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Abstract

The antimalarial drug artemisinin and its derivatives have been explored as potential anticancer agents, but their underlying
mechanisms are controversial. In this study, we found that artemisinin compounds can sensitize cancer cells to ferroptosis, a
new form of programmed cell death driven by iron-dependent lipid peroxidation. Mechanistically, dihydroartemisinin
(DAT) can induce lysosomal degradation of ferritin in an autophagy-independent manner, increasing the cellular free iron
level and causing cells to become more sensitive to ferroptosis. Further, by associating with cellular free iron and thus
stimulating the binding of iron-regulatory proteins (IRPs) with mRNA molecules containing iron-responsive element (IRE)
sequences, DAT impinges on IRP/IRE-controlled iron homeostasis to further increase cellular free iron. Importantly, in both
in vitro and a mouse xenograft model in which ferroptosis was triggered in cancer cells by the inducible knockout of GPX4,
we found that DAT can augment GPX4 inhibition-induced ferroptosis in a cohort of cancer cells that are otherwise highly
resistant to ferroptosis. Collectively, artemisinin compounds can sensitize cells to ferroptosis by regulating cellular iron
homeostasis. Our findings can be exploited clinically to enhance the effect of future ferroptosis-inducing cancer therapies.

Introduction

Programmed cell death (PCD) plays an important role in
normal biology, and its dysregulation contributes to the
development of various diseases [1-3]. Recent studies have
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shown that in addition to apoptosis, the best-characterized
form of PCD, there are various other forms, including fer-
roptosis, an iron-dependent (thus the name) modality of cell
death driven by lipid peroxidation [4-6]. Although the
precise mechanisms and physiological function of ferrop-
tosis remain elusive, mounting evidence indicates that fer-
roptosis is involved in multiple pathological conditions,
including cancer [6-9]. Several studies further suggested
that ferroptosis may be a native tumor suppressive
mechanism, contributing to the antitumor function of p53,
BAPI1, and fumarase, all clinically relevant tumor sup-
pressors [10—12]. Strikingly, recent studies showed that
metastasis-prone mesenchymal cancer cells are particularly
sensitive to ferroptosis triggered by both cysteine depriva-
tion and inhibition of lipid peroxide-clearance enzyme,
glutathione peroxidase-4 (GPX4), although these cancer
cells are often resistant to chemo and targeted therapies
[13]. Therefore, induction of ferroptosis in cancer cells
holds the promise to be a novel therapeutic approach.
Artemisinin (ART), a natural product isolated from the
traditional Chinese plant Artemisia annua, and its semisyn-
thetic derivatives with improved bioavailability are effective
antimalarial drugs [14, 15]. While the precise mechanism of
action of ART and its derivatives in malarial treatment is
debatable [16, 17], the consensus is that the endoperoxide
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bridge within these compounds is essential for their ther-
apeutic effect [18-20]. The endoperoxide bond is highly
reactive, and it can react with biological sources of iron within
malaria-infected erythrocytes [20]. This reaction generates
carbon-centered free radicals and reactive oxygen species
(ROS), contributing to the killing of the parasites [21].

Interestingly, ART and its derivatives have also been
implicated in the treatment of other diseases, including
cancer [22-24]. The anticancer effect of these compounds
has been attributed to their ability to induce various cellular
processes, ranging from DNA damage response, the
lysosome-mediated catabolic process macroautophagy
(autophagy hereafter) and oxidative stress, to diverse modes
of cell death including apoptosis and ferroptosis [25-29].
Adding to the obscurity of the anticancer mechanism, the
cytotoxicity of these compounds against cancer cells is
often low (in most cases with EC50 > 100 uM [30-32]).

Because ART and its derivatives can react with iron and
trigger ROS production in cells, we sought to investigate in
this study their potential role in regulating ferroptosis in
cancer cells. We found that ART compounds, including
dihydroartemisinin (DAT), an ART derivative with high
bioavailability, can enhance the sensitivity of cancer cells to
ferroptosis induced by both cysteine deprivation and GPX4
inhibition in a lysosome-dependent, but autophagy-
independent manner. Further, DAT can modulate cellular
iron homeostasis regulated by the iron-storage protein fer-
ritin and the IRP-IRE signaling route [33], thus impacting
ferroptosis. Importantly, in both cellular and mouse xeno-
graft models, we demonstrate that DAT can render
ferroptosis-resistant cancer cells more sensitive to ferrop-
totic death, suggesting an effective combinatory cancer
therapy involving DAT and ferroptosis induction.

Materials and methods
Antibodies and reagents

Primary antibodies used were anti-LC3B (L7543, Sigma-
Aldrich, St. Louis, MO, USA), anti-p62 (23214, Cell Sig-
naling, Danvers, MA, USA), anti-NCOA4 (A302-272A,
Bethyl Laboratories, Montgomery TX, USA), anti-FTH1
(4393S, Cell Signaling), anti-ATGS5 (A0731, Sigma-
Aldrich), anti-GPX4 (ab125066, Abcam, Cambridge UK),
anti-Cas9 (19526S, Cell Signaling), anti-Actin (A5316,
Sigma-Aldrich), anti-LAMP2A (ab18528, Abcam) and anti-
Ki67 (9449, Cell Signaling). The compounds used are
dihydroartemisinin (D7439, Sigma-Aldrich), artemisinin
(361593, Sigma-Aldrich), artesunate (A3731, Sigma-
Aldrich), artemether (A9361, Sigma-Aldrich), erastin
(E7781, Sigma-Aldrich), bafilomycin Al (B1793, Sigma-
Aldrich), chloroquine (C6628, Sigma-Aldrich), RSL3

(S8155, Selleckchem, Houston, TX USA), Liproxstatin-1
(SML1414, Sigma-Aldrich), SYTOX Green (S7020,
Thermo Fisher, Waltham, MA, USA), propidium iodide
(556463, BD Biosciences, San Jose, CA, USA) and FIN56
(25180, Cayman Chemical, Ann Arbor, MI, USA).

Cell culture

NCI-H292, HCT116, HT29, SW480, MDA-MB-453, and
MCF7 cell lines were obtained from the American Tissue
Culture Collection (ATCC) and cultured in media condi-
tions recommended by the ATCC. MEF and HT1080 cell
lines were cultured in high glucose DMEM supplemented
with 10 % (v/v) FBS, glutamine (2 mM), penicillin (100 L.
U./ml) and streptomycin (0.1 mg/ml) in a humidified
atmosphere containing 5% CO, at 37 °C. All cell lines were
tested for mycoplasma prior to the commencement of
experiments. Unless otherwise indicated, cell culture med-
ium was changed every three days, and cells were passaged
using 0.05% trypsin/EDTA.

Cell death quantification

All cell death experiments were conducted in ~70-80%
confluent wells of 6-well plates. For cysteine starvation
experiments, cells were washed twice with PBS and cul-
tured in cystine free medium in the presence of 10% (v/v)
dialyzed FBS for the indicated times. Cells were treated
with the ferroptosis inducing compounds erastin and RSL3
and the ferroptosis inhibitor Ferrostatin-1 as indicated. To
quantify cell death, 1 pg/ml of PI or 1 uM SYTOX Green
was added to the culture media and the cells were analyzed
by flow cytometry for PI4 or Sytox+ cells.

Measurement of glutathione activity

Cells were treated as indicated, and cellular GSH level was
assessed using the Quantichrom Glutathione Assay Kit
(DIGT-250, BioAssay Systems, Hayward, CA, USA)
according to the manufacturer’s instructions.

Measurement of lipid reactive oxidative species

Cells were treated as indicated and were then incubated for
1 h with 50 uM of lipid peroxidation sensor BODIPY 581/
591 C11 (Thermo Fisher, Cat #D3861). Excess BODIPY
C11 was removed by washing the cells twice with PBS.
Labeled cells were trypsinized and resuspended in PBS and
5% (v/v) FBS. Oxidation of the polyunsaturated butadienyl
portion of BODIPY Cl11 resulted in a shift of the fluores-
cence emission peak from ~590nm to ~510 nm propor-
tional to lipid ROS generation and was analyzed using a
flow cytometer.
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Measurement of labile iron protein

Labile iron pool (LIP) was measured as previously descri-
bed [34]. Briefly, trypsinized cells were washed twice with
0.5ml of PBS and incubated with 0.05uM calcein-
acetoxymethyl ester (AnaSpec, Fremont, CA USA) for 15
min at 37 °C. Cells were then washed twice with 0.5 ml of
PBS and incubated either with deferiprone (100 pM) for 1 h
at 37 °C or left untreated. Cells were analyzed using a flow
cytometer. Calcein was excited at 488 nm, and fluorescence
was measured at 525 nm. The difference in the mean cel-
lular fluorescence with and without deferiprone incubation
reflects the amount of LIP.

Measurement of lipid peroxidation in vitro

Lipid peroxidation in vitro was measured according to a
modified spectrophotometric detection of the products
resulting from the reaction with thiobarbituric acid
(TBARS), of which the most significant is malondialdehyde
(MDA), one of the final products of polyunsaturated fatty
acids peroxidation in the cells [35, 36]. Briefly, 350 uM
arachidonic acid was dispersed in H,O with 0.02% Triton-
X100. 5 uM FeS0O4, 500 uM ascorbic acid and 10 uM DAT
were then added and the test samples were incubated at
37 °C for different times. Subsequently, 0.5% thiobarbituric
acid in 20% trichloroacetic acid were added to all test
samples, and all samples were incubated at 95 °C for
15 min. The amount of TBARS produced was measured by
the spectrophotometric absorbance of the supernatant at
532nm using a spectrophotometer (C-5320001, Perkin
Elmer, Waltham, MA USA).

Inducible CRISPR/Cas9-mediated GPX4 knockout

The lentiviral doxycycline (DOX)-inducible pCW-Cas9
vector and pLX-sgRNA were gifts from Eric Lander and
David Sabatini (#50661 and 50662 respectively, Addgene,
Watertown, MA, USA) for inducible gene knockout (iKO).
The guide RNA sequence CACGCCCGATACG
CTGAGTG targeting human GPX4 was used. To construct
the lentiviral sgRNA vector for GPX4, a pair of oligonu-
cleotides (forward and reverse) were annealed, phosphory-
lated and ligated into pLX-sgRNA. Lentiviral particles
containing the sgRNA or Cas9 vectors were produced by
co-transfecting the sgRNA vector with pPCMV-dR8.2 dvpr
(#8455, Addgene) and pCMV-VSV-g (#8454, Addgene)
lentiviral packaging plasmids into 293 T cells using poly-
ethylenimine (PEI) transfection reagent. Media was chan-
ged 12h after transfection, and the virus-containing
supernatant was collected and filtered 48 h after transfec-
tion. H292 cells in 6-well tissue culture plates were infected
with pCW-Cas9 viral supernatant containing 4 ug/mL
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polybrene. Twenty-four hours after infection, the virus was
removed, and cells were selected with 2 ug/ml puromycin.
Single clones were screened for DOX-inducible Cas9
expression. 2 ug/ml DOX was added to the culture media
for 3 days. Single clones with Cas9 expression were
infected with the GPX4 gRNA virus-containing supernatant
containing 8 pg/ml polybrene. Twenty-four hours after
infection, the virus was removed, and cells were selected
with 10 pug/ml blasticidin. Single clones with DOX-
inducible Cas9 expression and GPX4 knockout were
amplified and used.

In vivo xenograft studies

GPX4 iKO H292 cells were inoculated by injecting 3 X
10° cells in 0.1 mL PBS subcutaneously in the right flank
of six- to eight-week-old female athymic nude Foxnl™/
Foxnl™ mice (Envigo, East Millstone, NJ, USA). Fol-
lowing inoculation, the mice were monitored until they
have fully recovered and are moving. Mice were ran-
domly allocated into their respective groups (non-blin-
ded). Tumor growth was monitored regularly via external
caliper measurements. When tumors reached a mean
volume of 100 mm?®, mice were divided randomly into five
groups: (1) vehicle group (daily i.p. saline and normal
diet), (2) DAT group (daily i.p. 5 mg/kg of DAT and
normal diet), (3) Dox group (daily i.p. saline and DOX
food), (4) Dox + DAT group (daily i.p. 5 mg/kg of DAT
and DOX diet), (5) Dox + DAT + Lip-1 group (daily i.p.
5mg/kg of DAT and 10 mg/kg Liproxstatin-1 and DOX
diet). The tumors were measured with calipers every day,
and tumor volumes were calculated using the following
formula: a®>x b x 0.4, where “a” is the smallest diameter
and “b” is the diameter perpendicular to “a”. Tumor
growth was monitored over time. Two weeks after
administration, the mice were euthanized, and the tumor
xenografts were immediately dissected, weighed, fixed
with formalin, processed, embedded in paraffin and sec-
tioned for further immunohistochemical analysis.

Immunohistochemistry

Antigen retrieval was performed with the Retrievagen A
antigen retrieval system (550524, BD Biosciences)
according to the manufacturer’s instructions. Immunohis-
tochemical staining was performed on 5 pm-thick paraffin-
embedded sections using rabbit anti-GPX4 (Abcam) and
mouse anti-Ki-67 antibodies with a standard avidin-biotin
HRP detection system according to the instructions of the
manufacturer (anti-mouse/rabbit HRP-DAB Cell & Tissue
Staining Kit, R&D Systems Minneapolis, MN). Tissues
were counterstained with haematoxylin, dehydrated, and
mounted.
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Iron reporters

We used PCR (forward primer GGATGATCACGTTA
CATAACTTACGGTAA and reverse primer GCGGAAT
TCCTACACATTGATCCTAGCAG) to amplify CMV-
IRE-YFP fragment from 5’-IRE-YFP plasmid (a gift from
Dr. Jonathan Barasch [37]) and inserted this fragment into
pBabe-IRES-GFP plasmid (a deposit in our lab) between
the BamHI and EcoRI sites to make an intermediate 5'IRE-
YFP-IRES-GFP reporter. To make the 5’IRE-mCherry-
IRES-GFP reporter or the 5'-IRE-Luc-IRES-GFP reporter,
the YFP sequence was further replaced with the mCherry
sequence or firefly luciferase between the Agel and
EcoRI sites.

Statistical analysis

t-tests were performed using Prism software (GraphPad, La
Jolla, CA, USA). The Australian National Statistical Service
Sample Calculator was used for sample size and power
calculations. All error bars represent standard deviation (n
= 3) unless otherwise indicated. The P-value level set for
statistical significance is P <0.05.

Study approval

All animal work was conducted at Memorial Sloan-
Kettering Cancer Center in accordance with the protocol
approved by the Institutional Animal Care and Use Com-
mittee (IACUC protocol 10-10-023).

Results

Artemisinin and its derivatives sensitize cells to
ferroptosis

The reactivity of the endoperoxide bond in ART com-
pounds with biological iron prompted us to investigate
whether these compounds can regulate ferroptosis, an iron-
dependent modality of cell death. In both mouse embryonic
fibroblasts (MEFs) and human osteosarcoma HT1080 cells,
we found that multiple ART compounds (Fig. 1a), at con-
centrations up to 50 uM, induced minimal cell death alone
(data not shown). Interesting, all ART compounds sensi-
tized cells to cysteine starvation (STV)-induced ferroptosis,
in a time- and dose-dependent manner (Fig. 1b, c). Among
these four ART compounds, DAT, the active metabolite of
all ART compounds, was the most effective at sensitizing
cells to STV-induced ferroptosis, likely due to its better
bioavailability [15]. DAT was therefore used for our further
investigations. In addition to STV, three pharmacological
inducers of ferroptosis representing the three types of

ferroptosis-inducing agents (FINs), cystine transport inhi-
bitor erastin, GPX4 inhibitor RSL3 [4, 38], and promoter of
GPX4 degradation FIN56 were also examined. Like STV,
DAT also improved the sensitivity of these three inducers
(Fig. 1d, S1, S2, and S3). Notably, under all these condi-
tions, cell death was suppressed by the ferroptosis inhibitor
Ferrostatin-1 [4] (Fer-1) (Fig. 1d, S1, S2, and S3). Fur-
thermore, for erastin and RSL3, the intensity of cell death
correlated with lipid peroxide generation (Fig. le), con-
firming the ferroptotic nature of the observed cell death.

Subsequently, we investigated the molecular basis
underlying ferroptosis sensitization by DAT.

DAT increases cellular free iron contents but has no
effect on cellular glutathione

Ferroptosis is an iron-dependent cell death process driven
by lipid peroxidation [4]. Therefore, we first examined
whether DAT treatment would alter the level of cellular
glutathione (GSH), the primary antioxidant in cells, and that
of cellular iron. Erastin induced a significant decrease of
cellular GSH level (Fig. 2a), due to the inhibition of the
import of cystine, which once inside the cell is reduced to
cysteine, a building block for GSH synthesis. However,
DAT had no effect on cellular GSH levels by itself or in the
presence of erastin (Fig. 2a). On the other hand, both alone
and in combination with erastin, DAT led to an increase of
free iron contents in cells, quantified as cellular LIP
(Fig. 2b). As expected, Deferoxamine (DFO), an iron che-
lator, completely suppressed ferroptosis induced by erastin
alone or in combination with DAT (Fig. 2c and S4). These
results indicate that the increase of cellular labile iron
contents, but not cellular glutathione levels contribute to the
effect of DAT on ferroptosis sensitization.

The effect of DAT on ferroptosis is independent of
autophagy

It was previously reported that autophagy promotes fer-
roptosis by degrading cellular iron storage protein ferritin
and thus increasing cellular labile iron contents [39, 40].
Interestingly, ART has been shown to stimulate autophagy,
although at concentrations much higher than what was used
in our study [27, 41]. Based on these previous reports and
our finding that DAT can sensitize cells to ferroptosis and
increase cellular labile iron contents (Figs. 1 and 2), we
sought to examine whether DAT sensitizes cells to ferrop-
tosis by stimulating autophagy. Consistent with previous
reports [40], we observed that erastin treatment enhanced
autophagy flux in both MEFs and HT1080 cells, i.e., it
caused an increase of LC3-II production, the degradation of
autophagy substrate p62 as assayed by western blot, and an
increase of GFP-LC3-II puncta formation as assayed by
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Fig. 1 Artemisinin and its derivatives enhance the sensitivity of cells
to ferroptosis. a Chemical structure of four artemisinin compounds.
b, ¢ In b, ferroptosis was induced in MEF and HT1080 cells by cystine
starvation for 8 and 10h respectively with or without the indicated
concentrations of ART compounds. Upper panel shows phase-contrast
images and the lower panel shows propidium iodide (PI) staining to
indicate dead cells at x10 magnification. ¢ Flow cytometric quantifi-
cation of PI positive ferroptotic MEF and HT1080 cells treated with

immunofluorescence. Lysosomal inhibitor bafilomycin Al
(bafA1) further increased LC3-II production and GFP-LC3
puncta formation but blocked p62 degradation (Fig. 3a, b).
However, at a 10-uM concentration, DAT did not cause an
increase of autophagy flux, either used alone or in combi-
nation with erastin (Fig. 3a, b), although at this
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cystine starvation media for 6 and 8 h respectively (upper panel) or
with 10 uM of artemisinin compounds (lower panel). d PI positive
cells were quantified by flow cytometry after treatment with erastin or
RSL3 for the indicated times. e Ferrostatin blocked DAT-sensitized
lipid ROS, quantified using BODIPY-CI11 lipid probe using flow
cytometry in MEF and HT1080 cells. For d and e, cells were treated
with 10 uM DAT, 1 uM erastin, 0.5 uM RSL3, and 1 uM Ferrostatin-1.
Error bars indicate standard deviation (n = 3)

concentration it sensitized cells to ferroptosis (Fig. 1),
suggesting DAT enhances the sensitivity of cells to fer-
roptosis in an autophagy-independent manner.

To further confirm the autophagy-independent role of
DAT in ferroptosis, we used autophagy-deficient MEFs,
which had the autophagy-essential gene Arg5 genetically
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Fig. 3 DAT does not affect autophagic flux and sensitizes cells to
ferroptosis through a mechanism independent of autophagy. a Fer-
roptosis was induced by erastin with or without the addition of DAT
and BafAl. Autophagic activity was assessed by western blot analysis
of LC3-I/LC3-II and p62 protein expression. b Immunofluorescence
analysis of GFP-LC3-II accumulation after erastin-induced ferroptosis

[kDA]

with or without BafA1l. The presence of puncta indicates LC3-II. For
a-b, MEFs were treated with erastin for 8 h and HT1080 for 10 h.
¢ Percentage cell death was quantified by flow cytometric analysis of
Pl-positive cells in Azg5-KO MEFs, or isogenic Atg5-KO cells
reconstituted with ectopic Arg5 expression. For a—c, cells were treated
with 10 uM DAT, 1 uM erastin and 20 nM BafAl
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knocked out (A7g5-KO). Consistent with the previous
reports [40], although ferroptosis is mostly delayed in Arg5-
KO MEFs compared to A7zg5-KO MEFs reconstituted with
ectopic expression of Atg5, we found that DAT sensitized
cells to erastin-induced ferroptosis in both Azg5-KO MEF
cell line and its isogenic wild-type pair (Fig. 3c and S5).
Under all these conditions, cell death was blocked by
Ferrostatin-1 (Fig. S6). Taken together, DAT sensitizes cells
to ferroptosis in an autophagy-independent manner.

Lysosomal activity is required for DAT-sensitized
ferroptosis

Consistent with the autophagy-independent role of DAT in
ferroptosis, DAT increased LIP in autophagy-defective
MEFs (Atg5-KO) whereas erastin only increased LIP in
autophagy-competent MEFs (i.e., Atg5-KO reconstituted
with wild-type Atg5) (Fig. 4a). Interestingly, under both
autophagy-competent and autophagy-defective conditions,
the lysosomal inhibitor BafA1 blocked the increase of LIP
triggered by erastin and DAT (Fig. 4a). Further, in both
autophagy-competent and autophagy-defective MEFs,
BafA1l inhibited ferroptosis induced by erastin alone or in
combination with DAT (Fig. 4b).

Ferritin is an iron-storage protein actively involved in the
regulation of cellular iron homeostasis [42]. When cells are
under iron-depletion conditions (i.e., low LIP), ferritin is
degraded in the lysosome to release iron to restore LIP. It
has been shown that the lysosome can degrade ferritin via
both autophagy-dependent (ferritinophagy) and autophagy-
independent mechanisms [43-45]. We examined the effect
of erastin and DAT, either alone or in combination, on the
cellular levels of ferritin and its autophagy cargo receptor
Ncoa4 [46]. In autophagy-competent MEFs, erastin stimu-
lated lysosomal degradation of Ncoa4 level, which was
blocked by BafA1, whereas the cellular level of ferritin was
not significantly altered by erastin (Fig. 4c). This observa-
tion is consistent with a previous report showing that erastin
can cause both autophagy/lysosome-dependent degradation
of ferritin and transcriptional upregulation of ferritin [40].
On the other hand, DAT-induced lysosomal degradation of
ferritin in both autophagy-competent and autophagy-
defective MEFs, and the effect of DAT on ferritin was
not associated with lysosomal degradation of Ncoa4
(Fig. 4c), indicating that DAT can induce the lysosomal
degradation of ferritin, increase cellular free iron con-
centration, and thus sensitize cells to ferroptosis, in an
autophagy and Ncoa4-independent manner.

In addition to autophagy (i.e., macroautophagy),
chaperone-mediated  autophagy (CMA) is another
lysosome-mediated protein degradation pathway. In this
process, a selective group of proteins containing a CMA-
targeting motif are recognized by the chaperone protein
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Hsc70 and subsequently delivered to the lysosomal surface
to interact with LAMP2A, a lysosomal transmembrane
protein, and the CMA cargo receptor. Through a series of
complicated processes including complex assembly and
disassembly, substrate proteins are translocated into the
lysosome and degraded with LAMP2A [47]. To test whe-
ther CMA contributes to DAT-induced ferritin degradation,
we analyzed the protein level of LAMP2A, and found that
DAT did not induce LAMP2A degradation. Therefore,
CMA is not involved in DAT-induced lysosomal degrada-
tion of ferritin (Fig. S7).

DAT regulates cellular iron homeostasis via IRP-IRE
signaling

Iron homeostasis is under exquisite regulation in cells [33].
Iron regulatory protein-1 (IRP1) and IRP2 can sense cellular
labile iron concentration. When cellular labile iron is low,
IRP1 and IRP2 can bind to a cohort of mRNA molecules
containing iron-responsive element (IRE) sequences, and
thus dictating the stability or translational activity of these
mRNAs (e.g., transferrin receptor mRNA is stabilized, and
thus its protein synthesis is enhanced, whereas the transla-
tional activity of ferritin mRNA is suppressed). Since many
of the proteins encoded by these mRINAs are involved in the
regulation of cellular iron levels, the eventual consequence
is that cells react by increasing cellular free iron con-
centration. Conversely, when cellular free iron is in excess,
IRP1 will be associated with an iron-sulfur cluster and lose
its affinity to IRE sequences, and IRP2 will be removed by
proteasomal degradation, leading to a coordinated process
to reduce cellular free iron. We sought to examine whether
DAT can regulate cellular iron homeostasis via the IRP-IRE
signaling.

To quantitatively measure the potential impact of DAT
and erastin on the IRP-IRE signaling, IRE/IRP interaction
and translational regulation of ferritin by erastin or DAT,
two reporter plasmids, both based on the IRE sequence on
the 5’-UTR region of ferritin mRNA, were used [37]. As
shown in Fig. 5a, both plasmids express GFP as a reference
through an internal ribosomal entry sequence (IRES), with
one plasmid using luciferase as the readout (5'IRE-Luc-
IRES-GFP) and the other using mCherry as the readout (5’
IRE-mCherry-IRES-GFP). These reporter systems can
monitor IRP-IRE signaling: when cellular iron is low, IRP-
IRE association is enhanced, leading to a decrease of
translation of luciferase or mCherry, thus a decreased ratio
of luciferase/GFP or mCherry/GFP; conversely, when cel-
lular iron is high, the ratio of luciferase/GFP or mCherry/
GFP will increase. As shown in Fig. 5b, in MEFs stably
harboring the luciferase reporter, DAT treatment decreased
the luciferase/GFP ratio, whereas erastin treatment
increased the Luc/GFP ratio; consistently, in MEFs stably
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Fig. 4 Lysosomal activity is required for DAT-sensitized ferroptosis
independent of autophagy. a Cellular LIP levels were quantified after
treatment with erastin, DAT and/or BafAl using the calcein-AM
method by measuring spectrophotometric absorbance at 525 nm. The
MFI of C-AM is subtracted from the MFI of C-AM treated with DFO.
b Percentage cell death was quantified by flow cytometric analysis of
Pl-positive cells in autophagy-deficient Azg5-KO and autophagy-

harboring the mCherry reporter, DAT treatment decreased
mCherry fluorescence whereas erastin increased it, with
neither altering GFP expression (Fig. 5c¢).

The molecular basis underlying the observed effect of
erastin on IRP-IRE signaling (Fig. 5b, c) is straightforward:
by stimulating the autophagy-lysosomal degradation of fer-
ritin, erastin causes an increase of LIP, which in turn
decreases IRP-IRE affinity, causing an increase of ferritin
synthesis. However, why does DAT have the opposite effect
since it can also increase LIP? It has been reported that iron
can be rapidly associated with ART and its derivatives [48].
Therefore, it is conceivable that DAT-associated iron cannot
be incorporated into iron-sulfur clusters to inactivate IRP1 or
trigger IRP2 degradation. Consequently, the IRP-IRE axis
will react by suppressing ferritin synthesis, further increasing
cellular free iron concentration. We further hypothesize that
DAT-associated iron has a similar oxidative activity as free
ferrous iron. If so, DAT would trigger a vicious cycle to
increase the amount of cellular iron with superoxidative
capacity, which evades the control of IRP-IRE signaling and
which exacerbates ferroptotic cell death, once initiated by
GPX4 inhibition or cysteine deprivation. To test whether
DAT-associated iron maintains the ability to catalyze
superoxidative reactions, particularly the chained Fenton
reaction [16], we used an in vitro colorimetric assay to
monitor the oxidation of arachidonic acid to MDA, a lipid
peroxidation reaction catalyzed by ferrous ion (5 uM) and

Atg5-KO

competent Azg5-reconstituted MEF cells after treatment with erastin,
DAT and/or BafAl. ¢ DAT can induce the lysosomal degradation of
ferritin and increase cellular free iron. Western blot of NcoA4 and
ferritin (FTH1) protein expression in Arg5-KO and Atg5-reconstituted
MEFs treated with DAT, erastin or BafA1 for 6 h. For a—c, cells were
treated with 10 uM DAT, 1 uM erastin or 20 nM BafAl

ascorbate (500 uM) (Fig. 5d). As shown in Fig. Se, the
addition of 10 uM of DAT, although sufficient to complex
with all ferrous ion in the reaction system, did not inhibit
lipid peroxidation. Therefore, DAT-associated iron main-
tains the ability to catalyze superoxidative reactions as free
ferrous ion does.

DAT sensitizes cancer cells to ferroptosis -
therapeutic potential

Ferroptosis induction has been explored as a new cancer
therapeutic approach. For example, certain cancer cells,
including mesenchymal cancer cells, are highly susceptible
to GPX4 inhibition [13]. These findings suggest that GPX4
might be a promising therapeutic target for these metastasis-
prone cancer cells, which are often resistant to chemother-
apy. On the other hand, many types of cancer cells are
resistant to GPX4 inhibition. Given that DAT can sensitize
cells to ferroptosis induced by GPX4 inhibitor RSL3
(Fig. S2), we set to test whether DAT can make these
otherwise ferroptosis-resistant cancer cells more responsive
to GPX4 inhibition. For this purpose, a cohort of human
epithelial cancer cell lines, including human lung cancer cell
H292, human colorectal cancer cells SW480, HCT116 and
HT29 and human breast cancer cells MDA453 and MCF-7,
were treated with different concentrations of RSL3. Com-
pared with MEFs and HT1080 cells, which are sensitive to
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Fig. 5 DAT regulates cellular iron homeostasis via IRP-IRE signaling.
a The structure of IRE-driven fluorescent reporters based on ferritin.
b Quantitative evaluation of percentage luciferase/GFP and mCherry/
GFP regulated by the combination of DAT and erastin in MEF cells
for 6 h. Values are expressed as a percentage change from untreated
controls. ¢ Fluorescence microscopy images of mCherry and GFP in

RSL3, much lower ferroptosis and lipid peroxidation were
induced in these cancer cells even with the highest con-
centration of RSL in this test (Fig. 6a). Importantly, DAT
substantially increased the sensitivity of these cells to
RSL3-induced cell death and lipid peroxidation in a
ferrostatin-sensitive manner (Fig. 6b, c).

To further investigate this clinically relevant scenario, we
performed in vivo mouse modeling experiments. Human
H292 lung cancer cells, which are resistant to GPX4 inhi-
bition (Fig. 6a), were engineered to harbor CRISPR/Cas9-
mediated GPX4 knockout in a Dox-inducible manner.
Western blot analysis confirmed the efficiency of GPX4
knockout in H292 cells after Dox treatment (Fig. 6d). As
expected, there was a low level of cell death and lipid ROS
generation when GPX4 was knocked out, and both of which
were enhanced by DAT in a ferrostatin-sensitive manner
(Fig. 6d). Subsequently, we performed an in vivo xenograft
experiment by subcutaneously inoculating nude mice with
H292 cells harboring inducible GPX4 knockout. As shown
in Fig. 6e—g, GPX4 expression is significantly decreased in
tumors from mice fed with Dox diet. Tumor growth
decreased modestly in mice treated with Dox diet or DAT
alone, in comparison with control mice (-Dox-DAT).
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MEFs cells expressed with the mCherry/GFP reporter for 6 h and
treated with DAT and/or erastin. d Schematic showing the oxidation of
arachidonic acid catalyzed by ferrous ion and ascorbate. e DAT does
not affect lipid peroxidation in the ferrous-ascorbate catalytic system.
Plot shows the quantification of the oxidation of arachidonic acid to
malondialdehyde

Importantly, in mice treated with the combination of Dox
diet and DAT, tumor growth was further retarded. A sig-
nificant decrease of Ki67 expression, indicative of cell
proliferation, was also observed under this condition
(Fig. 6g). Notably, Liproxstatin-1, a ferroptosis inhibitor
amenable for in vivo use [49], partially restored tumor
growth under this condition. Collectively, these results
indicate that DAT can be used to improve the effect of
GPX4-targeted therapy, especially for cancers that are more
resistant to GPX4 inhibition.

Discussion

As highly effective antimalarial drugs, artemisinin and its
derivatives have been explored for the treatment of various
other diseases, particularly cancer [22, 23]. While positive
outcomes have been reported in various experimental models
for their effect in inhibiting cancer cell proliferation and
inducing cancer cell death, the underlying molecular basis is
far from clear. Further, in most studies, the anticancer effect
of artemisinin compounds would not be apparent until
extremely high concentrations (often > 100 uM) were used,
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dampening their potential value in cancer treatment. Nota-
bly, even the precise mechanism of these compounds as
antimalarial agents is still under intense debate. Numerous
cellular proteins have been shown to interact with these
compounds covalently or non-covalently [50-52]. How-
ever, it has not been defined whether the effects of arte-
misinin compounds are mediated explicitly by one or

several of these interacting proteins. Albeit the ambiguity, it
is generally believed that the peroxidative nature of the
artemisinin compounds and their reactivity with cellular
iron are essential for their function in killing both malaria
and cancer cells [20, 53].

In this study, we investigated the potential effect of
artemisinin compounds in ferroptosis, by mainly focusing
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Fig. 6 DAT increases lipid ROS and sensitizes cancer cells to fer-
roptosis in vitro and in vivo. a Increasing concentrations of RSL3 were
used to treat a panel of lung, breast and colorectal epithelial cancer cell
lines. Cell death curves were plotted from percentage PI-positive cells
quantified by flow cytometry. ¢ Lipid ROS was uantified using the
BODIPY-C11 lipid probe by flow cytometry after cells were treated
with 2 uM of RSL3 for 24 h, or RSL3 with 1 uM of ferroptosis inhi-
bitor Ferrostatin-1 for 24 h. d GPX4-iKO was induced using CRISPR/
doxycycline-inducible Cas9. Knockout was confirmed by western blot.
e—g DAT sensitizes H292 cells to GPX4 KO induced ferroptosis
in vivo. In e, Six- to eight-week old nude mice were inoculated with
3 x 10% doxycycline-inducible GPX4 iKO cells and randomly divided
into 5 groups: vehicle (injected with PBS only), DAT only, doxycy-
cline only, DAT and doxycycline and DAT, doxycycline and
Liproxstatin-1. Tumor volume was measured daily using a Vernier
caliper. Error bars represent standard error. ** Between — DAT + Dox
and 4 Dox + DAT groups is P =0.0049. ** Between — Dox + DAT
and + Dox + DAT groups is P =0.0044. P-values were calculated
using a two-tailed r-test with 95% confidence interval. In f, the
xenografted tumors were dissected and their size was measured as
shown. In g, xenografted tumors were sectioned, fixed and stained
with H&E, or immunohistochemically stained for GPX4 and pro-
liferation marker Ki67

on DAT, the semi-synthetic derivative of artemisinin with
the highest bioavailability and highest antimalarial activity
[15]. Our study is based on the crucial role of peroxidation
and iron in ferroptosis, and the chemical nature of artemi-
sinin compounds as iron-reactive peroxides. Importantly,
we found that by using DAT doses that are tolerable in vivo
[54, 55], DAT sensitized cells to ferroptosis induced by
both cysteine deprivation and GPX4 inhibition, although
DAT failed to trigger ferroptosis by itself in our cell culture
analysis (Fig. 1). Mechanistically, our results indicate that
DAT associates with cellular free iron in such a way that
DAT-associated iron still possesses the same oxidative
activity as free iron, but it cannot be recognized by the IRP-
IRE iron homeostasis regulatory machinery. As a con-
sequence, cells respond by enhancing lysosome-mediated
ferritin degradation and IRP-mediated translational sup-
pression of ferritin, both leading to an increase in cellular
free iron contents to sensitize ferroptosis (Fig. 3-5). Related
to our study, it was previously reported that artesunate, also
an artemisinin derivative, can increase cellular free iron
concentration by stimulating lysosomal degradation of fer-
ritin, leading to apoptosis [56]. More recently, it was
reported that 1,2-dioxolane FINO,, which contains endo-
peroxide like artemisinin compounds but is otherwise
structurally distinctive, can initiate ferroptosis via iron
oxidation and indirect inhibition of GPX4 [30].

A previous study showed that higher concentrations of
ART (50 uM) can induce cell death that can be rescued by
necroptosis inhibitor Nec-1 [57]. Necroptosis and ferroptosis
are two biochemically distinct forms of non-apoptotic cell
death; although Nec-1 inhibits necroptosis by targeting RIP1,
the compound has also been shown to protect against
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ferroptosis in a RIP1-independent manner [49]. Therefore, the
Nec-1 experiment alone is insufficient for determining whe-
ther cells undergo necroptosis. Another significant difference
between this previous study and ours is that the previous
study used a high dose of ART as a single cell death-inducing
agent, whereas here we used a low dose of DAT to sensitize
ferroptosis triggered by multiple types of inducers.

Interestingly, both DAT and the ferroptosis inducer
erastin can increase cellular free/labile iron, but via a
somewhat different mechanism. Erastin can stimulate
autophagic degradation of ferritin (ferritinophagy [58]) and
thus an increase of cellular labile iron [40]. The increased
labile iron engages the IRP-IRE iron homeostatic system,
leading to the upregulation of ferritin synthesis to mitigate
further increase of cellular labile iron [33]. In stark contrast
to erastin, DAT-induced lysosomal degradation of ferritin
and the increase of cellular labile iron are independent of
autophagy (Fig. 4a, c). Further, DAT can associate with and
“mask” free iron, thus evading the feedback regulation by
the IRP-IRE system to cause a continued increase of cellular
free iron (Fig. 5b, c, e).

Importantly, our finding that DAT can sensitize ferroptosis
has a clear cancer therapeutic implication. While the use of
ferroptosis-inducing agents is an attractive novel therapeutic
option for some types of cancers, it is important to note that
there are currently certain challenges associated with the
preclinical and clinical use of these agents. Whereas DAT is
generally well-tolerated, ferroptosis-inducing compounds may
lead to tissue damage by stimulating lipid peroxidation and
ferroptotic death. Thus, long-term use of these compounds
can potentially cause or exacerbate iron metabolic diseases
such as diabetes [59], atherosclerosis [60], neuronal diseases
[61] and myocardial dysfunction [62]. Albeit these potential
side effects, ferroptosis induction is still considered a pro-
mising cancer therapeutic approach, especially for cancer cells
that are highly sensitive to ferroptosis. Indeed, a plethora of
mesenchymal cancer cells that are prone to metastasis and are
often resistant to chemotherapies and various targeted thera-
pies, are highly susceptible to ferroptosis induction [13].
Therefore, a relatively low dose of ferroptosis inducers,
hopefully tolerable by normal tissues, may be effective for the
treatment of these cancers. Using DAT to further sensitize
ferroptosis could shorten the treatment time and improve the
therapeutic effect.
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