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Iron overload is accompanied by mitochondrial
and lysosomal dysfunction in WDR45 mutant
cells
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Beta-propeller protein-associated neurodegeneration is a subtype of monogenic neurodegeneration with brain iron accumulation
caused by de novo mutations in WDR45. The WDR45 protein functions as a beta-propeller scaffold and plays a putative role in
autophagy through its interaction with phospholipids and autophagy-related proteins. Loss of WDR45 function due to disease-
causing mutations has been linked to defects in autophagic flux in patient and animal cells. However, the role of WDR45 in iron
homeostasis remains elusive. Here we studied patient-specific WDR45 mutant fibroblasts and induced pluripotent stem cell-derived
midbrain neurons. Our data demonstrated that loss of WDR45 increased cellular iron levels and oxidative stress, accompanied by
mitochondrial abnormalities, autophagic defects, and diminished lysosomal function. Restoring WDR45 levels partially rescued
oxidative stress and the susceptibility to iron treatment, and activation of autophagy reduced the observed iron overload in
WDR45 mutant cells. Our data suggest that iron-containing macromolecules and organelles cannot effectively be degraded through
the lysosomal pathway due to loss of WDR45 function.
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Iron overload in WDR45 mutant cells

Introduction

De novo mutations in the WD repeat domain 45 (WDR45)
gene were described to cause ‘beta-propeller protein-associated
neurodegeneration’ (BPAN) (Haack et al., 2012), an X-linked
form of neurodegeneration with brain iron accumulation
(NBIA). NBIA diseases are a heterogeneous group of mono-
genic disorders that share the feature of high iron levels in
defined areas of the brain, usually including the globus palli-
dus, but occasionally extending to other areas such as cere-
bellum or substantia nigra, depending on the type of disease
(Hayflick et al., 2013; Rouault, 2013). Patients carrying
WDR45 mutations present with global developmental delay
and autistic features in childhood and further regression in
early adulthood with progressive dystonia, parkinsonism,
and dementia. Male and female patients share the same dis-
tinctive phenotype due to somatic mosaicism or skewing of
the X chromosome inactivation in heterozygous female car-
riers. Post-mortem brain data of patients with WDR45 muta-
tions show iron deposition preferentially in the substantia
nigra (Hayflick ef al., 2013). WDR45 encodes a member of
the WD repeat protein interacting with phosphoinositides
(WIPT) family (WIPI-4), a protein that is characterized as a
beta-propeller scaffold playing a putative role in autophagy
through its interaction with phospholipids and autophagy-
related proteins (Lu et al., 2011). In lymphoblast cells from pa-
tients carrying WDR4S5 mutations, autophagosome formation
is impaired at an early stage as shown by the accumulation of
LC3-II protein (Saitsu et al., 2013). Wdr45 CNS-specific
knockout mice exhibit poor motor coordination, reduced
learning and memory, and extensive axon swelling (Zhao
et al., 2015). Primary cells from these Wdr45 knockout
mice show defects in autophagic flux and accumulation of
protein aggregates, in both neurons and axons. Mechanistic
overlap among the NBIA proteins results from the involve-
ment of mitochondrial function [e.g. pantothenate kinase 2
(PANK2)] and lipid metabolism [e.g. phospholipase A2
group VI calcium-independent (PLA2G6)] (Arber et al.,
2016). WDR4S represents an example of a direct link be-
tween an autophagy protein and neurodegeneration, with
WDR4S5 being one of the four members of the human WIPI
beta-propeller proteins critical for autophagosome formation
(Arber et al., 2016). It remains a matter of debate whether
iron accumulation is a primary cause or secondary event in
this process, but iron-induced oxidative stress contributes to
neurodegeneration by generating reactive oxygen species (Berg
and Hochstrasser, 2006; Rouault, 2013). In turn, reactive
oxygen species can directly damage DNA or oxidize lipids
and proteins. Notably, aggregation of proteins involved in
neurodegenerative disorders (e.g. alpha-synuclein and hyper-
phosphorylated tau protein) has been shown to be triggered
by elevated ferric iron concentrations in vitro (Ward et al.,
2014). Understanding the role of iron homeostasis will be of
great importance towards better understanding of this hetero-
geneous group of NBIA diseases.
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Here, we examined fibroblasts and induced pluripotent
stem cell (iPSC)-derived neurons from a female patient with
BPAN. The detailed clinical examination of the patient was
followed by a thorough molecular study of cellular processes
including mitochondrial and lysosomal function. Elevated
iron levels were seen in conjunction with an increased sus-
ceptibility to oxidative stress, mitochondrial dysfunction, and
alterations in the lysosomal/autophagy pathway suggesting a
more fundamental impact of WDR45 on cellular function
than the known autophagy-related relevance.

Materials and methods

Subjects

We included one female patient (Patient 1L8172) with BPAN
and five healthy control individuals (Subjects 12131, 49,
13293, L3365, 1.2135). Skin biopsies for functional assays
and EDTA blood samples for DNA testing were taken from
each individual. The patient was screened for mutations in the
coding exons of ATP13A2, CP, C190ORF12, FA2H, FTL,
PANK2, PLA2G6, and WDR4S5 at the Center for Genomics
and Transcriptomics, Tiibingen, Germany. The study was
approved by the local ethics committee of the University of
Liibeck and all participants gave written informed consent.

Cell culture, reprogramming,
differentiation, and characterization

Primary dermal skin fibroblasts and neuroblastoma SH-SY3Y
cells (Life Technologies) were maintained in Dulbecco’s mod-
ified Eagle medium (Life Technologies) supplemented with
10% foetal bovine serum (Life Technologies) and 1% penicil-
lin/streptomycin (Life Technologies).

Patient skin fibroblasts were reprogrammed into iPSCs using
Sendai virus to deliver the four reprogramming factors OCT4,
SOX2, KLF4, and cMYC (CytoTune-iPS 2.0 Sendai
Reprogramming Kit, Thermo Fisher Scientific). Two iPSC
clones (WDR45-C1 and WDR45-C2) were established according
to the manufacturer’s protocol and cultured on Matrigel®-coated
dishes (BD Biosciences) in mTeSR1 medium (STEMCELL
Technologies). The lines were characterized for the expression
of pluripotency markers (OCT4, SOX2, GDF3, NANOG) as
described previously (Seibler ef al., 2011). Karyotype analysis
was performed at Cell Line Genetics using standard protocols
for high resolution G-banding. Genome integrity was assessed by
Illumina Human CytoSNP-12 v2.1 beadchip array, with gen-
omic DNA extracted using the DNeasy® kit (Qiagen) and ana-
lysis with GenomeStudio and KaryoStudio software (Illumina)
(Supplementary Fig. 4C). In vitro spontaneous differentiation
of iPSCs to form embryoid bodies was evaluated as described
previously (Griitz et al., 2017). Control lines from three individ-
uals were generated and characterized previously (Subject
L2131 = control Subject 1, Subject HFF = control Subject 2,
Subject 12135 = control Subject 3) (Mazzulli et al., 2016;
Zanon et al., 2017). The direct differentiation of iPSCs into
dopaminergic neurons was conducted as described before
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(Kriks et al., 2011; Mazzulli et al., 2016; Zanon et al., 2017)
and neurons were terminally differentiated for 70 days.

Cloning, virus transduction, gene
editing, and compound treatment

The patient’s cells were transduced with lentiviral vectors car-
rying the coding sequences of human wild-type WDR45. The
coding sequence was subcloned from the original plasmid
(Addgene) into the CSCW2 vector equipped with a puromycin
resistance cassette and virus production was performed accord-
ing to standard protocols (Park et al., 2008). Fibroblast cells
were directly infected with viral supernatant. The virus titre
was determined using the HIV type 1 p24 Antigen ELISA
(ZeptoMetrix). Forty-eight hours post-infection, the culture
medium was supplemented with 2 pug/ml puromycin (Sigma-
Aldrich) and cells were selected for 2 weeks.

To assay cells upon autophagy induction, cells were treated
with 250 nM torin 1 (Tocris Bioscience) for 24 h. To examine
the susceptibility of cells to oxidative stressors, cells were trea-
ted with 1mM MPP + (Sigma-Aldrich) or 100puM FeCl;
(Sigma-Aldrich) for 24 h. All experiments were repeated three
to six times.

To induce a knockout into the WDR45 gene gRNA was
designed targeting the sequence 5'- ggtgggcagcatgggcttgg-3’
with the immediately following PAM sequence (tgg) located
in exon 4 (Transcript ID: ENST00000634944.1). The gRNA
was cloned into the pLKO1-Puro vector (Addgene plasmid
#8453). Plasmids expressing Cas9 protein and the resistance
gene to the antibiotic blastocidin (pCas9-Blast) were produced.
SH-SYS5Y cells were transfected with pCas9-Blast and the
gRNA construct using an Amaxa Nucleofection II device.
Transfected cells were grown subsequently until colony forma-
tion was apparent. Twenty colonies were picked, cultured in-
dependently and examined for a knockout by Sanger
sequencing in the targeting region.

Assessment of X-chromosome
inactivation and PCR analysis

Genomic DNA was isolated from blood, fibroblasts, iPSCs, and
neurons using the DNeasy® kit (Qiagen). The degree of X
chromosome inactivation was analysed as described previously
(Allen et al., 1992; Domingo et al., 2014). Total RNA from
fibroblast cells was prepared by using the RNeasy® kit
(Qiagen) according to the manufacturer’s instructions and then
reverse transcribed into ¢cDNA with the Maxima First Strand
c¢DNA Synthesis Kit (Thermo Scientific). Quantitative PCR ana-
lysis was performed with SYBR® Green (Roche Diagnostics) on
a LightCycler480 (Roche Diagnostics). Expression of WDR4S
was analysed by amplification of a fragment spanning exons
8-9 (Forward: 5-CCAGCCTGGAGAAGCAAC-3; Reverse:
§'-GCTCCACCAGTTTCTCCTTG-3') and by amplification of
specifically the wild-type or the mutant allele. Therefore, two
allele-specific forward primers were designed with the 3" base
of each primer matching only the wild-type (wt) or mutant
(mut) allele, respectively (wt-Forward: 5-TGGGAGTCTGCAA
CTTGAGG-3’; mut-Forward: 5-TGGGAGTCTGCAACTTGA
GA-3'). A common reverse primer was designed and used to-
gether with one of the forward primers in separate reactions
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(Reverse: 5'-CAGAGGAAGGAGGAGTCGTG-3'). Actb served

as reference gene.

Quantification of cellular iron content

Cellular iron content was assessed using the Iron Assay Kit
(Sigma-Aldrich) according to the manufacturer’s instructions.
Briefly, cells were homogenized in Iron Assay buffer and cen-
trifuged at 10 000g for 10min at 4°C to remove insoluble
material. Sample volume was adjusted to a final volume of
100 ul with Iron Assay buffer. To measure the amount of
total iron, Spl of Iron Reducer was added to each sample
well to reduce Fe** to Fe**. After mixing, samples were incu-
bated for 30min at room temperature and protected from
light. Finally, 100 ul of Iron Probe was added to each well,
samples were mixed well and incubated for 60 min at toom
temperature protected from light. Samples were loaded into a
96-well fluoro plate (F16 Black Maxisorb Plate, Nunc
#475515) and absorbance at 593nm was recorded using a
spectramax i3 plate reader (Molecular Devices). A standard
was used for normalization.

Immunofluorescence staining and
image analysis

For immunocytochemical analysis, cells were fixed in 4% formal-
dehyde for 15min, permeabilized, and blocked with 0.1%
Triton X-100 in 4% normal goat serum in PBS for 1h.
Immunofluorescence staining was performed with primary anti-
bodies against GRP75 (1:400; Abcam), LAMP1 antibody
(1:1000; Santa Cruz), tyrosine hydroxylase (1:400; Calbiochem),
Microtubule-associated protein 2 (1:400; Millipore), hepcidin
(1:100; Santa Cruz), and respective secondary fluorescence anti-
bodies (1:400; Life technologies). Samples for lipofuscin analysis
were mounted after fixation in mounting media containing DAPI
for nuclear stain (without incubation with primary or secondary
antibodies). Images of autofluorescent signal were taken using the
488 channels as shown previously (Valdez et al, 2017).
Mitochondrial network interconnectivity was analysed in cells
stained for mitochondrial GRP75. The images were taken as z-
stacks by using a fluorescence microscope with an ApoTome
(Zeiss). The form factor was calculated from the images as a
measure for mitochondrial interconnectivity by using Image]
(NIH software) as described previously (Griinewald et al.,
2010). Images of LAMP1 and hepcidin staining were analysed
and captured at equal exposure times. Fluorescence intensity of
LAMP1 signal was calculated for each field of view by using the
following equation: corrected total cell fluorescence = integrated
density — (area of selected cell x mean fluorescence of background
readings). At least three fields of view were analysed per coverslip.
Fluorescence intensity of hepcidin was calculated from z-stack
images of single TH-positive neurons.

Assessment of mitochondrial
membrane potential and ATP
production

The mitochondrial membrane potential was analysed using
the green fluorescent JC-1 probe (5,5,6,6'-tetrachloro-
1,1',3,3'-tetraethylbenzimidazolylcarbocyanine; Life technologies)
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as reported (Griinewald et al., 2009). ATP production was deter-
mined based on the mitochondrial oxygen consumption rate as
described previously using the XF24 Extracellular Flux Analyzer
(Seahorse Bioscience) (Cooper et al., 2012). Briefly, fibroblasts
were plated into XF24 plates. Four wells were left empty for
background correction. On the day of the experiment, culture
media was replaced with fresh media before plates were prein-
cubated in a CO,-free incubator at 37°C for 1h for equilibration
before processing in the Extracellular Flux Analyzer. For baseline
measurements, a 20-min equilibration step was followed by
three cycles of 2-min mix, 3-min wait, and 2-min measurement
time. For analysis of drug response, three cycles of 2-min mix,
3-min wait, and 2-min measurement were used per condition.
After three baseline measurements, oligomycin (1pM), CCCP
(1uM), and antimycin A (1 uM) were added sequentially and
three measurements performed per condition. For normalization
of cell number, cells were harvested after the experiment in RIPA
buffer and protein concentration was measured.

Western blot analysis

Cell pellets were extracted using SDS extraction buffer (50 mM
Tris-HCl pH 7.6, 150mM NaCl, 1% DOC, 1% NP-40, and
0.1% SDS) or 1% Triton = X-100 lysis buffer (containing 10%
glycerol, 150mM NaCl, 25 mM HEPES pH 7.4, 1mM EDTA,
1.5mM MgCl,, proteinase inhibitor cocktail) and gels were
blotted onto nitrocellulose membranes. Antibodies used for west-
ern blotting were anti-GAPDH (1:100 000; Cell Signaling), anti-
B-actin (1:1 000 000; Sigma), anti-LC3 (1:1000; Novus
Biologicals), anti-L-Ferritin (1:1000; Santa Cruz), anti-H-Ferritin
(1:1000; Santa Cruz), anti-Mitochondrial Ferritin (Origene;
1:1000), anti-LAMP1 (1:1000; Santa Cruz), anti-Lamp2
(1:1000; Santa Cruz), and anti-SOD2 (1:1000; Santa Cruz).

Quantification of oxidized proteins
and viability assay

Protein carbonyl levels were assessed with the OxyBlot kit
(Millipore), according to the manufacturer’s recommendations.
The carbonyl groups in the protein side chains were deriva-
tized to 2,4-dinitrophenylhydrazone (DNP-hydrazone) through
a reaction with 2,4-dinitrophenylhydrazine (DNPH). The
DNP-derivatized protein samples were analysed by western
blotting using an antibody against DNP. Signals intensities
on western blots were measured by Image Lab software
(Bio-Rad).

To assess cell viability, we quantitatively measured lactate
dehydrogenase (LDH) using the CytoTox 96 Cytotoxicity
Assay (Promega). Fibroblasts were examined untreated and
upon treatment with 10mM and 15mM FeSO, (Sigma-
Aldrich) for 15h. Released LDH in culture supernatants was
determined with the enzymatic assay, which results in the con-
version of a tetrazolium salt (iodonitrotetrazolium) into a red
formazan product. The amount of colour formed is propor-
tional to the number of lysed cells and was measured at
490 nm in a plate reader.

Assessment of lysosomal proteolysis

A long-lived protein degradation assay was performed by radio-
active pulse-chase using tritium-labelled leucine (Perkin-Elmer,

BRAIN 2018: 141; 3052-3064 | 3055

#NET460A001MC) as previously described (Kaushik and
Cuervo, 2009). Briefly, proteins were labelled with radioactive
leucine for 36 h (pulse period), followed by a chasing period of
28h. Short-lived proteins were excluded from the analysis by
replacing the media after 1h of chasing period with fresh chas-
ing media. For lysosomal inhibition, 100 mM of leupeptin was
added to the initial medium (pulse period) and 100mM of
leupeptin and SmM of NH4Cl were added to the chasing
medium. Aliquots of culture media were sampled after 8, 20
and 28h during chasing period and precipitated with 20% v/v
trichloroacetic acid with 0.5 mg/ml BSA for a minimum of 8 h
at 4°C followed by centrifugation at 20 000g, 20 min, 4°C.
Pellets were resuspended in 0.1 N NaOH/0.1% Na-deoxycho-
late. After the last time point, cells were scrapped and harvested
in 0.1 N NaOH /0.1% Na-deoxycholate. Radioactive counts of
cell lysates and secreted proteins were measured using a liquid
scintillation analyser (TriCarb 2800TR, Perkin Elmer). The per-
centage of labelled acid-soluble amino acids was used as an
indication of proteolysis. The percentage of secreted proteins
was determined by dividing the radioactive signal obtained
from the media by the total radioactive counts obtained from
the cell lysate. Lysosomal proteolysis was calculated as the dif-
ference between control and inhibited conditions.

Glucocerebrosidase enzyme
activity assay

The glucocerebrosidase enzyme activity assay was performed
using the artificial enzyme substrate 4-MU-glucopyranoside.
Cells were washed in PBS, harvested in 1% Triton lysis
buffer, and activity was measured from whole-cell lysates as
described previously (Burbulla et al., 2017). Five micrograms
of cell lysate was added to 10 pl of 10% BSA [in activity assay
buffer: 0.25% (v/v) Triton™ X-100 (Sigma-Aldrich)] and to
20pul of SmM artificial enzyme substrate (in activity assay
buffer). The mixture was added up to 100 pl total with activity
assay buffer, 0.25% (w/v) taurocholic acid (Sigma-Aldrich),
1mM EDTA, in citrate/phosphate buffer (pH 5.4). Samples
[£1 uM conduritol-b-epoxide (CBE)] were mixed and incu-
bated at 37°C for 30min. To stop the reaction 100pl of
stop solution (1M glycine, pH 12.5) was added to each
sample. 4-MU fluorescence was determined using a plate
reader (excitation: 365nm, emission: 445nm; top read).
Enzyme activity was quantified by subtracting CBE-treated lys-
ates from non-CBE-treated lysates to obtain the activity from
glucocerebrosidase.

Statistical analysis

Differences were analysed statistically using paired and unpaired
t-tests or ANOVA with a suitable post hoc test. The error bars
indicate standard error of the mean of 7 > 3 independent ex-
periments (*P < 0.05; **P < 0.01, ***P < 0.001).

Data availability

The authors confirm that the data supporting the findings
of this study are available within the article and its
Supplementary material.
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Results

Clinical presentation and genetic
analysis of a patient harbouring a
mutation in WDR45

The BPAN patient presented with global developmental delay
of all motor and cognitive milestones. She started walking at
the age of 3 years, had impaired comprehension, and learned
to speak only single words. Fine motor skills were impaired
and gait was unstable with recurrent falls. At the age of
1 year, the patient had febrile seizures with recurrent epileptic
discharges in EEG recordings until the age of 16 years. At the
age of 20 years, neurological examination revealed mental
retardation, autistic features, and hand-clapping stereotypies.
The patient had vertical supranuclear gaze palsy, generalized
axial more than appendicular bradykinesia, and generalized
dystonia with involvement of the arms, legs and trunk, and
mild spasticity of the legs (Supplementary Video 1). Her gait
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Figure | Cranial MRI and genetic analysis of a patient
harbouring a mutation in WDR45. (A—-C) MRI shows iron de-
position. The substantia nigra (A), the globus pallidus and to a lesser
degree the thalamus (B) are hypointense bilaterally on axial T, se-
quences indicating high levels of iron. On T -weighted MRI (C), the
substantia nigra is hypointense centrally and surrounded by a
hyperintense rim, which is a characteristic feature for BPAN.

(D) The patient carries a heterozygous mutation in the WDR45
gene (c.519+ 1_519+3delGTG; NM_007075.3). RT-PCR and
sequencing reveals loss of the essential exon 8 splice site leading to
aberrant splicing in which 19 bp of intronic sequence are inserted by
use of a cryptic splice donor site within intron 8, generating a
frameshift and premature stop codon. (E) Skewed X chromosome
inactivation results in decreased gene expression levels for WDR45
and specifically for the WDR45 wild-type allele in patient fibroblast
cells compared to healthy controls shown by quantitative RT-PCR.
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was slow with small steps but not shuffling. She walked with
both feet slightly plantar-flexed and the right foot also
everted. When walking, her trunk was flexed by about 20°
and slightly tilted to the left.

MRI showed iron deposition in the globus pallidus, the
substantia nigra and to a lesser degree in the thalamus bilat-
erally (Fig. 1A-C). We detected heterozygous mutations in the
WDR45 (c.519+1_519 +3delGTG; NM_007075.3) and the
PLA2G6 (c.91G>A; NM_003560.2) genes. The same
WDR45 mutation has been reported recently in a 31-year-
old female with BPAN (Ichinose et al., 2014). Reverse tran-
scriptase-PCR and sequencing of our patient’s cDNA revealed
loss of the essential exon 8 splice site leading to aberrant
splicing. By use of a cryptic splice donor site within intron
8, 19bp of intronic sequence were inserted, generating a
frameshift and premature stop codon (p.D174Sfs*28) (Fig.
1D). The mutant allele sequence was detected predominantly
at the cDNA level, likely due to skewed X chromosome in-
activation. Accordingly, X-inactivation analysis showed a
skewed pattern for genomic DNA derived from EDTA
blood (88:12) and skin fibroblasts (81:19). In addition, we
confirmed decreased gene expression levels for WDR45 and
specifically for the WDR45 wild-type allele by quantitative
RT-PCR (Fig. 1E). While there is strong evidence that loss
of WDR45 function is causative for the disease in this patient,
an additional heterozygous missense mutation (p.D31N) was
detected in PLA2G6. However, mutations in PLA2G6 cause
recessively inherited neurodegeneration and should not lead
to disease-causing phenotypes in the presence of a PLA2G6
functional wild-type allele. We thus predicted that deficiency
of WDR4S5 contributed to disease in our patient.

WDR45 mutant fibroblasts exhibit
elevated iron and reduced levels of
L-ferritin

Since brain iron accumulation is the key feature shared
among the heterogeneous group of NBIAs, we examined
total iron cellular content in WDR45 mutant fibroblasts.
We observed an increase in the levels of basal iron content
when comparing patient-derived WDR45 mutant cells with
fibroblasts from two healthy controls (Fig. 2A). Ferritin is
the major intracellular iron storage protein responsible for
storing iron in a soluble and non-toxic state. Western blot
analysis revealed reduced L-ferritin and H-ferritin protein
levels in WDR45 mutant fibroblasts (Fig. 2B and
Supplementary Fig. 1A). Lentiviral overexpression of
wild-type WDR45 in the mutant cells rescued L-ferritin
levels, suggesting a link between expression of WDR45
and L-ferritin (Fig. 2C and Supplementary Fig. 1B).

Altered mitochondrial function and
increased oxidative stress

Mitochondria represent one of the main cellular storage
organelles for iron (Arber et al., 2016). Cells tightly
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Figure 2 Elevated levels of iron in WDR45 mutant fibroblasts and altered levels of L-ferritin. (A) Patient-derived WDR45 mutant
cells demonstrate an increase in the levels of basal iron content when compared to fibroblasts from two healthy controls (ctrl). (B) Western blot
analysis shows L-ferritin protein levels in the WDR45 mutant and control fibroblasts with GAPDH as loading control. (C) Lentiviral over-
expression of wild-type WDR45 or control vector in the fibroblasts rescued L-ferritin protein levels.

regulate their mitochondrial iron levels because iron short-
age affects numerous processes that use iron as co-factor,
including the electron transport chain. Conversely, an
excess of redox-active iron promotes the generation of rad-
icals (Urrutia et al., 2014). For this reason, we examined
mitochondrial function and morphology in WDR4S5
mutant fibroblasts. Mitochondrial network analysis re-
vealed an increased number of fragmented mitochondria
in mutant fibroblasts (Fig. 3A). Further, we observed a
decreased mitochondrial membrane potential, reduced pro-
duction of ATP, and elevated levels of superoxide dismu-
tase 2 (SOD2) in mutant cells (Fig. 3B-D), under basal
conditions. SOD2 functions to clear mitochondrial reactive
oxygen species and increased levels of SOD2 indicate on-
going mitochondrial stress. We found no additional effect
on SOD?2 levels upon treatment either with the mitochon-
drial stressor 1-methyl-4-phenylpyridinium (MPP+), a
toxin interfering with oxidative phosphorylation in mito-
chondria by inhibiting complex I, or with FeCls (Suttkus
et al., 2014; Imam et al., 2015). Using OxyBlot to measure
the total amount of oxidized proteins, we observed no dif-
ferences between lines under basal conditions, but increased
oxidation in mutant fibroblasts after treatment with FeCls
(Fig. 3E) showing specific susceptibility of mutant cells to
iron. Importantly, these effects were rescued by lentiviral
overexpression of wild-type WDR45 (Fig. 3D and E).
Iron storage in the mitochondria is partly regulated by
mitochondrial ferritin, which functions in the sequestration

of excess iron and responding to oxidative stress (Guan
et al., 2017). In accordance to our data for L- and H-
ferritin, we observed reduced protein levels of mitochondrial
ferritin precursor in WDR45 mutant fibroblasts (Fig. 3F).

To further validate the findings on mitochondrial dysfunc-
tion, we generated a neuroblastoma SH-SYSY cell line with
reduced expression of WDR45 by introducing a knockout
(KO) into one allele of WDR4S5 with CRISPR/Cas9 gene-edit-
ing technology (Supplementary Fig. 2A). We compared SH-
SY5Y-wt and SH-SYSY-KO cells, respectively, and found
mitochondrial fragmentation under basal conditions similar
to that observed in fibroblasts. In addition, SH-SYSY-KO
cells showed elevated levels of SOD2 protein under basal con-
ditions and increased amounts of oxidized proteins upon treat-
ment with FeClz (Supplementary Fig. 2B-D). Our data from
mutant fibroblasts and SH-SYSY cells suggest the presence of
mitochondrial damage and oxidative stress upon loss of
WDR4S5 function.

Altered autophagy and diminished
lysosomal function

Previous studies have shown defective autophagic flux in
WDR45 mutant patient-derived lymphoblast cells (Saitsu
et al., 2013) and Wdr45 knockout mice (Zhao et al.,
2015). Western blotting of protein from WDR45 mutant
fibroblast cultures showed equal levels of LC3-II in control,
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Figure 3 Altered mitochondrial function and increased oxidative stress in WDR45 mutant fibroblasts. (A) The mitochondrial
network was investigated under basal conditions by fluorescence microscopy in fixed cells immunostained with anti-GRP75 (green). The form
factor as a measure for mitochondrial interconnectivity was calculated for two control (ctrl) fibroblast lines (n = 72) and one patient line (n = 47).
The median, the interquartile range, and the minimum and the maximum value of the investigated individuals are shown. (B) Mitochondrial
membrane potential was analysed by using a fluorescent dye and normalized to protein concentration (n = 4 independent experiments).

(C) ATP production was determined based on the mitochondrial oxygen consumption rate using an extracellular flux analyser (n = 4 independent
experiments). (D) Western blot analysis was performed on samples under basal conditions and upon treatment with |-methyl-4-phenylpyridinium
(MPP +) or ferric chloride (FeCl3). The western blot was probed with antibodies against superoxide dismutase 2 (SOD2) and B-actin (loading
control). Statistical significance was analysed by selected unpaired t-tests. (E) Oxidation of proteins in WDR45 mutant fibroblasts and controls was
determined by OxyBlot using an antibody against DNP. Statistical significance was analysed by selected unpaired t-tests. (F) Western blot analysis
for mitochondrial ferritin (FtMt) precursor protein at 30 kDa. The antibody did not detect the processed protein at 22 kDa (n = 2 independent
experiments).

WDR45 mutant and wild-type WDR45 overexpressing
cells under basal conditions (Fig. 4A). However, while in-
duction of autophagy with the mTOR inhibitor torin 1 led
to an elevation of LC3-II levels in mutant and control cell
lines, the level of this increase was markedly reduced in

mutant fibroblasts compared to wild-type WDR4S5 overex-
pressing cells. This suggests a defect in the induction of
autophagy caused by WDR4S5 deficiency. Since the forma-
tion of LC3-II correlates with autophagosome numbers, we
treated cells with the lysosomal degradation inhibitors



Iron overload in WDR45 mutant cells BRAIN 2018: 141; 3052-3064 | 3059

A B Cc
= LC3-l 15— LC3-I
5
LC3-II RO R EESE 8 v e Lami g R e a2
37— GAPDH 37— s— . m— e e = GAPDH o - B-actin 7 “ B-actin
@ Torin1 Torin1 Torin1+Leu+NH,CI T b b e AR
s o B
B 0 otP b (B B 0 i N O P P e & P 6o o@“ﬁﬁﬁ% @&t@*
(}5\\- 2 o8 2 PLP PR %\{? L
4@?‘\%@‘ ﬁﬁ\‘p““ & c}&‘:\() \x\o‘:p & & FS&E & o
% . " :“’b x — 124 —_ 12
1.4 . *k ug") *k §1 *
— 2.5 2 3 ctri(1+3) g 1.04— . g 1.04— &
1.2 " Em WDR45 < o
= Em WODR45 + 2 o34 £ 0.84
8‘ 1.04 — - 2.04 wt WDR45 §= g "
= © % © °
= 0.84 A ns. M‘ 3 06 3 06
=4 - — =
5 G e e . S b
064 8 N £ 044 E 0.44
= 3 5 s 3
L] @
© 04 2 ' » 2 02 2 02
= k| 2 B B
[7] © @
& el X godl, @ oodl,
- & o oo & R
i) OQ-QQ- § ‘x@‘?‘ ol
- S S
Torin1  Torin1+Leu+NH,Cl
D -
S 1200000+ *
ctri(2) WDR45 o =
2 10000004 !
[}
3
E £ 800000
E_ § 600000
2 3
& & 400000+
~ =]
=}
= 2000004
b
QERIR
&0
E F
F—*|
120 :iu 1x107q %
T dk
S 204 —ctrl(2) + veh i {_ 2 —
& | =--ctrl(2) + Leu/ NHsCL 5 100 : . 8x10° -
@ | —WDR45 + veh L = s
2, 151 -~ -WDR45 + Leu / NH«CL 2 g0 g
E _ = $ Bx108 A
s v 8 4
& 10] A = 4 g %0 3
= il ™ = 8 ax108
<] —~ E []
@ 5 .
a = § g 2x108
= 0w 20
= = =
0 " x : 0]
0 10 Time (b )20 30 8 b
Ime (nrs T T T T
QD e O O P
O IS
& & E & &S

Figure 4 Altered autophagy and lysosomal function in WDR45 mutant fibroblasts. (A) Western blot analysis from control (ctrl),
WDR45 mutant, and WDR45 mutant fibroblasts overexpressing wild-type WDR45 using lentiviral vectors. Samples were collected from cells
cultured under basal conditions and treated with the mTOR inhibitor torin |. The western blot was probed against the autophagosome
marker LC3-Il (membrane-bound form), a cleavage product of LC3-l, and GAPDH (loading control). (B) Control and WDR45 mutant cells were
treated with torin | alone and torin | plus the lysosomal inhibitors leupeptin (Leu) and ammonium chloride (NH4CI). The western blot was
probed against LC3-Il and GAPDH (loading control). (C) Levels of the lysosomal proteins LAMP| and LAMP2 were detected by western blotting.
GAPDH was used as loading control. Statistical significance was analysed by one-way ANOVA (LAMPI) and selected unpaired t-test (LAMP2).
(D) Immunofluorescence staining of control and WDR45 mutant fibroblasts against LAMPI (red) and nuclear DAPI (blue). (E) Using radioactive
pulse-chase experiments in living cells, lysosomal proteolysis rates were examined in mutant compared to control fibroblasts. To distinguish
between proteolysis that occurs within the lysosomal compartment or other degradation pathways, the response to lysosomal inhibitors was
measured. (F) Lysosomal glucocerebrosidase activity was measured in whole-cell lysates from WDR45 mutant and control fibroblasts.
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leupeptin and ammonium chloride to measure autophago-
some formation. Immunoblotting revealed that LC3-II
levels were decreased in WDR45 mutant cells upon torin
1 treatment alone and in the presence of inhibitors,
suggesting an overall reduced number of autophagosomes
(Fig. 4B). However, comparing the ratio of inhibitor-treated
and non-treated wild-type and mutant cells, our data indi-
cate that the process of autophagosome synthesis is still
functioning in mutant cells, but occurs at a lower basal
level. Importantly, overexpressing WDR45 wild-type pro-
tein restored LC3-II levels in patient cells. Since elevated
lysosomal iron potentially leads to loss of lysosomal integ-
rity (Appelqvist et al., 2013), we examined whether lyso-
somes might be affected by the loss of WDR45 function.
Levels of the lysosomal proteins LAMP1 and LAMP2 were
dramatically lowered in mutant fibroblasts compared to
control cells (Fig. 4C). This finding was confirmed by
immunostaining for LAMP1 (Fig. 4D) further supporting
the hypothesis of a generally reduced lysosomal degrad-
ation rate. To determine if a functional relationship exists
between WDR4S5 deficiency and the lysosomal system, we
measured the degradation rate of long-lived proteins using
radioactive pulse-chase experiments in living cells (Kaushik
and Cuervo, 2009; Mazzulli et al, 2011). We found
reduced lysosomal proteolysis rates in WDR45 mutant
compared to control fibroblasts (Fig. 4E) suggesting that
the autophagic flux is reduced and that iron-containing
macromolecules and organelles are not properly degraded.
Consistent with this notion, lysosomal glucocerebrosidase
activity was diminished in WDR45 mutant cells (Fig. 4F),
an enzyme that has been implicated in Parkinson’s and
Gaucher’s disease (Mazzulli et al., 2011). Additionally,
we examined if WDR4S5 mutant fibroblasts also showed
accumulation of lipofuscin, an autofluorescent electron-
dense aggregate of undigested lysosomal material. In line
with our data of reduced lysosomal function, we found that
WDR45 mutant fibroblasts showed an increase in levels of
autofluorescent puncta resembling lipofuscin (Valdez et al.,
2017) compared to control fibroblasts (Supplementary Fig.
3A). To finally examine whether WDR45 deficiency also
affects cell viability, we performed a cytotoxicity assay
that quantitatively measures LDH, a stable cytosolic
enzyme that is released upon cell lysis. To induce toxicity,
we exposed the cells to different concentrations of the
iron(Il) salt FeSO,4. After treatment with FeSO,, LDH
levels were significantly higher in mutant compared to con-
trol fibroblasts. Overexpression of WDR4S5 efficiently res-
cued this increased susceptibility to iron stress
(Supplementary Fig. 3B).

Activation of autophagy reduces iron
overload in WDR45 mutant neurons
To validate our findings in a neuronal model, we generated

two iPSC lines from the BPAN patient’s fibroblasts. In both
lines (iPSC-WDR45-C1 and iPSC-WDR45-C2), we
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confirmed the expression of pluripotency markers, the po-
tential to differentiate into cell types of the three germ
layers, and a normal karyotype (Supplementary Fig. 4).
These patient-derived WDR45 mutant iPSCs as well as
three control iPSC lines from healthy subjects generated
previously (Mazzulli et al., 2016; Zanon et al., 2017)
were differentiated into midbrain dopaminergic neurons
and the expression of neuronal and dopaminergic markers
confirmed (Fig. SA and D). To investigate the impact of the
reprogramming and differentiation procedure on the
skewed methylation status of the X chromosome, DNA
from different WDR45 mutant cell types was extracted.
Skewed X chromosome inactivation was detected in all
cell types, with the ratio indicating an almost complete
silencing of one X chromosomes in mutant neurons (Fig.
5B). As expected, we found about 50% of total WDR45
gene expression levels in the patient compared to control
neurons due to the nearly complete methylation of one
chromosome (Fig. 5C). Wild-type-specific PCR revealed a
dramatic reduction in the expression of wild-type WDR45
suggesting that only the mutant allele is expressed and ac-
counts for the reduced total WDR45 gene expression. In
summary, this demonstrates that the skewed X chromo-
some inactivation is maintained throughout the reprogram-
ming and differentiation process.

We validated effects identified in mutant fibroblasts includ-
ing increased expression of SOD2, decreased levels of
LAMP1 and mitochondrial ferritin, and elevated iron levels
(Fig. 5SD-G) indicating that mitochondrial stress and lyso-
somal dysfunction are also present in neurons. Notably,
western blot analysis in neurons revealed no difference in
L-ferritin protein levels between control and WDR4S
mutant neurons under basal conditions (Supplementary
Fig. 5A). However, upon wild-type WDR4S5 overexpression,
L-ferritin levels increased in the mutant neurons similar to
our findings in fibroblasts (Supplementary Fig. 5B).
Importantly, we confirmed in WDR45 mutant neurons
decreased levels of mitochondrial ferritin precursor protein
(Fig. SF).

Since torin 1 treatment led to an activation of autophagy
even in WDR45 mutant fibroblasts (Fig. 4A and B), we
investigated whether this induction of autophagy might be
sufficient to affect iron levels in mutant neurons.
Interestingly, treatment with torin 1 completely rescued the
elevated iron content in mutant neurons (Fig. 5G) and
led to significantly reduced L-ferritin levels (Supplementary
Fig. 5A) indicating a link between deficient autophagy, im-
paired proteolysis of L-ferritin-bound material, and high iron
levels caused by WDR45 deficiency.

Discussion

High iron levels in defined areas of the brain are the patho-
logical hallmark of NBIAs. However, the mechanism lead-
ing to localized iron overload and its role for
neurodegeneration is still

unknown and cannot be
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Figure 5 Cellular dysfunction in iPSC-derived dopaminergic neurons harbouring mutant WDR45. (A) Immunofluorescence
staining shows expression of microtubule-associated protein 2 (MAP2), tyrosine hydroxylase (TH), and nuclear DAPI. (B) X chromosome
inactivation analysis in DNA extracted from blood, fibroblasts, iPSCs, and neurons of patient-derived WDR45 mutant cells. (C) Skewed X
chromosome inactivation results in decreased gene expression levels for total WDR45 and specifically for the WDR45 wild-type allele in
patient neurons compared to healthy controls shown by quantitative RT-PCR. (D—F) Western blot analysis from control (ctrl) and WDR45 mutant
neurons. Samples were collected from cells cultured under basal conditions and probed against SOD2, LAMPI, TH, neuron-specific enolase
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explained by the ubiquitous expression of the identified metabolism, while the remaining NBIA genes encode pro-
NBIA genes (Arber et al., 2016). Among the identified dis- teins with a wide variety of functions (Rouault, 2013).
ease genes, only two are directly involved in iron Fibroblasts from NBIA patients with mutations in L-ferritin
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(Curtis et al., 2001) and PANK2 (Campanella et al., 2012)
have been reported with increased iron levels and defective
iron-handling properties, respectively. Likewise, two patient
fibroblast lines harbouring WDR45 mutations have been
shown to display deficits in iron homeostasis (Ingrassia
et al., 2017). After starvation, these fibroblasts showed ele-
vated iron levels when compared to controls. Our analysis
of fibroblasts from a BPAN patient revealed increased iron
levels under basal conditions accompanied by a decreased
amount of L-ferritin, H-ferritin, and mitochondrial ferritin
(Figs 2A, B, 3F and Supplementary Fig. 1A), the main iron
storage proteins, which play a central role in the regulation
of cellular iron metabolism and iron detoxification
(Harrison and Arosio, 1996). Notably, similar data have
been reported for PANK2 mutant patient fibroblasts
(Campanella et al., 2012) indicating that low ferritin
levels might be a shared pattern in different NBIA diseases.
However, the regulation of L-ferritin and the impact of
deficient autophagy might be different in non-dividing
neurons (Supplementary Fig. SA). Importantly, overexpres-
sion of wild-type WDR4S5 increased protein levels of
L-ferritin in fibroblasts (Fig. 2C) and neurons (Supplementary
Fig. 5B) showing that expression of WDR45 has a direct
effect on L-ferritin levels. We found a strong reduction of mito-
chondrial ferritin precursor levels also in WDR45 mutant
neurons (Fig. SF). Previous studies have shown that mito-
chondrial ferritin is expressed mainly in neurons and that it
protects dopaminergic neurons from oxidative stressors
(Guan et al., 2017). Recent findings demonstrated that hepci-
din, an iron-regulating hormone, reduced brain iron in
iron-overloaded rats (Du et al., 2015). This peptide is predom-
inantly expressed in the liver, but its expression can also be
induced in the brain (Wang ef al., 2008). Accordingly, we
found hepcidin expression also in TH-positive neurons, located
primarily to vesicles, but there was no difference in expression
between control and WDR45 mutant neurons (Supplementary
Fig. 5C).

Iron, the most prevalent metal in the body, reacts with
hydrogen peroxide and catalyses the generation of highly
reactive hydroxyl radicals, thereby increasing oxidative
stress. In accordance with this, we detected an increase in
oxidative stress-related markers and an elevated susceptibility
to iron-induced stress across all our WDR45 mutant models
(Figs 3D, E, 5D and Supplementary Fig. 2 and 3B).
Oxidative stress is linked to mitochondrial dysfunction, as
mitochondria are both generators and targets of reactive spe-
cies. Our data showed fragmented morphology, decreased
membrane potential, and decreased ATP synthesis rate in
WDR45 mutant cells (Fig. 3A—C and Supplementary Fig.
2) indicating mitochondrial damage (Barsoum et al., 2006;
Chen and Chan, 2009).

Based on the fact that increased amounts of iron are known
to accumulate in lysosomes either as aggregated proteins,
damaged mitochondria or due to the accumulation of iron-
rich non-degradable materials, such as lipofuscin (Kurz et al.,
2008), we hypothesized that the observed iron overload, to-
gether with oxidative stress in WDR4S5 mutant cells, might
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affect lysosomal function. We found impaired lysosomal prote-
olysis and reduced glucocerebrosidase activity in WDR45
mutant fibroblasts (Fig. 4E and F). Further, lysosomal
LAMP1 protein levels were dramatically decreased in patient
fibroblasts and neurons (Figs 4C and SE) indicating severe dys-
function of the lysosomes. In line with these data, we found
increased levels of autofluorescent puncta resembling lipofuscin
in WDR4S5 mutant fibroblasts (Supplementary Fig. 3A).

As WDR45 has been implicated in autophagic dysfunc-
tion in patient lymphoblast cells (Saitsu et al., 2013), we
examined WDR45 mutant fibroblasts for LC3-II levels
under basal conditions and upon mTOR complex inhib-
ition. In contrast to lymphoblasts, WDR45 patient fibro-
blasts revealed similar LC3-II levels compared to control
cells under basal conditions. Upon torin 1 treatment,
LC3-II levels increased in control and patient cells as well
as patient cells overexpressing wild-type WDR4S5.
However, this increase in LC3-II was less pronounced in
mutant cells compared with controls (Fig. 4A and B) sug-
gesting that induction of autophagy via inhibition of
mTOR is diminished in WDR45 mutant cells.

Members of the human WIPI beta-propeller proteins as-
sociate with autophagosomal membranes based on specific
phosphatidylinositol  3-phosphate binding (Vergne and
Deretic, 2010; Proikas-Cezanne et al., 2015). It has been
suggested that WIPI1, WIPI2, and WIPI4 (WDR4S5) pro-
teins function as essential and non-redundant phosphatidy-
linositol ~ 3-phosphate  effectors ~ downstream  of
phosphatidylinositol 3-phosphate production at the onset
of autophagy (Proikas-Cezanne et al., 2015). However,
the exact function of WDR4S5 in this process is not yet
defined. In accordance with the hypothesis of an underlying
autophagic defect as the contributing cause of BPAN, treat-
ment with torin 1 reduced the elevated iron levels in
WDR45 mutant neurons (Fig. 5G). We hypothesize that
the activation of a reparative autophagy process enabling
the degradation of iron binding proteins or iron storage
organelles, such as ferritin and mitochondria, contributes
to restoration of iron homeostasis. In fact, we observed
the proteolysis of L-ferritin in WDR45 mutant neurons
upon induction of autophagy (Supplementary Fig. 5A).

In summary, our data show that an overload of iron in
WDR45 mutant fibroblasts and midbrain neurons leads to
a number of pathological alterations including mitochon-
drial abnormalities, oxidative stress, autophagic defects,
and diminished lysosomal function. Activation of autop-
hagy reduces the amount of iron suggesting that degrad-
ation of iron-containing material through the lysosomal
pathway may be beneficial. Further studies are needed to
explore whether activation of autophagy might be a thera-
peutic approach in some forms of NBIAs.
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