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Abstract
Background
Parkinson’s disease (PD) is characterized by the progressive loss of dopaminergic neurons
in the substantia nigra of the midbrain. Familial cases of PD are often caused by mutations of
the kinase PINK1 and the ubiquitin ligase Parkin, both pivotal in maintaining mitochondrial
quality control. CISD1, a homodimeric mitochondrial iron-sulfur-binding protein, is a major
target of Parkin-mediated ubiquitination. Loss of CISD1 is associated with mitochondrial
dysfunction, redox imbalance, and abnormal iron accumulation–key PD hallmarks.

Methods
To elucidate a possible involvement of CISD1 in PD pathophysiology, we investigated its role
in dopaminergic neurons from PINK1 mutation patients, in fibroblasts lacking CISD1 or
expressing a CISD1 mutant lacking its iron/sulfur cluster, and in Pink1 and Parkin mutant
flies.

Results
In both patient-derived dopaminergic neurons and in Pink1 mutant flies, we observed a
heightened propensity of CISD1 to form dimers. This corresponded to the iron-depleted state
of CISD1. Reintroducing a CISD1 mutant incapable of binding the iron-sulfur cluster into
CISD1 knockout cells failed to rescue mitochondrial fragmentation and oxidative distress.
When overexpressed in Drosophila, this mutant proved detrimental by disrupting the redox
equilibrium. Complete loss of Cisd, the Drosophila orthologue of CISD1, rescued all
detrimental effects of Pink1 loss of function on climbing ability, wing posture, dopamine
levels, lifespan, and mitochondrial ultrastructure. In Parkin mutant flies, Cisd deficiency
ameliorated climbing ability and wing posture impairments, but did not mitigate the reduction
in lifespan.

Conclusion
Our results suggest that Cisd operates downstream of Pink1 and, partially, Prkn, shedding
light on PD pathophysiology and implicating CISD1 as a potential therapeutic target.
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Background
Parkinson’s disease (PD) is the fastest growing neurodegenerative disorder clinically
characterized by rigor, tremor and bradykinesia. These motor symptoms stem from the
progressive degeneration of dopaminergic neurons in the midbrain’s substantia nigra pars
compacta (reviewed in [1]). While most cases are sporadic, familial forms of PD are linked to
mutations in genes that encode proteins involved in mitochondrial quality control like PINK1
and Parkin (PRKN), providing valuable insights into the pathophysiology of PD [2]. In healthy
cells, PINK1 is continuously imported into mitochondria, where it is rapidly degraded [3].
However, in unfit mitochondria with a reduced mitochondrial membrane potential (Δψm),
PINK1 import stalls. When PINK1 accumulates on damaged mitochondria, it phosphorylates
various proteins, including the E3 ubiquitin ligase PRKN. This phosphorylation activates
PRKN, enabling it to attach ubiquitin to mitochondrial proteins. This ubiquitination acts as a
signal for damaged mitochondria to be identified and engulfed by autophagosomes, initiating
their degradation through mitophagy. This selective elimination of compromised mitochondria
safeguards overall mitochondrial health and function. Much of this mechanistic understanding
has been elucidated in the fruit fly Drosophila melanogaster where Pink1 and Prkn loss of
function results in profound changes of the mitochondrial ultrastructure causing mitochondrial
dysfunction, impaired flight and climbing ability, and a shortened lifespan [4,5].
In addition to disturbances in mitochondrial quality control, disruptions in iron metabolism
contribute significantly to the pathogenesis of PD. PD patients exhibit elevated iron levels
within the substantia nigra pars compacta, and this iron accumulation correlates with the
severity of the disease [6,7]. Notably, this iron dysregulation is apparent even in
asymptomatic carriers of PRKN mutations [8], suggesting that it is an early event and
correlated with mitochondrial dysfunction. Furthermore, human dopaminergic neurons
lacking PINK1 display inhibition of the iron-dependent mitochondrial aconitase, leading to
accumulation of NAD+ and depletion of essential metabolites [9]. In flies, Pink1 deficiency
similarly results in inactivation of mitochondrial aconitase by impairing its labile iron-sulfur
cluster, leading to oxidative distress and mitochondrial swelling [10,11]. These findings
underscore the intricate relationship between iron metabolism and PD pathology, highlighting
the relevance of iron dysregulation in the disease's development and progression.
An important target protein of PINK1/PRKN crucial for iron homeostasis and redox
homeostasis is CISD1, also known as mitoNEET. CISD1 is a homodimeric protein
N-terminally inserted into the outer mitochondrial membrane facing the cytosol [12]. CISD1 is
ubiquitinated by PRKN [13] and its levels are reduced upon dissipation of Δψm [14–19].
Moreover, CISD1 forms a complex with PRKN, and this interaction is markedly increased by
activation of PINK1 and ubiquitination [13,20]. In Drosophila, the homolog of CISD1 is the
most strongly ubiquitinated protein in response to Prkn overexpression in vivo [21].
Functionally, CISD1 exists as a homodimer, and each monomer of CISD1 harbors a 2Fe/2S
(2 iron / 2 sulfur) cluster coordinated by three cysteines and one histidine. Most traditional
2Fe/2S clusters, in contrast, are coordinated by four cysteines or two cysteines and two
histidines [22]. This peculiarity renders the cluster more susceptible to oxidation. It was
hence proposed that transfer of the cluster from CISD1 to stress-sensitive Fe-S proteins
constitutes a cellular adaptive response that helps recovery from oxidative injury. In support
of this hypothesis, it has been demonstrated that the oxidized 2Fe/2S cluster of CISD1 can
be transferred to iron regulatory protein 1 (IRP1) [23], a bifunctional protein that can switch
between two distinct enzymatic activities based on the availability of iron. When iron levels
are sufficient, IRP1 binds an 2Fe/2S cluster, converting it into a functional aconitase enzyme.
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When iron levels are low, IRP1 loses its 2Fe/2S cluster and undergoes a conformational
change. In this state, known as the "apo" form, IRP1 functions as an RNA-binding protein
and binds to specific RNA sequences called iron-responsive elements (IREs) located in the
untranslated regions of target mRNAs (reviewed by [24]). CISD1 is capable of recycling the
cytosolic apo-IRP1 to holo-aconitase by donating its 2Fe/2S cluster [25]. The fate of the
remaining apo-CISD1 is unknown. In addition to its role in iron metabolism and defense
against oxidative stress, CISD1 is also involved in mitochondrial bioenergetics and in the
regulation of mitochondrial morphology. Cardiac myocytes from CISD1 knockout (KO) mice
exhibit a reduced mitochondrial oxidative capacity [12], akin to KO mouse embryonic
fibroblasts (MEFs) where this dysfunction is attributed to a reduction in the total cellular
mitochondrial volume [26].
In Drosophila, there is a single orthologue of CISD1 initially named Cisd2 because it is
slightly more similar to the mammalian CISD1 homologue CISD2 [27], a protein located at
the membrane of the endoplasmic reticulum [28]. Overexpression of Cisd2 (here referred to
as Dosmit) in fly muscles is detrimental and results in mitochondrial enlargement and the
formation of double-membraned vesicles containing cytosolic protein within mitochondria
[29], implicating Cisd2 in the regulation of mitochondrial morphology. Similar to human
CISD1, fly Cisd2 (here named MitoNEET) interacts with IRP1 [30] further linking Cisd2 to iron
homeostasis. Together these findings suggest that fly Cisd2 rather resembles the
mitochondrial homologue CISD1 and to avoid confusion, we will henceforth use Cisd. Based
on the involvement of CISD1 in mitochondrial bioenergetics and quality control, defense
against oxidative stress and iron metabolism – all hallmarks of PD – we aimed to investigate
CISD1’s role in PD using fly and mammalian model systems.
In our study, we have identified CISD1, particularly its iron-depleted apo form, as
downstream mediators of the pathology resulting from the loss of Pink1 and Prkn function.
Mutant Pink1 flies and PINK1 patient-derived human dopaminergic neurons are
characterized by the accumulation of apo-CISD1/Cisd. Complete loss of the Drosophila
orthologue of CISD1 rescued all detrimental effects of Pink1 loss of function on climbing
ability, wing posture, dopamine levels, lifespan, and mitochondrial ultrastructure. In Parkin
mutant flies, Cisd deficiency ameliorated climbing ability and wing posture impairments,but
did not mitigate the reduction in lifespan. These findings strongly suggest that the buildup of
iron-depleted CISD1 may contribute to the pathophysiology of both familial and sporadic
Parkinson's disease.

Methods
Human dopaminergic neurons
Induced pluripotent stem cells (iPSCs) from two PD patients carrying the p.Q456X mutation
in PINK1 were obtained from the University of Lübeck. Written informed consent is available
at the University of Lübeck. For both mutant lines, isogenic gene-corrected controls have
been successfully generated and characterized previously [31]. Both PINK1-mutant and
isogenic iPSCs were first converted into neuroepithelial stem cells (NESCs), based on the
protocol previously described [32]. NESCs were cultivated in N2B27 medium
(DMEM-F12/Neurobasal 50:50, supplemented with 1:200 N2, 1:100 B27 without vitamin A,
1% L-glutamine and 1% penicillin/streptomycin), containing 3 µM CHIR-99021, 0.5 µM
purmorphamine (PMA) and 150 µM ascorbic acid. For the generation of midbrain-specific
neurons, NESC maintenance medium was replaced by N2B27 containing 1 µM PMA, 200
µM ascorbic acid, 10 ng/ml BDNF, 10 ng/ml GDNF, 1 ng/ml TGF-b3 and 500 µM dbcAMP.
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After six days, differentiating NESCs were shifted to the same medium but without PMA
(replaced every two days) and kept until day 28.

Immunoblotting

Cells were lysed in RIPA buffer (25 mM Tris•HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate, 0.1% SDS) containing protease and phosphatase inhibitors. Cells
were then centrifuged at maximum speed for 30 min at 4°C and the supernatant containing
the whole-cell proteins was collected. Flies were isolated in the same buffer but were
mechanically smashed with a dounce, centrifuged and the supernatant was collected. For
reducing blots, protein samples were denatured in 1x Laemmli-sample-buffer (Tris-HCl, SDS,
glycerol, bromophenol blue, and DTT) whereas samples for non-reducing blots were
denatured in 1x Laemmli-sample-buffer without DTT at 95 °C, 5 min. Proteins were
separated by gel electrophoresis and transferred to nitrocellulose membranes using a
semi-dry blotting system (Bio-Rad Laboratories). Membranes were blocked with 3% milk in
TBST for 1 h at RT. Membranes were incubated with the respective antibodies overnight at
4°C, rotating. Antibodies used were rabbit anti-CISD1 (Proteintech, 1:1000), mouse anti-actin
(Merck chemicals, 1:1000). Fluorescence-labeled secondary antibodies were used at a
1:10,000 dilution, and the signal was detected using a Li-Cor Odyssey imaging system and
quantified with the Image Studio Lite software. The intensity was normalized to the loading
control and the mean per blot.

Cell culture
MEF cell lines were grown in DMEM glutamax (Gibco) supplemented with 10% (v/v) fetal calf
serum (FCS; Thermo Scientific), 2 mM L-glutamine (Gibco), 1 x MEM non-essential amino
acids, 100 U/ml penicillin and 100 μg/ml streptomycin (Gibco) in a humidified incubator at
37°C, 5% CO2 and 95% air. The MEF rescue and mutant cell lines were generated by
Piggybac transposon-mediated genome integration followed by FAC sorting using a blue
fluorescent protein (BFP2) expressed after a T2A site at the C-terminus of CISD1 to avoid
tagging of CISD1. Where indicated, cells were treated with deferiprone with a final
concentration of 1 mM for 1 or 2 h. FCCP treatment was done for 4 h at a final concentration
of 1µM.

Dimerization Assay
Split nanoluc fragments LgBit and SmBit (Promega) were cloned N-terminally to human
CISD1 and point mutations introduced by site-directed mutagenesis using the Q5
Site-Directed Mutagenesis kit (NEB). All plasmids were sequence verified. Experiments were
carried out by transfecting HT22 cells with the plasmids for 48 hours after which 1 volume of
the Nanoluc Live-Cell substrate was added with 19 volumes of Nano-Glo LCS Dilution Buffer.
Where indicated, deferiprone or vehicle was added to cells at a final concentration of 1 mM
[33] 2 h prior to the addition of the substrate.

Confocal microscopy and image analysis

High-content light microscopy was conducted with the Opera PhenixTM (Perkin Elmer)
spinning disc microscope. Fluorescence (Ex/Em) for Hoechst 405/435-480 nm, MitoTrackerTM
Green FM 561/570-630 nm, and CellRox 485/520 nm was measured in a final concentration
of 1 μM for 15 min, subsequently, cells were incubated with normal growth medium without
phenol red dye. The images were analyzed with the software packages Harmony (version
4.5) and Columbus (version 2.7.1) containing the PhenoLOGICTM machine learning plugin
(Perkin Elmer).The program was trained to recognize tubular or fragmented mitochondria.
Individual cells were selected by nuclear staining with Hoechst and the cytosol was defined
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using the mitochondrial stain. Fluorescence intensity was measured and normalized to the
number of cells counted per image.

Fly Experiments

Cisd KO flies were generated by Wellgenetics (Taiwan, ROC) and contain the cassette
depicted in supplemental Figure 2a. Pink1B9, Park25, UAS-Cisd-WT, UAS-Cisd C83S flies
were a kind gift of Alex Whitworth (Mitochondrial Biology Unit, MRC, Cambridge, UK).
TubP-Gal4 (BDSC 5138), Da-Gal4 (BDSC 8641), Elav-Gal4 (BDSC 458), and
UAS-Cisd2-RNAi (BDSC 33749) were obtained from the Bloomington Stock Center (BDSC).
The RNAi control strains UAS-vasa-RNAi (VDRC46464) and UAS-always-early-RNAi
(VDRC13673) were from the Vienna Drosophila Resource Center (VDRC). The w1118 strain
served as wildtype control. Lifespan: Fruit flies were provided with standard molasses-based
food and accommodated in a climate chamber at a temperature of 25°C with a 12 h light and
12 h darkness schedule. The flies were given fresh food every two days and dead flies were
scored. Each experiment consisted of four groups of 25 flies. Climbing: A total of four groups,
each consisting of 25 flies per genotype per age, were tested in vials of a 2 cm diameter. The
percentage of flies that were able to successfully traverse a height of 8 cm within 10 s was
documented. The assay was always replicated at the same time of day. Quantitative
RT-PCR: Fly total RNA was subjected to quantitative PCR. RNA extraction was carried out
with the ZR RNA MiniPrep kit (ZYMO RESEARCH) and cDNA was synthesized from 10 ng/µl
RNA using the High Capacity cDNA Reverse Transcription Kits (Life Tech). FastStart
Universal SYBR Green Master (Rox) (Merck) was used for quantitative PCR (qPCR), with
primers from Eurofins available on demand. The 2−ΔΔCt (Ct, cycle of threshold) method was
employed to calculate transcriptional levels, where ΔΔCt = ΔCt of experimental group –
mean ΔCt of control groups. ΔCt = Ct (gene of interest) − Ct (RpL32/Rp49). RpL32/Rp49
served as housekeeping control. All flies used for these experiments were male.

GSH Assay

Flies were mechanically lysed in PBS-EDTA in a tube containing 10% SSA, incubated on ice
for 10 min and then centrifuged for 10 min at 4°C at 14000 rpm. The supernatant was added
to a tube containing TEA:H2O (1:1) while the pellet was left overnight at 37°C in 0.2N NaOH
for protein concentration quantification. Samples were then pipetted alongside a standard.
The assay mix containing DTNB, NADPH and glutathione reductase was added and
absorbance was measured using a plate reader (Tecan) at 412 nm for 30 min. 5 flies were
used per sample.

Dopamine quantification

Flies were anesthetized with CO2 and heads removed while gently holding the flies with a
tweezer. Heads were immediately put in a solution containing 200 µl 5% TCA, 300 µl RIPA
buffer and 10 µl dopamine standards at 4°C. Ceramic beads were added and lysis was
performed by gently shaking for 5 min. Lysates were cleared by centrifugation for 5 min at
13000 rpm twice. 200 µl of the supernatant was put in a fresh vial. Dopamine was
determined via HPLC/MS/MS. 100 µL of 100 mM ammonium formate buffer (adjusted to pH
2.5 with formic acid) were added to 100 µL of the prepared extracts from fly heads in order to
adjust pH in a HPLC-vial with insert. 50 µL of this solution were injected into the LC/MS/MS
system consisting of an Agilent 1260 Infinity II Series HPLC pump (G7112B) with integrated
degasser and an Agilent 1260 Autosampler (G7167A) connected to an AB Sciex 4500
tandem mass spectrometer. Chromatography was performed on a Phenomenex Kinetex F5
column (2.6 µM, 150 mm x 4.6 mm) using water (adjusted to pH 2.5) and acetonitrile as
solvents A and B, respectively. Starting conditions were 5 % solvent B for 1 min, raised to
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100 % B at 10 min, kept at 100 % B until 14 min and set back to 5 % B until 19 min and kept
for another 5 min until 24 min. Flow rate was 0.3 ml/min. Tandem mass spectrometric
determination was performed in ESI-negative mode using the specific ion transition 154,0 ->
137.0 for dopamine and 158.0 -> 140.9 for d4-dopamine as internal standard. We used an
electrospray needle voltage of – 4500 V and nitrogen as a nebulizer and turbo heater gas
(450°C) was set to a pressure of 65 psi. Nitrogen as curtain gas and collision gas was set to
10 instrument units, respectively. Calibration was performed in a mixture of 300 µL
RIPA-buffer and 200 µL 5 % Trichloroacetic acid in water, spiked with dopamine
concentrations ranging from 1 – 50 µg/L in HPLC-vials. 10 µL of the working solution of the
internal standard (D4-Dopamine, 1 mg/L in MeOH/HCl) were added to the standards, the
vials were vortexed and centrifuged at 4.000 U/min (~ 3000 g). 100 µL of the supernatant
was pipetted in a new HPLC vial with insert and 100 µL of 100 mM ammonium formate buffer
(pH 2.5) were added. 50 µL of this solution was injected into the LC/MS/MS-system as
described. As dopamine is not stable under neutral/basic conditions, the spiking solutions of
dopamine (1 mg/L and 100 µg/L) were freshly prepared daily from the stock solution (1 g/L in
MeOH/HCl) in 0.1% HClkonz. in water.

Iron quantification
Iron redox speciation in fly lysates was carried out using capillary electrophoresis (CE)
coupled with inductively coupled plasma mass spectrometry (ICP-MS), referred to as
CE-ICP-MS. To ensure interference-free monitoring of iron isotopes, dynamic reaction cell
(DRC) technology employing NH3 as the DRC gas was utilized. A "PrinCe 706" CE system
(PrinCe Technologies B.V., Emmen, Netherlands) was employed for the separation process,
applying a voltage of +20 kV. The temperature settings for both the sample/buffer tray and
capillary were maintained at 20°C. An uncoated capillary (100 cm × 50 µm ID;
CS-Chromatographie Service GmbH, Langerwehe, Germany) was used for interfacing with
ICP–DRC-MS. The CE-ICP-MS interface enabled electrical connection while preventing
suction flow by operating in self-aspiration mode [34]. The electrolytes used included 10%
HCl as the leading electrolyte, 0.05 mM HCl as the terminating electrolyte, and 50 mM HCl
as the background electrolyte. The Fe2+/Fe3+ ratio was determined based on quantified
concentrations of Fe species. An uncoated capillary (CS-Chromatographie Service GmbH,
Langerwehe, Germany) measuring 85 cm in length with a 50 µm internal diameter was
employed, connecting the CE system to the ICP-MS, served as the element-selective
detector. A "NexIon 300-D” ICP-DRC-MS system (Perkin Elmer, Rodgau-Jügesheim,
Germany) served as the element-selective detector for iron electropherograms. Isotopes 56Fe
and 57Fe were measured in dynamic reaction cell (DRC) mode using ammonia as the DRC
gas (0.58 ml NH3/min). The RF power was set to 1250 W, and the plasma gas flow was 16 L
Ar/min. The nebulizer gas flow rate at the CE-ICP-DRC-MS interface was optimized to 0.98 L
Ar/min. Electropherograms were analyzed using PeakfitTM software (Systat, Inpixon GmbH
Office, Düsseldorf, Germany). To assess iron recovery accuracy, total iron content was
determined using ICP-sector field mass spectrometry (ICP-sf-MS). The ICP-sf-MS
("ELEMENT 2", Thermo Scientific, Bremen, Germany) settings included a radio frequency
power of 1260 W, a plasma gas flow of 16 L Ar/min, an auxiliary gas flow of 0.85 L Ar/min, a
nebulizer gas flow of 1.085 L Ar/min, and a dwell time of 300 ms. Quantified iron species
from CE-ICP-DRC-MS were compared to total iron content (set at 100%), yielding values
ranging between 92% and 110%.

Transmission electron microscopy

Fly thoraxes were isolated and fixed in a buffer containing (Caco-buffer (0.2M), 25%
Glutaraldehyde (GA), and 15% Paraformaldehyde (PFA)). After fixation, tissues were washed
in a wash buffer (0.2M Caco-buffer diluted 1:1 with ddH2O) and incubated with 2% Osmium in
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0.2M buffer. Tissues were washed again and dehydrated in ascending ethanol series 30% to
70% then left overnight at 4°C. The next day, the samples were dehydrated further in 80%,
90%, 95%, and 100% ethanol solutions then washed with propylenoxide and left overnight in
a 1:1 dilution of resin: proyleneoxide. Samples were moved the next day to just resin. The
last day, flies were placed into a special mold with resin and left in an oven for two days.
Samples were then cut and contrasted. Images were acquired with a Tnecnai 12
Transmission electron microscope.

Statistical analysis
Statistical analysis was performed using Graphpad prism. Data were tested for normality
using the Shapiro-Wilk test. Two parametric samples were compared using the student’s t
test, two nonparametric samples using the Mann Whitney test, two normalized parametric
samples using the one-sided t test, two non-parametric samples using the Wilcoxon
signed-rank test. More than two parametric samples were compared using one-way or
two-way ANOVA and nonparametric samples using the Kruskal-Wallis test followed by the
respective post-hoc tests.

Results
Increased CISD1 dimer formation in human dopaminergic neurons from PD
patients with a PINK1 Q456X mutation
To investigate a possible involvement of CISD1 and its homologue CISD2 in familial
Parkinson’s disease, we studied their expression levels in differentiated dopaminergic
neurons from two distinct patients afflicted with autosomal-recessive PD caused by PINK1
Q456X mutation. This specific mutation introduces a premature stop codon, leading to
increased apoptosis of tyrosine hydroxylase-positive dopaminergic neurons, accompanied by
increased levels of alpha-synuclein in the surviving dopaminergic neurons and astrogliosis
[31]. Both PINK1 mutant and gene-corrected induced-pluripotent stem cells were first
converted into neuroepithelial stem cells and then further differentiated into midbrain-specific
dopaminergic neurons as previously described [32]. Notably, PINK1 Q456X neurons
expressed diminished PINK1 mRNA levels (Figure 1a) and reduced levels of tyrosine
hydroxylase (as depicted in exemplary blots in Figure 1b, with quantification reported in
Jarazo et. al. [31]).

We then employed immunoblotting to concurrently assess the abundance of both
mitochondrial CISD1 and endoplasmic reticulum CISD2 proteins, because both proteins are
recognized by our antibody [28,35]. The ability of this antibody to identify both homologues
was previously demonstrated by subcellular fractionation [28] and specific siRNA-mediated
knockdown of either CISD1 or CISD2 [35]. It is also noteworthy that both proteins form
homodimers with high stringency even on reducing gels [36,37]. CISD1 KO and wildtype
(WT) mouse embryonic fibroblasts [26] served to identify the correct bands (Figure 1c). Our
immunoblots revealed no changes in the abundance of CISD1 or CISD2. However, we
clearly observed an increased presence of the CISD1 dimer in mutant PINK1 neurons.
Notably, both patients exhibited an elevated dimer/monomer ratio with variations in each
individual differentiation in patient #1, and a more pronounced effect in patient #2, implying
the presence of additional patient-specific factors. Pooled together, this analysis revealed a
significant increase in CISD1 dimerization in mutant PINK1 neurons compared to
gene-corrected controls (Figure 1d). This heightened propensity for dimer formation therefore
appears to be relevant for human Parkinson’s disease.
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Figure 1 Increased CISD1 dimer formation in human dopaminergic neurons from PD patients with a PINK1 Q456X
mutation. a. Quantitative PCR analysis of PINK1 mRNA expression in iPSC-derived dopaminergic neurons from PD patients
carrying the PINK1 Q456X mutation, colors indicate two different patients. ACTB served as housekeeping control. Expression
levels were normalized to gene-corrected (GC) controls. b. Immunoblots of tyrosine hydroxylase as a marker for dopaminergic
neurons and beta-tubulin 3 as a general neuronal marker. Actin served as loading control, size is indicated. c and c’.
Immunoblots of CISD1 and CISD2. Monomeric and dimeric forms of both proteins are indicated by arrows. CISD1 knockout
(KO) and wildtype (WT) mouse embryonic fibroblasts served to identify the correct bands. Actin served as loading control, size
is indicated. d. Quantification of the dimer/monomer ratio reveals an increased ratio in PINK1 Q456X dopaminergic neurons
over gene-corrected controls. Each data point corresponds to an independent differentiation over 28 days and the colors
designate the two different patients. Data in a were normalized to the respective gene-corrected control and are presented as
box and whisker plots with the box extending from the 25th to the 75th percentile and the whiskers from the minimum to the
maximum value depicting all individual data points. Data points in d correspond to the mean of two independent technical
replicates of the five independent differentiations from two patients and are unnormalized. Statistical analysis was done using
the one-sample t test in a and a nested t test in d, p values are indicated.

CISD1 lacking its iron-sulfur cluster has a higher propensity to dimerize
We next aimed to clarify under which conditions CISD1 exhibits a heightened propensity to
run as a dimer. To accomplish this, we developed a split luciferase assay designed to
investigate CISD1 dimerization in living cells in a dynamic and reversible manner [38]. In this
assay, we fused CISD1 with the two small subunits of NanoLuc luciferase, enabling us to
quantify dimerization through luminescence measurements. Given the labile nature of
CISD1's iron-sulfur cluster due to its unconventional coordination by one histidine and three
cysteines, we hypothesized that the presence or absence of this cluster might influence
dimerization. We therefore mutated histidine 87 to cysteine (H87C) which results in a more
stable 2Fe/2S complex coordination. Conversely, the mutation of cysteine 83 to serine
(C83S) completely abolishes the ability of CISD1 to bind the 2Fe/2S complex. By comparing

9

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted September 29, 2023. ; https://doi.org/10.1101/2023.09.28.559909doi: bioRxiv preprint 

https://paperpile.com/c/Y89JPw/wvTLH
https://doi.org/10.1101/2023.09.28.559909


the dimerization patterns of these mutants with that of wildtype CISD1, we unequivocally
observed a significant increase in dimerization for C83S CISD1, the mutant incapable of
binding the iron-sulfur cluster (Figure 2a). This finding suggested that iron-depleted CISD1
has a higher propensity for dimerization.

Figure 2 CISD1 lacking its iron-sulfur cluster has a higher propensity to dimerize. a. Cells were transiently transfected with
wildtype or point-mutated CISD1 tagged with split NanoLuc fragments and luminescence quantified 48 h later. b. 2D maps of the
molecular hydrophobicity potential (MHP) on the peptide surfaces in two CISD1 models or two C83S models. Dimerization
interfaces are outlined. Axis values correspond to the rotation angle around the helical axis (𝛼) and the distance along the latter
(Z), 2D maps are colored according to MHP arbitrary units. The surface-surface area is indicated by a solid line. c. Cells were
transiently transfected with wildtype CISD1 tagged with split NanoLuc fragments and treated for 2 h with 1 mM deferiprone (Def)
before addition of substrate and quantification of luminescence. d. Immunoblot of wildtype (WT) MEF cells treated for the
indicated period of time with 1 mM Def or vehicle (Veh). Knockout (KO) cells served as control for antibody specificity and actin
as loading control. Each data point in a and c are from 5 independent experiments done in triplicates. Data are presented as
box and whisker plots with the box extending from the 25th to the 75th percentile and the whiskers from the minimum to the
maximum value depicting all individual data points. Statistical analysis was done using one-way ANOVA, p values are indicated.

To further validate these findings, we next employed an in silico approach to calculate the
molecular hydrophobicity potential and the angle of rotation between two CISD1 models or
two CISD1 C83S models [39]. This computational analysis unveiled a larger surface-surface
contact between the C83S monomers, indicating a closer binding compared to wildtype
CISD1 (Figure 2b). These results align with our observations from the dimerization assay
(Figure 2a). Based on these results, we hypothesized that iron depletion might yield a similar
increase in dimerization. To investigate this, we conducted our dimerization assay in cells
subjected to a two-hour treatment with the iron chelator deferiprone. It is noteworthy that
deferiprone treatment for 24 h but not for 2 h triggers a distinct form of mitophagy
independent of PINK1 and PRKN [33]. Remarkably, our results mirrored the increased
dimerization seen in the C83S mutant, which is unable to bind the 2Fe/2S complex (Figure
2c). To corroborate this, we extended our analysis to wildtype MEF cells treated with
deferiprone. Immunoblotting revealed not only an increased dimer formation but even the
presence of a CISD1 multimer under these conditions (Figure 2d). Consequently, we
conclude that the increased dimer formation in the PINK1 mutant neurons likely represents
the presence of apo-CISD1, a form of CISD1 devoid of its iron-sulfur cluster.
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Iron-depleted apo-CISD1 is not capable of rescuing increased mitochondrial
fragmentation and oxidative distress in CISD1 KO mouse cells
To clarify whether apo-CISD1 plays a role in mediating part of the detrimental phenotype
observed in PINK1 pathology, we investigated its effect on two previously reported
phenotypes associated with CISD1 KO: increased mitochondrial fragmentation [26] and
heightened oxidative distress [40]. KO cells indeed exhibited a decrease in tubular
mitochondria, quantified by high-content imaging of cells stained with mitoGreen (Figure 3a),
and elevated levels of cellular reactive oxygen species, as determined by the CellRox sensor
stain (Figure 3b). CellRox detects superoxide (O2

-) and hydroxyl radicals (•OH) similar to the
dihydroethidium stain used by Geldenhuys et al. [40]. We then stably reconstituted KO cells
with empty vector (EV) or HA-tagged wildtype or C83S CISD1 to investigate how apo-CISD1
influences these phenotypes. Consistent with our earlier observations, C83S CISD1 ran
mainly as a dimer, while wildtype CISD1 exhibited both monomeric and dimeric forms (Figure
3c). Note that untransfected cells displayed only faint CISD1 dimer bands. When we
assessed mitochondrial shape and ROS levels, we observed significant differences between
cells rescued with wildtype CISD1 and those expressing CISD1 C83S. Cells reconstituted
with wildtype CISD1 displayed a greater abundance of tubular mitochondria and lower levels
of reactive oxygen species compared to C83S-expressing cells (Figure 3d,e). However, even
wildtype CISD1 was unable to fully restore the phenotype to that of wildtype cells, suggesting
the presence of additional alterations in the KO cells that are independent of CISD1.
Furthermore, due to the already pronounced mitochondrial fragmentation and elevated ROS
levels in KO cells, it was challenging to discern any additional detrimental effects of CISD1
C83S, possibly due to a ceiling effect. In summary, these data strongly imply that the
iron-sulfur cluster of CISD1 is indispensable for CISD1’s role in regulating mitochondrial
morphology and defending against oxidative stress.

Figure 3 Iron-depleted apo-CISD1 is not capable of rescuing increased mitochondrial fragmentation and oxidative
distress in CISD1 KO mouse cells. a/d. Representative images of automated high-content confocal microscopy of Mitotracker
Green stained MEF cells and results of automated quantification of tubular mitochondria normalized to the number of nuclei.
b/e. Representative images of automated high-content confocal microscopy analysis of oxidative stress in the cytosol measured
by the dye CellRox™ and automated quantification. c. Immunoblot of CISD1 KO cells stably transfected with HA-tagged
wildtype (C1) and C83S CISD1. Empty vector (EV) served as negative control and Actin as loading control, size is indicated. (M)
monomer and (D) dimer of CISD1.Data in a are from 9 independent experiments done in triplicates from wells containing a
range of 300 to 2000 cells each. Data in b/c/d are from 5 independent experiments done in triplicates from wells containing a
range of 300 to 2000 cells each. Data are presented as box and whisker plots with the box extending from the 25th to the 75th
percentile and the whiskers from the minimum to the maximum value depicting all individual data points. Statistical analysis was
done using the student’s t test in a/b and one-way ANOVA in d/e, p values are indicated.
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Overexpression of Cisd and apo-Cisd in Drosophila is detrimental
To investigate the potential detrimental effects of C83S expression in vivo, we conducted
experiments using Drosophila melanogaster as a model organism as this model has been
instrumental in elucidating the function of PINK1 and PRKN. In flies, there is a single
orthologue of CISD1, which we have designated as Cisd to prevent any confusion. We
generated flies that ubiquitously overexpressed either wildtype or C83S Cisd and examined
development, lifespan and the cellular antioxidant glutathione as an indicator of oxidative
distress. We utilized the daughterless (da) promoter to induce mild overexpression of Cisd or
C83S Cisd. Interestingly, this resulted in a significant reduction in lifespan compared to
control flies aligning with prior findings [29]. However, when comparing the effects of wildtype
Cisd to apo-Cisd expression, the difference was not statistically significant (Figure 4a). Three
days after hatching, flies expressing apo-Cisd displayed significantly elevated total
glutathione (comprising both reduced GSH and oxidized GSSG) levels, which could be
interpreted as a potential compensatory response to mitigate increased oxidative stress
(Figure 4b). We then extended our investigation by assessing the impact of strong ubiquitous
overexpression driven by the tubulin promoter on the developmental period. Here we
observed a clear difference between wildtype and apo-Cisd; overexpressing apo-Cisd
significantly prolonged the developmental period from egg to adult flies while wildtype Cisd or
various controls had no discernible effect (Figure 4c).

Figure 4 Overexpression of Cisd and apo-Cisd in Drosophila is detrimental. a. Duration of development from egg to
hatching adults in flies overexpressing WT and C83S Cisd using the UAS>>Gal4 system and the strong tubulin (tubP) promoter.
Controls are indicated. b/d. Enzymatic quantification of total glutathione (GSH and GSSG) levels normalized to protein. 5 flies
were used per sample. c. Median survival on standard food. Fresh food was supplied and the number of dead flies was scored
every two days. Each dot represents the median lifespan of a group of 25 flies. Statistical analysis was done using one-way
ANOVA in a/c and the student’s t test in b/c, p values are indicated.
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Additionally, hatched flies overexpressing apo-Cisd displayed significantly lower total
glutathione levels (Figure 4d). These findings align with previous data suggesting that
prolonged development in flies is associated with oxidative distress [41]. In summary, our
findings collectively suggest a potential adverse impact of both wildtype and iron-depleted
Cisd. Particularly, under conditions of robust expression, apo-Cisd appears to exert a more
pronounced deleterious effect. It is noteworthy that the levels of apo-Cisd seem to play a
pivotal role in influencing redox homeostasis, as discerned from the observed alterations in
glutathione levels.

Increased Cisd dimer levels and altered iron homeostasis in Pink1 mutant flies
We next aimed to investigate whether Pink1 mutation in flies mirrors the human situation and
impacts Cisd dimerization. Initially, at the mRNA level, we observed no changes in Pink1
abundance (Figure 5a). We then immunoblotted samples from young (3 day-old) and old (8
week-old) wildtype w1118 and Pink1B9 flies and noted that fly Cisd, similar to mouse CISD1,
runs as a monomer and dimer even on reducing gels containing DTT (Figure 5b).
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Figure 5 Increased Cisd dimer levels and altered iron homeostasis in Pink1 mutant flies. a. Quantitative PCR analysis of
Cisd mRNA levels. RpL32/Rp49 served as housekeeping control. Each dot represents the mean relative transcriptional level of
a sample of five flies. The values were normalized to the mean value of wildtype flies. b. Immunoblot analysis of Cisd
abundance in the indicated fly strains at different ages, 3 days (d) and 8 weeks (w). Actin served as loading control, size is
indicated. (M) Cisd monomers and (D) dimers. c. Total Cisd (D+M) normalized to actin. Each dot represents the mean of two
technical replicates from n=12 independent samples of two male flies. d. Dimer/monomer ratio of the same samples. e. Total
iron content and Fe2+/Fe3+ ratio measured via HPLC in WT and Pink1B9 flies. Each dot represents a group of 3 male flies. f. Flies
were allowed to mate and lay eggs in normal food or food prepared with a 65 µM final concentration of deferiprone. Each dot
represents a group of 25 flies. The number of hatching adult flies was scored. Data are presented in a/c/d as box and whisker
plots with the box extending from the 25th to the 75th percentile and the whiskers from the minimum to the maximum value
depicting all individual data points and as scatter plots with the mean and SD in e/f. Statistical analysis was done using one-way
ANOVA in a, two-way ANOVA in c/d and student’s t test in e/f, p values are indicated.

We quantified total Cisd protein levels, monomer plus dimer, and normalized them to actin.
Additionally, we assessed the dimer/monomer ratio. This analysis unveiled reduced total Cisd
protein levels in young Pink1 mutant flies compared to wildtype flies (Figure 5c). We were
unable to replicate the previously reported age-dependent increase in Cisd abundance in
wildtype flies [29] although this was evident in many but not all samples. This discrepancy
may be attributed to the substantial variability in total Cisd levels in wildtype flies and the use
of two-way ANOVA to assess effects of age and genotype. When assessing the
dimer/monomer ratio, we discovered a decrease in young Pink1 mutant flies when compared
to young wildtype counterparts, mirroring the difference in total Cisd levels (Figure 5d).
Remarkably, dimer levels exhibited a significant increase in old Pink1B9 flies compared to
young Pink1B9 and old wildtype flies, with a p-value of 0.055, although not reaching strict
statistical significance (Figure 5d). Thus, Pink1 mutant flies manifest analogous alterations to
those observed in dopaminergic neurons from patients afflicted by familial Parkinson’s
disease due to PINK1 Q456X mutation (Figure 1d). Having demonstrated that iron
dyshomeostasis induced by the iron-depleting agent deferiprone results in increased CISD1
dimer formation in fibroblasts, we next investigated iron dynamics in Pink1 mutant flies
compared to controls by employing mass spectrometry. This revealed a heightened total iron
content in Pink1 mutants. Delving deeper with capillary electrophoresis-inductively coupled
plasma mass spectrometry (CE-ICP-MS), we then identified an enrichment of redox-active
Fe2+ ions in these mutants compared to the more subdued presence of redox-inactive Fe3+.
Pink1B9 flies were also dramatically more susceptible to iron depletion with deferiprone. In
these experiments, we fed developing wildtype and Pink1 mutant flies food supplemented
with 65 µM deferiprone, a concentration that did not induce widespread mitophagy in Pink1
flies [42], and quantified the number of adult flies hatching from pupae. This revealed that
iron depletion has no significant effect on the development of wildtype flies. In stark contrast,
it nearly completely abrogated hatching of Pink1 mutant flies. Collectively, these results
support a connection between iron dyshomeostasis, redox imbalance, and the presence of
apo-Cisd, although establishing causality in this relationship is challenging.

Cisd depletion rescues Pink1 mutant phenotypes
To clarify whether depleting the potentially detrimental (apo) Cisd could mitigate Pink1
pathology, we first used a ubiquitous knockdown of Cisd in Pink1B9 mutant flies by RNAi
driven by the tubulin promoter focusing on lifespan as a readout. Because Pink1 resides on
the fly heterosome, hemizygous male flies represent a complete KO while heterozygous
female flies still retain one functional allele and serve as controls. Knockdown of Cisd led to
an approximately 60% reduction of Cisd protein levels (supplemental figure 1a). Importantly,
this knockdown effectively rescued the reduced lifespan (supplemental figure 1b) of Pink1
mutants, suggesting a detrimental effect of Cisd in flies lacking Pink1. To rule out any
potential unspecific effects resulting from RNAi, we subsequently generated a complete
knockout of the entire genomic sequence of Cisd using CRISPR/Cas9 technology
(supplemental figure 2a). Flies devoid of Cisd protein expression exhibited no discernible
difference in climbing ability up to 30 days of age (supplemental figure 2b) and only a minor
reduction in lifespan (supplemental figure 2c). This contrasts with a previously reported Cisd
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null mutant generated by transposon integration (cisd2G6528), which was shown to increase
lifespan [29]. The complete knockout allowed us to observe that Cisd runs as a monomer
(M), a dimer (D) as shown and quantified earlier, but also as a weak multimer (X) akin to
what we observed in deferiprone-treated fibroblasts (Figure 6a). Given the unavailability of
functional antibodies against fly Pink1, we quantified Pink1 mRNA levels to verify the loss of
Pink1 expression in Pink1B9 flies (Figure 6b). Pink1 levels were unchanged in Cisd KO flies
(Figure 1b). We then set out to investigate the effect of complete Cisd depletion on the
phenotypes described in mutant Pink1B9 flies including reduced dopamine levels, lifespan,
climbing ability, a morphological wing phenotype caused by atrophy of the wing muscles, and
an altered mitochondria ultrastructure [4,5]. As expected, Pink1B9 flies exhibited reduced
climbing ability (Figure 6c), an abnormal wing posture (Figure 6d), a decreased lifespan
(Figure 6e), and diminished dopamine levels (Figure 6f) in line with prior reports [4,5]. We
then generated double-knockout flies (KO) lacking both Cisd and Pink1, with the loss of Cisd
expression shown in supplemental figure 3. Remarkably, when compared to Pink1B9 flies
these DKO flies exhibited normal climbing ability, normal wing morphology, normal dopamine
levels, and a normal lifespan, essentially representing a complete rescue of these
phenotypes (Figure 6c-f).

Figure 6 Cisd depletion rescues Pink1 mutant phenotypes. a. Immunoblot analysis of Cisd expression in wildtype and Cisd
knockout (KO) flies, actin served as loading control. Note the presence of Cisd monomers (M), dimers (D), and multimers (X). b.
Quantitative PCR (qPCR) analysis of Pink1 mRNA levels. RpL32/Rp49 served as housekeeping control. Each dot represents
the mean relative transcriptional level of a sample of five flies. The values were normalized to the mean value of wildtype flies. c.
Climbing ability. DKO, double knockout flies. Each dot represents the percentage of a group of 25 flies that climbed more than 8
cm within 10 s. d. Abnormal wing posture evaluation. Percentage of flies with an abnormal wing posture. Each dot represents
an individual trial of a group of 25 flies. e. Median survival on standard food. Fresh food was supplied and the number of dead
flies was scored every two days. Each dot represents the median lifespan of a group of 25 flies. f. Dopamine levels quantified by
HPLC. Each dot represents a group of 4 flies sampled at different days. g. Representative transmission electron microscopy of
flight muscle morphology from Pink1 mutant and DKO flies. Scale bar as indicated. h. Quantification of the indicated
parameters. Each dot represents the average values from one image from 2 flies per genotype that were used for the analysis.
Data are presented as box and whisker plots with the box extending from the 25th to the 75th percentile and the whiskers from
the minimum to the maximum value depicting all individual data points. Statistical analysis was done using one-way ANOVA, p
values are indicated.

We further investigated whether these favorable effects of Cisd KO directly influenced
mitochondria or stemmed from alternative non-mitochondrial factors. Flight muscles are
densely populated with mitochondria and have been previously shown to be significantly
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impacted by the Pink1B9 mutation [4,5]. In Pink1B9 flies, flight muscles are atrophied and
mitochondria cover less space, are smaller, and have a significantly reduced number of
cristae resulting in a reduction of cristae surface (Figure 6g). Intriguingly, the concurrent Cisd
KO effectively rescued all these phenotypes (Figure 6h). Together these data strongly
suggest that Cisd, most probably apo-Cisd, assumes a toxic function in Pink1 mutant flies
and serves as a critical mediator of Pink1-linked phenotypes, including the disruption of the
normal mitochondria and cristae morphology.

Cisd gene reduction protects the lifespan and climbing ability of Prkn knockout
flies
Pink1B9 and Park25 mutant flies exhibit remarkably similar phenotypes, and previous elegant
work in flies established that Pink1 functions upstream of Prkn [4,5]. Furthermore, Cisd is the
most prominent Prkn target in flies [21]. We therefore next investigated whether Prkn
mutation also affects Cisd abundance or dimerization and whether loss of Cisd also protects
against Prkn loss-of-function pathology. Given the absence of functional antibodies against
fly Prkn, we used quantitative PCR to verify Prkn depletion in Prkn mutant flies. As expected,
Park25 flies expressed no Prkn mRNA, but, intriguingly, Cisd mRNA was also dramatically
reduced in Prkn mutant flies (Figure 7a). Similarly, Prkn mRNA was nearly undetectable in
Cisd knockout flies (Figure 7b). When we examined total Cisd protein levels, we observed a
downregulation of total Cisd levels in both young and old Prkn mutant flies in line with the
mRNA results (Figure 7c). An exemplary blot is provided in figure 7c’, a blot demonstrating
Cisd depletion also in Prkn/Cisd DKO flies is shown in supplemental figure 3. The
dimer/monomer ratio was unchanged and displayed again a considerable degree of
variability (Figure 7d/d’). We concluded that the substantial regulation of Prkn mRNA in Cisd
KO flies and Cisd mRNA and protein in Park25 flies suggests that these genes function within
related pathways.
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Figure 7 Cisd gene reduction protects the lifespan and climbing ability of Prkn knockout flies. a/b. Quantitative PCR
analysis of Prkn and Cisd mRNA levels in Cisd KO and Prkn25 flies. RpL32/Rp49 served as housekeeping control. Each dot
represents the relative transcriptional level of a sample of five flies. The values were normalized to the mean value of wildtype
flies. c. Total Cisd (D+M) normalized to actin. Each dot represents the mean of two technical replicates from n=12 wildtype and
n=8 Prkn25 independent samples of two male flies. The wildtype samples shown for comparison are the same as in Figure 5c/d.
d. Dimer/monomer ratio of the same samples. c’/d’. Immunoblot analysis of Cisd abundance in the indicated fly strains at
different ages, 3 days (d) and 8 weeks (w). Actin served as loading control, size is indicated. (M) Cisd monomers and (D)
dimers. The gap indicates the removal of the Pink1B9 samples shown in Figure 5 that were run on the same blot. e. Climbing
ability assessment. Each dot represents the percentage of a group of 25 flies that successfully climbed more than 8 cm within 10
s. f. Abnormal wing posture evaluation. Percentage of flies with an abnormal wing posture. Each dot represents an individual
trial of a group of 25 flies. g. Median survival on standard food. Fresh food was supplied and the number of dead flies was
scored every two days. Each dot represents the median lifespan of a group of 25 flies. Data are presented as box and whisker
plots with the box extending from the 25th to the 75th percentile and the whiskers from the minimum to the maximum value
depicting all individual data points. Statistical analysis was done using one-way ANOVA in a, b, f, g and two-way ANOVA in c
and d, p values are indicated.

Similarly to Pink1B9 flies, Prkn25 flies exhibited a notable reduction in climbing ability (Figure
7e), an abnormal wing posture (Figure 7f), and a shortened lifespan (Figure 7g), consistent
with previous reports [4,5]. Intriguingly, concurrent Cisd KO conferred complete protection
against the climbing impairment of Park25 flies (Figure 7e) and showed a distinct inclination
towards normal wing posture with DKO being not significantly different from wildtype flies
(Figure 7f). However, surprisingly, DKO did not rescue the lifespan of Park25 flies (Figure 7g).
This observation suggests that Cisd likely serves an essential, yet undiscovered, function,
particularly in the aging fly, and its loss is compensated for in the presence of Prkn.

Discussion
We here identified the mitochondrial protein CISD1, specifically its iron-depleted form, as a
downstream mediator of the pathophysiological effects arising from the loss of PINK1
function, and to a certain extent, Parkin loss of function.
Our investigation revealed that both dopaminergic neurons from familial Parkinson's disease
patients with PINK1 mutations and Pink1 mutant flies exhibit increased levels of dimeric
human CISD1 respectively fly Cisd, as evident in immunoblot analyses. This
slower-migrating form of CISD1/Cisd is likely apo-CISD1/Cisd, a CISD1/Cisd protein that has
lost its iron-sulfur cluster. We confirmed this by genetically engineering CISD1 to be
incapable of binding the iron-sulfur cluster and treating cells with the iron-depleting agent
deferiprone, both of which increased dimer formation compared to controls. This was
demonstrated using a cellular assay based on complementation of split luciferase and
immunoblots. Importantly, this Cisd dimer likely does not represent a ubiquitinated form, as
treatment with the deubiquitinase USP2 had no effect on Cisd dimerization [35]. Additionally,
it is improbable that the slower-migrating Cisd form is an unrelated protein, as under
non-reducing conditions, all fly Cisd shifted to the dimeric form [35].
Our results suggest that apo-CISD1 exhibits a toxic gain of function. In mouse cells, a
genetically engineered apo-CISD1 mutant mimics a complete knockout resulting in increased
mitochondrial fragmentation and higher levels of cellular reactive oxygen species which we
attributed to a ceiling effect. In line with this assumption, overexpressing this mutant apo-Cisd
disrupts redox homeostasis and negatively impacts development. Removing fly Cisd by
knockout of the coding sequence completely protected flies against Pink1 depletion-induced
changes in climbing ability, abnormal wing posture, dopamine levels and lifespan but
ameliorated only the climbing ability and wing posture in Parkin mutant flies. Previous work
demonstrated that ectopic overexpression of Cisd in muscle, decreased the lifespan of flies
and results in enlarged mitochondria containing numerous intramitochondrial vesicles
surrounded by a double membrane [29]. Our data now indicate that this process contributes
to the pathophysiology resulting from the loss of Pink1/Prkn-mediated mitochondrial quality
control. However, the specific role of apo-Cisd in this pathology remains to be fully
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elucidated. It's plausible that Pink1 activity at the outer mitochondrial membrane selectively
targets iron-depleted Cisd, rather than the functional holo-Cisd, for Prkn-mediated
ubiquitination and degradation.
Given that Cisd is the major target of Prkn in the fly [21], one might expect its accumulation in
Prkn mutant flies. Prkn likely plays a crucial role in eliminating mitochondria containing toxic
Cisd or toxic Cisd variants like apo-Cisd. The observed downregulation of Cisd mRNA and
Cisd protein in Prkn25 flies therefore most probably represents a compensatory mechanism to
counteract Cisd-related toxicity. Interestingly, Prkn mRNA levels were also dramatically
reduced in Cisd KO flies which have a rather benign phenotype and do not resemble Prkn
KO flies. The reasons for this downregulation are unclear.
Our data strongly implicate the accumulation of iron-depleted CISD1, apo-CISD1, in the
pathogenesis of human disease. We propose that the toxicity of apo-CISD1 arises from its
interference with the transfer of the 2Fe/2S cluster to proteins like IRP1, as previously
demonstrated [23]. This disruption could result in a defective recycling of cytosolic apo-IRP1
into holo-IRP1, leading to a deficiency in cytosolic aconitase activity. Indeed, our findings
align with this hypothesis, as knockdown of CISD1 in cells significantly reduces the cytosolic
aconitase activity [43]. Also in flies, Cisd physically interacts with holo-IRP1, and its
deficiency renders flies more susceptible to iron depletion [30], as also observed by us for
Pink1 mutant flies. Unlike holo-IRP1, apo-IRP1 lacks aconitase activity but binds to
iron-responsive elements in the mRNA of iron-responsive genes, leading to their repression
[44,45]. Interestingly, knockout of IRP2, a protein highly homologous to IRP1 but lacking
aconitase activity, results in iron accumulation and Parkinsonism in mice [46]. Our study also
revealed increased total iron levels in Pink1 mutant flies. Notably, knockout of PINK1 in
human dopaminergic neurons [9] and in mice [47] results in a reduced aconitase activity in
mitochondria. This could be linked to CISD1 dysfunction, as mitochondrial aconitase contains
an iron-responsive element in its 5’ untranslated region [48], making its expression subject to
repression by apo-IRP1. Additional research has shown that Pink1 loss of function in flies
leads to mitochondrial aconitase inactivation, associated with increased superoxide
production, oxidative stress, and mitochondrial swelling [10]. It is well possible that these
findings relate to Cisd inactivation. Others reproduced these findings and reported that
overexpression of mitoferrin, a mitochondrial iron transporter, mitigates the reduced
mitochondrial aconitase activity, abnormal wing posture, flight deficits and mitochondrial
morphology defects associated with Pink1 loss of function by elevating mitochondrial
bioavailable iron levels [11]. In summary, these results strongly implicate altered
mitochondrial iron homeostasis in fly and human models of Parkinson's disease and link it to
CISD1 dysfunction.
In flies, Cisd appears to function downstream of Pink1 and Prkn, and given the conservation
of this pathway, it is plausible to extend these findings to human context. However, the
question arises as to whether gene reduction of CISD1 is feasible in mammals. In mice,
complete KO of Cisd1 leads to a phenotype characterized by a shortened stride length and
decreased rotarod performance, which was even described as being “Parkinsonian” [40].
This phenotype was attributed to a mitochondrial dysfunction, resulting in increased
production of mitochondrial reactive oxygen species, elevated iron accumulation in the
striatum, and subsequent loss of striatal dopamine [40], consistent with our results obtained
in KO MEFs. Notably, the authors did not report a deleterious phenotype for heterozygous
mice [40]. Additional research revealed age-dependent downregulation of CISD1 in the heart
and kidney, with constitutive cardiac-specific deletion of CISD1 leading to cardiac dysfunction
at 12 months and heart failure after 16 months, preceded by altered mitochondrial
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morphology and increased mitochondrial reactive oxygen species [49]. Importantly, this study
also reported no discernible phenotype in heterozygous KO mice. These findings collectively
suggest that complete loss of function of mammalian CISD1 has deleterious effects, while
partial inhibition or gene reduction, such as interfering with dimer formation, may hold
therapeutic promise. Docking studies employing the reported crystal structure [50,51] were
used to design and synthesize an inhibitor of CISD1 named NL-1 [52]. NL-1 has shown
promise in mouse models of traumatic brain injury [53], ischemic stroke [54], and
lipopolysaccharide-induced inflammation [55]. It was even shown to induce mitophagy by
promoting accumulation of PINK1 and Parkin [56]. Future studies will further explore the
potential of NL-1 to mitigate the progression of Parkinson's disease in animal models and
potentially in patients.

Conclusions
Our results suggest that the mitochondrial iron-sulfur cluster protein Cisd is downstream of
the pathophysiological cascade initiated by Pink1 and partially Prkn loss of function in flies
and probably also in humans. This sheds light on the pathophysiology of Parkinson’s disease
and implicates CISD1 as a therapeutic target protein.
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Supplementary figures

Supplementary Figure 1 RNAi-mediated knockdown of Cisd protects against Pink1 loss of function. a. Immunoblot
demonstrating Cisd knockdown, always-early RNAi served as control and actin as loading control. Note the presence of Cisd
monomers (M) and dimers (D) even in reducing gels. b. Survival of hemizygous Pink1B9 on standard food. Fresh food was
supplied and the number of dead flies was scored every two days, n is indicated.
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Supplementary Figure 2 Phenotypes of Cisd knockout flies. a. Scheme depicting the construction of Cisd knockout flies. b.
Climbing ability assessment. Each dot represents the percentage of a group of 25 flies that climbed more than 8 cm within 10 s.
c. Survival of wildtype (w1118) and Cisd KO flies on standard food. Fresh food was supplied and the number of dead flies was
scored every two days, n is indicated.
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Supplementary Figure 3 Double-knockout flies lack Cisd protein expression. Immunoblot analysis of Cisd abundance in
the indicated fly strains. Actin served as loading control, size is indicated. (M) Cisd monomers and (D) dimers.
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