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The ferroptosis inducer erastin enhances
sensitivity of acute myeloid leukemia cells
to chemotherapeutic agents
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Acute myeloid leukemia (AML) is the most common type of leukemia in adults. Development of resistance to
chemotherapeutic agents is a major hurdle in the effective treatment of patients with AML. The quinazolinone
derivative erastin was originally identified in a screen for small molecules that exhibit synthetic lethality with expression
of the RAS oncogene. This lethality was subsequently shown to occur by induction of a novel form of cell death termed
ferroptosis. In this study we demonstrate that erastin enhances the sensitivity of AML cells to chemotherapeutic agents
in an RAS-independent manner. Erastin dose-dependently induced mixed types of cell death associated with
ferroptosis, apoptosis, necroptosis, and autophagy in HL-60 cells (AML, NRAS_Q61L), but not Jurkat (acute T-cell
leukemia, RAS wild type), THP-1 (AML, NRAS_G12D), K562 (chronic myelogenous leukemia, RAS wild type), or NB-4
(acute promyelocytic leukemia M3, KRAS_A18D) cells. Treatment with ferrostatin-1 (a potent ferroptosis inhibitor) or
necrostatin-1 (a potent necroptosis inhibitor), but not with Z-VAD-FMK (a general caspase inhibitor) or chloroquine (a
potent autophagy inhibitor), prevented erastin-induced growth inhibition in HL-60 cells. Moreover, inhibition of c-JUN
N-terminal kinase and p38, but not of extracellular signal-regulated kinase activation, induced resistance to erastin in
HL-60 cells. Importantly, low-dose erastin significantly enhanced the anticancer activity of 2 first-line chemotherapeutic
drugs (cytarabine/ara-C and doxorubicin/adriamycin) in HL-60 cells. Collectively, the induction of ferroptosis and
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necroptosis contributed to erastin-induced growth inhibition and overcame drug resistance in AML cells.

Introduction

The most common type of leukemia in adults is acute myeloid
leukemia (AML), which is characterized by the rapid growth of
abnormal lineage-specific hematopoietic precursor cells that do not
differentiate into functional granulocytes or monocytes during
hematopoiesis in the bone marrow. Treatment of AML includes
remission induction and post-remission therapy (e.g., chemotherapy
or allogeneic stem cell transplantation)." Combination treatment
with cytosine arabinoside (cytarabine/ara-C) and an anthracycline
has been the cornerstone of AML treatment since its introduction in
the 1960s> although doxorubicin/adriamycin was used then instead
of daunorubicin/cerubidin, which is now the more common anthra-
cycline for human AML therapy. Approximately 70-80% of
patients aged less that 60 years achieve complete remission, but
most ultimately relapse. In addition, all-zzans—retinoic acid induces
complete remission in acute promyelocytic leukemia (APL), which
is the M3 subtype of AML according to the French-American—Brit-
ish classification.’

Poor outcomes in AML patients are related to drug resistance
and relapse. Many mechanisms confer drug resistance, such as

impaired drug export transporters (e.g., permeability-glycoprotein),
altered drug target sites, abnormal pharmacokinetics, and resistance
to programmed cell death (PCD).*> PCD is regulated by an intri-
cate mechanism and dysfunction of PCD is closely related to anti-
cancer therapy.® Apoptosis mediated by caspases is a well-studied
type of PCD.” In addition to apoptosis, several novel types of PCD
such as necroptosis and ferroptosis have been recognized to be
involved in cancer cell death induced by chemotherapeutic agents.
Necroptosis is a programmed form of necrosis that is involved in
the inflammatory response,®® whereas ferroptosis is a form of non-
apoptotic cell death that depends on iron signaling.'® Autophagy,
or programmed cell survival (PCS), is an alternative mechanism of
resistance to AML therapies.'’ Understanding the molecular and
cellular basis of PCD and PCS is critical in the development of
effective cancer treatments.

Members of the RAS family of small GTPases, including
HRAS, NRAS, and KRAS, are mutated in 33% of cancers, stim-
ulating an intensive effort to develop RAS inhibitors for cancer
therapy.'? The quinazolinone derivative erastin was originally
identified in a screen for small molecules that are synthetically
lethal with expression of the RAS oncogene.'® In cancer cells,
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erastin induces an iron-dependent cell death that lacks the classic
characteristics of apoptosis, necrosis, necroptosis, and autoph-
agy.'® In addition to solid cancer, RAS mutations are frequently
activated in patients with blood cancers, including those with leu-
kemia.'* RAS mutations occur in 25% of patients with AML and
enhance sensitivity to chemotherapeutic agents, including cytara-
bine."> The anticancer activity of erastin in leukemia cells and
whether the RAS mutation influences its action remain to be
elucidated.

We found that erastin selectively enhances the sensitivity of
non-APL AML cells (e.g., HL-60 cells) to chemotherapeutic
agents (e.g., cytarabine and doxorubicin) in an RAS-independent
manner. This was accompanied by cooperative induction of fer-
roptosis and necroptosis in a selective mitogen-activated protein
kinase (MAPK)-dependent manner. Our results suggest an alter-
native set of mechanisms distinct from those of ferroptosis alone
underlying the action of erastin in leukemia cells.

Results

Erastin induces growth inhibition in HL-60 cells

To determine whether erastin induces growth inhibition in
leukemia cells, 5 individual human leukemia cell lines were
treated with erastin for 24 h and cell viability was assayed using

the Cell Counting Kit-8 (CCK-8). Interestingly, erastin dose-
dependently induced growth inhibition in HL-60 cells (non-APL
AML, NRAS_QG61L), but not in Jurkat (acute T cell leukemia,
RAS wild type), THP-1 (acute monocytic leukemia,
NRAS_G12D), K562 (chronic myelogenous leukemia, RAS
wild type), or NB-4 cells (APL, KRAS_A18D) (Fig. 1A). Thus
RAS mutation status did not appear to have a major impact on
the growth inhibition response of leukemia cells exposed to era-
stin (Fig. 1B and C). These findings suggest that erastin selec-
tively induces growth inhibition in leukemia cells in an RAS-
independent manner.

Erastin induces mixed types of cell death in HL-60 cells

Previous studies indicate that erastin induces ferroptosis, but
not other types of PCD, in cancer cells derived from several solid
tumor types.'”'®"” To investigate whether erastin has similar
effects on HL-60 cells, we assayed protein markers for ferroptosis
(glutathione peroxidase 4 [GPX4]), apoptosis (cleaved-poly ADP
ribose polymerase [PARP] and cleaved-caspase 3), autophagy
(microtubule-associated protein 1 light chain 3 [LC3] and p62),
necrosis (high mobility group protein B1 [HMGB1], and lactate
dehydrogenase [LDH]) using western blotting techniques. GPX4
is a negative regulator of ferroptosis.16 Erastin inhibited the
expression of GPX4 in HL-60 cells (Fig. 2A) and the human
osteosarcoma U20S cell line (a positive control cell line that

responds by ferroptosis) (Fig. 2A). Sur-

prisingly, erastin also induced cleaved-
PARP, cleaved-caspase 3, LC3-II expres-
sion, and p62 degradation in whole-cell
extracts and HMGB1/LDH release in
culture supernatants from HL-60, but
not U20S, cells (Fig. 2A). These find-
ings suggest that erastin induces a mixed
type of cell death in HL-60 cells. In con-
trast, this response to erastin treatment
observed in Jurkat cells
(Fig. 2A). Intracellular chelatable iron

was not

was determined using the fluorescent
indicator phen green SK, fluorescence of

which is quenched by iron. The propor-
tion of phen green SK-positive cells in
HL-60 cells decreased after treatment
with erastin (Fig. 2B), suggesting that
iron may be involved in erastin-induced

cell death.

Ferroptosis and necroptosis
contribute to erastin-induced growth
inhibition in HL-60 cells
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To characterize the role of cell death

in erastin-induced growth inhibition, we

exclusion assay (C).

Figure 1. Erastin inhibits growth of HL-60 cells. (A) The indicated leukemia cells were treated with era-
stin at the indicated doses for 24 h and cell viability was assayed using a CCK-8 kit (n=3, *P<0.05 ver-
sus untreated group). (B, C) The indicated leukemia cells were treated with erastin (40 wM) for 24 h.
Cell viability was assayed using the CCK-8 kit (B) and the dead cells were counted using a trypan blue

treated HL-60 cells with erastin in the
absence or presence of several potential
cell death inhibitors. Treatment with
deferoxamine (an iron-chelating agent),
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Inhibition of JNK and p38 activation
induces resistance to erastin in HL-60
cells

Next, we investigated the signaling
regulatory pathways involved in erastin-
induced growth inhibition. Three major

Figure 2. Erastin induces mixed types of cell death in HL-60 cells. (A) HL-60 and Jurkat cells were
treated with erastin (5 wM) for 24 h and subjected to western blot analysis of the indicated proteins
in whole cell extracts or supernatant. (B) Intracellular chelatable iron in HL-60 cells treated with or
without erastin (5 wM, 24 h) was determined using the fluorescent indicator phen green SK (green).
A non-fluorescent differential interference contrast image and a fluorescent image were collected
simultaneously. Phen green SK-positive cells were quantified in a minimum of ten 20 x microscopic
fields and expressed as a percentage (¥, P < 0.05).

MAPKs—c-JUN  N-terminal  kinase
(JNK), p38, and extracellular signal-regulated kinase (ERK)—
regulate PCD and the immune response.ls’19 Erastin promoted
phosphorylation of JNK and p38, but not of ERK, in HL-60
cells (Fig. 4A). SP600125 (an inhibitor of JNK phosphorylation)
and SB202190 (an inhibitor of p38 activation) significantly
decreased the cytotoxicity induced by erastin (Fig. 4B). In con-
trast, PD98059 (an inhibitor of the ERK upstream activators
MAPK kinase [MKK] 1 and MKK2) had no influence on era-
stin-induced cell death (Fig. 4B). SP600125 and SB202190, but
not PD98059, inhibited erastin-induced HMGBI1 release
(Fig. 4C). Moreover, knockdown of p38a (a major isoform of
p38) by specific shRNA inhibited erastin-induced growth supres-
sion in HL-60 cells (Fig. 4D). Collectively, these findings suggest
that JNK and p38 cooperatively participate in cell death induced
by erastin in HL-60 cells.

Erastin enhances anticancer activity of cytarabine and
doxorubicin in HL-60 cells

We also investigated whether erastin enhances the anticancer
activity of 2 first-line chemotherapy drugs, cytarabine and doxo-
rubicin, in AML cells. Erastin at a concentration of 1.25 pwm did
not significantly affect growth inhibition in HL-60 cells. How-
ever, this low cytotoxic dose of erastin remarkably enhanced the
anticancer activity of both cytarabine (Fig. 5A) and doxorubicin
(Fig. 5B). Treatment with ferrostatin-1 and necrostatin-1 pre-
vented combination therapy-induced growth inhibition in HL-
60 cells (Fig. 5A and B). In contrast, Z-VAD-FMK and chloro-
quine had no effect on growth inhibition (Fig. 5A and B). Thus,
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these findings indicate that low-dose erastin enhances the anti-
cancer activity of cytarabine and doxorubicin in non-APL AML
cells, in part by induction of ferroptosis and necroptosis.

Discussion

In this study, we demonstrated that erastin elicits not only fer-
roptosis but also other forms of PCD such as necroptosis, which
contributes to growth inhibition in HL-60 cells. The molecular
mechanisms underlying the cooperative induction of ferroptosis
and necroptosis are involved in the activation of JNK and p38
signaling. In addition to exhibiting high antitumor activity as a
single agent at a high concentration, a low concentration of era-
stin enhances the sensitivity of HL-60 cells to chemotherapeutic
agents. Our findings may therefore provide novel treatment
options for patients with non-APL AML.

Previous studies indicate that erastin is an RAS-selective lethal
compound that kills hyperproliferating cancer cells through the
induction of ferroptosis.">'”** We demonstrated that the anti-
cancer activity of erastin in leukemia cells is RAS-independent.
Ferroptosis, as a novel mechanism of PCD, is morphologically,
biochemically, and genetically distinct from other types of cell
death including apoptosis, necrosis, and autophagy; for example,
the classic features of apoptosis, including caspase activation and
DNA fragmentation, are not observed in ferroptosis."® In addi-
tion, characteristic morphological features of necrosis, such as
disruption of the cellular membrane, are not observed in
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Figure 3. Ferroptosis and necroptosis contribute to erastin-induced growth inhibition in HL-60 cells. (A) HL-60 cells were treated with erastin (5 wM) with
or without the indicated inhibitors for 24 h and cell viability was assayed (n=3, *P < 0.05 versus erastin treatment group). (B) HL-60 cells were treated
with the apoptotic inducer staurosporine (1 M) and the autophagic inducer HBSS (100%) with or without the indicated inhibitors for 24 h and cell via-
bility was assayed (n=3, *P < 0.05). (C) The indicated RIP3 knockdown cells were treated with erastin (5 wM) for 24 h and cell viability was assayed (n=3,

ferroptosis.w In contrast, increased iron-mediated production of
lipid reactive oxygen species is an essential feature of ferroptosis
processes.'® Several positive (e.g., voltage-dependent anion chan-
nels'”?!) and negative (e.g., GPX4,'%%2 heat-shock protein -1
[HSPB1],*® and cystine/glutamate antiporterslo’24) regulators
have recently been demonstrated to regulate ferroptotic cancer
cell death, although their action and specificity remain unclear.
Our findings indicate that erastin induces a mixed type of cell
death, including both ferroptosis and necroptosis, in HL-60 cells.
This process can be blocked by deferoxamine, ferrostatin-1, and
necrostatin-1, but not by Z-VAD-FMK or chloroquine. In addi-
tion to their effect on cancer cells, erastin and other ferroptosis
inducers also promote necroptosis in normal kidney cells.?>*
This process can be reversed by novel second- and third-genera-
tion ferrostatins with higher plasma stability iz vivo.?> Collec-
tively, these findings suggest that the genetic background of

e1054549-4

Molecular & Cellular Oncology

individual cell types may influence the type of erastin-mediated
cancer cell death.

MAPKSs are activated by a variety of environmental stres-
sors and regulate multiple cell processes ranging from cell
survival to cell death.'®'® Although the signal transduction
mechanism  associated with ferroptosis remains largely
unknown, our findings indicate that JNK and p38, but not
the ERK MAPK pathway, are responsible for erastin-induced
cell death in HL-60 cells. The ERK-dependent signaling
pathway is, however, required for RAS-dependent ferroptosis
in solid cancer cells."” Thus, these findings suggest that acti-
vation of individual MAPK pathways may influence the anti-
cancer activity of erastin in solid cancer and leukemia cells.
In future studies, exploiting the specificity of MAPK sub-
strates may prove a viable alternative to distinguish various
erastin-induced types of cell death.
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sis.”> These observations may provide
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novel combination therapies to over-
come resistance in AML patients. In
addition, GPX4 expression prevents

Figure 4. Inhibition of JNK and p38 activation induces resistance to erastin in HL-60 cells. (A) HL-60
cells were treated with erastin (5 M) for 24 h and subjected to western blot analysis of the indicated
proteins in whole cell extracts. (B, C) HL-60 cells were treated with erastin (5 wM) with or without the
indicated inhibitors for 24 h and cell viability was assayed (n=3, *P < 0.05 versus erastin treatment
group) (B). In parallel, HMGB1 in the supernatant was analyzed using western blotting (C). (D) The
indicated p38a knockdown HL-60 cells were treated with erastin (5 wM) for 24 h and cell viability
was assayed (n=3, *P < 0.05).

against ferroptosis after T-cell activa-
tion,”® suggesting that targeting the
ferroptotic pathway may contribute to immunotherapy for

. . . . . 1
human dlSCaSCS, 1nclud1ng autormmune dlSCaSCS and cancer.3

Materials and Methods

Antibodies and reagents

Antibodies to GPX4 (#ab125066) and actin (Ab3280) were
obtained from Abcam (Cambridge, MA, USA). Antibodies to
ERK (#4695), P-ERK (#9101), JNK (#9252), P-JNK (#9251),
P38 (#9212), p38a (#9218), P-P38 (#9215), LDH (#3582),
cleaved-PARP (#9541), and cleaved-caspase 3 (#9661) were
obtained from Cell Signaling Technology (Danvers, MA, USA).
Antibodies to HMGB1 (#H00003146-M08) and LC3
(#NB600-1384) came from Novus (Littleton, CO, USA). The
antibody to p62 (#Sc¢-28359) was obtained from Santa Cruz Bio-
technology (Dallas, TX, USA) and the antibody to RIP3
(#31513) was from Sigma (St. Louis, MO, USA). Z-VAD-FMK
(#V116), deferoxamine (#D9533), necrostatin-1 (#N9037),
chloroquine (#C6628), SP600125 (#5-5567), PD 98059
(#P215), SB-202190 (#S8307), cytarabine (#C1768), and doxo-
rubicin (#D1515) were obtained from Sigma. Ferrostatin-1
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(#S7243) and erastin (#S7242) were obtained from Selleck
Chemicals (Houston, TX, USA).

Cell culture

HL-60 (#CCL-240), Jurkat (#T1B-152), THP-1 (#TIB-202),
K562 (#CCL-243) and U20S (#HTB-96) cells were obtained
from ATCC (Manassas, VA, USA). NB-4 was a gift from Dr.
Michel Lanotte INSERM U-301, Paris, France).>® These cells
were grown in Dulbecco’s Modified Eagle’s Medium, RPMI-
1640 Medium, or McCoy’s 5a Medium supplemented with
10% fetal bovine serum, 2 mM L-glutamine, and 100 U/ml
penicillin and streptomycin.

Cell viability analysis

Cell viability was evaluated using a CCK-8 Kit (#CKO04,
Dojindo Molecular Technologies, Tokyo, Japan) according to
the manufacturer’s instructions. Briefly, leukemic cells (2 x 107/
well) were seeded in a 96-well plate and treated with different
drugs at various concentrations for the indicated times. After
addition of 10 pl CCK-8 solution to each well, cells were incu-
bated at 37°C for another 3 h and the absorbance was deter-
mined at 450 nm using a microplate reader. Trypan blue
exclusion testing of cell viability was also conducted in parallel.
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Figure 5. Erastin enhances the anticancer activity of cytarabine and
doxorubicin in HL-60 cells. HL-60 cells were treated with cytarabine (A)
and doxorubicin (B) combined with erastin in the absence or presence
of the indicated inhibitors for 24 h and cell viability was assayed (n = 3,
*P < 0.05).

RNAi

Human RIP3-shRNA (SHCLNG-NM_006871_ TRCN
0000234968; sequence: CCGGTCGTAAACTCGAAGGCGA-
TATCTCGAGATATCGCCTTCGAGTTTACGATTTTTG),
human  p38a-shRNA  (SHCLNG-NM_001315_ TRCN
0000000511; sequence: CCGGCCATGAGGCAAGAAACTA-
TATCTCGAGATATAGTTTCTTGCCTCATGGTTTTT),
and control shRNA (SHC001) were obtained from Sigma.
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