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ARTICLE INFO ABSTRACT

Keywords: Both iron metabolism and mitophagy, a selective mitochondrial degradation process via autolysosomal pathway,
Mitophagy are fundamental for the cellular well-being. Mitochondria are the major site for iron metabolism, especially the
Belxl. biogenesis of iron-sulfur clusters (ISCs) via the mitochondria-localized ISCs assembly machinery. Here we report
;SI;:I\SID c1 that mitochondrial ISCs biogenesis is coupled with receptor-mediated mitophagy in mammalian cells. Pertur-

bation of mitochondrial ISCs biogenesis, either by depleting iron with the iron chelator or by knocking down the
core components of the mitochondrial ISCs assembly machinery, triggers FUNDC1-dependent mitophagy. IRP1,
one of the cellular iron sensors to maintain iron homeostasis, is crucial for iron stresses induced mitophagy.
Knockdown of IRP1 disturbed iron stresses induced mitophagy. Furthermore, IRP1 could bind to a newly
characterized IRE in the 5’ untranslated region of the Bcl-xL mRNA and suppress its translation. Bcl-xL is an
intrinsic inhibitory protein of the mitochondrial phosphatase PGAMS5, which catalyzes the dephosphorylation of
FUNDCI1 for mitophagy activation. Alterations of the IRP1/Bcl-xL axis navigate iron stresses induced mitophagy.
We conclude that ISCs serve as physiological signals for mitophagy activation, thus coupling mitophagy with iron
metabolism.

1. Introduction

Mitochondria are essential organelles for a myriad of fundamental
cellular processes, including oxidative phosphorylation associated en-
ergy supply and programmed cell death. Mitochondria also generate
reactive oxygen species (ROS) as the inevitable by-product of electron
transport chain. To fulfill such diverse functions, graded mechanisms
have been evolved to maintain mitochondrial homeostasis in response to
dynamic metabolic and environmental cues. Mitochondria themselves
are highly dynamic, undergoing cycles of fission and fusion, as well as
constantly turning over. Mitochondrial homeostasis is largely
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determined by the balanced mitochondrial biogenesis and mitophagy, a
process that selectively removes damaged or superfluous mitochondria
through autophagic and lysosomal degradation [1]. To date, Pink1/-
Parkin pathway and the receptor-mediated mitophagy pathway are
characterized in mammalian cells. Upon the loss of mitochondrial
membrane potential, Pinkl becomes stabilized on the mitochondrial
outer membrane [2], where it is able to activate the E3 ubiquitin ligase
Parkin to ubiquitinate numerous mitochondrial outer membrane pro-
teins [3], and to recruit selective autophagy receptors (such as NDP52
and OPTN) to mediate mitophagy via their interaction with LC3 [4,5].
Additionally, several mitochondrially localized mitophagy receptors
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were identified to mediate selective recognition and removal of
damaged mitochondria in mammalian cells. These include Nix/Bnip3
[6], FUNDC1 [7,8], Prohibitin 2 [9], FKBP8 [10] and Bcl2113 [11].
These receptor proteins contain a LIR (LC3 interacting region) motif and
directly interact with LC3 or its homologs to mediate the selective
recognition of mitochondria by autophagosomal membranes in response
to distinct mitochondrial stresses. Significant progress has been ach-
ieved in understanding the mechanism of mitophagy execution; how-
ever, the molecular details of mitophagy regulation in response to
metabolic cues remain elusive. This is important because defective
mitophagy leads to the accumulation of dysfunctional mitochondria,
excessive production of ROS, the disruption of cellular metabolism, and
even cell death. Moreover, dysfunctional mitochondria accompanied
with increased oxidative stress are widely observed in diseased tissues of
human patients and animal models, which is strongly associated with
the pathogenesis of human diseases [12].

Mitochondria are centers for cellular iron metabolism. Cytosolic iron
is transported into mitochondria where it is utilized to synthesize heme
and iron-sulfur clusters (ISCs), two kinds of iron-containing molecules
structurally and functionally important for numerous proteins involved
in fundamental cellular processes, such as the tricarboxylic acid (TCA)
cycle, the electron transport chain (ETC), DNA damage/repair and ox-
ygen metabolism [13,14]. ISCs are mainly assembled in the mitochon-
drial matrix by the highly conserved ISCs assembly machinery [15]. The
cysteine desulfurase NFS1 is required to abstract the sulfur atom from
cysteine and donate it to a scaffold protein, ISCU, on which nascent
clusters are assembled. The assembled [2Fe-2S] or [4Fe—4S] clusters are
transferred to recipients, including mitochondrial proteins, cytosolic
proteins and even nuclear proteins [16]. In mammalian systems, ISCs
serve as signal molecules to dominate cellular iron homeostasis through
the iron regulatory proteins (IRP1/2) and iron-responsive element (IRE)
systems. In iron-replete conditions, IRP1 binds to a [4Fe-4S] and dis-
plays cytosolic aconitase (ACO1) activity, which catalyzes the inter-
conversion of citrate and isocitrate in TCA cycle, while IRP2 is
ubiquitinated for proteasomal degradation. In iron depleted conditions,
the apo-IRP1 escapes from binding to ISCs and IRP2 is stabilized. IRP1/2
can then target to the conserved stem-loop structures in the untranslated
regions (UTRs) of target mRNAs, which are known as IREs. This binding
suppresses the translation of the target mRNAs if the IREs are located in
the 5'UTR, as is the case for the mRNAs encoding iron storage associated
L- and H-Ferritin, heme synthesis associated ALAS2 (5-Aminolevulinate
Synthase 2), and iron export associated FPN1 (Ferroportin 1). Binding of
IRP1/2 to IREs stabilizes the target mRNAs if the IRE is located in the
3'UTR, as is the case for iron uptake-associated TfR1 (Transferrin Re-
ceptor Protein 1). The IRPs/IREs system thus leads to increased iron
absorption and decreased iron export, iron utilization and iron storage,
thereby maintaining appropriate intracellular iron concentrations
(reviewed in Ref. [17]). Moreover, because of the importance of ISCs in
the mitochondrial behaviors, defective ISCs assembly or dysregulated
IRPs-IREs system would lead to abnormal mitochondrial integrity and
result in excessive ROS production. Previous work has shown that iron
depletion by DFP (deferiprone), a widely used iron chelator, initiates
mitophagy program in a Pinkl/Parkin-independent fashion [18].
However, the molecular mechanism is not clear.

Both iron metabolism and mitophagy are fundamental processes for
the cellular well-being. Dysregulation of these processes leads to the
redox imbalance and contributes to a number of hematological, meta-
bolic, and neurodegenerative diseases [19]. In particular, the accumu-
lation of dysfunctional mitochondria and dysregulated iron homeostasis
are commonly observed in ageing-related diseases [20,21]. It is still not
clear whether these two events are causally linked or not. We have
previously identified that the mitochondrial outer membrane protein
FUNDCI1 acts as a novel mitophagy receptor through its interaction with
LC3 [7]. Biochemical and structural analyses have shown that dephos-
phorylation of FUNDCI at Ser13 by mitochondrial phosphatase PGAMS5
enhances the FUNDC1-LC3 interaction to initiate mitophagy [8]. We
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further demonstrated that Bcl-xL is the intrinsic inhibitor of PGAMS5
[22], and suppresses the dephosphorylation of Serl3 to inhibit
FUNDC1-dependent mitophagy [22]. We now provide evidence to show
that mitochondrial ISCs biogenesis is coupled with FUNDC1-mediated
mitophagy through fine tuning the translational efficiency of Bcl-xL
mRNA by IRP1, which defines a novel mechanism of mitophagy regu-
lation in response to altered iron metabolism.

2. Materials and methods
2.1. Plasmids and regents

The full-length IRP1 CDS was cloned from a human cDNA library and
then inserted into the bacterial expression vector pGEX-4T-1 (Amer-
sham, VYA0221) and the mammalian expression vector pcDNA4,/TO-
Myc (Invitrogen, V102020), respectively. The other constructs were
maintained in the lab.

For site-directed mutagenesis, upstream and downstream primers
were synthesized containing the desired mutations. Briefly, 15 ng
wildtype plasmid as the template, the corresponding primers and Pfu
DNA Polymerase (Agilent, 600135) were employed for site-directed
mutagenesis PCR according to the manufacturer’s protocol. The PCR
product was processed with the endonuclease Dpnl (New England Bio-
labs, R0176L) to degrade the template wildtype plasmid. The product
was then transformed into competent E. coli cells, and positive clones
were sequenced to confirm the mutagenesis.

The regents used in this study are following: deferoxamine (DFO,
D9533), deferiprone (DFP, 379409), Carbonyl cyanide 4-(tri-
fluoromethoxy)phenylhydrazone (FCCP, C2920), chloroquine (CQ,
C6628), and actinomycin D (A1410) were purchased from Sigma-
Aldrich. EBSS (SH30014.08) was purchased from HyClone.

2.2. Antibodies

The following primary antibodies were used in this study: a-TIM23
(BD Biosciences, 611223), a-TOM20 (BD Biosciences, 612278), a-COX4
(ProteinTech, 11242-1-AP), a-VDAC1 (Abcam, ab14734), a-LC3 (MBL,
PM036), a-Bcl-xL (Cell Signaling Technology, 2762), a-ISCU (Santa
Cruz, sc-373694), o-FXN (Santa Cruz, ab113691), a-NFS1 (Abcam,
ab204355), a-ISD11 (Sigma-Aldrich, HPA030362), a-CIAO1 (GeneTex,
GTX53698), a-NARFL (GeneTex, GTX116764), a-IRP1 (Cell Signaling
Technology, 20272), a-HSP60 (Cell Signaling Technology, 12165),
o-GFP (Santa Cruz, sc-9996), a-PGAM5 (Abcam, ab126534), a-ATG5
(Cell Signaling Technology, 2630), a-NRF1 (ProteinTech, 12482-1-AP),
o-PGCla (ProteinTech, 20658-1-AP), a-TFAM (ProteinTech, 19998-1-
AP), a-Flag (Sigma-Aldrich, F1804), a-Myc (Sigma-Aldrich, M4439),
a-Actin (Sigma-Aldrich, A8481). The rabbit a-FUNDC1 and rabbit a-F1-
P13 phosphorylation polyclonal antibodies were generated by immu-
nizing rabbits with a purified FUNDC1 peptide or a purified FUNDC1
phosphorylated peptide, respectively. The polyclonal antibodies were
affinity purified before use. HRP-conjugated secondary antibodies were
purchased from Jackson Immuno Research Laboratories. The secondary
antibodies used for immunofluorescence staining were: donkey anti-
mouse IgG Alexa Fluor-555 (Molecular Probes, A31570), donkey anti-
rabbit IgG Alexa Fluor-555 (Molecular Probes, A31572) and donkey
anti-rabbit IgG Alexa Fluor-488 (Molecular Probes, A21206).

2.3. Cell culture and transfection

HeLa, HepG2, and U20S cells were maintained in Dulbecco’s
modified Eagle medium (DMEM, Gibco, 12100-061) supplemented with
10% fetal bovine serum (Hyclone, SV30087.02) and 1% penicillin-
streptomycin at 37 °C with 5% CO».

For DNA transfection, cells were plated in 6-well plates for 24 h and
the medium was then changed to serum-free OPTI-MEM (Gibco, 31985)
medium before transfection. The cells were transfected with
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corresponding plasmids by using MegaTran 1.0 transfection reagent
(OriGene, TT200003). After 6 h of transfection, the medium was
changed to fresh DMEM supplemented with 10% fetal bovine serum.

For siRNA transfection, 3-5 x 10% cells (per well) were plated in 24-
well plates for 24 h and then transfected with siRNA using Lipofectamine
RNAIMAX (Invitrogen, 13778) according to the manufacturer’s proto-
col. The siRNA sequences targeting each gene are listed in Supplemen-
tary Table 1. All of the siRNAs were synthesized by Ribo Bio.

2.4. Construction of stable cell lines

The FUNDC1 knockdown HeLa cells (sh-F1) and rescued HeLa cells
(sh-F1/WT, sh-F1//\LIR), PGAMS5 knockout HeLa cells, Tet-inducible
Bcl-xL expression HelLa cells, GFP-Parkin HeLa cell, and GFP-LC3 HeLa
cells were maintained in our lab. The HeLa cell stably expressed mt-
Keima was kindly gifted by Dr. Xin Pan from the Academy of Military
Medical Sciences, Beijing.

The pLKO.1 vector was obtained from Sigma-Aldrich (SHCO001).
Plasmids expressing hairpin siRNA were constructed by inserting pairs
of annealed DNA oligonucleotides into pLKO.1 according to the manu-
facturer’s instructions. The targeting sequence to IRP1 was 5'-CCA-
TAAGACCTTTATCTAT-3'. A nontargeting sequence, 5'-
ACTACCGTTGTTATAGGTG-3’, was used as a scramble control (sc). To
generate the stable knockdown cells, HeLa cells were transfected with
pLKO.1-IRP1 or pLKO.1-sc. 24 h after transfection, 0.5 pg/ml puromycin
(Sigma-Aldrich, P9620) was added to the medium for selection. Stable
clones were analyzed by western blotting to confirm IRP1 knockdown.

2.5. SDS-PAGE and western blotting

Cells were harvested by trypsin and collected by centrifugation. After
washing with ice-cold PBS (phosphate buffered saline) twice, cell pellets
were lysed with appropriate volume of lysis buffer (20 mM Tris, 1%
NP40, 10% glycerol, 2 mM EDTA, 137 mM NaCl, pH 7.2, 1 mM PMSF, 1
mM Na3zVOy4, 10 mM NaF) on ice for 30 min. The mixture was then
centrifuged to collect the supernatant as the whole cell extract. An
equivalent quantity (20 pg) of protein from each whole cell extract was
then subjected to SDS-PAGE and transferred to nitrocellulose mem-
branes. Membrane-bound proteins were blocked with 5% fat-free milk,
and subsequently incubated with the indicated primary antibodies and
HRP-conjugated secondary antibodies. Finally, immunoreactive protein
bands were visualized with a chemiluminescence kit (TianGen, PA110).
The relative protein levels to Actin were quantitatively analyzed via the
band density by the Image J software.

2.6. Immunofluorescence

Cells were plated in 6-well plate with sterilized glass coverslips. After
the indicated treatments or transfections, cells were fixed with 3.7%
formaldehyde in DMEM at 37 °C for 15 min, and then washed three
times with ice-cold PBS. Subsequently, cells on coverslips were per-
meabilized by 0.2% Triton X-100 at RT for 15 min, blocked by 5% fetal
bovine serum, then incubated with indicated primary and corresponding
secondary conjugated antibodies at room temperature for 120 min and
60 min, respectively. Images were captured with a LSM 510 Zeiss
confocal microscope.

2.7. Immunoprecipitation

After the indicated treatments or transfections, cells plated in a 10
cm dish were lysed in 0.8 ml lysis buffer (20 mM Tris, 1% NP40, 10%
glycerol, 2 mM EDTA, 137 mM NaCl, pH 7.2) plus protease and phos-
phatase inhibitors (1 mM PMSF, 1 mM NagVO,4, 10 mM NaF) for 30 min
on ice. After centrifugation at 12,000 g for 15 min, the cell lysates were
immunoprecipitated with specific antibodies and protein-A/G plus-
Sepharose (Santa Cruz, sc-2003) overnight at 4 °C. Thereafter, the
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precipitants were washed 4 times with ice-cold lysis buffer, and the
immune complexes were eluted with loading buffer for 3 min at 100 °C
and analyzed via SDS-PAGE and western blotting.

2.8. GST pulldown assay

GST and GST-LC3 fusion proteins were incubated with glutathione-
Sepharose 4 Fast Flow beads (Amersham Biosciences, 20182003-2) at
4 °C for 2 h and then washed 3 times with 1 ml ice-cold PBS. After the
indicated treatments or transfections, cell lysates were prepared and
subsequently added to the conjugated beads, followed by incubation at
4 °C overnight. The precipitated complexes were washed five times with
1 ml ice-cold PBS and boiled with loading buffer at 100 °C for 3 min and
analyzed via SDS-PAGE and western blotting using specific antibodies.
The GST and GST-LC3 bands on the membrane were visualized through
Ponceau S staining.

2.9. Purification of GST-IRP1 fusion protein

The coding sequence of IRP1 was sub-cloned and inserted into the
prokaryotic expression vector pGEX-4T-1. pGEX-4T-1-IRP1 plasmid was
then transformed into competent Rosetta cells. The transformants were
maintained in LB medium and GST-IRP1 expression was induced by
addition of 0.1 mM IPTG for 16 h at 16 °C. The bacteria were pelleted
and resuspended in lysis buffer (50 mM Tris pH 7.5, 150 mM NacCl,
0.05% NP-40) supplemented with protease inhibitor PMSF and 0.5 mg/
ml lysozyme at 4 °C for 30 min. The cells were ruptured by ultra-
sonication, and the lysate supernatant was harvested following centri-
fugation. Washed glutathione beads were then added to the supernatant
to bind the GST-IRP1 fusion protein at 4 °C for 4 h. After washing in ice-
cold lysis buffer for three times, elution buffer (100 mM Tris, pH 8.0)
supplemented with 10 mg/ml glutathione was added to the beads to
harvest the fusion protein. The protein concentration was determined by
Bradford assay, and the protein purity was checked by SDS-PAGE and
Coomassie blue staining.

2.10. REMSA

REMSAs were done as described previously [23]. Briefly,
biotin-labeled human FTH IRE probe, unlabeled FTH IRE probe, mutant
FTH IRE probe, Bcl-xL IRE1 probe, mutant Bcl-xL. IRE1 probe, Bcl-xL
IRE2 probe, and mutant Bcl-xL IRE2 probe were synthesized in Gene-
Pharma, Suzhou, China. The biotin-labeled FTH IRE probe was incu-
bated with 20 ng of purified GST-IRP1 protein for 25 min at room
temperature with or without excessive unlabeled competitor RNA probe
as indicated. RNA-protein complexes were resolved by nondenaturing
PAGE, transferred to a nylon membrane. The biotin-labeled RNA is
detected by using the Streptavidin Horseradish Peroxidase Conjugate
and a highly sensitive chemiluminescent substrate.

2.11. Polysome profiling assay

The sh-IRP1 and sc cells plated in 15 cm dishes were grown to 80%
confluency, then the cells were washed twice with ice-cold PBS and
lysed with 1 ml polysome lysis buffer (20 mM Tris-HCl, pH 7.4, 10 mM
NaCl, 10 mM MgCl,, 1% Triton X-100, 2% Tween 20, and 1% sodium
deoxycholate) for 10 min on ice. After centrifugation at 20,000 g for 15
min at 4 °C, the supernatant was collected and loaded onto 10%-50%
(wt/vol) sucrose density gradients (buffered in 20 mM Tris-HCI, pH 7.4,
10 mM NaCl, 10 mM MgCl,) and centrifuged at 36,000 rpm (SW 40 Ti
rotor, Beckman Coulter) for 3 h at 4 °C. Gradients were fractionated and
the optical density at 260 nm was continuously recorded using a frac-
tionator. RNA from each fraction and input was extracted by using
TRNzol (TianGen, DP405) according to the manufacturer’s instructions,
and the corresponding cDNA was synthesized by using a cDNA synthesis
kit (Takara, 6130). Semi-quantitative PCR reactions were carried out on
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a PCR machine (Bio-Rad).

2.12. mt-Keima assay

The mt-Keima assay to measure mitophagy activity was performed as
reported previously [24]. Briefly, cell plated in a 6-well plate (for flow
cytometry analysis) or a confocal dish (for confocal imaging) was
transfected with mt-Keima plasmid. After 24 h of expression, cells were
then subjected to the indicated treatments or transfections. For flow
cytometry analysis, the cells were collected by trypsin digestion and
excited with a 405 nm laser with emission detected at 610 + 10 nm and
with a 561 nm laser with emission detected at 610 + 10 nm simulta-
neously. For confocal scanning, the living cells were observed and the
images were captured with a LSM 510 Zeiss confocal microscope.
Fluorescence of mt-Keima was imaged in two channels via two
sequential excitations (458 nm, green; 543 nm, red) and using a 620-nm
emission range.

2.13. Flow cytometric assay to measure mitochondrial ROS and
mitochondrial membrane potential

After indicated treatment, cells were digested by trypsin without
EDTA. After centrifugation at 1000 rpm for 5 min, cells were stained
with 10 pM mitochondrial ROS indicator MitoSOX (Molecular Probes,
M36008) or 100 nM mitochondrial membrane potential indicator TMRE
(Molecular Probes, T669) for 30 min at 37 °C away from light. After
staining, flow cytometric analysis was performed to monitor the relative
intensity of the red fluorescence. The flow cytometric data were
analyzed using FCS Express software.

2.14. Real-time PCR

Cells were harvested by direct addition of 1 ml TRNzol (TianGen,
DP405) after the indicated treatments or transfections. Total cellular
RNA was extracted according to the manufacturer’s protocol. The cor-
responding cDNA was synthesized by using a c¢cDNA synthesis kit
(Takara, 6130). Quantitative RT-PCR was performed on diluted cDNA
with SYBR green Master Mix (NEWBIO INDUSTRY, 308102) on a real-
time PCR machine (Bio-Rad). The primers used in this study are listed
in Supplementary Table 2.

2.15. Isolation of mitochondria

After the indicated treatments or transfections, cells plated in a 10
cm dish were harvested by trypsin digestion. After washing with ice-cold
PBS twice, the cells were resuspended in 150 pl isolation buffer (10 mM
Tris-MOPS, 1 mM EGTA-Tris, 200 mM sucrose, pH 7.4) with protease
and phosphatase inhibitors (1 mM PMSF, 1 mM Na3VO,4, 10 mM NaF)
for 30 min on ice, then lysed by passing 15 times through a 27.5 g needle
attached to 1 ml syringe. Nuclei and intact cells were pelleted by
centrifugation for 10 min at 800 g, 4 °C. The supernatant was transferred
to a fresh tube and centrifuged for 15 min at 10,000 g, 4 °C. The pellet
was collected as crude mitochondria.

2.16. Oxyblot assay

Mitochondria were isolated from cells challenged with the indicated
treatments or transfections as described above. The mitochondria were
lysed in lysis buffer (137 mM NaCl, 20 mM Tris, pH 7.4, 2 mM EGTA, 1%
NP-40) supplemented with protease inhibitors. The total protein con-
centration of each mitochondrial lysate was analyzed with a Bradford
Protein Assay kit (Beyotime, P0006), mitochondrial lysates with
equivalent protein quantities were reacted using the OxyBlot kit (Mil-
lipore, S7150) according to the manufacturer’s protocol. The levels of
oxidized protein were analyzed by western blotting.
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2.17. Actinomycin D assay to measure Bcl-xL mRNA stability

After the indicated treatments or transfections, 6.5 pg/ml actino-
mycin D was added into the cell medium for the indicated time. The total
RNA was extracted by using TRNzol (TianGen, DP405), and cDNA was
synthesized by using a cDNA synthesis kit (Takara, 6130). Quantitative
RT-PCR was performed on diluted cDNA with SYBR green Master Mix
(NEWBIO INDUSTRY, 308102) on a real-time PCR machine (Bio-Rad).
The primers for Bel-xL and reference Actin used in this study are listed in
Supplementary Table 2.

2.18. Statistical analysis

For quantitative analyses presented as histograms, values were ob-
tained from at least three independent experiments and are expressed as
the mean + SEM. Statistical significances were determined by a Stu-
dent’s t-test. p < 0.05 was considered as statistically significant. All
statistical analyses were performed with GraphPad Prism software.

3. Results
3.1. Iron deficiency induces FUNDC1-dependent mitophagy

Previous research showed that iron depletion induced by iron
chelator initiates mitophagy, which is independent on Pinkl/Parkin
pathway [18]. As iron depletion mimics chemical hypoxia [25], and
reversely, hypoxia could regulate iron homeostasis [26]. We thus
addressed whether iron deficiency induced mitophagy is dependent on
mitophagy receptor FUNDC1, which is crucial for hypoxia induced
mitophagy. Exposure of cells to DFO, a widely used iron chelator,
induced the degradation of mitochondrial marker proteins (TOM20 and
TIM23) (Fig. 1A), similar to previous report [18]. DFO-induced mito-
chondrial protein degradation was sharply suppressed in stable FUNDC1
knockdown (sh-F1) cells. Re-introduction of WT FUNDC1, but not the
LIR deleted mutant (/A\LIR, which loses the interaction with LC3 and
thus is a mitophagy defective mutant), could restore the degradation of
TOM20 and TIM23 upon DFO exposure (Fig. 1A). Another widely used
iron chelator, DFP, also induced degradation of mitochondrial proteins.
Similarly, FUNDC1 knockdown suppressed DFP induced degradation of
these mitochondrial proteins (Fig. 1B). We further measured the
mitophagy activity by employing mt-Keima assay. Keima is a
pH-sensitive fluorescent protein and mt-Keima is targeted into the
mitochondria by fusing a tandem repeats of the COX VIII presequence to
Keima. A low ratio of mt-Keima-derived fluorescence (543 nm/458 nm)
indicates a neutral environment, while a high ratio indicates an acidic
pH, which shows the mitochondria engulfed by lysosomes [24]. In
scramble (sc) cells that stably express mt-Keima, increase of multiple
round structures with a high 543 nm signal formed following DFO
challenge, while FUNDC1 knockdown significantly decreased the for-
mation of mt-Keima puncta under the identical condition (Fig. 1C).
Additionally, the mt-Keima activities were also detected by flow
cytometry analysis. Following DFO treatment, the percentage of mito-
phagic cells with higher red/green fluorescence increased, while
FUNDC1 knockdown leads to an obvious decrease in this percentage
(Fig. 1D). Furthermore, knockdown of FUNDC1 suppressed the
co-localization of GFP-LC3 puncta with mitochondria during iron che-
lation (Fig. 1E). These data thus collaboratively suggest an indispensable
role of FUNDC1 in DFO-induced mitophagy. FUNDC1 dephosphoryla-
tion by mitochondrial phosphatase PGAMS is crucial for FUNDCI acti-
vation and the enhanced FUNDC1-LC3 interaction. GST pulldown assays
showed that DFO treatment increased the interaction between FUNDC1
and LC3 (Fig. 1F), further demonstrating FUNDCI activation upon DFO
treatment. Also, knockout of PGAMS5 suppressed DFO-induced mito-
chondrial protein degradation (Fig. 1G). Taken together, these data
show that iron deprivation results in the activation of FUNDC1 by
PGAMS, leading to the enhanced FUNDCI1-LC3 interaction and
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Fig. 1. Iron deficiency induces FUNDC1-dependent mitophagy. (A) HeLa cells stably expressed scramble control (sc) shRNA, FUNDC1 shRNA (sh-F1), or sh-F1
together with shRNA-resistant WT or /\LIR mutated FUNDC1, were treated with DFO for 24 h. Cells were then harvested for immunoblotting analysis. Relative levels
of TOM20 and TIM23 are shown in the right histograms. Data represent the mean + SEM of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001. (B)
sc or sh-F1 stably expressed HeLa cells were treated with DFP for 24 h. Cells were then harvested for immunoblotting analysis. (C) sc or sh-F1 stably expressed HeLa
cells expressed mt-Keima were treated with DFO for 24 h, and then imaged with 458 nm or 543 nm light excitation using a LSM 510 Zeiss confocal microscope.
Representative images are presented. Scale bar, 10 pm. The mt-Keima dots per cell were counted and shown in the right histogram. Data represent the mean + SEM of
three independent experiments, each with >200 cells counted per condition. ***p < 0.001. (D) Cells as in (C) were treated with DFO for 24 h, signals from green and
red channels were detected by flow cytometry. The percentage of mitophagic cells with higher red/green fluorescence was showed in the below histograms as mean
+ SEM of three experiments. *p < 0.05. (E) Cells as in (B) were transiently transfected with GFP-LC3 and then treated with DFO. Cells were then fixed, stained by
o-HSP60 antibody, and imaged with a LSM 510 Zeiss confocal microscope. Representative images are presented. Scale bar, 10 pm. The HSP60-LC3 colocalized dots
per cell were counted and shown in the right histograms. Data represent the mean + SEM of three independent experiments, each with >200 cells counted per
condition. *p < 0.05. (F) HeLa cells were challenged with DFO for 12 h, and cell lysates were prepared and incubated with purified GST-LC3 fusion protein
immobilized on sepharose beads. The total cell lysates (TCL) and the bead-associated fractions (Pulldown) were subjected to immunoblotting analysis. Ponceau S
staining was used to visualize GST-LC3 bands. Relative levels of FUNDCI in pulldown samples are shown in the right histograms. Data represent the mean + SEM of
three independent experiments. (G) WT and PGAMS5 KO HeLa cells were treated with DFO for 24 h. Cells were then harvested and subjected for immunoblot-
ting analysis.

facilitating FUNDC1-dependent mitophagy. the transfection of these siRNA targeting the four genes involved in
mitochondrial ISCs assembly (ISCU, FXN, NFS1, ISD11), which is
consistent to the previous report that FXN silencing triggers mitophagy

3.2. Defective ISCs assembly activates mitophagy in worms and in mammalian cells (Fig. 2A). Additionally, increased
formation of multiple round structures with a higher 543 nm signal was
Cytosolic iron is imported into mitochondria for the biosynthesis of observed by using confocal microscope following transfection of these
ISCs. The core components of the mitochondrial ISCs machinery are siRNAs (Fig. 2B and C). Furthermore, we found that transfection of
essential for ISCs assembly and thus essential for the maturation of siRNAs targeting each of these crucial components induced decrease of
mitochondrial, cytosolic and nuclear ISCs-containing proteins [27]. mitochondrial marker proteins (including TIM23, COX4 and TOM20),
Given the significance of ISCs biogenesis in mitochondrial functions and accompanied with upregulation of LC3-II conversion (Fig. 2D). The
iron homeostasis, we hypothesized that perturbing the mitochondrial similar decrease of mitochondrial proteins was also observed in HepG2
ISCs assembly machinery may impair mitochondrial integrity. To test and U20S cells transfected of these siRNAs (Figs. S1A-B). Knockdown of
this, we knocked down the core components of mitochondrial ISCs as- ATG5, an essential component involved in autophagosome formation,
sembly (including the dedicated scaffold protein ISCU, the iron donor diminished the degradation of mitochondrial proteins upon these siR-
molecule Frataxin (FXN), the cysteine desulfurase NFS1, and the small NAs transfection, further indicating an involvement of autophagy,/mi-
partner protein ISD11), and evaluated the mitophagy activity by  tophagy in this degradation of mitochondrial proteins (Fig. 2E).
mt-Keima assay. In cells that stably express mt-Keima, the percentage of Transfection of these siRNAs failed to decrease the mRNA level of

mitophagic cells with higher red/green fluorescence increased following
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Fig. 2. Defective mitochondrial ISCs assembly activates mitophagy. (A) mt-Keima stable HeLa cells were transfected with siRNAs targeting ISCU, FXN, NFS1 or
ISD11, or the NC siRNA. After 72 h of transfection, the cells were collected and signals from green and red channels were detected by flow cytometry. The percentage
of mitophagic cells with higher red/green fluorescence was shown in the right below histograms as mean + SEM of three experiments. ***p < 0.001. (B) Cells as in
(A) were imaged with 458 nm (shown in green) or 543 nm (shown in red) light excitation using a LSM 510 Zeiss confocal microscope. Representative images are
presented. Scale bar, 10 pm. (C) Graph showing the number of mt-Keima dots per cell in (B). Data represent the mean + SEM of three independent experiments, each
with >200 cells counted per condition. ***p < 0.001. (D) HeLa cells were transfected with siRNAs targeting ISCU, FXN, NFS1 or ISD11, or the NC siRNA. After 72 h of
transfection, the cells were harvested for immunoblotting analysis. The relative levels of indicated bands are shown in the right histograms. Data represent the mean
+ SEM of three independent experiments. (E) ATG5 stable knockdown HeLa cells and the control cells were transfected with siRNAs targeting ISCU, FXN, NFS1 or
ISD11, or the NC siRNA. After 72 h of transfection, the cells were harvested for immunoblotting analysis. (F-G) HeLa cells were transfected with siRNAs targeting
CIAO1 (F) or NARFL (G). After 72 h of transfection, the cells were harvested for immunoblotting. The relative levels of indicated bands are shown in the right
histograms. Data represent the mean + SEM of three independent experiments. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

mitochondrial genes including Cox4, Tim23 and Tom20 (Fig. S1C).
Furthermore, these siRNAs failed to affect the protein level of mito-

ISCU, which coordinates the iron donor FXN and the sulfur donor NFS1-
ISD11 complex inside the mitochondrial matrix, and then transfers

chondrial biogenesis regulators (NRF1, PGCla and TFAM) (Fig. S1D),
excluding the possibilities of transcription repression and impaired
mitochondrial biogenesis upon these siRNAs transfection. ISCs could
also be synthesized in cytosol by the so-called cytosolic ISCs assembly
(CIA) mechanism [28], we checked whether CIA is also coupled with
mitophagy and found that silencing two key CIA components, CIAO1
and NARFL [28] has no obvious effect on the levels of mitochondrial
marker proteins (Fig. 2F and G). Taken together, these data suggest that
defective mitochondrial ISCs assembly, but not CIA mechanism, acti-
vates mitophagy.

3.3. FUNDCI is indispensable for mitophagy induced by defective ISCs
assembly

ISCs are initially assembled on the highly conserved scaffold protein

newly synthesized ISCs to the recipient apo-proteins. We first addressed
the mechanism underlying the induction of mitophagy by ISCU knock-
down. Unlike the mitochondrial uncoupler FCCP, transfection of siRNA
targeting ISCU did not induce translocation of GFP-Parkin onto mito-
chondria, as revealed by immunofluorescence assays and mitochondrial
fractionation assays (Figs. S1E-F). It is known that Pinkl/Parkin-
dependent mitophagy is triggered by the loss of mitochondrial mem-
brane potential [29]. However, ISCU knockdown could not decrease the
mitochondrial membrane potential (Fig. S1G). This excludes an
involvement of the Pinkl/Parkin axis in ISCU knockdown-induced
mitophagy. In contrast, FUNDC1 knockdown decreased the ISCU
knockdown-induced delivery of mitochondria to lysosomes, as shown by
the mt-Keima assay (Fig. 3A). Furthermore, FUNDC1 knockdown pre-
vented the degradation of mitochondrial proteins upon ISCU siRNA
transfection, which could be restored by re-introduction of WT FUNDC1,
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but not the ALIR mutant, further suggesting a critical role of FUNDCI in mitophagy. We found that knockdown of IRP1 disturbed mitophagy,
this si-ISCU induced mitophagy (Fig. 3B). Similarity, FUNDC1 knock- as evidenced by the mt-Keima assay, when cells were challenged with
down also diminished the degradation of mitochondrial proteins upon DFO (Fig. 4A) or ISCU knockdown (Fig. 4B). Western blotting assays
transfection of siRNAs targeting FXN, NFS1 or ISD11, as revealed by the revealed that knockdown of IRP1 suppressed DFO and ISCU knockdown
western blotting analysis (Fig. 3C). induced degradation of mitochondrial marker proteins (Fig. 4C and D).

The mitochondrial phosphatase PGAMS5, which is known to de- Previous studies have showed that the C503S IRP1 mutant possesses
phosphorylate FUNDCI at Serl3, and thus enhance the interaction of constitutive IRE-binding activity with limited aconitase activity
FUNDCI1 and LC3, is indispensable for FUNDC1-dependent mitophagy regardless of the cellular iron level, while the R536Q mutant has
[8]. GST pulldown assays showed that ISCU knockdown enhanced the decreased IRE-binding activity. We thus addressed the question of
interaction between FUNDC1 and LC3 (Fig. 3D). Moreover, PGAM5 whether the iron regulatory activity/IRE-binding activity or aconitase

knockout decreased the degradation of mitochondrial proteins induced activity of IRP1/ACO1 is responsible for mitophagy regulation during
by ISCU knockdown (Fig. 3E). Altogether, these data demonstrate that iron stresses. Reintroduction of WT IRP1 and the C503S mutant into
FUNDCI is indispensable for mitophagy execution induced by defective IRP1 stable knockdown cells restored the degradation of mitochondrial
mitochondrial ISCs assembly. proteins induced by DFO challenge and ISCU knockdown (Fig. 4C and

D). In striking contrast, reintroduction of the R536Q mutant, which has
minimal IRE binding activity, fails to do so, suggesting that the iron
regulatory activity/IRE-binding activity of IRP1/ACO1 is responsible for
mitophagy regulation (Fig. 4C and D). Short time exposure of DFO (12 h)
or si-ISCU transfection (36 h) led to FUNDC1 dephosphorylation at
Serl3 (Fig. 4E and F). IRP1 knockdown could maintain the FUNDC1

3.4. IRP1 senses iron stress and cellular ISCs status to induce mitophagy

Cellular iron and ISCs levels are sensed by iron regulatory protein 1/
2 (IRP1/2) [30]. We next explored the potential role of IRP1/2 in
sensing the cellular iron level to modulate FUNDC1-dependent
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Fig. 3. FUNDCI is indispensable for mitophagy induced by defective mitochondrial ISCs assembly. (A) HeLa cells stably expressed sc shRNA and mt-Keima, or
sh-F1 and mt-Keima were transfected with si-ISCU or the NC siRNA. After 72 h of transfection, the cells were imaged with 458 nm (shown in green) or 543 nm (shown
in red) light excitation using a LSM 510 Zeiss confocal microscope. Representative images are presented. Scale bar, 10 pm. The mt-Keima dots per cell were counted
and shown in the right histogram. Data represent the mean + SEM of three independent experiments, each with >200 cells counted per condition. ***p < 0.001. (B)
HelLa cells stably expressed sc, sh-F1, or sh-F1 with shRNA-resistant WT or /\LIR mutated FUNDC1, were transfected with si-ISCU or the NC siRNA. After 72 h of
transfection, the cells were harvested and analyzed by immunoblotting. The relative levels of indicated bands are shown in the right histograms. Data represent the
mean + SEM of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001. (C) HeLa cells stably expressed sc ShRNA or sh-F1 were transfected with the
indicated siRNAs or the NC siRNA. After 72 h of transfection, the cells were harvested and analyzed by immunoblotting. The relative levels of indicated bands are
shown in the right histograms. Data represent the mean + SEM of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001. (D) HeLa cells were
transfected with si-ISCU or the NC siRNA for 48 h, and the cell lysates were prepared and incubated with purified GST-LC3 fusion protein or GST protein immobilized
on sepharose beads. The total cell lysates (TCL) and the bead-associated fractions (Pulldown) were subjected to SDS-PAGE for immunoblotting analysis. Ponceau S
staining was used to visualize GST and GST-LC3 bands. The relative levels of FUNDC1 bands in pulldown samples are shown in the right histograms. Data represent
the mean + SEM of three independent experiments. (E) WT and PGAM5 KO HelLa cells were transfected with si-ISCU or the NC siRNA. After 72 h of transfection, the
cells were harvested and analyzed by immunoblotting. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 4. IRP1 is indispensable for iron stresses induced mitophagy. (A and B) HeLa cells stably expressed sc shRNA or sh-IRP1 were transiently transfected with
mt-Keima. Following 24 h of expression, cells were treated with DFO for another 24 h (A), or transfected with si-ISCU for another 72 h (B), and then cells were
imaged with 458 nm (shown in green) or 543 nm (shown in red) light excitation using a LSM 510 Zeiss confocal microscope. Representative images are presented.
Scale bar, 10 pm. Graph at right showing the number of mt-Keima puncta per cell. Data represent the mean + SEM of three independent experiments, each with
>200 cells counted per condition. ***p < 0.001. (C and D) HeLa cells stably expressed sc ShRNA or sh-IRP1 were transfected with WT IRP1, or C503S, R536Q mutant,
then treated with DFO for another 24 h (C), or transfected with si-ISCU for another 72 h (D). The cells were then harvested and analyzed by immunoblotting. The
relative levels of indicated bands are shown in the right histograms. Data represent the mean + SEM of three independent experiments. *p < 0.05; **p < 0.01; ***

0.001. (E and F) HeLa cells stably expressed sc ShRNA or sh-IRP1 were exposed to 100 pM or 250 pM DFO for 12 h (E), or transfected with 10 pmol or 30 pmol si-ISCU
or the NC siRNA for 48 h (F). Cells were harvested for blotting phosphorylated FUNDC1 level at Ser13 (F1-P13). The relative levels of F1-P13 to F1 are shown in the
right histograms. Data represent the mean + SEM of three independent experiments. Data represent the mean + SEM of three independent experiments. ***p <

0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

phosphorylated level under the identical conditions (Fig. 4E and F). In
addition, IRP2 is another well-characterized iron sensor for maintaining
iron homeostasis. Depletion of IRP2 showed a defective mitophagy
induced by iron chelation, as evidenced by the mt-Keima assay and
western blotting assays (Figs. S2A-B). Altogether, these data suggest
that IRPs are functionally important for FUNDC1 activation and
mitophagy during iron stresses.

We next aimed to understand whether IRP1 specifically acts on
mitophagy, or just as a modulator of general autophagy. Ectopic
expression of IRP1 failed to induce the formation of LC3 puncta in GFP-
LC3 stable HeLa cells (Fig. S3A). Additionally, IRP1 knockdown failed to
influence autophagic flux induced by EBSS (starvation medium) or DFO,
as revealed by western blotting (Figs. S3B-C). Furthermore, IRP1
knockdown had limited effect on Parkin mediated mitophagy, as shown
by the equivalent translocation of Parkin onto mitochondria upon FCCP
exposure (Fig. S3D), while IRP1 knockdown obviously decreased hyp-
oxia induced mitophagy, as shown by the mt-Keima assay (Fig. S3E).
These data thus suggested that IRP1 specifically acts on FUNDC1
mediated mitophagy (iron stresses induced and hypoxia induced
mitophagy) without any apparent effect on bulk autophagy regulation.

3.5. IRP1 targets Bcl-xL mRNA to modulate mitophagy

IRP1 modulates expression of iron metabolism associated genes
mainly by binding to IREs in the UTRs of target mRNAs [31]. Based on

this information, we hypothesized that some of the mitophagy associ-
ated genes may have such IRE sequences. Using SIREs software
(http://ccbg.imppc.org/sires/index.html), we screened autophagy
genes (Atg5, Atg7 and ULK1) and mitophagy-specific genes (FUNDCI,
PGAMS, Bcl-xL, Nix, Pinkl and Parkin). We found that Bcl-xXL. mRNA
contains two putative IREs, one in the 5'UTR (putative IRE1) and the
other in the 3'UTR (putative IRE2) (Fig. 5A). To investigate whether
these are functional IREs, we purified GST-IRP1 fusion protein (Fig. 5B)
and performed competitive RNA electrophoretic mobility shift assays
(REMSAs). A biotin-labeled FTH IRE probe was incubated with purified
GST-IRP1 protein with or without an unlabeled IRE competitor. As a
positive control, the unlabeled wild-type (WT) FTH IRE (10 folds to the
biotin-labeled FTH IRE probe) efficiently competed with the
biotin-labeled FTH IRE for binding to IRP1, whereas a mutated
competitor as a negative control did not. The high dose of unlabeled
Bcl-xL IRE1 (250 folds to the biotin-labeled FTH IRE probe) partially
competed with the biotin-labeled FTH IRE for binding to IRP1, while the
unlabeled Bcl-xL IRE2 (250 folds to the biotin-labeled FTH IRE probe)
failed to compete. In the meantime, neither of the mutants could
compete (Fig. 5C). Moreover, the competition of Bcl-xL IRE1 with the
biotin-labeled FTH IRE is dose dependent (Fig. 5D), while Bcl-xL IRE2
failed to compete, even at higher dose (500 folds to the biotin-labeled
FTH IRE probe) (Fig. 5E). This suggests that the IRE in the 5'UTR is
functional and responsible for the IRP1 binding to Bcl-xL. mRNA,
although not so strong as the FTH IRE.
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Fig. 5. IRP1 targets to Bcl-xL mRNA. (A) A schematic showing two putative IREs in Bcl-xL. mRNA, one in the 5'UTR and the other in the 3'UTR. (B) Coomassie blue
staining of the purified GST-IRP1 recombinant protein. The black arrowhead indicates the GST-IRP1 fusion protein, while other bands are non-specific or degraded
bands. (C) Biotin-labeled FTH IRE probe was incubated with purified GST-IRP1 protein, in presence or absence of 250-fold unlabeled competitor probe as indicated.
The RNA-protein was subjected into nondenaturing PAGE, and visualized with an ECL kit. The red arrow indicates IRP1/IRE complex, and the blue arrow shows the
free probe. (D-E) Biotin-labeled FTH IRE probe was incubated with purified GST-IRP1 protein, in presence of unlabeled FTH IRE, or increasing amount (100-fold,
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Distribution of Bcl-xL mRNAs across the density gradients from (F) was determined by semi-quantitative RT-PCR. Actin mRNA was used as the control. (H) Cell
lysates from HeLa cells transfected of NC or si-IRP1 were subjected to SDS-PAGE and analyzed by immunoblotting. The relative levels of Bcl-xL are shown in the right
histograms. Data represent the mean + SEM of three independent experiments. (I) HeLa cells were transfected with IRP1. After 24 h of transfection, cells were
harvested and analyzed by immunoblotting. The relative levels of Bcl-xL are shown in the right histograms. Data represent the mean + SEM of three independent
experiments. (J-K) HeLa cells stably expressed sc shRNA or sh-IRP1 treated by DFO (J), or transfected with siRNA targeting to ISCU (K), were immunoblotted for Bcl-
xL level. The relative levels of Bcl-xL are shown in the right histograms. Data represent the mean + SEM of three independent experiments. **p < 0.01; ***p < 0.001.
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Next, we wished to understand the biological significance of the IRP1
binding to Bcl-xL mRNA. As the IRE responsible for the IRP1-Bcl-xL
mRNA interaction is in the 5'UTR, we hypothesized that IRP1 may
modulate the translational efficiency of Bcl-xL. To directly verify this,
we sedimented polysomes from IRP1 stable knockdown cells and the
control cells in sucrose density gradients to separate mRNAs that are
efficiently translated (associated with heavy polysomes) from those that
are poorly translated (associated with light polysomes). IRP1 knock-
down did not induce an overall change of polysome pattern (Fig. 5F).
Indeed, IRP1 knockdown accelerated translation of Bcl-xL. mRNAs, as
illustrated by a shift of Bcl-xXL mRNA toward heavy polysomes, whereas
the control Actin mRNA was unaffected (Fig. 5G), suggesting an
enhanced translation of Bcl-xL. mRNA in IRP1 knockdown cells. We also
examined the possibility that the IRP1-Bcl-xL mRNA interaction mod-
ulates the mRNA stability. The abundance of Bcl-xL. mRNA was unaf-
fected by overexpression of IRP1 or knockdown of IRP1 (Figs. S4A-B).
Utilizing the actinomycin D chase assay, we found that overexpression of
IRP1, as well as knockdown of IRP1, failed to change the Bcl-xL mRNA
stability (Figs. S4C-D). In contrast, knockdown of IRP1 increased the

level of Bcl-xL protein (Fig. 5H). Ectopic expression of IRP1 decreased
the level of Bcl-xL protein (Fig. 5I). Because IRP1 knockdown impairs
mitophagy, we also addressed whether impaired mitophagy is account
for the elevated Bcl-xL in IRP1 knockdown cells or not. Actually, the
decrease of Bel-xL in ATG5 knockdown cells was observed under iron
stresses, including DFO challenge and ISCU knockdown (Figs. S4E-F),
excluding the possibility of autophagy or mitophagy involved in
modulating Bcl-xL level by IRP1. Next, we wanted to address the po-
tential role of IRP1 in regulating Bcl-xL under iron stressed condition.
DFO treatment and ISCU knockdown decreased Bcl-xL level. However,
IRP1 knockdown could stabilize Bcl-xL, even under iron stressed con-
dition (Fig. 5J and K). Altogether, these data suggest that IRP1 binds to
the IRE located in the 5'UTR of the Bcl-xL. mRNA, suppresses the
translational efficiency and thus downregulates expression of the Bcl-xL
protein.

We previously identified that Bcl-xL acts as an intrinsic inhibitory
molecule for FUNDC1-dependent mitophagy by inhibiting the phos-
phatase activity of PGAMS5, and thus suppressing the dephosphorylation
and activation of FUNDC1. Knockdown of Bcl-xL can’t directly initiate,
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but can sensitize hypoxia induced mitophagy [22]. We thus prompted to
address the potential role of Bcl-xL in iron stresses-induced mitophagy.
Tetracycline-inducible Bcl-xL expression suppressed the degradation of
mitochondrial proteins induced by DFO exposure or ISCU knockdown
(Fig. 6A and B). Furthermore, the mt-Keima assay showed that
tetracycline-inducible Bcl-xL expression reduces the percentage of
mitophagic cells during iron depletion or ISCU knockdown (Fig. 6C and
D). This suggests that iron stresses-induced mitophagy, like
hypoxia-induced mitophagy, can also be navigated by Bcl-xL. Moreover,
knockdown of Bcl-xL in IRP1 stable knockdown cells reversed the
degradation of mitochondrial proteins induced by DFO exposure or ISCU
knockdown (Fig. 6E and F), suggesting that Bcl-xL acts downstream of
IRP1 in mitophagy regulation. In conclusion, our results thus establish
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lead to protein oxidation and result in the formation of protein carbonyl
groups on protein side chains, which could be detected by a commercial
Oxyblot kit. DFO treatment resulted in a marginal increase of carbonyl
groups of mitochondrial proteins, whereas IRP1 knockdown gave rise to
a significant increase in this carbonylation of mitochondrial proteins
(Fig. S5B). This is similar to FUNDC1, as FUNDC1 knockdown also
resulted in the increased production of mitochondrial ROS (Fig. S5C), as
well as the elevated carbonylation of mitochondrial proteins (Fig. S5D).
These findings suggest that both FUNDC1 and IRP1, which are impor-
tant modulators for mitophagy execution in response to the altered iron
metabolism, are crucial for the mitochondrial redox response.

4. Discussion

that IRP1 senses iron stresses to navigate mitophagy by modulating
Bcl-xL translation.

Mitophagy is now considered as one of the major mechanisms for
mitochondrial quality control. Indeed, DFO treatment had limited effect
on the production of mitochondrial ROS in the control cells, whereas
IRP1 knockdown led to an increase in mitochondrial ROS production in
response to DFO exposure (Fig. S5A). Excessive production of ROS could

Previous work has shown that iron depletion triggers mitophagy via a
Pink1/Parkin-independent pathway in mammalian cells [18] and in
C. elegans [32]. In the current study, we provide conclusive evidence to
show that defective mitochondrial ISCs biogenesis, either by knockdown
of mitochondrial ISCs assembly machinery associated components or by
chelator mediated iron depletion, initiates FUNDCI-mediated

. V-cont s s s s
A V-DFO c o < D< “1 | 382 ) < | 2004
Vv _Tet mm Tet-cont 3" 3" R E ;3
DFO - + - + B Tet-DFO g 10° g 10° g 10° g 10"
TOM20 15 a6 o b U 5o LA AP
[Fro— ] R " | v-cont | v-DFO " |v-Ne | v-si-iscu
TimM23 © 1.0 10°10"10%10%10* 10° 10°10"10%10°10* 10° 10°10' 10210 10* 10° 10°10"10%1010* 10°
[0 Qdot 605-A Qdot 605-A Qdot 605-A Qdot 605-A
LC3 = 5 5 s s
T s s [om2 ) 5 [ 1348 sol [1e8 | <5 [ 872,
° = 0.0 £ 10° : 10° ; ¢ 10° £ 10° ¥ 4
- ~ TOM20TIM23 £ ey £ ~ $
B VNG " Tet-cont | Tet-DFO | Tet-NGC " Tet-si-Iscu
v Tet Vet R USSR S B S AL
si-ISCU - + - + Il Tet-
: - Y
Il Tet-si-ISCU —_ sk —_ sk
Hl Tet Il Tet
EE===ovo 5 PR S e Q. Ter v
— e e === [0) = —
=05 < 10 C
Bcel-xL % 8‘ 0 8— 0
[=——=—] Actin ~ 00 E cont DFO E NC siISCU
TOM20TIM23
sh-RP1 - -+ + + + sh-IRP1T - - + + + +
si-Bel-x. - - - - + + si-Bcl-xL - - - -+ o+
mE sc mE sc
DFO -+ -+ -+ HE sh-IRP1 si-ISCU # & = & = # Em sh-IRP1
T 2 5 15 sh-IRP1/si-Bel-xL BT o g 15 sh-IRP1/si-Bel-xL
F ok ok k) K kK
|- e |Bcl—xL ® 10 |.. === |Bcl-xL S 10 T
N L E
E s | s
N - os [ c: 5
o 4 2
= re 2 |[=—— | e 2
< ©
!-—-——-——~- | Actin % 00 |———-—-—--—| ISCU 2 00 -
cont DFO NC si-ISCU

I i Actin

Fig. 6. IRP1 targets Bcl-xL to modulate mitophagy. (A and B) HeLa cells with stable tetracycline (Tet)-induced Bcl-xL expression were pre-treated with Tet or the
vehicle (V) for 6 h, and then incubated with DFO for 24 h (A) or transfected with si-ISCU or NC siRNA for 72 h (B). The cells were harvested and analyzed by
immunoblotting. The relative levels of indicated bands are shown in the right histograms. Data represent the mean + SEM of three independent experiments. **p <
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mitophagy. We further suggest that ISCs serve as intrinsic and physio-
logical signaling molecules to support Bel-xL translation, and disturbed
mitochondrial ISCs biogenesis leads to the suppression of Bcl-xL trans-
lation via the iron sensor IRP1, and the sensitization of mitophagy
activation. Our results thus disclose a novel mechanism for coupling
mitophagy with iron homeostasis, and a retrograde signaling pathway
for mitophagy activation in response to ISCs status.

Mitochondria are one of the major sites for iron metabolism. Cellular
iron is transported into mitochondria via the mitochondrial transporter
mitoferrinl/2 [33], and is then utilized for ISCs biogenesis by the ISCs
assembly machinery [15,16]. Because of the chemical reactivities of iron
and sulfur, ISCs are versatile cofactors that accept or donate electrons for
mitochondrial respiration as well as catalyzing other cellular enzymatic
reactions [31]. ISCs can also be transported outside of mitochondria via
the transporter ABCB7 [34,35] where they then bind to IRP1 and other
enzymes for iron metabolism and other cellular processes. It is thus not
surprising that knockdown of mitochondrial ISCs assembly machinery
associated components leads to defective ISCs biogenesis and mitoph-
agy. This is in agreement with previous observations suggested that FXN
knockdown could induce mitophagy in C. elegans and in mammalian
cells [36]. Furthermore, previous siRNA studies showing that depletion
of mammalian ISCs assembly factors inactivates various metabolic en-
zymes including aconitase and xanthine oxidase, thereby leading to
reprogramming of cellular metabolism [37,38]. Our results argue that
ISCs act as novel signaling molecules for mitophagy regulation, and
extend the physiological functions of ISCs beyond iron metabolism,
energy metabolism and other cellular processes. Clinical studies have
revealed that defects in mitochondrial ISCs assembly give rise to severe
and even fatal disorders, and mutations of associated genes cause human
diseases that manifest distinctive combinations of tissue-specific im-
pairments [16]. Metabolic reprogramming and accumulation of
abnormal mitochondria are commonly observed in ISCs-related disor-
ders in animal models and diseased tissues isolated from human patients
[39-44]. For example, mutations of the ISCU gene, such as splice mu-
tations which are predicted to decrease protein expression, or the
missense mutation G50E, lead to ISCU myopathy, with main clinical
features of severe exercise intolerance and mitochondrial dysfunction
[45-47]. Moreover, it has been widely understood the tight association
between iron metabolism and cancers. Excessive dietary iron intake
statistically elevates risks of several malignancies, including esophageal
cancer, colorectal cancer, liver cancer and lung cancer [48]. Cancer cells
addict high level of intracellular iron and thus shift iron metabolism
toward enhanced iron uptake and decelerated iron export [49]. Iron
chelators perform highly potent antitumor activity [50]. Specifically,
ISCU was reported to be p53-reponsiable and suppress liver tumor by
supporting ISCs assembly and maintaining cellular iron homeostasis
[51]. It is reasonable that defective ISCs assembly leading to disturbed
mitochondrial bioenergetics results in Warburg effect in cancer cells
[52]. Although several studies reported that mitophagy limits tumori-
genesis and suppresses tumor growth by maintaining mitochondrial
integrity [53], further work will be directed towards understanding if
targeting induction of FUNDC1-dependent mitophagy or its combina-
tions with iron chelators or other chemotherapy could be used for
therapeutic design of cancers.

IRP1 senses and maintains cellular iron levels via reversible binding
to ISCs and interaction with IREs of target mRNAs, which mostly encode
proteins involved in iron metabolism [54]. IRP1 activation was reported
to preserve mitochondrial function and to dominate mitochondrial iron
levels, as well as to maintain ISCs and heme biosynthesis [55]. We now
show that IRP1 has an expanded function in mitophagy modulation by
fine tuning Bcl-xL level and the FUNDC1 phosphorylation at Serl3.
Knockdown of IRP1 disturbs iron stresses induced mitophagy, which
could be restored by knockdown of Bcl-xL. Moreover, IRP1 associated
mitophagy is involved in mitochondrial redox response. Knockdown of
IRP1 leads to an increase in mitochondrial ROS production and oxidized
mitochondrial proteins in response to iron depletion. This is parallel to
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FUNDCI1, as knockdown of FUNDC1 results in a similar phenotype.
These findings suggest that both FUNDCI1 and IRP1 are important for
mitophagy associated mitochondrial redox response in response to the
altered cellular iron metabolism.

One of our major findings is that IRP1 modulates mitophagy activity
by fine tuning the translational efficiency of Bcl-xL. mRNA. In particular,
IRP1 senses the cellular iron and ISCs levels, binds to the newly char-
acterized IRE located in the 5'UTR of Bcl-xL. mRNA, and thus suppresses
the translational efficiency. The IRE in the 5'UTR of Bcl-xL. mRNA is
functional as evidenced by the competitive binding of IRP1 to FTH IRE,
although not so strong as the FTH IRE, which further explains why
previous genome-wide screening study didn’t find any functional IRE in
Bcl-xL mRNA [56]. IRP1 binding to the newly characterized IRE in the
5'UTR leads to a suppression of translation, but not changing in the
mRNA stability, as evidenced by the polysome profiling assay, as well as
by the negative correlation of protein levels between IRP1 and Bcl-xL.
Knockdown of Bel-xL in IRP1 defective cells restores mitophagy
induced by DFO exposure and ISCU knockdown. This suggests that
Bel-xL functions downstream of IRP1 in mitophagy regulation in
response to iron stresses. Bcl-xL. was originally identified to inhibit
apoptosis through its interaction with proapoptotic proteins such as Bax
or other Bcl-2-family members [57,58]. Several other molecules such as
the mitochondrial fission factor Drpl [59] and the autophagy regulator
Beclinl [60] have been reported as Bel-xL binding factors, linking Bcl-xL
to other cellular processes including mitochondrial dynamics and
autophagy. Bcl-xL was also found to regulate mitochondrial mass and
mitochondrial energetics through interactions with the ATPase beta
subunit [61]. These studies thus highlighted that Bcl-xL is a master
regulator of mitochondrial integrity in response to distinct stresses
including iron stresses, which largely overlap with the hypoxic signaling
pathway as previously documented. Our results extend the function of
Bcl-xL in iron metabolism and imply that the Bcl-xL regulates a wide
array of mitochondrial behaviors in a coordinated fashion in response to
iron stresses. Our delineation of the signaling mechanism between
mitochondrial ISCs assembly and FUNDC1-dependent mitophagy may
offer a new strategy for therapeutic intervention in diseases with aber-
rant mitochondrial ISCs biogenesis and abnormal iron homeostasis.
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