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Abstract

Mitochondrial dysfunction and oxidative damage, often accompanied by elevated intracellular iron
levels, are pathophysiological features in a number of neurodegenerative processes. The question
arises as to whether iron dyshomeostasis is a consequence of mitochondrial dysfunction. Here we
have evaluated the role of Iron Regulatory Protein 1 (IRP1) in the death of SH-SY5Y dopaminergic
neuroblastoma cells subjected to mitochondria complex | inhibition. We found that complex | inhibition
was associated with increased levels of transferrin receptor 1 (TfR1) and iron uptake transporter
divalent metal transporter 1 (DMT1), and decreased levels of iron efflux transporter Ferroportin 1
(FPN1), together with increased 5°Fe uptake activity and an increased cytoplasmic labile iron pool.
Complex | inhibition also resulted in increased oxidative modifications and increased cysteine
oxidation that were inhibited by the iron chelators desferoxamine, M30 and Q1. Silencing of IRP1
abolished the rotenone-induced increase in 55Fe uptake activity and it protected cells from death
induced by complex I inhibition. IRP1 knockdown cells presented higher ferritin levels, a lower iron
labile pool, increased resistance to cysteine oxidation and decreased oxidative modifications. These
results support the concept that IRP1 is an oxidative stress biosensor that mediates iron accumulation
and cell death when deregulated by mitochondrial dysfunction. IRP1 activation, secondary to
mitochondrial dysfunction, may underlie the events leading to iron dyshomeostasis and neuronal

death observed in neurodegenerative disorders with an iron accumulation component.
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1. Introduction

Cellular iron homeostasis is largely maintained by the binding of cytosolic iron regulatory proteins
IRP1 and IRP2) to iron responsive elements (IREs) that are found in the untranslated regions of
MRNAs that codify for the principal proteins of cellular iron homeostasis [1, 2]. IRPs are activated
under conditions of low cell iron, which results in increased iron uptake and diminished iron storage
capacity [3, 4]. The two known IRP isoforms, IRP1 and IRP2, share the same IRE binding activity but
they are regulated by different mechanisms. IRP1 is a bifunctional protein containing a [4Fe-4S] iron-
sulfur cluster prosthetic group. In its holo form, IRP1 is active as a cytosolic aconitase, whereas upon
the loss of its iron-sulfur cluster it serves as an IRE binding protein [5, 6]. In contrast, IRP2 is activated
by hypoxia [7] and it is down-regulated by ubiquitination mediated by an iron-responsive E3 ubiquitin
ligase-FBXL5 complex and proteasome degradation [3, 8, 9]. Both IRP1 and IRP2 knockout mice are
viable, but the double knockout (Irp7-/-Irp2-/-) mice are embryonically lethal [10], indicating that

IRPs play a crucial role in maintaining murine embryo’s viability.

Iron dyshomeostasis, often coupled to mitochondrial dysfunction, plays an important role in the
development of a number of neurodegenerative pathologies known as neurodegeneration with brain
iron accumulation, characterized by the presence of high brain iron levels particularly within the basal
ganglia [11-15]. The capacity of redox-active iron to generate free radicals underlies the “metal-based
neurodegeneration hypothesis” [16]. According to this hypothesis, reactive oxygen species (ROS)
that are generated by redox-active metals like iron and copper cause peroxidation of membrane
phospholipids. This peroxidation leads to the formation of reactive aldehydes that react with proteins
producing misfolded aggregates that overwhelm the ubiquitin/proteasome protein degradation

system and accumulate within intracellular inclusion bodies [16].

A link between ROS and iron homeostasis was established with the observation that ROS spuriously
activate IRP1 [17-19]. In addition to oxidative stress, IRP1 is activated by a decreased mitochondrial
iron-sulfur cluster synthesis resulting from an inhibition of mitochondrial complex | [20, 21].Similarly,
inhibition of complex | by toxins like MPTP, rotenone and aminochrome results in an iron-

accumulation phenotype in animal and cell models of Parkinson’s disease [22-24].



Based upon the observation that the inhibition of complex | results in decreased iron-sulfur cluster
synthesis and IRP1 activation, in this work we tested the hypothesis that IRP1 is a redox sensor that

when activated by complex | inhibition mediates iron accumulation, oxidative damage and cell death.

2. Material and Methods

2.1. Cells. Human neuroblastoma SH-SY5Y cells (CRL-2266; American Type Culture Collection,
Rockville, MD) were cultured in MEM/F12 medium supplemented with 10 % fetal bovine serum and

5 mM glutamine as described [25].

2.2. Antibodies and iron chelators. Primary antibodies used were rabbit polyclonal anti-FPN1
(Alpha Diagnostics) and anti-TfR1 (Santa Cruz Biotechnology). Polyclonal rabbit anti-human ferritin
and peroxidase-labeled rabbit anti-human ferritin antibodies were purchased from DAKO
Corporation. Anti-pan DMT1 prepared against  the amino-terminal sequence
MVLGPEQKMSDDSVSGDH [26] was used at a dilution of 1:1000. Rabbit polyclonal anti-IRP2
antibody UT29 [3] was the kind gift of Dr. E. Liebold. Rabbit polyclonal anti-IRP1 antibody 2170,
prepared against the IRP1 sequence VDFNRRADSLQKNQDLEFERNR [27], was the kind gift of Dr.

R. Eisenstein. Anti-HNE antibody ab46545 was purchased from Abcam.

Iron chelators Deferoxamine (DFO), 5-(N-methyl-N-propargylaminomethyl)-8-hydroxyquinoline
(M30) and 2,2’-dipyridyl were purchased from Sigma-Aldrich. Iron chelator 5-((methylamino)methyl)-

8-hydroxyquinoline (Q1) was synthesized as described [28].

2.3. Inhibition of Complex | activity and detection of iron homeostasis proteins. The activity of
complex | was inhibited by incubation for 24 h with varied concentrations of rotenone (1 to 5 uM) as
described [20]. This concentration range falls well within the range of concentrations used in the
literature [29-31]. Protein levels of TfR1, DMT1 and FPN1 were determined by Western blot as

described [26]. Ferritin was determined by a sandwich ELISA as described [32].



2.4. Cytotoxicity assay. Cytotoxicity was assessed in 96-well microplates using a LDH release assay
(Aras et al. 2008). LDH activity in the culture medium was expressed as percentage of the activity

determined in the cell culture medium without treatment.

2.5. Cell extracts and RNA Electrophoretic Mobility Shift Assay (EMSA). Cell extracts were
prepared by a modification of a published method [19] optimized for the EMSA kit used in this study.
Briefly, cells were detached from the culture dish by incubation for 15 min on ice with a buffer
containing 40 mM Tris pH 7.5, 100 mM NaCl and 1 mM EDTA. Cells were sedimented by
centrifugation and they were lysed with a lysis buffer: 50 pyL per 1 x 10° cells of 10 mM Hepes, pH
7.5, 3 MM MgCls, 40 mM KCI, 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, 0.5% NP40
and a protease inhibitor cocktail (ROCHE). After incubation for 15 min on ice, the mixture was
sedimented for 10 min at 10,000 x g and stored in aliquots at -20 °C. The IRP binding activity was
determined with a LightShift chemiluminescent RNA EMSA Kit (Thermo Scientific No. 20158). A
modification of the manufacturer's protocol was introduced that allowed for the cleaning of non-
specific bands. Briefly, 20 pg of protein extract in the 10 mM Hepes buffer described above was
incubated for 30 min at room temperature with 1.2 ng of biotin-labeled IRE
(UCCUGCUUCAACAGUGCUUGGACGGAA C-biotin) (BioSynthesis Inc.). The mixture was loaded
into an 8% non-denaturating polyacrylamide gel (Mini-PROTEAN, Bio-Rad Inc.) and the proteins were
resolved for 1.5 h at 100 Volt. IRP-IRE binding activity was developed with Streptavidin-Horseradish

Peroxidase Conjugate (Thermo Fisher Scientific) as instructed by the manufacturer.

2.6. Determination of the cytoplasmic labile iron pool. Iron levels in the cytoplasmic labile iron
pool were estimated by a calcein dequenching assay (Calcein-AM Invitrogen-Molecular Probes) as
described [28, 33]. Briefly, calcein decreases its fluorescence when bound to iron. The increase in
fluorescence in calcein-loaded cells upon addition of the iron chelator 2,2’-dipyridyl is directly

proportional to the cytoplasmic labile iron pool.

2.7.IRP1 knockdown in SH-SY5Y neuroblastoma cells. ShRNA against human IRP1 (gene name:
ACO1) was obtained from the RNAi Consortium, distributed by Sigma-Aldrich. The construct

TRCNO0000056554, which target sequence is 55 GCAGGATTGTTAGCAAAGAAAZ’, was inserted in a



pLKO.1-puro vector (Mission®, Sigma-Aldrich) following the manufacturer’s instructions. Prior to
transfection, the vector was linearized using the restriction enzyme Scal (Fermentas-Thermo
Scientific). SH-SY5Y cells were transfected with the linearized vector using Lipofectamine 2000 (Life
Technologies, Inc., Gaithersburg, MD). Stable transfectants were selected in the presence of 1 ug/mi
puromycin. Single clones were isolated by limiting dilution, transferred into 12-well plates, expanded,

and selected by IRP1 expression, analyzing both protein levels and IRE-binding activity. Control cells

2.8. Determination of reduced and oxidized cysteines. The determination of reduced and oxidized
cysteines was performed according to Horowitz et al. [34]. This technique is based in the labeling of
reduced cysteines with fluorophore-tagged maleimides (Invitrogen—Thermo Fisher Scientific). Briefly,
paraformaldehyde-fixed permeabilized SH-SY5Y cells were reacted with Alexa 488-tagged
maleimide in order to label cysteines SH groups. After washing, oxidized (S-S) cysteines were
reduced with 5 mM tris(2-carboxyethyl)phosphine, followed by reaction with Alexa 568-tagged
maleimide. The 488/568 fluorescence ratio was determined in a Zeiss LSM 510 Meta confocal laser
scanning microscope (Carl Zeiss, Gottingen, Germany), and the values were translated into a
pseudo-color scale by using the ImageJ image processing software (National Institutes of Health,

USA).

2.9. 4-HNE immunofluorescence. Cells grown in cover slips were fixed with 4% paraformaldehyde,
4% sucrose in saline, permeabilized with 0.2% Triton-X-100 in PBS, incubated overnight at 4°C with
anti-HNE antibody (1:200) followed by incubation with Alexa-546-conjugated goat anti-rabbit IgG. The

labeled cells were observed in a Zeiss LSM 510 Meta confocal laser-scanning microscope.

2.10. Data analysis. The experiments were repeated at least three times. The Shapiro-Wilk test was
used in order to evaluate for normal distribution of replicates. One-way ANOVA was used to test the
differences in mean values and Turkey’s post-hoc test was used for comparisons (InStat, GraphPad

Prism, San Diego, CA).

3. Results

3.1 Complex I inhibition modifies the expression of iron homeostasis proteins.
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Figure 1. Effect of complex | inhibition on iron homeostasis proteins.

Following on the observation that inhibition of mitochondrial complex | results in augmented IRP1
binding activity [20, 21] (Supplementary Figure 1), we tested if inhibition of complex | resulted in
changes of the iron homeostasis proteins, which expression is translationally regulated by the
IRE/IRP system. Rotenone treatment resulted in significantly increased levels of DMT1 (Figure 1A)
and TfR1 (Figure 1B) and in decreased levels of FPN1 (Figure 1C). The protein levels of ferritin,
another IRP-regulated protein, did not show a significant increment upon rotenone treatment (Figure
1D). The lack of a significant change in ferritin levels may be due to a compensatory transcriptional
regulation process, since an oxidative stress response gene whose transcription is upregulated also

codes ferritin by oxidative stress [35, 36].

3.2. Inhibition of complex | increases iron uptake and the cytoplasmic labile iron pool. We then
tested if the observed changes in iron transport proteins resulted in increased iron uptake and
increased levels of redox-active iron in complex I-inhibited cells. 55Fe uptake experiments showed
that rotenone-treated cells had increased iron uptake activity (Figure 2A). In accordance with
increased iron uptake, an increment in the cytoplasmic labile iron pool was also observed (Figure

28B).
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Figure 2. Inhibition of complex | results in increased intracellular iron.

3.3. Inhibition of complex | induces iron-dependent oxidative damage. Because the cytoplasmic
labile iron pool is redox-active [37, 38], it was of interest to test whether increases in this pool resulted
in oxidative damage. Rotenone treatment resulted in a marked increase in the formation of protein-
HNE adducts (Figure 3). 4-HNE is a very reactive lipid peroxidation product derived mostly from
arachidonic and linoleic acid peroxidation. In proteins, 4-HNE forms adducts with the e-amino group
of lysines, the sulfhydryl group of cysteines and the imidazole group of histidines [39, 40]. Thus, the
formation of 4-HNE-protein adducts is a reflection of both lipid peroxidation and oxidative protein
modification. Importantly, the increase in the oxidative modification was abolished by co-treatment
with the iron chelators DFO, M30 and Q1 (Figure 3C). Overall, the above results are consistent with
the notion that inhibition of complex | results in increased redox-active iron, increased intracellular
oxidative tone and increased oxidative damage. It is of note that rotenone treatment significantly
decreased cell size, while co-treatment with rotenone and the iron chelators DFO, M30 or Q1

abolished this cell size decrease (Supplementary Figure 2).
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Figure 3. Inhibition of complex | induces iron-mediated oxidative modifications.

3.4. IRP1 knockdown. To evaluate the role of IRP1 in the oxidative phenotype observed after
rotenone treatment, we used stable IRP1 knockdown cells in order to test their response to rotenone
and oxidative challenges. From seven stable cell clones, cell clone 2.9 (from here on called shIRP1-
2.9), which displayed 87% IRP1 protein knockdown (Figure 4A) and decreased IRE binding activity
(Figure 4B) was selected for further experiments. In some of the experiments, clone 2.10 (here on

called shiIRP1-2.10) that displayed 34% IRP1 knockdown was also used.
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Figure 4. IRP1 knockdown cells have increased ferritin content
ShIRP1-2.9 cells had a small but significant decrement in DMT1 expression, with non-significant
changes in FPN1 and TfR1 as compared to control cells (Figure 4C). Unexpectedly, a three-fold

increase in ferritin expression was detected in shIRP1-2.9 cells (Figure 4D).

3.5. %Fe uptake by shIRP1-2.9 cells. We next studied iron uptake activity by IRP1 knockdown cells
in response to rotenone treatment (Figure 5). Treatment with the iron chelator DFO was used as a
positive control. The shIRP1-2.10 cells, with a minor knockdown of IRP1, were used as a secondary

positive control.
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Figure 5. Fe homeostasis in IRP1 knockdown cells.

. Control and shiIRP1-2.10 cells responded to the iron depletion induced by DFO treatment by
increasing their 55Fe uptake activity while shiIRP1-2.9 did not. Rotenone treatment induced 55Fe
uptake in control and shiIRP1-2.10 cells, but not in shiIRP1-2.9 cells. The response to rotenone was
proportionally lower in shIRP1-2.9 cells than in control or shiIRP1-2.10 cells, with a 55Fe uptake ratio

in response to rotenone treatment (rotenone/no treatment) of 1.48, 1.13 and 1.23, for control, shIRP1-
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2.9 cells and shIRP1-2.10 cells, respectively. It was apparent that an important degree of IRP1
knockdown (87% for shIRP1-2.9 vs 34% for shIRP1-2-10) is required to ameliorate the iron uptake
response generated by inhibition of mitochondrial complex I. Detection of the labile iron pool by
calcein dequenching revealed a marked decrease in shIRP1-2.9 cells when compared to control cells
(Figure 5B). Control cells responded to a 3 pM-rotenone challenge by increasing protein levels of
DMT1 and TfR1 and by decreasing the level of FPN1, whereas shiIRP1-2.10 cells did not show

significant changes in DMT1, TfR1 or FPN1 upon rotenone challenge (Figure 5C).

3.6. IRP1 knockdown cells have increased resistance to oxidant-induced cell death and
oxidative damage. ShIRP1-2.9 cells presented increased cell viability in response to rotenone as
compared to control cells (Figure 6). ShIRP1-2.9 cells also were more resistant than control cells to
glutathione depletion induced by BSO and oxidant tert-butylhydroperoxide (TBH), although a larger
LDH leak was observed upon TBH treatment. The resistance of IRP1 knockdown cells to oxidative

death suggests that IRP1 is a mediator in the cell death induced by an increased oxidative tone.
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Figure 6. Resistance to oxidant-induced cell death.

3.7. IRP1 knockdown cells are resistant to oxidant-induced modifications. Inhibition of complex
| results in increased ROS production, while an increased iron uptake may result in increased
oxidative damage given the putative production of hydroxyl radical [41]. Thus, it was of interest to

evaluate the response of IRP1 knockdown cells to rotenone and other oxidative stimuli. Rotenone
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treatment produced an increase of 4-HNE-protein adducts in control cells, an indication of increased
lipid peroxidation. On the contrary, IRP1 knockdown cells exhibited a significant resistance to the

formation of 4-HNE-protein adducts induced by rotenone (Figure 7A and 7B).
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Figure 7. IRP1 knockdown cells are resistant to rotenone-induced cysteine oxidation and protein

modification.

To explore further the resistance of IRP1 knockdown cells to rotenone-induced oxidative stress we
analyzed changes in the oxidized/reduced cysteine ratio in rotenone-treated cells. Rotenone dose-
response studies showed that ShIRP1-2.9 cells had significant resistance to rotenone-induced
cysteine oxidation at 1 and 3 uM rotenone but not at 5 pM rotenone (Figure 7C and 7D). Similarly,
shIRP1-2.9 cells showed significant resistance to the cysteine oxidation produced by iron overload
(100 pM for 24 h, Figure 7B). These results further support the idea that IRP1 mediates the oxidative

damage derived from mitochondrial complex | inhibition by rotenone.
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4. Discussion

Based upon previous findings showing that inhibition of complex | results in IRP1 activation [20, 21],
we examined here whether inhibition of mitochondrial complex | results in iron dyshomeostasis and

oxidative damage, together with the putative participation of IRP1 in these phenomena.

We found that complex | inhibition resulted in increased expression of DMT1 and TfR1, and
decreased expression of FPNL1. These findings are reminiscent of reports showing both inhibition of
complex | and increased expression of DMT1 in sustantia nigra post-mortem tissue derived from PD
patients [42, 43], and in cell and animal models of the disease [44-46]. Arguably, both events,

inhibition of complex | and increased expression of DMT1, could be linked by IRP1 activation.

We found decreased FPNL1 levels upon complex | inhibition, a response that, together with increased
DMT1 levels, should increase iron accumulation by cells. Decreased FPN1 protein levels were also
reported as result of complex | inhibition by the dopamine metabolite aminochrome [45]. Similarly, 6-
OHDA, a complex | inhibitor, induces FPN1 down-regulation and IRP1/IRP2 activation in primary
ventral mesencephalic neurons [47]. Increased DMT1 expression and decreased FPN1 expression
were accompanied by increased iron uptake and increased cytoplasmic labile iron pool. In addition,
an increment in the oxidative tone and increased oxidative damage were detected upon complex |
inhibition. Overall, the present results are consistent with a sequence of events in which inhibition of
complex | results in increased iron uptake and increased iron retention by cells, with a corresponding

increment in redox-active iron and oxidative damage.

The putative participation of IRP1 in this process was studied in IRP1 knockdown cells, which
displayed a discrete decrement in DMT1 expression and non-significant changes in FPN1 and TfR1
levels when compared to control cells. These results suggest that in IRP1 knockdown cells
translational regulation by IRP2 is sufficient to maintain DMT1, FPN1 and TfR1 close to control levels.
Unexpectedly, a three-fold increment in ferritin expression was detected in shIRP1-2.9 cells. At

present, the causes for this increase are unknown, although IRP1 knock-out mice have been reported
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to have increased ferritin expression in brown fat and kidney, tissues that have high expression of
IRP1 [48]. It is possible that in mice brown fat and kidney tissue, and in SH-SY5Y cells, ferritin mMRNA
translation is preferentially regulated by IRP1 in contrast to IRP2. Under this circumstance, IRP1

downregulation should result in increased ferritin translation.

IRP1 knockdown cells showed resistance to rotenone-induced cysteine oxidation and to the formation
of 4-HNE adducts, together with a decreased loss of cell viability in response to rotenone, to the
oxidant TBH and to inhibition of glutathione synthesis by BSO. This resistance to oxidative challenges
again suggests that IRP1 participates in a process of cell death mediated by an increased oxidative
tone. This view is consistent with the report that in neuron/glia mixed cultures, knockout of IRP2 or
IRP1 increased neuronal resistance to H20: injury [49]. Rotenone treatment induced 5°Fe uptake in
control cells but not in IRP1 knockdown cells. This result suggest that IRP1 mediates the increase in
iron uptake in response to inhibition of mitochondrial complex I. Contrary to expectation, given the
observed decrement in DMT1 protein in IRP1 knockdown cells, these cells had 5°Fe uptake similar to
control. It is possible that the increased intracellular ferritin levels in IRP1 knockdown cells will drive
iron uptake despite the decrease in DMT1 protein levels. Nonetheless, the increased ferritin
expression may mediate the marked decrease in the cytoplasmic labile iron pool in IRP1 knockdown
cells. Since the knockdown of HFn in shIRP1 cells increased the oxidative damage mediated by
rotenone, most probably ferritin is the key mediator of the redox protective effect observed in IRP1
knockdown cells. This observation is in line with the observed increase of the labile iron pool and

oxidant activity in K562 cells with repressed HFn synthesis [50].

In summary, our results show that in SH-SY5Y neuroblastoma cells: 1) mitochondrial complex |
inhibition resulted in the change in expression of iron transporters and ferritin with a consequent
increase in iron uptake and in the reactive iron pool; 2) mitochondrial complex | inhibition also resulted
in an increased intracellular oxidative tone; 3) IRP1 knockdown largely suppressed the dysregulation
of iron homeostasis induced by inhibition of complex I; 4) IRP1 knockdown also suppressed the
increment in oxidative tone and oxidative damage induced by complex | inhibition; and 5) IRP1

knockdown provided cells with resistance against death promoted by oxidative stimuli, probably
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through increased ferritin expression and the consequent decrease in the labile iron pool. Taken
together, these results are consistent with a mechanism by which inhibition of complex | results in

increased IRP1 activity, iron accumulation and oxidative damage that may lead to cell death.
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Figure legends

Figure 1. Effects of complex | inhibition on iron homeostasis proteins. Protein extracts from
cells treated for 24 h with 1, 3 or 5 uM rotenone were resolved by SDS-PAGE and changes in proteins
of iron homeostasis, (A) DMT1, (B) TfR1 and (C) FPN1, were detected by Western blot. Actin or
tubulin were used as load controls. Right-hand panels show quantification of band density. Values
represent the mean £ SEM from 4-6 independent determinations. (D) Changes in ferritin protein levels
estimated by ELISA. Significance was determined by one-way ANOVA followed by Tukey post-hoc
tests. * P< 0.05; ** P< 0.01; *** P< 0.001 compared to control (no rotenone); ns, not significant

change.

Figure 2. Inhibition of complex | results in increased intracellular iron levels. (A) Cells were
treated for 24 h with the complex | inhibitor rotenone (3 uM) after which 55Fe uptake was performed
as described in Methods. Values are the mean + SEM of a representative experiment (N= 4) with
conditions done in triplicates. P value was determined by the student t-test. (B) Labile iron pool
determination in cells treated for 24 h with the stated concentrations of rotenone. Cells were treated
for 24 h with none, 1, 3 or 5 puM rotenone. Cells were then loaded with calcein-AM for 15 min at 37
°C. After change of medium, calcein fluorescence was dequenched with the iron chelator 2,2’-
dipyridyl. Calcein dequenching under these conditions is proportional to the level of the cytoplasmic
labile iron pool. Values are mean + SEM of a representative experiment (N= 3) with conditions done

in pentaplicate.

Figure 3. Inhibition of complex | induces iron-mediated oxidative modifications. SH-SY5Y cells
were treated for 24 h with or without 3 M rotenone in the presence or absence of 5 uM DFO, 2.5 uM
Q1 or 2.5 pM M30. The upper panel shows representative images of oxidative modifications assessed
by immunodetection of 4-HNE adducts. Size bar: 50 um. The lower panel shows quantification of 4-
HNE immunofluorescence relative to Control (mean + SEM) determined in 40-50 individual cells per

experimental condition. ***P< 0.0001.
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Figure 4. IRP1 knockdown cells have increased ferritin levels. (A) SH-SY5Y cells were treated
with IRP1 shRNA and stable clones were selected as described in the Methods. IRP1 protein was
detected by Western blot. Lines 1-3: cell clones 1.1, 2.4 and 2.5 from cells transfected with the empty
vector. Lines 4-9: clones 2,1, 2.2, 2.8, 2.9, 2.10 and 2.11 from cells transfected with IRP1 shRNA.
(B) IRE binding activity of clones determined by EMSA. Line 1-3: clones 1.1, 2.4 and 2.5 from cells
transfected with the empty vector. Lines 4-9: clones 2,1, 2.2, 2.8, 2.9, 2.10 and 2.11 from cells
transfected with shRNA for IRP1. Line 10: extract from clone 2.4 treated with anti-IRP2 antibody
before electrophoretic separation. Lines 11 and 12: extract from clone 2.4 treated with dilutions 1:500
and 1:250 of anti-IRP1 antibody before electrophoretic separation. (C) Extracts from control and clone
2.9 cells were evaluated for DMT1, FPN1, TfR1 by Western blot. Shown is mean + SEM (N= 3) of
band density relative to the housekeeping protein actin. (D) Ferritin content evaluated by ELISA.

Values are mean + SEM of a representative experiment (N= 5) with conditions done in pentaplicate.

Figure 5. 5°Fe uptake by IRP1 knockdown cells. (A) Control or shiIRP1-2.9 cells were incubated for
24 h with or without 3 uM rotenone (Rot) or 5 uM desferoxamine (DFO). ShIRP1-2.10 cells, which
show a lesser decrease in IRP1 expression, were used as an additional control. Cells were tested for
%5Fe uptake as described in the Methods. Shown is mean + SEM of pooled data from 6 independent
experiments, with experimental points done in triplicates. Significance was determined by one-way
ANOVA followed by Tukey post-hoc test. * P< 0.05; *** P< 0.001; ns, not significant. (B) Detection of
the labile iron pool by calcein dequenching in control cells (left-hand panel) and shiIRP1-2.9 cells
(middle panel). Shown are 4 traces from individual wells. Right-hand panel shows quantification of
the change in fluorescence (F/Fo) upon addition of the iron chelator 2,2’-dipyridyl (BIP). Fo values
were determined as the mean of fluorescence values at times between 200 and 300 sec. F values
were determined as the mean of fluorescence values at times between 420 and 520 sec. ****p<
0.0001 as determined by two-tailed unpaired t test. (C) Control or shIRP1-2.9 cells were incubated
for 24 h with or without 3 pM rotenone and the protein levels of DMT1, TfR1 and FPN1 were estimated
by Western blot analysis. Values were normalized to the Control condition. They are expressed as

the mean + SEM from 6 (DMT1), 3 (TfR1) or 4 (FPN1) independent determinations. Significance was
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determined by one-way ANOVA followed by Tukey post-hoc test. * P< 0.05; ** P< 0.01 as compared

to Control; ns, not significant.

Figure 6. Resistance to oxidant-induced cell death. Control or shiIRP1-2.9 cells were incubated
for 24 h either with 3 uM rotenone, 20 uM of the pro-oxidant tert-butylhydroperoxide (TBH) or with 50
UM of the glutathione synthesis inhibitor BSO, after which cell death was evaluated by LDH release
into the culture medium. Values are expressed as the mean + SEM with experimental points done in
quintuplicates. Shown is a representative experiment (N= 3). Significance was determined by one-

way ANOVA followed by Tukey post-hoc test. ** P< 0.01; *** P< 0.001; ns, not significant.

Figure 7. IRP1 knockdown cells are resistant to rotenone-induced cysteine oxidation and
protein modification. Control or shIRP1-2.9 cells were treated for 24 h with 3 uM rotenone after
which cells were tested for oxidative damage and changes in their oxidative tone. (A) Representative
image of 4-HNE immunostaining for the evaluation of oxidative damage. Size bars: 20 um. (B)
Quantification of 4-HNE immunostaining intensity upon treatment with rotenone for control and
shIRP1-2.9 cells. Values are the mean = SEM of 4-HNE immunofluorescence from 130-250 cells per
experimental condition. (C) Oxidative tone evaluated by the amount of reduced and oxidized cysteine
in proteins after treatment with rotenone. Maleimide-Alexa 488 (green) was used to detect reduced
cysteines and maleimide-Alexa 568 (red) to detect oxidized cysteines. The ratio between red and
green fluorescence was transformed (ImageJ program) into a thermal scale (right hand bar) in which
a shift from blue to red to white implies a higher degree of oxidation. Size bars: 20 um. (D)
Quantification of the reduced/oxidized cysteine ratio upon treatment with 1, 3 or 5 uM rotenone. One
hundred pM Fe-NTAwas used as a positive control. The reduced/oxidized cysteine ratio of control
cells without treatment was normalized to 1. Values are the mean + SEM of fluorescence ratio from
85-168 cells per experimental condition. Significance was determined by one-way ANOVA followed

by Tukey post-hoc test. *** P< 0.001; ns, not significant.
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Highlights

Inhibition of mitochondrial complex | in SH-SY5Y neuroblastoma cells resulted in an iron
accumulation phenotype together with increased oxidative modifications that were inhibited
by iron chelators.

Knockdown of Iron Regulatory Protein 1 (IRP1) blocked this iron accumulation phenotype as
well as the associated oxidative damage and the loss of cell viability.

IRP1 knockdown resulted in increased ferritin levels and a decreased labile iron pool

Itis proposed that IRP1 is a redox sensor that when deregulated by mitochondrial dysfunction

mediates iron accumulation and cell death.



