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Abstract: Aberrant iron homeostasis is a typical characteristic of Hepatocellular carcinoma (HCC), and perturba-
tion of iron metabolism is an effective strategy for HCC therapy. However, there are few safe and effective targeting
agents available in clinical practices. The artemisinin and its derivatives have shown potential anti-cancer activity
by disturbing cellular iron homeostasis, but the specific mechanism is still unclear. In this study, we demonstrate
that Artesunate (ART), a water-soluble anti-malaria agent in clinical use, can regulate the labile iron pool (LIP) and
effectively induce ROS-dependent cell death in multiple HCC cells. Mechanistically, ART increases the LIP by pro-
moting lysosomal degradation of iron-storage protein ferritin through acidizing lysosomes. Then the accumulation
of labile iron in the endoplasmic reticulum (ER) promotes excessive reactive oxygen species (ROS) production and
severe ER disruption, which leads to cell death. Our results provide a new understanding of how ART modulates
iron metabolism in HCC cells at the subcellular level, demonstrate the significance of endoplasmic reticulum as
iron-vulnerability of HCC cells. More importantly, our findings suggest ART is a safe and potential anti-HCC agent via
disturbing iron homeostasis.
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Introduction

Hepatocellular carcinoma (HCC) is one of the
most lethal and prevalent cancers worldwide,
but few therapeutic options are available. Ab-
errant iron homeostasis has been implicated
in the pathogenesis of HCC [1-3], and consid-
ered as a potential target for HCC therapy.
Labile iron pool (LIP) is a pool of charitable and
redox-active iron and severs as a crossroad of
cellular iron metabolism [4]. Compared to nor-
mal cells [5], high LIP level is important sub-
stance and metabolic basic for abnormal pro-
liferation, drugs resistance, cancer stem cell
maintenance in cancer cells [6]. Recently, iron
metabolism has been considered a potential
target for cancer therapy [7, 8]. Currently, there
are several FDA-approved agents targeting cel-
lular LIP, such as erastin and Deferoxamine
mesylate salt (DFO) [9]. However, the unsatis-
factory chemical characteristics (highly hydro-

philic, orally inactive, poor membrane permea-
bility, a short plasma half-life) [10], severe ad-
verse effects [11, 12], and poor tumor-target-
ing property limit their clinical application [13].

Artemisinin and its derivatives are originally
identified as potent anti-malarial drugs and
have recently shown potential toxicity in multi-
ple tumor cells [14-16]. Although several mech-
anisms and various cell death types have been
reported to involve in the anti-cancer effects of
artemisinin and its derivatives, the ROS and
Fe®* are two of the important elements [17-21].
In addition, Dihydroartemisinin (DAT), an arte-
misinin-derived compound is reported to dis-
turb cellular iron homeostasis and induce iron-
dependent cell death [22, 23]. However, the
specific mechanism of artemisinin in regulating
iron metabolism, especially labile iron content
and distribution, cancer cells death remains
elusive.
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Artesunate (ART), an FDA-approved artemisinin
derivative, which is widely used clinically be-
cause of excellent water solubility, high bio-
availability and strong activity [24, 25]. In this
study, our results indicated that ART could dis-
turb iron homeostasis by increasing cellular
labile iron, and induce distribution of labile iron
in ER, finally resulting in ROS-dependent cell
death in multiple HCC cells in vivo and in vitro.
Our findings suggest ART could serve as a po-
tential anti-HCC agent by modulating iron me-
tabolism.

Materials and methods
Cell culture and chemicals treatment

Cell lines including LO2, LM3, Hep3B, HepG2,
Huh7 and SMMC7721 cells were a gift from Jin
Chai (Cholestatic Liver Diseases Center and
Department of Gastroenterology, Southwest
Hospital, Third Military Medical University).
Cells were maintained in a humidified incu-
bator with 5% CO2 at 37°C, cultured in the rec-
ommended medium and confirmed to be free
of Mycoplasma. Artesunate (ART) was pur-
chased from Sigma Aldrich (A3731), the purity
(Titration by NaOH) is > 98%. ART (50 uM,
unless specified otherwise) was co-incubated
for indicated time after cells after cell attach-
ment. DFO (200 uM) (D9533, Sigma Aldrich),
4-phenylbutyrate (4-PBA) (1 mM) (S4125, Sel-
leck), bafilomycin Al (bafAl) (1 nM) (S1413,
Selleck), Liproxstatin-1 (1 pM) (S7699, Sel-
leck), Ferrostatin-1 (1 pM) (§7243, Selleck),
Z-VAD-FMK (10 uM) (87023, Selleck), were pre-
incubated 4 hours and then removed before
ART treatment. N-acetylcysteine (NAC) (5 mM)
(51623, Selleck) and Mitoquinone (MitoQ) (5
uM) (HY100116, MCE) were pre-incubated 2
hours and then removed before ART treat
ment.

Cell proliferation assay

The cell growth was assessed via cell viability
using the Cell Counting Kit-8 (ck04, Dojindo
Molecular, Japan) as previously described [26].
Briefly, 5000 cells per well were seeded in a
96-well plate, and the adherent cells were cul-
tured with the specified concentration of above
different inhibitors and ART. At the endpoint,
added 10 pL of detection solution to each well
and incubated for 2 hours at 37°C, then the
absorbance measured at 450 nm was used to
assess the cell viability.
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Colony formation

1000 cells per well were seeded in 6-well pla-
tes, and the fresh medium was changed every
3 days until colonies were clearly visible. Then
the colonies were washed with PBS, fixed,
stained with crystal violet (Beyotime, Shanghai,
China) for 15 minutes, and then counted (at
least 50 cells for a colony).

Hematoxylin and eosin (H&E) staining

Mice were euthanized with CO, gas. The tissues
of mice were collected and fixed in 4% formal-
dehyde, dehydrated, embedded in paraffin, cut
into 5 um thick sections, deparaffinized and
rehydrated. Then, the sections were stained by
H&E Staining Kit according to the manufactur-
er’s protocol.

Western blotting

As described previously [26], cells were lysed in
RIPA Buffer containing protease inhibitors on
ice for 30 min, and then centrifuged at 12000
x g for 10 min at 4°C. The concentrations were
detected using the BCA Protein Assay Kit. The
sample was subjected to SDS-PAGE with load-
ing buffer, transferred to a PVDF membrane,
blocked for 1 hour, immunoblotted with primary
antibodies (1:1000) overnight at 4°C, washed
with Tris-buffered saline with Tween (TBST) buf-
fer three times (5 minutes once), then incubat-
ed with secondary antibodies anti-Human P53
(@b131442, Abcam), anti-Human TFRC1 (ab38-
171, Abcam), anti-Human Ferritin (ab75973,
Abcam), anti-Human IRP1 (ab126595, Abcam),
anti-Human IRP2 (NB100-1798, Novus Bio-
logicals), anti-Human DMT1 (ab55735, Abcam),
anti-Human ZIP14 (ab10658, Abcam), anti-
Human LC3 (3868, CST), anti-Human Caspa-
se-9 (9502, CST), anti-Human Caspase-3 (144-
20, CST), anti-Human SLC7A11 (12691, CST),
anti-Human PARP (9542, CST), ER Stress
Antibody Sampler Kit (9956, CST), anti-Human
GPX4 (A5569, Bimake) for 1 hour. After wash-
ing three times, the intensity of bands was
determined using an enhanced chemilumines-
cence detection system (Bio-Rad Laborato-
ries) by an ECL kit (Thermo Scientific, Waltham,
USA). B-Actin (Cell Signaling Technology, USA)
was used as the loading control.

Xenotransplantation assays
Five- to six-week-old athymic male nude mice

were purchased from Huafukang Bioscience
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(Beijing, China). Animal protocols were followed
by the Animal Care and Use Committee Guide-
lines of the Third Military Medical University. A
total of 5.0 x 10° HCC cells in PBS were subcu-
taneously injected at one dorsal site. Palpable
tumors were observed after a week. Mice were
randomly divided into groups and then treated
daily with ART (50 mg.kg?) or PBS twice a week
through intraperitoneal injection. The xenograft
tumor size and body weight were measured
every week using sliding calipers, and the vol-
ume was estimated using the formula: volume
(mm?3) = (length x width?)/2. At the endpoint,
mice were euthanized and the xenografts were
photographed and weighed.

Cell death assay

Cell death was assessed using Annexin V-FITC/
Pl Apoptosis Detection Kit (BD Bioscience,
USA) according to the manufacturer’s protocol.
Briefly, cells were first co-incubated with ART,
washed twice in PBS after 24 or 48 hours, then
harvested and stained at room temperature in
the dark for 15 min, finally subjected to flow
cytometry (Accuri C6, BD Biosciences).

Lysosomes pH detection

Lysosomes pH was assessed using Lyso-
Sensor Yellow/Blue according to the manufac-
turer’'s protocol (Thermo Fisher, USA). Briefly,
cells were incubated with 1 yM stain solution
for 1 min and measured using a fluorescent
microplate reader (Ex 329 nm; Em 440 nm)
(Varioskan LUX, Thermo Scientific).

LIP assessment

As described by Uchiyama [27], the total of LIP
was assessed by calcein-AM (Dojindo Mole-
cular, Japan) (Ex 488 nm; Em 518 nm). Briefly,
cells were incubated with 0.15 uM calcein-AM
for 10-30 min at 37°C in serum-free medium.
Then cells were trypsinized, washed and re-
suspended in 2.2 ml of serum-free medium,
and subjected to confocal microscopy (Carl
Zeiss 800, Germany) or flow cytometry (C6, BD
Bioscience). Mean fluorescence intensity was
used to assess the LIP.

RNA interference

After cells were grown to 30-50% confluence,
cells cultured in DMEM reduced serum media
were transfected with siRNA oligomers (50 nM)
human small interfering si-hepcidin (sense:
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5-UG GUAUUUCCUAGGGUACAdTAT-3’; antisen-
se: 5-UGUACCCUAGGAAAUACUAdTAT-3’) and
si-TFRC1 (sense: 5-CUCCUGUGAAUGGAUCU-
AUTT-3’; antisense: 5’-AUAGAUCCAUUCACA GG-
AGTT-3’) (siRNA, GenePharma), negative con-
trol RNA (NC siRNA) with Lipofectamine 3000
(Invitrogen) according to manufacturer’'s in-
structions. Fresh culture medium was added to
cultures 6 hours post-transfection. Transfected
cells for other experiments were performed 24
hours post-transfection.

ROS and mitochondrial membrane potential
(MMP) detection

Total ROS and mitochondrial ROS was mea-
sured using DFCH-DA (Beyotime, Shanghai,
China), MitoSOX (Thermo Fisher Scientific, USA)
and mitochondrial membrane potential were
measured using TMRM (Thermo Fisher Sci-
entific, USA), both according to the manufac-
turer’'s instructions. Briefly, cells were first
primed with ART for 24 hours, then cells were
washed twice in PBS and respectively loaded
with 5 uM MitoSOX for 10 min, 100 nM TMRM
and 10 yM ROS for 30 min at 37°C, followed
by washing twice in PBS before being subject-
ed to flow cytometry.

Confocal microscopy

Cells were cultured on glass coverslips and tr-
eated with indicated treatments, stained with
organelle-specific trackers according to the
manufacturer’s instructions. For ROS staining,
cells were incubated with 10 uM ROS indica-
tor (DFCH-DA) for 20 min, then washed three
times with serum-free medium. For labile iron
(Fe?*) staining, cells were incubated with 10
UM labile iron (Fe?) indicator Ferrorange and
Mito-FerroGreen (Dojindo, Japan). For lipid per-
oxidation staining, cells were incubated with 5
UM Liperfluo (Dojindo, Japan) for 30 min, then
washed with serum-free medium. After stain-
ing was completed, images were captured us-
ing a fluorescent microscope (Carl Zeiss 800,
Germany).

Data and statistical analysis

In this study, the data and statistical analysis
comply on experimental design and analysis
in pharmacology. Equalization, randomization,
and blinding were used for each group in all
experiments. In addition, the group size in this
study was set as at least three to ensure the
implementation of statistical analysis, and no
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data points were excluded from the statistical
analysis in any test. All group sizes represent
the numbers of experimental independent bio-
logical repeats, and statistical analysis was
performed using these independent values
Statistical analyses were applied using the
unpaired 2-tailed Student’s t-test and one-
way analysis of variance with GraphPad Prism
7.04 statistical software (GraphPad, San Diego,
USA). In multigroup studies with parametric
variables, post hoc tests were conducted only if
F in ANOVA (or equivalent) achieved the neces-
sary level of statistical significance (P < 0.05)
and there was no significant variance inho-
mogeneity. The threshold for statistical signifi-
cance was set at the level of p being 0.05, and
in all cases, P < 0.05 was considered statisti-
cally significant. In addition, asterisks denote
statistical significance (ns, no significance; *, P
< 0.05; **, P < 0.01).

Results

ART eradicates HCC cells in a p53-indepen-
dent manner

It has been reported that ART and its deriva-
tives could selectively inhibit human hepatocel-
lular carcinoma cells growth and their anti-
tumor effects were thought to be iron-related
[28], but the underlying mechanism remains
unclear. Furthermore, feedback loops between
P53 and iron metabolism regulators could pro-
foundly impact behaviors of tumor cells includ-
ing tumors progression [29-31], drug resis-
tance [32], ferroptosis [33], etc. The two para-
doxically opposite iron manipulation-strategies
for tumor therapy based either on iron chela-
tion or iron overload are all related to p53 [34,
35]. In order to assess tumor suppressive ef-
fects of ART in liver cancers and to identify
whether p53 contributes to the anti-cancer
effects, several classical HCC cell lines with
different p53 status were used in this study,
including Hep3B (p53 null status), SMMC7721
(p53 wild type status, low), and HepG2 (p53
wild type status, median) and Huh7 (p53 muta-
tion status, high) (Figure 1A). Interestingly, HCC
cells are much more sensitive to ART compared
to human fetal liver cells LO2. The cell viability
and clone formation showed that ART induced
cytotoxicity to HCC cells in a dose- and time-
dependent manner (Figure 1B and 1C), and the
various HCC cell lines with different p53 status
was not consistent with the inhibition of ART.
And the ART induced obvious cell cycle arrest,
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including G2/M accumulation in Hep3B and
SMMC7721, GO/G1 accumulation in HepG2
and huh7 (Figure 1D). Besides, our results also
showed that significant cell death was obser-
ved after ART treatment (Figure 1E), but the
change of P53 expression (upregulation in
SMMC7721 and HepG2, downregulation in
Huh7) in various HCC cells were also not linear-
ly related to cell death and cell cycle arresting
(Figure 1F). However, the iron metabolism relat-
ed proteins showed a consistent tendency to
increase intracellular iron in all HCC cell lines
(Figure 1G). Further, we evaluated the anti-
tumor effects of ART in vivo with tumor xeno-
grafts model established by subcutaneously
injecting different HCC cells in nude mice. The
Figure S1 showed that intraperitoneal injection
of ART (50 mg/kg, twice a week) dramatically
suppressed tumor growth compared to the
vehicle group. More importantly, ART did not
cause obvious visceral organ toxicity and sig-
nificant loss of body weights. Similarly, there is
no significant difference in tumor inhibition effi-
ciency in diverse HCC cells. Besides, we had
replenished HCC cell line LM3 (derived from a
group of cells with higher metastatic MHCO7H),
the results showed that under the same dose,
the toxicity of ART to LM3 was consistent with
that of other HCC cells (Figure S2). These
results indicate that ART is a wide-spectrum
anti-cancer agent regardless of p53 status in
hepatocellular carcinoma cells.

The increase of LIP induced by ART contributes
to cell death in HCC cells

It has been previously discovered that ART
could disrupt iron metabolism to augment the
Fenton reaction to produce excessive ROS [36].
The up-regulation of iron metabolism favoring
to increasing cellular iron was discovered in
various HCC cells. To study the specific mecha-
nisms of how ART impacts cellular iron homeo-
stasis, the total intracellular Fe?* and total iron
level were detected after ART treatment, but no
statistical differences were found in HCC cells
(Figure S3A). To further investigate how ART
modulate iron metabolism, the siRNA-hepci-
din and siRNA-tfrcl were applied. The results
showed that knockdown Hepcidin and TFRC1
induced cell death in HCC cells, respectively.
And siRNA-hepcidin and siRNA-tfrcl did not
reduce HCC cell death after ART treated. The
results showed included that the transfer and
efflux of iron is not responsible to cell death
induced by ART (Figure S3). Interestingly, pre-
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Figure 1. Cytotoxicity of ART in various HCC cell lines with different p53 status in vitro. A. The various p53 status in
hepatocellular carcinoma cells. B. The human HCC cell lines and Human fetal liver cell line LO2 (n=3) were treated
with various concentrations of ART for 48 hours and the IC_ values of HCC cells were calculated. C. The cells
colonies (n=4) of HCC cells after ART treatment for 24 and 48 hours were counted under inverted microscope. D.
The cell (n=3) cycle of various HCC cells after 50 uM ART treatment for 48 hours were examined by flow cytometry.
E. After ART treatment for 48 hours, the expression of P53 in various HCC cells was detected using western blot.
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B-actin was taken as the loading control. F. HCC cells (n=3) were treated with 50 uM ART for 48 hours and stained
with Annexin V/PI to detect cell death by flow cytometry. G. After ART treatment for 48 hours, the change of iron
metabolism related proteins in various HCC cells were detected using western blot. B-actin was taken as the loading
control. Error bars denote mean £ SD. Ns, no significance; *, P < 0.05; **, P < 0.01.

treatment with deferoxamine (DFO), a chelator
to labile iron in the cytoplasm, blocked the cell
death induced by ART in HCC cells (Figures 2A,
S2), suggesting that LIP (LIP), a minor fraction
(2%-5%) of the total cellular iron, which is a
pool of chelatable and redox-active iron and
serves as a crossroad of cellular iron metabo-
lism [37], and of which a large portion is Fe2*
rather than Fe3* in living cells [38], was res-
ponsible for cell death induced by ART. To fur-
ther verify chelation on cytoplasm LIP of DFO,
the intensity of calcein-AM (C-AM) was deter-
mined in ART-incubated HCC cells with and
without DFO treatment (Figure 2B). The differ-
ence of intensity of C-AM fluorescence in four
groups displayed that ART significantly redu-
ced fluorescence in HCC cells compared to the
control groups, and DFO remarkably blocked
the reduction of fluorescence induced by ART
in HCC cells (Figure 2C), which indicated that
ART increased the content of LIP and DFO re-
versed this process. These results reveal that
ART increases LIP without amplifying total iron
content, and LIP is pivotal to cell death indu-
ced by ART.

ART mobilizes degradation of ferritin by pro-
moting lysosomal acidification which increases
the LIP

The LIP could be regulated essentially by iron
uptake, storage, utilization, distribution and ex-
portation, respectively [4], it has two main
sources, including external intake and internal
ferritin degradation, and the major source for
increasing LIP by ART is not iron uptake (Figure
S3). Ferritin is the major iron storage protein
and the degradation of ferritin is the main
source of LIP generation in mammal cells [38].
Our results showed that ART reduced the ferri-
tin in a dose-dependent manner (Figure 3A).
The lysosomal activity is necessary to degrade
ferritin in two known routes, including autopha-
gy-dependent (ferritinophagy) and autophagy-
independent mechanisms [39-41]. First, to
confirm whether autophagy was involved in fer-
ritin degradation, autophagy inhibitors bafilo-
mycin Al (bafAl) was applied. The results sh-
owed that although bafAl reversed cytotoxicity
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of ART which affirmed the critical role of lyso-
somes in anti-tumor (Figures 3B and S2) and
blocked degradation of ferritin in all HCC cells
(Figure 3C), the autophagic flux was found only
in SMMC7721 and HepG2 and the autophagy
blocking of bafAl were not successful in these
two HCC cells (Figure 3C). The acidification is
necessary for lysosomes to be activated for
not only autophagic degradation [42] but also
protease hydrolysis [43] had been proved by
treated with bafAl in some studies. Our re-
sults showed that ART acidified lysosomes,
which began since 4 hours after drug treat-
ment (Figure 3D) and the lysosomes alkaliniza-
tion induced by bafAl was discovered in four
kinds of HCC cells (Figure 3E and 3F). And the
increased LIP by ART was also eliminated by
bafAl (Figure 3G). These results suggest that
ART mobilizes autophagy-independent degra-
dation of ferritin to increase LIP by promoting
lysosomal acidification.

ART induced HCC cell death is mediated by
lethal ROS accumulation in the endoplasmic
reticulum via iron redistribution

Then we investigated the consequences of in-
creased LIP induced by ART via ferritin degra-
dation. The irregular distribution of cellular iron
often results in severe cell oxidative damage
through aberrant production of highly reactive
oxygen species (hROS) via Fenton chemistry,
where labile iron could act as a generator of
hROS [40] and contribute to ROS-dependent
damage and cell death [44]. The total ROS,
mitochondrial ROS (Figure 4A and 4B) and
labile iron (Fe?*) (Figure 4C) in HCC cells mark-
edly increased compared to the control group
and DFO reduced the tendency. As it is report-
ed that mitochondria and ER were two main
organelles that consumed labile iron (Fe?*), the
ROS indicator, labile iron (Fe?*) indicator and
mitochondria and ER indicators were used to
investigate the cellular iron distribution and
specific subcellular location of lethal ROS. Al-
though, our results showed that ART caused
more labile iron (Fe?*) located in the lysosome,
endoplasmic reticulum and mitochondria in
HCC cells (Figure 5), the ROS induced by ART
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** P<0.01.
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Figure 4. The increased non-mitochondrial ROS by LIP is responsible for cell death induced by ART. HCC cells (n=3) were pre-treated with or without 200 uM DFO for
4 hours, after DFO removed HCC cells were cultured with 50 uM ART for 24 hours. Fluorescence of DCFH-DA (ROS indicator) (A), MitSox (mitochondrial ROS indicator)
(B), and intracellular labile iron (Fe?*) indicator ferrorange (C) was detected by flow cytometry. Red dotted lines indicate control values. (D, E) HCC cells (n=3) were
pre-incubated with 5 mM general ROS scavenger N-acetyl cysteine (NAC) or 5 uM mitochondrial ROS specific inhibitor MitoQ for 2 hours respectively and after ROS
scavengers removed HCC cells were cultured with 50 uM ART for 48 hours and stained with Annexin V/PI to detect cell death by flow cytometry. Error bars denote
mean * SD. Red dotted lines indicate control values. Ns, no significance; *, P < 0.05; **, P < 0.01.
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Figure 5. The subcellular localization of labile iron (Fe?*) in HCC cells after ART. A. 50 uM ART treated with various
HCC cells for 24 hours, the subcellular localization of labile iron (Fe?*) was shown with Ferrorange (red, Ex/Em: 561
nm/570-620 nm), lyso-tracker Green (green, Ex/Em: ~504/511 nm), ER-tracker blue (blue, Ex/Em: 374/430-640),
Scale bar, 75 ym. B. The distribution of mitochondrial labile iron (Fe?*) in various HCC cells after ART for 24 h. The
mitochondrial labile iron (Fe?*) was co-localization with mitochondrial marker Mito-Bright Deep Red (red, Ex/Em:
640 nm/656-700 nm) and Mito-ferro Green (green, Ex/Em: 488 nm/500-550 nm) by confocal microscopy (ZEISS).

Scale bar, 20 pym.

was mainly in the endoplasmic reticulum (ER)
and mitochondria (Figure 6), and no obvious
ROS was observed in lysosomes (Figure S4)
which may be due to the low pH environment in
lysosome inhibiting iron derived ROS produc-
tion [45, 46]. As mitochondria are reported to
be the major sources of cellular ROS [47, 48],
the antioxidant N-acetyl cysteine (NAC) and
mitochondria-targeted antioxidant MitoQ were
used to study whether ROS, especially mito-
chondrial ROS, was responsible for ART-indu-
ced cell death in HCC cells. The results show-
ed that NAC but not MitoQ relieved cell death
induced by ART in HCC cells (Figures 4D, 4E
and S2). Besides, although the mitochondrial
membrane potential (MMP) reduced in Hep3B,
SMMC7721 and Huh7 and increased in HepG2
(Figure S5A) cells, and the significant mito-
chondrial morphological change from the fila-
ment to punctation were found in Hep3B,
SMMC7721 and Huh7 cells (Figure S5B) after
ART treatment, there was no activated cas-
pase-9 (markers of mitochondrial apoptosis)
observed (Eigure S5C). These results indica-
ted mitochondria were not the main source of
lethal ROS. Thus, the accumulation of labile
iron (Fe?*) in the ER and generation of ER-de-
rived ROS in HCC cells hinted that ER may be
target organelle for lethal effects induced by
ART. In addition, DFO reduced labile iron (Fe?)
and ER-derived ROS (Figure 6) in HCC cells.
Hence, ART-induced cell death is ROS-depen-
dent, and the lethal ROS from ER might be
attributed to redistribution of labile iron (Fe?*)
in the ER. The ROS in ER could also cause ER
stress which was also reported to contribute
to cell death [49]. Although continued increase
of BIP and dose-dependent increase of other
ER stress markers (IREla, PERK, ATF6) were
observed in HCC cells (Eigure S6A and S6B),
the ER stress inhibitor 4-phenylbutyrate (4-
PBA) did not reverse cytotoxicity of ART (Eigure
S60C). Nevertheless, the result that ART in-
duced obvious lipid peroxidation (LPO) in ER
(Figure 7) indicated labile iron (Fe?*) and ER-
derived ROS were active at the ER site. And
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the destruction of the endoplasmic reticulum
was observed after ART treatment (Figure 8A).
To conclude, endoplasmic reticulum damage is
a concomitant phenomenon in ART-induced
cell death, and the ER-derived ROS induced by
redistribution of labile iron (Fe?') is predomi-
nant for the death process.

Next, we continue to characterize the pheno-
type of ART induced cell death, we have de-
monstrated that ART increased LIP in HCC
cells, and induced the accumulation of labile
iron (Fe?*) in the ER. The accumulation of labile
iron (Fe?") in organelles was reported to con-
tribute to ferroptosis by promoting LPO. Our
results showed that ART increased LPO with
the LPO indicator (Liperfluo), and DFO reduced
fluorescence intensity of LPO indicator (Figure
8B and 8C), suggesting that ART-induced cell
death might be ferroptosis. To test this hypo-
thesis, ferroptosis inhibitors DFO, liproxstatin-1
(lipr-1), ferrostatin-1 (fer-1) were applied and
the results showed that only DFO could rever-
se cytotoxicity of ART, while lipr-1 and fer-1
couldn't block cell death except that fer-1
slightly retarding cell death in HepG2 (Figures
8D and S7A). GPX4-GSH-cysteine axis is the
central node of the ferroptotic cell death cas-
cade [50], but increased SLC7A11 and GPX4
expression were detected in HCC cells after
ART treatment, suggesting that ART-induced
cell death might not be ferroptosis because
the anti-lipid-peroxidation system is activated
(Figure 8E). ART also has been shown to indu-
ce intrinsic apoptosis in HCC cells based on
previous reports. And our findings showed that
ART induced activation of caspase-3 in Hep3B,
SMMC7721, HepG2 and PARP1 in Hep3B,
SMMC7721, Huh7 (Figure S7B). However, ap-
optosis inhibitor (pan-caspase inhibitor, Z-VAD-
FMK) did not significantly rescue HCC cells
from ART-induced cell death except that Z-VAD-
FMK reverse small partial cell death in SM-
MC7721 (Figure S7A). These results suggest
that ferroptosis, apoptosis and ER stress de-
fined by current criteria may not contribute to
ART-induced predominantal cell death and the
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Figure 6. The subcellular localization of ROS in HCC cells after ART. Confocal microscopy images showing the sub-
cellular localization of ART induced ROS in HCC cells treated with 50 uM ART for 24 hours. DCFH-DA (green, Ex/Em:
488 nm/500-550 nm) stains ROS, ER-tracker (red) stains ER and Mitotracker (blue) stains mitochondria. The white
arrowheads indicate intracellular ROS aggregation sites. Scale bar, 10 ym.

predominant mode of cell death induced by
ART needs further investigation. In conclusion,
we demonstrate that ART induced HCC cell
death is mainly mediated by lethal ROS accu-
mulation in the endoplasmic reticulum via iron
redistribution.

Discussion

The iron is a necessary element for cell surviv-
al, and the dynamic balance of intracellular LIP
is an important way to maintain the physiolo-
gical function and biochemical response of
important organelles in cells [4]. The high me-
tabolic activity of tumor cells requires higher
utilization of iron compared to normal cells
[51, 52], and hyperactive iron metabolism in
hepatocellular carcinoma cells are essential
for proliferation, metastasis [53]. Besides, in
the study of the mechanism of iron metabo-
lism, there are multiple feedback loops bet-
ween p53 and iron regulators, while difference
type and of p53 expression are related to the
progression of liver cancer [29-31], drug resis-
tance [32], etc. The two paradoxically opposite
iron manipulation-strategies for tumor therapy
based either on iron chelation or iron overload
to regulate cellular iron metabolism are all
related to p53 [34, 35]. However, this correla-
tion remains to be further investigated, as iron
metabolism intervention in P53-independent
manner also was reported in anti-tumor re-
search [54-56].

As highly effective antimalarial drugs approved
by FDA, artemisinin and its derivatives have
been explored for the treatment of various dis-
eases, and recently demonstrated as remark-
able anticancer agents [57, 58]. While potent
anti-cancer effects have been reported in vari-
ous solid tumors [59] and hematological neo-
plasms [60], the underlying molecular basis is
still far from clear. Many studies have found
that the effects of ART are closely related to
iron and it is generally believed that the peroxi-
dative nature of the compounds and their reac-
tivity with intracellular iron are key to their anti-
cancer effects [61, 62]. It is reported recently
that artemisinin and derivatives have a potent
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ability to promote the degradation of ferritin
and increase cytosol LIP [18]. However, this
provides important clues for the new under-
standing of the anti-tumor effect of artemisinin
and its derivatives. The mechanisms of disrupt-
ing intracellular iron metabolism and the lethal-
ity of iron-related tumors remain unclear.

In our study, we first considered the correlation
between P53 and iron metabolism in cancer,
different P53 of HCC cells were selected. The
results showed that different expression of P53
had no direct influence on the killing effects of
ART. However, the alteration of iron metabolism
to up-regulation cellular LIP was discovered in
all HCC cells. The cell death induced by ART
was associated with increased LIP, which was
derived from the mobilization of ferritin degra-
dation. The ferritin mobilization was dependent
on lysosomal acidification but autophagy in dif-
ferent HCC cells. The increased oxidative stress
by ART led to cell death has been reported [20].
In HCC cells, ART increased lethal ROS which
could be suppressed by DFO and general anti-
oxidant NAC, but not blocked by mitochondrial
ROS scavenger MitoQ. These results prompted
us to further localize ROS and intracellular
labile iron (Fe?*). The labile iron (Fe?*) signifi-
cantly increased in intracellular organelles,
involving endoplasmic reticulum, lysosomes,
and mitochondria. Interestingly, the labile iron
(Fe?*) enrichment in endoplasmic reticulum
was responsible for lethal ROS in different HCC
cells. While the increased labile iron (Fe?*) and
ROS in mitochondria, and imbalance of mito-
chondrial membrane potential were discov-
ered, the invalid role of MitoQ and unactivated
caspase-9 revealed that mitochondria were not
directly involved in cell death induced by ART.
This is probably due to the ability of ART to
induce mitochondrial autophagy [63]. The
increasing labile iron (Fe?*)in lysosome indicat-
ed that lysosome played a role in promoting
degradation of ferritin under ART acidification,
consistent with the results of Chen et al. [62].
ART acidifies lysosomes and mobilizes in-
tracellular LIP to accumulate in the endoplas-
mic reticulum, which increases ROS to promote
the death of HCC cells.
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ER-Tracker Liperfluo Overlay Figure 7. The co-localization of
lipid peroxidation and ER in HCC

cells after ART. ART treated dif-
ferent HCC cells for 24 hours, the
localization of lipid peroxidation in
ER was displayed with ER-tracker
(red) and Liperfluo (green) by con-
focal microscopy (ZEISS). Scale
bar, 20 uym.
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Moreover, we also found th-
at ART significantly increased
LPO in the endoplasmic reticu-
lum, to explore further cell
death mode. The ferroptosis
was discussed, but failed to
definite typical ferroptosis, as
ferroptosis inhibitors Fer-1 and
Lipr-1 did not significantly re-
verse ART cytotoxicity, which
may be related to the GPX4-
GSH-cysteine axis initiating an-
tagonism to lipid peroxidation.
Although we observed the acti-
vation of apoptotic pathway
protein Caspase-3 and PARP1,
apoptosis inhibitor Z-VAD-FMK
did not fully reverse cell death
induced by ART. As an impor-
tant target in anti-tumor effect
of ART, the destruction of the
endoplasmic reticulum (ER) st-
ructure is sufficient to cause
rapid cell death, and the pro-
gression of the apoptotic path-
way may be later than it. How-
ever, the predominant mode of
cell death needs further inves-
tigation.
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zodaH

In conclusion, our study indi-
cates that ART enhances mobi-
lization of hepatocellular carci-
noma cells’ own iron reserves
through lysosome acidification,
and further promotes labile
iron (Fe?*) redistribution in in-
tracellular organelles and tar-
geted destruction of endoplas-
mic reticulum integrity to in-
duce cell death (Figure 9).
These findings provide a new
understanding of how ART
eradicates hepatocellular car-
cinoma at the subcellular level,
as well as outlining the poten-
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Figure 8. The lipid peroxidation in ER induced by LIP is contributing to cell death. A. ART treated different HCC cells
for 24 hours, the alteration of ER structure was shown with ER-tracker blue (green). Scale bar, 20 uM. B, C. DFO
(200 uM) were pre-incubated 4 hours and then removed, cultured with 50 uM ART for 24 hours, lipid peroxidation
was shown with Liperfluo (green) by according to confocal microscopy and FCM in HCC cells (n=3). Scale bar, 10
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um. D. 1 uM Fer-1, 1 uM lipr-1, 10 uM pan-caspase inhibitor Z-VAD-FMK were pre-treated for 4 hours, cultured with
50 uM ART for 48 hours, CCK-8 checked reserve effect of different inhibitors on the cytotoxicity of ART on HCC cells
(n=3). E. The effect of ART on ferroptosis in HCC cells after ART for 48 h. DFO (200 uM) were pre-incubated 4 hours
and then removed, cultured with 50 uM ART for 24 hours. The classic ferroptosis marker proteins, SLC7A11 and
GPX4, were tested with Western blot. Error bars denote mean + SD. Ns, no significance; *, P < 0.05; **, P < 0.01.
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Figure 9. Modes of ART killing HCC cells. ART induces lysosomal degradation of iron-storage protein ferritin by
acidizing lysosomes, thus regulating cellular iron homeostasis, increase endoplasmic reticulum stress in HCC cells
by promoting accumulation of labile iron (Fe?*) in ER. Finally, increasing lethal ROS from ER sources disrupts the
integrity of the ER structure.

metal transporter 1; ER, Endoplasmic reticu-
lum; fer-1, Ferrostatin-1; Fe?*, Ferrous; Fe*,
Ferric; GPX4, Glutathione peroxidase 4; IRP1/
2, Iron-regulatory protein 1/2; lipr-1, Liproxsta-
tin-1; LIP, Labile iron pool; LOP, Lipid peroxida-
tion; 4-PBA, 4-phenylbutyrate; NAC, N-acetyl-
cysteine; MitoQ, Mitoquinone; ROS, Reactive
oxygen species; TFRC1, Transferrin receptor 1;
TMRM, TetraMethylRhodamine Methyl Ester;
ZIP14, Zinc transporter 14.

tial effects of ART as a novel iron-modulating
agent in cancer therapy.
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Figure S1. Cytotoxicity of ART in various HCC cell lines with different P53 status in vivo. A. ART effectively inhibits
tumor growth in nude mice inoculated with HCC cells. Mice were treated with ART (10 mg/kg twice a week by i.p.
injection), or vehicle control. B. Tumor volumes were calculated as length x (width)2/2 (n=3, **P < 0.01 compared
with control group). C. The tumor weights of mice were measured and compared (n=3). D. The body weight of mice
was measured and compared (n=3, **P < 0.01 compared with the control group). E. HE staining estimated the
damage of important visceral organs in normal nude mice treated with ART at the same dose and time as the tumor
group. Error bars denote mean + SD. Ns, no significance; *, P < 0.05; **, P < 0.01.
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Figure S2. Reversal effect of different drugs on ART killing on LM3 cells. LM3 (n=3) were pre-treated with or without
200 uM DFO and 1 nM bafA1 for 4 hours, 5 mM NAC for 2 hours, then treated with 50 uM ART for 24 hours and 48
hours, cell growth was determined by CCK-8 (A); Flow cytometry was applied to detect cell death with Annexin V/
Pl staining (B, C). All assays were done in triplicate. Error bars denote mean + SD. Ns, no significance; *, P < 0.05;

** P<0.01.
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Figure S3. Effects of ART on iron metabolism in HCC cells. A. The HCC cells were pretreated with or without 200 uM
DFO for 4 hours, then the alteration of total iron content and total Fe?* content was detected after treated with ART
24 hours. B. After the knockdown of hepcidin and tfrc1 in HCC cells, these proteins were determined by Western
Blot. C. The alteration of cell death induced by ART was analyzed by Flow cytometry when knockdown hepcidin and
tfrc1 in HCC cells, respectively. Error bars denote mean + SD. Ns, no significance; *, P < 0.05; **, P < 0.01.
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Figure S4. The co-localization between ROS and lysosomes in HCC cells after ART. Confocal microscopy images
show the co-localization between ROS and lysosomes in HCC cells treated with 50 uM ART for 24 hours. DCFH-DA
(green) stains ROS, lysotracker red (red, Ex/Em 590/620 nm) stains lysosome. Scale bar, 20 ym.
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Figure S5. The alteration of mitochondrial morphological and function does not cause mitochondrial apoptosis in
HCC cells treated with ART. DFO (200 uM) were pre-incubated 4 hours and then removed, cultured with 50 yM ART
for 24 hours. A. The change of mitochondrial function in HCC cells after ART treatment for 24 h. The differences
of mitochondrial membrane potential were checked with TMRM (Tetramethylrhodamine, methyl ester) in HCC cells
with and without DFO. Red dotted lines indicate control values. Error bars denote mean + SD. B. The effection of
ART on mitochondrial apoptosis in HCC cells after ART for 48 h. The caspase-9 (markers of mitochondrial apoptosis)
were observed in HCC cells with and without DFO. C. The change of mitochondrial morphological was displayed with
MitoBright Deep Red by confocal microscopy in HCC cells with and without DFO. SMMC7721 and Huh7, scale bar,
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Figure S6. The continuous ER-stress is not able to induce cell death by ART directly. A. 50 uM ART-treated different
HCC cells for 48 hours, BiP (ER-stress marker) were checked with western blot. B. The different concentrations of
ART-treated different HCC cells for 24 h, ER stress markers (BiP, IRE1«x, PERK, ATF6) were observed with western
blot. C. ER-stress inhibitor 4-PBA reversed growth inhibition in various HCC cells treated with ART. Error bars denote
mean = SD. Ns, no significance; *, P < 0.05; **, P < 0.01.



Artesunate induces cell death by iron redistribution in HCC

A Con:7.9% ART:32.6% +Z-VAD-FMK:27.8% +Fer-1:44.3% +DF0O:9.5%

R

7 7. 7 7 7
L [Y] a2 a1 az L[] @2 L 17 a2 " Ja1 @
w 043 522 439 201 541 138 653 3 080 ar0
100 4 10 10° 10° =
< 5 + < s < 5. < 5]
=5 1 3 30" 203 g
& I = @ 2
O » < D o B
~ = 3 < [ 3] & 3] £ 3]
N £ 0 £ g 10’ £ 10 E
3 3 S 3 8
- 2 2
0’ g 10 10t
Q4 a3 o4 a3 Q4 a3 a4 a3 a4 @
' 321 248 w' 3674 81 ' g722 882 w' gss7 650 10' 4905 418
bl T T bl bl T ™y T T T T T T T T ™Y T T T Al T T "T T il il
o’ w? n® 0° 10* 10? w? 1? 10° 10 ° 10 10 10 10° 10° 10’ o 10 10?
Comp-FL1-8 5 FLT-4& Comp-FL1-A 5 FL1-A Comp-FL1-4:: FL1-& Comp-FL1-4: FL1-& Comp-FL1-4 = FL1-&
:9.79 : Y Z-VAD-FMK:23.9% DFO0:10.2%
Con:9.7% ART:21.7% +Z- - :23.9% +Fer-1:19.5% + :10.2%
T o 7 T T 7
e 1] @2 " 3o @2 " Zan az " Fen @ ]
514 40 818 410 164 541 13 696 097
I 1% = 10° = 10% = 10° f 10° =2
< s < s < 5 < 5] < 5]
T I w3 3 oo I on'A I oow I oo
m i i e I I
N3 1wt < ot 1wty =t < 'y
o~ o~ o ~ o
£ £ o = B
g e TS £ iy T g o
s s s E s 3 5
3 3 38 3 3
|n~_ |ﬂ"_ WZ_ ‘ﬂjq 10° 3 z
e 1 @z e @z Q4 a3 , Jou a3 e @3
' qe03 ! 050 ' 4783 844 ' g76.1 208 ' g805 13 10' 08 129
T -y Ty T T T (AL Ty v gy T T T oy Yy B
10? ot 10° 10 10? 10° 10° 10t 10 10° 10 n? 10° 10 10 10t 10® 10°
Comp-FL1-A: FL1-A Comp-FL1-A FL1-A Comp-FL1-A 5 FL1-A Comp-FL1-42 FL1-& Comp-FL1-A: FL1-A

Annexin V-FITC

B Hep3B SMMC7721 HepGZ Huh?
0 24 48 0 24 48 24 48 24 48 kpa

mw*~=-----.‘.m

PARPT e i -89
Cas-3 e i B | —— —— 35

C-Cas3 i i B -
pacin WA S -

Figure S7. The change of apoptosis and related proteins in HCC cells after ART. A. HCC cells were pre-treated with 1 uM Ferrostain, 1 uM Liprostain or 10 uM pan-
caspase inhibitor Z-VAD-FMK for 4 hours, then cultured with 50 uM ART for 48 hours, the apoptosis was checked in different groups. B. ART-treated different HCC
cells for 48 hous, the expression of Caspase-3 and PARP were determined by Western blot.
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