondrial oxidative stress can cause the upregulation
of antioxidants such as SODs, GPXs and PRDXs (13). An
altered expression of antioxidant enzymes related to the
modulation of ROS homeostasis was observed in the
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Figure 7. Overexpression of mutated forms of PRDX3 in HeLa cells. (A) WB analysis of PRDX3 expression in transfected Hela cells with plasmids
expressing WT PRDX3 and mutants. α-Tubulin was used as loading control. (B) Densitometric quantification of proteins detected by WB. Error bars
represent SEM. ∗P < 0.05, ∗∗P < 0.01, one-way ANOVA followed by Dunnett’s test compared to WT. (C) Protein levels were normalized to calculate relative
presence in both fractions for WT and mutated PRDX3 proteins. (D) WB analysis from transfected HeLa cells treated with MG-132 (proteasome inhibitor)
or bafilomycin (autophagic inhibitor). The autophagic substrate p62 was used as a bafilomycin control and α-tubulin as loading control.

patient’s fibroblasts, which may be a consequence of
the cross talk between the mitochondrial TXN and GSH
systems in a coregulatory process (16).

The expression of PRDX3 p.D163E in primary cortical
neurons was mainly reduced to soma. Mitochondria
are primarily produced in the soma, but they must
travel long distances to the synaptic terminal (35). When
the transport machinery does not work, the neuron
results are impaired. MitoTracker® Red labeling was
especially intense and the morphology of the neurites
was impaired in neurons expressing PRDX3 p.D163E,
showing different degrees of neurite alterations. This
sign of neuronal stress is prodromal to neuronal degen-
eration in different neuropathologies and is induced

by neurotoxic factors including ROS and excitotoxicity
(36–39).

Neurons are particularly sensitive to perturbations
in mitochondrial dynamics and we found that PRDX3
mutations elicit severe alterations in mitochondrial
morphology. Compared to WT, p.D202N and p.A142G had
no remarkable differences. However, p.D202N presented
an increased mitochondrial branch mean length, which
likely reflects the associated tubular pattern. p.D163E
showed a high value of interconnectivity and a slight
reduction of elongation together with a decreased
number of mitochondria. Higher scores for intercon-
nectivity signify that mitochondria have more physical
connections (40). This finding was additionally reinforced
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Figure 8. Analysis of the unfolded protein response (UPR). In RNA
extracted from fibroblasts of control and patient, qPCR (quantitative
PCR)-based analysis of genes related to the endoplasmic reticulum (B)
or the mitochondrial (C) UPR: GAPDH was used as the normalizer for
the amount of RNA. The measurements obtained for the control were
set as 1 and the values obtained for the patient were appropriately nor-
malized. Error bars represent SD. ∗P < 0.05; ∗∗P < 0.01; ns: not significant.
Student’s test.

by the reduced footprint. Taken together, the changes in
the mitochondrial morphology indicated severe damages
in mitochondria, more than those caused by other
PRDX3 clinical missense mutations, supporting the most
severe PRAN phenotype suffered by our proband. In
fact, in transfected HeLa cells expressing the PRDX3
p.D163E mutation, electron microscopy revealed that
mitochondria were extremely impaired, with abnormal
membranes structures, to the extent that they showed
little or no cristae. What was surprising was the discovery
of spherical structures that resemble LD, near or within
mitochondria, which is difficult to establish given the
poor state of mitochondria. LDs usually arise from the ER,
although they could have an intramitochondrial forma-
tion (41). Mitochondrial dysfunction induces formation
of LDs as a generalized response to stress, including
oxidative stress, and they are involved in the disease
mechanism of many neurodegenerative disorders (42).
LDs interact with many cellular organelles including
mitochondria, and supply lipids as well as unfolded and
harmful proteins to LDs, thus assisting in the removal

of protein aggregates when severe proteotoxic stress
overwhelms the proteasomal system (43,44). According
to the findings obtained for the PRDX3 p.D163E protein,
which tends to form aggregates of unfolded proteins, it
is reasonable to assume that LDs help in the clearance
of these mutated proteins.

PRDX3 was absent in fibroblasts from proband MD-
174, like in others previously reported to harbor loss-of-
function variants that would generate unstable proteins
(7). PRDX3 dimers form dodecamers that are stacked,
resulting in filaments with an elusive physiological
role, although it is known that PRDX3 dimeric variants
have lower peroxidase activity than those forming
dodecamers (22,45). p.D163E and the reported p.D202N
(7) are proximal to the intersubunit surface, may affect
the active center and are predicted to affect complex
assembly. Moreover, using computational approaches
(AGGRESCAN and FoLDX) (23–25), an aggregation ten-
dency that is usually found in unstable proteins was
predicted in the PRDX3 p.D163E protein, and in fact,
it was foreseen as a protein with a high instability.
The PRDX3 p.D163E protein was only recovered in the
detergent-insoluble fraction when expressed in cells,
in sharp contrast to WT-PRDX3. The two previously
reported missense mutations in PRDX3 were also
included in this study (7), and we concluded that the
protein that appeared to be the most insoluble was
the one that contained the p.D163E mutation, followed
by p.D202N and finally, by p.A142G. All in all, findings
pointed toward the fact that protein aggregates due to
PRDX3 mutations were not a common feature shared for
all mutations and hence different disease mechanisms
underlie PRAN.

The accumulation of unfolded proteins generated
under stress conditions triggers the UPRs that interact
with organelles, including mitochondria, and with cell
stress signals and the proteasomal and autophagic
systems (26). We established that the p.D163E mutation
is degraded via the UPS as already described for p.D202N
(7). The analysis of expression of modulators involved in
UPRmt and UPRER allowed us to conclude that both path-
ways were activated in the patient’s fibroblasts. ATF5,
LONP1 and MARCH5 play a key role in neuroprotection
against mitochondrial and ER stresses, (31,46,47). Their
increased expression levels in the patient’s fibroblasts
pointed toward them being possible new therapeutic
targets. In fact, approaches involving UPR activation and
ER/mitochondrial stress are emerging for very different
disorders, mainly to combat the ill-effects of aging and
neurodegeneration (26,48).

Overall, these data suggest that PRDX3 p.D163E pro-
duces unstable proteins prone to aggregation, which are
removal by the UPS, activating UPRs, but also probably
helped by LDs. The almost total absence of PRDX3, a
key mitochondrial protein in the antioxidant TXN sys-
tem, causes oxidative damage and severe alterations
in mitochondria, leading to a new form of infantile-
onset cerebellar ataxia. This work expands the PRAN
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phenotypes and brings new insight into the underlying
physiopathology, which improves the diagnosis of these
ultra-rare, devastating diseases and provides clues for
potential therapeutic interventions.

Materials and Methods
Ethics statement. The studies performed were approved
by the Institutional Board Ethics Committee of Hospital
Universitari i Politècnic La Fe (Valencia), through the Joint
Unit CIPF-IIS La Fe (ref. 2019/0052), and written informed
consent was signed by the proband’s parents.

Patient in-depth phenotyping
The proband MD-174 is a boy born to healthy con-
sanguineous parents from Morocco. Disease progres-
sion data were prospectively collected from onset at
19 months to current 6.5 years of age. Phenotyp-
ing included standardized assessments of ataxia and
other neurological symptoms, NCS, electromyogram,
somatosensory, auditorily and visually evoked potentials
and 1.5- and 3-T brain MRI investigations. To assess
the progression of cerebellar atrophy, a quantitative
analysis using the MVRD was performed in every cerebral
MRI. The vermis diameter/total posterior cranial fossa
diameter ratio was used to represent the proportion of
both values (10,11). Disease severity was assessed by the
SARA from 4 years of age (49).

Genetic and in silico analyses
The patient was first investigated using the custom panel
MovDisord (50). Then, the patient’s and his parents’
exomes were sequenced. Library construction, exome
enrichment, sequencing and primary data analysis
were performed at Centre Nacional d’Anàlisi Genòmica
(CNAG, Barcelona, Spain). Nimblegen SeqCap EZ MedEx-
ome 47 Mb Kit was used for exome enrichment, and
libraries were sequenced on a HiSeq with v.4 chemistry
100 bp paired-end reads (Illumina, San Diego, CA, USA).

Bioinformatics analysis was performed as previously
described (51). In addition, copy number variation analy-
sis with DEcON v2.0.1 tool using default parameters was
conducted (52). Conservation of the residues was investi-
gated using the Clustal Omega tool. Sanger sequencing
on an ABI Prism 3130XL analyzer (Applied Biosystems,
Foster City, CA, USA) was performed for validation and
segregation analysis. Finally, AGGRESCAN was used to
predict the aggregation properties of the mutant protein
(23), and FoldX to calculate the variation in free energy
of the mutations where ��G (energy of the mutation)
increases if there is the destabilization of structure upon
mutation (24,25).

The dodecameric structure of PRDX3 was built from
the crystal structure of this protein (PDB 5UCX) using
protein interfaces, surfaces and assemblies using PISA
(protein, interfaces, surfaces and assemblies) server
at the European Bioinformatics Institute (http://www.
ebi.ac.uk/pdbe/prot_int/pistart.html) (53). Filaments

formed by stacking of dodecamers were built using
crystallographic symmetry. Figures were prepared using
PYMOL Molecular Graphics System, v2.0 Schrödinger,
LLC (https://pymol.org).

Cell culture
HeLa cells were grown in complete Gibco® Dulbecco’s
modified eagle medium (DMEM) high-glucose medium
supplemented with 10% heat-inactivated fetal bovine
serum, 1% penicillin/streptomycin and 1% l-glutamine
(Sigma-Aldrich, St. Louis, MO, USA). For skin-cultured
fibroblasts, we added 100 μg/ml of normocin™ (Invivo-
Gen, Toulouse, France).

Plasmids and transfection
The PRDX3 cDNA (NM_006793) was tagged with Myc-
DDK in C-ter and cloned in pCMV6 (Origene Technologies,
Inc., Rockville, MD, USA). Oligonucleotide primers con-
taining HindIII and BamHI sites (Supplementary Material,
Table S1) were designed for polymerase chain reaction
(PCR)-based subcloning of PRDX3 and Myc-DDK tags into
the pcDNA3.1 expression vector (Invitrogen, Carlsbad,
CA, USA).

The PRDX3 p.D163E, p.D202N and p.A142G mutations
were generated with specific primers (Supplementary
Material, Table S1) using the QuikChange Site-Directed
Mutagenesis Kit (Agilent, Santa Clara, CA, USA). WT and
p.D163E-PRDX3 sequences were further subcloned at
EcoRI and XhoI sites into the bicistronic pCAGIG plasmid.
pCAGIG empty vector was assembled by Dr Matsuda and
kindly provided by Dr Flames (54,55).

HeLa cells were transiently transfected for 24 h with
1 μg of WT or mutated PRDX3 plasmids and FuGENE HD
Transfection Reagent (Promega, Madison, WI, USA).

WB analysis
To obtain the total cellular extracts, fibroblasts or tran-
siently transfected HeLa cells were washed once, scraped
with phosphate-buffered saline (PBS) and centrifuged.
Cell pellets were lysed with RIPA buffer (Sigma-Aldrich)
containing a protease inhibitor cocktail (Roche Diagnos-
tics GmbH, Mannheim, Germany) for 30 min before cen-
trifugation (15 000 g, 15 min, 4◦C). Protein concentration
of the supernatant (RIPA-soluble protein fraction) was
quantified using the BCA (bicinchoninic acid) method
(Thermo Fisher Scientific, Waltham, MA, USA), and a
final amount of 20 μg was employed for WB analysis.
The insoluble fraction was washed once with lysis buffer
and the pellet obtained after a second centrifugation was
lysed in Laemmli buffer 4× (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) containing 2-mercaptoethanol, boiled
with shaking for 15 min, and finally analyzed by WB.

Samples were loaded on a 12.5% polyacrylamide
gel under reducing conditions. Polyvinylidene fluoride
membranes were blocked with 5% milk powder in tris-
buffered saline with tween and incubated overnight
at 4◦C with primary antibodies. The following day,
the membranes were incubated with the appropriate
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secondary horseradish peroxidase–conjugated antibod-
ies (Invitrogen). Immunoreactive protein bands were
visualized using enhanced chemiluminescence plus
reagent (Thermo Fisher Scientific). Primary antibody
dilutions used in WB were as follows: anti-FLAG M2®

(F3165, Sigma-Aldrich): 1/3000; anti-α-tubulin (T8203,
Santa Cruz Biotechnology, Dallas, TX, USA): 1/3000; anti-
PRDX3 (PA1835, Boster Biological Technology, Pleasanton,
CA, USA): 1/1000 and anti-p62 (sc-28 359, Santa Cruz
Biotechnology): 1/1000.

Proteasomal and autophagic degradation assays
HeLa cells, after 24 h transfection with WT or D163E
constructs, were treated with 30 μM MG-132 (Abcam,
Cambridge, UK) to test for proteasomal degradation of
PRDX3 or 200 nM bafilomycin A1 (Santa Cruz Biotechnol-
ogy) to evaluate the lysosomal degradation pathway, and
DMSO as vehicle control. After 24 h incubation, the cells
were harvested and analyzed by WB as described earlier.

Immunofluorescence assays in HeLa cells and
fibroblasts
HeLa cells transfected with WT or mutated forms of
PRDX3 were stained in vivo with 100 nM Mitotracker®

Red CMXRos (Invitrogen) during 30 min at 37◦C, 5% CO2

and darkness. Then, the cells were washed three times
with PBS at 37◦C and fixed in 4% paraformaldehyde.
After permeabilization with 0.25% Triton X-100/PBS, the
cells were blocked and immunostained with anti-FLAG
M2 antibody (1/500; F3165, Sigma-Aldrich) in 5% horse-
serum/PBS. The following day, they were exposed to the
appropriate secondary antibodies conjugated with flu-
orophores Alexa FluorTM (Invitrogen) for 1 h at room
temperature. Coverslips containing stained cells were
assembled with Vecta-Shield Mounting Medium contain-
ing 4′,6-diamidino-2-phenylindole (DAPI; Vector Labora-
tories, Burlingame, CA, USA). For primary fibroblasts cul-
ture, the same protocol was followed, except for the
fact that the primary antibody was anti-PRDX3 (1/500;
PA1835, Boster Biological Technology). The slides were
examined using the SP8-Leica confocal microscope (Leica
Microsystems, Wetzlar, Germany). To assess mitochon-
drial morphology in transfected HeLa cells, images were
captured with identical confocal settings for all geno-
types and experimental replicates using a 63× oil immer-
sion objective.

Evaluation of mitochondrial superoxide status
The level of mitochondrial superoxide anion in fibrob-
lasts was assessed in basal growing conditions and after
exposure to 50 μM H2O2, using ROS-sensitive fluores-
cent probe MitoSox™ Red (Molecular Probes, Eugene, OR,
USA). Fibroblasts were seeded in six-well plates (100 000
cells/well) for 48 h and treated with H2O2 for two addi-
tional hours. Subsequently, cells were harvested, washed
and incubated for 10 min at 37◦C and 5% CO2 in the
presence of 4 μM MitoSox™ Red in PBS 1× and immedi-
ately analyzed in a CytoFLEX S flow cytometer (Beckman

Coulter, Inc., Brea, CA, USA) after addition of the viability
dye DAPI (Sigma-Aldrich) at a concentration of 1 μg/ml.
MitoSox™ Red fluorescence was excited with a 561 nm
laser line and a phycoerythrin filter (585/42 nm) was
used to detect the emission. The mean fluorescence
intensity (MFI) of 10 000 cells per sample was measured
and corrected for autofluorescence from unlabeled cells.
Experiments were performed in triplicate and repeated
at least three times. Each sample was normalized to the
untreated control fibroblasts to yield the normalized MFI.

MTS assay
Cell viability was evaluated in control- and patient-
derived fibroblasts using the MTS Assay Kit (Abcam)
in basal growing conditions and after exposure to
H2O2 (50, 100 μM) for 2 h or L-BSO (3, 6, 10, 50 μM)
for 16 h (Sigma-Aldrich). Fibroblasts were seeded in
triplicates in 96-well plates at a density of 7500 or
10 000 cells/well, and cultured in DMEM high-glucose
medium for 16 h. After incubation with H2O2 or L-
BSO, the medium was replaced, and 20 μl of MTS
tetrazolium was added to each well (darkness, 4 h, 37◦C).
Reduction of the MTS tetrazolium compound by viable
mammalian cells generates formazan dye, which was
quantified by measuring the absorbance at 490 nm in
a spectrophotometer (Perkin-Elmer, Inc., Waltham, MA,
USA). Optical density (OD) values were normalized to
those of the untreated control and three independent
experiments were performed.

Quantitative PCR analysis
Total RNA was extracted from cultured fibroblast
using RNeasy Mini Kit (Qiagen, Hilden, Germany) and
cDNA was synthesized with qScript cDNA SuperMix
(Quantabio, Beverly, MA, USA) from 1.0 μg of total RNA.
For the reaction, 2 μl of a 1/8 cDNA dilution with the
appropriate volume of LightCycler® 480 SYBR® (Roche
Molecular Diagnostics, Pleasanton, CA, USA) and the
primers (Supplementary Material, Table S1) were mixed
and incubated in a LightCycler® 480 System thermo-
cycler (Roche Molecular Diagnostics). The expression
level of targets was normalized to GAPDH levels and
2−��CT method was used for relative quantification.
Three biological replicates and three quantitative PCR
(qPCR) reactions were done for each condition.

Mitochondrial morphology
To estimate the cell percentage according to mito-
chondrial morphology (aggregated, fragmented, tubu-
lar or intermediate) and quantitative mitochondrial
morphological parameters, we used HeLa cells over-
expressing PRDX3-WT and the missense mutations
p.D163E detected in our patient and p.D202N and
p.A142G previously reported (7). Living cells were stained
with Mitotracker® Red CMXRos and anti-FLAG M2®

as described above, and images were captured on a
Leica SP8 confocal microscope (Leica Microsystems)
with identical confocal settings for all genotypes and
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experimental replicates using a 63× oil immersion
objective. For each experimental group, at least 120
PRDX3-FLAG-expressing cells from three independent
experiments were analyzed.

Quantitative analysis of mitochondrial network mor-
phology was carried out using ImageJ™ approaches:
Mito-Morphology macro and Mitochondrial Network
Analysis (MiNA) (20,21,56). The macro calculates the
mitochondria’s number, circularity, perimeter (μm), area
(μm2), and the percentage of cell area occupied by
mitochondria. Index of elongation (inverse of circularity)
is validated as a mitochondrial fission parameter and
interconnectivity (area/perimeter ratio) as a mitochon-
drial fusion parameter. MiNA was used to evaluate the
extent of mitochondrial branches, and mitochondrial
footprint (area occupied by mitochondrial structures in
the cell).

Electron microscopy
For CLEM studies HeLa cells were seeded in a permanox
Lab-Tek chamber slide of 8 wells (Nalge Nunc Interna-
tional, Naperville, IL, USA) at a density of 10 000 cells/well
and transfected for 24 h with the plasmid p.CDNA_PRDX3
D163E tagged with Myc-DDK. Then, cells were fixed
and immunostained with anti- FLAG M2 as mentioned
above, except for the permeabilization step that was
suppressed. The slides were assembled with Vecta-
Shield Mounting Medium containing DAPI. The confocal
images were acquired with a Leica TCS SP8 HyVolution
II (Leica Microsystems) inverted laser scanning confocal
microscope using oil objective 63× Plan-Apochromat-
Lambda Blue 1.4 N.A. The excitation wavelengths for
fluorochromes were 488 nm for Alexa 488 and 405 nm
for DAPI. Two-dimensional pseudo color images (255
color levels) were gathered with a size of 1024 × 1024
pixels and Airy 1 pinhole diameter. After fluorescence
capture, slides were processed for transmission electron
microscopy (TEM) analysis.

The samples were post-fixed in 2% OsO4 for 1 h at
room temperature and stained in 2% uranyl acetate
in the dark (2 h, 4◦C). Then, were rinsed in distilled
water, dehydrated in ethanol and infiltrated overnight
in durcupan resin (Sigma-Aldrich). Following polymer-
ization, embedded cultures were detached from the
wells and glued to durcupan blocks. Finally, ultra-thin
sections (0.08 μm) were cut with an Ultracut UC-6
(Leica Microsystems), stained with lead citrate (Reynolds
solution) and examined under a transmission electron
microscope FEI Tecnai Spirit BioTwin (Thermo Fisher
Scientific). Pictures were taken using Radius software
v2.1 with a Xarosa digital camera (EMSIS GmbH, Münster,
Germany). Six HeLa cells expressing PRDX3 p.D163E and
four non-transfected cells were analyzed.

A final overlay of the TEM and fluorescence images
was performed in ICY (Open Source Image Processing
Software), using eC-CLEM plug-in for imaging correlation
(57).

Primary neuronal cultures
Primary cultures of cortical neurons were prepared
from embryonic day 15 (E15.5) CD1 mice, as previously
described (18). Cortices were washed with Hank’s
solution, dissociated by mechanical disaggregation in
5 ml of plating medium (minimum essential medium
supplemented with 10% horse serum and 20% glucose),
plated into pre-coated dishes with poly l-lysine (Sigma-
Aldrich) (150 000 cells per well in 12-well plates) and
placed into a humidified incubator containing 95%
air and 5% CO2. After 2 h of incubation, the plating
medium was replaced with equilibrated neurobasal
media supplemented with B27 and GlutaMAX (Gibco,
Thermo Fisher Scientific).

Neuronal transfection and mitochondrial
staining
The primary neurons were transfected at D4 with Lipo-
fectamine 2000 (Thermo Fisher Scientific), according to
the manufacturer’s instructions, with pCAGIG plasmids
expressing either WT-PRDX3 or PRDX3 p.D163E. Upon
transfection, mitochondria of transfected primary neu-
rons at D5 and D12 were stained with MitoTracker®

Red CMXRos (Thermo Fisher Scientific) according to the
manufacturer’s protocol. Primary neurons were incu-
bated with MitoTracker® Red CMXRos (100 nM) for 20 min
in dark (37◦C, 5% CO2).

Neuronal cell immunofluorescence assays
Neurons were fixed with 4% paraformaldehyde and
immunofluorescence was carried out according to
standard protocols, permeabilizing with PBS with 0.1%
Triton and blocking with 2% PBS-BSA (bovine serum
albumin). Primary and secondary antibodies were diluted
in 2% PBS-BSA: anti-GFP (1/500; GFP-1010, Aves Labs,
David, CA, USA), anti-PRDX3 (1/350; PA1835, Boster
Biological Technology), goat anti-chicken AlexaFluor®

488 (1/500; A-11039, Thermo Fisher Scientific) and
donkey anti-rabbit AlexaFluor® 647 (1/500; A-31573, Life
Technologies, Carlsbad, CA, USA). After staining, the
coverslips were mounted in mowiol for imaging.

For intensity and colocalization analyses, pictures
were taken with a Leica Dmi8 microscope with 20X/0.3
NA Plan-Neofluar or 63X Plan-Apochromat/1.4 NA
objectives. For the neurite damage analysis, fields of 3×3
photos were taken with a Zeiss Observer Z1 microscope
with an AxioCam MRm (16 pixels) and Apotome 2
incorporated and 20× LD A-plan 0.5 NA objective.

Colocalization and intensity analyses were performed
with ImageJ. All the pictures were equally processed and
analyzed in three different regions: soma, proximal neu-
rite (0–15 μm from soma) and distal neurite (15–30 μm
from soma). The colocalization analysis was performed
with the JACoP plugin, considering Pearson’s correlation
coefficient and Manders’ M1 and M2 coefficients. Finally,
for neurite damage analysis, the status of the biggest
neurite was analyzed in each neuron in a radius of
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150 μm from the soma and classified as an intact neurite
or a neurite with swelling or degeneration.

Statistical analysis
Data were analyzed using GraphPad Prism 6.0 software
(GraphPad Software, Inc., San Diego, CA, USA), and all
results were expressed as mean ± standard error of the
mean (SEM) or standard deviation (SD), as indicated in
the figure legends. For normally distributed data, when
comparing two groups, the analysis was conducted via
unpaired t-tests. Statistical analysis of three or more
groups was performed by one-way ANOVA followed by
Dunnett’s test compared to WT genotype (WB) or fol-
lowed Tukey’s test (mitochondrial morphology).

Supplementary Material
Supplementary Material is available at HMG online.
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