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Iron regulatory protein 1 promotes ferroptosis by
sustaining cellular iron homeostasis in melanoma
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Abstract. Melanoma, the most aggressive skin cancer, is
mainly treated with BRAF inhibitors or immunotheareapy.
However, most patients who initially responded to BRAF
inhibitors or immunotheareapy become resistant following
relapse. Ferroptosis is a form of regulated cell death charac-
terized by its dependence on iron ions and the accumulation
of lipid reactive oxygen species (ROS). Recent studies have
demonstrated that ferroptosis is a good method for tumor
treatment, and iron homeostasis is closely associated with
ferroptosis. Iron regulatory protein (IRP)1 and 2 play impor-
tant roles in maintaining iron homeostasis, but their functions
in ferroptosis have not been investigated. The present study
reported that the expression of IRP1 and IRP2 was increased
by the ferroptosis inducers erastin and RSL3 in melanoma
cells. Depletion of IRP1 significantly suppressed erastin- and
RSL3-induced ferroptosis. IRP2 had a weak effect but could
enhance the promoting function of IRP1 on ferroptosis.
Further, erastin and RSL3 promoted the transition of aconi-
tase 1 to IRP1, which regulated downstream iron metabolism
proteins, including transferrin receptor (TFRC), ferroportin
(FPN) and ferritin heavy chain 1 (FTHI1). Moreover, over-
expression of TFRC and knockdown of FPN and FTHI1
significantly promoted erastin- and RSL3-induced ferroptosis
in IRP1 knockdown melanoma cells. Collectively, the present
findings indicate that IRP1 plays an essential role in erastin-
and RSL3-induced ferroptosis by regulating iron homeostasis.
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Introduction

Iron, the most abundant trace element in the human body, is
involved in various biological processes such as oxygen trans-
port, mitochondrial respiration and DNA synthesis (1,2). Iron
deficiency causes numerous types of diseases. For instance,
patients with chronic kidney disease have an absolute iron
deficiency, and anemia can accelerate heart disease progres-
sion and increase the risk of death (3,4). However, excess iron
is also toxic and produces reactive oxygen species (ROS),
leading to DNA and protein damage, lipid peroxidation and
cellular death (5-7). Bilateral substantia nigra in patients
with Parkinson's disease exhibit increased iron levels (8).
Non-alcoholic fatty liver disease, which shows signs of
elevated serum ferritin concentration, has been confirmed
to be closely related to type 2 diabetes (2,9,10). Therefore,
both iron deficiency and iron overload are harmful to human
health, and it is essential to maintain iron homeostasis in the
body.

Iron regulatory protein (IRP)1 and IRP2 are two iron
regulatory proteins that play essential roles in iron metabo-
lism. These proteins regulate the transcription of genes
associated with iron metabolism by binding to iron-respon-
sive elements (IREs) (11). IRP1 is a bifunctional enzyme
that also functions as a cytosolic aconitase (ACO1) (12).
When intracellular iron levels are high, ACOI1 binds to the
iron-sulfur (4Fe-4S) cluster and functions as an aconitase;
when intracellular iron levels are low, IRP1 dissociates from
the iron-sulfur cluster and functions as an iron regulatory
protein (13,14). IRP1 is insensitive to cellular iron status but
sensitive to oxygen, nitrogen oxides and hydroxides. With
increasing oxygen concentrations, ACOLI is converted to IRP1,
and its RNA-binding activity is significantly increased (15-19).
In contrast, IRP2 is sensitive to iron status and can be activated
on a low-iron diet (15). When IRP1 and IRP2 are activated,
they bind to the 5' untranslated region (UTR) of the iron
exporter protein ferroportin (FPN) and the iron storage protein
ferritin to inhibit their translation, thus reducing iron export
and storage (1,16). Moreover, IRP1 and IRP2 can bind to the
3'UTR of the transferrin receptor (TFRC), which is involved
in iron uptake, to prevent its degradation, thereby increasing
iron import (1,16).
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Ferroptosis is a non-apoptotic form of cell death charac-
terized by its dependence on iron ions and the accumulation
of lipid ROS (20). Erastin and RSL3 are two small-molecule
ferroptosis inducers that were originally identified by
high-throughput screening (21,22). RSL3 induces ferroptosis
by directly inhibiting the antioxidant enzyme glutathione
peroxidase 4, which plays an essential role in removing lipid
ROS (23). Erastin induces ferroptosis by inhibiting the activity
of the glutamate/cystine antiporter system X_, which trans-
ports cystine into cells (20). Reduced cystine intake leads to
decreased glutathione synthesis, lipid ROS accumulation and
ferroptosis (20). The relative intracellular levels of iron and
lipid ROS are typical indicators of ferroptosis (24). Several
genes that affect iron metabolism are involved in ferroptosis.
For example, knockdown of FPN accelerates erastin-induced
ferroptosis in neuroblastoma cells (25). Transferrin is also
important for ferroptosis, and knockdown of the TFRC
gene can significantly inhibit ferroptosis (26). In addition,
ferritinophagy is also an effective inducer of ferroptosis.
In this process, ferritin heavy chain 1 (FTH1) is degraded
via autophagy, leading to increased intracellular iron and
ferroptosis (27-30).

Melanoma is the most aggressive type of skin cancer,
which arises from pigment-producing melanocytes (31,32).
Currently, the main treatment methods for melanoma are
immunotherapy and BRAF inhibitor therapy; however,
numerous patients do not benefit from these methods due to
immune escape and drug resistance (33). Multiple studies
have shown that ferroptosis plays an essential role in mela-
noma cells. For example, ferroptosis inducers significantly
enhance the inhibition of BI6F10 tumor growth by radio-
therapy or immunotherapy (34). Moreover, knockdown
of the glutamate/cysteine anti-transporter significantly
inhibits melanoma metastasis and improves C57BL/6-mouse
survival (35).

In the present study, the human melanoma cell lines, A375
and G-361, were used to study the molecular mechanism of
IRP1 and IRP2 in ferroptosis. A previous study demonstrated
that oncogenic RAS mutants can increase ROS levels through
the RAS-RAF-MEK-MAPK pathway (20). Both A375 and
G-361 harbor the BRAFY®°F mutation and are sensitive to
ferroptosis inducers (35-38). Iron metabolism plays an impor-
tant role in ferroptosis; however, the role of IRP1 in ferroptosis
remains unclear. The present study used melanoma A375
and G-361 cells to investigate whether IRP1 is involved in
the regulation of ferroptosis and the molecular mechanisms
involved, hoping to provide a potential target for the treatment
of melanoma.

Materials and methods

Cell culture. The melanoma cell lines A375 (cat.no. CRL-1619),
G-361 (cat. no. CRL-1424) and human embryonic kidney cells
293T (cat. no. CRL-3216) cell lines were obtained from the
American Type Culture Collection and cultured in a cell
incubator with 5% CO, at 37°C. Cells were cultured in DMEM
containing 0.1 mg/l ferric nitrate (cat. no. 11995065, Gibco;
Thermo Fisher Scientific, Inc.) with 10% FBS (Invitrogen;
Thermo Fisher Scientific, Inc.) and 1% penicillin-streptomycin
(Gibco; Thermo Fisher Scientific, Inc.). The universal

mycoplasma detection kit (cat. no. 30-1012K; American Type
Culture Collection) was used to detect mycoplasma contami-
nation. Mycoplasma contamination was not found in any cell
line.

Plasmids and transfection. To transient expression of IRP1,
IRP2 and TFRC in cells, the overexpression structures of
pcDNAS/FRT/TO-IRPI1-Flag, pcDNAS/FRT/TO-IRP2-HA
and pcDNAS/FRT/TO-TFRC-Flag were constructed. The
full-length cDNA sequence of IRP1, IRP2 or TFRC was
cloned into the AfIII and Nofl sites of the pcDNAS/FRT/TO
vector (AddGene, Inc.), and the Flag or HA sequence was
cloned into the Xhol site of the pcDNAS/FRT/TO vector in
frame with the gene coding region of IRP1, IRP2 or TFRC.
To make cell lines stably expressing IRP1, IRP2 and TFRC,
the pCDH/puro-IRP1-Flag, pCDH/puro-IRP2-HA and
pCDH/puro-TFRC-Flag plasmids were constructed. Using
pcDNAS/FRT/TO-IRP1-Flag, pcDNAS/FRT/TO-IRP2-HA
and pcDNAS/FRT/TO-TFRC-Flag as templates, the tagged
full length cDNA sequences were cloned and inserted into the
Xbal and Nofl sites of the pPCDH-CM V-MCS-EF1-Puro vector
(Addgene, Inc.). All constructs were confirmed by sequencing.

All shRNA targeting sequences were designed using
the Broad Institute website (https://portals.broadinstitute.
org/gpp/public). The miRNAs were transfected into A375 or
G-361 cells using Lipofectamine® 2000 (cat. no. 11668019;
Invitrogen; Thermo Fisher Scientific, Inc.) or the calcium
phosphate transfection kit (cat. no. K278001, Thermo Fisher
Scientific, Inc.), according to the manufacturer's instructions.
Following incubation for 48 h at 37°C, the cells were collected
for subsequent analysis. The targeting sequences were as
follows: i) IRP1, 5-CCTACAAGAAAGCGGAGTCAT-3' and
5'-GCAGGATTGTTAGCAAAGAAA-3'; ii) IRP2, 5'-CCA
CCCTTAGTGGTAGCTTAT-3; iii) FPN, 5“TTGTTCAAG
ACTAGCTAATTT-3"; and iv) FTHI, 5'-CCTGTCCATGTC
TTACTACTT-3". All constructs were confirmed by sequencing.

The transfection process of Lipofectamine® 2000 was as
follows: Cells were seeded at a density of 70% and cultured
overnight. On the second day, dilute 15 ul lipofectamine 2000
reagent with 150 xl Opti-MEM medium in a centrifuge tube
and dilute 10 ug DNA constructs with 150 1l Opti-MEM
medium in another tube, respectively. The diluted DNA was
mixed with the diluted Lipofectamine® 2000 reagent at a ratio
of 1:1 and incubated at 25°C for 5 min. The mixture was added
into the cells to be transfected. Following incubation for 48 h
at 37°C, the cells were collected for subsequent analysis.

The transfection of calcium phosphate transfection process
is as follows: Cells were seeded at a density of 50% and cultured
overnight. The next day, 4 h before transfection, the medium
was replaced with a fresh medium containning 2% FBS. The
DNA (25 pg) was mixed directly with a concentrated solution
(2 M) of CaCl,, which was added dropwise to a phosphate
buffer to form a fine precipitate. Following incubation at 25°C
for 20 min, the precipitate was added to cells to be transfected.
Following incubation for 48 h at 37°C, cells were collected for
subsequent analysis.

Antibodies and reagents. The following antibodies were used:
IRPI (cat.no.ab236773; Abcam),IRP2 (cat.no.ab232994; Abcam),
TFRC (cat. no. ab214039; Abcam), FPN (cat. no. ab239583;
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Abcam), ferritin heavy chain 1 (cat. no. ab183781; Abcam),
HA (cat. no. H6533; Sigma-Aldrich; Merck KGaA), Flag
(cat. no. F3165; clone M2; Sigma-Aldrich; Merck KGaA) and
[-actin (cat. no. PA11689; Thermo Fisher Scientific, Inc.). The
horseradish peroxidase (HRP)-labeled secondary antibody
conjugates (cat. no. G-21040) were purchased from Thermo Fisher
Scientific, Inc. Erastin (cat. no. E7781) and RSL3 (cat. no. S8155)
were obtained from Selleck Chemicals.

Cell viability assay. Cell viability was evaluated using Cell
Counting Kit-8 (CCK-8; cat. no. 96992; Sigma-Aldrich;
Merck KGaA). This assay uses the highly water-soluble tetra-
zolium salt WST-8, which can be reduced by mitochondrial
dehydrogenases in the presence of electron-coupled agents to
produce a water-soluble formazan dye (https://www.dojindo.
eu.com/TechnicalManual/Manual_CKO04.pdf). Briefly, A375
or G-361 cells (1x10% were seeded in 96-well plates after being
exposed to erastin (5 uM for A375 and 20 uM for G-361) or
RSL3 (0.5 uM for A375 and 2 M for G-361) at the indicated
concentration at 37°C for 24 h. The medium was then replaced
with fresh medium containing 5 yl CCK-8, and the cells were
returned to the incubator, and incubated for 1-4 h, according
to the manufacturer's instructions, until the color of the culture
medium turned orange. The absorbance was measured using a
fluorescence spectrophotometer at 450 nm.

Iron assay. The intracellular content of Fe** was measured
using the Iron Assay Kit (cat. no. ab§3366; Abcam). The cells
were collected after being treated with erastin (5 uM for A375
and 20 uM for G-361) or RSL3 (0.5 uM for A375 and 2 uM
for G-361) at the indicated concentrations at 37°C for 24 h
and homogenized with iron assay buffer on ice. The samples
were then centrifuged at 13,000 x g for 10 min at 4°C, and
300 pl supernatant was collected. Iron reducer (300 ul) was
added, mixed and incubated at room temperature for 30 min.
A volume of 200 pl iron probes was then added and mixed
thoroughly. The reaction mixture was incubated for 30 min
at room temperature away from light. The absorbance was
measured on a colorimetric microplate reader at 593 nm.

Malondialdehyde (MDA) assay. MDA concentrations
were determined using the Lipid Peroxidation Assay Kit
(cat. no. ab118970; Abcam) according to the manufacturer's
instructions. The cells treated with erastin (5 uM for A375 and
20 uM for G-361) or RSL3 (0.5 uM for A375 and 2 uM for
G-361) at the indicated concentrations at 37°C for 24 h were
collected, and lysis buffer was added. The cells were homog-
enized on ice and centrifuged at 13,000 x g for 10 min at 4°C to
obtain the supernatant. A volume of 200 ul supernatant from
each sample and 600 pl thiobarbituric acid (TBA) solution was
added to microcentrifuge tubes, and the samples were then
incubated at 95°C for 40 min. Samples were then cooled to
room temperature on an ice bath for 10 min, and 200 yl from
each reaction mixture was added to each well of a 96-well
plate for analysis using a microplate reader. The absorbance of
the MDA-TBA adduct was measured at 532 nm.

Detection of lipid ROS. Lipid ROS levels were analyzed by
flow cytometry using the BODIPY-C11 dye (cat. no. D3861;
Thermo Fisher Scientific, Inc.). The cells were treated with the

indicated concentrations erastin (5 M for A375 and 20 uM for
G-361) or RSL3 (0.5 uM for A375 and 2 uM for G-361) at 37°C
for 24 h. Cells were washed with cold PBS twice and incubated
in DMEM containing 5 uM BODIPY-C11 at 37°C for 20 min.
The cells were then digested with 0.25% trypsin and resus-
pended in PBS at with PBS to a cell density of approximately
10%/ml. The cell suspension was filtered and immediately
subjected to flow cytometry (Agilent NovoCyte Advanteon) to
analyze lipid ROS levels.

ACOI activity assay. ACOI activity was measured using the
aconitase assay kit (cat. no. ab83459; Abcam) according to the
manufacturer's instructions. Briefly, 10 ul isocitrate was added
to a 490 ul analytical buffer to prepare a 2 mM isocitrate stan-
dard and gradiently diluted to make a standard curve samples.
The cells were collected and washed with cold PBS twice, then
resuspended in assay buffer for homogenization. Cells were
centrifuged at 800 x g for 10 min at 4°C, and 100 ul superna-
tant was then collected into a new tube. Subsequently, 10 ul
activation solution was added to the 100 pl sample, and incu-
bated on ice for 1 h to activate ACOI. The activated samples
(50 pl/well) and the standard sample (50 pl/well) were added
into the 96 well plates. Add 50 ul reaction mixture (provided
in the kit) to each well, and the mixture was incubated at 25°C
for 60 min. Following incubation, 10 ul developer solution was
added and the mixture was incubated at 25°C for 10 min. The
absorbance was measured at a wavelength of 450 nm, using a
microplate reader (Epoch™; Bio Tek).

RNA Immunoprecipitation (RIP) analysis. The IRE-binding
activity of IRP1 in melanoma cells was analyzed by RIP (39).
Briefly, cells expressing Flag-tagged IRP1 or HA-tagged
IRP2 were lysed in 100 pl lysis buffer (25 mM Tris at pH 7.5,
300 mM NaCl, 1 mM EDTA and 1% NP40) with protease
inhibitor and RNase. Then the whole-cell lysates were
centrifuged at 20,000 x g for 10 min at 4°C and incubated
with 50 pl protein G magnetic beads (Bio-Rad Laboratories,
Inc.) conjugated with anti-Flag antibody (cat. no. F3165;
clone M2; Sigma-Aldrich; Merck KGaA) or anti-HA anti-
body (cat. no. H6533; Sigma-Aldrich; Merck KGaA) for 4 h
at 4°C. The immunoprecipitates were washed with RIP Wash
buffer, and the RNA was extracted from the immunoprecipi-
tation complex using 50 ug/ml Proteinase K (cat. no. P2308;
Sigma-Aldrich; Merck KGaA) at 55°C for 30 min. gPCR was
performed using the iQ SYBR-Green Master Mix (Bio-Rad
Laboratories, Inc.) on a CFX96 Touch Quantitative PCR
Detection System (Bio-Rad Laboratories, Inc.). The following
primer sequences were used for jPCR: FTH1 forward, 5'-ACT
GATGAAGCTGCAGAACC-3' and reverse, 5'-GTCACC
CAATTCTTTGATGG-3'; and p-actin forward, 5-GCTCGT
CGTCGACAACGGCT-3" and reverse, 5-CAAACATGA
TCTGGCTCATCTTCTC-3'". The following thermocycling
conditions were used for qPCR: Pre-denaturation at 94°C for
30 sec, followed by 40 cycles of deformation at 94°C for 5 sec,
annealing at 50-60°C for 10 sec, and extension at 72°C for
20 sec. Relative FTH1 expression was normalized to 3-actin
according to the 2°44¢4 method (40).

Reverse transcription-quantitative PCR analysis. Total
RNA was extracted using the RNeasy Mini kit from cells
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(cat. no. 74104; Qiagen GmbH). cDNA was synthesized using
the iScript™ cDNA Synthesis kit (Bio-rad Laboratories,
Inc.). The temperature and duration of RT were as follows:
The RNA was denatured at 65°C for 5 min, then incubated
at 42°C for 15 min and finally heated at 85°C for 5 sec. qPCR
was carried out using the iQ SYBR-Green Master Mix
(Bio-rad Laboratories, Inc.) on a CFX96 Touch Quantitative
PCR Detection System (Bio-Rad Laboratoreis, Inc.). The
following thermocycling conditions were used for qPCR:
Pre-denaturation at 94°C for 30 sec, followed by 45 cycles
of deformation at 94°C for 5 sec, annealing at 50-60°C for
10 sec, and extension at 72°C for 20 sec. The quantification
was determined using the 2224 method (40). The gene expres-
sion levels were all normalized to B-actin. The following
primer sequences were used: IRP1 forward, 5'-GTGAGT
GAGAAGCAGAGTAT-3' and reverse, 5-TGGTGGCAGTGG
TAGTTA-3'"; IRP2 forward, 5“TCCATTACCAGTCATCCA
TC-3' and reverse, 5S"TATCTTCCTTACCTCGTCTATC-3";
TFRC forward, 5'-GGTTATGTGGCGTATAGTAAG-3' and
reverse, 5-CTGAGTGTGATTGAAGGAAG-3"; FPN forward,
5'-ATCACAACCGCCAGAGA-3' and reverse, 5-GCAACA
ACAACAATCCAATC-3'; FTHI forward, 5-GCTTGGCGG
AATATCTCTT-3' and reverse, 5-AACTGAACAACGGCA
CTTA-3"; and B-actin forward, 5'-GCTCGTCGTCGACAA
CGGCT-3' and reverse, 5-CAAACATGATCTGGCTCATCT
TCTC-3.

Immunoblotting. For immunoblotting, cells were washed with
cold PBS twice, then lysed in lysis buffer (20 mM Tris at pH 7.5;
150 mM NaCl; 1 mM EDTA; 2% Triton X-100) supplemented
with a phosphatase inhibitor mix (Pierce™; Thermo Fisher
Scientific, Inc.) and a complete protease inhibitor cocktail
(Roche Diagnostics). The samples were heated with SDS-PAGE
loading buffer at 95°C for 5 min. Protein concentration was
determined using the Bio-Rad protein assay. The proteins were
loaded equally (10 ul) onto 8% polyacrylamide gels, separated,
then transferred to a PVDF membrane (Bio-Rad Laboratories,
Inc.). The PVDF membrane was then blocked with 5% non-fat
milk at room temperature for 30 min, then incubated with the
antibodies against IRP1 (1:1,000; cat. no. ab236773; Abcam),
IRP2 (1:1,000; cat. no. ab232994; Abcam), TFRC (1:1,000;
cat. no. ab214039; Abcam), FPN (1:1,000; cat. no. ab239583;
Abcam), FTH1 (1:1,000; cat. no. abl83781; Abcam), HA
(1:1,000; cat. no. H6533; Sigma-Aldrich; Merck KgaA), Flag
(1:1,000; cat. no. F3165; Sigma-Aldrich; Merck KgaA) and
B-actin (1:1,000; cat. no. PA11689; Thermo Fisher Scientific,
Inc.) at 4°C for 24 h. The membranes were washed twice
with PBST (PBS+1% Tween 20) and subsequently incubated
with HRP-conjugated goat secondary antibodies (1:5,000;
cat. no. G-21040; Thermo Fisher Scientific, Inc.) at room
temperature for 1 h. The bands were visualized using the
Pierce™ ECL Western Blotting Substrate (Thermo Fisher
Scientific, Inc.) and densitometry analysis was performed
using ImagelJ software (Image-Pro Plus 6.0; National Institutes
of Health).

Lentivirus production and transduction. 293T cells (the third
generation) were transfected with the aforementioned plasmid
constructs, pPCMV-VSV-G (Addgene, Inc.) and pCMV-dR8.91
(Addgene, Inc.) at a ratio of 5:4:1 using the calcium phosphate

transfection kit (cat. no. K278001, Thermo Fisher Scientific,
Inc.). Viral particles were collected 48 h after transfection,
filtered with a 0.45-um sterile filter, then concentrated by ultra-
centrifugation at 4°C (30,000 x g for 2 h) in a Beckman-Coulter
ultracentrifuge XL-100K. The viral particles were resuspended
with fresh medium, then A375 or G-361 cells were infected
with viral particles (multiplicity of infection=50), the cultures
were centrifuged at 25°C (300 x g for 1 h) to facilitate the entry
of viruses into cells, then incubated cells at 37°C for 24 h.
Replenished the cultures with fresh medium and maintained
for another 48 h. Finally, selected the lentivirus-transduced
cells with fresh medium containing 1 pg/ml puromycin for
7 days.

Statistical analysis. Data are presented as the mean + SD.
Statistical analysis was performed using GraphPad Prism 8.0
(GraphPad Software, Inc.). For multigroup comparisons,
one-way ANOVA followed by Dunnett's post hoc test was used.
All experiments were independently repeated three times.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Expression of IRP1 and IRP2 is increased in melanoma
cells treated with erastin and RSL3. To investigate whether
the expression of IRP1 and IRP2 is altered in ferroptosis, the
human melanoma cell lines A375 and G-361 were treated
with different concentrations of erastin and RSL3 for 24 h,
and the mRNA levels of IRP1 and IRP2 were analyzed using
RT-qPCR. Erastin and RSL3 significantly promoted the mRNA
levels of IRP1 in a dose-dependent manner (Fig. 1A and B;
Fig. S1A and B). However, IRP2 expression only slightly
increased compared with the DMSO-treated group. The
protein levels of IRP1 and IRP2 were also by western blot-
ting. It was observed that the protein levels of IRP1 were
significantly increased following erastin and RSL3 treatment
in a dose-dependent manner, whereas IRP2 protein levels only
increased slightly compared with the DMSO-treated group
(Fig. 1C and D; Fig. SIC and D). These findings indicate that
erastin and RSL3 promote the expression of IRP1 and IRP2 in
melanoma cells.

Knockdown of IRPI significantly inhibits erastin- and
RSL3-induced ferroptosis. To determine whether IRP1
and IRP2 regulate erastin- and RSL3-induced ferroptosis,
IRPI1, IRP2, and IRP1/2 knockdown A375 and G-361 cells
using shRNA constructs. These cell lines were then treated
with different concentrations of erastin and RSL3 for 24 h.
It was identified that knockdown of IRPI significantly
inhibited erastin- and RSL3-induced ferroptotic cell death
(Figs. 2A and S2A). Knockdown of IRP2 had a slight effect,
and simultaneous knockdown of IRP1 and IRP2 demonstrated
a more substantial effect on erastin- and RSL3-induced
ferroptotic cell death (Figs. 2A and S2A). The intracellular
concentrations of iron, MDA and lipid ROS are the main
indicators of ferroptosis (24). The effect of IRP1 and IRP2
on the accumulation of Fe?* was then evaluated. Knockdown
of IRPI significantly suppressed the accumulation of Fe**
compared with the control group (Figs. 2B and S2B). Lipid
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Figure 1. Erastin and RSL3 promote the expression of IRP1 and IRP2 in A375 melanoma cells. (A and B) mRNA levels of IRP1 and IRP2 were increased in
(A) erastin- or (B) RSL3-treated A375 cells. (C and D) Protein levels of IRP1 and IRP2 were increased in (A) erastin- or (B) RSL3-treated A375 cells. Data are
presented as the mean = SD of three independent experiments. "P<0.05; “P<0.01; “"P<0.001; “*“P<0.0001. IRP, iron regulatory protein.

peroxidation is an essential process in ferroptosis. MDA,
as the end product of lipid peroxidation, is used to quantify
ferroptosis (24). The levels of MDA in IRP1 knockdown cells
was significantly decreased compared with the control group.
Lipid ROS accumulation also reduced in IRP1 knockdown
cells compared with the control group (Figs. 2D and S2D).
However, the accumulation of Fe**, MDA and lipid ROS in the
IRP2 knockdown cells was only slightly reduced compared
with the control group (Figs. 2 and S2). The expression levels
of IRP1 and IRP2 in the corresponding knockdown cell lines
were significantly decreased compared with the control group
(Figs. 2E and S2E).

Interestingly, simultaneous knockdown of IRP1 and IRP2
had a more substantial effect on the accumulation of Fe**,
MDA and lipid ROS, suggesting that IRP1 and IRP2 have
synergistic effects in ferroptosis (Figs. 2 and S2). These results
indicate that knockdown of IRP1 significantly inhibits erastin-
and RSL3-induced ferroptosis, which can be further promoted
by IRP2 silencing.

Overexpression of IRPI significantly promotes erastin-
and RSL3-induced ferroptosis. To further confirm the
role of IRP1 and IRP2 in ferroptosis, IRP1-, IRP2- and
IRP1/IRP2-overexpressing A375 and G-361 cell lines were
established. Cell viability was measured following treatment
with different concentrations of erastin and RSL3 for 24 h.
Overexpression of IRPI1 significantly reduced cell viability

following erastin and RSL3 treatment, while overexpression of
IRP2 had a weak effect (Figs. 3A and S3A). The accumulation
of iron, MDA, and lipid ROS. Consistent with the aforemen-
tioned results, the intracellular levels of Fe**, MDA and lipid
ROS in IRP1-overexpressing cells were significantly increased
compared with the control group (Figs. 3B-D and S3B-D).
Overexpression of IRP2 had a slight effect on the accumula-
tion of iron, MDA and lipid ROS (Figs. 3B-D and S3B-D). The
expression levels of IRP1 and IRP2 in the corresponding over-
expression cell lines were significantly increased compared
with the control group (Figs. 3E and S3E). These findings
support the essential role of IRPI in ferroptosis induced by
erastin and RSL3 and suggest that IRP2 is also involved in
this process.

Erastin and RSL3 promote the conversion of ACOI to IRPI.
IRP1 is a bifunctional protein that either regulates the conver-
sion of citrate and iso-citrate as ACOIl or regulates iron
homeostasis as IRP1 (41). To verify which function mediates
erastin- and RSL3-induced ferroptosis, the activity of ACO1
and the IRE binding of IRP1 were detected in transfected
cells treated with erastin and RSL3. Comparing the changes in
these two activities could reveal the transition between ACOI
and IRP1 in response to erastin and RSL3.

As shown in Fig. 4A and B, as well as S4A and B,
there was a significant decrease in ACOIl activity and a
substantial increase of IRE-binding activity upon erastin
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and RSL3 treatment in the control cells, and IRP2 cells,
rather than IRP1 knockdown cells, or IRP1/IRP2 simulta-
neously knockdown cells, suggesting that erastin and RSL3
facilitated the transition of ACOI to IRP1 and the transition
depends on IRP1. Knockdown of IRP1 strongly suppressed
the activity of ACO1 and IRP1, and the transition of ACOI1
to IRP1 induced by erastin or RSL3 was also significantly
inhibited (Fig. 4A and B; Fig. S4A and B). Consistent with
the aforementioned results, the transition of ACOI to IRP1
was also eliminated in IRP1 and IRP2 knockdown cells, as
evidenced by the lack of change in the activity of ACOI and
IRE binding (Fig. 4A and B; Fig. S4A and B). However, the
changes in ACOI activity and IRE binding in IRP2 knock-
down cells were similar to the control cells, suggesting that
IRP2 has no significant impact on the transition of ACOI1 to

IRP1 under basal conditions or in response to erastin and
RSL3 (Fig. 4A and B; Fig. S4A and B). Unlike IRPI, the
IRE binding of IRP2 was not affected by erastin or RSL3
(Figs. 4C and S4C). These data suggest that erastin and RSL3
can significantly facilitate the transition of ACOI1 to IRP1
and that the IRE binding activity of IRP1 is significantly
increased during ferroptosis.

IRPI regulates the expression of iron metabolism proteins
during ferroptosis. IRP1 regulates iron homeostasis by
post-transcriptionally modifying proteins involved in iron
metabolism, such as TFRC, FPN and ferritin (1,42-44).
To further explore the molecular mechanism underlying
IRPI in erastin- and RSL3-induced ferroptosis, the expres-
sion levels of TFRC, FPN and FTH1 were analyzed in
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control sh cells and IRP1 knockdown cells. As shown in
Figs. 5A and S5A, erastin and RSL3 increased the mRNA
levels of TFRC in control sh cells cells. Knockdown of IRP1
had no significant effect on the mRNA expression of TFRC
in DMSO-treated cells, but significantly inhibited TFRC
mRNA level in erastin and RSL3 treated cells compared
with DMSO-treated cells (Figs. SA and S5A). The protein
levels of TFRC was upregulated in erastin and RSL3 treated
control sh cells compared with DMS-treated cells, but
not in IRPI-deficient cells (Figs. 5D and S5D). Therefore,
the upregulation of TFRC in erastin- and RSL3-induced
ferroptosis requires IRP1. The expression levels of FPN and
FTHI1, which are silenced by IRPs at the post-translational
level (11), were then detected. Although the mRNA levels of
FPN and FTHI1 had no significant increase upon erastin or

RSL3 treatment compared with the DMSO treated group,
(Fig. 5B, C, S5B, and SC), erastin and RSL3 decreased the
protein levels of FPN and FTH1 in control sh cells but not
in IRP1 knockdown cells (Figs. 5D and S5D). Therefore,
IRPI can regulate the protein expression of TFRC, FPN and
FTHI1 during ferroptosis.

The function of IRPI in ferroptosis is dependent on iron
metabolism proteins. Given that IRP1 regulates the protein
expression of TFRC, FPN and FTHI (11), it was hypothe-
sized that the function of IRP1 in erastin- and RSL3-induced
ferroptosis may be dependent on these iron metabolism
proteins. To test this hypothesis, TFRC was overexpressed
in IRP1 knockdown cells. The overexpression of TFRC
strongly reduced cell viability in IRP1 knockdown cells,
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compared with IRP1 alone (Figs. 6A and S6A). It was also
hypothesized that overexpression of TFRC could affect iron
accumulation and lipid ROS production in IRP1 knockdown
cells. As shown in Figs. 6B-D and S6B-D, overexpression of
TFRC significantly enhanced iron accumulation, MDA and
lipid ROS production in IRP1 knockdown cells, compared
with IRP1 alone. TFRC expression significantly increased
in TFRC overexpression cell lines (Figs. 6E, S6E and SF).
Similarly, knockdown of FPN and FTH1 significantly reduced
cell viability in IRP1 knockdown cells, compared with IRP1
alone (Figs. 6 and S6). As expected, the simultaneous over-
expression of TFRC and knockdown of FPN and FTH1 could
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almost eliminate the inhibitory effect of IRP1 knockdown
on erastin- and RSL3-induced ferroptosis in melanoma cells
(Figs. 6 and S6). Therefore, these results indicate that IRP1
plays a crucial role in ferroptosis by regulating iron metabo-
lism proteins.

Discussion

In the present study, IRP1 promoted ferroptosis by regulating
iron homeostasis. The expression of IRP1 significantly
increased in melanoma cells following treatment with erastin
and RSL3. Increased IRP1 levels could promote the expres-
sion of TFRC and inhibit the translation of FPN and FTHI,
which further increased the intracellular iron levels to promote
ferroptosis. In the absence of IRPI1, the accumulation of
intracellular iron was suppressed, and cells were insensitive to
ferroptosis inducers (Fig. 7).

The role of IRP1 and IRP2 in iron homeostasis is
well-documented. IRP2 was previously speculated to be a
major regulator of iron homeostasis, since IRP1 is insensitive
to changes in iron levels, and knockdown of IRP1 does not lead
to overall dysregulation of iron metabolism to the same extent
as knockdown of IRP2 (15,45). However, under the condition
of oxidative stress, ACO1 disassociates from Fe-S clusters
and is converted into IRP1, significantly increasing IRP1, and
IRP1 plays a key role in iron regulation (16-18). For example,
with increasing oxygen concentration, IRP1 is activated and
can be a major source of IRE-binding activity (16). IRP1 is
also superior to IRP2 in regulating cellular iron homeostasis
in response to nitric oxide (18). Nitric oxide stimulates the
disassembly of the Fe-S cluster in IRP1, leading to the activa-
tion of IRP1 (18). In IRP2 knockout mice, nitroxide tempol
prevents the symptoms of neurodegenerative disease by acti-
vating IRP1 activity (17). In the present study, IRP1 expression
increased more significantly in erastin- and RSL3-treated cells
than IRP2. Although IRP2 is also involved in the regulation
of iron homeostasis, IRP1 plays a major role in this process.
Knockdown of IRP1 showed a more robust phenotype,
including ferroptotic cell death, iron accumulation and lipid
ROS accumulation, further confirming that IRP1 plays a major
role in iron metabolism under stress conditions.

IRP1 is a bifunctional protein, which can plays a role in
iron homeostasis regulation as an iron regulatory protein
or participates in mitochondrial metabolism as ACOl. The
present study demonstrated that the aconitase activity of
ACOI was reduced and the IRE-binding activity of IRP1 was
increased in erastin- and RSL3-induced ferroptosis. These
results suggested that erastin and RSL3 may facilitate the
transition of ACOI1 to IRP1. ACOIl, a metabolic enzyme in the
TCA cycle, is also sensitive to ROS (13,46,47). Under oxida-
tive stress, ACOI1 activity is reduced (48). It is possible that
the accumulated lipid ROS suppresses the ACOI activity of
ACOIL. To detect whether the reduction of enzyme activity is
also related to the conversion of ACOLl to IRPI, the activity of
IRP1 was analyzed using RIP. IRP1 was more enriched on the
IRE sequences compared with the DMSO treated group, and
the expression levels of TFRC, FPN and Ft were also changed.
Therefore, lipid ROS may directly inhibit the activity of ACO1
or indirectly suppress the activity of ACOI by promoting the
conversion of ACOI to IRPI.
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Furthermore, the present study demonstrated that over-
expression of IRP1 increases the susceptibility of melanoma
cells to ferroptosis. Previous studies have reported that mutant
p53 regulates ferroptosis independently of IRPs (49-51). This
contradictory result may be due to the difference between
the wild-type and mutant p53 genes, and previous studies
have reported the same results (52-55). For example, knock-
down of spermine Nl-acetyltransferase 1 in p53 wild-type
tumors significantly enhanced the resistance of cells to
ferroptosis, but not in p53 mutant tumors (52). Wild-type
p53 can markedly enhance the sensitivity of tumor cells to
ferroptosis by inhibiting solute carrier family 7 member 11
(SLC7A11), while the sensitivity of tumor cells to ferrop-
tosis is decreased and the repression of p53 on SLC7A11 is
impaired in p534KR98-expressing cells (53-55). Since tumor
cells expressing wild-type or mutated pS3 may have different
sensitivities to ferroptosis, p53 mutational status may be an
important factor to consider in the treatment of tumors with
ferroptosis. Although therapies that target ferroptosis are
not yet available for the treatment of tumors due to the low
targeting and short half-life of ferroptosis inducers, ferroptosis
is a promising treatment for tumors. Nanotechnology may
also provide a technical platform for the use of ferroptosis in
melanoma treatment (56-58).

In conclusion, overexpression of IRPI increases the
susceptibility of melanoma cells to ferroptosis, suggesting that
patients with high expression of IRP1 may benefit more from
ferroptosis treatment. Since iron homeostasis is very similar
in different cancer cell types (59-62), the function and IRP1 in
ferroptosis identified in melanoma may be extended to other
tumors as well. Considering that several tumor types, especially
drug-resistant tumors, are sensitive to ferroptosis inducers, the
activation of IRP1 may represent a new therapeutic method for
the treatment of tumors.
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