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Abstract

Neurodegeneration with brain iron accumulation (NBIA) is a group of inherited
neurologic disorders in which iron accumulates in the basal ganglia resulting in
progressive dystonia, spasticity, parkinsonism, neuropsychiatric abnormalities, and
optic atrophy or retinal degeneration. The most prevalent form of NBIA is pantothenate
kinase-associated neurodegeneration (PKAN) associated with mutations in the gene of
pantothenate kinase 2 (PANK2) which is essential for coenzyme A (CoA) synthesis.

There is no cure for NBIA, nor is there a standard course of treatment.

In the current work, we describe that fibroblasts derived from patients harbouring
PANK?2 mutations can reproduce many of the cellular pathological alterations found in
the disease such as intracellular iron and lipofuscin accumulation, increased oxidative
stress and mitochondrial dysfunction. Furthermore, mutant fibroblasts showed a

characteristic senescent morphology.

Treatment with pantothenate, the PANK2 enzyme substrate, was able to correct all
pathological alterations in responder mutant fibroblasts with residual PANK2 enzyme
expression. However, pantothenate had no effect on mutant fibroblasts with
truncated/incomplete protein expression. The positive effect of pantothenate in
particular mutations was also confirmed in induced neurons obtained by direct
reprograming of mutant fibroblasts. Our results suggest that pantothenate treatment can

stabilize the expression levels of PANK2 in selected mutations.

These results encourage us to propose our screening model as a quick and easy way to
detect pantothenate-responder patients with PANK2 mutations. The existence of
residual enzyme expression in some affected individuals raises the possibility of

treatment using high dose of pantothenate.



Key words: Pantothenate Kinase, Coenzyme A, Mitochondria, Pantothenate, Induced

Neurons.



Introduction

Neurodegeneration with Brain Iron Accumulation (NBIA) is a group of rare
neurodegenerative disorders characterized by progressive extrapyramidal dysfunction
(dystonia, rigidity, choreoathetosis), iron accumulation in the brain and the presence of
axonal spheroids, corresponding to degenerating neurons, usually limited to the central
nervous system [1,2]. Several causative genes underlying NBIA have been identified
which explain about 65 % of cases. By now 12 established genes, with their causative
mutations, are known to cause different sub types of NBIA [3]. However, around 20% of

cases are still genetically undefined [4].

The most common form of NBIA is pantothenate kinase-associated neurodegeneration
(PKAN) which is associated with a defect in the gene of pantothenate kinase 2
(PANK2) which encodes an essential enzyme in coenzyme A (CoA) synthesis; it
represents approximately 50% of cases [5]. The pantothenate kinase gene family
includes PANK1a, PANK1b, PANK2 and PANK 3, but only PANK?2 is the causative
gene for NBIA. PANK2 transforms (R)-pantothenate into (R)-4’-phosphopantothenate
using ATP, it is regulated by feedback inhibition by CoA and its thioesters.
Pantothenate or vitamin B5 is the main precursor for the synthesis of CoA. The enzyme
deficiency causes an insufficient energy production, biosynthesis alterations at cell
membrane replacement and loss of protection against oxidative damage provided by
CoA and glutathione peroxidase/glutathione reductase system. Reactive oxygen species
(ROS) accumulation increases due to deposits of iron and cysteine, which increase the
susceptibility of suffer harmful effects at some cell regions and can induce lipid
peroxidation, which can cause membrane damage and activate apoptosis. PANK2-
defective neurons derived from KO mice have an altered mitochondrial membrane

potential and defective mitochondrial respiration [6].
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However, the exact etiology of PKAN is not known. One proposed hypothesis is that
abnormal peroxidation of lipofuscin to neuromelanin and deficient cysteine dioxygenase
lead to abnormal iron accumulation in the brain [7]. PKAN is a devastating disorder for

which only symptomatic treatments are currently available.

Attempts to generate animal models of the disease have produced incomplete
phenotypes, possibly because the mitochondrial localization of PANK2 has only been
reported in humans and primates and because many organisms, like Drosophila, have
only a single PANK [8]. In mice, the PANK2 homolog protein was reported to localize
in the cytosol [9]; a PANK2 knockout mouse exhibited reduced growth, retinal
degeneration and male infertility, but no movement disorders or signs of iron
accumulation in the brain [10]. However, a pantothenic acid-deficient diet caused
movement disorders in the mice without iron accumulation in the basal ganglia [11]. In
accordance with these results, suppression of the single PANK in Drosophila caused
neurodegeneration [12] that could be rescued by pantethine [13], but no neuronal iron

accumulation was observed.

Given the lack of good animal models, cells derived from patients themselves can be
used as an alternative approach for PKAN research and evaluation of potential
therapies. Previous works with fibroblasts from PANK2 mutant patients indicated that
an alteration of the cellular oxidative status and iron homeostasis can be detected in

these cells [14].

In this manuscript, we propose that skin fibroblasts and induced neurons derived from
PKAN patients represent unique cellular models for the study of the molecular

mechanisms that may lead to iron accumulation and neurodegeneration in PKAN. Our



findings suggest that PANK2 mutant fibroblasts and induced neurons recapitulate the

abnormal iron metabolism seen in many cell types in patients with NBIA.



Material and Methods

Reagents

Monoclonal Anti-Actin antibody, Sudan Black, Prussian Blue, sodium pantothenate,
Luperox® DI (tert-Butyl peroxide), deferiprone, and trypsin were purchased from
Sigma Chemical Co. (St. Louis, MO). Mitosox™, MitoTracker Red CMXRos, DAPI
and Hoechst 3342, were purchased from Invitrogen/Molecular Probes (Eugene, OR).
Anti-cytochrome c antibodies and anti-MAP2 were purchased from PharMingen (BD
Bioscience, San Jose, CA). Anti-transferrin receptor 1 (TfR1), anti-ferritin light-chain,
anti-divalent metal transporter 1 (DMT1), NFS1, Anti-PANK1 and anti-PANK2 were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-lron-responsive
element-binding protein 1 (IRP-1), anti-Tau clone HT7 and anti-PANK3 were
purchased from Thermo-Fisher (Waltham, MA). OxyBIlot Protein Oxidation Detection
Kit was acquired from Merck (Darmstadt, Germany). MitoPeDPP was purchased from
Dojindo Molecular Technologies, Inc. (Rockville, MD). A cocktail of protease
inhibitors (complete cocktail) was purchased from Boehringer Mannheim (Indianapolis,
IN). The Immun Star HRP substrate kit was from Bio-Rad Laboratories Inc. (Hercules,
CA).

Ethical Statements

Approval of the ethical committee of the Hospital Universitario Virgen Macarena y
Virgen de Rocio de Sevilla (Spain) was obtained, according to the principles of the
Declaration of Helsinki and all the International Conferences on Harmonization and

Good Clinical Practice Guidelines.
Cell culture

We used primary skin fibroblasts from three unaffected subjects (control 1, 2 and 3, two

adults and one neonatal) purchased from ATCC and three patients from the Movement

7



Disorder Unit of Hospital Universitario Virgen del Rocio, Sevilla, Spain, and from the
Movement Disorders Bio-Bank available at the Neurogenetics Unit of the Neurological
Institute ‘Carlo Besta’ (INCB), Milan, Italy. One patient (P1) is double heterozygous
carrier of changes in position c.747dup (p.Arg249ProfsX43) that causes a stop codon
and ¢.1475C>G (p.Ala492Gly) that causes a missense mutation which is predicted to be
damaging by prediction tools such as PolyPhen2 [15]. The second patient (P2) is double
heterozygous carrier of changes in position 240-241delCA and T2171 (650C>T) which
have been previously described [16]. The third patient (P3) P3 carries a homozygous
mutation ¢.1259delG causing a frameshift p.F419fsX472 [14]. Control values represent
meansxSD for three control fibroblast cell lines. Fibroblasts were grown in DMEM
(Sigma) supplemented with 10% FBS (Sigma), 100 mg/ml streptomycin, 100 U/ml
penicillin and 4 mM I-glutamine (Sigma). All the experiments were performed with
fibroblasts cell cultures with a passage number <10.

Cell Morphology.

Cell morphology was evaluated by light microscopy. Images were analysed using the
ImageJ software (National Institutes of Health, USA).

Iron and lipofuscin accumulation.

Iron accumulation was examined by Perls' Prussian blue staining [17]. Perls' staining
was quantified in a microplate reader (Polar star Omega, BMG Labtech) and by light
microscopy. Images and quantification analysis from light and fluorescence microscopy
were performed by using the ImageJ software.

Lipofuscin accumulation was evaluated by Sudan Black B (SBB) staining as previously
described [18]. SSB staining quantification was performed in a microplate reader and by
light microscopy. Autofluorescence detection was performed by fluorescence

microscopy (excitation 366 nm; emission 420-600 nm). Emission spectra of lipofuscin



granules were obtained by confocal laser scanning microscopy (Nikon A1R, Shinagawa,
Tokyo, Japan). Excitation laser source: 405 nm. The spectra were detected in 5-nm
steps. The emission spectra were recorded in 10 lipofuscin granules in 20 cells.
Lipofuscin purification and scanning electron microscopy with energy dispersive
X-ray spectroscopy (SEM/EDX)

Lipofuscin was isolated using a method described by Boulton and Marshall [19]. All
experimental steps were carried out on ice with prechilled buffers and all centrifugation
steps were performed at 4°C. Briefly, cell pellets were homogenized in a Dounce
homogenizer and disrupted by sonication for 30 sec set at 4°C using a Branson
Ultrasonics Sonifier S-450 in presence of disruption buffer (50 mM Hepes, 0.25 M
sucrose, 5 mM EDTA, 0.1 M potassium acetate, pH 7.5) supplemented with protease
inhibitors (complete, Protease Inhibitor Cocktail Tablets/Roche Applied Science,
Mannheim, Germany). Cellular debris was removed by centrifugation at 60xg for 7
min. The resulting supernatant was removed and then centrifuged (6000xg; 10 min).
The pellet was resuspended in disruption buffer and the suspension was layered on top
of a discontinuous gradient consisting of five different concentrations of sucrose in
disruption buffer: 1.6, 1.5, 1.4, 1.2, 1.0 and 0.25 M. Gradient separation was achieved
by centrifugation at 100,000xg for 1 h in a swing-bucket rotor (TSL-55, Beckman
Coulter, Fullerton, CA, USA). The lipofuscin-containing interface of the first sucrose
gradient was identified by its characteristic fluorescence excitation/emission spectrum
in a Cary Eclipse Fluorescence Spectrophotometer (Agilent, Santa Clara, CA, USA).
Isolated lipofuscin was spread on a conductive carbon tape and dried before vacuum.
Then, lipofuscin granules were analysed. SEM/EDX was performed at 20 kV with a Hitachi
S-4800 SEM-FEG (Minato-ku, Tokyo, Japan) equipped with a Bruker X-FLASH 4010 detector

(Billerica, MA, US) with a 133 eV resolution at the Mn K, line. The analysis of EDX spectra

were carried out by the Origin 2018 software (Originlab Corp. Northampton, MD, USA) by
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using the standardless Cliff-Lorimer’s method, as described in previous reports [20]. The results
are expressed as mole fractions in atomic percent (at%) and weight fractions (wt%).

Iron determination by Ferrozine and Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) assays

Iron levels in cell extracts were also determined by a Ferrozine assay [21] and ICP-MS
[22]. Calibration was performed for six standards and the correlation coefficients (r)
ranged from 0.98 to 0.99. Elemental concentrations are shown in nmol Fe?*/ug protein.
Values are shown as means=SD (standard deviation) for three independent experiments.
Immunoblotting

Western blotting was performed using standard Methods. After protein transfer, the
membrane was incubated with various primary antibodies diluted 1:1000, and then with
the corresponding secondary antibody coupled to horseradish peroxidase at a 1:10000
dilution. Specific protein complexes were identified using the Immun Star HRP
substrate kit (Biorad Laboratories Inc., Hercules, CA, USA).

Immunofluorescence microscopy

Fibroblasts were grown on 1mm width (Goldseal No. 1) glass coverslips for 24-48 h in
DMEM containing 20% FBS. Cells were rinsed once with PBS, fixed in 3.8%
paraformaldehyde for 5 min at room temperature, and permeabilized in 0.1% saponin
for 5 min. For immunostaining, glass coverslips were incubated with primary antibodies
diluted 1:100 in PBS, 1-2 h at 37°C in a humidified chamber. Unbound antibodies were
removed by washing the coverslips with PBS (three times, 5 min). The secondary
antibody, a FITC-labelled goat anti-mouse antibody or a tetramethyl rhodamine goat
anti-rabbit (Molecular Probes), diluted 1:100 in PBS, were added and incubated for 1 h
37°C. Coverslips were then rinsed with PBS for 3 min, incubated for 1 min with PBS

containing Hoechst 33342 (1 pg/ml) and washed with PBS (three 5 min washes).
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Finally, the coverslips were mounted onto microscope slides using Vectashield
Mounting Medium (Vector Laboratories, Burlingame, CA, USA) and analyzed using an
upright fluorescence microscope (Leica DMRE, Leica Microsystems GmbH, Wetzlar,
Germany). Colocalization studies were performed using a DeltaVision system (Applied
Precision; Issaquah, WA) with an Olympus IX-71 microscope (Olympus Corporation,
Shinjuku, Tokyo, Japan).

Electron microscopy

Fibroblasts were fixed for 15 min in the culture plates with 2% glutaraldehyde in culture
medium, then for 30 min in 2% glutaraldehyde—0.1 M sodium cacodylate buffer, pH
7.4. They were then washed three times in sodium cacodylate 0.1 M for 10 min and then
post-fixed with 1% OsOs in 0.1 M sodium cacodylate buffer for 30 min. After
dehydration in increasing concentrations of ethanol, 5 min for each step: 30, 50, 70 and
95%, embedded in Durcupan ® Fluka, and polymerized at 60°C for 48 h. Then, 1 um
sections were stained with toulidin blue and 60-80 nm sections were cut with an
ultramicrotome Leica UMG6. The ultrathin sections were observed without uranyl acetate
and lead citrate staining to avoid artefactual images and precipitates on a Zeiss Libra
120 transmission electron microscope.

Analysis of cell death

Viable cells were counted from their normal cell and nuclear morphology and exclusion
of propidium iodide under a phase-contrast and fluorescence microscope at 100x
magnification. In each case 10 random fields and more of 500 cells were counted. Cell
death was determined by measuring LDH release in the medium using the CytoTox-
ONE™ Homogeneous Membrane Integrity Assay kit (Promega, Madison, WI)
according to the manufacturer’s instructions.

Iron metabolism
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To examine the effect of selected compounds from the initial screening test on NBIA
mutant fibroblasts, iron homeostasis will be studied. Labile iron pool (LIP)
determination was carried out as previously described [14]. Briefly, fibroblasts were
plated in 96-well plates. Cells were incubated in medium supplemented with 1 mg/ml
BSA and 0.25 um Calcein-AM at 37°C for 15 min. After two washes with Hank's
Balanced Salt Solution (HBSS), cells were maintained in HBSS supplemented with 10
mm glucose for 10 min. Basal fluorescence was measured using a POLARstar Omega
Microplate Reader at 485 nm (excitation) and 535 nm (emission). Cells were then
supplemented with the specific iron chelator Salicyladehyde Isonicotinoyl Hydrazone
(0.1 mM) for 15 min. Fluorescence was followed during incubation with the chelator,
and when a plateau was reached, that value was considered to be the LIP value. Finally,
the results were normalized to the protein content.

Iron-responsive element-binding protein 1 (IRP-1), transferrin receptor 1 (TfR1),
ferritin and DMT1 expression levels were determined by Western blotting.
Mitochondria isolation

Subcellular fractionation was performed following the protocol by Abcam
(http://www.abcam.com/ps/pdf/protocols/subcellular_fractionation.pdf) according the
protocol provided by Dr. Richard Patten. In brief, cells were lysed with a subcellular
fractionation buffer (250 mM Sucrose, 20 mM HEPES, 10 mM KCI, 1.5 mM MgCl, 1
mM EDTA, 1mM EGTA, 1ImM DTT, Protease Inhibitor Coctail (111)) and cell lysates
were centrifuged (720xg). The pellet was washed in fractionation buffer and
resuspended in nuclear buffer (standard lysis buffer containing 0.1% SDS); this is the
nuclear fraction. The supernatant was re-centrifuged at a higher speed (100,000xg.); the
supernatant, after ultra-centrifugation, is the cytoplasmic fraction. The pellet was

washed with fractionation buffer; this is the membrane fraction.
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Determination of CoA levels in mitochondria. CoA levels in the mitochondrial
fraction were analysed by HPLC as previously described [23]. The concentrations of
standard CoA were determined using a molar absorbance of 16,000 at 260 nm. These
agents were dissolved in 50 mmol/L KH2PO4+K;HPO4 buffer (pH 7.0). Frozen
mitochondrial fractions resuspended in KH2POs+K>HPO4 were sonicated (10%
amplitude during 10 seconds). The homogenates were centrifuged at 12,000xg for 10
min at 4°C. The supernatant was passed through a 0.45-um filter (Millipore, Bedford,
MA), and the filtrate (10 ul) was injected directly into the HPLC system. The content of
CoA was measured as follows. The method employed a Shim-pack VP-ODS (150
mmL. x 4.6 mmLD., 5 pum) eluted with 100 mmol/L NaH>POs and 75 mmol/L
CH3COONa (pH was adjusted to 4.6 by the addition of concentrated H3zPOas)—
acetonitrile (94:6, v/v) at a flow rate of 1.0 ml/min. The ultraviolet (UV) detector was
set at 259 nm. The standards of CoA eluted at approximately 3.5 min under these
conditions. Mitochondrial proteins were determined using the Lowry assay [24]. CoA
values were referred to protein content in the mitochondrial fraction.

Bioenergetic and oxidative stress analysis.

Mitochondrial respiratory function of control and PKAN fibroblasts were measured
using mito-stress test assay by XF24 extracellular flux analyser (Seahorse Bioscience,
Billerica, MA).

Cells were seeded at a density of 3x10* cells/well in XF24 cell culture plates in 100 pL
growth medium (DMEM medium containing 20% FBS) and placed in 37°C incubator
with 5% CO». After 24 h incubation, growth medium from each well were removed,
leaving 50 pL of media. Then, cells were washed twice with 1,000 pL of pre-warmed
assay medium (XF base medium supplemented with 10 mM glucose, 1 mM glutamine

and 1 mM sodium pyruvate; pH 7.4) and 450 pL of assay medium (500 uL final) was
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added. Cells were incubated in 37°C incubator without CO> for 1 h to allow pre-
equilibrating with the assay medium. Mitochondrial functionality was evaluated by
sequential injection of four compounds that affect bioenergetics. The final
concentrations of injections were: 1 uM oligomycin, 2uM FCCP (Carbonyl cyanide-4-
trifluoromethoxy-phenylhydrazone), 1 and 2.5 pM rotenone/antimycin A. The best
concentration of each inhibitor and uncoupler, as well as the optimal cells seeding
density were determined in preliminary analyses. A minimum of five wells per
treatment were utilized in any given experiment. This assay allowed for an estimation of
basal respiration, maximal respiration and spare respiratory capacity.

Oxidized proteins will be detected using the Oxyblot Protein Oxidation Detection Kit
following the manufacturer’s instructions. Lipid peroxidation will be assessed by
measuring the oxidation of MitoPeDPP according to manufacturer’s instructions.
MitoPeDPP a cell-membrane-permeable probe, Perylene-based dye. It specifically
localizes in mitochondria due to the triphenylphosphonium moiety introduced.
Mitochondrial localization of MitoPeDPP signal was confirmed by fluorescence
microscopy of samples incubated with MitpPeDPP and MitoTracker Red CMXRos
(100 nM, 30 minutes), a mitochondrial potential-dependent dye. Colocalization of both
markers was assessed by the DeltaVision software calculating the Pearson coefficient of
correlation.

Determination of heme content

Heme content was measured in fibroblasts from patients and controls as previously
described [25]. Briefly, the cells were washed with phosphate-buffered saline and
dissolved in 0.25 ml of 98% formic acid and incubated for 15 min. The heme content

was evaluated by analysing the clear supernatant at 400 nm, with an extinction
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coefficient of 1.56 x 10° x M~ x cm™1. The data were normalised to protein content as
determined by the BioRad Protein Assay (BioRad).

Analysis of mitochondrial network

The amount of mitochondrial fragmentation was evaluated using the IFDOMETER
software [26]. For each experimental condition, a total of 100 images, collected in three
different experiments were used to calculate the number of small rounded mitochondria
per cell. Length or ratio between the major and minor axis of the mitochondrion and
degree of circularity were taken into account.

Generation of induced neurons from fibroblasts by direct reprogramming

Neurons were generated from patient and control fibroblasts by direct reprogramming
as previously described by Drouin-Ouellet et al. [27,28]. Controls and patients-derived
fibroblasts were plated onto 0.1% gelatin-coated 24-well plates or p-Slide 4 Well Ibidi
plates (2.8e4 cells/cm2). The day after, dermal fibroblasts were transduced with one-
single lentiviral vector containing neural lineage-specific transcription factors (Acsll
and Brn2) and two shRNA against the RE1-silencing transcription factor (REST)
complex, generated as previously described [29]. The plasmid was a gift from Dr. Malin
Parmar (Developmental and Regenerative Neurobiology, Lund University, Sweden).
Transduction was performed at a multiplicity of infection (MOI) of 30. The day after,
the cells were switched into fresh fibroblast medium and after a further 48 h, the
medium was replaced with neural differentiation medium (NDiff227; Takara-Clontech)
supplemented with neural growth factors and small molecules at the concentrations
previously described [27]: LM-22A4 (2 uM, R&D Systems), GDNF (2 ng/ml, R&D
Systems), NT3 (10 ng/ml, R&D Systems), db-cAMP (0.5 mM, Sigma), CHIR99021 (2
uM, Sigma), SB-431542 (10 uM, R&D Systems), noggin (50 ng/ml, R&D Systems),

LDN-193189 (0.5 M, Sigma), valproic acid sodium salt (VPA; 1 mM, Sigma). Half of
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the neuronal differentiation medium was replaced every 2-3 days. Eighteen days post-
infection, the medium was replaced with neuronal medium supplemented with only the
growth factors until the end of the conversion. The medium was changed every 2-3
days for a further 10 days. Neuronal cells will be identified by the expression of Tau or
MAP2. DAPI+ and Tau+/MAP2+ cells were considered induced neurons. Conversion
efficiency was calculated as the number of Tau+ cells over the total number of
fibroblasts seeded for conversion. Neuronal purity was calculated as the number of

Tau+ cells over the total cells in the plate after reprogramming.

Statistical analyses

The data are reported as the meantSD values or as representative of at least three
independent experiments. Statistically significant differences between controls and
patients were determined in all the experiments by one-way ANOVA analyses and by

Student's t-test; a p value < 0.05 was considered statistically significant.
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Results

Expression levels of PANK2 are reduced in fibroblasts derived from PKAN

patients.

We analyzed PANK?2 expression levels in fibroblast cell lines derived from three PKAN
patients and 3 healthy subjects. Two PKAN patients, P1 and P2, carried double
heterozygous mutations (one allele harbors a stop codon mutation and the other a
missense mutation) while patient P3 carried a homozygous mutation carrying a frame
shift mutation that results in a truncated PANK2 protein [14]. As shown by Western-
blot analysis in Fig. 1a and 1b, PANK2 expression levels (band around 48kDa) were
markedly reduced in patients P1 and P2 and practically absent in P3 while normal levels
were present in control fibroblasts. To compensate the deficiency of PANK2,
expression levels of PANK1 were remarkably increased in all three patient fibroblasts.

However, expression levels of PANK3 were not significantly different.

Fibroblasts from PKAN patients showed altered cell morphology and

accumulation of iron and lipofuscin.

We then examined cell morphology and iron and lipofuscin accumulation in PKAN
fibroblasts. Examination of cell morphology by bright-field microscopy revealed that
PKAN fibroblasts showed characteristic morphological changes that accompany
replicative senescence in cultured cells (Fig. 1c). The increased cell size was quantified
by determining cell perimeter. This parameter was significantly increased in PKAN

fibroblasts compared to control cells (Fig. 1d).

As altered iron metabolism is one of the main characteristic of PKAN mutations, we
next examined intracellular iron accumulation by Prussian Blue staining in three control

and PKAN fibroblasts (Fig. 1e). Iron staining was significantly increased in PKAN
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affected cells (Fig. 1e and 1f, and Supplementary Fig. Sla). Fibroblasts harbouring
the MERRF (Myoclonic epilepsy with ragged-red fibers) mutation A8344G, a
mitochondrial disease with neurological involvement but without iron accumulation, as
well as P1 fibroblasts treated with deferiprone, an iron chelating drug, were used as a
negative control. To confirm the abnormal cellular iron content in PKAN fibroblasts,
we next determined intracellular iron levels by a colorometric ferrozine-based assay
[21]. All three patient affected cells showed increased total iron levels (Supplementary
Fig. S1b). The basal amounts of iron in control cultures were approximately 50 nmol
iron per mg protein while iron content were in the range of 80-120 iron per mg protein

in PKAN fibroblasts.

As abnormal accumulation of lipofuscin in NBIA patients has been reported in several
cell types derived from NBIA patients [30,31] and lipofuscin accumulation can result
from lipid peroxidation, a process stimulated by iron [32,33], we next examined the
presence of lipofuscin by autofluorescence analysis, Sudan Black staining and electron
microscopy analysis in control and PKAN fibroblasts. PKAN mutant cells showed
increased autofluorescence and increased Sudan Black staining compared with control
cells suggesting lipofuscin accumulation (Fig. 2a and 2b). Increased intracellular
lipofuscin granules in PKAN fibroblasts were confirmed by electron microscopy
examination (Fig. 2c¢). The quantification of autofluorescence, Sudan Black staining and
lipofuscin granules is showed in Supplementary Fig. S2. Autofluorescence in patient
fibroblasts was significantly reduced after treatment with deferiprone, suggesting that
iron is contributing to the accumulation of the autofluorescent lipofuscin-like material
(Supplementary Fig. S3). Furthermore, to confirm the lipofuscin-like characteristic of
the aggregates, the fluorescence spectral characteristics of lipofuscin granules were

performed by confocal laser scanning microscopy. Under excitation at 405 nm,
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lipofuscin granules showed an emission peak at 510-520 nm (Supplementary Fig. S4).
These observed spectra are consistent with the reported characteristics of lipofuscin
granules obtained by Bindewald-Wittich et al. in retinal pigment epithelial cells by

confocal microscopy [34].

SEM/EDX, a widely applied elemental microanalysis method capable of identifying all
elements in the periodic table except H, He, and Li [35], was used to determine the
chemical composition of lipofuscin isolated from P1 fibroblasts. High-precision EDX
microanalysis revealed that lipofuscin granules contain a high iron weight fraction
(about 5%) (Fig. 2d and Supplementary Table 1). A quantitative analysis of EDX

spectra of four lipofuscin granules is also shown in Supplementary Table 2.

Pantothenate treatment restored cell morphology and reduced iron/lipofuscin
accumulation in fibroblasts derived from PKAN patients depending on the type of

PANK2 mutation.

To examine if any residual PANK2 enzyme could be stabilized and correct the
pathological alterations in PKAN fibroblasts, control and affected cells were treated
with increasing concentration of pantothenate (50-500 uM) and cell morphology and
iron/lipofuscin accumulation were evaluated. As it is it illustrated in Fig. 3a and 3b,
pantothenate treatment reduced drastically iron accumulation in patients 1 and 2 (P1 and
P2) but not in patient 3 (P3) in which the expression of PANK2 is totally absent and the
mutation produces a truncated protein. In pantothenate-responder fibroblasts, the effect
of pantothenate was dose and time dependent (Fig. 3c). To corroborate these results
intracellular iron content was determined by ferrozine (Fig. 4a) and ICP-MS assays

(Fig. 4b).
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Altered cell morphology in PKAN fibroblast was also corrected by pantothenate
treatment (500uM) in responder affected cells, P1 and P2, but not in patient P3 (Fig. 5a

and 5b).

Likewise, pantothenate treatment (500uM) corrected the increased autofluorescence
(Fig. 5c) and Sudan Black staining (Supplementary Fig. S5) in PKAN responder
fibroblasts, P1 and P2, but not in P3. Lipofuscin elimination in responder affected cells
after pantothenate treatment was also confirmed by light and electron microscopy

examination in patient P1 (Fig. 6 and Supplementary Fig. S6).

Pantothenate treatment prevented protein carbonylation and mitochondrial lipid

peroxidation in responder PKAN fibroblasts

We then determined cellular oxidative status and its relationship with pantothenate
treatment response by treating control and PKAN fibroblasts with pantothenate
(500uM). The content of carbonylated proteins in the pantothenate-treated and untreated
cellular extracts was then evaluated by Oxyblot (Fig. 7a and 7b). The results confirmed
that untreated PKAN fibroblasts showed increased carbonylated protein levels
compared to control cells and that pantothenate treatment was able to reduced
carbonylated proteins in responder mutant fibroblasts P1 and P2, but not in P3

fibroblasts.

The levels of mitochondrial lipid peroxidation in pantothenate-treated and untreated
fibroblasts were assessed by MitoPeDPP which is specifically-oxidized by lipophilic
peroxides in mitochondria [36]. PKAN fibroblasts showed increased mitochondrial lipid
peroxidation levels compared to control cells and pantothenate treatment (500uM) was

able to reduce them in responder mutant fibroblasts P1 (Fig. 7c and 7d). Colocalization
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assays showed that indeed the MitoPeDPP signal colocalizes with mitochondrial

markers (Supplementary Fig. S7a and S7b).

Pantothenate restored cell bioenergetics and mitochondrial network alterations in
responder PKAN fibroblasts

Given that PANK2 is a mitochondrial enzyme, we further investigated the ability of
pantothenate treatment to restore cellular energy requirement in PKAN responder
mutant cells. For that purpose, the oxygen consumption rate (OCR) was examined in
patient 1 (Supplementary Fig. S8). Fibroblasts from patient P1 showed reduced basal,
maximal and spare respiration compared to the control cells. This reduced respiratory
ability is in agreement with the presence of mitochondrial dysfunction. Pantothenate
treatment (500uM) significantly increased all the altered bioenergetics parameters in P1
fibroblasts.

We next investigated mitochondrial morphology after labeling mitochondria with anti-
cytochrome ¢ antibody and examination by fluorescence microscopy. Representative
images of these classes of mitochondrial morphology are shown in (Supplementary
Fig. S9 and S10). A total of 100 different images were obtained and quantified for each
sample. The amount of mitochondrial fragmentation was evaluated using the
IFDOMETER software. The mitochondrial network of PKAN patients with loss-of-
function mutations was more fragmented than controls, indicating an impaired

bioenergetic profile.

Pantothenate treatment protected from induced-cell death in responder PKAN
fibroblasts

The beneficial effect of pantothenate on responder PKAN fibroblasts was also
confirmed by examining the protective effect of pantothenate treatment on cell death

assays induced by rotenone or iron supplementation. Pantothenate treatment (500uM)
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significantly protected mutant cells from the toxic effects of both rotenone and iron
supplementation (Supplementary Fig. S11).

Pantothenate treatment stabilized mutant PANK2 expression levels in responder
PKAN fibroblasts

Given that pantothenate is the substrate of the PANK2 enzyme we next examined if the
treatment with pantothenate was able to stabilize the mutant enzyme in selected
patients. Pantothenate treatment (500uM) stabilized PANK2 expression levels in
responder PKAN fibroblasts, P1 and P2, but not in non-responder P3 fibroblasts (Fig.
8a).

In agreement with these findings, pantothenate treatment (500uM) increased CoA levels
in mitochondria of responder P2 fibroblasts which may contain residual PANK2
protein, but not in P3 fibroblasts which present a truncated version of the enzyme (Fig.

8b).

Pantothenate treatment corrects iron metabolism in responder PKAN fibroblasts.

Perturbation of iron metabolism and distribution has been observed in PKAN [5]. To
evaluate the effect of pantothenate treatment in mutant PKAN fibroblast we assessed
iron metabolism by examining the expression levels of key proteins involved in iron
trafficking, storage and regulation such as DMT1, ferritin, TfR1, and IRP-1. In addition

the levels of labile iron pool (LIP) were also quantified by a calcein assay.

PANK2 mutant fibroblasts showed increased expression levels of DMT1 respect to
control cells (Supplementary Fig. S12a). However, ferritin, TfR1 and IRP-1
expression levels were near to control values. Interestingly, LIP was dramatically
reduced in mutant cells indicating paradoxically the low availability of free iron by

PANK?2 cells although total iron was increased (Supplementary Fig. S12b). Both LIP
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and DMT1 expression levels were partially corrected after pantothenate treatment in

responder fibroblasts.

As impaired iron metabolism in PKAN fibroblasts has been previously associated with
impaired ISC (iron-sulphur cluster) and heme biosynthesis [14,37], we next explore
both the expression levels of NSF1, a protein required for of ISC assembly, and heme
levels in control and PKAN fibroblasts. Expression levels of NSF1 were dramatically
reduced in PKAN fibroblasts suggesting disorganization of the ISC complex
(Supplementary Fig. S12a). Similarly, heme levels were significantly reduced in
mutant PANK2 cells. Both NSF1 and heme levels were partially restored after

pantothenate treatment in responder fibroblasts (Supplementary Fig. S12a and S12c).

Generation of induced neurons from control and PANK2 mutant fibroblasts

To further demonstrate the beneficial effect of pantothenate in responder cells, control
and patient fibroblasts were transdifferentiated to induced neurons by direct
reprograming. For this, we employed a recently described method to express proneural
genes Ascll and Blc2 and knock down REST complex by infecting control and PANK2
mutant fibroblasts with lentiviral vectors [27] (see Materials and Methods). Twenty-
seven days after infection, cells exhibited a typical neuron-like morphology and showed
positive immunoreactivity against Tau, a microtubule-associated protein found
predominantly in neuronal axons of vertebrate brain, and microtubule associated protein
2 (MAP2), a neuron-specific protein that stabilizes microtubules (Supplementary Fig.
S13a). In contrast, those undifferentiated cells did not show Tau or MAP2 staining and
only showed the nuclear staining. We used Tau+/MAP2+ cells to evaluate neuronal

conversion efficiency, which was almost 40% in control cells and 20% in PANK?2
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mutant cells (Supplementary Fig. S13b). Neuronal purity was approximately almost

35% in control cells and 55% in PANK2 mutant cells (Supplementary Fig. S13c).

To evaluate the beneficial effect of pantothenate treatment in mutant PKAN induced
neurons we assessed iron accumulation by examining Prussian Blue staining in neuronal
cells derived from patient P1 whose fibroblasts respond positively to pantothenate.
PANK2 mutant induced neurons showed increased Prussian Blue staining indicating
iron accumulation (Fig. 9a, 9b and 9c). As expected, iron accumulation was eliminated

after pantothenate treatment (Fig. 9a, 9b and 9c).
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Discussion

In this work, we studied the pathophysiology of PANK2 mutations in primary cultured
fibroblasts derived from PKAN patients with clinical manifestations of neurological
involvement. We assessed PANK2 expression deficiency, iron and lipofuscin
accumulation and alterations in cell morphology as well as mitochondrial dysfunction
and oxidative stress. Iron overload was confirmed by Prussian Blue staining,
biochemical assays and mass spectrometry. In turn, lipofuscin accumulation was
determined by autofluorescence analysis, Sudan Black staining and electron microscopy
examination. Furthermore, iron accumulation was detected in induced neurons derived
from mutant fibroblasts by direct reprogramming. We propose that these pathological
alterations in PKAN fibroblasts and induced neurons can be useful for both
understanding the underlying pathological mechanisms of the disease and the
development of screening protocols for testing potential effective drugs in PKAN

patients.

Interestingly, pantothenate treatment restored all pathological alterations including CoA
levels in two responder mutant fibroblast cell lines (P1 and P2), but was not effective in
a third one (P3). This differential response could be due to the different type of mutation
in each fibroblast cell lines. P1 and P2 fibroblasts have residual PANK2 expression that
was stabilized by pantothenate treatment, while PANK2 expression was absent in P3
fibroblasts (due to a frame shift mutation that produces a truncated protein) and it was
not stabilized by pantothenate supplementation. The prevention of iron accumulation by
pantothenate treatment was also demonstrated in induced neurons derived from

responder fibroblasts.
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The utilization of skin fibroblasts to reproduce some pathological effects of the disease
has been amply reported [14,38]. Recently, Ingrassia et al have documented that
fibroblasts derived from patients with  Beta-propeller  Protein-Associated
Neurodegeneration, a different NBIA subclass, accumulate iron that can be detected by

specific staining protocols [39].

Our results clearly showed that iron is accumulated in fibroblasts and induced neurons
derived from PKAN patients indicating that both cellular models can be very useful for

the study of PKAN pathophysiology.

Previous works have demonstrated that PKAN induced neurons by direct reprograming
show alterations in mitochondrial membrane potential, signs of mitochondrial
dysfunction and altered oxidative status [38]. In our study, for the first time, we show
that iron accumulation was also detected in PKAN induced neurons, which can be

eliminated by pantothenate treatment in selected mutations.

Iron is an essential element for cell physiology, participating in a wide variety of
cellular processes [40]. However, iron is a potential producer of ROS, and iron overload
may promote cell damage by hydroxyl radical formation which leads to protein/lipid
oxidation and nucleic acid damage [41,42]. Typically, Perls’ staining of PKAN brain
tissue shows a widespread perivascular deposition of iron largely confined to the globus
pallidus [43]. Iron deposition also occurs to a lesser extent in the substantia nigra and
other areas of the brain. Several hypotheses have been proposed to explain iron
overload. One explanation is that intracellular iron accumulation results from neuronal
apoptosis. Thus, It has been shown that ceramide-mediated apoptosis is dependent on

increased cellular iron uptake [44]. An alternative hypothesis supported by our results is
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that iron can be accumulated in the form of lipofuscin granules which contain a high

iron weight fraction (about 5%) and are markedly increased in PKAN cells.

Lipofuscin is a highly oxidized aggregate of covalently cross-linked proteins and lipids
[45]. Metals, including Fe, Cu, Zn, Al, Mn, and Ca, comprise up to 2% of lipofuscin
[46]. Lipofuscin is insoluble and not degradable by lysosomal enzymes or the
proteasomal system, which is responsible for the recognition and degradation of
misfolded and oxidatively damaged proteins [47]. These granules have been found in
various cell types, including cardiomyocytes, hepatocytes and neurons, and are
associated with cell senescence. One hypothesis predicts that mitochondria are involved
in the formation of lipofuscin [48]. Thus, it has been demonstrated that isolated
mitochondria can undergo transformation to lipofuscin granules without any additional
factors [49]. The accumulation of lipofuscin is regarded as one of the best-known
biomarkers of aging [50] and in our work we demonstrated that this accumulation is
associated with the presence of a typical senescent phenotype in PKAN cells. Several
studies have proposed that lipofuscin actively participates in the pathophysiological
alterations of senescent cells. Thus, it has been demonstrated that lipofuscin is able to
inhibit the proteasome [51], the main cellular system for proteolytic degradation of
damaged, modified, or misfolded proteins. Proteasomal inhibition is explained by its
binding to exposed hydrophobic amino acid structures on the surface of lipofuscin [52].
Furthermore, lipofuscin it is able to reduce lysosomal function [53]. The combination of
both factors, proteasome and lysosome inhibition, has been proposed to facilitate

strongly the rate of lipofuscin formation [47].

In addition, one main factor of lipofuscin cytotoxicity is hypothesized to be its ability to
incorporate transition metals such as iron [46]. Binding of iron, as the most abundant

transition metal in mammalian cells, results in a redox-active surface on lipofuscin, able
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to catalyze the Fenton reaction. This characteristic of lipofuscin may contribute to an
increased level of radical formation and oxidatively modified cellular components such
as proteins, lipids and nucleic acids, and eventually cell death [54]. The oxidative status
has been previously analyzed in PKAN fibroblasts (Campanella et al., 2012). Sign of
oxidative stress were detected in cells from patients and ROS production was increased
in these cells after exposure to iron. In agreement with these findings, we found
increased amount of carbonylated proteins and mitochondrial lipid peroxidation in
PANK?2 mutant fibroblast, which were prevented by the treatment with pantothenate in

responder mutant cells.

Nonspecific systemic cytosolic abnormalities reported in cells from NBIA patients
include bone marrow macrophages containing ceroid-lipofuscin and circulating
lymphocytes with vacuoles and cytoplasmic inclusion bodies, similar to those seen in
ceroid-lipofuscin storage disorders [31]. Lipofuscin accumulation in PKAN cells can
result from lipid peroxidation, a process stimulated by iron [32,33]. Abnormal
accumulation of lipofuscin in NBIA has been also reported in conjunctival fibroblasts,
retinal vessel pericytes, and macrophages [30]. These cytosolic abnormalities may shed
some light on the underlying pathophysiology of NBIA in general and PKAN in

particular.

Impaired iron metabolism in PKAN fibroblasts has been previously described [38] and
it has been attributed to the impairment of mitochondrial 1SC (iron-sulphur cluster) and
heme biosynthesis pathways [14,37]. In our work, we have clearly demonstrated that
both processes are indeed impaired in PANK2 mutant fibroblasts. Additionally,
pantothenate treatment partially corrected both alterations in responder cells. ISCs are
prosthetic groups of many mitochondrial and cytosolic enzymes such as respiratory

complexes and aconitases [55]. Therefore, ISC deficiency may affect many biosynthetic
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pathways and lead to mitochondrial dysfunction. One consequence of this deficiency is
the inefficient utilization of iron that may cause iron accumulation in mitochondria. In
turn, iron overload may cause increased free radical production that provokes further
damage [56]. Furthermore, ineffective mitochondrial iron utilization may represent the
signal that promotes the dysregulated iron import into the cells and, with time, leads to
iron accumulation [37]. Thus, specific SIRNA silencing of PANK2 in several human
cell lines induced a mark reduction in cell proliferation together with unexpected signs
of iron deficiency and increase of TfR1 expression levels (Poli et al., 2010). As a
consequence, the amount of aconitase, an iron-dependent enzyme, was also reduced,
both in the cytosol and in the mitochondria. In agreement with these findings, our data
supports the hypothesis that impaired mitochondrial iron metabolism produces cytosolic
iron deficiency and a vicious cycle with increased iron uptake due to increased
expression of Fe?* transporters such as DMT1 and subsequent deposition in
mitochondria [57]. Interestingly, both alterations, reduced LIP and increased expression
levels of DMT1, were partially restored by pantothenate treatment in responder

fibroblasts.

Pantothenate kinase 2 catalyzes the rate-limiting step in coenzyme A biosynthesis, and
therefore mutations in the gene encoding this enzyme have the potential to disrupt a
number of essential metabolic processes by disrupting cellular CoA content [58]. As
the CoA levels are dependent of both the supply of pantothenate and the level of
expression of PANKSs [59], an interesting treatment strategy would be to increase
PANK2 expression levels in those patient cells with residual activity. Our results
provide evidence that PANK2 expression levels can be stabilized by pantothenate
treatment and can rescue all the pathological alterations including CoA levels, in

selected patient cells with residual PANK2 expression. Pantothenate has no known
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toxicity in humans and high oral doses of panthothenic acid or calcium pantothenate (up
to ten grams per day for several weeks) do not appear to be toxic to humans. The
efficacy of pantothenate supplementation in ameliorating symptoms in PKAN patients

is currently unknown.

No definitive evidence is available showing decreased CoA content in human PANK2
deficient cells or tissues. Recently, the CoA levels in Pank2-KO mice were analyzed; no
decrease was detected in any tissue in adult Pank2-KO mice [60]. The study suggests
that the expression of the other PANK isoforms may compensate for the absence of
PANK?2 function. In our work, we show that despite a huge compensatory increase in
PANKZ1 expression levels, CoA deficiency can be detected in mitochondria of PKAN
fibroblasts and that pantothenate treatment induces a remarkable increase in CoA levels

in responder cells.

Conclusion

Fibroblasts from PKAN patients show different patterns of PANK2 expression
depending on the type of mutation. Mutant fibroblasts also show many of the
pathological alterations associated with the disease such as iron/lipofuscin

accumulation, mitochondrial dysfunction and oxidative stress.

Furthermore, we proved that pantothenate administration to PKAN cells with residual
PANK?2 expression prevented iron and lipofuscin accumulation, inhibited induced-cell
death, restored bioenergetic alterations and oxidative stress, and partially rescued heme

levels and respiratory activity.

The existence of residual enzyme activity in some affected individuals with PKAN

raises the possibility of treatment using high dose pantothenate in selected patients.
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Figure legends

Fig. 1 Expression levels of PANK1, PANK2 AND PANKS3 in PKAN fibroblasts. a
Immunoblotting analysis of cellular extracts from Control (C) and patients P1, P2 and
P3 fibroblasts. Protein extracts (50 pg) were separated on a SDS polyacrylamide gel and
immunostained with antibodies against PANK1, PANK2 and PANKS3. Dashed arrow
points to PANK2 mature peptide of 48.5 kDa. Actin was used as a loading control. b
Densitometry of the Western blotting. For control cells (C), data are the mean£SD of
the three control cell lines. ¢ Bright-field images of Control (C1) and PKAN fibroblasts.
Scale bar = 15 um. d Cell perimeter of control and PKAN fibroblast. e Prussian Blue
staining of 3 control cell lines (C1, C2 and C3) and PKAN fibroblasts (P1, P2, P3)
cultured in 6-well plates as described in Material and Methods. The staining solution
was removed to visualize the stained cells on the bottom of the wells. f Bright-field
pictures at high magnification of Control (C1) and patients P1, P2 and P3 after Prussian
Blue staining. Fibroblasts harbouring the MERRF (Myoclonic epilepsy with ragged-red
fibers) mutation A8344G, a mitochondrial disease, as well as P1 fibroblasts treated with
100 uM deferiprone (Def) for 96 hours were used as a negative control. Scale bar =15
um. Data represent the mean+SD of three separate experiments. “p<0.01 between

PKAN patients and controls. A.U., arbitrary units

Fig. 2 Lipofuscin accumulation in PKAN fibroblasts. a Representative
autofluorescence images of Control (C1) and PKAN fibroblasts. Scale Bar= 30 um. b
Sudan Black staining of control cells lines (C1) and PKAN fibroblasts (P1, P2, P3) as
described in Material and Methods. Scale bar = 15 um. ¢ Electron microscopy images
of Control (C1) and P1 fibroblasts. White arrows, lipofuscin granules. Scale bar =1 um

and 0.5 um. d Scanning electron microscopy with energy dispersive X-ray spectroscopy
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(SEM/EDX) of an isolated lipofuscin granule. Primary electron beam energy was set to
20 kV. Upper left, image of a selected region (green square), lower left, overlay of the
elemental map associated to the Fe Ka transition energy. White circle represents a spot
selected for analysis. Right, EDX spectra of the overall region (blue spectrum, green
squared window in upper let panel) and the selected spot (red spectrum). The presence
of X-ray emission at the Fe LB1l/al2, Ka and Kf transition energies are labelled in

orange.

Fig. 3 Effect of pantothenate treatment on iron accumulation. a Control (C1) and
PKAN fibroblasts (P1, P2 and P3) were treated with 500 uM pantothenate for 20 days.
Then, cells were stained with Prussian Blue as described in material and Methods and
examined by bright-field microscopy. Scale bar= 15 um. b Quantification of Prussian
Blue staining Images were analyzed by the Image J software. ¢ Quantification of
Prussian Blue staining in Control and a responder PKAN patient (P1) after the
incubation with increasing concentrations of pantothenate (50-500 uM) during 3-20
days. Images were analyzed by the Image J software. *p<0.01 between Control and
PKAN fibroblats. ?p<0.01 between untreated and treated fibroblasts. A.U., arbitrary

units

Fig. 4 Total iron content in PKAN fibroblasts. a Iron content determined by a
ferrozine assay. Control and patient fibroblasts were incubated with pantothenate (500
uM) for 20 days. Total iron content of control (C) and PKAN patient fibroblasts (P1, P2
and P3) was determined by a ferrozine assay as described in Material and Methods. b
Iron content determined by ICP-MS. Total iron content of control and PKAN patients
was determined by ICP-MS as described in Material and Methods. For control cells, the

data are the mean+SD for experiments conducted on 3 different control cell lines. Data
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represent the meanzSD of three separate experiments. *p<0.05 between Control and
PKAN fibroblats. #p<0.01 between untreated and treated cells. R= pantothenate

responder fibroblasts

Fig. 5 Effect of pantothenate treatment on cell morphology and autofluorescence. a
Cell morphology of Control and PKAN fibroblasts. Representative light microscopy
images of Control (C1) and PKAN fibroblasts (P1) after 500 uM pantothenate (Pant)
treatment for 20 days. Scale bar= 15 um. b Cell perimeter of Control and PKAN
fibroblasts. Cell perimeter of control (C1) and PKAN fibroblasts (P1, P2 and P3) was
determined by using Image J software. ¢ Autofluorescence of Control and PKAN
fibroblasts. Autofluorescence images of control (C1) and PKAN fibroblasts (P1, P2 and
P3) untreated and treated with 500 uM pantothenate (Pant) for 20 days. Scale bar= 15
um. *P<0.01 between Control and PKAN fibroblasts. ?P<0.01 between untreated and

treated cells.

Fig. 6 Semithin sections and electron microscopy analysis in PKAN fibroblasts.
Control (C1) and PKAN fibroblasts (P1) were treated with 500 uM pantothenate for 20
days. a Representative images of semithin sections of 1 um stained with toluidine blue
and visualized by light microscope. Scale bar=15 uM. b Representative electron
microscopy images of Control (C1) and PKAN fibroblasts (P1) Top panel scale bar=0.2

um; botton panel=0.5 um

Fig. 7 Oxidative stress in PKAN fibroblasts. a Levels of carbonylated protein in
control (C1) and PKAN fibroblast (P1, P2, P3) cellular extracts assayed by the OxyBlot
Protein Oxidation Detection Kit. One representative of three independent experiments is
shown. b OxyBlot quantification was performed by using the Image J software. ¢

Mitochondrial lipid peroxidation assessed by MitoPeDPP in control (C1) and PKAN
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patient 1 fibroblasts (P1) untreated and treated with 500 uM pantothenate for 20 days. d
Representative fluorescence images of Control (C1) and P1 fibroblasts (MitoPeDPP)
untreated and treated with 500 uM pantothenate for 20 days. Control fibroblasts were
treated with 500 uM Luperox (Tert-butyl hydroperoxide) for 1 hour as positive control
of lipid peroxidation. Scale bar= 15 pm. *p<0.01 between control and PKAN
fibroblasts. #p<0.01 between untreated and treated fibroblasts. Data represent the

meanzSD of three separate experiments. A.U., arbitrary units

Fig. 8 Stabilization of PANK 2 and correction of CoA levels in responder patients.
a Immunoblotting analysis of cellular extracts of Control (C) cells and patients (P1, P2
and P3) fibroblasts. Control (C) and patient fibroblasts were treated with 500 uM
pantothenate for 20 days. For control cells, data are a pool of three control cell lines.
Fibroblast protein extracts (50 pg) were separated on a 12.5% SDS polyacrylamide gel
and immunostained with antibodies against PANK1, PANK2 and PANKS3. Dashed
arrow points to PANK2 mature peptide of 48.5 kDa. Actin was used as a loading
control. b Mitochondrial CoA levels of untreated and treated control and patient
fibroblasts. CoA levels were determined by HPLC as is described in Material and
Methods. For control cells, the data are the mean+SD for experiments conducted on 3
different control cell lines. Data represent the mean+SD of three separate experiments.
*p<0.01 between control and PKAN fibroblats. %p<0.01 between untreated and treated

cells. R= pantothenate responder fibroblasts.

Fig. 9. PANK?2 induced neurons show iron accumulation. a Bright-field pictures of
Prussian Blue staining of control (C1l) and P1 induced neurons after 500 uM
pantothenate treatment during 10 days. Scale bar=50 um. b Representative merge

fluorescence pictures at high magnification of Control (C1) and P1 induced neurons
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immunostained with Tau (nuclei were revealed by Hoechst staining) and the
corresponding bright-field pictures after Prussian Blue staining. Scale bar=15 um. c
Quantification of Prussian Blue staining. Data represent the mean£SD of three separate
experiments (at least 50 neurons for each condition and experiment were examined).
“p<0.01 between Control and PKAN induced neurons. p<0.01 between untreated and

treated induced neurons. A.U., arbitrary units.
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