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Abstract: Ferroptosis is emerging as a new form of regulated cell death driven by oxidative injury promoting lipid 
peroxidation in an iron-dependent manner. High mobility group box 1 (HMGB1) plays an important role in leukemia 
pathogenesis and chemotherapy resistance. The mechanisms of ferroptosis in tumor pathogenesis and treatment 
have been a recent research focus but the role of HMGB1 in regulating ferroptosis especially in leukemia still re-
mains largely unknown. Here, we shown that HMGB1 is a critical regulator of eratin-induced ferroptosis in HL-60 cell 
line expressing NRASQ61L (HL-60/NRASQ61L). Erastin enhanced ROS levels, thereby promoting cytosolic translocation 
of HMGB1 and enhancing cell death. Knockdown of HMGB1 decreased erastin-induced ROS generation and cell 
death in an iron-mediated lysosomal pathway in HL-60/NRASQ61L cells. Knockdown of HMGB1 or rat sarcoma (RAS), 
or pharmacological inhibition of JNK and p38 decreased TfR1 levels in HL-60/NRASQ61L cells. Importantly, these 
data were further supported by our in vivo experiment, in which xenografts formed by HMGB1 knockdown HL-60/
NRASQ61L cells had lower PTGS2 and TfR1 expression than that in control mice. Taken together, these results sug-
gest that HMGB1 is a novel regulator of ferroptosis via the RAS-JNK/p38 pathway and a potential drug target for 
therapeutic interventions in leukemia.
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Introduction

Chemoresistance has become a major obsta-
cle to the successful treatment of leukemia. 
Although various mechanisms of drug resis-
tance have been proposed to date, an exact 
mechanism has still not been established [1]. 
Programmed cell death (PCD) is regulated by 
an intricate mechanism that is closely related 
to anticancer therapy and drug resistance [2]. A 
novel type of PCD called ferroptosis has been 
recognized to be involved in cancer cell death 
[3]. Ferroptosis is morphologically, biochemi-
cally and genetically distinct from apoptosis, 
autophagy, and various forms of necrosis [3, 4]. 
It is characterized by the iron-dependent accu-
mulation of reactive oxygen species (ROS) and 
lipid peroxidation. It can be suppressed by iron 
chelators, lipophilic antioxidants, and inhibitors 
of lipid peroxidation [3]. We previously found 
that erastin-induced ferroptosis enhanced sen-
sitivity of acute myeloid leukemia (AML) cells 

(HL-60/NRASQ61L) to chemotherapeutic agents 
[5]. This previous report indicated that inducing 
ferroptosis may be a new therapeutic antican-
cer strategy for treating tumors. However, the 
exact molecular mechanism by which ferropto-
sis induces cancer cells death, specifically in 
leukemia cells, has not been clearly defined.

High-mobility group box 1 (HMGB1) is a tran-
scription factor that is involved in chromatin 
remodelling and DNA recombination and repair 
processes [6]. HMGB1 occurs inside the cyto-
sol is translocated to be expressed on cell  
surface membranes, or is diffused into extra-
cellular spaces by multiple cellular stressors 
(e.g. protein aggregates, radiation, chemother-
apy and intracellular pathogens) [7, 8]. During 
tumor development and in cancer therapy, 
HMGB1 has been reported to play paradoxical 
roles in promoting both cell survival and death 
by regulating multiple signaling pathways, in- 
cluding those associated with inflammation, 
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immunity, genome stability, proliferation, me- 
tastasis, metabolism, apoptosis, and autopha-
gy [7, 9]. Our early studies have shown that 
HMGB1 plays an important role in leukemia 
pathogenesis and chemotherapy resistance 
[10-14]. For example, HMGB1 is a negative reg-
ulator of apoptosis in leukemia cells through 
regulation of Bcl-2 expression and caspase-3 
activity [10, 12]. As a positive regulator of 
autophagy, intracellular HMGB1 interacts with 
Beclin-1 in leukemia cells leading to autopha-
gosome formation, which is an alternative me- 
chanism of resistance to leukemia therapies 
[14]. While HMGB1 has been found to play an 
important role in apoptosis and autophagy in 
leukemia cells, its role in the regulation of fer-
roptosis has not been clearly defined. 

In this study, we demonstrate that HMGB1 is  
a critical regulator of ferroptosis, as HMGB1 
translocation requires a ROS-dependent sig- 
nal. Knockdown of HMGB1 decreased erastin-
induced ROS generation and cell death in an 
iron-mediated lysosomal pathway. The data 
suggest that HMGB1 is required for erastin-
induced ferroptosis, the regulation of transfer-
rin receptor protein 1 (TfR1) mRNA levels, and 
c-Jun N-terminal kinase (JNK) and p38 phos-
phorylation in the rat sarcoma (RAS)-JNK/p38 
pathway. Hence, HMGB1 could be a potential 
drug target for therapeutic interventions in 
leukemia.

Materials and methods

Cell culture

HL-60/NRASQ61L cells (non-APL AML, NRAS_
Q61L, #CCL-240) was obtained from the 
American Type Culture Collection (Manassas, 
VA, USA). NB4 (acute promyelocytic leukemia 
(APL), RAS wild type), HL-60 (non-APL AML,  
RAS wild type), KG-1 (myeloid leukemia cell  
line, RAS wild type), U937 (myeloid leukemia 
cell line, RAS wild type) and THP-1 (acute mo- 
nocytic leukemia, RAS wild type) were obtain- 
ed from Xiangya School of Medicine Type Cul- 
ture Collection (Changsha, China). Cells were 
cultured with RPMI 1640 medium (Invitrogen, 
Carlsbad, CA, USA) with the addition of 10% 
fetal bovine serum (FBS; Gibco, Thermo Fisher 
Scientific Inc., Waltham, MA) and 1% antibiotics 
(100 U/mL penicillin G and 100 mg/mL strepto-
mycin) at 37°C with 5% CO2 in a cell incubator 
(Thermo Fisher Scientific Inc. USA). 

Lentivirus, plasmid transfection, and RNA in-
terference

Following the procedures outlined in our previ-
ous study [15], HMGB1 small hairpin RNA (sh- 
RNA) lentiviral knockdown (GeneCopoeia, Gu- 
angzhou, China) or shRNA non-silencing con- 
trol were packaged with HIV-based packaging 
mix (GeneCopoeia) for infecting HL-60/NR- 
ASQ61L cells to establish cells that constitutive- 
ly repress HMGB1. Stable clones were select- 
ed using puromycin. The HMGB1 shRNA oligo-
nucleotide sequences were as follows: HMGB1 
shRNA1: 5’-CCGGGCAGATGACAAGCAGCCTTAT- 
CTCGAGATAAGGCTGCTTGTCATCTGCTTTTT- 
3’; HMGB1 shRNA2: 5’-CCGGGATGCAGCTTAT- 
ACGAAATAACTCGAGTTATTTCGTATAAGCTGCA- 
TCTTTTT-3’; HMGB1 shRNA3: 5’-CCGGCCGT- 
TATGAAAGAGAAATGAACTCGAGTTCATTTCT- 
CTTTCATAACGGTTTTT-3’. Non-silencing shRNA 
(control shRNA) were used as mock-transfect-
ed controls (target sequence: TTCTCCGAACG- 
TGTCACGT). Then HMGB1 expression was veri-
fied by RT-PCR and Western blot (Figure S1). 
Two of HMGB1 shRNA (HMGB1 shRNA1 and 
HMGB1 shRNA2) that proved the most effec-
tive for knockdown of gene expression were 
selected. The pEGFP-N1-HMGB1 expression 
vector was a gift from Rui Kang (University of 
Pittsburgh, Pittsburgh, PA) and was used in  
our previous study [16]. HMGB1 expression 
vector transfection was performed using Lipo- 
fectamine 2000 reagent (Invitrogen, Carlsbad, 
CA, USA) according to the manufacturer’s in- 
structions. Human SOD1-siRNA (Target se- 
quence: GGUGGAAAUGAAGAAAGUAC), human 
NRAS-siRNA (Target sequence: GUGUGAUUU- 
GCCAACAAGG) and human TfR1-siRNA (Target 
sequence: CTGACTGCTCTCAGCTC) (GeneCopo- 
eia, Guangzhou, China) were transfected into 
cells using Lipofectamine RNAiMAX reagent 
(for siRNA) according to the manufacturer’s 
instructions (Invitrogen, Carlsbad, CA, USA). 
After RNA interference (RNAi) incubation for  
48 h, the medium over the cells was chang- 
ed before subsequent treatments.

Reagents and cell viability assay

Z-VAD-FMK (#V116), deferoxamine (DFO; #D9- 
533), 3-methyladenine (3-MA; #M9281), ne- 
crostatin-1 (NEC-1; #N9037), FeCl3 (#1577- 
40), SP600125 (#S5567), SB202190 (#S8- 
307), N-acetylcysteine (NAC; #A0737), Neop- 
terin (#N3386), Diphenyleneiodonium chloride 
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(DPI; #D2926), ethyl pyruvate (EP; #W2457- 
12), H2O2 (#323381) and cytarabine (Ara-C; 
#C1768) were obtained from Sigma-Aldrich  
(St. Louis, MO, USA). Ferrostatin-1 (Fer-1; #S7- 
243) and erastin (#S7242) were obtained from 
Selleck Chemicals (Houston, TX, USA).

Cell viability was evaluated using a cell count-
ing kit-8 (CCK-8; #CK04, Dojindo Molecular 
Technologies, Tokyo, Japan) according to the 
manufacturer’s instructions. Briefly, cells (5 × 
104/well/100 μL) were seeded into a 96-well 
plate and treated with different drugs at vari-
ous concentrations for the indicated times. 
After the addition of 10 μL of CCK-8 solution  
to each well, cells were incubated at 37°C for 
another 3 h and the absorbance was deter-
mined at 450 nm using a microplate reader. All 
experiments were performed in triplicate.

Measurements of HMGB1 release

HL-60/NRASQ61L cells were pretreated with Fer- 
1 (1 μM) and then erastin (5 μM) for 24, 48 and 
72 h. Supernatants from different groups of 
HL-60/NRASQ61L cells were collected and used 
to determine the concentration of HMGB1.  
The release of HMGB1 into cell culture super-
natants was evaluated with enzyme-linked im- 
munosorbent assay (ELISA) kits from Shino-
Test Corporation (Sagamihara-shi, Kanagawa, 
Japan) according to the manufacturer’s ins- 
tructions. All experiments were performed in 
triplicate.

Lactate dehydrogenase release assay 

The HMGB1 shRNA and control shRNA vector 
transfected HL-60/NRASQ61L cells were treated 
with dimethyl sulfoxide (DMSO), erastin (5 μM) 
and H2O2 (50 mM) for 48 h. Supernatants were 
collected and used to determine lactate dehy-
drogenase (LDH) concentrations. LDH release 
was assessed using an LDH assay kit (#ab65- 
393, Abcam, Cambridge, MA) according to the 
manufacturer’s instructions. All experiments 
were performed in triplicate.

Determination of ROS generation

The intracellular alterations of ROS were de- 
termined by measuring the oxidative conver-
sion of cell-permeable 2’,7’-dichlorofluorescein 
diacetate (DCFH-DA) into fluorescent dichloro-
fluorescein (DCF) on a fluorospectrophotome-

ter (F4500, Hitachi, Tokyo, Japan) according to 
the methods described in our previous study 
[16]. In brief, cells exposed to different treat-
ments were collected, rinsed with D-Hank’s 
buffer, and incubated with DCFH-DA at 37°C  
for 20 min. Then, the DCF fluorescence of 
20,000 cells was detected using a fluorospec-
trophotometer at an excitation wavelength of 
488 nm and an emission wavelength of 535 
nm. The incremental production of ROS was 
expressed as a percentage of the control. 

Malondialdehyde assay

The relative malondialdehyde (MDA) concentra-
tion in cell lysates was assessed using a lipid 
peroxidation assay kit (#ab118970, Abcam) 
according to the manufacturer’s instructions. 
Briefly, the MDA in the sample reacted with 
thiobarbituric acid (TBA) to generate an MDA-
TBA adduct. The MDA-TBA adduct was quanti-
fied fluorometrically (at a 532 nm excitation 
wavelength and a 553 nm emission wave- 
length).

Flow cytometry for mitochondrial membrane 
permeabilization and mitochondrial mem-
brane potential detection

The mitochondrial membrane permeabilization 
(MMP) and mitochondrial membrane potential 
(Δψm) of the treated cells were measured using 
MitoTracker Deep Red FM (M22462, Invitrogen, 
Carlsbad, CA, USA) and DIOC6 staining (D273, 
Invitrogen, USA). In brief, the culture medium 
was aspirated after treatment, and the cells 
were collected and incubated with MitoTracker 
Deep Red FM (100 nM in phosphate-buffered 
saline [PBS]), Dioc6 (1 μM in PBS), LysoTracker 
(50 nM) for 15 min at 37°C. The fluorescence 
emission was analyzed by flow cytometry using 
a FACS Vantage system (Becton Dickinson Inc., 
Franklin Lakes NJ).

Reverse transcription polymerase chain reac-
tion

Following the procedures outlined in our previ-
ous study [13]. Total RNA was isolated from 
BMMCs using TRIzol (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer’s instruc-
tions. RNA concentration and purity were mea-
sured with a spectrophotometer at A260 and 
A260/280, respectively. RNA was reverse-tran-
scribed into cDNA using PrimeScriptTM RT Mas- 
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ter Mix (Takara Biomedical Technology Co., Ltd, 
Beijing, China) according to the manufacturer’s 
instructions. The sequences of primers used 
were as follows: β-actin forward: 5’-TCCTTC- 
CTGGGCATGGAGTC-3’, β-actin reverse: 5’-GT- 
AACGCAACTAAGTCATAGTC-3’. HMGB1 forward, 
5’-TTTCAAACAAAGATGCCACA-3’, and HMGB1 
reverse, 5’-GTTCCCTAAACTCCTAAGCAGATA-3’. 
β-actin was used as an internal control to eva- 
luate the relative expressions of HMGB1. The 
conditions for polymerase chain reaction (PCR) 
to HMGB1 were: denaturation at 94°C for 2 
min, followed by 30 cycles of 94°C for 30 s, 
56°C for 30 s (β-actin: 50°C for 30 s), 72°C  
for 30 s, and then by a 5 min elongation at 
72°C. PCR products were analyzed with 1.0% 
agarose gel electrophoresis, ethidium bromide 
(EB) stained, photographed and scanned us- 
ing Band Leader software for gray-scale semi-
quantitative analysis.

Quantitative polymerase chain reaction 

TRIzol (Invitrogen, USA) was used to isolate the 
total RNA of tissues, and cDNA was synthesi- 
zed with PrimeScriptTM RT Master Mix (Takara 
Biomedical Technology Co., Ltd, Beijing, China). 
A 7900 Real-Time PCR System (Applied Biosys- 
tems, Foster City, CA) with AceQ qPCR SYBR 
Green Master Mix (High ROX Premixed Vazy- 
me Biotech Co., Ltd, Nanjing, China) was used 
to perform quantitative PCR (qPCR). Relative 
mRNA expression was standardized using the 
housekeeping gene β-actin (forward primer 
5’-ATTGCCGACAGGATGCAGAA-3’, and rever- 
se primer 5’-ACATCTGCTGGAAGGTGGACAG-3’). 
The following human primers were used in this 
study: PTGS2 forward (5’-CGGTGAAACTCTGG- 
CTAGACAG-3’) and reverse (5’-GCAAACCGTAG- 
ATGCTCAGGGA-3’); TfR1 forward (5’-ACCCAT- 
TCGTGGTGATCAAT-3’) and reverse (5’-CGTTT- 
CCAACTGCCCTATGA-3’). The procedures were 
performed in triplicate.

Antibodies and Western blot

The following commercially available antibodies 
were used. Mouse anti-HMGB1 (#H00003146- 
M08) was obtained from Novus (Littleton, CO). 
Rabbit anti-glutathione peroxidase 4 (GPX4; 
#ab125066), rabbit anti-SOD1 (ab13498),  
goat anti-NRAS (ab77392), rabbit anti-tubulin 
(ab18251), mouse anti-fibrillarin (ab4575) and 

mouse anti-actin (ab3280) were obtained from 
Abcam (Cambridge, MA, USA). Rabbit anti-
CD71/TfR1 (#13113), rabbit anti-JNK (#9252), 
rabbit anti-P-JNK (#9251), rabbit anti-p38 (#9- 
212), rabbit anti-P-p38 (#9215), and anti-rab-
bit/mouse IgG, horseradish peroxidase (HRP)-
linked antibody (#7074/#7076) were obtained 
from Cell Signaling Technology (Danvers, MA).

Cells were washed with PBS, collected, re- 
suspended in lysis buffer (Beyotime, Beijing, 
China), and maintained on ice for 15 min. Cell 
extracts were cleared by microcentrifugation at 
14,000 × g for 30 min at 4°C. The whole cell 
lysates were separated by 8%, 10%, or 12% 
sodium dodecyl sulfate-polyacrylamide gel ele- 
ctrophoresis (SDS-PAGE) and electrophoreti-
cally transferred onto polyvinylidene difluoride 
(PVDF) blotting membranes (Beyotime, Beijing, 
China). The membranes were blocked with 5% 
non-fat dry milk in Tris-buffered saline contain-
ing Tween 20 (TBST; 50 mM Tris [pH 7.5], 100 
mM NaCl, 0.15% Tween-20), incubated with 
diluted primary antibodies for 12 h at 4°C, and 
washed three times with TBST for 10 min. Then, 
the membranes were incubated for 12 h at 4°C 
with different secondary antibodies, and hybrid-
ization was detected using enhanced chemilu-
minescence reagents (Pierce, Waltham, MA) 
after three rinses with TBST for 10 min. Mem- 
branes were exposed to X-ray film and the ex- 
pression levels of the targeted proteins were 
quantified. The BandScan 5.0 system was used 
to quantify and analyze each specific western 
blot band.

Immunofluorescence analysis

Cells were fixed in 4% formaldehyde for 30 min 
at room temperature before cell permeabiliza-
tion with 0.1% Triton X-100 (4°C, 10 min). Cells 
were saturated with PBS containing 2% bovine 
serum albumin for 1 h at room temperature and 
processed for immunofluorescence with anti-
HMGB1 antibody followed by Alexa Fluor 488- 
conjugated immunoglobulin and Hoechst 33- 
258 (Invitrogen, Carlsbad, CA, USA). Between 
all incubation steps, cells were washed three 
times for 3 min with PBS containing 0.2% 
bovine serum albumin. Fluorescence signals 
were analyzed using an Olympus Fluoview 
1000 confocal microscope (Olympus Corp, 
Tokyo, Japan). 
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Immunohistochemistry

The tumors were fixed in 10% formalin for 24 h 
followed by dehydration and paraffin embed-
ding. Then, the paraffin-embedded specimens 
were sliced into 5-μm thick sections by micro-
tome (Leica, Wetzlar, Germany) and placed on 
glass slides. The expression of CD71/TfR1 was 
determined by immunostaining. After deparaf-
finization and rehydrating, sections were pres-
sure cooked in antigen retrieval buffer (0.01 M 
citrate buffer, pH 6.0) for 2 min to unmask anti-
gens. Then, they were incubated with murine 
anti-rat CD71 monoclonal antibody (1:200, Cat. 
No. 113802, Biolegend, San Diego, CA) at 4°C 
overnight, followed by biotinylated anti-mouse 
IgG secondary antibody (ZSGB-bio, Beijing, 
China) for 1 h at 37°C and streptavidin-HRP 
(ZSGB-bio) for 30 min at 37°C. Further, the  
HRP substrate DAB (3, 3-diaminobenzidine; 
ZSGB-bio, China) was used to develop and  
visualize the immunostaining, whereas the cell 
nuclei were counter-stained with hematoxylin. 
Images were acquired with the Olympus BX51 
microscope to assess the proportion of posi-
tive stained cells.

Electron microscopy

Cells were collected and fixed in 2.5% glutaral-
dehyde for at least 3 h. Then the cells were 
treated with 2% paraformaldehyde at room 
temperature for 60 min and 0.1% glutaralde-
hyde in 0.1 M sodium cacodylate for 2 h, fol-
lowed by post-fixing with 1% OsO4 for 1.5 h, 
After a second washing, cells were dehydrated 
with graded acetone and finally embedded in 
Quetol 812. Ultrathin sections were observed 
under an H7500 electron microscope (Hitachi, 
Tokyo, Japan).

Monitoring cellular iron level using flow cytom-
etry

Cells were collected and washed with PBS 
twice and stained with 5 μM of phen green  
SK (PGSK), diacetate (cat. #P14313, Molecu- 
lar Probes, Eugene, OR) in PBS by incubating 
plates for 15 min in a culture incubator. Cells 
were harvested in 2 mL of PBS and centrifuged 
at 1000 rpm for 5 min. The cell pellets were 
resuspended in 1 mL of PBS, the cell suspen-
sions were transferred to disposable FACS tu- 
bes, and the fluorescence profiles of the sam-
ples were assessed using a FACSCalibur sys-
tem (BD Biosciences, San Jose, CA).

Xenograft assay in NOD/SCID mice

Seven- to eight-week male NOD/SCID (non-
obese diabetic/severe combined immunodefi-
cient) mice that weighed about 20 g were pur-
chased from Xiangya Medical College Animal 
Laboratory (Changsha, China). All experiments 
were approved by the Animal Ethics Committee 
of Xiangya Medical College, Central South 
University, China. The animals were raised in 
pathogen-free conditions with a 12-hour light-
dark cycle with water and food provided ad libi-
tum. For each experiment, 16 mice were ran-
domly divided into the following four groups:  
(1) control shRNA model receiving DMSO (vehi-
cle); (2) control shRNA model receiving erastin ; 
(3) HMGB1 shRNA model receiving DMSO (vehi-
cle) and (4) HMGB1 shRNA model receiving 
erastin. Indicated HL-60/NRASQ61L cells were 
subcutaneously injected into the dorsal flanks 
right of the midline in NOD/SCID mice (weight, 
approximately 20 g). At day seven, mice were 
intraperitoneal injected with erastin (20 mg/kg 
i.v., three times a week) for two weeks. Erastin 
was dissolved in the vehicle (2% DMSO and 
98% PBS) and prepared by Ultrasonic Cleaner 
(Fisher Scientific, Hampton, NH). A final volume 
of 300 μL of erastin was applied via intraperito-
neal injection. Tumors were measured twice a 
week. The volumes were calculated using the 
following formula: volume (mm3) = length × 
width2 × π/6. 

Statistical analysis 

All statistical analyses were performed using 
SPSS 19.0 software (IBM Corp, Armonk, NY, 
USA). Results are expressed as the mean ± 
standard deviation (SD). Group means were 
compared using Student’s t-test for indepen-
dent data. All P-values are two-tailed, and P < 
0.05 was considered to indicate statistical 
significance.

Results

Erastin promotes ROS-dependent extranuclear 
HMGB1 translocation

Our former study have demonstrated that eras-
tin selectively induced growth inhibition in 
HL-60/NRASQ61L cells, but not in Jurkat (RAS 
wild type), THP-1 (NRAS_G12D), NB4 (KRAS_
A18D) and K562 (RAS wild type) cells with an 
RAS-independent manner [5]. To further deter-
mine whether erastin induces growth inhibition 
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in the other common leukemia cell line, we ana-
lyzed the sensitivity of HL-60, U937, KG-1, NB4 
and THP-1 cells (RAS wild type) against erastin. 
Contrary to the sensitivity of HL-60/NRASQ61L 
cells, erastin did not induce the growth inhibi-
tion in HL-60 (RAS wild type) (Figure 1A), which 
is consistent with the results of Yagoda et al 
[17]. Meanwhile, erastin also did not induce the 
growth inhibition in U937, KG-1, NB4 and THP-1 
cells (RAS wild type) (Figure 1A). Similarly, eras-
tin dose-dependently increased MDA levels in 
HL-60/NRASQ61L cells, but not in HL-60, U937, 
KG-1, NB4 and THP-1 cells (RAS wild type) 
(Figure 1A), suggesting that erastin selectively 

induces growth inhibition and MDA increase in 
HL-60/NRASQ61L cells. 

To investigate the effect of erastin on HMGB1 
translocation, we first analyzed HMGB1 expres-
sion and location by immunofluorescence and 
western blot. Erastin caused HMGB1 transloca-
tion from the nucleus to the cytosol in HL-60/
NRASQ61L cells (Figure 1B and 1C). Treatment 
with ferrostatin-1 (Fer-1), a potent inhibitor of 
ferroptosis, prevented erastin-induced HMGB1 
translocation (Figure 1B and 1C). Concurrently, 
in HL-60/NRASQ61L cells treated for 24-72 h 
with erastin, the concentration of HMGB1 in  

Figure 1. Erastin promotes ROS-dependent extranuclear HMGB1 translocation. A. Different types of leukemia cells 
were treated with erastin at the indicated doses for 48 h, intracellular MDA levels and cell viability were assayed (n 
= 3, *P < 0.05 versus untreated group or other cell lines). B and C. HL-60/NRASQ61L cells were treated with erastin 
(5 μM) with or without Fer-1 (1 μM) pretreatment for 48 h, and then the nuclear/cytosolic HMGB1 expression was 
assayed by immunofluorescence and western blot (Green, HMGB1; blue, nucleus). D. HL-60/NRASQ61L cells were 
treated with erastin (5 μM) for 24-72 h with or without Fer-1 (1 μM) pretreatment. The release of HMGB1 was ana-
lyzed by ELISA (n = 3, *P < 0.05 versus the erastin plus Fer-1 treatment group). E. Intracellular MDA levels were 
assayed in HL-60/NRASQ61L cells after treatment with erastin in the absence or presence of EP (5 mM) pretreatment 
for 24-72 h (n = 3, *P < 0.05). F. HL-60/NRASQ61L cells were treated with erastin (5 μM) for 24-72 h with or without 
(EP, 5 mM) pretreatment. ROS production was assessed by measuring the fluorescent intensity of DCF on a fluo-
rescence plate reader. The incremental production of ROS was expressed as a percentage of the control (n = 3, *P 
< 0.05 versus the erastin plus EP treatment group). G. HL-60/NRASQ61L cells were transfected with control siRNA 
vector and SOD1 siRNA, the SOD1 expression was verified by western blot. HL-60/NRASQ61L cells were treated with 
erastin (5 μM) for 48 h with or without NAC (25 mM) or SOD1 RNAi or control RNAi pretreatment. Cytosolic HMGB1 
expression was assayed by western blot. All experiments were conducted in triplicate, and the data are presented as 
the mean ± SD. Ctrl, control; UT, untreated; Fer-1, ferrostatin-1; EP, ethyl pyruvate; NAC, N-acetylcysteine.
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the supernatants was significantly elevated 
compared with untreated cells, and Fer-1 in- 
hibited erastin-induced HMGB1 release (Fig- 
ure 1D). suggesting that the ferroptosis in- 
ducer erastin is an activator of HMGB1 cyto-
plasmic translocation and release.

ROS function as signaling molecules in various 
pathway regulating both cell survival and cell 
death. ROS accumulation is a hallmarks of fer-
roptosis [3]. Given that ferroptosis is character-
ized by lipid peroxidation [18], we next investi-
gated whether erastin affected MDA, an end 
product of lipid peroxidation, as well as ROS 
production in HL-60/NRASQ61L cells. It was 
found that erastin increased MDA and ROS  
levels after 24-72 h of treatment compared to 
DMSO-treated cells (Figure 1E and 1F). Fur- 
thermore, pretreatment of the HL-60/NRASQ61L 
cells with ethyl pyruvate (EP), an inhibitor of 
HMGB1 cytoplasmic translocation [19], block- 
ed erastin-induced MDA and ROS levels (Fig- 
ure 1E and 1F). Under physiological conditions, 
ROS are removed from cells by the action of 
SOD family members, catalase, or glutathione 
peroxidase [20]. As expected, knockdown of 
SOD1 increased erastin-induced HMGB1 cyto-
plasmic translocation, whereas the ROS quen- 
cher N-acetyl cysteine (NAC) significantly inhib-
ited HMGB1 cytoplasmic translocation in HL- 
60/NRASQ61L cells (Figure 1G). Together, these 
results are consistent with the notion that lipid 
ROS are required for HMGB1 translocation 
from the nucleus to the cytosol.

Depletion of HMGB1 inhibits erastin-induced 
cell death and anticancer activity 

Our previous study showed that erastin selec-
tively enhanced the sensitivity of HL-60 cells to 
chemotherapeutic agents in the ferroptosis 
and necroptosis processes of programmed cell 
death [5]. To explore the potential role for 
HMGB1 in the regulation of ferroptosis in leu- 
kemia cells, a target-specific shRNA against 
HMGB1 was transfected into HL-60/NRASQ61L 
cells. Depletion of HMGB1 expression inhibited 
erastin-induced cell death at 2.5 μM and 5 μM 
concentrations for 24 h compared with control 
groups (Figures 2A, S2A). To further character-
ize the role of HMGB1 in erastin-induced grow- 
th inhibition, HL-60/NRASQ61L cells were treated 
with erastin in the absence or presence of sev-
eral potential cell death inhibitors. Treatment 

with iron-chelating agent DFO, inhibitor of  
ferroptosis Fer-1 and inhibitor of necroptosis 
NEC-1 significantly prevented erastin-induced 
growth inhibition compared with caspase inhib-
itor ZVAD-FMK and inhibitor of autophagy 3- 
MA in HL-60/NRASQ61L cells (Figures 2B, S2F). 
Concurrent knockdown of HMGB1 expression 
in HL-60/NRASQ61L cells with or without cell 
death inhibitor treatments almost completely 
prevented erastin-induced growth inhibition 
(Figures 2B, S2F), suggesting that HMGB1 was 
required for erastin-induced HL-60/NRASQ61L 
cells death regardless of ferroptosis and ne- 
croptosis.

To investigate whether HMGB1 regulated fer-
roptosis and necroptosis process death, we 
assayed different markers for ferroptosis 
(GPX4, MDA and signs visible via electron 
microscopy) and necroptosis (LDH). GPX4 is a 
negative regulator of ferroptosis [21]. Erastin 
inhibited the expression of GPX4 in HL-60/
NRASQ61L cells. Depletion of HMGB1 prohibited 
the degradation of GPX4 compared with the 
control group (Figures 2C, S2B). Knockdown of 
HMGB1 also inhibited erastin-induced MDA 
production in HL-60/NRASQ61L cells, whereas 
erastin dose-dependently increased MDA pro-
duction in the control group (Figures 2D, S2C). 
Our ultrastructural analysis gave more sup- 
portive evidence of ferroptosis; we observed 
that HL-60/NRASQ61L cells treated with HMGB1 
shRNA gene transfection did not reveal chang-
es in mitochondrial morphology, such as loss of 
structural integrity or increased membrane 
density, consistent with the previous report  
[17] (Figures 2E, S2D). Moreover, similar to 
H2O2 treatment, erastin treatment did not pro-
mote LDH release in culture supernatants of 
HMGB1-knockdown HL-60/NRASQ61L cells com-
pared with the control group (Figures 2F, S2E). 
These findings indicate that HMGB1-mediat- 
ed ferroptosis and necroptosis contribute to 
erastin-induced growth inhibition in HL-60/
NRASQ61L cells.

Low-dose erastin treatment (1.25 μm) was pre-
viously shown to enhance the anticancer activ-
ity of cytarabine and doxorubicin [5]. To charac-
terize the role of HMGB1 in the chemosensitiv-
ity of leukemia cells, HL-60/NRASQ61L cells were 
transfected with HMGB1 shRNA vector and 
then treated with cytarabine combined with 
erastin for 48 h. In control shRNA groups, this 
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weakly cytotoxic dose of erastin remarkably en- 
hanced the anticancer activity of cytarabine, 
and treatment with Fer-1 and necrostatin-1 pre-
vented combination therapy-induced growth 
inhibition in HL-60/NRASQ61L cells (Figures 2G, 
S2F). Knockdown of HMGB1 expression signifi-
cantly prevented combination therapy-induced 
growth inhibition in HL-60/NRASQ61L cells with 
or without cell death inhibitor treatments (Fig- 
ures 2G, S2F). These data suggest that HMG- 
B1 is involved in erastin-enhanced anticancer 
activity of cytarabine in HL-60/NRASQ61L cells.

Lack of HMGB1 limits iron-mediated ROS gen-
eration and cell death

ROS, including superoxide anions (O-2), hydroxyl 
radicals (OH), hydrogen peroxide (H2O2), and 
singlet oxygen (1O2), are primarily generated by 
mitochondria and NADPH oxidases (NOXs) [22]. 
To investigate whether ROS are generated by 
mitochondria, intact mitochondria and mito-
chondrial membrane potential were quantified 
by flow cytometry using MitoTracker and DIOC6 
dye. When HL-60/NRASQ61L cells were treated 

Figure 2. Depletion of HMGB1 inhibits erastin-induced cell death and anticancer activity. A. HL-60/NRASQ61L cells 
were transfected with HMGB1 shRNA1 or control shRNA vector, HMGB1 expression was verified by western blot. 
Then, two groups of cells were stimulated with erastin at the indicated doses for 48 h. Cell viability was assayed. (n 
= 3, *P < 0.05 versus the control group). B. HL-60/NRASQ61L cells were transfected with HMGB1 shRNA1 or control 
shRNA vector and then stimulated with erastin (5 μM) with or without the indicated inhibitors for 48 h. Cell viability 
was assayed. (n = 3, *P < 0.05 versus the erastin treatment only control shRNA group; #P > 0.05 versus the eras-
tin treatment only control shRNA group; **P > 0.05 versus the untreated HMGB1 shRNA group). C and D. HL-60/
NRASQ61L cells were transfected with HMGB1 shRNA1 and control shRNA vector and then stimulated with erastin (5 
μM) for 48 h. GPX4 and intracellular MDA levels were assayed (n = 3, *P < 0.05 versus the control group). E. Ultra-
structural features of HL-60/NRASQ61L cells with HMGB1 shRNA1 and control shRNA vector transfection plus erastin 
(5 μM) treatment (white arrow, normal mitochondria; black arrow, shrunken mitochondria). F. HL-60/NRASQ61L cells 
were transfected with HMGB1 shRNA1 and control shRNA vector and then stimulated with DMSO, erastin (5 μM), 
and H2O2 (50 mM) for 48 h. The LDH level in the culture medium was assayed. H2O2 was used as a positive control. 
UT, untreated. (n = 3, *P < 0.05). G. HL-60/NRASQ61L cells were transfected with HMGB1 shRNA1 and control shRNA 
vector and then stimulated with erastin (1.25 μm) combined with cytarabine (Ara-C, 0.375 μg/mL) in the absence 
or presence of the indicated inhibitors for 48 h. Cell viability was assayed. (n = 3, *P < 0.05 versus the erastin treat-
ment only control shRNA group; #P < 0.05 versus the erastin plus cytarabine treatment control shRNA group; **P 
> 0.05 versus the untreated HMGB1 shRNA1 group). All experiments were conducted in triplicate, and the data are 
presented as the mean ± SD. DFO, deferoxamine; Fer-1, ferrostatin-1; NEC-1, necrostatin-1; 3-MA, 3-methyladenine; 
Ara-C, cytarabine.
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with erastin for 6-48 h, they showed no chang-
es compared with the DMSO group (Figure 3A 
and 3B). To further demonstrate whether ROS 
are generated from NADPH, we treated cells 
with erastin plus the NADPH inhibitors DPI and 
Neopterin. ROS levels were not influenced by 
the inhibitors following erastin treatment after 
48 h (Figure 3C). Ferroptosis is an iron-depen-
dent type of programmed necrosis, and cellular 
iron is required for ROS accumulation [3]. In 
addition to mitochondria and NADPH, lyso-
somes are other sources of ROS owing to the 
low pH and high iron content within lysosomes 
[23]. DFO were endocytosed and transferred 
into the lysosomal compartment resulted in a 
major decrease of cytosolic labile iron [23]. We 
observed that treatment of cells with DFO pre-
vented erastin-induced ROS generation (Figure 
3C), indicating that ROS generation is caused in 
part by a lysosomal iron-mediated pathway in 
HL-60/NRASQ61L cells.

Ferroptosis is characterized by iron-mediated 
lipid peroxidation, so we next investigated wh- 
ether HMGB1 regulated iron levels and affect-
ed MDA production and cell death. Intracellular 
chelatable iron was determined using the fluo-
rescent indicator PGSK, the fluorescence of 
which is quenched by iron [24]. Depletion of 
HMGB1 expression with or without exogenous 
Fe (FeCl3) treatment showed a similar profile, 
whereas the control group cells showed decre- 
ased fluorescence (Figures 3D, S3A). Mean- 
while, knockdown of HMGB1 almost complete- 
ly prevented erastin-induced MDA production 
and growth inhibition with or without DFO and 
Fer-1 treatment (Figures 3E, 3F, S3B and S3C). 
This indicates that HMGB1 is essential for in- 
tracellular iron levels and ferroptotic cell death 
in erastin-treated HL-60/NRASQ61L cells. To fur-
ther confirm whether HMGB1 regulated iron-
dependent cell death, FeCl3 was added, and 
the amount of MDA production and cell death 

Figure 3. Lack of HMGB1 limits iron-mediated ROS generation and cell death. A and B. HL-60/NRASQ61L cells were 
treated with DMSO or erastin (5 μM) for 0-48 h, respectively. Intact mitochondria and mitochondrial membrane 
potential were quantified by flow cytometry with MitoTracker Red (50 nM) and DIOC6 (1 μM) as described in the 
Materials and Methods section, respectively (n = 3, *P > 0.05). C. HL-60/NRASQ61L cells were treated with erastin 
(5 μM) combined with DFO (0.1 mM), DPI (5 μM), and neopterin (50 nM) for 48 h. ROS production was assessed by 
measuring the fluorescent intensity of DCF on a fluorescence plate reader. The incremental production of ROS was 
expressed as a percentage of the control. D, DMSO; E, erastin. (n = 3, *P > 0.05, **P < 0.05). D. HL-60/NRASQ61L 
cells were transfected with HMGB1 shRNA1 and control shRNA vector and then stimulated with erastin (5 μM) with 
or without FeCl3 (30 μM, pretreated for 3 h) for 48 h. Then, cells were stained with PGSK, and the fluorescence pro-
file of the stained cells was analyzed by flow cytometry. E, erastin. E and F. HL-60/NRASQ61L cells were transfected 
with HMGB1 shRNA1 and control shRNA vector and then stimulated with erastin (5 μM) combined with DFO (0.1 
mM) and Fer-1 (1 μM) for 48 h. Intracellular MDA levels and cell viability were assayed. D, DMSO; E, erastin. (n = 3, 
*P < 0.05, **P > 0.05). G and H. HL-60/NRASQ61L cells were transfected with HMGB1 shRNA1 and control shRNA 
vector, and then stimulated with erastin (5 μM) with or without FeCl3 (30 μM, pretreated for 3 hours) for 48 h. Intra-
cellular MDA levels and cell viability were then assayed. (n = 3, *P < 0.05, **P > 0.05). Necrostatin-1 pretreatment 
was used in all experiments. All experiments were conducted in triplicate, and the data are presented as the mean 
± SD. D, DMSO; E, erastin; DFO, deferoxamine; DPI, diphenyleneiodonium chloride.
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was further increased in control groups (Figures 
3G, 3H, S3D and S3E). Under knockdown of 
HMGB1 expression in HL-60/NRASQ61L cells, 
FeCl3 did not increased MDA production and 
cell death (Figures 3G, 3H, S3D and S3E). 
These data suggest that HMGB1 playes a  
major role in maintaining iron levels and regu-
lating erastin-induced ferroptosis.

HMGB1 regulates TfR1 expression in a RAS-
JNK/p38-dependent pathway

TfR1 is a membrane protein that binds to the 
transferrin-iron complex and is internalized to 
release iron within the cytoplasm [25]. In this 
study, we detected an increase of TfR1 level 
after erastin treatment, which could be inhibit-
ed by Fer-1 (Figure 4A). Moreover, knockdown 
of TfR1 expression by a specific siRNA signifi-
cantly decreased the cell death caused by eras-
tin (Figure 4B), indicating that TfR1 is involved 
in erastin-induced cell death. Oncogenic RAS 
and MAPK signaling have been proposed to 
enrich the cellular iron pool mainly by upre- 
gulation of TfR1 [26-28]. Our prevous findings 
indicated that JNK and p38, but not the extra-
cellular signal-regulated kinase (ERK)/mito- 
gen-activated protein kinase (MAPK) pathway, 
were responsible for erastin-induced HL-60/
NRASQ61L cells death [5]. Whether oncogenic 
RAS or the JNK/p38 pathway exists in leuke- 
mia cells and whether HMGB1 regulates TfR1 
levels and ferroptosis through this pathway is 
unclear. Here, we found that co-treatment with 
JNK inhibitor (SP600125) or p38 inhibitor (SB- 
202190) and erastin led to a significant decre- 
ase in TfR1 expression and JNK or p38 phos-
phorylation, respectively (Figure 4C), suggest-
ing that the JNK/p38 pathway may be upstream 
of TfR1 protein expression. To further explore 
the role of RAS in erastin-induced ferroptosis 
via the JNK/p38 pathway, we used an RNA 
interference approach. Knockdown of NRAS 
significantly reduced TfR1 expression and JNK 
or p38 phosphorylation (Figure 4D), suggest- 
ing that the RAS-JNK/p38 pathway may be 
involved in erastin-induced cellular iron uptake.

To further characterize the role of HMGB1 in 
regulating the RAS-JNK/p38 pathway and TfR1 
expression, HL-60/NRASQ61L cells were trans-
fected with the HMGB1 shRNA vector (includ- 
ing HMGB1 shRNA1 and HMGB1 shRNA2) and 
HMGB1 plasmid. Following HMGB1 shRNA tra- 
nsfection, there was an obvious decrease in 

TfR1 levels and phosphorylation of JNK and 
p38 compared with the control group (Figure 
4E). In contrast, up-regulated HMGB1 expres-
sion significantly increased the level of TfR1, 
and its expression was inhibited by SP600125 
and SB202190 in erastin-treated HL-60/NR- 
ASQ61L cells (Figure 4F). Collectively, these data 
indicate that HMGB1 regulates iron metabo-
lism-related proteins in the RAS-JNK/p38-de- 
pendent pathway.

Knockdown of HMGB1 expression inhibits an-
ticancer activity of erastin in vivo

To investigate if suppression of HMGB1 ex- 
pression affected tumor sensitivity to eras- 
tin in vivo, stable HMGB1-knockdown HL-60/
NRASQ61L cells were subcutaneously introduc- 
ed into the right flank of NOD/SCID mice. 
Beginning at day seven, these mice were treat-
ed with erastin or DMSO (vehicle). Compared 
with the control shRNA group, erastin treat-
ment did not effectively reduce the size of 
tumors formed by HMGB1-knockdown cells 
(Figures 5A, S4A). Meanwhile, it should be 
noted that mice body weight did not signifi- 
cantly differ between groups with or without 
HMGB1 depletion (Figures 5B, S4B). At the end 
of the experiments, we found that the weights 
of xenografts formed by HMGB1-knockdown 
cells were not reduced compared with the con-
trol shRNA mice (Figures 5C, S4C), indicating 
that these HMGB1-knockdown cells formed 
tumors that well-tolerated to the erastin regi-
men. Based on qPCR analysis the expression  
of PTGS2, a marker for assessment of fer- 
roptosis in vivo [21], indicated that knockdown 
of HMGB1 decreased erastin-induced PTGS2 
expression and ferroptosis (Figures 5D, S4D). 
Moreover, qPCR and immunohistochemistry 
analysis revealed that TfR1 was also weakly 
expressed in tumors formed by HMGB1-kno- 
ckdown cells (Figures 5E, 5F, S4E and S4F). 
Together, these findings demonstrated that 
HMGB1 was required for the anticancer acti- 
vity of erastin-mediated ferroptosis in vivo.

Discussion

Ferroptosis is emerging as a potential mecha-
nism for targeting tumor growth because it  
has been shown to potentiate cell death in 
some malignancies. Classical ferroptotic sti- 
muli, such as erastin, sulfasalazine or RSL3, 
have been the most often investigated [3]. In 
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Figure 4. HMGB1 regulates TfR1 expression in the RAS-JNK/p38-dependent pathway. A. HL-60/NRASQ61L cells were lysed after treatment with erastin (5 μM) and/or 
Fer-1 (1 μM), then TfR1 expression was verified by western blot. B. HL-60/NRASQ61L cells were transfected with TfR1 siRNA and control siRNA, and TfR1 expression 
was verified by western blot. Then the two groups of cells were stimulated with erastin at the indicated doses for 48 h. Cell viability was assayed. Ctrl, control. (n = 3, 
*P < 0.05 versus the control group). C. HL-60/NRASQ61L cells were treated with erastin (5 μM) combined with SP600125 (10 μM) and SB202190 (10 μM) for 48 h. 
TfR1 expression and the phosphorylation of p38 (p-P38) and JNK1/2 (p-JNK1/2) were assayed by western blot. D. HL-60/NRASQ61L cells were transfected with NRAS 
siRNA and control siRNA vector, and NRAS expression was verified by western blot. Then two groups of cells were stimulated with erastin (5 μM) for 48 h. TfR1, p-P38 
and p-JNK1/2 were assayed by Western blot. Ctrl, control. E. HL-60/NRASQ61L cells were transfected with HMGB1 shRNA (HMGB1 shRNA1 and HMGB1 shRNA2) and 
control shRNA vector and then stimulated with erastin (5 μM) for 48 h. TfR1, p-P38 and p-JNK1/2 expression levels were assayed by western blot. F. HL-60/NRASQ61L 
cells were transfected with HMGB1 plasmid and empty vector, and HMGB1 expression was verified by western blot. Then, two groups of cells were stimulated with 
erastin (5 μM) combined with SP600125 (10 μM) and SB202190 (10 μM) for 48 h. TfR1 expression was assayed by western blot. Necrostatin-1 pretreatment was 
used in all experiments. All experiments were conducted in triplicate, and the data are presented as the mean ± SD. Fer-1, ferrostatin-1.
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this study, we demonstrated that a novel func-
tion of HMGB1 was directly involved in the posi-
tive regulation and maintenance of ferroptosis 
in erastin-treated HL-60/NRASQ61L cells, possi-
bly through regulating iron-mediated lipid ROS 
production. Depletion of HMGB1 inhibited lipid 
peroxidation and decreased cellular iron pools 
and the anticancer activity of erastin in vitro 
and in vivo through a RAS-JNK/p38-dependent 
pathway. Our findings may therefore provide 
novel treatment options for patients with AML.

HMGB1 protein is both a nuclear DNA binding 
factor and a secreted protein. Its activities are 
determined by its intracellular localization and 
posttranslational modifications [6]. Chemothe- 
rapeutics and cel lular stress promoted the 
translocation of HMGB1 from the nucleus into 
the cytosol [8]. We have previously demonstrat-
ed that HMGB1 plays an important role in leu-
kemia pathogenesis and chemotherapy resis-
tance. HMGB1 acts as a negative regulator of 
apoptosis or a positive regulator of autophagy, 
rendering leukemia cells resistant to chemo-

therapeutic drugs [10, 14]. Here, we showe  
that the ferroptosis-inducer erastin promoted 
HMGB1 translocation from nucleus into cyto-
sol. Conversely, inhibition of ferroptosis limited 
HMGB1 translocation, suggesting that HMGB1 
was central to the regulation of ferroptosis. 
Moreover, we have demonstrated that HMGB1 
translocation in ferroptosis was ROS depen-
dent. Erastin induced ROS and MDA production 
in a time-dependent manner, which could be 
decreased by the HMGB1 cytoplasmic translo-
cation inhibitor ethyl pyruvate (EP). Increasing 
ROS levels by SOD1 depletion or decreasing 
ROS levels by NAC treatment significantly af- 
fected HMGB1 translocation and levels in cy- 
tosol. These findings suggest that HMGB1 is 
directly involved in the positive regulation and 
maintenance of ferroptosis in erastin-treated 
cells through ROS-dependent signals. 

Proteins in the Ras family (K-Ras4A, K-Ras4B, 
H-Ras and N-Ras) are members of the super-
family of small G proteins. RAS genes are mu- 
tated in 33% of cancers, stimulating an inten-

Figure 5. Knockdown of HMGB1 expression inhibited anticancer activity of erastin in vivo. A-C. NOD/SCID mice 
were injected subcutaneously with HMGB1 shRNA1 HL-60/NRASQ61L cells (1 × 106 cells/mouse) and treated with 
erastin (20 mg/kg i.v., twice every other day) starting at day seven for two weeks. Tumor volumes and animal weight 
were measured twice a week. At the termination of the experiments, all xenografts were removed and weighted (n 
= 4 mice/group, *P < 0.05, **P > 0.05, #P > 0.05). D and E. qPCR analysis of PTGS2 and TfR1 gene expressions 
in isolated tumors at the termination of experiments (*P < 0.05, **P > 0.05). F. Immunohistochemical staining of 
TfR1 was performed with an isolated tumor at the termination of the experiments. All experiments were conducted 
in triplicate, and the data are presented as the mean ± SD.
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sive effort to develop RAS inhibitors for cancer 
therapy [29]. In addition to their role in solid 
cancers, RAS mutations have been linked to 
leukemic progression in myelodysplastic syn-
drome (MDS) and commonly occur in patients 
with leukemia [30, 31]. Indeed, RAS mutations 
have been shown to occur in 25% of patients 
with AML and enhanced sensitivity to drugs 
[32]. Overexpression of HMGB1 has been dem-
onstrated in numerous types of cancer, includ-
ing breast cancer, colorectal cancer, lung can-
cer, hepatocellular carcinoma and leukemia 
[13, 33]. Our findings indicate that HMGB1 is 
required for erastin-induced ferroptosis in HL- 
60/NRASQ61L cells. Knockdown of HMGB1 ex- 
pression inhibited erastin-induced cell death, 
MDA production, GPX4 protein degradation, 
and typical mitochondrial morphology changes 
associated with ferroptosis. In addition, knock-
down of HMGB1 expression prevented the 
erastin-promoted the anticancer activity of 
cytarabine, a first-line chemotherapy drug for 
inducing remission of non-acute promyelocytic 
leukemia. These observations may provide in- 
sights that enable the development of novel 
therapies to overcome resistance in AML pa- 
tients.

One of the keys in regulating ferroptosis is the 
generation of ROS [3]. NADPH, the mitochon-
drial electron transport chain, and lysosomes 
are the main sources of ROS [22, 23]. NAPDH  
is produced by several cellular reactions, but 
the pentose phosphate pathway is particularly 
important for ferroptosis in RAS-mutant cancer 
cells [3, 34]. Lysosomal degradation of ferritin 
is important to maintain normal iron metabo-
lism. High intracellular iron concentrations can 
trigger ferroptosis by enhancing the generation 
of lipid peroxides, and this can be reverted 
using iron chelators such as DFO [23]. How- 
ever, ROS generated from the mitochondrial 
electron transport chain, which was originally 
found not to contribute to ferroptosis, may  
contribute under certain circumstances [3, 35, 
36]. Our findings indicate that erastin-induced 
ROS generation in HL-60/NRASQ61L cells came 
in part from lysosomes, but not NADPH or mi- 
tochondria. Ferroptosis is an iron-dependent 
PCD, and cellular iron is required for ROS  
accumulation [3]. Moreover, we showed that 
HMGB1 was a positive regulator of intracellu- 
lar iron levels, MDA production, and cell death 
in erastin-treated HL-60/NRASQ61L cells. The 
lower iron content in HMGB1-depleted HL-60/
NRASQ61L cells, together with the iron-depen-

dent action of erastin, led us to the hypothesis 
that HMGB1 maintaining iron levels within can-
cer cells might be a target for inducing cancer-
cell-specific lethality. 

TfR1 is an important iron regulatory protein 
that mediates most of the cellular iron uptake 
by binding iron transferrin at the cell surface, 
which is internalized by receptor-mediated en- 
docytosis, permitting the release and reduction 
of the iron in endosomes and transport of the 
released iron into the cytosol [37, 38]. As the 
number of TfR1 molecules at the cell surface is 
the rate-limiting factor for iron entry into cells 
and is essential for iron overload, TfR1 expres-
sion is precisely controlled at multiple levels, 
and TfR1 imbalance has a significant effect  
on tumor cell death [39, 40]. Here, we demon-
strate that erastin treatment increased TfR1 
expression in HL-60/NRASQ61L cells. Knockdo- 
wn of TfR1 significantly decreased cell death 
caused by erastin. This suggests that erastin 
enriches the cellular iron levels and that the 
induction of ferroptosis may be dependent  
on TfR1-dependent iron transport in HL-60/
NRASQ61L cells.

MAPKs are activated by a variety of environ-
mental stressors and regulate multiple cell pro-
cesses ranging from cell survival to cell death 
[41, 42]. The ERK-dependent signaling pathway 
is required for RAS-dependent ferroptosis in 
solid cancer cells [17]. However, our previous 
findings indicated that JNK and p38, but not 
the ERK/MAPK pathway, were responsible for 
erastin-induced HL-60/NRASQ61L cells death 
[5]. Previously, oncogenic RAS and MAPK sig-
naling have been proposed to enrich the cellu-
lar iron pool mainly by upregulation of TfR1 [26-
28]. Here, we showe that oncogenic RAS and 
JNK and p38 MAPK signaling were involved in 
erastin-induced TfR1 expression. Moreover, we 
provide evidence that knockdown of HMGB1 
inhibited erastin-induced TfR1 expression and 
JNK or p38 phosphorylation, whereas overex-
pression of HMGB1 increased erastin-induced 
TfR1 expression. Furthermore, our findings sug-
geste that knockdown of HMGB1 significantly 
inhibited HL-60/NRASQ61L xenograft growth and 
expression of PTGS2 and TfR1 in NOD/SCID 
mice. Importantly, the in vivo erastin regimens 
and HMGB1 expression did not affect mice 
weights, nor did they induce any significant tox-
icities to the experimental animals. These pre-
clinical results suggeste that HMGB1-mediated 
ferroptosis could be a potential target for thera-
peutic interventions in leukemia.
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In conclusion, this study shows that HMGB1 is 
translocated from the nucleus to the cytosol in 
HL-60/NRASQ61L cell lines in response to eras-
tin and functions as a positive regulator of fer-
roptosis, which may enhance resistance to anti-
cancer therapies. Our discovery of HMGB1 as a 
critical regulator of ferroptotic cancer cell death 
has provided new insights into the molecular 
mechanism of ferroptosis. This research con-
firms not only the involvement of iron uptake 
and lipid oxidization in ferroptosis, but also pro-
vides a basis for possible combinational cancer 
therapy targeting both HMGB1 and ferroptosis. 
Furthermore, this study points to new therapeu-
tic strategies that can be developed to over-
come chemotherapy resistance in AML.
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Figure S1. Verification of HMGB1 knockout effect. A. HL-60/NRASQ61L cells were incubated with HMGB1 shRNA and 
control shRNA transfection for 48 h according to the manufacturer’s instructions and our previous study (multiplicity 
of infection [MOI] = 50) and visualized using a fluorescence microscope (magnification, 40 ×). Untransfected cells 
did not express the vector. B and C. After transfection with HMGB1 shRNA or control shRNA for 48 h, HMGB1 levels 
were, respectively, detected by RT-PCR and western blot analysis for HL-60/NRASQ61L cells. Actin was used as a load-
ing control. M, marker; U, untreated; Ctrl, control; A1, HMGB1 shRNA1; A2, HMGB1 shRNA2; A3, HMGB1 shRNA3; 
Ctrl, Control shRNA.

Figure S2. Depletion of HMGB1 (HMGB1 shRNA2) inhibits erastin-induced cell death and anticancer activity. A. HL-
60/NRASQ61L cells were transfected with HMGB1 shRNA2 or control shRNA vector, HMGB1 expression was verified 
by western blot. Then, two groups of cells were stimulated with erastin at the indicated doses for 48 h. Cell viability 
was then assayed. (n = 3, *P < 0.05 versus the control group). B and C. HL-60/NRASQ61L cells were transfected with 
HMGB1 shRNA2 and control shRNA vector and then stimulated with erastin (5 μM) for 48 h. GPX4 and intracellular 
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MDA levels were assayed (n = 3, *P < 0.05 versus the control group). D. Ultrastructural features of HL-60/NRASQ61L 
cells with HMGB1 shRNA2 and control shRNA vector transfection plus erastin (5 μM) treatment (white arrow, normal 
mitochondria; black arrow, shrunken mitochondria). E. HL-60/NRASQ61L cells were transfected with HMGB1 shRNA2 
and control shRNA vector and then stimulated with DMSO, erastin (5 μM), and H2O2 (50 mM) for 48 h. The LDH level 
in the culture medium was assayed. H2O2 was used as a positive control. UT, untreated. (n = 3, *P < 0.05). F. HL-60/
NRASQ61L cells were transfected with HMGB1 shRNA2 and control shRNA vector and then stimulated with erastin 
(1.25 μm) combined with cytarabine (Ara-C, 0.375 μg/mL) in the absence or presence of the indicated inhibitors 
for 48 h. Cell viability was assayed. (n = 3, *P < 0.05 versus the erastin treatment only control shRNA group; #P < 
0.05 versus the erastin plus cytarabine treatment control shRNA group; **P > 0.05 versus the untreated HMGB1 
shRNA2 group). All experiments were conducted in triplicate, and the data are presented as the mean ± SD. DFO, 
deferoxamine; Fer-1, ferrostatin-1; NEC-1, necrostatin-1; 3-MA, 3-methyladenine; Ara-C, cytarabine.

Figure S3. Depletion of HMGB1 (HMGB1 shRNA2) limits iron-mediated ROS generation and cell death. A. HL-60/
NRASQ61L cells were transfected with HMGB1 shRNA2 and control shRNA vector and then stimulated with erastin 
(5 μM) with or without FeCl3 (30 μM, pretreated for 3 h) for 48 h. Then, cells were stained with PGSK, and the 
fluorescence profile of the stained cells was analyzed by flow cytometry. E, erastin. B and C. HL-60/NRASQ61L cells 
were transfected with HMGB1 shRNA2 and control shRNA vector and then stimulated with erastin (5 μM) combined 
with DFO (0.1 mM) and Fer-1 (1 μM) for 48 h. Intracellular MDA levels and cell viability were assayed. D, DMSO; E, 
erastin. (n = 3, *P < 0.05, **P > 0.05). D and E. HL-60/NRASQ61L cells were transfected with HMGB1 shRNA2 and 
control shRNA vector, and then stimulated with erastin (5 μM) with or without FeCl3 (30 μM, pretreated for 3 hours) 
for 48 h. Intracellular MDA levels and cell viability were then assayed.(n = 3, *P < 0.05, **P > 0.05). Necrostatin-1 
pretreatment was used in all experiments. All experiments were conducted in triplicate, and the data are presented 
as the mean ± SD. D, DMSO; E, erastin; DFO, deferoxamine; DPI, diphenyleneiodonium chloride.
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Figure S4. Knockdown of HMGB1 expression (HMGB1 shRNA2) inhibited anticancer activity of erastin in vivo. A-C. 
NOD/SCID mice were injected subcutaneously with HMGB1 shRNA2 HL-60/NRASQ61L cells (1 × 106 cells/mouse) 
and treated with erastin (20 mg/kg i.v., twice every other day) starting at day seven for two weeks. Tumor volumes 
and animal weight were measured twice a week. At the termination of the experiments, all xenografts were removed 
and weighted (n = 4 mice/roup, *P < 0.05, **P > 0.05, #P > 0.05). D and E. qPCR analysis of PTGS2 and TfR1 gene 
expressions in isolated tumors at the termination of experiments (*P < 0.05, **P > 0.05). F. Immunohistochemical 
staining of TfR1 was performed with an isolated tumor at the termination of the experiments. All experiments were 
conducted in triplicate, and the data are presented as the mean ± SD.


