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ABSTRACT

Iron is essential for all the lives and mitochondria integrate iron into heme and Fe-S clusters for ~ ARTICLE HISTORY
diverse use as cofactors. Here, we screened mitochondrial proteins in KU812 human chronic Received 2 November
myelogenous leukemia cells by glutathione S-transferase pulldown assay with PCBP2 to identify ?{2\2/i?;e d 19 February 2024
mitochondrial receptors for PCBP2, a major cytosolic Fe(ll) chaperone. LC-MS analyses identified Accepted 15 Marchy2024
TOM20, sideroflexin-3 (SFXN3), SFXN1 and TOM70 in the affinity-score sequence. Stimulated emission

depletion microscopy and proteinase-K digestion of mitochondria in Hela cells revealed that TOM20 KEYWORDS

is located in the outer membrane of mitochondria whereas SFXN3 is located in the inner membrane. Iron; mitochondria;
Although direct association was not observed between PCBP2 and SFXN3 with co-immunoprecipitation, PCBP2; sideroflexin-3
proximity ligation assay demonstrated proximal localization of PCBP2 with TOM20 and there was a

direct binding between TOM20 and SFXN3. Single knockdown either of PCBP2 and SFXN3 in K562

leukemia cells significantly decreased mitochondrial catalytic Fe(ll) and mitochondrial maximal

respiration. SFXN3 but not MFRNT knockout (KO) in mouse embryonic fibroblasts decreased FBXL5

and heme oxygenase-1 (HO-1) but increased transferrin uptake and induced ferritin, indicating that

mitochondrial iron entry through SFXN3 is distinct. MFRNT KO revealed more intense mitochondrial

Fe(ll) deficiency than SFXN3 KO. Insufficient mitochondrial heme synthesis was evident under iron

overload both with SFXN3 and MFRN KO, which was partially reversed by HO-1 inhibitor. Conversely,

SFXN3 overexpression caused cytosolic iron deficiency with mitochondrial excess Fe(ll), which further

sensitized Hela cells to RSL3-induced ferroptosis. In conclusion, we discovered a novel pathway of

iron entry into mitochondria from cytosol through PCBP2-TOM20-SFXN3 axis.

Abbreviations: BSA: bovine serum albumin; COX4: cytochrome c oxidase subunit 4, mitochondrial;
DMT1: divalent metal transporter 1 (also as SLC11A2); ECAR: extracellular acidification rate; FBS:
fetal bovine serum; FBXL5: F-box/LRR-repeat protein 5; GST: glutathione S-transferase; HCD: higher
energy collisional dissociation; IPTG: isopropyl 3-D-1-thiogalactopyranoside; IRE: iron-responsive
element; IRP2: iron regulatory protein 2; LC-MS: liquid chromatography-mass spectrometry; MEFs:
mouse embryonic fibroblasts; MFRN(s): mitoferrin(s); NCOA4: nuclear receptor coactivator 4; OCR:
oxygen consumption rates; PBS: phosphate-buffered saline; PCBP-2: poly(rC)-binding protein-2;
PFA: paraformaldehyde; Pl: protease inhibitor; PLA: proximity ligation assay; PMSF:
phenylmethylsulfonylfluoride; RIPA: radioimmunoprecipitation assay; ROS: reactive oxygen species;
RT: room temperature; SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis;
SFXN(s): sideroflexin(s); STEAP3: six-transmembrane epithelial antigen of prostate 3; STED:
stimulated emission depletion; Tf: transferrin; TOM: translocase of the outer membrane

Introduction redox activity between Fe(ll) and Fe(lll), allowing steady

Iron is an essential element for all the lives on the earth electron flow inside cells [1,2]. An extreme excess would

from prokaryotes to humans. There are at least three  lead to the presence of catalytic Fe(ll), thus Fenton reac-
major reasons for this. Iron is a transition metal with  tion in vivo, generating hydroxyl radicals in the presence
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of H,0,, which is the most reactive chemical species in
the biological system [3]. Second, iron has been abun-
dant on the earth’s crust as minerals [4]. Furthermore,
solubility of Fe(lll) at pH 7.4 is almost nil and is regu-
lated by chelators or chaperones whereas acidic pH
results in significantly higher solubility [5]. Thus, iron can
be stored inside ferritin core or transported via transfer-
rin within blood vessels safely as insoluble Fe(lll) but is
transferred through bio-membranes either into, inside or
out of the cells as soluble Fe(ll) by the use of various
specific oxidoreductases [6].

Important biological functions of iron are carried
out as a co-factor for various biomolecules, including
enzymes and oxygen-transporting proteins, either in
the form of Fe(ll), Fe-S cluster or heme. The latter two
forms are synthesized only in mitochondria, which
requires a large amount of iron entry [7]. Starting from
the 1990s, a variety of molecular mechanisms associ-
ated with iron transport and metabolism have been
discovered [8,9]. Mitoferrin 1/2 (MFRN1/2) are identi-
fied as iron transporters from cytosol to mitochondria,
and MFRN1 is required when mitochondrial iron
demand is high, such as in erythroid cells [10]. However,
global knockout of ubiquitously expressed MFRN2
does not affect viability in mice but affects male fertil-
ity [11], suggesting the presence of the other path-
way(s) for mitochondrial iron supply. To make things
more complicated, the status of iron in the cytosol has
not been well elucidated yet. Cytosolic Fe(ll) includes
chelated form with phosphate compounds or glutathi-
one (GSH). Recently we found that poly(rC)-binding
protein-2 (PCBP2) is a major cytosolic Fe(ll) chaperone
protein [12], which can receive Fe(ll) from DMT1
(SLC11A2) [13] and heme oxygenase [14] as non-
catalytic labile Fe(ll), and alternatively can load Fe(ll) to
an iron exporter, ferroportin (SLC40A1) [15].

In the present study, we undertook to identify mito-
chondrial iron receptor proteins for PCBP2, considering
the flow of Fe(ll) inside cytoplasm. We comprehensively
identified PCBP2-binding mitochondrial proteins from
KU812 human chronic myelogenous leukemia cells
with erythroid-differentiation, which revealed that a
combination of translocases of the outer mitochondrial
protein-20 (TOM20) and sideroflexin-3 (SFXN3) is a
novel pathway for mitochondrial iron entry through
cytosolic PCBP2.

Materials and methods
Cells and cell culture

Human chronic myelogenous leukemia cell lines, KU812
and K562 cells (Riken BRC, Tsukuba, Japan), were

cultured in RPMI1640 (189-02025, Wako, Osaka, Japan)
supplemented with 10% FBS (Biowest, Nuaillé, France).
Mouse embryonic fibroblasts (MEFs) were isolated from
C57BL/6 mice at embryonic day 13.5 (E13.5) and
immortalized with SV40 large T antigen as described
(https://doi-org.kyoto-u.idm.oclc.org/10.1038/nature
03029). Human cervical adenocarcinoma cells (Hela;
ATCC, Manassas, VA), human embryonic kidney cells
(HEK293T; ATCC) and MEFs were cultured in DMEM
(043-30085, FUJIFILM, Tokyo, Japan) supplemented
with 10% FBS. All the cells were cultured in the 37°C
moist incubator containing 5% CO,.

Cloning and plasmid construction

pGEX-2T-PCBP2 was generated in a previous study
[14]. pMXs_FLAG-SFXN1 (Addgene #110634), pMXs_
FLAG-SFXN2 (Addgene #110636), pMXs_FLAG-SFXN3
(Addgene #110637), pMXs_FLAG-SFXN4 (Addgene
#110638) and pMXs_FLAG-SFXN5 (Addgene #110639)
were purchased. These DNA constructs were ampli-
fied in competent DH5a E. coli and purified by alka-
line lysis method. Finally, DNA concentration was
checked by Nanodrop (Thermo Fisher Scientific).

Protein expression and purification of GST-fusion
proteins

For the purification of the GST-fusion proteins, E. coli BL21
cells transformed with protein-expression plasmids by
using Cadl, transformation method were grown in LB
broth with 100pg/mL ampicillin at 37°C to an OD600
of 06, and recombinant GST gene expression was
then induced by the addition of 500uM isopropyl
[3-D-1-thiogalactopyranoside (IPTG) (096-05143, FUJIFILM)
for 6h at room temperature (RT). Cells were pelleted,
resuspended in P-lysis buffer (50mM sodium phosphate
pH 6.4, 0.1% NP-40, 60mM NaCl, TmM DTT, 1x protease
inhibitor ~ cocktail (P, cOmplete Mini, EDTA-free
Cat#11836170001, Sigma Aldrich) and disrupted by sonica-
tion. Lysates were cleared by centrifugation at 21,600 x g
for 10min at 4°C. GST and GST-PCBP2 were purified on
glutathione-sepharose 4 Fast Flow beads (GE Healthcare
LifeSciences #17-5132-01). The GST beads were washed
with P-lysis buffer four times with incubation under rota-
tion at RT for 2h, which was followed by centrifugation at
500 x g for 5min to recover GST-fusion proteins.

Mitochondrial isolation for screening

Mitochondrial preparation was performed using a dif-
ferential centrifugation method described in a previous


https://doi-org.kyoto-u.idm.oclc.org/10.1038/nature03029
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report [16] with modifications. KU812 cells (2x 107 cells)
were washed with cold PBS, resuspended in 220uL of
RSB Hypo buffer (10mM NaCl, 1.5mM MgCI2, 10mM
Tris pH 7.5) and incubated for 8min on ice. Cells were
homogenized in a tight-fitting Dounce homogenizer
with 20 strokes and mixed with 2.5 x MS buffer (525 mM
D-mannitol, 175mM sucrose, 125mM Tris pH 7.5,
2.5mM EDTA). Cell debris and nuclei were removed by
the low-speed centrifugation (1500 x g, 5min, 4°C),
and mitochondria were collected by the high-speed
centrifugation (7000 x g, 15min, 4°C), which was
stocked at —80°C for the following experiments.

Binding of GST-PCBP2 and mitochondrial protein

Isolated mitochondria from KU812 were lysed in P-lysis
buffer and mixed with GST-PCBP2 bound to GSH beads
at 4°C overnight. The beads were then washed with
P-lysis buffer for four times, and the bound proteins
were eluted with 6M guanidine hydrochloride
(17318-82, Nacalai Tesque).

Silver staining

Each sample was separated on 12% SDS gel under
reducing condition. Silver staining of the gels was per-
formed according to the standard protocol. In brief,
gels were fixed in fixation solution (25% methanol and
5% acetic acid), sensitized in 0.02% sodium thiosulfate,
stained in 0.1% silver nitrite and developed in develop-
ing solution (38% formaldehyde and 2% sodium car-
bonate). Acetic acid was used to stop the staining
once the desired intensity was obtained.

Protein identification by mass spectrometry

The proteins were digested with trypsin for 16h at
37°C after reduction and alkylation. The peptides were
analyzed by LC—-MS using an Orbitrap Fusion mass
spectrometer (ThermoFisher Scientific Inc., Waltham,
MA) coupled to an UltiMate3000 RSLCnano LC system
(Dionex Co. Amsterdam, The Netherlands) using a
nano HPLC capillary column, 150mm x 75um id.
(Nikkyo Technos Co., Tokyo, Japan) via a nanoelectro-
spray ion source. Reversed-phase chromatography was
performed with a linear gradient (0 min, 5% B; 100 min,
40% B) of solvent A (2% acetonitrile with 0.1% formic
acid) and solvent B (95% acetonitrile with 0.1% formic
acid) at an estimated flow rate of 300 nL/min. A pre-
cursor ion scan was carried out using a 400-1600 mass
to charge ratio (m/z) prior to MS/MS analysis. Tandem
MS was performed by isolation at 0.8 Th with the
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quadrupole, HCD fragmentation with normalized colli-
sion energy of 30%, and rapid scan MS analysis in the
ion trap. Only those precursors with charge state 2-6
were sampled for MS2. The dynamic exclusion duration
was set to 15s with a 10-ppm tolerance. The instru-
ment was run in top speed mode with 3-s cycles. The
raw data were processed using either Proteome
Discoverer 1.4 (Thermo Fisher Scientific) in conjunction
with MASCOT search engine, version 2.6.0 (Matrix
Science Inc.,, Boston, MA) for protein identification.
Peptides and proteins were identified against human
protein database in UniProt (release 2020_02), with a
precursor mass tolerance of 10ppm, a fragment ion
mass tolerance of 0.8 Da. Fixed modification was set to
carbamidomethylation of cysteine, and variable modifi-
cations were set to oxidation of methionine. Two
missed cleavages by trypsin were allowed.

Immunofluorescence assays by stimulated
emission depletion (STED) microscopy and
SpinSR10

For immunofluorescence assays, 50,000 Hela cells were
plated on a cover slip (@12mm, No. 1.5H) coated by 10%
CellMatrix Type I-C (Lot No. 211110; Nitta Gelatin, Yao,
Japan). After 16h, the cells were transfected with 500ng
of FLAG-SFXN3 plasmids by Lipofectamine 3000 follow-
ing the manufacturer’s protocols. After 48h incubation,
cells were washed with PBS and fixed with 3% parafor-
maldehyde and 0.1% glutaraldehyde in PBS for 10min.
The cells were then washed three times with PBS and
permeabilized with 0.3% NP-40, 0.05% Triton X-100, 0.1%
BSA in PBS for 3min. Cells were blocked for 1h in block-
ing buffer (0.05% NP-40, 0.05% Triton-X 100, 5% albumin
[015-27053; FUJIFILM Wako, Osaka, Japan]). Cells were
immunostained with the first antibodies diluted in block-
ing buffer (rabbit anti-TOM20, 1:500; rabbit anti-COX4,
1:500; mouse anti-FLAG, 1:100; all the antibodies used
are summarized in the Table S1) for 1h at RT followed by
second antibodies diluted in blocking buffer (Alexa Fluor
488-conjugated goat anti-mouse IgG, 1:2000; Alexa Fluor
568-conjugated goat anti-rabbit 1gG, 1:2000). For STED
microscopy, the secondary antibody STAR
ORANGE-conjugated goat anti-Mouse IgG and STAR
RED-conjugated goat anti-Rabbit IgG were diluted as
1:100 in blocking buffer. The confocal imagines were
acquired by Zeiss LSM880-ELYRA PS. 1 with a 100x oil
objective lens. The STED imaging was carried out by
STEDYCON  (Abberior SpinSR10
(Olympus). Images were processed with Image J.

Instruments) and
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Gene knockdown

Cells were transfected using Lipofectamine 3000 trans-
fection reagent according to the manufacturer’s proto-
col. The following siRNAs were used in this study:
human SFXN3 siRNAs (Invitrogen, s37839 and s37841);
human PCBP2 siRNA (Invitrogen, s10099); a negative
control siRNA (Invitrogen, #4390843). After 48h trans-
fection, cells were collected.

Immunoblot analysis

The cells were lysed with RIPA (25mM Tris pH 7.4,
150mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1%
SDS, 1 x PI). The protein concentration was measured
with Protein Assay Bicinchoniate kit (06385-00 Nacalai
Tesque). The proteins were separated and analyzed by
SDS-PAGE with the specific antibodies listed in Table S1.

Measurement of intracellular catalytic Fe(ll) and heme

To measure intracellular catalytic Fe(ll) or heme, the
following probes were used in this study: FerroOrange
(Goryo Chemical, GC904-01) for cytoplasmic catalytic
Fe(ll); Mito-FerroGreen (Dojindo, M489) for mitochon-
drial catalytic Fe(ll) [17]; H-FluNox for free heme [18].
K562 cells were transfected with siRNAs for 48h and
incubated with Fe(ll)/heme probe(s) following the man-
ufacture’s protocols. Cell images were obtained with
BZ-X800 (Keyence, Osaka, Japan), and the fluorescence
intensity was measured with by Gallios Flow Cytometer
Beckman Coulter. MEF and Hela cells were placed on
poly-L-lysine-coated glass-bottomed dishes (D11531H,
Matsunami, Osaka, Japan) and incubated overnight.
Cells were treated with 20ug/mL ferric ammonium
citrate (FAC) for 6h and stained with Mito-FerroGreen
and 1pg/mL Hoechst 33342 (H1399, Thermo Fischer
Science) following the manufacture’s protocols. MEF
cells were treated with 50ug/mL FAC or 50pg/mL
FAC/5uM SnMP (SnM321, Frontier Scientific, Newark,
DE) for 12h and stained with H-FluNox following the
reported protocols [18]. Images were randomly
obtained on FV1000 (Fluoview FV1000, Olympus, Tokyo,
Japan). Mean green fluorescence intensity of 50 cells
from >5 different fields was quantified using Fiji.

Mitochondrial functional assay

Cellular respiration Assay were performed by Seahorse
XFe24 Analyzer (Agilent Technologies) coupled with
BioTek Cytation 5 and Keyence BZ-X800. K562 cells
were transfected with siRNAs and incubated for 48h.
These cells were seeded (1x10%well) on a Seahorse

Xfe 24 plate coated with 10% CellMatrix Type I-C and
incubated for 30min at RT. The cellular oxygen con-
sumption rates (OCR) and extracellular acidification
rate (ECAR) were measured by Mito stress test kit
(103015, Agilent Technologies) in a non-CO, incubator
by using 1.5uM oligomycin, 1uM carbonyl cyanide
p-(trifluoromethoxy)phenylhydrazone (FCCP) and 0.5 uM
rotenone/antimycin A (Rot/AA). The results were evalu-
ated with GraphPad Prism 8.

Cell viability assay

To analyze ferroptosis induction, Hela cells were
treated with 0.25uM RSL3 (Selleck, Houston, TX) for 0,
2, 4, and 6h [19]. Dead cells were analyzed by the try-
pan blue exclusion assay. The number of dead cells
was determined by counting 50 cells from each of the
two fields of view.

Isolation of mitochondria and proteinase K
treatment

Mitochondrial fractions were freshly prepared from
Hela cells plated at 80-90% confluence according to a
previously established method [20]. In brief, Hela cells
were manually homogenized in mitochondria isolation
buffer (0.2M mannitol, 0.07M sucrose, 0.01M HEPES
pH 7.5, TmM EDTA, Pl) by 30 passages through a
25-gauge needle. A post-nuclear supernatant was
obtained by centrifugation of the samples at 1,000 X g
for 10min at 4°C. The heavy membrane fraction con-
taining crude mitochondria was pelleted by centrifuga-
tion at 10,000 x g for 20min and washed once in the
same buffer. The isolated mitochondria were incubated
in a 1, 2 and 5ug/ml proteinase K solution (diluted in
mitochondria isolation buffer) on ice for 15min, and
the digestion was stopped by the addition of 2mM
phenylmethylsulfonylfluoride (PMSF). Equal amount of
sample was analyzed by immunoblotting using appro-
priate antibodies.

Retroviral infections and generation of stable cell
lines

Appropriate pMXs plasmids were transfected into
GP2-293 packaging cells (Takara, Kusatsu, Japan) using
Lipofectamine 2000 (Thermo Fisher Scientific). After
48h, retrovirus in the culture medium was collected
and passed through a 0.45um filter. HeLa cells were
infected with retrovirus in the presence of 10ug/ml
polybrene (Millipore, Burlington, MA) for 16h. The
infected cells were selected using 10ug/mL blasticidin
(InvivoGen, San Diego, CA).
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Generation of CRISPR/Cas9-mediated KO MEF
cell lines

For the generation of mitoferrin 1-KO or SFXN3-KO
MEFs, HEK293T cells were co-transfected with lenti-
CRISPRv2 puro encoding sgRNAs targeting MFRN1 or
SFXN3, psPAX2, and pMD2.G using Lipofectamine 2000
(Thermo Fisher Scientific). The culture medium was col-
lected 48h after transfection and passed through a
0.45 um filter. MEFs were transduced with lentivirus in
the presence of 10ug/ml polybrene for 16h. The
infected cells were selected with puromycin (InvivoGen),
and bulk cells were used for the experiments.

Proximity ligation assay (PLA)

PLA was performed using Duolink In Situ-Fluorescence
(DU092101, Sigma-Aldrich) according to the manufac-
ture’s protocol. Briefly, Hela cells cultured on glass cov-
erslips were incubated with 200nM MitoTracker Deep
Red (Thermo Fisher Scientific, M22426) for 30min at
37°C. Then, the cells were fixed with 3.7% PFA/PBS at
RT for 20min and permeabilized with 0.1% Triton-X
100/PBS for 5min. The fixed cells were co-incubated
with mixed antibodies derived from mouse or rabbit in
diluent at RT for 2h, followed by incubation with PLA
probes (anti-Mouse PLUS and anti-Rabbit MINUS) at
37°C for 1h. After ligation and amplification using
Detection Reagents GREEN, the cells were washed with
Wash Buffer B, and then mounted with Duolink In Situ
Mounting Medium with DAPI. Fluorescence images for
PLA were randomly obtained on FV1000.

Hemoglobin assay

K562 cells were seeded in a 6-well plate, followed by
treatment with siRNA. On the day 4, the cells were har-
vested and washed with PBS. Then the cells were lysed
by 60-ul RIPA (25mM Tris PH 7.4, 150mM NaCl, 1%
NP-40, 1% sodium deoxycholate, 0.1% SDS) and soni-
cation. The supernatant was collected after centrifuga-
tion (21,600 x g, 10min, 4°C). The 50-ul cell lysates
were used to measure the concentration of hemoglo-
bin by using the Sigma hemoglobin assay kit (MAK115,
Sigma) following the manufacturer’s protocol, and the
5-pl cell lysates were used to measure protein concen-
tration by Protein Assay Bicinchoniate kit (06385-00
Nacalai Tesque) for normalization.

Transferrin (Tf)-uptake assay

MEF cells were plated on glass coverslips and incubated
overnight. Cells were washed with pre-warmed PBS
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twice and incubated with 20pg/mL of Alexa568-
conjugated-Transferrin (T23365, Thermo Fischer Science)
in serum-free DMEM at 37°C for 5 or 20min. Following
incubation, cells were rinsed with ice-cold PBS, fixed
with 3.7% PFA/PBS, rinsed with PBS, and mounted on
coverslips using mounting medium (ProLong Diamond
Antifade Mountant with DAPI, P36962, Thermo Fisher
Scientific). Nine images were obtained by FV1000 micro-
scope. Mean red fluorescence intensity of 50 cells from
9 different fields was quantified using Fiji.

Co-immunoprecipitation assay

Mitochondrial fractions were freshly prepared as
described above from Hela cells stably expressing
FLAG or FLAG-SFXN3 and lysed in co-IP buffer (50mM
Tris pH8.0, 150mM NaCl, 1% Triton X-100, TmM DTT,
Pl). Each 300ug lysate was co-immunoprecipitated
with anti-FLAG mAb-conjugated protein G beads,
washed extensively with the lysis buffer and then ana-
lyzed by immunoblot using the appropriate antibodies
via standard methods.

Statistical analysis

All the statistical analyses were carried out by Graph
Pad Prism 8. Results were presented as means+SD of
at least three independent experiments. The signifi-
cance was determined by unpaired two-tailed/
one-sample t-test, and the results were considered sta-
tistically significant when p<.05.

Results

Cytosolic iron chaperone PCBP2 interacts with
SFXN3 through TOM20/70

We used human chronic myelogenous leukemia KU812
cells for the screening of novel iron receptor for PCBP2
in mitochondria because KU812 cells require a high
amount of iron to produce hemoglobin. Mitochondrial
proteins of 234 distinct identifies to interact with
PCBP2 were identified with LC-MS (Figure 1(A), Table
S2), which included many enzymes for TCA cycle, elec-
tron transfer chain or fatty acid synthesis used inside
mitochondria. Final nine candidates are summarized in
Table 1. SFXN family was originally identified as the
sideroblastic anemia-associated protein family that was
discovered in metazoans which comprises five groups
of paralogous proteins present in mitochondria [21,22].
We omitted SFXN1 because it is identified as mito-
chondrial serine transporter [23] and omitted SFXN4
because its knockdown influences iron metabolism via
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Figure 1. Screening of PCBP2-interacting proteins with mitochondrial lysates of KU812 leukemia cells with erythroid differentiation
identifies SFXN3 and TOM20. (A) Silver staining after SDS-PAGE for LC-MS/MS identification of PCBP2-interacting mitochondrial
proteins in KU812 cells. Arrow heads indicate specific bands detected in GST-PCBP2/mitochondrial lysate mixtures. Refer to text,
Table 1 and Table S2 for the identified proteins. (B) Mitochondrial fractions of Hela cells were digested with 1, 2, 5 ug/mL
Proteinase K. Proteins were detected by immunoblotting with mouse anti-PCBP2 mAb, rabbit anti-SFXN3 pAb, rabbit anti-TOM20
pAb and rabbit anti-COX4 pAb. (C-L) FLAG-SFXN3 expressing Hela cells were co-stained with mouse anti-FLAG mAb/rabbit
anti-COX4 pAb (C, D, E), mouse anti-FLAG mAb/rabbit anti-TOM20 pAb (F, G), mouse anti-FLAG mAb/mouse anti-PCBP2 mAb
(H, 1, J) and mouse anti-TOM70/mouse anti-PCBP2 mAb (K, L). Dashed lines in D, F, | and K show the analyzed plots of the fluo-
rescence intensity profiles in E, G, J and L, respectively. Scale bars in C and H, 10 pym; scale bars in D, F, | and K, 1 pm.
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Table 1. Final nine candidates as a mitochondrial receptor for
cytosolic PCBP2.

Gene Score Description Function

TOM20 1429.8 Mitochondrial import Mitochondrial
receptor subunit TOM20 proteins
homolog OS=Homo importer
sapiens GN=TOMM20
PE=1SV=1
- [TOM20_HUMAN]

SFXN3 1024.7 Sideroflexin-3 OS=Homo Unknown
sapiens GN=SFXN3
PE=1SV=3
- [SFXN3_HUMAN]

SFXN1 932.71 Sideroflexin-1 OS=Homo Inner membrane
sapiens GN=SFXN1 Serine
PE=1SV=4 transporter
- [SFXN1_HUMAN]

TOM70 446.64 Mitochondrial import Mitochondrial
receptor subunit TOM70 proteins
homolog OS=Homo importer
sapiens GN=TOMM20
PE=1SV=1
- [TOM70_HUMAN]

SFXN4 2947 Sideroflexin-4 OS=Homo Unknown
sapiens GN=SFXN4
PE=1SV=1
- [SFXN4_HUMAN]

RSAD1 269.89 Radical S-adenosyl Binds 4Fe-4S
methionine
domain-containing
protein 1, mitochondrial
0S=Homo sapiens
GN=RSAD1 PE=2SV=2
- [RSAD1_HUMAN]

CISD1 59.81 CDGSH iron-sulfur Contains Fe-S
domain-containing cluster; outer
protein 1 OS=Homo membrane
sapiens GN=CISD1
PE=1SV=1
- [CISD1_HUMAN]

OGFD3 47.13 2-oxoglutarate and Directly bind
iron-dependent Fe2+;
oxygenase enzyme
domain-containing
protein 3 OS=Homo
sapiens GN=0GFOD3
PE=1SV=2
- [OGFD3_HUMAN]

CISD2 34.92 CDGSH iron-sulfur Contains Fe-S

cluster; outer
membrane

domain-containing
protein 2 OS=Homo
sapiens GN=CISD2
PE=1SV=1

- [CISD2_HUMAN]

the cytosolic aconitase-IRP1 switch to redistribute iron
from the cytosol to mitochondria, the opposite to our
target molecule [24]. The other three was omitted due
to the low score, and thus TOM20, SFXN3 and TOM70
remained as candidates.

SFXN3 is located at the inner mitochondrial
membrane and TOM20 at the outer membrane
whereas PCBP2 is located outside of mitochondria

Since the mitochondria are bilayer organelles, cytoplas-
mic iron needs to pass through the outer and inner
membranes before it is released into the matrix for use.
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We first performed partial digestion of mitochondria
with proteinase K to remove mitochondrial outer sur-
face proteins, where PCBP2 was completely digested,
TOM20 was partially digested and SFXN3 and COX4
were not digested at all (Figure 1(B)). Then, we applied
stimulated emission depletion (STED) microscopy to
locate SFXN3, TOM20 and PCBP2. Hela cells expressing
FLAG-SFXN3 were used, and COX4 was employed as a
standard mitochondrial matrix protein. The localization
of COX4 and SFXN3 merged efficiently, suggesting that
SFXN3 is located at the inner membrane (Figure 1(C-E)).
Colocalization of TOM20 and SFXN3 was only at the
mitochondrial outer membrane, confirming that TOM20
is localized at the outer membrane and intermembrane
space (Figure 1(F, G)). PCBP2 and SFXN3 did not colocal-
ize, suggesting that PCBP2 is outside of the mitochon-
dria (Figure 1(H-J)). Colocalization of PCBP2 and TOM70
was only at the mitochondrial outer surface, confirming
that TOM70 is protruded from the mitochondrial outer
membrane (Figure 1(K, L)). Furthermore, PLA analyses
demonstrated that both the combinations of PCBP2/
TOM20 and SFXN3/TOM20 are at least partially colocal-
ized (Figure 2(A-D)).

Association of SFXN3 with TOM20 but not with
PCBP2 is direct

To test whether the SFXN3 binds PCBP2 directly,
we performed a binding assay with GST-PCBP2 and
FLAG-SFXN3, which revealed no direct binding (data
not shown). In contrast, there was a direct binding
between FLAG-SFXN3 and TOM20 (Figure 2(E)).

Knockdown of SFXN3 and/or PCBP2 in K562 cells
decreases cytoplasmic and mitochondrial catalytic
Fe(ll), and mitochondrial maximal respiration

Short interfering RNA knockdown of SFXN3 and/or
PCBP2 was used to evaluate the effects on catalytic
Fe(ll) and mitochondrial respiratory function in K562
chronic leukemia cells. Both siSFXN3 and siPCBP2 sig-
nificantly decreased cytoplasmic and mitochondrial
catalytic Fe(ll), confirming that this is a novel iron entry
pathway to mitochondria (Figure 3(A-C)). However, the
experimental condition of siPCBP2 only was the most
effective, which suggested that mitochondrial iron defi-
ciency initiates a feedback mechanism to redistribute
iron. Regarding mitochondrial respiration, only maxi-
mal respiration was impaired in the case of SFXN3
and/or PCBP2 knockdown whereas basal respiration
and ATP production were not affected, suggesting the
association of impaired mitochondrial respiration with
decreased mitochondrial Fe(ll) (Figure 3(F, G)).
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Figure 2. Analysis of molecular interactions of PCBP2 and mitochondrial molecules. (A) Molecular interaction between PCBP2/TOM20
(left) or PCBP2/COX4 (right) was analyzed by PLA in Hela cells. (B) Hela cells were stained with MitoTracker and PCBP2/TOM20 inter-
action was analyzed by PLA. (C) Molecular interaction between FLAG-SFXN3/TOM20 was analyzed by PLA in FLAG (empty vector) (left)
or in FLAG-SFXN3 stably expressing Hela cells (right). (D) FLAG-SFXN3 stably expressing Hela cells were stained with MitoTracker
and PCBP2/TOM20 interaction was analyzed by PLA. Scale bars in A, B, C (Merge) and D (Merge), 10 um; scale bars in B (Enlarge)
and D (Enlarge), 1 pum. PLA, proximity ligation assay. (E) Molecular interaction between FLAG-SFXN3/TOM20 was analyzed by
co-immunoprecipitation assay. Crude mitochondrial fractions were obtained from FLAG (empty vector) (left) or FLAG-SFXN3 stably
expressing Hela cells. Protein (5ug) from mitochodrial lysates was applied to the gel and analyzed by immunoblotting using
anti-SFXN3 pAb or anti-TOM20 mAb (input). Protein (300pg) from each lysate of FLAG, or FLAG-SFXN3 was co-immunoprecipitated
with anti-FLAG mAb-conjugated protein G beads and analyzed by immunoblotting using an anti-FLAG mAb or anti-TOM20 mAb.
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Figure 3. SFXN3 and/or PCBP2 knockdown decreases intracellular and mitochondrial catalytic Fe(ll) and mitochondrial maximum
respiration in K562 leukemia cells. (A) K562 cells were transfected with negative control siRNA, SFXN3 siRNAs and/or PCBP2 siRNA,
and the effects were evaluated after 48h with immunoblot analysis. (B—E) Intracellular catalytic Fe(ll) (B), mitochondrial catalytic
Fe(ll) (C), free heme (D), and hemoglobin (E) were measured by FerroOrange, Mito-FeroGreen, H-FluNox and hemoglobin assay kit,
respectively. Each data was normalized by control condition. Error bars represent SD from three independent experiments.
(means+SD; n.s., not significant; *, p < .05; **, p < .01; ***, p < .001; **** p < .0001). (F, G) Mitochondrial respiration assay was
performed in K562 cells depleted SFXN3 and/or PCBP2 by Seahorse XFe24 Analyzer. Error bars represent SD from six independent
experiments. (means=SD; **, p < .01).
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Knockdown of SFXN3 does not alter free heme
and hemoglobin in K562 cells

siSFXN3 in the present experimental protocol changed
neither the amounts of cytoplasmic and mitochondrial
free heme nor the amounts of hemoglobin in K562
cells (Figure 3(D, E)), which are presumably due to the
long half-life of these molecules.

Knockout of SFXN3 and MFRN1 in MEF cells elicits
distinct alterations in iron metabolism

Mitoferrin-1, localized in mitochondrial inner membrane,
is an established mitochondrial iron importer. We have
produced knockout MEF cells of SFXN3 and MFRNT to
compare iron metabolism under a permanent steady
condition in non-erythropoietic cells. Prior to iron loading,
FBXL5 ([2Fe-2S] protein) expression was lower and IRP2/
FTL was higher in SFXN3 KO cells than in MFRN1 KO cells,
suggesting that mitochondrial iron entry pathways
through SFXN3 and MFRN1 are distinct with more depen-
dence on SFXN3 (Figure 4(A, B)). TfR1 expression was
always higher in SFXN3 KO cells than in MFRNT KO cells.
HO1 expression was lower prior to iron loading in SFXN3
KO cells in comparison to MFRNT KO cells, suggesting the
efficient blockade of mitochondrial iron entry especially
for heme synthesis. Furthermore, HO1 expression was
lower at 12h in MFRN1 KO cells after iron overload (Figure
4(A, B)), suggesting a major role of SFXN3 in iron entry to
mitochondria, considering that an increase in HO1 expres-
sion may result from cytosolic iron-induced stress [25].
This was confirmed by the transferrin uptake study that
transferrin uptake is significantly higher in SFXN3 KO cells
than in MFRN1 KO cells under normal medium (Figure
4(C, D)). Of note, both MFRN1 and SFXN3 contributed to
the maintenance of mitochondrial Fe(ll). This was clearer
under iron overload by FAC and the blockade of iron
entry to mitochondria was more complete in MFRNT KO
cells than in SFXN3 KO cells (Figure 4(E, F)). Furthermore,
this iron entry to mitochondria was proportionally associ-
ated with the amounts of intracellular heme (Figure 4(G,
H)). Intracellular heme was significantly increased in the
presence of a heme oxygenase inhibitor, SnMP.

SFXN3 overexpression overcomes iron excess to
load Fe(ll) to mitochondria

We then studied the effect of SFXN3 overexpression on
mitochondrial iron entry in HelLa cells. Prior to iron over-
load, SFXN3 overexpression caused downregulation of
FTL (Figure 5(A, B)) in contrast to the upregulation in its
KO cells (Figure 4(A, B)), suggesting the transfer of cyto-
solic Fe(ll) to mitochondria. SFXN3 overexpression under

iron overload promoted Fe(ll) accumulation in mito-
chondria with higher ferritin expression and less NCOA4
degradation (Figure 5(C, D)), indicating that SFXN3 is a
distinct iron entry route to mitochondria.

SFXN3 overexpression sensitizes ferroptosis by RSL3

Considering the complex function of mitochondria in
ferroptosis [26], we finally evaluated the role of SFXN3
in a classical model of ferroptosis by RSL3. SFXN3 over-
expression sensitized Hela cells to ferroptosis induced
by 0.25uM RSL3 (Figure 5(E, F)).

Discussion

We started the present study, based on a hypothesis
that there should be receptors for PCBP2, a major cyto-
solic Fe(ll) chaperone [12], on the mitochondrial sur-
face. Here we identified a novel iron entry mechanism
through TOM20 and SFXN3 to mitochondrial matrix,
where Fe-S cluster and heme are synthesized. This was
confirmed by knockdown or knockout experiments by
evaluating mitochondrial catalytic Fe(ll) and function.

We have chosen KU812 chronic myeloid leukemia
cells for screening because they produce hemoglobin.
This global screening strategy of PCBP2-interacting pro-
tein out of mitochondrial lysates sorted out TOM20,
SFXN3, SFXN1 and TOM70 in the affinity-score sequence.
We omitted SFXN1 because it is identified as mitochon-
drial serine transporter, required for one-carbon metab-
olism [23], and SFXN1 loss provides a proliferative
advantage under cystine depletion [27]. Because TOM20
revealed 3-times higher score than TOM70, we decided
to focus on TOM20 whereas TOM proteins often make
a complex [28]. Indeed, acquisition of SFXN3 was unex-
pected. Therefore, we first confirmed the mitochondrial
localization of both the proteins with STED microscopy,
which clearly showed that TOM20 is located at the
outer membrane and SFXN3 at the inner membrane.
We also observed a decrease in intracellular and mito-
chondrial Fe(ll) by knockdown of SFXN3 and/or PCBP2
along with deterioration of mitochondrial function in
K562 leukemia cells. Of note, PCBP2 did not bind to
SFXN3 directly but appears to bind indirectly with
SFXN3 in the presence of TOM20.

We are currently trying to understand the gap as
follows (Figure 6). TOM20 or its complex with other
proteins are the receptor of PCBP2, and Fe(ll) is
transferred through PCBP2-TOM20-SFXN3 complex to
mitochondrial matrix, where the pH is 7.7-8.2 [29].
Weakly acidic pH 6.9 of the mitochondrial intermem-
brane space [30] may help diffuse Fe(ll) to be more



FREE RADICAL RESEARCH 11

Figure 4. Knockout study in MEF cells reveals that iron entry to mitochondria by SFXN3 is distinct from the role of MFRN1. (A)
SgControl-MEF, MFRN1 KO-MEF, and SFXN3-KO-MEF were treated with 20 pug/mL FAC for 0, 6 and 12h and protein expression was
analyzed by immunoblotting. FTL (long) indicates a longer exposed version of FTL. (B) Quantitative analysis of the data shown in
(A). p values were generated using a one-sample t-test. Error bars represent SD from three independent experiments. (means+SD;
*p < .05; ¥*p < .01; ***p < .001; ****p < .0001). (C) MEF cells were treated with 20 pug/mL Alexa568 conjugated holo-Tf in DMEM
w/o FBS for the indicated time. Cells were washed with cold PBS and fixed with 4% PFA/PBS. At least five images were obtained
by FV1000 microscopy. (D) Quantitation of data shown in (C). Error bars represent SD from three independent experiments.
(means+SD; *p < .05; **p < .01). (E) Cells were treated with 20 pg/mL FAC for 0, 6h and mitochondrial Fe(ll) was measured by
Mito-FerroGreen. Representative images from 6 h-FAC treatment were shown in E. (F) Quantitation of data shown in (E). Error bars
represent SD from three independent experiments. (means£SD; *p < .05; **p < .01; ****p < .0001). MEF, mouse embryonic fibro-
blast; FAC, ferric ammonium citrate. (G) MEF cells were treated with 50 ug/mL FAC or 50 pg/mL FAC/5 pM SnMP for 12h and heme
was measured with heme probe. (H) Quantitation of data shown in (G). Mean green fluorescence intensity of fifty cells from >5
different fields was quantified using Fiji. (means+SD; *p <005; **p < .01; ***p < .001).
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Figure 5. SFXN3 overexpression overcomes iron excess to load Fe(ll) to mitochondria but induces ferroptosis sensitivity by RSL3.
(A) Hela or FLAG-SFXN3 stably expressing Hela cells were treated with 20 pug/mL FAC for 0 or 6h and protein expression was
analyzed by immunoblotting. (B) Quantitative analysis of the data shown in (A). p values were generated using a one-sample
t-test. Error bars represent SD from three independent experiments. (means+SD; *p < .05; **p < .01; ****p < .0001). (C) FLAG-SFXN3
stably expressing Hela cells were treated with 20 ug/mL FAC for 0, 6 h and mitochondrial Fe(ll) was measured by Mito-FerroGreen.
Representative images from 6h-FAC treatment were shown in A. (D) Quantitation of data shown in (C). Error bars represent
SD from three independent experiments. (means+SD; **p < .01; ****p < .0001). (E) Cells were treated with 0.25 pM RSL3
for 0, 2, 4 or 6h. Dead cells were stained with trypan blue. Representative images from 0 and 4h-RSL3 treatment were shown
in C. (F) Quantitation of data shown in C. Error bars represent SD from three independent experiments. (means+SD; *p < .05;
#xp < 001).
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Figure 6. Working model of cytosolic Fe(ll) delivery to mitochondria via iron chaperone in the context of iron overload. Graphical
representation of the working model in which cytosolic PCBP2 delivers Fe(ll) to mitochondria. PCBP2 binds to TOM20 on the
mitochondrial outer membrane and delivers Fe(ll). SFXN3 is localized on the mitochondrial inner membrane and interacts with the
TOM complex to transport Fe(ll) into the matrix. Filled red circle, Fe(ll); filled blue circle, Fe(lll); DMT1, divalent metal transporter 1
(also as SLC11A2); FAC, Fe(lll) ammonium citrate; FBXL5, F-box/LRR-repeat protein 5; FTL, ferritin light chain; IRE, iron-responsive
element; IRP2, iron regulatory protein 2; NCOA4, nuclear receptor coactivator 4; STEAP3, six-transmembrane epithelial antigen of
prostate 3. Note that only major pathways associated with this study is described and the diagram is simplified. Time course is
also important for each reaction/signaling. The association of MFRN and SFXN3 is unelucidated. Refer to text for details.

soluble and finally contributing to the mitochondrial
functions. We demonstrated the direct binding between
TOM20 and SFXN3 (Figure 2(E)). Of note, knockout of
SFXN3 but not of MFRNT decreased FBXLS5 (i.e. increased
sensitivity to iron deficiency) [31] and increased trans-
ferrin uptake, indicating that mitochondrial iron entry
by SFXN3 is unique. Therefore, we believe that iron
entry pathway to mitochondria via SFXN3 is essential
for mitochondrial functions, including heme/Fe-S clus-
ter synthesis.

Sideroflexin was named by Fleming et al. based on
the fact that the phenotype of sideroblastic anemia
(iron deposition in mitochondria of erythroid cells)
and flexed tail is responsible from Sfxn1 mutation in
mouse [21]. Mouse Sfxn3 knockout (Sfxn3tm1bKOMPIWsi)
causes increased circulating insulin in both sexes
but low serum iron level only in males (https://www.
mousephenotype.org/). SFXN3 is an a-synuclein-depen-
dent mitochondrial protein regulating synaptic mor-
phology [32], is a regulator of metastatic colonization of
B16-F10 melanoma cells [33,34] and is associated with
hearing loss [35], mouse brain morphogenesis [36] and
neurodegeneration pathway in vivo [37]. The human
protein atlas (https://www.proteinatlas.org/) reveals that
SFXN3 expression is almost ubiquitous (low tissue spec-
ificity) and is a poor prognostic factor for head and

neck cancer and renal cancer. All of these suggest and
are consistent with the association of SFXN3 with mito-
chondrial iron metabolism. Notably, SFXN3 overexpres-
sion sensitized a cancer cell line, Hela, to ferroptosis
[19,38] induced by RSL3, which is consistent with the
association of ferroptosis and mitochondrial damage
[39]. SFXN3 can be a novel target for cancer drug dis-
covery to induce ferroptosis [40]. Further study is nec-
essary to understand more precise mechanism.
Furthermore, our findings may open up an unex-
plored pathway of iron metabolism. SFXN3 KO and over-
expression in MEF cells revealed an intriguing association
between both the statuses and FTL expression concom-
itant with the alteration of IRE/IRP system. Namely, KO
caused FTL upregulation with increased IRP2 leading
to a higher sensitivity for iron deficiency (Figure 4(A))
whereas overexpression caused FTL downregulation
(Figure 5(A)). Accordingly, there may be other molecular
mechanisms than IRP/IRE system to regulate cytoplasmic
and mitochondrial iron, especially for heme synthesis.
In conclusion, we for the first time discovered a
mechanism of mitochondrial iron entry via PCBP2-
TOM20-SFXN3 axis. There are limitations and questions
remaining. We have used only leukemia cells, HelLa cells
and MEF cells in the present study, so different kinds of
cells have to be evaluated. There is some ambiguity
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remaining regarding the complex formation and the
sequential que among PCBP2, TOM 20 and SFXN3, which
may require the other proteins. We now believe that there
are two distinct pathways of iron entry to mitochondria
from cytosol, namely MFRN1/2 [10] and PCBP2-TOM20-
SFXN3. What kind of Fe(ll) form, such as chelated or chap-
eroned at~pH 7.4, is specific for each pathway and for
mitochondrial function needs further investigation with
the analyses of genetically engineered animals on 5fxn3
and Mfrn1/2 and of fine molecular structures.
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