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Abstract: Iron deprivation activates mitophagy and extends lifespan in nematodes. In patients
suffering from Parkinson’s disease (PD), PINK1-PRKN mutations via deficient mitophagy trigger iron
accumulation and reduce lifespan. To evaluate molecular effects of iron chelator drugs as a potential PD
therapy, we assessed fibroblasts by global proteome profiles and targeted transcript analyses. In mouse
cells, iron shortage decreased protein abundance for iron-binding nucleotide metabolism enzymes
(prominently XDH and ferritin homolog RRM2). It also decreased the expression of factors with a
role for nucleotide surveillance, which associate with iron-sulfur-clusters (ISC), and are important
for growth and survival. This widespread effect included prominently Nthl1-Ppat-Bdh2, but also
mitochondrial Glrx5-Nfu1-Bola1, cytosolic Aco1-Abce1-Tyw5, and nuclear Dna2-Elp3-Pold1-Prim2.
Incidentally, upregulated Pink1-Prkn levels explained mitophagy induction, the downregulated
expression of Slc25a28 suggested it to function in iron export. The impact of PINK1 mutations in
mouse and patient cells was pronounced only after iron overload, causing hyperreactive expression
of ribosomal surveillance factor Abce1 and of ferritin, despite ferritin translation being repressed by
IRP1. This misregulation might be explained by the deficiency of the ISC-biogenesis factor GLRX5.
Our systematic survey suggests mitochondrial ISC-biogenesis and post-transcriptional iron regulation
to be important in the decision, whether organisms undergo PD pathogenesis or healthy aging.

Keywords: synuclein; CPT1A; MMP14; PYGL; Tfrc; Ireb2; Pgrmc1; Hmox1; Cyp46a1; Slc11a2; Slc25a37;
iron overload versus deprivation; nucleotide metabolism; neurodegeneration

1. Introduction

Intracellular iron metabolism in mammalian cells is crucial for their proper functions. Free iron
molecules can be toxic to cells, leading to the production of ROS (reactive oxygen species) and lipid
peroxidation terminating in a programmed cell death known as ferroptosis [1], so there have to be
strict regulatory mechanisms. Iron metabolism affects the whole cell, since iron is taken up from
extracellular space either via transferrin or in a transferrin-independent manner, then reduced for
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detoxification and distributed within cells, for example to mitochondria, where iron is utilized for
iron-sulfur-cluster (ISC) production and heme generation [2–4]. The correct function of dozens of
proteins in mitochondria, cytosol, and nucleus depends on the insertion of ISC [5,6], so the regulation
of iron homeostasis is crucial. ISC are unstable during oxidative stress periods, but play important
roles in a wide range of cellular reactions, e.g., electron transfer, catalysis of enzymatic reactions,
regulation of gene expression (e.g., via association with IRP1/IRP2 (iron regulatory proteins) to exert
post-transcriptional control over ferritin and transferrin receptor levels), and in the quality control
of nucleotides, thus controlling genome integrity [7–9]. Similarly, heme is needed as a cofactor of
cytochrome proteins within mitochondria, but also of cytosolic cytochrome P450 proteins, globins,
iron-regulatory proteins, peroxidases, catalase, and specific ion-channels [10].

Recently, it was shown in the nematode Caenorhabditis elegans that an extrinsic factor, namely the
availability of iron, has a strong impact on lifespan. The suppression of iron uptake by a chelator
drug, as well as the silencing of Fxn (FRATAXIN) (cursive lowercase letters refer to the DNA/RNA
level in rodents, while uppercase letters refer to the protein) as a mitochondrial ISC biogenesis factor,
both extended the lifespan via mitochondrial stress and activation of PINK1/PARKIN-dependent
mitophagy. Downstream effects of this pathological scenario included the elevated expression of
globins, which bind to iron in the form of heme [11]. It was also reported that natural inducers of
mitophagy, such as urolithin A, can extend the lifespan in C. elegans [12]. We were intrigued by these
observations since a converse situation is observed in man: Defective mitophagy due to Pink1/Prkn
mutations shortens the lifespan and leads to the accumulation of iron during a neurodegenerative
process that we know as Parkinson’s disease (PD) [13–15].

The serine-threonine kinase PINK1 (PTEN induced kinase 1) associates with the outer
mitochondrial membrane and phosphorylates cytosolic proteins to coordinate the PARKIN-dependent
autophagic degradation of damaged or aged mitochondria, in a process known as mitophagy [16–18].
PINK1 and PRKN (encoding PARKIN) get transcriptionally induced in human neuroblastoma cells after
serum deprivation or nutrient starvation [19], linking dietary restriction to mitophagy. Mutations in
PINK1 and PRKN lead to autosomal recessive juvenile-onset variants of PD, which were named PARK6
and PARK2, respectively [14,20]. Iron distribution is altered in the brains of all PD patients [21,22],
with a preferential increase of iron levels in the midbrain substantia nigra [23,24], where the loss of
dopaminergic neurons is observed. These findings add to the established concept that iron accumulation
contributes to neurodegenerative processes. In dopaminergic midbrain neurons, much of the stored
iron is absorbed onto neuromelanin granules, while other neurons and brain glial cells can only deposit
it as ferritin protein complexes [25]. It remains unclear to what degree in diverse cells the pathological
redistribution of excess iron occurs towards the labile iron pool (LIP), to mitochondria, or to ferritin with
its ferroxidase site, where ferrous iron (+2 oxidation state) can be converted to ferric iron (+3 oxidation
state) and thus stored [26]. It is conceivable that altered turnover of iron-containing proteins contributes
to the iron toxicity in PD. One piece of evidence was found in a neurotoxic PD model via 5-day acute
exposure to the respiratory complex-I inhibitor 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
where an acute increase of ferritin light-chain and mitochondrial ferritin (Ftmt) was reported together
with a protective function of mitochondrial ferritin overexpression [27].

Detailed studies of PD pathogenesis confirmed that (i) PINK1 mutations trigger iron accumulation
in the midbrain of patients [28], (ii) Pink1 deficiency-mediated iron accumulation may involve
degradation of mitochondrial membrane iron transporters SLC25A37 (Mfrn1) and SLC25A28 (Mfrn2)
(solute carrier family 25, member 37/28) [29,30], (iii) iron chelation-induced mitophagy can be observed
in PARK2 patient primary fibroblasts [31], (iv) Pink1-dependent phenotypes in flies can be suppressed by
mitochondrial aconitase (ACO2), while superoxide-dependent inactivation of the ACO2 [4Fe-4S] cluster
triggers iron toxicity that is reversed by mitochondrial ferritin overexpression [32]. Thus, there is a close
link between the mitochondrial dysfunction underlying PD on the one hand, with the homeostasis of
iron, ISC, and heme on the other hand. It is important now to elucidate the relevant molecular events
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of iron homeostasis and how it is modulated in PD, to define molecular biomarkers of PD progression,
and to understand how extrinsic factors may modify the disease course.

In the chronic state of mutant brain tissue, it is very hard to detect these anomalies. Mitophagy
is relevant for only a few among hundreds or thousands of mitochondria per cell at any given
time, and the accumulation of iron is an insidious process over decades in PD patient brain, so the
compensatory efforts needed are minimal. Therefore, global expression profiles of Pink1−/−mouse brain
showed only subtle evidence of deficient mitophagy and altered mitochondrial biogenesis [20,33–35],
the dysregulated expression of heme-related transcripts Hmox1 (Heme oxygenase 1) and Hebp1 (Heme
binding protein 1) was noted only upon culture of mouse Pink1−/− primary cortical neurons [35],
and limited survival of the Pink1−/− mouse was observed only after additional overexpression of toxic
alpha-synuclein (SNCA) [20,36]. In general, PINK1- and PARKIN-deficient mice show signs of altered
mitophagy and neurodegeneration only in the presence of further stressors such as mitochondrial
mutations, exhaustive exercise, or bacterial infections [37–40]. A lifespan effect was also not detectable
in C. elegans Pink1- and Parkin-mutants. In contrast, the survival of Drosophila melanogaster flies with
depletion of PINK1 or PARKIN was significantly shortened by degeneration of wing muscles, due to
the massive exercise and energetic demand during flight [20,41–43].

Not only altered mitophagy but also autophagy and mitochondrial dysfunction in general,
have strong effects on iron homeostasis and lifespan, as was demonstrated in C. elegans for the so-called
mit-mutants, where dysfunctions of the electron transfer chain trigger unexpected longevity [44–46].
In another well-established model of rapid aging, the fungus Podospora anserina, a simple depletion of the
mitochondrial matrix protease ClpP (Caseinolytic mitochondrial matrix peptidase proteolytic subunit)
results in a prolonged lifespan [47]. Again, mice with ClpP deletion were reported to have altered
survival with higher resistance to metabolic stress and bacterial infections [48,49], as well as iron and
hemoglobin accumulation (https://www.mousephenotype.org/data/genes/MGI:1858213). In contrast to
Pink1 mutant cells [17,50], stable ClpP mutants showed no evidence of oxidative stress [51], enhancing
the doubts whether ROS have a central process in the control of lifespan [52,53] and emphasizing the
notion that iron levels may be more relevant stressors than ROS.

Although our studies now were done in vitro with peripheral cells using massive acute iron stress
and are thus limited to extreme situations never observed in vivo, we believe that similar subtle long
term effects can occur in the nervous system and might contribute to neurodegenerative diseases.

2. Results

2.1. Global Proteome Profile Adaptations upon Iron Overload and Iron Depletion in WT and Pink1−/− Mouse
Embryonic Fibroblast (MEF) Cells

The initial quality evaluation of stressed WT MEF (wildtype mouse embryonic fibroblasts)
cultures showed that iron overload mediated by ferric ammonium citrate (FAC) exposure triggered
relatively few abundance changes, in comparison to iron shortage mediated by 2,2′-Bipyridine (22BP)
administration, and Pink1-ablation also caused few effects (Figure 1B and Supplementary Table S1),
upon mass spectrometry and subsequent statistical analysis. Venn diagram analyses were employed to
identify factors that were dysregulated in more than one condition (Supplementary Table S1).

Normal culture media contain iron concentrations that were maximized to stimulate cell growth,
so iron depletion is expected to have the highest impact. Further plausibility assessments showed
that the heavy and light ferritin chain subunits (FTH1 and FTL1) were in direct correlation to iron
availability; also the heme oxygenase (HMOX1) increased after FAC treatment (Figure 1C), confirming
well-known regulations. A strong induction of ferritin protein by FAC administration over 24 h,
for example, was previously documented in rat primary neurons by a mass spectrometry profiling
study [54]. Our additional tests by RT-qPCR also for less abundant factors demonstrated the known
indirect correlation of iron availability with the transferrin receptor (encoded by the gene Tfrc) and
aconitase-3 (Ireb2) levels, as well as its direct correlation with the divalent metal transporter 1 (Slc11a2,

https://www.mousephenotype.org/data/genes/MGI:1858213
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Solute carrier family 11 member 2) mRNA levels (Figure 1D). Taken together, the culture settings used
validated previous knowledge and provided a useful approach for systematic explorations into yet
unknown effects.
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Figure 1. (A) Schematic representation of the experimental setup. Wildtype (WT) and Pink1−/− mouse 
embryonic fibroblast (MEF) were either left untreated or incubated with ferric ammonium acid (FAC), 
DFO (Deferoxamine), and 2,2′-Bipyridine (22BP). mRNA expression was analyzed by RT-qPCR after 
16 h incubation, while protein abundances were analyzed by mass spectrometry and quantitative 
immunoblots after 48 h incubation. The FAC treatment is highlighted in orange, whereas the two iron 
chelator treatments are highlighted in light and dark blue, as the color code for the entire manuscript. 
(B) Summary of mass spectrometry results for the seven conditions studied in comparison, showing 
the total number of detected proteins and the number of factors with significantly changed 
abundance, with the respective cutoff values for the significance and the fold-change (shown as log2 
difference). The analysis of WT 22BP versus WT ctrl. and of Pink1−/− 22BP versus Pink1−/− ctrl. revealed 
so many significant factors that a log2 difference of 1.0 was used as the cutoff for downstream pathway 
enrichment analyses. (C) As measures of quality control for the culture incubations, the fold-changes 
as log2 differences are shown for well-established iron homeostasis factors, as detected in mass 
spectrometry, in comparison to (D) the respective log2 differences by RT-qPCR for such key iron 
homeostasis genes. The RT-qPCR results were normalized to Tbp expression levels (Tata-binding 
protein encoding mRNA). ctrl. = untreated control condition. 

2.1.1. FAC-Effects 

The comparison of WT MEF cells, FAC treated versus untreated, revealed an upregulation for 
the ferritin chain heavy subunit FTH1 and downregulation for the transferrin-receptor regulator 
INPP5F (Inositol Polyphosphate-5-Phosphatase F) (also known as SAC2), with additional factors 
showing nominal significance (see Table 1 and Figure 2A). 

Figure 1. (A) Schematic representation of the experimental setup. Wildtype (WT) and Pink1−/−

mouse embryonic fibroblast (MEF) were either left untreated or incubated with ferric ammonium
acid (FAC), DFO (Deferoxamine), and 2,2′-Bipyridine (22BP). mRNA expression was analyzed by
RT-qPCR after 16 h incubation, while protein abundances were analyzed by mass spectrometry and
quantitative immunoblots after 48 h incubation. The FAC treatment is highlighted in orange, whereas
the two iron chelator treatments are highlighted in light and dark blue, as the color code for the
entire manuscript. (B) Summary of mass spectrometry results for the seven conditions studied in
comparison, showing the total number of detected proteins and the number of factors with significantly
changed abundance, with the respective cutoff values for the significance and the fold-change (shown
as log2 difference). The analysis of WT 22BP versus WT ctrl. and of Pink1−/− 22BP versus Pink1−/− ctrl.
revealed so many significant factors that a log2 difference of 1.0 was used as the cutoff for downstream
pathway enrichment analyses. (C) As measures of quality control for the culture incubations, the
fold-changes as log2 differences are shown for well-established iron homeostasis factors, as detected
in mass spectrometry, in comparison to (D) the respective log2 differences by RT-qPCR for such key
iron homeostasis genes. The RT-qPCR results were normalized to Tbp expression levels (Tata-binding
protein encoding mRNA). ctrl. = untreated control condition.

2.1.1. FAC-Effects

The comparison of WT MEF cells, FAC treated versus untreated, revealed an upregulation for the
ferritin chain heavy subunit FTH1 and downregulation for the transferrin-receptor regulator INPP5F
(Inositol Polyphosphate-5-Phosphatase F) (also known as SAC2), with additional factors showing
nominal significance (see Table 1 and Figure 2A).
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Table 1. FAC effects. Overview of selected significantly changed factors in the global proteome of MEF,
comparing FAC WT vs. control WT, and FAC Pink1−/− vs. control Pink1−/−, listing their respective roles
and literature references (PubMedIDs), and highlighting special relevance for Parkinson’s disease (PD).
Upregulations are shown with dark red (FDR > 0.05) and light red (p > 0.05), whereas downregulations
are marked with dark green (FDR > 0.05) and light green (p > 0.05). Factors that show converse
regulation after iron overload versus iron depletion and thus appear in several tables are marked with
bold fonts. Factors with dysregulation in diverse conditions are emphasized by increased table cell
border thickness. For details, see Figure 2 and Supplementary Table S1.
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FTH1/FTL1 ferritin subunit   

NSMCE2 metal ion binding DNA damage factor and respiration 
regulator  

26344768  

JMJD6 iron-binding histone modulator and Fech-splicing factor 23787363  

MAP1LC3A autophagosome-associated-LC3 precursor protein    

GPR126 
collagen-activated CREB-regulator, G-protein coupled 
receptor  

32219165  

CYB5A ferric hemoglobin reducing cytochrome   

PTGES EGLN1 interactor 14581164, 16400036  

STEAP4 endosomal ferrireductase   

NQO1 ROS-preventing quinone-reducing   

HMOX1 heme oxygenase    

TRAF2 NF-kappa-B/JNK activator, anti-apoptotic   

GPSM2 nitric oxide G-protein-signaling factor  22690686  

SERPINE2 injury/ROS-responsive profibrotic endopeptidase inhibitor 10228949  

ARMC1 mitochondrial metal ion transport factor  31644573  

P4HA2 
iron-binding HIF1A-responsive collagen-folding 
modulator  

14622280  

GYS1 HIF1A-responsive glycogen synthase  22447231  

COL1A1/A2 ferroptosis-modulated fibril-forming collagen chains  30081711  

MAN2C1 metal-binding mitochondrial apoptosis modulator 23486476  

TIMM10 metal-binding mitochondrial inner membrane translocase  19117943  

COA3 mitochondrial assembly factor    

XAF1 hypoxia-triggered mitochondrial apoptosis activator 28507149, 18485100 25296918 
ETV6 hemoglobin-transcription activator  25281506  

PAWR 
oxidative stress-dependent pro-apoptotic transcription 
repressor 

  

RBFOX2 RNA-splicing modulator, upstream of MEF2D   

ZBP1 RNA/DNA surveillance, necroptosis factor 
17101699, 9343810 

32296175 
 

GBP4 toxic RNA sensor  29067635  

OAS1G 
interferon-induced/dsRNA-activated innate immune 
factor  

27663720  

EGLN1 ferritin-modulator   
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Overall, statistical analyses of all these factors for the enrichment of interactions, Gene Ontology 
(GO)-terms, pathways, and protein domains were performed with the STRING webserver [55]. This 

Figure 2. Global proteome profiles presented as Volcano plots, where significance (−log10 p-value) is
shown on the Y-axis (actual threshold visualized by a solid line (FDR = 0.05), nominal threshold by a
dotted line, p = 0.05), while fold-changes (log2 differences) are presented on the X-axis (dotted line
refers to cutoff used for subsequent Search Tool for the Retrieval of Interacting Genes/Proteins (STRING)
interaction and pathway enrichment analyses). Gene symbols were used to identify relevant proteins.
Iron overload effects via FAC administration are illustrated in (A), iron depletion effects by 22BP
administration in (B). The heat map in (C) summarizes the fold changes of proteins that were repeatedly
dysregulated with nominal significance upon mass spectrometry, together with their categorization in
pathways on the left margin, and relevant literature as PubMed database of medical literature, reference
IDentifier number (PMID) on the right. Log2 fold changes of abundance are shown in blue (negative)
or red (positive), x represents non-detection of the factor. ctrl. = untreated control condition.

Importantly, several factors with dysregulations after FAC treatment showed converse regulation
after 22BP treatment, namely iron-binding XDH (Xanthine dehydrogenase), mitochondrial transporter
CPT1A (Carnitine palmitoyltransferase 1A), collagen-degrading MMP14 (Matrix metallopeptidase 14),
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and glycogen-mobilizing PYGL (Glycogen phosphorylase L). Heat maps were generated to visualize
how strongly and in which direction such factors changed after FAC versus 22BP administration,
and how this was modulated by Pink1-genotype, ordered by the pathways involved and highlighting
the novel impact of iron deficiency on nucleotide synthesis/surveillance factors (Figure 2C).

Overall, statistical analyses of all these factors for the enrichment of interactions, Gene Ontology
(GO)-terms, pathways, and protein domains were performed with the STRING webserver [55].
This revealed multiple molecules involved in iron-binding, mitochondria, vesicles, and autophagy
to show increased abundance with significant enrichment after FAC, while factors in glycolysis and
metabolic pathways consistently showed decreased abundance after FAC (Supplementary Figure S1).

The comparison of Pink1−/− MEF cells, FAC treated versus untreated, showed higher
responsiveness (Figures 1B and 2C). Among so many new findings, we focused on factors with
a key role for iron homeostasis, or for the mechanism of iron involvement in PD, as well as factors
that are ISC- or heme-associated (Table 1, Supplementary Figure S2A). The iron-regulatory protein 2
(IRP2 aka IREB2) was not detectable after FAC treatment or in untreated condition, in WT or Pink1−/−

cells, while it was significantly elevated after 22BP exposure. A significant upregulation of CISD2
(CDGSH iron-sulfur domain-containing protein 2) in WT cells (Figure 2A) is noteworthy in the context
of post-transcriptional regulation of iron homeostasis, given the role of its homologs for the ISC
regeneration in IRP1 [56–59].

It is important to note that several of these inductions are part of the known antioxidant
ferroptosis-mitigating response under the control of the transcription factor NRF2 (Nuclear factor, erythroid
2 like 2, encoded by the Nfe2l2 gene), with experimental confirmation for FTL1/FTH1/HMOX1/NQO1
[NAD(P)H quinone dehydrogenase 1] [60,61]. According to GeneCards database (accessed on 31 July 2020),
the NRF2 binding site exists also in the promoter of genes coding for CYB5A (Cytochrome B5 type
A)/CISD2/MCEE (Methylmalonyl-CoA Epimerase)/CREG1 (Cellular repressor of E1A stimulated genes
1)/TRAF2 (TNF receptor-associated factor 2)/ACYP1 (Acylphosophatase 1)/NSMCE2 (Non-structural
maintenance of chromosomes element 2 homolog)/MAP1LC3A (Microtubule-associated protein 1 light
chain 3 alpha)/GPR126 (G-protein coupled receptor 126)/PTGES (Prostaglandin E synthase)/SERPINE2
(Serpin family E member 2), whereas STEAP4 (Six transmembrane epithelial antigen of the prostate)/JMJD6
(Jumonji domain protein 6)/ARMC1 (Armadillo repeat containing 1)/GPSM2 (G Protein signaling
modulator 2)/MSRA (Methionine sulfoxide reductase A) promoters contain only the ARNT binding
site (Aryl hydrocarbon receptor nuclear translocator) needed by the transcription factor HIF1A
(Hypoxia-Inducible Factor 1-alpha) to control hypoxia responses. Indeed, among the many effects
triggered by 22BP treatment in Pink1−/− cells (Supplementary Figure S2B), dysregulations that just reached
nominal significance were detected for HIF1A and the NRF2 regulator KEAP1 (Kelch-like ECH associated
protein 1), in opposite direction.

The reproducibility of dysregulations between WT cells and Pink1−/− cells was assessed, and all
consistent adaptations both to FAC and to 22BP were studied regarding enrichment among them for
interactions, GO-terms, pathways, and protein domains, using the STRING webserver (Supplementary
Figure S3). Apart from the central adaptation of iron homeostasis, ISC biogenesis, and transcription
factors, this approach confirmed the impact on mitochondria, heme-containing globins, glycolysis,
autophagy, and collagen. In addition, iron shortage triggered a decreased abundance of nucleotide
synthesis and surveillance factors, a pathway effect that was not appreciated in previous work.

2.1.2. 22BP-Effects

Upon comparison of WT MEF cells, 22BP-mediated iron depletion triggered numerous abundance
changes (see Supplementary Table S1, Table 2, Figure 2B,C). As mentioned above, FTH1-FTL1, CPT1A,
MMP14, XDH, and PYGL showed converse regulation after 22BP versus FAC, whereas HMOX1 and
CREG1 were upregulated in both conditions.



Cells 2020, 9, 2229 8 of 46

Table 2. 22BP effects. Overview of selected significantly changed factors in the global proteome of MEF,
comparing 22BP WT vs. control WT, and 22BP Pink1−/− vs. control Pink1−/−, listing their respective
roles and PMIDs, and highlighting special relevance for PD. Upregulations are shown with dark red
(FDR > 0.05) and light red (p > 0.05), whereas downregulations are marked with dark green (FDR >

0.05) and light green (p > 0.05). Factors that show converse regulations after iron overload versus iron
depletion and thus appear in several tables are marked with bold fonts. Factors with dysregulations in
diverse conditions are emphasized by increased table cell border thickness. For details, see Figure 2
and Supplementary Table S1.
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GABARAPL1/LIPA/ 
ATG12/MAP1LC3B 

autophagsosomal components  25767490, 
20057503 

TMEM173/ TREX1 innate immunity components   

IFIT3 toxic nucleotide sensor   28768533 
KEAP1 ferritin regulator  26403645  

22BP Pink1⁻/⁻ vs. control Pink1⁻/⁻ (Figure S2B) 

SNCB 
antagonist of the toxicity of the ferrireductase α-
synuclein  

 21683963, 
17556099 

FOXO3 transcription factor, mediator of alpha-synuclein toxicity  29054856, 
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and many others 
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Downregulations with probable relevance to PINK1 functions among the iron-binding proteins
were observed for the iron-sulfur-complex biosynthesis factor GLRX5 (Glutaredoxin 5) and the
iron-sulfur-complex regeneration factor CISD1 that repairs damaged IRP1. Downregulations occurred
also for numerous ISC-containing factors, e.g., in the respiratory chain, as well as heme-associated
proteins. Other downregulations were found for the serine and arginine-rich splicing factor SRSF10
and the toxic nucleotide sensor IFIT3 (Interferon-induced protein with tetratricopeptide repeats 3)
that were implicated in PINK1-associated PD [35]. Among the factors implicated in PD pathogenesis,
upregulations were found for FOXO3 (Forkhead box O3) as the mediator of toxicity of the ferrireductase
alpha-synuclein (SNCA) toxicity, and for beta-synuclein (SNCB) as an antagonist of SNCA [62–66].

Statistical enrichments among all nominally dysregulated factors were identified with the STRING
webserver (accessed on 16 April 2020). Among the upregulations (Supplementary Figure S4A),
the hypoxia pathway, apoptosis, glucose metabolism, and collagen formation were prominently
affected. Among the downregulations (Supplementary Figure S4B), the mitochondrial respiratory
chain, nuclear factors, rRNA processing, and autophagosome pathways stood out. In both directions,
iron response and binding factors were enriched.

Upon comparison of Pink1−/− cells MEF cells, 22BP treatment affected a myriad of factors (Figure 1B,
Supplementary Figure S2B), emphasizing the strong impact of iron chelator therapy on this cell model
of PD. Although the analysis of our dataset in MEF cells is important to explore the benefits and
potential adverse effects of such a treatment, an exhaustive evaluation is impossible until future
proteome profiles of neural cells are also available. Upon STRING enrichment analysis, changes of
metabolism and ribosome/RNA factors were prominent among KEGG/Reactome pathways, with false
discovery rates of 2e-36 and 4e-27, respectively.

Filtering those factors that responded consistently to 22BP, both in WT and also in Pink1−/− cells,
are highlighted in Supplementary Figure S3, as e.g., GLRX5, CISD1, FOXO3, and SNCB, again with
downstream effects on ISC-containing factors, e.g., in the respiratory chain, as well as heme-associated
proteins. As already mentioned, a deficient abundance of several iron-binding nucleotide synthesis
and RNA/DNA quality control factors appeared there as new conspicuous findings.

2.1.3. Pink1−/− Effects

To understand the impact of a Parkinson-triggering PINK1 loss-of-function mutation among these
regulations, the analogous experiments with FAC/22BP administration were performed in comparisons
between Pink1−/− versus WT MEF cells (Supplementary Table S1, Table 3).

Table 3. PINK1 effects. Overview of selected significantly changed factors in the global proteome
of MEF, comparing FAC Pink1−/− vs. FAC WT, 22BP Pink1−/− vs. 22BP WT, and control Pink1−/−

vs. control WT, listing their respective roles and PMIDs, and highlighting special relevance for PD.
Upregulations are shown with dark red (FDR > 0.05) and light red (p > 0.05), whereas downregulations
are marked with dark green (FDR > 0.05) and light green (p > 0.05). Factors that show converse
regulations after iron overload versus iron depletion and thus appear in several tables are marked with
bold fonts. Factors with dysregulations in diverse conditions are emphasized by increased table cell
border thickness. For details, see Figure 2 and Supplementary Table S1.
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FAC Pink1⁻/⁻ vs. FAC WT (Figure S2C) 

protein role/relevance reference (PMID) role in PD (PMID) 

MAP1LC3A precursor protein of LC3A for Parkin-independent mitophagy 19794493 32442087, 28381481 

SLC25A11 mitoch. fusion modulator, via oxoglutarate controls OGFOD1 26118662, 24550447 25294124 

PYGL glycogen mobilizing factor   

MYD88 innate immunity signaling coordinator    

IRF2BP1 immunity transcriptional corepressor    

SPP1 immunity cytokine   21812969 
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NUCKS1 positive transcriptional regulator of insulin signaling 24931609 28108469 

PANK4 neuroprotective upon excess acetyl-CoA production 27322068, 19602483  

MYL6 
putative interactor of the iron chaperone PCBP1  
that delivers ferrous ion to ferritin 

19727228, 18511687  

GYPC hemin-interactor  8220237  

SCCPDH mitochondrial dynamics factor  30573525  

HMGCL mitochondrial ketogenesis regulator    

PMPCA mitochondrial signal peptide cleavage factor    

LAMTOR1 lysosomal amino acid sensor    

ABCB1 lipid transporter   29224383, 19732497 

AGPAT1 lipid enzyme, target of HIF1A 29908837  

MRPS36 citric-acid-cycle component and mitoribosomal subunit  25165143  

RPF2 ribosome assembly factor     

BUD31 core spliceosome component  26331541  

22BP Pink1⁻/⁻ vs. 22BP WT (Figure S2D) 

ARPP19 cAMP-regulated DNA-damage sensor and mitosis initiator    

SRSF10 splicing factor  28768533 

CREBBP circadian transcriptional coactivator   20097775 

RRM1 interactor of RRM2, DNA-repair enzyme   

UPP1 uridine degradation enzyme    

LBH transcriptional activator    

IKBKAP transcript elongation factor    

EXOSC4/10 RNA surveillance factors    

AHCYL2 pH regulator  27382360  

NMRAL1 redox sensor   

CCDC58 mitochondrial adaptor 22851751  

MRPS36 
mitochondrial α-ketoglutarate dehydrogenase complex 
adaptor, mRNA translation factor  

25165143  

LIPA lysosomal enzyme    

TCIRG1 lyso/endosomal proton pump with role in iron import   

TMEM63A lysosomal cation channel    

LAMTOR5 lysosome-associated amino acid sensor    

HMOX1 heme oxygenase   

AMDHD2 
complex carbohydrate degradation enzyme 
immune defense factor  

2307398, 11705974  

FECH heme-iron enzyme    

CYB5A cytochrome B 5A reduces ferric to ferrous hemoglobin   

ACSL3 beta-oxidation factor    

MRPS35 mitochondrial mRNA translation factor    

ATG4B autophagy enzyme, cleaves MAP1LC3B / GABARAPL1 14530254  

SXN30 autophagy-related sorting    

Control Pink1⁻/⁻ vs. control WT (Figure S2E) 

DIP2A hypoxia-associated acetyl-CoA biogenesis factor  31600191, 2005400  

RBFOX2 RNA-splicing factor and stress granule component    

TMEM115 retrograde vesicle transport factor    

BECN1 autophagy factor   20057503, 24879156  

SYN1 nitric oxide synthase interactor  24358303  

NUP160 autophagy modulator, poly(A)+ RNA nucleoplasmic transport 29704630, 11684705  

GLRX5 iron-sulfur-complex biogenesis factor    

PDDC1 PARK7-homologous peptidase    

HOMER1 calcium-excitation factor   24358303 
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JMJD6 the iron-binding histone modulator and FECH-splicing factor 23787363  

ATG12 autophagy factor, ubiquitin-like   
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After iron overload with FAC (Supplementary Figure S2C), the Pink1−/− cells showed upregulations
of MAP1LC3A probably as an effort to promote Parkin-independent mitophagy [67], and of SLC25A11
(Solute carrier family 25 member 11)/PANK4 (Pantothenate kinase 4)/PYGL/NUCKS (Nuclear casein
kinase and cyclin dependent kinase substrate 1) as evidence for excessive mitochondrial metabolic
performance, as well as innate immune responses such as SPP1 (Secreted phosphoprotein 1 possibly
due to mitochondrial accumulation in this PD variant [68–70]. Downregulations occurred for the
myosin light chain MYL6 as a putative interactor of the iron chaperone PCBP1 (Poly(RC) binding
protein 1), as well as several mitochondrial and lysosomal factors, while the affection of ribosomal and
spliceosomal factors like RPF2 (Ribosome production factor 2 homolog) and BUD31 (BUD31 homolog)
stood out as novel insights (Table 3).

After iron depletion with 22BP (Supplementary Figure S2D), the Pink1−/− cells showed notable
downregulations of the autophagy factor ATG4B (Autophagy related 4B cysteine peptidase), responsible
for cleavage of MAP1LC3A and its homologs, as well as dysregulations of 3 heme-associated factors
(ferrochelatase (FECH), HMOX1, cytochrome B5 type A (CYB5A)). Relevant upregulations were
detected for the cAMP-regulated DNA-damage sensor and mitosis initiator ARPP19 (cAMP regulated
phosphoprotein 19), the splicing factor SRSF10 that was previously identified as PINK1-regulated [35],
the circadian transcriptional coactivator CREBBP (CREB binding protein) that was implicated in
PD [71], and the DNA-repair factor RRM1 (Ribonucleotide reductase regulatory subunit) that interacts
with ferritin superfamily member RRM2 (Table 3).

During untreated culture conditions, the Pink1−/− cells exhibited an upregulation (Supplementary
Figure S2E) for the autophagy factor BECN1 (Beclin 1) in a probable effort to facilitate Parkin-dependent
mitophagy, together with downregulation for the ubiquitin-like autophagy factor ATG12 (Autophagy
related 12). Other downregulations were notable for the iron-sulfur-complex biogenesis factor GLRX5,
the iron-binding histone modulator and FECH-splicing factor JMJD6, and the ferritin interactor PCBP3,
suggesting a chronic PINK1 impact on ISC/heme biogenesis and LIP even in conditions without
stress. Further downregulations occurred for the PARK7-homologous peptidase PDDC1 (Glutamine
amidotransferase-like class 1 domain containing 1; which interacts with the ferroptosis-induced
CREB-associated PRKN-regulator TRIB3 (Tribbles pseudokinase 3)), and for the calcium-excitation
factor HOMER1 (Homer scaffold protein 1) that was implicated in PD.

Overall, these data tentatively identify Pink1−/− effects on 8 iron/ISC/heme homeostasis
factors (TCIRG1 (T Cell immune regulator 1), MYL6, PCBP3, GLRX5, FECH, JMJD6, CYB5A,
GYPC (Glycophorin C)), 8 unspecific mitochondrial factors (SLC25A11, SCCPDH (Saccharopine
dehydrogenase), HMGCL (Mitochondrial 3-Hydroxy-3-Methylglutaryl-CoA Lyase), PMPCA
(Peptidase, mitochondrial processing subunit alpha), MRPS35 (Mitochondrial ribosomal protein
S35, MRPS36 (Mitochondrial ribosomal protein S36), CCDC58 (Coiled-coil domain containing 58),
ACSL3 (Acyl-CoA synthetase long-chain family member 3)), 6 autophagy factors (MAP1LC3A,
ATG4B, ATG12, ATG24A, BECN1, NUP160 (Nucleoporin 160)), 5 lysosomal factors (LAMTOR1
(Late endosomal/lysosomal adaptor 1), LIPA (Lipase A) TMEM63A (Transmembrane protein 63A),
LAMTOR5 (Late endosomal/lysosomal adaptor 5), TCIRG1), 5 RNA splicing and surveillance
modulators (BUD31, SRSF10, EXOSC4, EXOSC10 (Exosome component 4/10), RBFOX2 (RNA binding
fox-1 homolog 2)), 5 DNA-associated/-repair factors (NUCKS, ARPP19, CREBBP, RRM1, UPP1
(Uridine phosphorylase 1)), and 4 innate immunity factors (MYD88 (Myeloid differentiation primary
response protein MyD88), IRF2BP1 (Interferon regulatory factor 2 binding protein 1), SPP1, AMDHD2
(Amidohydrolase domain containing 2)). This list is in good agreement with the known functions
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of PINK1 in mitochondrial degradation via the autophago-lysosomal pathway and with the iron
accumulation in PINK1-mutant brain. There was no Pink1-dependent factor with converse regulation
during iron excess versus iron shortage.

2.2. Transcriptional Analyses of Cellular Iron Homeostasis Factors in WT MEF in Response to Altered
Iron Levels

Global proteomics by mass spectrometry usually detects less than 10,000 proteins. However, this
represents only a minor fraction of all proteins in MEF cells. The human genome project identified about
20,000 genes, each of which encodes up to 10 proteins, leading to current estimates of 80,000–400,000
proteins within the human body and probably also in the mouse. Proteins with low abundance,
integration into membranes, complexes with nucleotide chains may not be detected easily. For a
systematic evaluation of all core events in iron homeostasis, we used RT-qPCR to target all relevant
factors and assess their transcriptional changes after 16 h in three conditions. Firstly, WT MEF cells
were employed in a discovery phase (this paragraph, with Figure 3 and Supplementary Figure S5
illustrating expression adaptations; Supplementary Table S2 provides fold-changes with significance
values). Secondly, Pink1−/− MEFs were used (subsequent paragraph 2.3) to test reproducibility versus
genotype-dependent alterations.

In the discovery phase of this project, we wanted to account for biological variability and screened
a large number of WT MEF for iron-dependent expression regulations (plain bars in Figure 3 and
Supplementary Figure S5). To test reproducibility, the iron chelator drug DFO was used as an alternative
to the iron chelator 22BP. The novel observations regarding transcriptional induction of mitophagy
factors Pink1 and Prkn (encoding the protein PARKIN) upon iron depletion is documented in Figure 3A.
As further proof-of-principle for the iron-responsiveness of fibroblast expression profiles, Figure 3B
shows the transcriptional response of the transferrin receptor (Tfrc), which is the main receptor to
import iron into the cell. Also shown is the iron storage ferritin chain with its heavy subunit (Fth1) and
light subunit (Ftl1), as well as the small subunit of ribonucleotide reductase (Rrm2), as Fe3+ binding
ferritin superfamily member. Tfrc appeared reduced only to 0.45-fold under iron excess conditions
(p = 0.7155), again suggesting that iron levels in the basal culture medium were already so high
that transferrin-receptor expression could not be downregulated much during FAC administration.
Tfrc was highly induced upon iron deficiency. Thus, the main regulator of iron uptake responded to
iron depletion in a sensitive manner. Fth1 and Ftl1 were not changed significantly and displayed high
variability among the 9 different WT MEF cell lines, but both ferritin subunit transcripts showed about
1.5-fold higher levels during iron excess. Conversely, Rrm2 as a deoxynucleotide biosynthesis enzyme
exhibited significantly lower levels during iron depletion. Slc40a1 mRNA encoding ferroportin-1 as
cellular iron exporter appeared with levels below 0.45-fold during iron depletion (Supplementary
Figure S5). These experiments confirmed that MEF cells are responsive to manipulation of iron
availability, so we performed further studies into their adaptations of mRNA expression, focusing on
all crucial factors of the cellular iron transport and mitochondrial homeostasis, of the heme synthesis
pathway and hemeproteins, of the ISC biogenesis pathway and ISC-containing factors.

There were various factors related to these pathways that exhibited no significant dysregulations
under any condition or were less relevant or redundant, so they were summarized in Supplementary
Figure S5. In alphabetical order, these factors include Abcb6 (ATP binding cassette subfamily B
member 6), Aco1 (Aconitase 1), Aco2 (Aconitase 2), Alas1 (5′-aminolevulinic acid), Bach1 (BTB domain
and CNC homolog 1), Bdh2 (3-hydroxybutyrate dehydrogenase-2), Brip1 (Brca1 interacting protein
C-terminal helicase 1), Cdc42bpa (Cdc42 binding protein kinase alpha), Cisd1, Cisd2, Cp(Ceruloplasmin),
Cygb, Dpyd (Dihydropyrimidine dehydrogenase), Elp3 (Elongator acetyltransferase complex subunit 3),
Ercc2 (ERCC excision repair 2), Fdx1 (Ferredoxin 1), Fech, Flvcr1 (Feline leukemia virus subgroup C
cellular receptor 1a), Fxn (Frataxin), Hebp1, Myl6, Ncoa4 (Nuclear receptor coactivator 4), Pcbp1, Pcbp2,
Prim2 (DNA primase subunit 2), Rsad1, Rsad2 (Radical S-adenosyl methionine domain containing
1/2), Rtel1 (Regulator of telomere elongation helicase 1), Slc25a37, Slc40a1, Steap3, and Trf (Transferrin).
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The other factors with important dysregulation are shown in the main figures and are individually
mentioned in Table S2 as well as the text below, together with their respective roles.

Tfrc mRNA is stabilized by IREB2, whose mRNA was also induced after iron deprivation
(Figure 3C). After transferrin binding to TFRC protein and subsequent endocytosis of this complex,
the acidic pH in endosomes releases ferric iron (Fe3+), which is reduced to the ferrous form (Fe2+)
by the metalloreductases STEAP2 and STEAP3. Iron molecules then get exported by the Divalent
metal transporter 1 (DMT1 encoded by Slc11a2) to the cytosol [4,72]. After iron overload, Steap2 and
Slc11a2 mRNA showed a significant average 1.25-fold upregulation (Figure 3C, similar to Steap3 in
Supplementary Figure S5), indicating higher biosynthesis of the factors responsible for the reduction
and export of iron. During both forms of iron depletion, Steap2 and Slc11a2 mRNAs were significantly
reduced to 0.7-fold, so their levels are in direct correlation with iron availability.

The ISC-containing 3-hydroxybutyrate dehydrogenase-2 (BDH2) catalyzes the rate-limiting step
in the biosynthesis of siderophores, which are soluble Fe3+ binding agents [73]. Upon iron depletion,
Bdh2 transcription also was downregulated to 0.7-fold (Supplementary Figure S5). BDH2 inhibition was
shown to result in cellular iron accumulation [74], so again its expression adaptation could represent a
homeostatic effort to increase intracellular iron levels.

The poly(RC)-binding-protein-2 (PCBP2) is involved in mRNA metabolism and translation, as
well as innate immune signaling, but was previously shown to function also as a chaperone for the LIP
in the cytosol and to interact with HMOX1 [75]. However, neither Pcbp2 nor Pcbp1 transcripts were
consistently changed by iron level manipulation (Supplementary Figure S5). Interestingly, the mRNA
of Pcbp3 was reduced to 0.5-fold after iron depletion, emphasizing its role in iron metabolism as the
PCBP family member with the strongest ferritin interaction [76].

The iron regulatory proteins (IRP1 encoded by the Aco1 mRNA, and IRP2 by Ireb2) sense cytosolic
iron availability and ensure adequate iron supply to mitochondria [77], firstly via association with
iron response elements (IREs) in the untranslated region (UTR) of ferritin Fth1/Ftl1 mRNA to inhibit
its translation, and secondly via association with iron importers Tfrc/Slc11a2 mRNA to stabilize them
and facilitate their translation when cellular iron levels are low. During both forms of iron depletion,
the transcription of Ireb2 showed a 1.4-fold upregulation, while Aco1 showed a consistent reduction
to 0.6-fold (Supplementary Figure S5). Under conditions of sufficient iron, IRP1 exerts its cytosolic
aconitase functions while IRP2 gets degraded, resulting in converse effects with increased ferritin
translation and TFRC degradation [78]. After iron overload, we detected no relevant expression
adaptation of both transcripts encoding iron regulatory proteins.

Expression of the mitochondrial inner membrane transporter Slc25a28, which encodes Mitoferrin-2
(MFRN2), did not react after iron overload but was significantly reduced to 0.6-fold after iron depletion.
Mitoferrin-1 (Slc25a37 or Mfrn1), however, did not show altered expression upon iron level manipulation
in WT cells (Supplementary Figure S5). MFRN1 forms a complex with the mitochondrial inner
membrane iron transporter ABCB10 [72,79]. Abcb10 transcript levels were 1.4-fold higher under both
iron depletion conditions, reaching significance for DFO. Given that it is not clear how these two inner
membrane transporters of iron are acting in a complementary fashion, it is interesting to note that
Abcb10 mRNA was higher during low iron conditions, as expected for an iron uptake factor. However,
Slc25a28 mRNA was diminished under the same treatment, a response that would be in line with
an iron export factor. In comparison, Abcb7 and Abcb8 (ATP binding cassette subfamily B member
7/8) are thought to have mitochondrial export functions [72,80–82] and are also important for heme
biosynthesis [83]. As expected after iron depletion, Abcb7 transcript levels were halved, similar to
Abcb8 (Figure 3).
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on (A) the mitophagy modulators Pink1 and Prkn, (B) key modulators of cellular iron uptake, storage,
export, (C) iron transport and processing, mitochondrial iron homeostasis, heme production/turnover,
ISC-biogenesis, and ISC-binding. All factors in (B,C) are presented in their approximate order of action
during cellular iron homeostasis. Their expression adaptation was documented after iron overload
(FAC) and under two different iron depletion conditions (DFO, 22BP), after normalization to Tbp
expression levels as the loading control. Mean values with SEM (standard error of the mean) are shown,
normalized to the WT control condition. The statistical trends or levels of significance are illustrated by
symbols, namely T: 0.1 > p>0.05, * or #: p< 0.05, ** or ##: p < 0.01, *** or ###: p < 0.001, **** or ####:
p < 0.0001. Mutant cells are represented by dashed bars, WT cells by plain colors. Asterisks are used
for WT MEF to represent significant effects between treated and untreated control cells, while hashtags
refer to Pink1−/− MEF with significant differences between treated versus untreated control cells.
Genotype-dependent significant differences of Pink1−/− versus WT MEF are illustrated by horizontal
lines below asterisks. Detailed fold-changes and p-values are listed in Supplementary Table S2.

Once transported into the mitochondrial matrix, iron may be stored or used for the biosynthesis of
ISC and heme [84]. The mitochondrial iron storage factor mitochondrial ferritin was not detectable in
MEF cells under the conditions tested. For biosynthesis purposes, iron is incorporated by FXN into the
complex containing sulfur-containing NFS1 (Nitrogen fixation 1 homolog), ISCU (Iron-sulfur cluster
assembly enzyme), and LYRM4 (LYR motif containing 4) to generate [2Fe-2S] clusters, which associate
with GLRX5 and the assembly factor BOLA1 (BolA Family Member 1) [3,85,86]. Subsequently, these ISC
are transferred by the ISC scaffold NFU1 (Nfu1 iron-sulfur cluster scaffold) to target proteins [87].
After both iron depletion conditions, Glrx5 expression was reduced to 0.5-fold. Fxn, Bola1, and Nfu1
levels were around 0.7-fold after iron depletion, but this was not statistically significant. The converse
iron overload did not modulate expression of the ISC biogenesis proteins.

Pursuing the heme- and ISC-associated pathways into the cytosol, it is relevant that the putative
heme release factor Pgrmc1 (Progesterone receptor membrane component 1), as a cytosolic factor in
association with mitochondrial ferrochelatase, showed a highly significant and more than two-fold
transcriptional induction after iron depletion. Heme oxygenase 1 (HMOX1) acts to degrade cytoplasmic
heme by cleaving it to biliverdin, as the rate-limiting step of heme breakdown [88]. After iron depletion,
also Hmox1 mRNA was strongly upregulated with high significance. These upregulations might
reflect compensatory cellular efforts to recruit iron via heme breakdown. The cholesterol elimination
factor CYP46A1 (Cytochrome P450 family 46 subfamily A member 1) belongs to the Cytochrome P450
family, which is known to bind heme as a co-factor [89,90]. After iron depletion, Cyp46a1 transcript
showed a statistical trend towards a 1.5-fold increase; it was not altered after iron overload. Continuing
the heme-related pathway, the transcript levels of Cytoglobin (Cygb) [91] were quantified, as one
vertebrate globin family that is expressed in fibroblasts, but they showed no change and high variability
(Supplementary Figure S5).

Not only heme but also ISC are incorporated into target proteins, many of which have nucleotide
processing functions. Among the ISC-containing factors present inside and outside of mitochondria,
the essential ribosome recycling factor ABCE1 (ATP binding cassette subfamily E member 1) exerts
crucial functions to avoid an accumulation of ribosomes at the stop codon, inefficient ribosomal cycling,
and stalled translation [92,93]. Interestingly, after both forms of iron depletion, a significant decrease
to 0.6-fold was observed for Abce1 mRNA, while iron overload triggered no expression adaptation.

The ISC-containing phosphoribosyl pyrophosphate amidotransferase (PPAT = GPAT) is the
rate-limiting enzyme in de novo purine nucleotide biosynthetic pathways. Its expression showed a
strong direct correlation of high significance with the availability of iron. After incubation with FAC,
Ppat was significantly upregulated 1.5-fold. After iron depletion, it was downregulated with high
significance to 0.3-fold levels. Both sensitive adaptations provide evidence that iron is important for
nucleotide homeostasis.
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The Nth like DNA glycosylase 1 (NTHL1) has relevant functions in base excision repair, harbors
an ISC, and is localized both in the nucleus and the mitochondrial matrix. The expression of Nthl1
reacted similarly to Ppat with significant upregulation after iron overload versus downregulation after
both forms of iron depletion, although with less effect size and less significance.

Similarly, three other ISC-associated nuclear factors implicated in DNA quality control also showed
consistent downregulations after iron deprivation, namely the DNA replication helicase Dna2, the
DNA primase subunit Prim2 (Supplementary Figure S5), and the DNA polymerase delta subunit Pold1.
Also, the ISC-containing Elongator complex protein 3 (ELP3), which acts in tRNA modification [94],
showed significantly lower transcript levels to 0.7-fold after iron depletion (Supplementary Figure S5).

The tRNA wybutosine synthesizing protein 5 (TYW5) was reported to catalyze a carbon
hydroxylation using Fe2+ ions as cofactors, so its activity depends on iron levels. Tyw5 expression did
not react to iron overload, but it was significantly downregulated after iron depletion.

Jointly, these results in WT cells indicate that upon iron overload and even more upon iron
depletion, transcriptional expression adapts up to two-fold within 16 h for specific iron homeostasis
factors at the plasma membrane, in endosomes and the cytosol, inside mitochondria as well as the
nucleus. A negative correlation was found for iron transport components at the plasma membrane and
mitochondrial membrane, which responded to iron depletion with induced expression of Tfrc/Ireb2
and Abcb10, respectively. Similarly, the iron recruitment option via mitochondrial heme release
and its cytosolic breakdown responded to iron depletion with induced expression of Pgrmc1/Hmox1.
Furthermore, the increased need for the heme-binding cholesterol catabolism enzyme Cyp46a1 seemed
apparent during iron depletion, since its transcript levels were consistently elevated. In contrast, a
strong direct positive correlation with iron levels was observed for endosomal and cytosolic iron
processing factors Steap2 (less for Slc11a2), exhibiting increased expression upon iron overload versus
decreased expression upon iron depletion. A similarly strong direct correlation was also documented
for ISC-containing factors of nucleotide metabolism, namely Ppat and Nthl1. All other expression
adaptations observed simply reflected the diminished synthesis of iron-associated factors under
conditions of low iron levels.

2.3. Transcriptional Analyses of Expression Adaptations of Pink1−/− MEF to Altered Iron Levels

As a validation effort and to obtain additional mechanistic insights in this project, experiments
were performed in 3 Pink1-deficient MEF lines where mitophagy is impaired. Again, FAC-mediated
iron overload and DFO/22BP-mediated iron depletion were studied. With this approach, we hoped to
elucidate how iron, ISC, and heme homeostasis interdepend with mitochondrial turnover.

Figure 3A shows mRNA levels of Pink1 and Prkn as regulators of mitophagy. The bars hatched in
black within the first panel confirm the knockout of Pink1 in the 3 MEF lines and reproduce the high
transcriptional induction of Pink1 after iron deficiency (see also Supplementary Table S2). This transcript
induction was much less strong in the Pink1−/− cells than in WT cells. These Pink1−/− MEF derive
from a mouse where an intron is retained in the Pink1−/− mRNA and triggers a changed reading
frame, so Pink1 mRNA is rapidly degraded and the PINK1 protein is absent, but the Pink1 promoter
is still actively responding to specific stressors like iron depletion. Similarly, the Prkn transcript
again got induced upon iron depletion. These results in Figure 3A corroborate the concept that
PINK1/PARKIN-dependent mitophagy gets highly induced after iron starvation in MEF. We showed
previously in the neuronal cell line SH-SY5Y that nutrient starvation by HBSS medium (which includes
transferrin deprivation) will induce Pink1 and Prkn transcript expression and protein abundance
together with activation of mitophagy and lysosomal degradation, by the use of recombinant tagged
PARKIN-constructs [19].

Overall, the comparison of PINK1-deficient cells, treated versus untreated, reproduced many
observations (see significance symbols above hatched bars in Figure 3, numeric values in Supplementary
Table S2 and the overall pattern in Supplementary Figure S5): Again, iron depletion induced the
mitophagy factors Pink1, Prkn, the iron import factor Tfrc, and factors for iron-release from heme
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such as Pgrmc1, Hmox1 with Cyp46a1, while it reduced the siderophore biosynthesis factor Bdh2,
the mitochondrial iron homeostasis factors Slc25a28, Abcb7, Abcb8, and Glrx5, as well as the nucleotide
surveillance factors Ppat, Nthl1, Dna2, Pold1, Tyw5, and Elp3. Reproducibly, iron excess induced the
iron reductase Steap2, as well as the nucleotide surveillance factors Ppat and Nthl1. These findings
constitute a validation of the regulations in WT cells.

It is crucial to note that several regulations lost or reached significance in Pink1−/− MEF, compared
to WT MEF. A schematic overview of all significant iron effects and trends to regulate the expression
of its homeostasis factors at their mRNA levels is provided in Figure 4. Consistently, the cells with
PINK1-absence (a state that occurs physiologically when mitochondria are healthy) were less responsive
to iron depletion for mRNA adaptations. This rule concerned the plasma membrane Tfrc, cytosolic Ireb2,
Steap2, Bdh2, Abce1, and mitochondrial Abcb10 expression; conversely, the cells with PINK1-absence were
reacting more strongly to iron excess. This pattern was visible for cytosolic factors Fth1, Ftl1, Hmox1
with significance or trend, and similarly without significance for cytosolic Slc11a2, Bdh2, Aco1, as well as
mitochondrial Slc25a37 and Glrx5 regulations. These mRNAs may be elevated due to enhanced transcript
synthesis or due to enhanced transcript stability. Fth1, Ftl1, and Slc11a2 mRNAs have regulatory elements
in their 5′ UTR that modulate their translational repression by IRP1/ACO1 and IRP2/IREB2 under influence
of the LIP (which is modulated by BDH2), whereas the Hmox1 mRNA contains regulatory elements to
modulate its translational repression under the influence of heme concentrations [95,96]. Furthermore,
there are known functional interactions between cytosolic IRP1/ACO1 and mitochondrial SLC25A37 as
well as GLRX5 [57,97]. In contrast, most other mitochondrial effects did not depend on PINK1 presence,
nor did nuclear effects, except for the significant reduction of Prim2 upon iron deprivation (Supplementary
Figure S5). These observations provide preliminary evidence that PINK1 biosynthesis, which occurs after
mitochondrial damage, sends toxicity-limiting signals mainly to the cytosol during iron overload.

The comparison of Pink1−/− with WT cells demonstrated five genotype-dependent effects: Strong
excess inductions upon iron overload due to Pink1-ablation were observed for Fth1 (1.97-fold, p = 0.0291),
Ftl1 (1.64-fold, p = 0.0380), and Hmox1 (2.07-fold, p = 0.0562) mRNA, whereas deficient mRNA levels
were observed for the ferritin superfamily member Rrm2 (0.48-fold, p = 0.0864) upon iron shortage.
Moreover, in untreated cells, a reduction of basal Abce1 mRNA levels (0.70-fold, p = 0.0238) existed in
Pink1−/− cells a priori. Thus, the main impact of PINK1 on iron homeostasis factors occurred via the
ferritin superfamily, which binds ferric ion (Fe3+). It is interesting to note that also the global proteome
survey documented PINK1 impact on 8 iron homeostasis factors, among which FAC-downregulated
MYL6, but also TCIRG1, and PCBP3 protein were implicated in the recruitment of soluble iron to
Fe3+-binding ferritin. It was previously observed that induction of mitophagy with stabilization of
PINK1 protein occurred in parallel to iron liberation via ferritin reduction [98], so the stability of PINK1
versus ferritin appeared conversely regulated, and our finding of PINK1 deficiency to trigger ferritin
mRNA upregulation is credible. A minor PINK1 impact targeted heme homeostasis via Hmox1 mRNA
levels, as well as FECH, JMJD6, CYB5A, and GYPC protein abundance. Under untreated conditions,
only the PINK1-dependent reduction of GLRX5 concerned the ISC biogenesis pathway, and this may
relate to the reduction of basal mRNA levels for the ISC-containing Abce1.

2.4. Quantitative Immunoblots for Validation and Mechanistic Analyses

Now we wanted to assess in further validation experiments if the observed changes are also
significant at the protein level upon analysis of additional MEF lines (Figure 5), focusing on three
dysregulated factors whose transcript dysregulation had marked effect size (about two-fold up or
down) and where a promising commercial antibody was available.

In the case of FTH1, a 9.72-fold (p < 0.0001) strongly significant induction after FAC was found in
RIPA-extracted proteins from WT cells (Figure 5A) (in further SDS-extractions of sample pellets no
specific immunoblot band was detected), but in contrast to the findings at mRNA level this FTH1 protein
induction was significantly diminished in Pink1−/− cells (p = 0.0476). Although this downregulation
had not been significant in the mass spec analysis or the immunoblot validation for 3 mutant versus 3
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WT cells, the effect became clear when more WT cell lines were investigated. This finding is in good
agreement with previous literature that could not document increased ferritin abundance in PD brains
despite the iron accumulation [99–101]. As for Pink1−/− MEFs here, immortalized endometriotic cells
were previously reported to respond to ever more excessive iron dosage with progressively lower
ferritin protein levels and a converse increase of LC3A within ATG5/ATG7-dependent autophagy [102].
If ferritin-producing glia cells in a PARK6 brain cannot respond adequately to iron excess, then this
weakness of antioxidant defenses might debilitate neurons and glia, leading to compensatory storage
of iron overload in neuromelanin granules, and exhausting the storage capacity of neurons.

In the case of HMOX1 (Figure 5B), a strongly significant induction after FAC was found in WT
cells (1.77-fold, p < 0.0001), and the analysis of Pink1−/− cells did not confirm a genotype-dependent
increase at the protein level. Thus, the hypersensitive mRNA induction after FAC in Pink1−/− MEF
might represent a compensatory effort to ensure sufficient protein abundance in a period of high
turnover. Previous work reported the HMOX1 turnover to depend on ubiquitin/proteasome pathway
inhibition by MG-132, and a PINK1 loss-of-function mutation decreased HMOX1 abundance in these
experiments [103], so HMOX1 protein stability in Pink1−/− cells after FAC might also be reduced upon
analysis of more cell lines.
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Figure 4. Overview of cellular iron uptake, storage, and export, iron transport and processing,
mitochondrial iron homeostasis, heme production and turnover, iron-sulfur-cluster (ISC)-biogenesis
and ISC-binding within the cells. For each factor with significant mRNA expression adaptation in
room temperature (RT)-qPCR, green arrows indicate the direction of transcript change during iron
depletion, while red arrows refer to changes during iron overload. Ferric iron (Fe3+) is illustrated with
orange dots and ferrous iron (Fe2+) with red dots; ISC are represented by red and yellow dot clusters.
CIA: cytosolic iron-sulfur-cluster assembly machinery; ER: endoplasmic reticulum; FTMT: mitochondrial
ferritin; LIP: labile iron pool; TCA: tricarboxylic acid cycle. Factors with significant genotype-dependent
changes with specificity for Pink1−/− cells are represented by purple coloring.
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Figure 5. Quantitative immunoblots for (A) FTH1, (B) HMOX1, (C) Ribonucleotide reductase regulatory
subunit M2 (RRM2), and (D) nuclear receptor coactivator 4 (NCOA4) in WT and Pink1−/− MEF,
under untreated control conditions (Ctrl), after iron overload (FAC) and after two different iron
depletion drugs (DFO, 22BP), administered over 48 h. Protein abundance signals were normalized
to beta-Actin levels (Actin beta (ACTB)) as a loading control. The panels on the right show their
densitometric quantifications, normalized to WT untreated conditions. WT n = 4–6, Pink1−/− n = 3,
one exemplary set is shown. The statistical trends or levels of significance are illustrated by symbols,
namely T: 0.1 > p>0.05, *: p < 0.05, **: p < 0.01, ###: p < 0.001, ****: p < 0.0001. Mutant cells are
represented by dashed bars, WT cells by plain colors. Asterisks represent significance in WT MEF,
treated versus untreated control, while hashtags refer to Pink1−/− MEF, treated versus untreated control.
Genotype-dependent significant differences of Pink1−/− versus WT MEF are illustrated by horizontal
lines below asterisks.

Regarding RRM2 (Figure 5C), a significant downregulation after DFO in WT cells was documented,
in good agreement with proteome and transcript data.

To test mechanistically whether PINK1 as a master regulator of mitochondrial autophagy could
also influence ferritin degradation via autophagy, quantitative immunoblots assessed the levels of the
ferritinophagy adaptor protein NCOA4 (Figure 5D). As expected for the liberation of iron from reserve
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pools during iron-shortage, a 2.59-fold NCOA4 induction after DFO treatment was observed in WT cells,
reaching a statistical trend despite strong clonal variability (p = 0.0593). In Pink1−/− cells this NCOA4
upregulation for ferritinophagy appeared diminished (to only 1.19-fold, p = 0.9432), but certainly
not augmented, and these effects did not reach significance upon analysis of 3 KO versus 4 WT lines
(p = 0.1445). Overall, these data in Figure 5D do not support the notion of an excessive ferritinophagy
after FAC as an explanation for the abnormally low FTH1 protein upregulation in Pink1−/− cells
(Figure 5A). We considered whether PINK1 phosphorylation might influence FTH1/FTL1/HMOX1
protein stability independent of autophagy/proteasome degradation, similar to its activating/stabilizing
influence on Ubiquitin and Parkin [104]. To first ensure a deeper understanding of the mechanisms
governing iron regulation and their modification by PINK1, we analyzed the data further to understand
the adaptations of relevant nuclear transcription factors, and the responses of post-transcriptional
control by IRP1/IRP2 over ferritin mRNA translation repression.

2.5. Regulation of Relevant Transcription Factors with Their Targets Is Subtly Modified by PINK1

To define the relevant nuclear events governing the transcriptional responses, those transcription
factors that had shown abnormal abundance in the proteome profile, and other relevant transcription
factors—both, for the antioxidant response to FAC and the hypoxic response to iron chelators—were
assessed also in their rapid mRNA regulation by the highly quantitative RT-qPCR method (Figure 6A,
Supplementary Figure S6), together with their best-established transcription targets.

As a coordinator of hypoxic transcription efforts, HIF1A activity was previously found to be
stabilized during PINK1 deficiency [105], suggesting a negative correlation between both factors.
As coordinator of antioxidant transcription efforts, NRF2 (encoded by the Nfe2l2 gene) activity was
previously reported to enhance Pink1 expression, and to accumulate and translocate to the nucleus
when PINK1 induced and stabilized [106,107], suggesting a positive correlation between these two
factors. NRF2 is known to enhance the transcription of Fth1/Ftl1/Hmox1 during ferroptosis [108,109],
so a hypothetical NRF2 compensatory hyperactivity upon PINK1 absence might explain excessive
transcription inductions after FAC. The NRF2 inhibitor KEAP1 is degraded by autophagy [110],
therefore altered autophagy due to PINK1 absence might feedback onto NRF2 activity.

Indeed, for transcription factor TFEB, as a coordinator of autophago-lysosomal pathway activity
(Supplementary Figure S6A), in untreated Pink1−/− cells a significant elevation of mRNA levels
suggested augmented activity of general autophagy, perhaps in compensation of the selective mitophagy
deficit. During iron depletion, WT cells efficiently induced Tfeb mRNA, while Pink1−/− cells were unable
(Supplementary Figure S6A). However, these changes appeared to only have subtle impact, given that
downstream TFEB targets Ctsd/Ctsf /Sqstm1 did not exhibit significant genotype-dependent expression
effects. Transcription factor MITF as an additional coordinator of autophago-lysosomal activity
(Supplementary Figure S6B) showed a consistently stronger expression induction after FAC, but Mitf
mRNA and its downstream target Ctsb exhibited no genotype-dependent expression adaptations.

NRF2 encoding Nfe2l2 mRNA levels showed no regulation at all (Figure 6A), but its inhibitor Keap1
showed a trend towards reduction after 22BP, in good agreement with its protein levels in Figure 2B
and Supplementary Figure S2B. Among the downstream targets of NRF2/KEAP1, several factors
like Gpx1/Gpx3 showed no upregulation after FAC, other factors like Nqo1/Prdx1 showed induction
after FAC and reduction after DFO/22BP without any genotype-dependent modulation, and only
Fth1/Ftl1/Hmox1 showed the FAC-triggered hypersensitive induction in Pink1−/− cells, so NRF2 alone
does not explain the response pattern.

JUND (Jun proto-oncogene) is a component of antioxidant NRF2 transcription factor
complexes [111], but did not exhibit induced expression after FAC, instead, it showed strong consistent
mRNA induction after iron chelation (Supplementary Figure S6C), consistent with the upregulation of
JUND protein after 22BP in Supplementary Figure S2B. Its downstream target Mmp14 in Pink1−/− cells
showed a trend to stronger reduction after 22BP, in good agreement with the downregulated MMP14
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protein abundance after 22BP in Supplementary Figure S2B, as a converse regulation to MMP14 protein
upregulation after FAC in Figure 2B.

Hif1a mRNA as coordinator of hypoxic transcription responses showed no relevant expression
regulation (Supplementary Figure S6D), despite the upregulation of HIF1A protein after 22BP in
Figure 2B and Supplementary Figure S2B. Its upstream regulator EGLN1 (Egl-9 family hypoxia-inducible
factor 1) [112] showed strong and consistent expression inductions after iron chelation, in agreement
with EGLN1 protein upregulation in Figure 2B and Supplementary Figure S2B. For their downstream
targets Hk1 (Hexokinase 1)/P4ha2 (Prolyl 4-hydroxylase subunit alpha 2)/Nos2 (Nitric oxide synthase
2), iron shortage triggered clear mRNA inductions as the basis of their increased protein abundance in
Figure 2B and Supplementary Figure S2B. Overall, despite the very clear activation of this hypoxia
pathway after iron deprivation, there were no PINK1-dependent effects in this pathway whatsoever.
The upregulation of FOXO3 protein after 22BP in Figure 2B was also clearly reproduced at the
mRNA level (Supplementary Figure S6E), but interestingly this expression induction was significantly
diminished in Pink1−/− cells. Again the impact on downstream targets like Bnip3 (BCL2 interacting
protein 3)/Gabarapl1 (GABA type A receptor-associated protein-like 1) was too subtle to trigger
genotype-dependent effects there.

Regarding the hypoxic transcription factor MEF2D (Myocyte enhancer factor 2D) and its upstream
splicing modulator RBFOX2, the expression modulations were small, but in the case of their downstream
targets Homer1/Jmjd6/Rrm2, the expression modulations by iron deprivations were strong and consistent.
PINK1-deficiency was found in Supplementary Figure S2E to trigger RBFOX2 protein upregulation,
and indeed genotype-dependent effects were observed among the mRNA targets Jmjd6 (another splice
modulator) and Rrm2, in both cases with a trend towards reduced transcript levels in Pink1−/− cells
(Supplementary Figure S6F).

Overall, iron modulates the expression regulation of transcription factors and their mRNA targets
in good agreement with global proteome profiles, particularly for the hypoxia pathway after iron
chelator treatment. In contrast, the PINK1-dependent effects on transcriptional control were only subtle,
with a consistent change in several downstream targets being documented only for the hyper-reactivity
of Fth1/Ftl1/Hmox1 in the antioxidant NRF2/KEAP1 pathway, while other NRF2 targets did not show
this regulation pattern.

2.6. Regulation of the Post-Transcriptional Control over Iron Homeostasis Is Modified by PINK1

Global proteome and RT-qPCR data were then re-examined in order to assess, to what degree
post-transcriptional control mechanisms play a role and are modulated by PINK1 (Figure 6B).
The activities of iron-regulatory proteins IRP1/ACO1 and IRP2/IREB2 depend on the stability of
their [4Fe-4S] clusters, which are generated in mitochondria from [2Fe-2S] clusters that bind to GLRX5,
to then be processed further [113]. When the ISC are not available for IRP1/IRP2 or are damaged, the
mRNA for Tfrc will be stabilized to increase iron import, while repression of mRNA translation will
occur for ferritin heavy and light subunits to maximize iron liberation [95]. Some repair of IRP1 can
occur via the [2Fe-2S] clusters of CISD1/CISD2, which protect the cells from ferroptosis [114,115].

Iron overload triggered a stronger Glrx5 mRNA induction in Pink1−/− cells, possibly as a
compensatory effort for the significant decrease of GLRX5 protein already at untreated condition as
well as after FAC in Pink1−/− cells, while iron shortage reduced GLRX5 at mRNA and protein level in
all cells (Figure 6A,B).

Also for Aco1/Irp1, iron overload triggered a stronger RNA induction in Pink1−/− cells, while iron
shortage again reduced Aco1 at mRNA level in all cells, in both conditions these transcript regulations
maintained normal protein levels.

FAC treatment had no impact on IRP2 mRNA Ireb2, which is rapidly degraded under normal iron
concentrations so that no IRP2 protein was detectable. 22BP treatment resulted in marked stabilization
of Ireb2 mRNA, and more than 2-fold upregulation of the protein, as previously shown.
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Figure 6. Adaptation to changing iron concentrations for key factors in (A) the Nuclear factor, erythroid
2 like 2, Nfe2l2 (NRF2) transcription factor complex with its modulator Kelch-like ECH associated
protein 1 (KEAP1) and their downstream transcript targets, as well as (B) the post-transcriptional
control of iron import and storage. For mRNA expression analysis, the Tbp levels were used as
loading control and after normalizing the fold changes to control conditions in WT MEF, the log2 fold
changes of individual fold changes were calculated. The fold change of protein abundance label free
quantification (LFQ) value was also represented as log2 difference. Mutant cells are represented by
dashed bars, WT cells by plain colors. Asterisks represent significance in WT MEF, treated versus
untreated control, while hashtags refer to Pink1−/− MEF, treated versus untreated control. To simplify
the overview, in (A) only genotype-dependent significances are shown, whereas (B) includes all
significances with respect to control conditions. Detailed p-values and individual fold changes can
be seen in Supplementary Tables S1,2. The statistical trends or levels of significance are illustrated by
symbols T: 0.1 > p>0.05, * or #: p < 0.05, ** or ##: p < 0.01, *** or ###: p < 0.001, **** or ####: p < 0.0001.

For the ferritin heavy and light chain, after FAC the mRNA induction was hyper-reactive in
Pink1−/− cells as described previously, while the protein levels appeared similarly upregulated during
iron overload, and similarly downregulated after iron deprivation, in this analysis of only 3 WT versus
3 mutant MEF lines by mass spectrometry.

The transferrin receptor exhibited mRNA downregulation under iron excess and upregulation
under iron shortage, its protein abundance was detectable and high only in Pink1−/− cells during
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iron shortage, as a possible correlate of an increased iron import need of cells affected by
Parkinsonian pathogenesis.

Regarding the IRP1-repair factors CISD1/CISD2, after FAC an upregulation for CISD2 protein was
detected, whereas CISD1 protein was downregulated after 22BP. A clear genotype-dependent effect
was not observed. The mRNAs of Cisd1 and Cisd2 did not show significant changes, although Cisd1
levels appeared lower during iron shortage.

2.7. PINK1-Dependent Effects on Expression in Human Skin Fibroblasts

To test whether the main effects observed in MEF can be reproduced also in human adult skin
fibroblasts, we used cells from 7 healthy individuals versus 3 PARK6 patients with G309D-PINK1
mutation (experiment design in Figure 7A) that were previously shown to exhibit (i) lipid peroxidation,
(ii) apoptotic vulnerability, (iii) expression dysregulation of the ferrireductase alpha-synuclein and
the kinase LRRK2 (responsible for the PARK1/4 and PARK8 variants of PD, respectively), and (iv)
abnormal mitoribosomal translation due to ABCE1 function impairment [14,17,116–123].

In good agreement with the mouse data, the analysis of iron dosage impact on mRNA expression
levels by RT-qPCR demonstrated ABCE1 transcripts significantly and consistently reduced after
DFO/22BP in WT and mutant cells (see Figure 3C), whereas they were induced after FAC selectively
in mutant cells (Figure 7B). This genotype-dependent upregulation again may be because ABCE1
protein contains an iron-sulfur-cluster and its instability upon oxidative/nitrosative stress has to be
compensated by antioxidant compensatory efforts in the patient cells.

The converse regulation was observed for TFRC mRNA, where the expected negative correlation
with iron led to a consistent increase after DFO/22BP versus a decrease after FAC.

In the case of FTH1 mRNA, the PINK1-dysfunction triggered a significant excess induction
(Figure 7B), validating our analogous observation in MEFs. It is noteworthy that the FTH1 mRNA
showed a trend to increased levels already in the control medium (which has maximized non-toxic
iron levels) in cells from adult PARK6 patients, a feature that was not detected in embryonic fibroblasts
from mice. For FTL1 mRNA, generally increased levels were observed in PARK6 cells, but without
significance due to high variation among the mutant cell lines. The ferritin superfamily member
RRM2 mRNA exhibited a significant decrease after 22BP, as in mouse cells. It also showed significant
genotype-dependent regulations in control medium and after FAC, both levels being decreased for
mutant cells, in contrast to FTH1. Thus, also in the human organism PINK1 preferentially impacts the
NRF2-dependent antioxidative response to iron overload.

There were no genotype-dependent effects for the other factors studied, but iron deprivation
tended to upregulate FOXO3 mRNA levels as observed in mouse, while significantly and consistently
downregulating KEAP1 and TFEB mRNA (Figure 7B), two observations that are opposite to the
upregulations observed in embryonic mouse cells (Figure 6A). Age-dependent changes in the nuclear
transcription regulation of autophagy may help to explain this contrast for both factors.
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expression for key iron homeostasis factors, and crucial downstream effects, which had been 
significantly dysregulated in previous mouse experiments. Expression levels were normalized 
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T: 0.1 > p>0.05, * or #: p < 0.05, ** or ##: p < 0.01, **** or ####: p < 0.0001. Asterisks represent significant 
changes in control fibroblasts, treated versus untreated control, while hashtags refer to PARK6 patient 
cells, treated versus untreated. Genotype-dependent significant differences between patients and 
controls are illustrated by horizontal lines below asterisks. 
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global proteome and transcript levels for most factors with relevance to iron, ISC, and heme 
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molecular mechanisms, how PINK1 mutations trigger the iron brain accumulation that is seen in PD. 
The global proteome profiles confirmed the well-known converse regulation of both ferritin chain 
subunits after 22BP versus FAC, and newly identified a converse regulation for the iron-binding 
purine degradation enzyme XDH, the mitochondrial lipid transporter CPT1A, the collagen 
degrading factor MMP14, and the glycogen mobilizing enzyme PYGL (only the latter showed an 

Figure 7. (A) Schematic representation of the experimental setup. Human fibroblasts of healthy controls
(n = 7) and PARK6 patients (n = 3) were either left untreated or incubated with FAC, DFO, and 22BP
for 16 h, and the extracted RNA was analyzed by RT-qPCR. (B) Changes of mRNA expression for key
iron homeostasis factors, and crucial downstream effects, which had been significantly dysregulated
in previous mouse experiments. Expression levels were normalized against HPRT1 mRNA as a
loading control. Mean values with SEM are shown, normalized to the untreated control condition.
The statistical trends or levels of significance are illustrated by symbols T: 0.1 > p>0.05, * or #: p < 0.05,
** or ##: p < 0.01, **** or ####: p < 0.0001. Asterisks represent significant changes in control fibroblasts,
treated versus untreated control, while hashtags refer to PARK6 patient cells, treated versus untreated.
Genotype-dependent significant differences between patients and controls are illustrated by horizontal
lines below asterisks.

3. Discussion

Our data represent a systematic pioneer effort to document physiological regulations of the global
proteome and transcript levels for most factors with relevance to iron, ISC, and heme homeostasis,
upon acute changes in iron availability. The fibroblast data were also used to explore molecular
mechanisms, how PINK1 mutations trigger the iron brain accumulation that is seen in PD. The global
proteome profiles confirmed the well-known converse regulation of both ferritin chain subunits after
22BP versus FAC, and newly identified a converse regulation for the iron-binding purine degradation
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enzyme XDH, the mitochondrial lipid transporter CPT1A, the collagen degrading factor MMP14,
and the glycogen mobilizing enzyme PYGL (only the latter showed an indirect correlation with iron
availability). In contrast, the heme oxygenase HMOX1, the nuclear transcription modulator CREG1,
and the ferritin superfamily member and nucleotide synthesis enzyme RRM2 showed optimized
abundance at untreated conditions, while 22BP more than FAC treatment both triggered upregulation
of HMOX1 and CREG1 protein, versus downregulation of RRM2 protein. The targeted mRNA
quantification studies of mouse and human fibroblasts showed very good reproducibility, regarding
the induction of both ferritin subunits by FAC at the transcriptional level, which exacerbates upon
the presence of PINK1 mutations. With high consistency between mouse and human fibroblasts,
iron deprivation decreased the expression of ABCE1 and RRM2 mRNA, as components of nucleotide
synthesis/surveillance pathways.

Iron chelators trigger a transcriptional induction of the mitophagy-mediators Pink1 and Prkn in
MEF, according to our novel observations. This is an important finding to explain the previous reports
in C. elegans that mitophagy is induced upon iron shortage [11,12]. A similar induction of Pink1 and
Prkn, accompanied by increased autophago-lysosomal degradation of mitochondria, was also reported
in human neuroblastoma cells upon deprivation from fetal calf serum, which contains transferrin as
the key supplier of iron during cell culture [19]. Interestingly, iron shortage also leads to a consistent
upregulation of beta-synuclein protein (SNCB), an antagonist of alpha-synuclein. While SNCB was
shown to have some ferrioxidase activity, alpha-synuclein is known as a ferrireductase [124–127], similar
to STEAP3 [128], and has a physiological localization at vesicles/endosomes and at the interface between
mitochondria and endoplasmic reticulum [129]. In the context of human Parkinson pathogenesis,
it is noteworthy that the main driver of neurodegeneration in PD, namely the excessive dosage and
aggregation of the protein alpha-synuclein, can be modulated by iron via direct binding to an IRE in its
mRNA 5′UTR as well as direct binding to the encoded protein [130,131]. Although the upregulation of
SNCB after iron deprivation raises the question if its antagonist SNCA is upregulated after iron excess
and perhaps influenced by PINK1 similar as Fth1/Ftl1 mRNA at their 5′UTR hairpins via IRP1/IRP2,
it is not possible to investigate the connections between iron and alpha-synuclein further in MEF
due to its low abundance in these cells. Experiments in primary neuron cultures will be necessary.
However, it is noteworthy that a global transcriptome survey via oligonucleotide microarrays detected
an 8-fold induction of alpha-synuclein transcripts in human fibroblasts from PD patients with Pink1
mutation [119]. Certainly, the observation of increased lipid peroxidation in these PARK6 patient
fibroblasts suggests that an enhanced vulnerability for ferroptosis may be present in these cells [17].
Thus, both the negative correlation of iron with Pink1/Prkn expression and its positive correlation
with alpha-synuclein aggregation may contribute to its toxicity, modulating mitophagy, and the
neurodegenerative process in PD.

Iron deprivation conversely downregulated RRM2, an effect that will lead to reduced dNTP
availability for mtDNA repair, and at the same time to increased superoxide release from uncoupled
mitochondria as a cause for mtDNA damage, according to two previous studies [132,133]. This is
highly important, given that excessive damage to mitochondrial DNA in the PD brain tissue is a
well-established finding [134]. The global proteome profiles, illustrated in Figure 2 and Supplementary
Figures S1–S4, and the transcript quantification of iron-binding factors, illustrated in Figures 3 and 4,
documented that decreased abundance and expression of nucleotide synthesis/surveillance factors
after iron deprivation is a widespread feature, which has to be taken into account when iron chelators
will be tested for the neuroprotective therapy of PD.

With consistency between WT and mutant cells, iron shortage upregulated the plasma membrane
iron import factor Tfrc mRNA together with Ireb2 as a stabilizer of its mRNA [135]. Iron depletion also
upregulated the mitochondrial membrane iron import factor Abcb10. In contrast to this avid activation of
iron recruitment proteins upon iron deficiency, the expression of intracellular iron disposal factors was in
a positive correlation with iron availability. This iron-dependent expression was particularly strong for
the endosomal factors STEAP2 and DMT1 (encoded by Slc11a2), and exceptionally significant for Ppat,
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Nthl1, Dna2, Pold1, Tyw5, and slightly for Prim2. All of these factors contain ISC, and importantly, they
act as components of RNA/DNA surveillance. NTHL1 is a DNA N-glycosylase that is mainly localized
in the nucleus but also found in mitochondria [136]. It catalyzes the first step in base excision repair and
binds a [4Fe-4S] cluster [9]. Nthl1 mRNA seemed to react very sensitively with a reduction to almost 50%
upon iron depletion and induction to 135% after iron overload. PPAT belongs to the purine/pyrimidine
phosphoribosyltransferase family and catalyzes the first step of de novo purine nucleotide biosynthetic
pathway. It also possesses a [4Fe-4S] cluster, which is needed for protein maturation [9]. PPAT
maturation and subsequent function are affected in the neurodegenerative disorder Friedreich Ataxia.
This disease is caused by loss-of-function mutations in the Fxn gene encoding the frataxin protein, which
starts the ISC biogenesis within mitochondria [137,138]. Thus, the transcript reductions of Nthl1 and
Ppat probably reflect limited ISC supply from mitochondria that causes impaired maturation/stability
of both proteins [139].

All other factors with a downregulated expression upon iron deficiency are either involved in
the complex synthesis of ISC or contain one or several ISC. Among them were Bola1, Nfu1, and Glrx5,
which play roles in the synthesis of ISC and are localized inside mitochondria. The cytosolic tRNA
modification factor TYW5 associates with iron and was also clearly reduced after iron deprivation.
A downregulation was noted for ISC-containing cytosolic IRP1/Aco1 as well as for ISC-containing
Rsad1 (in PINK1-deficient cells), which encodes a heme chaperone in the mitochondrial matrix [140].
However, ISC-containing FECH in mitochondria did not show relevant expression dysregulation.
This suggests that ISC homeostasis is not entirely disrupted upon depletion of extracellular iron or in
the absence of Pink1, but instead, specific vulnerabilities exist, in particular for RNA/DNA quality and
genome stability through Ppat/Nthl1/Dna2/Prim2/Pold1 deficiency. This is a central finding, since DNA
integrity is crucial for the healthy lifespan [141], and since the DNA repair pathway was recently
identified as the most important modifier of onset age and progression velocity in neurodegenerative
diseases [142–144]. Jointly, all these data underline the importance of iron for the RNA/DNA quality
surveillance, inside and outside mitochondria.

Further mRNA inductions in response to iron deprivation included Ireb2/IRP2 as a stabilizer of
Tfrc mRNA [135], the more than 2-fold induction of the heme-release factor Pgrmc1 [145], and a massive
4- to 5-fold induction of Hmox1 (the rate-limiting enzyme in heme-degradation) in response to 22BP,
as another possible pathway of iron recruitment. The previously observed impaired Hmox1 induction
after oxidative stress damage in Pink1-depleted cells [103] was not detected in MEF in the absence of
stress factors. Iron depletion probably increases HMOX1 via HIF1a induction (a well known response
to iron depletion) and FAC causes oxidative stress, probably leading to Nrf2 induction and an increase
in HMOX1 via this pathway. It is interesting to note that iron-starved cells trigger strong induction
of the mitochondrial ferrochelatase-associated heme-release factor Pgrmc1, but not a similarly strong
effort to export ISC from mitochondria through Abcb7 induction. The novel observation that iron
depletion induces Cyp46a1 as the rate-limiting enzyme of cholesterol degradation provides a hint of
why iron-deficiency anemia patients show lower blood cholesterol levels, and how iron influences
steroidogenesis [146,147].

Current knowledge proposes iron deficiency or hypoxia to act via nuclear HIF-1/FIF-2a/HIF-b,
triggering a transcriptional induction of Tfrc together with Hmox1, Slc11a2 (DMT1), Slc40a1 (FPN1),
Epo, and Cp [72]. However, in acutely iron deprived MEF, we observed a strong upregulation only for
Tfrc and Hmox1, which contrasted with mild downregulation for Slc11a2 and Slc40a1.

Under untreated conditions, significant dysregulation with Pink1−/− genotype-dependence was
documented for the ISC-biogenesis factor GLRX5 and for the mRNA of ISC-associated ABCE1
(Supplementary Figure S2E, Figures 3 and 4, also after 22BP in Figure 2B). ABCE1 is one of the most
conserved proteins in evolution and is expressed in all organisms except eubacteria. Because of its
fundamental role in translation initiation, ribosome biosynthesis and/or ribosome recycling, ABCE1 is
essential for life. The reduced ABCE1 function in PARK6 patient fibroblasts was already documented by
our previous work to impair the ribosomal translation of mitochondrial precursor proteins, triggering
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widespread dysfunction for most mitochondrial pathways [122,124]. Our novel mammalian data
confirm that ABCE1 has a unique link to the mitophagy factor PINK1, as was observed previously also
in D. melanogaster. These experiments in flies demonstrated that nucleus-derived mRNAs encoding
mitochondrial precursor proteins, such as the complex-I 30kD subunit continuously translated at the
outer mitochondrial membrane surface, may be damaged and stall the ribosomal translation machinery
during stress periods. This leads to a toxic C-terminal extension of certain amino acids non-coded by
mRNA template. In a PINK1-dependent manner, this recruits co-translational quality control factors for
RNA/proteins in a process named MISTERMINATE, and triggers mitophagy. During this mitochondrial
surveillance process, NOT4 (Ccr4-Not transcription complex subunit 4) generates poly-ubiquitin signals
on the co-translational control protein ABCE1, thus attracting autophagy receptors to the mitochondrial
outer membrane and contributing to mitophagy initiation [122,124,148]. Thus, fly mitophagy is
regulated together with proteostasis in PINK1-dependence via ABCE1. It is relevant to note that
longevity is increased upon several genetic perturbations of mRNA translation within the mTOR
pathway (Mechanistic target of rapamycin kinase) in yeast, C. elegans, and D. melanogaster and
by mutations that slow down the expenditure of cellular energy by ribosome biogenesis [149,150].
Therefore, it will be interesting to assess the lifespan effects of different ABCE1 mutations in the future.

Strong homozygous depletion of the ABCE1 homolog pixie in D. melanogaster results in early
lethality [151]. In addition, the homozygous mouse knockout of Abce1 is embryonically lethal,
according to the International Mouse Phenotyping Consortium (IMPC) (https://www.mousephenotype.
org/data/genes/MGI:1195458), the international mouse phenotyping consortium. As an ATPase
(Adenosintriphosphatase), ABCE1 is responsible for the splitting of the two ribosomal subunits and is
thus important for translation termination in mammalian cells, yeast and archaea. To fulfill these roles,
it harbors two essential diamagnetic [4Fe-4S]2+ clusters [152]. The depletion of Abce1 was reported to
induce the accumulation of ribosome-associated isolated mRNA-3′-UTRs, consistent with a model
of ribosome stalling [153]. It is also known as RNaseL-inhibitor and exerts selective control over the
stability of mitochondrial mRNAs during interferon-alpha responses to infection [154]. Decreased
ABCE1 protein levels were caused by the induction of ROS and this was attributed to the chelation
of iron with subsequent loss of stability of ABCE1, indeed its yeast ortholog Rli1 was reported to be
crucial for the growth suppression by ROS [93,153]. Interestingly, Abce1, as well as Hbs1l (Hbs1 like
translational GTPase) transcript levels, were shown to be upregulated in the brains of PD patients [148].
Hbs1L is a member of the GTP-binding elongation factor family and was reported to be involved in the
regulation of fetal hemoglobin levels [155]. These observations are in accordance with the increased
transcript levels of ABCE1 after iron overload in human PARK6 fibroblasts (Figure 7).

Selectively after iron overload, which is known to trigger mitochondrial reprogramming and
oxidative/nitrosative stress [156], Pink1-ablation was observed to induce expression upregulations of
several cytosolic iron homeostasis factors. A genotype-dependent trend towards upregulation was
observed for Hmox1 as a factor that protects against heme cytotoxicity. Crucial significant and consistent
upregulations appeared after FAC treatment in Pink1-ablated cells for Fth1 and Ftl1, the two subunits
of the ferritin chain [157,158]. The hyper-responsive induction of Fth1/Ftl1/Hmox1 in Pink1−/− cells was
mirrored by a similar pattern for the ISC-pathway member Glrx5 and for the iron-regulatory Aco1 mRNA,
perhaps pointing to joint regulation within the same stress response pathway. These FAC-triggered
hyper-reactive transcriptional responses of Fth1/Ftl1/Hmox1 have NRF2 in common as a transcription
factor, but other transcript targets of NRF2 that are not involved in iron homeostasis do not show
this regulation pattern, so additional mechanisms must be involved. Despite this transcriptional
induction, the ferritin chain heavy subunit protein was significantly decreased in Pink1-ablated cells
upon immunoblot studies. The repression of Fth1 and Ftl1 mRNA translation is a well-established
regulation with a physiological role during iron shortage, mainly mediated by the incorporation of
mitochondria-generated ISC into the IRP1 and IRP2 proteins. When the cells are iron deprived and
ISC cannot be produced, then IRP1 and IRP2 will repress ferritin biosynthesis post-transcriptionally.
It is conceivable that this repression occurs erroneously also when mitochondria are dysfunctional and
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unable to provide ISC. Although the global proteome profile of MEF quantified less than 4000 out of
80,000–400,000 existing cellular proteins, and more exhaustive studies should be done on all proteins of
the mitochondrial fraction, our data show several preliminary hints that ISC unavailability/instability
due to mitochondrial dysfunction in Pink1−/− cells might explain the abnormal regulation of iron
homeostasis. Firstly, the cytosolic ISC-repair factor CISD2 increased after FAC (Figure 2A), suggesting
an instability of ISC-proteins under these conditions. It is relevant to note that the genetic ablation of
CISD1 in mouse causes neurodegeneration with Parkinsonian phenotypes [159], and that iron shortage
in MEF cells triggered CISD1 deficiency. Secondly, Aco1 mRNA encoding IRP1 appeared induced
in Pink1−/− cells after FAC treatment (Supplementary Figure S5), thus maintaining the steady-state
protein abundance normal, but possibly the ratio between the ISC-containing ACO1 holoenzyme
versus the ISC-deficient IRP1 apoenzyme shifted. Thirdly, the selective upregulation of TFRC protein
in Pink1−/− cells after 22BP, together with the hyper-responsive induction of the mitochondrial iron
transporter Slc25a37 (Mitoferrin-1) after FAC in Pink1−/− cells (Supplementary Figure S6), might both
represent a compensatory effort to maximize iron import because of a mitochondrial impairment of iron
utilization, e.g., in the ISC and heme biosynthesis pathways. Fourth, the mitochondrial ISC-biosynthesis
factor GLRX5 was decreased to 0.52-fold in absence of treatment in Pink1−/− cells, and to 0.77-fold
after FAC in WT cells (Supplementary Figure S2E). In human non-hematopoietic cells with GLRX5
deficiency, the reported consequences include a deficit of mitochondrial ISC biogenesis, increased
IRP1-mediated repression of ferritin mRNA translation, and elevated TFR1-mediated iron import with
subsequent accumulation of cytosolic/mitochondrial iron [57]. It was also observed that cells with
GLRX5 deficiency show abnormally high LIP, repressed ferritin levels, and an augmented vulnerability
to ferroptosis [160], as appears to be the case also for Pink1−/− cells. Notions that the mitochondrial
dysfunction inherent in PD leads to progressively conspicuous efforts to maximize ISC-biogenesis are
also supported by a report that the abundance of the ISC export factor ABCB7 increased abnormally
over time in the neurotoxic MPTP mouse model of PD [161]. The concept that this mitochondrial
dysfunction in PD leads to abnormal post-transcriptional regulation of iron homeostasis via IRP1 has
also been confirmed in previous studies that showed the ferritin mRNA translation repression to be
caused by sustained IRP1 activity in PD rodent models as well as patient brains [162,163], and that
respiratory dysfunction due to complex I inhibition triggers decreases ISC-biogenesis and induces
IRP1 activity [164]. These observations are similar to our data on Pink1−/− MEF, as summarized in the
Graphical Abstract.

A previous mass spectrometry study in WT rat primary cortical neurons treated with FAC
over 24 h showed a 10-fold increase of ferritin protein [54], in good agreement with our findings in
WT cells after 24 h. Such induction of ferritin and Hmox1 has a cytoprotective effect, as previously
shown [165,166], but is not maintained in PD brains despite the iron accumulation [99,101]. Inadequate
ferritin responses to iron excess would lead to an accumulation of the LIP and mitochondrial iron,
a phenomenon that was demonstrated in PD brain tissue by recent studies that employed Mössbauer
spectroscopy [167,168]. This scenario is compatible with our proteome findings that MYL6 showed a
massive downregulation after FAC selectively in Pink1−/− cells, and that PCBP3 exhibited decreased
levels without treatment in Pink1−/− cells since both factors are involved in iron-chaperone functions to
deliver components of the LIP to ferritin [76,169,170].

The abnormally high LIP will bind to the protein Pirin and thus modulate innate immunity
via the NFkB pathway (Nuclear Factor “kappa-light-chain-enhancer” of activated B-cells) [109],
in good agreement with our observations in the proteome profile that numerous inflammatory
factors are dysregulated, and with previous reports that PINK1/PARKIN dysfunction modulates
NFkB, causes neuroinflammation, and impairs defenses against invading bacteria [35,38,40,171].
Under iron-saturated conditions, Aco1-encoded IRP1 protein functions as aconitase to prevent citrate
accumulation in the cytosol, thus harmonizing fatty-acid synthesis and protein acetylation with strong
mitochondrial activity, as well as modulating anti-inflammatory responses [172]. It is noteworthy that
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in Pink1−/− flies the neurodegenerative process was shown to depend on the oxidative-stress-triggered
inactivation of the labile [4Fe-4S] clusters in the aconitase enzymes [32].

Since iron accumulation is neurotoxic over time [173] and correlates with iron consumption from
red meat and bread [174], our observations may also be relevant for dietary approaches that might
mitigate disease progression in PD. In the context of dietary prevention of PD, it is important to
note that ascorbate (vitamin C) is a modulator of cellular iron import and efflux as well as ferritin
biosynthesis and degradation [175–180]. Thus, our data may provide a preliminary mechanistic concept
to explain the accumulation of iron deposits in the brain of PD patients with PINK1 loss-of-function
mutations. In-depth analyses with overexpression and repression of key molecules in brain glia versus
neural cells will be necessary to assess this putative scenario. In this context, a recently published
study of Pink1−/− flies demonstrated increased iron bioavailability in mitochondria via mitoferrin
overexpression or ferritin knockdown to be beneficial for motor performance and mitochondrial
morphology [181], an observation that contradicts the assumption of iron chelator benefits in PD.
The enhanced sensitivity of PINK1-deficient cells to iron overload/toxicity and ferroptosis with reduced
lifespan of such organisms might constitute an adverse effect triggered by mechanisms to maximize
iron recruitment for inefficient mitochondrial usage.

This study elucidated not only the molecular effects of the PINK1/PARKIN pathway as intrinsic
determinants of mitophagy, PD, and longevity. In addition, an important focus of our study was on
iron as an extrinsic modulator of these mitochondrial functions, and on the homeostatic expression
adaptations that are physiologically induced by iron. Important responses to iron depletion included
the slight upregulation of Abcb10 mRNA contrasted by a converse downregulation of Slc25a28
(mitoferrin-2), although both transporters are thought to mediate iron import. The substrates of
ABCB10 transport activity are currently undefined, but its absence was reported to reduce mitoferrin-1
protein levels, iron import into mitochondria, heme biosynthesis, and hemoglobinization, while a
role in the export of ALA (5′-aminolevulinic acid) was excluded [182]. It is difficult to identify the
individual substrates for each mitochondrial transporter protein, given that ABCB10, the putative
iron-importer mitoferrin, the heme-synthesis factor ferrochelatase, and the ISC-exporter ABCB7 coexist
in a protein complex [72,79,83,183] where the deletion of one member may destabilize also its interactors.
Similar to ABCB10, a decrease of iron import and heme biosynthesis was also shown upon deletion
of mitoferrin [184,185], leading to universal acceptance of mitoferrin as the main mitochondrial iron
importer [84]. Upon comparison of the transcriptional regulation of both factors, it is intriguing to note
that iron shortage leads to parallel induction of Tfrc for iron recruitment across plasma membranes,
and induction of Abcb10 that could recruit iron across mitochondrial membranes, but a converse
downregulation of Slc25a28 which encodes mitoferrin-2. This paradoxical Slc25a28 downregulation
during iron shortage, however, might be expected for a transporter that mediates iron export but is
unusual for an import factor. The FAC-triggered upregulation of Slc25a37, which encodes mitoferrin-1,
at least in Pink1−/− cells (Supplementary Figure S5), is expected for a mitochondrial iron import
factor, and compatible with the idea of maximized iron recruitment when ISC-biogenesis is impaired.
Interestingly, the reduction of Slc25a28 in C. elegans was reported to result in a prolonged lifespan [74].
In only one study so far, ABCB8 was implicated in mitochondrial export functions for iron and factors
required for cytosolic ISC-protein maturation [80]. As expected for mitochondrial iron export factors,
Abcb8 expression was downregulated after iron depletion, to a similar level as Slc25a28. Regarding the
two mitoferrin isoforms, it was also noteworthy that Slc25a28 responded to iron depletion, whereas
Slc25a37 seemed regulated only after iron excess (Figure S5). Thus, it is also possible that mitoferrin 1
may be better suited to importing iron into mitochondria under conditions of high iron supply (as is
the case in erythroid cells in which mitoferrin 1 is the major mitochondrial iron importer). We propose
that further studies of transcriptional regulation in response to putative substrate loading would help
to elucidate the specific roles of each membrane transporter.
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4. Materials and Methods

4.1. Mouse Embryonic Fibroblast Generation and Culture

The mice used were bred at the Central Animal Facility (ZFE) of the Goethe University Medical
Faculty in Frankfurt, under FELASA-certified conditions, in accordance with the ETS123 (European
Convention for the Protection of Vertebrate Animals), the Council Directive of 24 November 1986
(86/609/EWG) with Annex II and the German Animal Welfare Act. Approval of the local institutional
review board (Regierungspraesidium Darmstadt, project V54-19c20/15-FK/1083) was given on 27 March
2017. MEF were prepared from individual embryos at 14.5 days post-coitus of WT and Pink1−/− mice,
which were generated and bred as previously reported [20]. In brief, embryos were dissected from
the uterus, extremities, and inner organs were removed and the tissue was treated with 0.05% trypsin
(Gibco, Thermo Scientific, Schwerte, Germany) for 10–15 min. Cells were cultivated in Dulbecco’s
Modified Eagle Medium 4.5 g/L glucose (Invitrogen, Karlsruhe, Germany) plus 15% bovine growth
serum (BGS, Thermo Scientific), 1% glutamine, 1% penicillin/streptomycin (all Invitrogen,) at 37 ◦C
and 5% CO2 in a humidified incubator, then Pink1−/− cells and their respective littermate WT controls
were frozen in liquid nitrogen.

4.2. Human Fibroblasts

Human fibroblasts of 7 healthy controls and 3 PARK6 patients [17] (passage 8–12) were cultured
in Dulbecco’s Modified Eagle Medium 4.5 g/L glucose (Invitrogen) plus 15% bovine growth serum
(BGS, Thermo Scientific), 1% glutamine, 1% penicillin/streptomycin (all Invitrogen) at 37 ◦C and 5%
CO2 in a humidified incubator.

4.3. Iron Overload/Depletion Experiments

MEF or human fibroblast cells were plated in 6-well plates (500,000 cells/well for RT-qPCR
and immunoblotting, 1 × 106 for global proteome) and incubated for 24 h. Cells were either left in
fresh normal growth medium or treated with 200 µM ferric ammonium citrate (FAC) (Sigma Aldrich,
St. Louis, MO, USA), 100 µM 2,2-bipyridyl (22BP) (Roth, Karlsruhe, Germany), or 100 µM Deferoxamine
mesylate (DFO) (Sigma Aldrich) in their normal culture medium. Incubation was done for 16 h or 48 h
and cell pellets were collected for subsequent RNA and protein isolation, respectively.

4.4. Reverse Transcriptase Real-Time Quantitative PCR

For isolation of total RNA, TRI reagent (Sigma Aldrich) was used, and VILO IV (Thermo
Scientific) for reverse transcription, both following manufacturers’ instructions. RT-qPCR was
performed applying TaqMan Gene Expression Assays (Applied Biosystems, Thermo Scientific) in
cDNA from 20 ng total RNA in 20 µL reactions with 2× master mix (Roche, Basel, Switzerland)
in a StepOnePlus Real-Time PCR System (Applied Biosystems, Thermo Scientific). An RT-qPCR
assay of Pink1 normalized to Tbp was used to confirm the genotype in MEFs. For quantification
of the individual mRNA levels, the following TaqMan assays (Thermo Scientific) were employed
for mouse: Abcb6- Mm00470049_m1, Abcb7- Mm01235258_m1, Abcb8- Mm00472410_m1, Abcb10-
Mm00497931_m1, Abce1- Mm00649858_m1, Aco1- Mm00801417_m1, Aco2- Mm00475673_g1, Alas1-
Mm01235914_m1, Bach1- Mm01344527_m1, Bdh2- Mm00459075_m1, Bnip3- Mm00833810_g1, Bola1-
Mm01255885_m1, Brip1- Mm01297848_m1, Cdc42bpa- Mm01322796_m1, Cisd1- Mm00728581_s1,
Cisd2- Mm00835272_m1, Cp- Mm00432654_m1, Ctsb- Mm01310605_m1, Ctsd- Mm00515586_m1, Ctsf -
Mm00490782_m1, Cygb -Mm00446071_m1, Cyp46a1 -Mm00487306_m1, Dna2- Mm01169107_m1, Dpyd-
Mm00468109_m1, Egln1- Mm00459770_m1, Elp3- Mm00804536_m1, Ercc2- Mm00514776_m1, Fdx1-
Mm00433246_m1, Fech- Mm00500394_m1, Flvcr1- Mm01320423_m1, Foxo3- Mm01185722_m1, Fth1-
Mm00850707_m1, Ftl1- Mm03030144_g1, Fxn- Mm00784016_s1, Gabarapl1- Mm00457880_m1, Glrx5-
Mm00511712_m1, Hebp1- Mm00469161_m1, Hif1a- Mm00468869_m1, Hk1- Mm00439344_m1, Homer1-
Mm00516275_m1, Hmox1- Mm00516005_m1, Ireb2- Mm01179595_m1, Jmjd6- Mm00466679_m1, Jund-
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Mm04208316_m1, Keap1- Mm00497268_m1, Mef2d- Mm00504931_m1, Mitf - Mm00434954_m1, Mmp14-
Mm00485054_m1, Myl6- Mm02342525_g1, Ncoa4- Mm00451095_m1, Nfe2l2- Mm00477784_mL, Nfu1-
Mm00777068_m1, Nos2- Mm_00440502_m1, Nqo1- Mm01253561_m1, Nthl1- Mm00476559_m1, P4ha2-
Mm01288628_m1, Prkn- Mm00450186_m1, Pcbp1- Mm00478712_s1, Pcbp2- Mm01296174_g1, Pcbp3-
Mm01149750_m1, Pgrmc1- Mm00443985_m1, Pink1- Mm00550827_m1, Pold1- Mm00448253_m1, Ppat-
Mm00549096_m1, Prdx1- Mm012619961_s1, Prim2- Mm00477104_m1, Rbfox2- Mm01197021_m1, Rsad1-
Mm01296523_m1, Rsad2- Mm00491265_m1, Rrm2- Mm00485881_m1, Rtel1- Mm01220420_m1, Slc11a2-
Mm00435363_m1, Slc25a28- Mm00455077_m1, Slc25a37- Mm00471133_m1, Slc40a1- Mm01254822_m1,
Sqstm1- Mm00448091_m1, Steap2- Mm01320129_m1, Steap3- Mm01287243_m1, Tbp- Mm00446973_m1,
Tfeb- Mm00448968_m1, Tfrc-Mm00441941_m1, Trf- Mm00446715_m1, Tyw5- Mm01254171_m1. Human
TaqMan assays used were: ABCE1- Hs01009190_m1, FOXO3- Hs00921424_m1, FTL1- Hs00830226_gH,
FTH1- Hs01694011_s1, HPRT1- Hs99999909_m1, KEAP1- Hs00202227_m1, RRM2- Hs00357247_g1,
TFEB- Hs00292981_m1, TFRC- Hs00951083_m1. Results were analyzed with the 2−∆∆CT method [186].

4.5. Quantitative Immunoblotting

Sample preparation for quantitative immunoblotting was done as described before [187]. Samples
of 20 µg of protein in 2× Laemmli buffer were heated at 90 ◦C for 3 min and then separated in 10%
tris-glycine polyacrylamide gels, using Precision Plus Protein™ All Blue Standards (Bio-Rad, Hercules,
CA, USA) as a size marker. Transfer to nitrocellulose membranes (Protran, GE Healthcare, Thermo
Fisher) was done at 50 V over 90 min, with blocking in 5% BSA solution in 1× TBS-T for 1 h at
room temperature (RT). Primary antibody incubation against FTH1 (1:1000, Invitrogen, #PA586928),
HMOX1 (1:1000, Abcam, Cambridge, UK, ab79854), RRM2 (1:500, Santa Cruz Biotechnolgoy, Santa
Cruz, CA, USA, sc-376973), and NCOA4 (1:1000, Santa Cruz sc-373739). Fluorescence-labeled α-rabbit
or α-mouse antibodies (1:15,000, Licor Biosciences, Lincoln, NE, USA) were used as secondary
antibodies. Normalization occurred with incubation against beta-Actin (1:2000, Sigma Aldrich,
A5441). Fluorescence detection occurred on the Licor Odyssey Classic Instrument and bands were
densitometrically analyzed with Image Studio Lite, Version 5.2 (Li-Cor Biosciences).

4.6. Proteomics Sample Preparation with Label-Free Quantification (LFQ)

Proteomics sample preparation was done according to a published protocol with minor
modifications [188]. About 1.5 million cells of Pink1−/− MEF and WT cells, either FAC, 22BP, or
untreated were lysed in triplicates under denaturing conditions in a buffer containing 3 M guanidinium
chloride (GdmCl), 10 mM tris(2-carboxyethyl)phosphine, 40 mM chloroacetamide and 100 mM Tris-HCl
pH 8.5. Lysates were denatured at 95 ◦C for 10 min shaking at 1000 rpm in a thermal shaker and
sonicated for 10 min. Lysates were diluted with a dilution buffer containing 10% acetonitrile and 25 mM
Tris-HCl, pH 8.0, to reach a 1 M GdmCl concentration. Then, proteins were digested with LysC (Roche;
enzyme to protein ratio 1:50, MS-grade) shaking at 700 rpm at 37 ◦C for 2 h. The digestion mixture was
diluted again with the same dilution buffer to reach 0.5 M GdmCl, followed by a tryptic digestion
(Roche, enzyme to protein ratio 1:50, MS-grade) and incubation at 37 ◦C overnight in a thermal shaker
at 700 rpm. Peptide desalting was performed according to the manufacturer’s instructions (Pierce C18
Tips, Thermo Scientific, Waltham, MA, USA). Desalted peptides were reconstituted in 1% formic acid
in water and half of each sample was further separated into four fractions by strong cation exchange
chromatography (SCX, 3M Purification, Meriden, CT, USA). Eluates were first dried in a SpeedVac,
then dissolved in 5% acetonitrile and 2% formic acid in water, briefly vortexed, and sonicated in a
water bath for 30 s prior injection to nano-LC-MS.

4.7. LC-MS/MS Instrument Settings for Shotgun Proteome Profiling and Data Analysis

LC-MS/MS was carried out by nanoflow reverse phase liquid chromatography (Dionex Ultimate
3000, Thermo Scientific) coupled online to a Q-Exactive HF Orbitrap mass spectrometer (Thermo
Scientific), as reported previously [189]. Briefly, the LC separation was performed using a PicoFrit
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analytical column (75 µm ID × 50 cm long, 15 µm Tip ID; New Objectives, Woburn, MA, USA) in-house
packed with 3-µm C18 resin (Reprosil-AQ Pur, Dr. Maisch, Ammerbuch, Germany). Peptides were
eluted using a gradient from 3.8% to 38% solvent B in solvent A over 120 min at 266 nL per minute
flow rate. Solvent A was 0.1% formic acid and solvent B was 79.9% acetonitrile, 20% H2O, 0.1% formic
acid. For the IP samples, a one hour gradient was used. Nanoelectrospray was generated by applying
3.5 kV. A cycle of one full Fourier transformation scan mass spectrum (300−1750 m/z, resolution of
60,000 at m/z 200, automatic gain control (AGC) target 1 × 106) was followed by 12 data-dependent
MS/MS scans (resolution of 30,000, AGC target 5 × 105) with a normalized collision energy of 25 eV.
In order to avoid repeated sequencing of the same peptides, a dynamic exclusion window of 30 s was
used. In addition, only peptide charge states between two to eight were sequenced.

Raw MS data were processed with MaxQuant software (v1.6.10.43, from Max Planck Institute of
Biochemistry, Martinsried, Germany) and searched against the mouse proteome database UniProtKB
with 55,153 entries, released in August 2019. Parameters of MaxQuant database searching were a false
discovery rate (FDR) of 0.01 for proteins and peptides, a minimum peptide length of seven amino acids,
a first search mass tolerance for peptides of 20 ppm and a main search tolerance of 4.5 ppm, and using
the function “match between runs”. A maximum of two missed cleavages was allowed for the tryptic
digest. Cysteine carbamidomethylation was set as fixed modification, while N-terminal acetylation
and methionine oxidation were set as variable modifications. The correlation analysis of biological
replicates and the calculation of significantly different proteins were done with Perseus (v1.6.10.43,
from Max Planck Institute of Biochemistry). LFQ intensities, originating from at least two different
peptides per protein group were transformed by log2. Only groups with valid values in at least one
group were used, missing values were replaced by values from the normal distribution. Statistical
analysis was done by a two-sample t-test with Benjamini–Hochberg (BH, FDR of 0.05) correction for
multiple testing. Significantly regulated proteins between the conditions were indicated by a plus sign
in Supplementary Table S1.

4.8. Statistical Evaluation

RT-qPCR and quantitative immunoblot result were analyzed using Graphpad Prism Version 8
(GraphPad, San Diego, CA, USA) and significant differences were calculated with two-way ANOVA
with subsequent multiple comparison tests.

4.9. Visualization

Graphs were created using Graphpad Prism Version 8; Tables were assembled using Microsoft
Excel, and Venn diagrams were created with the online tool for Venn diagrams of Bioinformatics &
Evolutionary Genomics (http://bioinformatics.psb.ugent.be/webtools/Venn/, accessed on 18.09.2020)

5. Conclusions

We conducted a pioneering survey of global proteomic adaptations and transcriptional responses
to extracellular iron changes, using murine fibroblasts from WT and Pink1−/− animals, to then validate
prominent findings in fibroblasts from PARK6 patients. The proteome profile identified 4 novel factors
to be conversely regulated upon iron deficiency versus iron excess, namely CPT1A, MMP14, XDH,
and PYGL. The transcriptional regulation profile argued against previous notions that SLC25A28 has
mitochondrial import function, providing evidence that SLC25A28 expression is downregulated by
iron shortage, while SLC25A37 responds to iron excess.

Iron deprivation had massive effects on proteome and transcript levels and they are relevant
when trying long-term neuroprotective therapy of PD patients by iron chelators. On the one hand,
iron shortage upregulated the alpha-synuclein antagonist SNCB at the protein level, and Pink1 and
Prkn at the mRNA level, possibly ensuring neuroprotection and chronic maximized mitophagy, which
might have beneficial effects for the aggregation and mitochondrial dysfunction in PD tissue. On the
other hand, iron shortage decreased the abundance of iron-binding nucleotide synthesis factors such

http://bioinformatics.psb.ugent.be/webtools/Venn/
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as RRM2, of ISC biogenesis factors, and ISC-associated guardians of RNA/DNA stability, limiting
also the transcriptional expression e.g., for Ppat, Nthl1, Dna2, Pold1, Tyw5, and Prim2, so the known
vulnerability of the mitochondrial genome in PD might be enhanced in deleterious fashion by iron
chelators. Particularly the impairment of DNA repair is known as a risk factor of neurodegenerative
diseases and a modulator of lifespan [13–15]. Largely, the factors identified act via iron homeostasis
and mitophagy to alter the health period [11,12].

Even at untreated conditions, the Pink1-ablation mediated a deficit of the LIP chaperone
PCBP3 protein, the ISC-biogenesis factor GLRX5 protein, and the ISC-associated Abce1 transcript
as a growth-limiting effect. These data provide the first evidence in mammals for the
existence of a PINK1-dependent mechanism described previously in D. melanogaster [122,124,148],
where nucleus-encoded mRNAs and the corresponding precursor proteins for mitochondria undergo
co-translational quality control by ABCE1, in parallel to the mitophagic elimination of dysfunctional
mitochondrial fragments.

As a prominent finding after iron overload, the transcriptional ferritin induction was potentiated
in Pink1-ablated cells, while the ferritin protein levels were diminished, a contrast that might be due to
post-transcriptional translation repression caused by reduced ISC-availability/stability.

Taken together, this preliminary documentation of on-demand regulations in fibroblasts
should be complemented by studies of neural cells, mitochondrial fractions, long-term effects, and
overexpression/depletion of crucial factors, to confirm the mechanisms and the relevance for PD.
The data point to inefficient iron usage in the mitochondria of PINK1-mutant cells, followed by
maximized iron import and mobilization to ensure sufficient DNA/RNA quality, via ISC-associated
enzymes. This observation clarifies in what pathways an iron chelator therapy of PD may have
long-term adverse effects and explains why acutely improved motor performance can be observed in
PINK1-mutant flies after iron supplementation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/10/2229/s1.
Table S1, Perseus software output of global proteome analyses; Table S2, Statisctical details of transcriptional
changes; Figure S1, Dysregulations in global proteome of WT MEF after FAC-treatment; Figure S2, Volcano
plots of global proteome profiles; Figure S3, STRING diagram of consistently dysregulated factors; Figure S4,
Dysregulations in global proteome of WT MEF after 22BP-treatment; Figure S5, Transcriptional dysregulations
upon RT-qPCR analyses; Figure S6, Transcriptional dysregulations of antioxidant and hypoxic control.
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Abbreviations

µM MicroMolar
22BP 2,2′-Bipyridine
Abcb1 ATP binding cassette subfamily B member 1
Abcb7 ATP binding cassette subfamily B member 7
Abcb8 ATP binding cassette subfamily B member 8
Abcb10 ATP binding cassette subfamily B member 10
Abce1 ATP binding cassette subfamily E member 1, RNase L inhibitor 1
Aco1 Aconitase 1, cytoplasmic, aka Irp1, aka Ferritin repressor protein

http://www.mdpi.com/2073-4409/9/10/2229/s1


Cells 2020, 9, 2229 34 of 46

Aco2 Aconitase 2, mitochondrial
ACSL3 Acyl-CoA synthetase long-chain family member 3
ACTB Actin beta
ACYP1 Acylphosphatase 1
AGPAT1 1-Acylglycerol-3-Phosphate O-Acyltransferase 1
AHCYL2 Adenosylhomocysteinase like 2
aka also known as
ALA 5′-aminolevulinic acid
Alas1 5′-aminolevulinate synthase 1
AMDHD2 Amidohydrolase domain containing 2
ANOVA Analysis of variance
ARMC1 Armadillo repeat containing 1
ARPP19 CAMP regulated phosphoprotein 19
ARNT Aryl hydrocarbon receptor nuclear translocator
ATG4B Autophagy related 4B cysteine peptidase
ATG12 Autophagy related 12
ATPase Adenosintriphosphatase
Bdh2 3-hydroxybutyrate dehydrogenase-2
BECN1 Beclin 1, Autophagy related
Bola1 BolA Family Member 1
Brip1 Brca1 Interacting Protein C-Terminal Helicase 1, Fancj
BUD31 BUD31 homolog, Functional spliceosome-associated protein 17
cAMP Cyclic adenosine monophosphate
CCDC58 Coiled-coil domain containing 58
Cdc42bpa Cdc42 binding protein kinase alpha (Dmpk-like), Mrcka
CIA Cytosolic iron-sulfur cluster assembly machinery
Cisd1 CDGSH iron-sulfur domain 1
Cisd2 CDGSH iron-sulfur domain 2, Wfs2
CO2 Carbon dioxide
COA3 Cytochrome C oxidase assembly factor 3
COL1A1/2 Collagen type I alpha 1 chain, Collagen type I alpha 2 chain
COL4A1 Collagen type IV alpha 1 chain
COL5A1 Collagen type IV alpha 1 chain
COX1 Mitochondrially encoded cytochrome C oxidase I
COX6A1 Cytochrome C oxidase subunit 6A1, mitochondrial
Cp Ceruloplasmin
CPT1A Carnitine palmitoyltransferase 1A
CREBBP CREB binding protein
CREG1 Cellular repressor of E1A stimulated genes 1
CYB5A Cytochrome B5 type A
Cyp46a1 Cytochrome P450 Family 46 Subfamily A Member 1
Cyp56a1 Cytochrome P450 Family 51 Subfamily A Member 1
DFO Deferoxamine
DIP2A Disco interacting protein 2 homolog A
Dmt1 Divalent metal transporter 1, encoded by Slc11a2
DNA Desoxyribonucleic acid
Dna2 DNA replication helicase/nuclease 2
Dpyd Dihydropyrimidine dehydrogenase
Elp3 Elongator acetyltransferase complex subunit 3
EGLN1 Egl-9 family hypoxia-inducible factor 1
ER Endoplasmic reticulum
Ercc2 ERCC excision repair 2, TFIIH core complex helicase subunit, Cxpd
ETV6 ETS variant transcription factor 6
EXOSC4/10 Exosome component 4/10
FAC Ferric ammonium acid
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Fdx1 Ferredoxin 1, mitochondrial Adrenodoxin
Fech Ferrochelatase, Heme synthase
Flvcr1a Feline leukemia virus subgroup C cellular receptor 1a, Pcarp
Flvcr1b Feline leukemia virus subgroup C cellular receptor 1b, Pcarp
FOXO3 Forkhead box O3
Fth1 Ferritin heavy chain
Ftl1 Ferritin light chain
Ftmt Mitochondrial ferritin
Fxn Frataxin, aka Frda
g Gram
GABARAPL1 GABA type A receptor associated protein like 1
GBE1 Glucan (1,4-Alpha-), branching enzyme 1
GBP4 Guanylate binding protein 4
Glrx5 Glutaredoxin 5
GPR126 G-Protein coupled receptor 126
GPSM2 G Protein signaling modulator 2
GYPC Glycophorin C
GYS1 Glycogen synthase 1
h Hour
Hbs1l Hbs1 like translational GTPase, Erfs
Hebp1 Heme binding protein 1
HIF1A Hypoxia-Inducible Factor 1-alpha
HK1 Hexokinase 1
HMGCL Mitochondrial 3-Hydroxy-3-Methylglutaryl-CoA Lyase
Hmox1 Heme oxygenase 1, HO-1
HOMER1 Homer scaffold protein 1
IFIT3 Interferon induced protein with tetratricopeptide repeats 3
IKBKAP IkappaB kinase complex-associated protein, Elp1
IMPC International mouse phenotyping consortium
INPP5F Inositol Polyphosphate-5-Phosphatase F
IRE Iron response element
Ireb1 Iron-responsive element-binding protein 1 (Irp1), encoded by Aco1
Ireb2 Iron-responsive element-binding protein 2 (Irp2), encoded by Ireb2
IRF2BP1 Interferon regulatory factor 2 binding protein 1
Irp1 Iron regulatory protein 1 (cytosolic aconitase = Ireb1), encoded by Aco1
Irp2 Iron regulatory protein 2 (Aco3 = Ireb2), encoded by Ireb2 mRNA
ISC Iron-sulfur-cluster
JMJD6 Jumonji domain protein 6, Arg-demethylase, Lys-hydroxylase
JUN Jun proto-oncogene, AP-1 transcription factor subunit
KEAP1 Kelch-like ECH associated protein 1
L Liter
LAMTOR1/5 Late endosomal/lysosomal adaptor, MAPK and MTOR activator 1/5
LBH LBH regulator of WNT signaling pathway
LFQ Label free quantification
LIP Labile iron pool
LIPA Lipase A, lysosomal acid type
MAN2C1 Mannosidase alpha class 2C member 1
MAP1LC3A/B Microtubule associated protein 1 light chain 3 alpha/beta
MCEE Methylmalonyl-CoA Epimerase, mitochondrial
MEF Mouse embryonic fibroblast
MEF2D Myocyte enhancer factor 2D
Mfrn1 Mitoferrin 1, encoded by Slc25a37
Mfrn2 Mitoferrin 2, encoded by Slc25a28
Min Minute
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MMP14 Matrix metallopeptidase 14
MRPS36 Mitochondrial ribosomal protein S36
MSRA Methionine sulfoxide reductase A
mRNA Messenger ribonucleic acid
mTOR Mechanistic target of rapamycin kinase
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MYD88 Myeloid differentiation primary response protein MyD88
MYL6 Myosin light chain 6
Ncoa4 Nuclear receptor coactivator 4
NDUFA10 NADH:Ubiquinone oxidoreductase subunit A10
NDUFS3/8 NADH:Ubiquinone oxidoreductase core subunit S3/subunit S8
NFkB Nuclear Factor ‘kappa-light-chain-enhancer’ of activated B-cells
Nfu1 Nfu1 iron-sulfur cluster scaffold
NMRAL1 NmrA like redox sensor 1
NOS2 Nitric oxide synthase 2
Not4 Ccr4-Not transcription complex subunit 4
NQO1 NAD(P)H quinone dehydrogenase 1
NRF2 Nuclear factor, erythroid 2 like 2, Nfe2l2
NSMCE2 Non-structural maintenance of chromosomes element 2 homolog
Nthl1 Nth like DNA glycosylase 1
NUCKS1 Nuclear casein kinase and cyclin-dependent kinase substrate 1
NUP160 Nucleoporin 160
OAS1G 2′-5′-Oligoadenylate synthetase 1
P4HA2 Prolyl 4-hydroxylase subunit alpha 2
PANK4 Pantothenate kinase 4
Parkin Parkinson disease protein 2
PAWR Pro-apoptotic WT1 regulator
Pcbp1 Poly(RC) binding protein 1, hnRNP-E1
Pcbp2 Poly(RC) binding protein 2, hnRNP-E2
PD Parkinson’s disease
PDDC1 Glutamine amidotransferase like Class 1 domain containing 1, Gatd1
Pgrmc1 Progesterone receptor membrane component 1, Dap1
Pink1 PTEN induced kinase 1
PLOD1 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1
PMPCA Peptidase, mitochondrial processing subunit alpha
Pold1 DNA polymerase delta 1 catalytic subunit, Cdc2 homolog
POMP Proteasome maturation protein
Ppat Phosphoribosyl pyrophosphate amidotransferase, Gpat, ATase
Prim2 DNA primase subunit 2
PTGES Prostaglandin E synthase
PMID PubMed database of medical literature, reference IDentifier number
PYGL Glycogen Phosphorylase L
RBFOX2 RNA binding fox-1 homolog 2
RNA Ribonucleic acid
ROS Reactive oxygen species
RPF2 Ribosome production factor 2 homolog
RRM1/2 Ribonucleotide reductase regulatory subunit M1/M2
rRNA Ribosomal RNA
Rsad1 Radical S-adenosyl methionine domain containing 1
Rsad2 Radical S-adenosyl methionine domain containing 2
RT Room temperature
RT-qPCR reverse-transcriptase real-time quantitative polymerase chain reaction
Rtel1 Regulator of telomere elongation helicase 1
SCCPDH Saccharopine dehydrogenase
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SEM Standard error of the mean
SELENBP1 Selenium binding protein 1
SERPINE2 Serpin family E member 2
SH2B1 SH2 domain-containing protein 1B
Slc11a2 Solute carrier family 11 member 2, Divalent metal transporter 1, Dmt1
Slc25a37 Solute carrier family 25 member 37, Mitoferrin 1
Slc25a28 Solute carrier family 25 member 28, Mitoferrin 2
Slc40a1 Solute carrier family 40 member 1, Ferroportin 1, Ireg1
SNCB Synuclein beta
SMX30 Sorting nexin family member 30, ATG24A
SPP1 Secreted phosphoprotein 1
SRSF10 Serine and arginine-rich splicing factor 10
SSBP1 Single-stranded DNA binding protein 1
Steap2 Six transmembrane epithelial antigen of the prostate 2, Stmp
Steap3 Six transmembrane epithelial antigen of the prostate 3, Stmp3
Steap4 Six transmembrane epithelial antigen of the prostate 4, Stamp2
STRING Search Tool for the Retrieval of Interacting Genes/Proteins
SYN1 Synapsin I
Tbp Tata-binding protein
TBST Tris-buffered saline/Tween 20
TCA Tricarboxylic acid cycle
TCIRG1 T Cell immune regulator 1, ATPase H+ transporting V0 subunit A3
TIMM10 Translocase of inner mitochondrial membrane 10
TMEM115 Transmembrane protein 115
TMEM173 Stimulator of interferon genes protein, Sting
TMEM63A Transmembrane protein 63A
TRAF2 TNF receptor-associated factor 2
TREX1 Three prime repair exonuclease 1
Trf Transferrin
Tfrc Transferrin receptor 1
Tyw5 tRNA wybutosine synthesizing protein 5
UPP1 Uridine phosphorylase 1
UTR Untranslated region
V Volt
VHL Von Hippel-Lindau tumor suppressor
WT Wildtype
XAF1 XIAP associated factor 1
XDH Xanthine dehydrogenase
ZBP1 Z-DNA binding protein 1

References

1. Weiland, A.; Wang, Y.; Wu, W.; Lan, X.; Han, X.; Li, Q.; Wang, J. Ferroptosis and Its Role in Diverse Brain
Diseases. Mol. Neurobiol. 2019, 56, 4880–4893. [CrossRef] [PubMed]

2. Stehling, O.; Lill, R. The Role of Mitochondria in Cellular Iron-Sulfur Protein Biogenesis: Mechanisms,
Connected Processes, and Diseases. Cold Spring Harb. Perspect. Biol. 2013, 5, a011312. [CrossRef] [PubMed]

3. Stehling, O.; Wilbrecht, C.; Lill, R. Mitochondrial iron–sulfur protein biogenesis and human disease. Biochimie
2014, 100, 61–77. [CrossRef] [PubMed]

4. Kafina, M.D.; Paw, B.H. Intracellular iron and heme trafficking and metabolism in developing erythroblasts.
Metallomics 2017, 9, 1193–1203. [CrossRef]

5. Barupala, D.P.; Dzul, S.P.; Riggs-Gelasco, P.J.; Stemmler, T.L. Synthesis, delivery and regulation of eukaryotic
heme and Fe–S cluster cofactors. Arch. Biochem. Biophys. 2016, 592, 60–75. [CrossRef]

6. Kimura, S.; Suzuki, T. Iron–sulfur proteins responsible for RNA modifications. Biochim. Biophys. Acta
(BBA)-Bioenerg. 2015, 1853, 1272–1283. [CrossRef]

http://dx.doi.org/10.1007/s12035-018-1403-3
http://www.ncbi.nlm.nih.gov/pubmed/30406908
http://dx.doi.org/10.1101/cshperspect.a011312
http://www.ncbi.nlm.nih.gov/pubmed/23906713
http://dx.doi.org/10.1016/j.biochi.2014.01.010
http://www.ncbi.nlm.nih.gov/pubmed/24462711
http://dx.doi.org/10.1039/c7mt00103g
http://dx.doi.org/10.1016/j.abb.2016.01.010
http://dx.doi.org/10.1016/j.bbamcr.2014.12.010


Cells 2020, 9, 2229 38 of 46

7. Lill, R. Function and biogenesis of iron–sulphur proteins. Nature 2009, 460, 831–838. [CrossRef]
8. Puig, S.; Ramos-Alonso, L.; Romero, A.M.; Martínez-Pastor, M.T. The elemental role of iron in DNA synthesis

and repair. Metallomics 2017, 9, 1483–1500. [CrossRef]
9. Paul, V.D.; Lill, R. Biogenesis of cytosolic and nuclear iron–sulfur proteins and their role in genome stability.

Biochim. Biophys. Acta (BBA) 2015, 1853, 1528–1539. [CrossRef]
10. Furuyama, K.; Kaneko, K.; Vargas, P.D. Heme as a Magnificent Molecule with Multiple Missions: Heme

Determines Its Own Fate and Governs Cellular Homeostasis. Tohoku J. Exp. Med. 2007, 213, 1–16. [CrossRef]
11. Schiavi, A.; Maglioni, S.; Palikaras, K.; Shaik, A.; Strappazzon, F.; Brinkmann, V.; Torgovnick, A.; Castelein, N.;

De Henau, S.; Braeckman, B.P.; et al. Iron-Starvation-Induced Mitophagy Mediates Lifespan Extension upon
Mitochondrial Stress in C. elegans. Curr. Biol. 2015, 25, 1810–1822. [CrossRef] [PubMed]

12. Ryu, D.; Mouchiroud, L.; Andreux, P.A.; Katsyuba, E.; Moullan, N.; A Nicolet-Dit-Félix, A.; Williams, E.G.;
Jha, P.; Sasso, G.L.; Huzard, D.; et al. Urolithin A induces mitophagy and prolongs lifespan in C. elegans and
increases muscle function in rodents. Nat. Med. 2016, 22, 879–888. [CrossRef] [PubMed]

13. Corti, O.; Lesage, S.; Brice, A. What Genetics Tells us About the Causes and Mechanisms of Parkinson’s
Disease. Physiol. Rev. 2011, 91, 1161–1218. [CrossRef] [PubMed]

14. Valente, E.M.; Abou-Sleiman, P.M.; Caputo, V.; Muqit, M.M.K.; Harvey, R.J.; Gispert, S.; Ali, Z.; Del Turco, D.;
Bentivoglio, A.R.; Healy, D.G.; et al. Hereditary Early-Onset Parkinson’s Disease Caused by Mutations in
PINK1. Science 2004, 304, 1158–1160. [CrossRef] [PubMed]

15. Exner, N.; Treske, B.; Paquet, D.; Holmstrom, K.; Schiesling, C.; Gispert, S.; Carballo-Carbajal, I.; Berg, D.;
Hoepken, H.-H.; Gasser, T.; et al. Loss-of-Function of Human PINK1 Results in Mitochondrial Pathology
and Can Be Rescued by Parkin. J. Neurosci. 2007, 27, 12413–12418. [CrossRef]

16. Matsuda, N.; Tanaka, K. Uncovering the roles of PINK1 and parkin in mitophagy. Autophagy 2010, 6, 952–954.
[CrossRef] [PubMed]

17. Hoepken, H.-H.; Gispert, S.; Morales, B.; Wingerter, O.; Del Turco, D.; Mülsch, A.; Nussbaum, R.L.; Müller, K.;
Dröse, S.; Brandt, U.; et al. Mitochondrial dysfunction, peroxidation damage and changes in glutathione
metabolism in PARK6. Neurobiol. Dis. 2007, 25, 401–411. [CrossRef]

18. Parganlija, D.; Klinkenberg, M.; Domínguez-Bautista, J.; Hetzel, M.; Gispert, S.; Chimi, M.A.; Dröse, S.;
Mai, S.; Brandt, U.; Auburger, G.; et al. Loss of PINK1 Impairs Stress-Induced Autophagy and Cell Survival.
PLoS ONE 2014, 9, e95288. [CrossRef]

19. Klinkenberg, M.; Gispert, S.; Dominguez-Bautista, J.A.; Braun, I.; Auburger, G.; Jendrach, M. Restriction of
trophic factors and nutrients induces PARKIN expression. Neurogenetics 2011, 13, 9–21. [CrossRef]

20. Gispert, S.; Ricciardi, F.; Kurz, A.; Azizov, M.; Hoepken, H.-H.; Becker, D.; Voos, W.; Leuner, K.; Müller, W.E.;
Kudin, A.P.; et al. Parkinson Phenotype in Aged PINK1-Deficient Mice Is Accompanied by Progressive
Mitochondrial Dysfunction in Absence of Neurodegeneration. PLoS ONE 2009, 4, e5777. [CrossRef]

21. Visanji, N.P.; Collingwood, J.F.; Finnegan, M.E.; Tandon, A.; House, E.; Hazrati, L.-N. Iron Deficiency in
Parkinsonism: Region-Specific Iron Dysregulation in Parkinson’s Disease and Multiple System Atrophy.
J. Park. Dis. 2013, 3, 523–537. [CrossRef]

22. Ndayisaba, A.; Kaindlstorfer, C.; Wenning, G.K. Iron in Neurodegeneration—Cause or Consequence?
Front. Neurosci. 2019, 13, 180. [CrossRef]

23. Wang, J.-Y.; Zhuang, Q.-Q.; Zhu, L.-B.; Zhu, H.; Li, T.; Li, R.; Chen, S.-F.; Huang, C.-P.; Zhang, X.; Zhu, J.-H.
Meta-analysis of brain iron levels of Parkinson’s disease patients determined by postmortem and MRI
measurements. Sci. Rep. 2016, 6, 36669. [CrossRef]

24. Lei, P.; Ayton, S.; Finkelstein, D.I.; Spoerri, L.; Ciccotosto, G.D.; Wright, D.K.; Wong, B.X.; Adlard, P.A.;
Cherny, R.A.; Lam, L.Q.; et al. Tau deficiency induces parkinsonism with dementia by impairing
APP-mediated iron export. Nat. Med. 2012, 18, 291–295. [CrossRef] [PubMed]

25. Zecca, L.; Stroppolo, A.; Gatti, A.; Tampellini, D.; Toscani, M.; Gallorini, M.; Giaveri, G.; Arosio, P.;
Santambrogio, P.; Fariello, R.G.; et al. The role of iron and copper molecules in the neuronal vulnerability
of locus coeruleus and substantia nigra during aging. Proc. Natl. Acad. Sci. USA 2004, 101, 9843–9848.
[CrossRef] [PubMed]

26. Hintze, K.J.; Theil, E.C. Cellular regulation and molecular interactions of the ferritins. Cell. Mol. Life Sci.
2006, 63, 591–600. [CrossRef]

http://dx.doi.org/10.1038/nature08301
http://dx.doi.org/10.1039/c7mt00116a
http://dx.doi.org/10.1016/j.bbamcr.2014.12.018
http://dx.doi.org/10.1620/tjem.213.1
http://dx.doi.org/10.1016/j.cub.2015.05.059
http://www.ncbi.nlm.nih.gov/pubmed/26144971
http://dx.doi.org/10.1038/nm.4132
http://www.ncbi.nlm.nih.gov/pubmed/27400265
http://dx.doi.org/10.1152/physrev.00022.2010
http://www.ncbi.nlm.nih.gov/pubmed/22013209
http://dx.doi.org/10.1126/science.1096284
http://www.ncbi.nlm.nih.gov/pubmed/15087508
http://dx.doi.org/10.1523/JNEUROSCI.0719-07.2007
http://dx.doi.org/10.4161/auto.6.7.13039
http://www.ncbi.nlm.nih.gov/pubmed/20724841
http://dx.doi.org/10.1016/j.nbd.2006.10.007
http://dx.doi.org/10.1371/journal.pone.0095288
http://dx.doi.org/10.1007/s10048-011-0303-8
http://dx.doi.org/10.1371/journal.pone.0005777
http://dx.doi.org/10.3233/jpd-130197
http://dx.doi.org/10.3389/fnins.2019.00180
http://dx.doi.org/10.1038/srep36669
http://dx.doi.org/10.1038/nm.2613
http://www.ncbi.nlm.nih.gov/pubmed/22286308
http://dx.doi.org/10.1073/pnas.0403495101
http://www.ncbi.nlm.nih.gov/pubmed/15210960
http://dx.doi.org/10.1007/s00018-005-5285-y


Cells 2020, 9, 2229 39 of 46

27. You, L.-H.; Li, Z.; Duan, X.; Zhao, B.-L.; Chang, S.-Y.; Shi, Z.-H. Mitochondrial ferritin suppresses
MPTP-induced cell damage by regulating iron metabolism and attenuating oxidative stress. Brain Res. 2016,
1642, 33–42. [CrossRef]

28. Schweitzer, K.J.; Brüssel, T.; Leitner, P.; Krüger, R.; Bauer, P.; Woitalla, D.; Tomiuk, J.; Gasser, T.; Berg, D.
Transcranial ultrasound in different monogenetic subtypes of Parkinson’s disease. J. Neurol. 2007, 254,
613–616. [CrossRef]

29. Li, C.; Zhang, Y.; Cheng, X.; Yuan, H.; Zhu, S.; Liu, J.; Wen, Q.; Xie, Y.; Liu, J.; Kroemer, G.; et al.
PINK1 and PARK2 Suppress Pancreatic Tumorigenesis through Control of Mitochondrial Iron-Mediated
Immunometabolism. Dev. Cell 2018, 46, 441–455.e8. [CrossRef]

30. Kang, R.; Xie, Y.; Zeh, H.J.; Klionsky, D.J.; Tang, D. Mitochondrial quality control mediated by PINK1 and
PRKN: Links to iron metabolism and tumor immunity. Autophagy 2018, 15, 172–173. [CrossRef]

31. Allen, G.F.; Toth, R.; James, J.; Gangley, I.G. Loss of iron triggers PINK1/Parkin-independent mitophagy.
EMBO Rep. 2013, 14, 1127–1135. [CrossRef] [PubMed]

32. Esposito, G.; Vos, M.; Vilain, S.; Swerts, J.; Valadas, J.S.; Van Meensel, S.; Schaap, O.; Verstreken, P. Aconitase
Causes Iron Toxicity in Drosophila pink1 Mutants. PLoS Genet. 2013, 9, e1003478. [CrossRef] [PubMed]

33. Auburger, G.; Gispert, S.; Brehm, N. Methyl-Arginine Profile of Brain from Aged PINK1-KO+A53T-SNCA
Mice Suggests Altered Mitochondrial Biogenesis. Park. Dis. 2016, 2016, 1–13. [CrossRef] [PubMed]

34. Auburger, G.; Gispert, S.; Torres-Odio, S.; Jendrach, M.; Brehm, N.; Canet-Pons, J.; Key, J.; Sen, N.-E.
SerThr-PhosphoProteome of Brain from Aged PINK1-KO+A53T-SNCA Mice Reveals pT1928-MAP1B and
pS3781-ANK2 Deficits, as Hub between Autophagy and Synapse Changes. Int. J. Mol. Sci. 2019, 20, 3284.
[CrossRef] [PubMed]

35. Torres-Odio, S.; Key, J.; Hoepken, H.-H.; Canet-Pons, J.; Valek, L.; Roller, B.; Walter, M.; Morales-Gordo, B.;
Meierhofer, D.; Harter, P.N.; et al. Progression of pathology in PINK1-deficient mouse brain from splicing
via ubiquitination, ER stress, and mitophagy changes to neuroinflammation. J. Neuroinflamm. 2017, 14, 1–26.
[CrossRef] [PubMed]

36. Gispert, S.; Brehm, N.; Weil, J.; Seidel, K.; Rüb, U.; Kern, B.; Walter, M.; Roeper, J.; Auburger, G. Potentiation of
neurotoxicity in double-mutant mice with Pink1 ablation and A53T-SNCA overexpression. Hum. Mol. Genet.
2015, 24, 1061–1076. [CrossRef]

37. Pickrell, A.M.; Huang, C.-H.; Kennedy, S.R.; Ordureau, A.; Sideris, D.P.; Hoekstra, J.G.; Harper, W.; Youle, R.J.
Endogenous Parkin Preserves Dopaminergic Substantia Nigral Neurons following Mitochondrial DNA
Mutagenic Stress. Neuron 2015, 87, 371–381. [CrossRef]

38. Sliter, D.A.; Martinez, J.; Hao, L.; Chen, X.; Sun, N.; Fischer, T.D.; Burman, J.L.; Li, Y.; Zhang, Z.; Narendra, D.P.;
et al. Parkin and PINK1 mitigate STING-induced inflammation. Nature 2018, 561, 258–262. [CrossRef]

39. Matheoud, D.; Cannon, T.; Voisin, A.; Penttinen, A.-M.; Ramet, L.; Fahmy, A.M.; Ducrot, C.; Laplante, A.;
Bourque, M.-J.; Zhu, L.; et al. Intestinal infection triggers Parkinson’s disease-like symptoms in Pink1(−/−)
mice. Nature 2019, 571, 565–569. [CrossRef]

40. Manzanillo, P.S.; Ayres, J.S.; Watson, R.O.; Collins, A.C.; Souza, G.; Rae, C.S.; Schneider, D.S.; Nakamura, K.;
Shiloh, M.U.; Cox, J.S. The ubiquitin ligase parkin mediates resistance to intracellular pathogens. Nature
2013, 501, 512–516. [CrossRef]

41. Clark, I.E.; Dodson, M.W.; Jiang, C.; Cao, J.H.; Huh, J.R.; Seol, J.H.; Yoo, S.J.; Hay, B.A.; Guo, M. Drosophila
pink1 is required for mitochondrial function and interacts genetically with parkin. Nature 2006, 441, 1162–1166.
[CrossRef] [PubMed]

42. Saini, N.; Oelhafen, S.; Hua, H.; Georgiev, O.; Schaffner, W.; Büeler, H. Extended lifespan of Drosophila
parkin mutants through sequestration of redox-active metals and enhancement of anti-oxidative pathways.
Neurobiol. Dis. 2010, 40, 82–92. [CrossRef] [PubMed]

43. Cooper, J.F.; Machiela, E.; Dues, D.J.; Spielbauer, K.K.; Senchuk, M.M.; Van Raamsdonk, J.M. Activation of the
mitochondrial unfolded protein response promotes longevity and dopamine neuron survival in Parkinson’s
disease models. Sci. Rep. 2017, 7, 16441. [CrossRef] [PubMed]

44. Nakamura, S.; Yoshimori, T. Autophagy and Longevity. Mol. Cells 2018, 41, 65–72. [PubMed]
45. Munkácsy, E.; Rea, S.L. The paradox of mitochondrial dysfunction and extended longevity. Exp. Gerontol.

2014, 56, 221–233. [CrossRef] [PubMed]
46. Butler, J.A.; Ventura, N.; Johnson, T.E.; Rea, S.L. Long-lived mitochondrial (Mit) mutants of Caenorhabditis

elegans utilize a novel metabolism. FASEB J. 2010, 24, 4977–4988. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.brainres.2016.03.023
http://dx.doi.org/10.1007/s00415-006-0369-7
http://dx.doi.org/10.1016/j.devcel.2018.07.012
http://dx.doi.org/10.1080/15548627.2018.1526611
http://dx.doi.org/10.1038/embor.2013.168
http://www.ncbi.nlm.nih.gov/pubmed/24176932
http://dx.doi.org/10.1371/journal.pgen.1003478
http://www.ncbi.nlm.nih.gov/pubmed/23637640
http://dx.doi.org/10.1155/2016/4686185
http://www.ncbi.nlm.nih.gov/pubmed/27034888
http://dx.doi.org/10.3390/ijms20133284
http://www.ncbi.nlm.nih.gov/pubmed/31277379
http://dx.doi.org/10.1186/s12974-017-0928-0
http://www.ncbi.nlm.nih.gov/pubmed/28768533
http://dx.doi.org/10.1093/hmg/ddu520
http://dx.doi.org/10.1016/j.neuron.2015.06.034
http://dx.doi.org/10.1038/s41586-018-0448-9
http://dx.doi.org/10.1038/s41586-019-1405-y
http://dx.doi.org/10.1038/nature12566
http://dx.doi.org/10.1038/nature04779
http://www.ncbi.nlm.nih.gov/pubmed/16672981
http://dx.doi.org/10.1016/j.nbd.2010.05.011
http://www.ncbi.nlm.nih.gov/pubmed/20483372
http://dx.doi.org/10.1038/s41598-017-16637-2
http://www.ncbi.nlm.nih.gov/pubmed/29180793
http://www.ncbi.nlm.nih.gov/pubmed/29370695
http://dx.doi.org/10.1016/j.exger.2014.03.016
http://www.ncbi.nlm.nih.gov/pubmed/24699406
http://dx.doi.org/10.1096/fj.10-162941
http://www.ncbi.nlm.nih.gov/pubmed/20732954


Cells 2020, 9, 2229 40 of 46

47. Fischer, F.; Weil, A.; Hamann, A.; Osiewacz, H.D. Human CLPP reverts the longevity phenotype of a fungal
ClpP deletion strain. Nat. Commun. 2013, 4, 1397. [CrossRef]

48. Gispert, S.; Parganlija, D.; Klinkenberg, M.; Dröse, S.; Wittig, I.; Mittelbronn, M.; Grzmil, P.; Koob, S.;
Hamann, A.; Walter, M.; et al. Loss of mitochondrial peptidase Clpp leads to infertility, hearing loss plus
growth retardation via accumulation of CLPX, mtDNA and inflammatory factors. Hum. Mol. Genet. 2013,
22, 4871–4887. [CrossRef]

49. Bhaskaran, S.; Pharaoh, G.; Ranjit, R.; Murphy, A.; Matsuzaki, S.; Nair, B.C.; Forbes, B.; Gispert, S.;
Auburger, G.; Humphries, K.M.; et al. Loss of mitochondrial protease ClpP protects mice from diet-induced
obesity and insulin resistance. EMBO Rep. 2018, 19, e45009. [CrossRef]

50. Mai, S.; Klinkenberg, M.; Auburger, G.; Bereiter-Hahn, J.; Jendrach, M. Decreased expression of Drp1 and
Fis1 mediates mitochondrial elongation in senescent cells and enhances resistance to oxidative stress through
PINK1. J. Cell Sci. 2010, 123, 917–926. [CrossRef]

51. Seo, J.H.; Rivadeneira, D.B.; Caino, M.C.; Chae, Y.C.; Speicher, D.W.; Tang, H.-Y.; Vaira, V.; Bosari, S.;
Palleschi, A.; Rampini, P.; et al. The Mitochondrial Unfoldase-Peptidase Complex ClpXP Controls
Bioenergetics Stress and Metastasis. PLoS Biol. 2016, 14, e1002507. [CrossRef] [PubMed]

52. Alexeyev, M.F. Is there more to aging than mitochondrial DNA and reactive oxygen species? FEBS J. 2009,
276, 5768–5787. [CrossRef] [PubMed]

53. Hwang, A.B.; Jeong, D.-E.; Lee, S.-J.V. Mitochondria and Organismal Longevity. Curr. Genom. 2012, 13,
519–532. [CrossRef] [PubMed]

54. Huang, X.T.; Liu, X.; Ye, C.Y.; Tao, L.X.; Zhou, H.; Zhang, H.-Y. Iron-induced energy supply deficiency and
mitochondrial fragmentation in neurons. J. Neurochem. 2018, 147, 816–830. [CrossRef] [PubMed]

55. Szklarczyk, D.; Gable, A.L.; Lyon, D.; Junge, A.; Wyder, S.; Huerta-Cepas, J.; Simonovic, M.; Doncheva, N.T.;
Morris, J.H.; Bork, P.; et al. STRING v11: Protein–protein association networks with increased coverage,
supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res. 2018, 47,
D607–D613. [CrossRef]

56. Hernández-Gallardo, A.K.; Missirlis, F. Cellular iron sensing and regulation: Nuclear IRP1 extends a classic
paradigm. Biochim. Biophys. Acta (BBA) 2020, 1867, 118705. [CrossRef]

57. Camaschella, C.; Campanella, A.; De Falco, L.; Boschetto, L.; Merlini, R.; Silvestri, L.; Levi, S.; Iolascon, A.
The human counterpart of zebrafish shiraz shows sideroblastic-like microcytic anemia and iron overload.
Blood 2007, 110, 1353–1358. [CrossRef]

58. Lipper, C.H.; Paddock, M.L.; Onuchic, J.N.; Mittler, R.; Nechushtai, R.; Jennings, P.A. Cancer-Related
NEET Proteins Transfer 2Fe-2S Clusters to Anamorsin, a Protein Required for Cytosolic Iron-Sulfur Cluster
Biogenesis. PLoS ONE 2015, 10, e0139699. [CrossRef]

59. Mons, C.; Ferecatu, I.; Riquier, S.; Lescop, E.; Bouton, C.; Golinelli, M.-P. Combined Biochemical, Biophysical,
and Cellular Methods to Study Fe–S Cluster Transfer and Cytosolic Aconitase Repair by MitoNEET.
Methods Enzymol. 2017, 595, 83–106. [CrossRef]

60. Kajarabille, N.; Latunde-Dada, G.O. Programmed Cell-Death by Ferroptosis: Antioxidants as Mitigators.
Int. J. Mol. Sci. 2019, 20, 4968. [CrossRef]

61. Song, X.; Long, D. Nrf2 and Ferroptosis: A New Research Direction for Neurodegenerative Diseases.
Front. Neurosci. 2020, 14, 267. [CrossRef] [PubMed]

62. Angelova, D.M.; Jones, H.B.L.; Brown, D.R. Levels of alpha- and beta-synuclein regulate cellular susceptibility
to toxicity from alpha-synuclein oligomers. FASEB J. 2018, 32, 995–1006. [CrossRef]

63. Su, B.; Liu, H.; Wang, X.; Chen, S.G.; Siedlak, S.L.; Kondo, E.; Choi, R.; Takeda, A.; Castellani, R.J.; Perry, G.;
et al. Ectopic localization of FOXO3a protein in Lewy bodies in Lewy body dementia and Parkinson’s disease.
Mol. Neurodegener. 2009, 4, 32. [CrossRef] [PubMed]

64. Beyer, K.; Ispierto, L.; Latorre, P.; Tolosa, E.; Ariza, A. Alpha- and beta-synuclein expression in Parkinson
disease with and without dementia. J. Neurol. Sci. 2011, 310, 112–117. [CrossRef]

65. Brighina, L.; Okubadejo, N.U.; Schneider, N.K.; Lesnick, T.G.; De Andrade, M.; Cunningham, J.M.;
Farrer, M.J.; Lincoln, S.J.; Rocca, W.A.; Maraganore, D.M. Beta-synuclein gene variants and Parkinson’s
disease: A preliminary case-control study. Neurosci. Lett. 2007, 420, 229–234. [CrossRef]

66. Davies, P.; Moualla, D.; Brown, D.R. Alpha-Synuclein Is a Cellular Ferrireductase. PLoS ONE 2011, 6, e15814.
[CrossRef]

http://dx.doi.org/10.1038/ncomms2397
http://dx.doi.org/10.1093/hmg/ddt338
http://dx.doi.org/10.15252/embr.201745009
http://dx.doi.org/10.1242/jcs.059246
http://dx.doi.org/10.1371/journal.pbio.1002507
http://www.ncbi.nlm.nih.gov/pubmed/27389535
http://dx.doi.org/10.1111/j.1742-4658.2009.07269.x
http://www.ncbi.nlm.nih.gov/pubmed/19796285
http://dx.doi.org/10.2174/138920212803251427
http://www.ncbi.nlm.nih.gov/pubmed/23633912
http://dx.doi.org/10.1111/jnc.14621
http://www.ncbi.nlm.nih.gov/pubmed/30380148
http://dx.doi.org/10.1093/nar/gky1131
http://dx.doi.org/10.1016/j.bbamcr.2020.118705
http://dx.doi.org/10.1182/blood-2007-02-072520
http://dx.doi.org/10.1371/journal.pone.0139699
http://dx.doi.org/10.1016/bs.mie.2017.07.010
http://dx.doi.org/10.3390/ijms20194968
http://dx.doi.org/10.3389/fnins.2020.00267
http://www.ncbi.nlm.nih.gov/pubmed/32372896
http://dx.doi.org/10.1096/fj.201700675R
http://dx.doi.org/10.1186/1750-1326-4-32
http://www.ncbi.nlm.nih.gov/pubmed/19627592
http://dx.doi.org/10.1016/j.jns.2011.05.049
http://dx.doi.org/10.1016/j.neulet.2007.05.021
http://dx.doi.org/10.1371/annotation/900a5247-7d03-4686-a544-5f7f64c0aac5


Cells 2020, 9, 2229 41 of 46

67. Bhujabal, Z.; Birgisdottir, Å.B.; Sjøttem, E.; Brenne, H.B.; Øvervatn, A.; Habisov, S.; Kirkin, V.; Lamark, T.;
Johansen, T. FKBP8 recruits LC3A to mediate Parkin-independent mitophagy. EMBO Rep. 2017, 18, 947–961.
[CrossRef]

68. Liu, X.; Cheng, R.; Verbitsky, M.; Kisselev, S.; Browne, A.; Mejia-Sanatana, H.; Louis, E.D.; Cote, L.J.;
Andrews, H.F.; Waters, C.H.; et al. Genome-Wide association study identifies candidate genes for Parkinson’s
disease in an Ashkenazi Jewish population. BMC Med Genet. 2011, 12, 104. [CrossRef] [PubMed]

69. Lahut, S.; Gispert, S.; Ömür, Ö.; Depboylu, C.; Seidel, K.; Domínguez-Bautista, J.A.; Brehm, N.; Tireli, H.;
Hackmann, K.; Pirkevi, C.; et al. Blood RNA biomarkers in prodromal PARK4 and rapid eye movement
sleep behavior disorder show role of complexin 1 loss for risk of Parkinson’s disease. Dis. Model. Mech. 2017,
10, 619–631. [CrossRef]

70. Wu, Z.; Li, C.; Lv, S.; Zhou, B. Pantothenate kinase-associated neurodegeneration: Insights from a Drosophila
model. Hum. Mol. Genet. 2009, 18, 3659–3672. [CrossRef]

71. Song, C.; Kanthasamy, A.G.; Anantharam, V.; Sun, F.; Kanthasamy, A.G. Environmental neurotoxic pesticide
increases histone acetylation to promote apoptosis in dopaminergic neuronal cells: Relevance to epigenetic
mechanisms of neurodegeneration. Mol. Pharmacol. 2010, 77, 621–632. [CrossRef] [PubMed]

72. Lane, D.J.R.; Merlot, A.; Huang, M.L.-H.; Bae, D.-H.; Jansson, P.J.; Sahni, S.; Kalinowski, D.S.; Richardson, D.R.
Cellular iron uptake, trafficking and metabolism: Key molecules and mechanisms and their roles in disease.
Biochim. Biophys. Acta (BBA) 2015, 1853, 1130–1144. [CrossRef] [PubMed]

73. Liu, Z.; Lanford, R.; Mueller, S.; Gerhard, G.S.; Luscieti, S.; Sanchez, M.; Devireddy, L. Siderophore-mediated
iron trafficking in humans is regulated by iron. J. Mol. Med. 2012, 90, 1209–1221. [CrossRef] [PubMed]

74. Ren, Y.; Yang, S.; Tan, G.; Ye, W.; Liu, D.; Qian, X.; Ding, Z.; Zhong, Y.; Zhang, J.; Jiang, D.; et al. Reduction of
Mitoferrin Results in Abnormal Development and Extended Lifespan in Caenorhabditis elegans. PLoS ONE
2012, 7, e29666. [CrossRef]

75. Yanatori, I.; Richardson, D.R.; Toyokuni, S.; Kishi, F. The iron chaperone poly(rC)-binding protein 2 forms a
metabolon with the heme oxygenase 1/cytochrome P450 reductase complex for heme catabolism and iron
transfer. J. Biol. Chem. 2017, 292, 13205–13229. [CrossRef]

76. Leidgens, S.; Bullough, K.Z.; Shi, H.; Li, F.; Shakoury-Elizeh, M.; Yabe-Wada, T.; Subramanian, P.; Hsu, E.;
Natarajan, N.; Nandal, A.; et al. Each Member of the Poly-r(C)-binding Protein 1 (PCBP) Family Exhibits
Iron Chaperone Activity toward Ferritin. J. Biol. Chem. 2013, 288, 17791–17802. [CrossRef]

77. Galy, B.; Ferring-Appel, D.; Sauer, S.W.; Kaden, S.; Lyoumi, S.; Puy, H.; Kölker, S.; Gröne, H.-J.; Hentze, M.W.
Iron Regulatory Proteins Secure Mitochondrial Iron Sufficiency and Function. Cell Metab. 2010, 12, 194–201.
[CrossRef]

78. Li, H.; Zhao, H.; Hao, S.; Shang, L.; Wu, J.; Song, C.; Meyron-Holtz, E.G.; Qiao, T.; Li, K. Iron regulatory
protein deficiency compromises mitochondrial function in murine embryonic fibroblasts. Sci. Rep. 2018, 8,
5118. [CrossRef]

79. Chen, W.; Dailey, H.A.; Paw, B.H. Ferrochelatase forms an oligomeric complex with mitoferrin-1 and Abcb10
for erythroid heme biosynthesis. Blood 2010, 116, 628–630. [CrossRef]

80. Ichikawa, Y.; Bayeva, M.; Ghanefar, M.; Potini, V.; Sun, L.; Mutharasan, R.K.; Wu, R.; Khechaduri, A.;
Naik, T.J.; Ardehali, H. Disruption of ATP-binding cassette B8 in mice leads to cardiomyopathy through a
decrease in mitochondrial iron export. Proc. Natl. Acad. Sci. USA 2012, 109, 4152–4157. [CrossRef]

81. Pondarré, C.; Antiochos, B.B.; Campagna, D.R.; Clarke, S.L.; Greer, E.L.; Deck, K.M.; McDonald, A.; Han, A.-P.;
Medlock, A.; Kutok, J.L.; et al. The mitochondrial ATP-binding cassette transporter Abcb7 is essential in mice
and participates in cytosolic iron–sulfur cluster biogenesis. Hum. Mol. Genet. 2006, 15, 953–964. [CrossRef]
[PubMed]

82. Lill, R.; Dutkiewicz, R.; Freibert, S.A.; Heidenreich, T.; Mascarenhas, J.; Netz, D.J.; Paul, V.D.; Pierik, A.J.;
Richter, N.; Stümpfig, M.; et al. The role of mitochondria and the CIA machinery in the maturation of
cytosolic and nuclear iron–sulfur proteins. Eur. J. Cell Biol. 2015, 94, 280–291. [CrossRef] [PubMed]

83. Maio, N.; Kim, K.S.; Holmes-Hampton, G.; Singh, A.; Rouault, T.A. Dimeric ferrochelatase bridges ABCB7
and ABCB10 homodimers in an architecturally defined molecular complex required for heme biosynthesis.
Haematogica. 2019, 104, 1756–1767. [CrossRef] [PubMed]

84. Mühlenhoff, U.; Hoffmann, B.; Richter, N.; Rietzschel, N.; Spantgar, F.; Stehling, O.; Uzarska, M.A.; Lill, R.
Compartmentalization of iron between mitochondria and the cytosol and its regulation. Eur. J. Cell Biol.
2015, 94, 292–308. [CrossRef]

http://dx.doi.org/10.15252/embr.201643147
http://dx.doi.org/10.1186/1471-2350-12-104
http://www.ncbi.nlm.nih.gov/pubmed/21812969
http://dx.doi.org/10.1242/dmm.028035
http://dx.doi.org/10.1093/hmg/ddp314
http://dx.doi.org/10.1124/mol.109.062174
http://www.ncbi.nlm.nih.gov/pubmed/20097775
http://dx.doi.org/10.1016/j.bbamcr.2015.01.021
http://www.ncbi.nlm.nih.gov/pubmed/25661197
http://dx.doi.org/10.1007/s00109-012-0899-7
http://www.ncbi.nlm.nih.gov/pubmed/22527885
http://dx.doi.org/10.1371/journal.pone.0029666
http://dx.doi.org/10.1074/jbc.M117.776021
http://dx.doi.org/10.1074/jbc.M113.460253
http://dx.doi.org/10.1016/j.cmet.2010.06.007
http://dx.doi.org/10.1038/s41598-018-23175-y
http://dx.doi.org/10.1182/blood-2009-12-259614
http://dx.doi.org/10.1073/pnas.1119338109
http://dx.doi.org/10.1093/hmg/ddl012
http://www.ncbi.nlm.nih.gov/pubmed/16467350
http://dx.doi.org/10.1016/j.ejcb.2015.05.002
http://www.ncbi.nlm.nih.gov/pubmed/26099175
http://dx.doi.org/10.3324/haematol.2018.214320
http://www.ncbi.nlm.nih.gov/pubmed/30765471
http://dx.doi.org/10.1016/j.ejcb.2015.05.003


Cells 2020, 9, 2229 42 of 46

85. Maio, N.; Rouault, T.A. Mammalian Fe–S proteins: Definition of a consensus motif recognized by the
co-chaperone HSC20. Metallomics 2016, 8, 1032–1046. [CrossRef]

86. Uzarska, M.A.; Nasta, V.; Weiler, B.D.; Spantgar, F.; Ciofi-Baffoni, S.; Saviello, M.R.; Gonnelli, L.;
Mühlenhoff, U.; Banci, L.; Lill, R. Mitochondrial Bol1 and Bol3 function as assembly factors for specific
iron-sulfur proteins. eLife 2016, 5, 83. [CrossRef]

87. Braymer, J.J.; Lill, R. Iron–sulfur cluster biogenesis and trafficking in mitochondria. J. Biol. Chem. 2017, 292,
12754–12763. [CrossRef]

88. Choi, A.M.; Alam, J. Heme oxygenase-1: Function, regulation, and implication of a novel stress-inducible
protein in oxidant-induced lung injury. Am. J. Respir. Cell Mol. Biol. 1996, 15, 9–19. [CrossRef]

89. Mast, N.; Charvet, C.; Pikuleva, I.A.; Stout, C.D. Structural Basis of Drug Binding to CYP46A1, an Enzyme
That Controls Cholesterol Turnover in the Brain. J. Biol. Chem. 2010, 285, 31783–31795. [CrossRef]

90. Correia, M.A.; Sinclair, P.R.; De Matteis, F. Cytochrome P450 regulation: The interplay between its heme and
apoprotein moieties in synthesis, assembly, repair, and disposal. Drug Metab. Rev. 2011, 43, 1–26. [CrossRef]

91. De Sanctis, D.; Dewilde, S.; Pesce, A.; Moens, L.; Ascenzi, P.; Hankeln, T.; Burmester, T.; Bolognesi, M. Crystal
Structure of Cytoglobin: The Fourth Globin Type Discovered in Man Displays Heme Hexa-coordination.
J. Mol. Biol. 2004, 336, 917–927. [CrossRef] [PubMed]

92. Barthelme, M.; Scheele, U.; Dinkelaker, S.; Janoschka, A.; Macmillan, F.; Albers, S.-V.; Driessen, A.J.M.;
Stagni, M.S.; Bill, E.; Meyer-Klaucke, W.; et al. Structural Organization of Essential Iron-Sulfur Clusters
in the Evolutionarily Highly Conserved ATP-binding Cassette Protein ABCE1. J. Biol. Chem. 2007, 282,
14598–14607. [CrossRef] [PubMed]

93. Alhebshi, A.; Sideri, T.C.; Holland, S.L.; Avery, S.V. The essential iron-sulfur protein Rli1 is an important
target accounting for inhibition of cell growth by reactive oxygen species. Mol. Biol. Cell 2012, 23, 3582–3590.
[CrossRef] [PubMed]

94. Huang, B.; Johansson, M.J.; Byström, A.S. An early step in wobble uridine tRNA modification requires the
Elongator complex. RNA 2005, 11, 424–436. [CrossRef] [PubMed]

95. Anderson, C.P.; Shen, M.; Eisenstein, R.S.; Leibold, E.A. Mammalian iron metabolism and its control by iron
regulatory proteins. Biochim. Biophys. Acta (BBA) 2012, 1823, 1468–1483. [CrossRef] [PubMed]

96. Elbirt, K.K.; Bonkovsky, H.L. Heme oxygenase: Recent advances in understanding its regulation and role.
Proc. Assoc. Am. Phys. 1999, 111, 438–447. [CrossRef]

97. Chung, J.; Anderson, S.; Gwynn, B.; Deck, K.M. Iron regulatory protein-1 protects against
mitoferrin-1-deficient porphyria. J. Biol. Chem. 2014, 289, 7835–7843. [CrossRef]

98. Zhang, J.; Sun, X.; Wang, L.; Wong, Y.K.; Lee, Y.M.; Zhou, C.; Wu, G.; Zhao, T.; Yang, L.; Lu, L.; et al.
Artesunate-induced mitophagy alters cellular redox status. Redox Biol. 2018, 19, 263–273. [CrossRef]

99. Salvador, G.A. Iron in neuronal function and dysfunction. BioFactors 2010, 36, 103–110. [CrossRef]
100. Hirsch, E.C. Altered regulation of iron transport and storage in Parkinson’s disease. J. Neural. Transm. Suppl.

2006, 71, 201–204. [CrossRef]
101. Dexter, D.T.; Carayon, A.; Vidailhet, M.; Ruberg, M.; Agid, F.; Agid, Y.; Lees, A.J.; Wells, F.R.; Jenner, P.;

Marsden, C.D. Decreased Ferritin Levels in Brain in Parkinson’s Disease. J. Neurochem. 1990, 55, 16–20.
[CrossRef] [PubMed]

102. Bauckman, K.A.; Haller, E.M.; Flores, I.; Nanjundan, M. Iron modulates cell survival in a Ras- and
MAPK-dependent manner in ovarian cells. Cell Death Dis. 2013, 4, e592. [CrossRef] [PubMed]

103. Sheng, X.-J.; Tu, H.-J.; Chien, W.-L.; Kang, K.-H.; Lu, D.-H.; Liou, H.-H.; Lee, M.-J.; Fu, W.-M. Antagonism
of proteasome inhibitor-induced heme oxygenase-1 expression by PINK1 mutation. PLoS ONE 2017, 12,
e0183076. [CrossRef] [PubMed]

104. Durcan, T.M.; Fon, E.A. The three ‘P’s of mitophagy: PARKIN, PINK1, and post-translational modifications.
Genes Dev. 2015, 29, 989–999. [CrossRef] [PubMed]

105. Requejo, R.; Lopez-Fabuel, I.; Fernandez, E.; Martins, L.M.; Almeida, A.; Bolaños, J.P. PINK1 deficiency
sustains cell proliferation by reprogramming glucose metabolism through HIF1. Nat. Commun. 2014, 5, 4514.
[CrossRef] [PubMed]

106. Murata, H.; Takamatsu, H.; Liu, S.; Kataoka, K.; Huh, N.-H.; Sakaguchi, M. NRF2 Regulates PINK1 Expression
under Oxidative Stress Conditions. PLoS ONE 2015, 10, e0142438. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/C6MT00167J
http://dx.doi.org/10.7554/eLife.16673
http://dx.doi.org/10.1074/jbc.R117.787101
http://dx.doi.org/10.1165/ajrcmb.15.1.8679227
http://dx.doi.org/10.1074/jbc.M110.143313
http://dx.doi.org/10.3109/03602532.2010.515222
http://dx.doi.org/10.1016/j.jmb.2003.12.063
http://www.ncbi.nlm.nih.gov/pubmed/15095869
http://dx.doi.org/10.1074/jbc.M700825200
http://www.ncbi.nlm.nih.gov/pubmed/17355973
http://dx.doi.org/10.1091/mbc.e12-05-0413
http://www.ncbi.nlm.nih.gov/pubmed/22855532
http://dx.doi.org/10.1261/rna.7247705
http://www.ncbi.nlm.nih.gov/pubmed/15769872
http://dx.doi.org/10.1016/j.bbamcr.2012.05.010
http://www.ncbi.nlm.nih.gov/pubmed/22610083
http://dx.doi.org/10.1111/paa.1999.111.5.438
http://dx.doi.org/10.1074/jbc.M114.547778
http://dx.doi.org/10.1016/j.redox.2018.07.025
http://dx.doi.org/10.1002/biof.80
http://dx.doi.org/10.1007/978-3-211-33328-0_21
http://dx.doi.org/10.1111/j.1471-4159.1990.tb08814.x
http://www.ncbi.nlm.nih.gov/pubmed/2355217
http://dx.doi.org/10.1038/cddis.2013.87
http://www.ncbi.nlm.nih.gov/pubmed/23598404
http://dx.doi.org/10.1371/journal.pone.0183076
http://www.ncbi.nlm.nih.gov/pubmed/28806787
http://dx.doi.org/10.1101/gad.262758.115
http://www.ncbi.nlm.nih.gov/pubmed/25995186
http://dx.doi.org/10.1038/ncomms5514
http://www.ncbi.nlm.nih.gov/pubmed/25058378
http://dx.doi.org/10.1371/journal.pone.0142438
http://www.ncbi.nlm.nih.gov/pubmed/26555609


Cells 2020, 9, 2229 43 of 46

107. Liu, Y.; Yan, J.; Sun, C.; Li, G.; Li, S.; Zhang, L.; Di, C.; Gan, L.; Wang, Y.; Zhou, R.; et al. Ameliorating
mitochondrial dysfunction restores carbon ion-induced cognitive deficits via co-activation of NRF2 and
PINK1 signaling pathway. Redox Biol. 2018, 17, 143–157. [CrossRef]

108. Chen, X.-L.; Kunsch, C. Induction of cytoprotective genes through Nrf2/antioxidant response element
pathway: A new therapeutic approach for the treatment of inflammatory diseases. Curr. Pharm. Des. 2004,
10, 879–891. [CrossRef]

109. Kerins, M.J.; Ooi, A. The Roles of NRF2 in Modulating Cellular Iron Homeostasis. Antioxidants Redox Signal.
2018, 29, 1756–1773. [CrossRef]

110. Lau, A.; Wang, X.-J.; Zhao, F.; Villeneuve, N.F.; Wu, T.; Jiang, T.; Sun, Z.; White, E.; Zhang, D.D. A
Noncanonical Mechanism of Nrf2 Activation by Autophagy Deficiency: Direct Interaction between Keap1
and p62. Mol. Cell. Biol. 2010, 30, 3275–3285. [CrossRef]

111. Zhang, Y.; Xiang, Y. Molecular and cellular basis for the unique functioning of Nrf1, an indispensable
transcription factor for maintaining cell homoeostasis and organ integrity. Biochem. J. 2016, 473, 961–1000.
[CrossRef] [PubMed]

112. Kaelin, W.G. Proline hydroxylation and gene expression. Annu. Rev. Biochem. 2005, 74, 115–128. [CrossRef]
113. Lill, R.; Freibert, S.-A. Mechanisms of Mitochondrial Iron-Sulfur Protein Biogenesis. Annu. Rev. Biochem.

2020, 89, 471–499. [CrossRef] [PubMed]
114. Huynh, N.; Ou, Q.; Cox, P.; Lill, R.; King-Jones, K. Glycogen branching enzyme controls cellular iron

homeostasis via Iron Regulatory Protein 1 and mitoNEET. Nat. Commun. 2019, 10, 1–18. [CrossRef]
115. Yuan, H.; Li, X.; Zhang, X.; Kang, R.; Tang, D. CISD1 inhibits ferroptosis by protection against mitochondrial

lipid peroxidation. Biochem. Biophys. Res. Commun. 2016, 478, 838–844. [CrossRef] [PubMed]
116. Kessler, K.R.; Hamscho, N.; Morales, B.; Menzel, C.; Barrero, F.; Vives, F.; Gispert, S.; Auburger, G.

Dopaminergic function in a family with the PARK6 form of autosomal recessive Parkinson’s syndrome. J.
Neural Transm. 2005, 112, 1345–1353. [CrossRef] [PubMed]

117. Tuin, I.; Voss, U.; Kessler, K.; Krakow, K.; Hilker, R.; Morales, B.; Steinmetz, H.; Auburger, G. Sleep quality in
a family with hereditary parkinsonism (PARK6). Sleep Med. 2008, 9, 684–688. [CrossRef]

118. Hoepken, H.-H.; Gispert, S.; Azizov, M.; Klinkenberg, M.; Ricciardi, F.; Kurz, A.; Morales-Gordo, B.;
Bonin, M.; Riess, O.; Gasser, T.; et al. Parkinson patient fibroblasts show increased alpha-synuclein expression.
Exp. Neurol. 2008, 212, 307–313. [CrossRef]

119. Klinkenberg, M.; Thurow, N.; Gispert, S.; Ricciardi, F.; Eich, F.; Prehn, J.H.M.; Auburger, G.; Kögel, D.
Enhanced vulnerability of PARK6 patient skin fibroblasts to apoptosis induced by proteasomal stress.
Neuroscience 2010, 166, 422–434. [CrossRef]

120. Auburger, G.; Klinkenberg, M.; Drost, J.; Marcus, K.; Morales-Gordo, B.; Kunz, W.S.; Brandt, U.; Broccoli, V.;
Reichmann, H.; Gispert, S.; et al. Primary Skin Fibroblasts as a Model of Parkinson’s Disease. Mol. Neurobiol.
2012, 46, 20–27. [CrossRef]

121. Gehrke, S.; Wu, Z.; Klinkenberg, M.; Sun, Y.; Auburger, G.; Guo, S.; Lu, B. PINK1 and Parkin control localized
translation of respiratory chain component mRNAs on mitochondria outer membrane. Cell Metab. 2015, 21,
95–108. [CrossRef]

122. Azkona, G.; De Maturana, R.L.; Del Rio, P.; Sousa, A.; Vazquez, N.; Zubiarrain, A.; Jimenez-Blasco, D.;
Bolaños, J.P.; Morales, B.; Auburger, G.; et al. LRRK2 Expression Is Deregulated in Fibroblasts and Neurons
from Parkinson Patients with Mutations in PINK1. Mol. Neurobiol. 2018, 55, 506–516. [CrossRef] [PubMed]

123. Wu, Z.; Tantray, I.; Lim, J.; Chen, S.; Li, Y.; Davis, Z.; Sitron, C.; Dong, J.; Gispert, S.; Auburger, G.; et al.
MISTERMINATE Mechanistically Links Mitochondrial Dysfunction with Proteostasis Failure. Mol. Cell 2019,
75, 835–848.e8. [CrossRef] [PubMed]

124. Brown, D.R. alpha-Synuclein as a ferrireductase. Biochem. Soc. Trans. 2013, 41, 1513–1517. [PubMed]
125. McDowall, J.S.; Ntai, I.; Honeychurch, K.C.; Hart, J.P.; Colin, P.; Schneider, B.; Brown, D.R. Alpha-synuclein

ferrireductase activity is detectible in vivo, is altered in Parkinson’s disease and increases the neurotoxicity
of DOPAL. Mol. Cell. Neurosci. 2017, 85, 1–11. [CrossRef] [PubMed]

126. McDowall, J.S.; Brown, D.R. Alpha-synuclein: Relating metals to structure, function and inhibition.
Metallomics 2016, 8, 385–397. [CrossRef] [PubMed]

127. McLeary, F.; Rcom-H’Cheo-Gauthier, A.N.; Goulding, M.; Radford, R.; Okita, Y.; Faller, P.; Chung, R.S.;
Pountney, D.L. Switching on Endogenous Metal Binding Proteins in Parkinson’s Disease. Cells 2019, 8, 179.
[CrossRef]

http://dx.doi.org/10.1016/j.redox.2018.04.012
http://dx.doi.org/10.2174/1381612043452901
http://dx.doi.org/10.1089/ars.2017.7176
http://dx.doi.org/10.1128/MCB.00248-10
http://dx.doi.org/10.1042/bj20151182
http://www.ncbi.nlm.nih.gov/pubmed/27060105
http://dx.doi.org/10.1146/annurev.biochem.74.082803.133142
http://dx.doi.org/10.1146/annurev-biochem-013118-111540
http://www.ncbi.nlm.nih.gov/pubmed/31935115
http://dx.doi.org/10.1038/s41467-019-13237-8
http://dx.doi.org/10.1016/j.bbrc.2016.08.034
http://www.ncbi.nlm.nih.gov/pubmed/27510639
http://dx.doi.org/10.1007/s00702-005-0281-9
http://www.ncbi.nlm.nih.gov/pubmed/15785866
http://dx.doi.org/10.1016/j.sleep.2007.07.004
http://dx.doi.org/10.1016/j.expneurol.2008.04.004
http://dx.doi.org/10.1016/j.neuroscience.2009.12.068
http://dx.doi.org/10.1007/s12035-012-8245-1
http://dx.doi.org/10.1016/j.cmet.2014.12.007
http://dx.doi.org/10.1007/s12035-016-0303-7
http://www.ncbi.nlm.nih.gov/pubmed/27975167
http://dx.doi.org/10.1016/j.molcel.2019.06.031
http://www.ncbi.nlm.nih.gov/pubmed/31378462
http://www.ncbi.nlm.nih.gov/pubmed/24256246
http://dx.doi.org/10.1016/j.mcn.2017.08.001
http://www.ncbi.nlm.nih.gov/pubmed/28811225
http://dx.doi.org/10.1039/c6mt00026f
http://www.ncbi.nlm.nih.gov/pubmed/26864076
http://dx.doi.org/10.3390/cells8020179


Cells 2020, 9, 2229 44 of 46

128. Roberts, H.L.; Schneider, B.L.; Brown, D.R. alpha-Synuclein increases beta-amyloid secretion by promoting
beta-/gamma-secretase processing of APP. PLoS ONE 2017, 12, e0171925.

129. Guardia-Laguarta, C.; Area-Gomez, E.; Schon, E.A.; Przedborski, S. A new role for α-synuclein in Parkinson’s
disease: Alteration of ER-mitochondrial communication. Mov. Disord. 2015, 30, 1026–1033. [CrossRef]

130. Wolozin, B.; Golts, N. Book Review: Iron and Parkinson’s Disease. Neuroscientist 2002, 8, 22–32. [CrossRef]
131. Chen, B.; Wen, X.; Jiang, H.; Wang, J.; Song, N.; Xie, J. Interactions between iron and α-synuclein pathology

in Parkinson’s disease. Free Radic. Biol. Med. 2019, 141, 253–260. [CrossRef] [PubMed]
132. Furukawa, T.; Naitoh, Y.; Kohno, H.; Tokunaga, R.; Taketani, S. Iron deprivation decreases ribonucleotide

reductase activity and DNA synthesis. Life Sci. 1992, 50, 2059–2065. [CrossRef] [PubMed]
133. Walter, P.B.; Knutson, M.D.; Paler-Martinez, A.; Lee, S.; Xu, Y.; Viteri, F.E.; Ames, B.N. Iron deficiency and

iron excess damage mitochondria and mitochondrial DNA in rats. Proc. Natl. Acad. Sci. USA 2002, 99,
2264–2269. [CrossRef] [PubMed]

134. Bender, A.; Krishnan, K.J.; Morris, C.M.; Taylor, G.A.; Reeve, A.K.; Perry, R.H.; Jaros, E.; Hersheson, J.S.;
Betts, J.; Klopstock, T.; et al. High levels of mitochondrial DNA deletions in substantia nigra neurons in
aging and Parkinson disease. Nat. Genet. 2006, 38, 515–517. [CrossRef] [PubMed]

135. Erlitzki, R.; Long, J.C.; Theil, E.C. Multiple, conserved iron-responsive elements in the 3′-untranslated
region of transferrin receptor mRNA enhance binding of iron regulatory protein 2. J. Biol. Chem. 2002, 277,
42579–42587.

136. Li, J.; Braganza, A.; Sobol, R.W. Base Excision Repair Facilitates a Functional Relationship Between Guanine
Oxidation and Histone Demethylation. Antioxid. Redox Signal. 2013, 18, 2429–2443. [CrossRef]

137. Martelli, A.; Wattenhofer-Donzé, M.; Schmucker, S.; Bouvet, S.; Reutenauer, L.; Puccio, H. Frataxin is essential
for extramitochondrial Fe–S cluster proteins in mammalian tissues. Hum. Mol. Genet. 2007, 16, 2651–2658.
[CrossRef]

138. Vaubel, R.A.; Isaya, G. Iron-sulfur cluster synthesis, iron homeostasis and oxidative stress in Friedreich
ataxia. Mol. Cell. Neurosci. 2013, 55, 50–61. [CrossRef]

139. Crooks, D.R.; Maio, N.; Lane, A.N.; Jarnik, M.; Higashi, R.M.; Haller, R.G.; Yang, Y.; Fan, T.W.-M.;
Linehan, W.M.; Rouault, T.A. Acute loss of iron–sulfur clusters results in metabolic reprogramming and
generation of lipid droplets in mammalian cells. J. Biol. Chem. 2018, 293, 8297–8311. [CrossRef]

140. Haskamp, V.; Karrie, S.; Mingers, T.; Barthels, S.; Alberge, F.; Magalon, A.; Müller, K.; Bill, E.; Lubitz, W.;
Kleeberg, K.; et al. The radical SAM protein HemW is a heme chaperone. J. Biol. Chem. 2017, 293, 2558–2572.
[CrossRef]

141. Latorre-Pellicer, A.; Moreno-Loshuertos, R.; Lechuga-Vieco, A.V.; Sánchez-Cabo, F.; Torroja, C.; Acín-Pérez, R.;
Calvo, E.; Aix, E.; González-Guerra, A.; Logan, A.; et al. Mitochondrial and nuclear DNA matching shapes
metabolism and healthy ageing. Nature 2016, 535, 561–565. [CrossRef]

142. Genetic Modifiers of Huntington’s Disease (GeM-HD) Consortium. Identification of Genetic Factors that
Modify Clinical Onset of Huntington’s Disease. Cell 2015, 162, 516–526.

143. Jones, L.; Houlden, H.; Tabrizi, S.J. DNA repair in the trinucleotide repeat disorders. Lancet Neurol. 2017, 16,
88–96. [CrossRef] [PubMed]

144. McKinnon, P.J.; Caldecott, K.W. DNA Strand Break Repair and Human Genetic Disease. Annu. Rev. Genom.
Hum. Genet. 2007, 8, 37–55. [CrossRef]

145. Piel, R.B.; Shiferaw, M.T.; Vashisht, A.A.; Marcero, J.R.; Praissman, J.L.; Phillips, J.D.; Wohlschlegel, J.A.;
Medlock, A. A Novel Role for Progesterone Receptor Membrane Component 1 (PGRMC1): A Partner and
Regulator of Ferrochelatase. Biochemistry 2016, 55, 5204–5217. [CrossRef] [PubMed]

146. Choi, J.W.; Kim, S.K.; Pai, S.H. Changes in serum lipid concentrations during iron depletion and after iron
supplementation. Ann. Clin. Lab. Sci. 2001, 31, 151–156.

147. Llorens, J.V.; Metzendorf, C.; Missirlis, F.; Lind, M.I. Mitochondrial iron supply is required for the
developmental pulse of ecdysone biosynthesis that initiates metamorphosis in Drosophila melanogaster.
JBIC J. Biol. Inorg. Chem. 2015, 20, 1229–1238. [CrossRef]

148. Wu, Z.; Wang, Y.; Lim, J.; Liu, B.; Li, Y.; Vartak, R.; Stankiewicz, T.; Montgomery, S.; Lu, B. Ubiquitination
of ABCE1 by NOT4 in Response to Mitochondrial Damage Links Co-translational Quality Control to
PINK1-Directed Mitophagy. Cell Metab. 2018, 28, 130–144.

149. Mehta, R.; Chandler-Brown, D.; Ramos, F.J.; Shamieh, L.S.; Kaeberlein, M. Regulation of mRNA Translation
as a Conserved Mechanism of Longevity Control. Adv. Exp. Med. Biol. 2010, 694, 14–29. [CrossRef]

http://dx.doi.org/10.1002/mds.26239
http://dx.doi.org/10.1177/107385840200800107
http://dx.doi.org/10.1016/j.freeradbiomed.2019.06.024
http://www.ncbi.nlm.nih.gov/pubmed/31233777
http://dx.doi.org/10.1016/0024-3205(92)90572-7
http://www.ncbi.nlm.nih.gov/pubmed/1608289
http://dx.doi.org/10.1073/pnas.261708798
http://www.ncbi.nlm.nih.gov/pubmed/11854522
http://dx.doi.org/10.1038/ng1769
http://www.ncbi.nlm.nih.gov/pubmed/16604074
http://dx.doi.org/10.1089/ars.2012.5107
http://dx.doi.org/10.1093/hmg/ddm163
http://dx.doi.org/10.1016/j.mcn.2012.08.003
http://dx.doi.org/10.1074/jbc.ra118.001885
http://dx.doi.org/10.1074/jbc.RA117.000229
http://dx.doi.org/10.1038/nature18618
http://dx.doi.org/10.1016/s1474-4422(16)30350-7
http://www.ncbi.nlm.nih.gov/pubmed/27979358
http://dx.doi.org/10.1146/annurev.genom.7.080505.115648
http://dx.doi.org/10.1021/acs.biochem.6b00756
http://www.ncbi.nlm.nih.gov/pubmed/27599036
http://dx.doi.org/10.1007/s00775-015-1302-2
http://dx.doi.org/10.1007/978-1-4419-7002-2_2


Cells 2020, 9, 2229 45 of 46

150. MacInnes, A.W. The role of the ribosome in the regulation of longevity and lifespan extension. Wiley Interdiscip.
Rev. RNA 2016, 7, 198–212. [CrossRef]

151. Coelho, C.M.A.; Kolevski, B.; Bunsn, C.; Walker, C.; Dahanukar, A.; Leevers, S.J. Growth and cell survival are
unevenly impaired in pixie mutant wing discs. Development 2005, 132, 5411–5424. [CrossRef] [PubMed]

152. Nürenberg-Goloub, E.; Heinemann, H.; Gerovac, M.; Tampé, R. Ribosome recycling is coordinated by
processive events in two asymmetric ATP sites of ABCE1. Life Sci. Alliance 2018, 1, e201800095. [CrossRef]
[PubMed]

153. Sudmant, P.H.; Lee, H.; Dominguez, D.; Heiman, M.; Burge, C.B. Widespread Accumulation of
Ribosome-Associated Isolated 3′ UTRs in Neuronal Cell Populations of the Aging Brain. Cell Rep. 2018, 25,
2447–2456.e4. [PubMed]

154. Le Roy, F.; Bisbal, C.; Silhol, M.; Martinand, C.; Lebleu, B.; Salehzada, T. The 2-5A/RNase L/RNase L inhibitor
(RLI) [correction of (RNI)] pathway regulates mitochondrial mRNAs stability in interferon alpha-treated H9
cells. J. Biol. Chem. 2001, 276, 48473–48482.

155. Stadhouders, R.; Aktuna, S.; Thongjuea, S.; Aghajanirefah, A.; Pourfarzad, F.; Van Ijcken, W.; Lenhard, B.;
Rooks, H.; Best, S.; Menzel, S.; et al. HBS1L-MYB intergenic variants modulate fetal hemoglobin via
long-range MYB enhancers. J. Clin. Investig. 2014, 124, 1699–1710. [CrossRef]

156. Volani, C.; Paglia, G.; Smarason, S.V.; Pramstaller, P.P.; Demetz, E.; Pfeifhofer-Obermair, C.; Weiss, G.
Metabolic Signature of Dietary Iron Overload in a Mouse Model. Cells 2018, 7, 264. [CrossRef]

157. Finazzi, D.; Arosio, P. Biology of ferritin in mammals: An update on iron storage, oxidative damage and
neurodegeneration. Arch. Toxicol. 2014, 88, 1787–1802. [CrossRef]

158. Yévenes, A. The Ferritin Superfamily. Plant Microbe Interact. 2017, 83, 75–102. [CrossRef]
159. Geldenhuys, W.J.; Benkovic, S.A.; Lin, L.; Yonutas, H.M.; Crish, S.D.; Sullivan, P.G.; Darvesh, A.S.; Brown, C.M.;

Richardson, J.R. MitoNEET (CISD1) Knockout Mice Show Signs of Striatal Mitochondrial Dysfunction and a
Parkinson’s Disease Phenotype. ACS Chem. Neurosci. 2017, 8, 2759–2765. [CrossRef]

160. Lee, J.; You, J.H.; Shin, D.; Roh, J.-L. Inhibition of Glutaredoxin 5 predisposes Cisplatin-resistant Head and
Neck Cancer Cells to Ferroptosis. Theranostics 2020, 10, 7775–7786. [CrossRef]

161. Chi, H.; Tang, W.; Bai, Y. Molecular evidence of impaired iron metabolism and its association with Parkinson’s
disease progression. 3 Biotech 2020, 10, 173–177. [CrossRef] [PubMed]

162. Faucheux, B.A.; Martin, M.-E.; Beaumont, C.; Hunot, S.; Hauw, J.-J.; Agid, Y.; Hirsch, E.C. Lack of up-regulation
of ferritin is associated with sustained iron regulatory protein-1 binding activity in the substantia nigra of
patients with Parkinson’s disease. J. Neurochem. 2002, 83, 320–330. [CrossRef] [PubMed]

163. Salazar, J.; Mena, N.; Núñez, M.T. Iron dyshomeostasis in Parkinson’s disease. J. Neural Transm. Suppl. 2006,
71, 205–213. [CrossRef]

164. Mena, N.P.; Bulteau, A.-L.; Salazar, J.; Hirsch, E.C.; Núñez, M.T. Effect of mitochondrial complex I inhibition
on Fe–S cluster protein activity. Biochem. Biophys. Res. Commun. 2011, 409, 241–246. [CrossRef] [PubMed]

165. Yu, X.; Song, N.; Guo, X.; Jiang, H.; Zhang, H.; Xie, J. Differences in vulnerability of neurons and astrocytes to
heme oxygenase-1 modulation: Implications for mitochondrial ferritin. Sci. Rep. 2016, 6, 24200. [CrossRef]
[PubMed]

166. Hirose, W.; Ikematsu, K.; Tsuda, R. Age-associated increases in heme oxygenase-1 and ferritin
immunoreactivity in the autopsied brain. Leg. Med. 2003, 5 (Suppl. 1), S360–S366. [CrossRef]

167. Galazka-Friedman, J.; Bauminger, E.R.; Koziorowski, D.; Friedman, A. Mössbauer spectroscopy and ELISA
studies reveal differences between Parkinson’s disease and control substantia nigra. Biochim. Biophys.
Acta (BBA) 2004, 1688, 130–136. [CrossRef]

168. Wypijewska, A.; Galazka-Friedman, J.; Bauminger, E.R.; Wszolek, Z.K.; Schweitzer, K.J.; Dickson, D.W.;
Jaklewicz, A.; Elbaum, D.; Friedman, A. Iron and reactive oxygen species activity in parkinsonian substantia
nigra. Park. Relat. Disord. 2010, 16, 329–333. [CrossRef]

169. Huo, L.-R.; Shen, C.; Ju, W.; Zou, J.-H.; Yan, W.; Brown, W.T.; Zhong, N. Identification of novel partner
proteins of PCBP1. J. Peking Univ. Heal. Sci. 2009, 41, 402–408.

170. Shi, H.; Bencze, K.Z.; Stemmler, T.L.; Philpott, C.C. A Cytosolic Iron Chaperone That Delivers Iron to Ferritin.
Science 2008, 320, 1207–1210. [CrossRef]

171. Henn, I.H.; Bouman, B.; Schlehe, J.S.; Schlierf, A.; Schramm, J.E.; Wegener, E.; Nakaso, K.; Culmsee, C.;
Berninger, B.; Krappmann, D.; et al. Parkin mediates neuroprotection through activation of IkappaB
kinase/nuclear factor-kappaB signaling. J. Neurosci. 2007, 27, 1868–1878. [PubMed]

http://dx.doi.org/10.1002/wrna.1325
http://dx.doi.org/10.1242/dev.02148
http://www.ncbi.nlm.nih.gov/pubmed/16291791
http://dx.doi.org/10.26508/lsa.201800095
http://www.ncbi.nlm.nih.gov/pubmed/30198020
http://www.ncbi.nlm.nih.gov/pubmed/30485811
http://dx.doi.org/10.1172/jci71520
http://dx.doi.org/10.3390/cells7120264
http://dx.doi.org/10.1007/s00204-014-1329-0
http://dx.doi.org/10.1007/978-3-319-46503-6_3
http://dx.doi.org/10.1021/acschemneuro.7b00287
http://dx.doi.org/10.7150/thno.46903
http://dx.doi.org/10.1007/s13205-020-2162-1
http://www.ncbi.nlm.nih.gov/pubmed/32206507
http://dx.doi.org/10.1046/j.1471-4159.2002.01118.x
http://www.ncbi.nlm.nih.gov/pubmed/12423242
http://dx.doi.org/10.1007/978-3-211-33328-0_22
http://dx.doi.org/10.1016/j.bbrc.2011.04.137
http://www.ncbi.nlm.nih.gov/pubmed/21570952
http://dx.doi.org/10.1038/srep24200
http://www.ncbi.nlm.nih.gov/pubmed/27097841
http://dx.doi.org/10.1016/s1344-6223(02)00133-5
http://dx.doi.org/10.1016/j.bbadis.2003.11.005
http://dx.doi.org/10.1016/j.parkreldis.2010.02.007
http://dx.doi.org/10.1126/science.1157643
http://www.ncbi.nlm.nih.gov/pubmed/17314283


Cells 2020, 9, 2229 46 of 46

172. Williams, N.C.; O’Neill, L.A. A Role for the Krebs Cycle Intermediate Citrate in Metabolic Reprogramming
in Innate Immunity and Inflammation. Front. Immunol. 2018, 9, 141. [CrossRef] [PubMed]

173. Chen-Roetling, J.; Liu, W.; Regan, R.F. Iron accumulation and neurotoxicity in cortical cultures treated with
holotransferrin. Free Radic. Biol. Med. 2011, 51, 1966–1974. [CrossRef] [PubMed]

174. Avila, F.; Echeverría, G.; Pérez, D.; Martinez, C.; Strobel, P.; Castillo, O.; Villaroel, L.; Mezzano, D.; Rozowski, J.;
Urquiaga, I.; et al. Serum Ferritin Is Associated with Metabolic Syndrome and Red Meat Consumption.
Oxid. Med. Cell. Longev. 2015, 2015. [CrossRef]

175. Lane, D.J.R.; Richardson, D.R. The active role of vitamin C in mammalian iron metabolism: Much more than
just enhanced iron absorption! Free Radic. Biol. Med. 2014, 75, 69–83. [CrossRef]

176. Reilly, D.K.; Hershey, L.; Rivera-Calimlim, L.; Shoulson, I. On-off effects in Parkinson’s disease: A controlled
investigation of ascorbic acid therapy. Adv. Neurol. 1983, 37, 51–60.

177. Yapa, S.S. Detection of subclinical ascorbate deficiency in early Parkinson’s disease. Public Health 1992, 106,
393–395. [CrossRef]

178. Fahn, S. A pilot trial of high-dose alpha-tocopherol and ascorbate in early Parkinson’s disease. Ann. Neurol.
1992, 32, S128–S132. [CrossRef]

179. Logroscino, G.; Gao, X.; Chen, H.; Wing, A.; Ascherio, A. Dietary Iron Intake and Risk of Parkinson’s Disease.
Am. J. Epidemiol. 2008, 168, 1381–1388. [CrossRef]

180. Yang, F.; Wolk, A.; Håkansson, N.; Pedersen, N.L.; Wirdefeldt, K. Dietary antioxidants and risk of Parkinson’s
disease in two population-based cohorts. Mov. Disord. 2017, 32, 1631–1636. [CrossRef]

181. Wan, Z.; Xu, J.; Huang, Y.; Zhai, Y.; Ma, Z.; Zhou, B.; Cao, Z. Elevating bioavailable iron levels in
mitochondria suppresses the defective phenotypes caused by PINK1 loss-of-function in Drosophila
melanogaster. Biochem. Biophys. Res. Commun. 2020. [CrossRef]

182. Seguin, A.; Takahashi-Makise, N.; Yien, Y.Y.; Huston, N.C.; Whitman, J.C.; Musso, G.; Wallace, J.A.; Bradley, T.;
Bergonia, H.A.; Kafina, M.D.; et al. Reductions in the mitochondrial ABC transporter Abcb10 affect the
transcriptional profile of heme biosynthesis genes. J. Biol. Chem. 2017, 292, 16284–16299. [CrossRef]
[PubMed]

183. Chen, W.; Paradkar, P.N.; Li, L.; Pierce, E.L.; Langer, N.B.; Takahashi-Makise, N.; Hyde, B.B.; Shirihai, O.S.;
Ward, D.M.; Kaplan, J.; et al. Abcb10 physically interacts with mitoferrin-1 (Slc25a37) to enhance its stability
and function in the erythroid mitochondria. Proc. Natl. Acad. Sci. USA 2009, 106, 16263–16268. [CrossRef]
[PubMed]

184. Shaw, G.C.; Cope, J.J.; Li, L.; Corson, K.; Hersey, C.; Ackermann, G.E.; Gwynn, B.; Lambert, A.J.; Wingert, R.A.;
Traver, D.; et al. Mitoferrin is essential for erythroid iron assimilation. Nature 2006, 440, 96–100. [CrossRef]
[PubMed]

185. Paradkar, P.N.; Zumbrennen, K.B.; Paw, B.H.; Ward, D.M.; Kaplan, J. Regulation of Mitochondrial Iron
Import through Differential Turnover of Mitoferrin 1 and Mitoferrin 2. Mol. Cell. Biol. 2008, 29, 1007–1016.
[CrossRef] [PubMed]

186. Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative CT method. Nat. Protoc. 2008,
3, 1101–1108. [CrossRef]

187. Sen, N.-E.; Canet-Pons, J.; Halbach, M.V.; Arsovic, A.; Pilatus, U.; Chae, W.-H.; Kaya, Z.-E.; Seidel, K.;
Rollmann, E.; Mittelbronn, M.; et al. Generation of an Atxn2-CAG100 knock-in mouse reveals
N-acetylaspartate production deficit due to early Nat8l dysregulation. Neurobiol. Dis. 2019, 132, 104559.
[CrossRef]

188. Kulak, N.A.; Pichler, G.; Paron, I.; Nagaraj, N.; Mann, M. Minimal, encapsulated proteomic-sample processing
applied to copy-number estimation in eukaryotic cells. Nat. Methods 2014, 11, 319–324. [CrossRef]

189. Gielisch, I.; Meierhofer, D. Metabolome and Proteome Profiling of Complex I Deficiency Induced by Rotenone.
J. Proteome Res. 2014, 14, 224–235. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3389/fimmu.2018.00141
http://www.ncbi.nlm.nih.gov/pubmed/29459863
http://dx.doi.org/10.1016/j.freeradbiomed.2011.08.021
http://www.ncbi.nlm.nih.gov/pubmed/21939754
http://dx.doi.org/10.1155/2015/769739
http://dx.doi.org/10.1016/j.freeradbiomed.2014.07.007
http://dx.doi.org/10.1016/s0033-3506(05)80188-x
http://dx.doi.org/10.1002/ana.410320722
http://dx.doi.org/10.1093/aje/kwn273
http://dx.doi.org/10.1002/mds.27120
http://dx.doi.org/10.1016/j.bbrc.2020.08.002
http://dx.doi.org/10.1074/jbc.m117.797415
http://www.ncbi.nlm.nih.gov/pubmed/28808058
http://dx.doi.org/10.1073/pnas.0904519106
http://www.ncbi.nlm.nih.gov/pubmed/19805291
http://dx.doi.org/10.1038/nature04512
http://www.ncbi.nlm.nih.gov/pubmed/16511496
http://dx.doi.org/10.1128/mcb.01685-08
http://www.ncbi.nlm.nih.gov/pubmed/19075006
http://dx.doi.org/10.1038/nprot.2008.73
http://dx.doi.org/10.1016/j.nbd.2019.104559
http://dx.doi.org/10.1038/nmeth.2834
http://dx.doi.org/10.1021/pr500894v
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Global Proteome Profile Adaptations upon Iron Overload and Iron Depletion in WT and Pink1-/- Mouse Embryonic Fibroblast (MEF) Cells 
	FAC-Effects 
	22BP-Effects 
	Pink1-/- Effects 

	Transcriptional Analyses of Cellular Iron Homeostasis Factors in WT MEF in Response to Altered Iron Levels 
	Transcriptional Analyses of Expression Adaptations of Pink1-/- MEF to Altered Iron Levels 
	Quantitative Immunoblots for Validation and Mechanistic Analyses 
	Regulation of Relevant Transcription Factors with Their Targets Is Subtly Modified by PINK1 
	Regulation of the Post-Transcriptional Control over Iron Homeostasis Is Modified by PINK1 
	PINK1-Dependent Effects on Expression in Human Skin Fibroblasts 

	Discussion 
	Materials and Methods 
	Mouse Embryonic Fibroblast Generation and Culture 
	Human Fibroblasts 
	Iron Overload/Depletion Experiments 
	Reverse Transcriptase Real-Time Quantitative PCR 
	Quantitative Immunoblotting 
	Proteomics Sample Preparation with Label-Free Quantification (LFQ) 
	LC-MS/MS Instrument Settings for Shotgun Proteome Profiling and Data Analysis 
	Statistical Evaluation 
	Visualization 

	Conclusions 
	References

