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Abstract

In 2020, nearly 20 million peoples got cancer and nearly 10 million peoples died of cancer, indicating the cancer
remains a great threat to human health and life. New therapies are still in urgent demand. We here develop a
novel cancer therapy named Ferroptosis ASsassinates Tumor (FAST) by combining iron oxide nanoparticles with
cancer-selective knockdown of seven key ferroptosis-resistant genes (FPN, LCN2, FTH1, FSP1, GPX4, SLC7A1T,
NRF2). We found that FAST had notable anti-tumor activity in a variety of cancer cells but little effect on normal
cells. Especially, FAST eradicated three different types of tumors (leukemia, colon cancer, and lung metastatic
melanoma) from over 50% of cancer mice, making the mice survive up to 250 days without tumor relapse. FAST
also significantly inhibited and prevented the growth of spontaneous breast cancer and improved survival in mice.
FAST showed high pan anti-tumor efficacy, high cancer specificity, and in vivo safety. FAST defines a new form

of advanced nanomaterials, advanced combinatorial nanomaterials, by combining two kinds of nanomaterials, a
chemical nanomaterial (iron oxide nanoparticles) and a biochemical nanomaterial (adeno-associated virus), which
successfully turns a general iron nanomaterial into an unprecedented assassin to cancer.
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Background

According to the International Agency for Research on
Cancer (IARC) of World Health Organization (WHO), in
2020, as many as 19.29 million people were newly diag-
nosed with cancer and about 9.96 million people died of
cancer in the worldwide, and as many as 4.57 million peo-
ple were newly diagnosed with cancer and about 3 mil-
lion people died of cancer in China. Cancer is therefore
major stress for public well-being and the most dreadful
disease. Cancer therapies such as surgery, chemotherapy,
radiotherapy, targeted therapy, and immunotherapy have
evolved considerably in recent decades and substan-
tially improve the quality of life and survival of patients
with cancer. However, the current cancer therapies are
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still challenged by several key limitations such as low
response, drug resistance, side effects, and recurrence.
Therefore, there is still a huge gap between the efficacy
of cancer treatment and the desire of patients for health
and life. Cancer treatment urgently needs breakthrough
technology.

Ferroptosis is a cell death form induced by iron-depen-
dent lipid peroxidation [1, 2], in which ferrous iron (Fe*")
produces hydroxyl radicals (+«OH) via Fenton reaction
[3-5]. Since coined [6], the anti-tumor effects of ferrop-
tosis have been widely investigated in variant cancers
[7, 8], and regarded as Achilles heel for barely treat-
able tumors [9]. Therefore, ferroptosis inducers become
attractive targets for candidate anti-tumor drugs. For
example, various compounds for inhibiting or depleting
system x., GPX4 and CoQ10 are identified as ferrop-
tosis inducers [10]; however, these inducers are rapidly
challenged by side effects and drug resistance [6, 11, 12].
Iron oxide nanoparticles (IONPs) can generate iron ions
(Fe?*/Fe*") in lysosomes when internalized in cells and
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the generated Fe** can produce «OH by Fenton reaction,
which potentially induce ferroptosis [5, 13—15]. However,
cells can overcome this potential damage by positively
maintaining the iron and redox homeostasis [16—20]. To
overcome this limitation, we recently tried to develop a
novel cancer therapy, gene-interfered ferroptosis therapy
(GIFT) [21], by combining cancer cell-specific knock-
down of two iron efflux genes, FPN and LCN2 [22-26],
with iron oxide nanoparticles (FeNPs) [20]. In mecha-
nism, GIFT is a gene interference-enhanced ferroptosis.
We found that GIFT had wide anti-tumor activity, high
cancer specificity, certain cancer eradication potential,
and biosafety in treating variant cancer cells and tumors
in mice. However, GIFT just eradicated tumors from a
limited number of mice.

We recently found that the expression of antioxidant
genes (i.g. SLC7A11, GCLM, NQO1) was significantly
upregulated in cells treated by iron oxide nanoparticles
[27], we therefore deduced that the activated antioxida-
tion system in cells should weaken the anti-tumor effect
of GIFT. In line with this deduction, recent studies also
revealed that various antioxidant systems play a signifi-
cant role in preventing ferroptosis, such as the cyst(e)
ine/glutathione (GSH)/glutathione peroxidase 4 (GPX4)
axis [28], the NAD(P)H/ferroptosis suppressor protein
1 (FSP1)/ubiquinone (CoQ10) axis [29, 30], the GCH1/
tetrahydrobiopterin-DHEFR axis [31], and the DHODH/
ubiquinol axis [32]. Therefore, we deduced that further
knocking down the expression of several key antioxidant
genes should improve the anti-tumor efficacy of GIFT.
Additionally, our recent study also revealed that the
expression of FTL and FTH1 was significantly upregu-
lated in cells treated by iron oxide nanoparticles [27]. The
two genes encode two subunits of ferritin, which stores
Fe?" in cell and thus contributes to ferroptosis resistance
[33]. Moreover, FTH1 can convert Fe?* to Fe*" using its
ferroxidase activity, which is important for subsequent
iron entry into the ferritin mineral core, an event that is
helped by FTL. Therefore, knocking down FTH1 on the
base of GIFT should further increase the cellular labile
iron pool.

Based on these deductions, we here knock down five
additional genes related to iron and redox homeostasis
(NRE2, GPX4, SLC7A11, FSP1, FTH1) [28, 30, 34-36],
for further improving the anti-tumor efficacy of GIFT.
We thus develop a new cancer therapy named Ferrop-
tosis Assassinates Tumor (FAST). As a result, we found
that FAST showed much more significant anti-tumor
activity than GIFT. Especially, FAST eradicated three
different types of tumors (leukemia, colon cancer, and
lung metastatic melanoma) from over 50% of cancer
mice, making the mice survive up to 250 days without
tumor relapse. FAST also significantly inhibited growth
of spontaneous breast tumor and improved survival in

Page 2 of 18

mice. Additionally, FAST showed pan anti-tumor activity,
high cancer specificity, and in vivo biosafety. In mecha-
nism, FAST destroyed cancer cells by a disaster ferrop-
tosis induced by violent lipid peroxidation resulting from
ROS burst that was produced by the FeNPs-released
Fe?". FAST thus defines a new form of advanced materi-
als, advanced combinatorial material, which turns a gen-
eral iron nanomaterial into an unprecedented assassin to
cancers.

Results and discussion

Oxidative stress and iron storage suppression-dependent
anti-tumor effect

In our recent GIFT [21], cancer cells were killed by a
combination of DMSA-coated Fe;O, nanoparticles
(FeNPs) with cancer cell-specific knockdown of two iron
efflux genes (FPN and LCN2) (Fig. 1a). The cancer cell-
specific knockdown of FPN and LCN2 is realized by con-
trolling expression of miRNAs targeting the two genes
with an NF-«B-specific promoter that consists of an
NF-«B decoy and a minimal promoter (DMP). Because
NF-«B is constitutively over-activated in cancers but not
in normal cells [37, 38], DMP can drive the effector gene
to express only in cancer cells [39-41]. Because there are
a variety of ferroptosis-resistant genes (FRGs) in cells, we
deduced the anti-tumor effect of GIFT may be further
improved by knocking down other FRGs. To verify the
speculation, we selected to knock down five new genes
distributed in glutathione-dependent pathway (GPX4,
SLC7A11, NRF2) [28, 34, 35], COQ-dependent path-
way (FSP1) [30], and iron storage (FTH1) [36] (Fig. 1a).
We designed microRNAs targeting these genes of both
human and mouse and used to human and mouse cells,
respectively (Additional file 1: Table S1).

To demonstrate the potential effects of these genes on
cancer cells, we first treated cells with the gene-inter-
fering vectors (GIVs) expressing microRNAs targeting
these genes under the control of DMP. The results indi-
cated that GIVs and FeNPs (50 pg/mL) alone had little
effect on cell viability, but the combination of GIVs with
FeNPs produced significant time-dependent cytotoxicity
to cancer cells (Additional file 1: Figs. S1-4). To combine
the effect of each gene, we then constructed a DMP-con-
trolled microRNA expression vector that can co-express
microRNAs targeting five genes (NRF2, SLC7A11, GPX4,
FSP1, and FTH1) (named pDMP-T5, in which T means
target). As a result, when combined with FeNPs, pDMP-
T5 showed more significant time-dependent cytotoxicity
in four cancer cells (HepG2, BGC823, KG-1a, WEHI-3)
than GIVs expressing microRNA targeting a single FRG
(Fig. 1b, ¢; (Additional file 1: Figs. S1-4), which was
revealed by both acridine orange and ethidium bromide
(AO&EB) dual staining and CCK-8 assay. It was found
that pDMP-T5 alone also showed a low killing effect
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Fig. 1 Treatment of tumor and normal cells with pDMP-T5 and FeNPs. Cells (BGC823, GES-1, HepG2, HL7702, KG-1a, WEHI-3) were transfected by DMP
vectors overnight, then incubated with or without 50 pg/mL FeNPs for 72 h. a Schematic diagram of FAST eradicating tumor. b Cells stained by AO&EB. c

Cell viability. The images and viability of cells incubated with FeNPs for 24 and 48 h are shown in the Additional file

1: Figs. S1-6, in which the data of more

treatments as controls are shown. Cell viability was detected by the CCK8 assay. d and e Iron content (d) and ROS levels (e) of cells incubated with 50 pg/
mL FeNPs for 48 h. All values are mean +s.d. (n=3 wells). All statistical significance is labeled. pDMP-NT, a plasmid coding an artificial microRNA target-
ing no transcripts (NT); pDMP-T5, a plasmid coding artificial microRNAs targeting five target (T) genes including FSP1, FTH1, GPX4, SLC7A11, and NRF2.

on cancer cells, but exerted little effect on the growth  detection of mRNA level revealed that the expression of
of normal cells (HL77202 and GES-1), even combined five FRGs were all significantly knocked down in cancer
with FeNPs (Additional file 1: Figs. S5 and 6). The

cells by pDMP-T5 (Additional file 1: Fig. S7). However,
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the expression of these target genes was not knocked
down by pDMP-T5 in normal cells HL7702 and GES-1
(Additional file 1: Fig. S7). The measurement of intra-
cellular iron content and total ROS levels indicated that
in comparison with the co-treatment of pDMP-NT and
FeNPs, the co-treatment of pDMP-T5 and FeNPs slightly
increased the intracellular iron contents (Fig. 1d) but sig-
nificantly increased the ROS levels (Fig. 1e) in four cancer
cells (BGC823, HepG2, KG-1a, WEHI-3). Such changes
of intracellular iron contents and ROS levels agree with
the fact that pDMP-T5 mainly targets to gene produc-
ing antioxidants of glutathione (NRF2, SLC7A11, GPX4)
and COQ (ESP1), which resist ferroptosis by preventing
lipid peroxidation [30]. Only FTH1, a constituent of fer-
ritin that stores iron [36], is targeted by pDMP-T5. The
co-treatment of pDMP-T5 and FeNPs did not change the
intracellular iron contents and ROS levels in normal cells
HL7702 and GES-1 (Fig. 1d and e). These results demon-
strate that the combination of pDMP-T5 and FeNPs can
specifically induce significant ferroptosis of cancer cells
by simultaneously producing ROS and knocking down
five FRGs.

To explore the in vivo anti-tumor effects of pDMP-
T5 and FeNPs, we then cloned the DMP-T5 fragment
into adeno-associated virus (AAV) (22 nm) to prepare a
recombinant virus (rAAV-T5). The mouse leukemia cell
WEHI-3 was subcutaneously transplanted into BALB/c
mice to make tumor-bearing mice. When the average
tumor volume of treatment group reaches 150 mm?,
the WEHI-3 xenograft mice were injected with virus
(1x10' vg/mouse) and FeNPs (3 mg/kg) together in the
tail vein every two days (Additional file 1: Fig. S8a). After
two injections, only the rAAV-T5+FeNP treatment sig-
nificantly inhibited tumor growth (Additional file 1: Fig.
S8b-d), and the mice weight remained stable during the
study period (Additional file 1: Fig. S8e). rAAV-T5 or
FeNPs alone did not reduce the size and weight of tumor
and had little anti-tumor effect in vivo (Additional file 1:
Fig. S8b—d). To evaluate the distribution of rAAV and the
silencing efficiency of target genes in treated mice, we
detected the abundance of virus DNA and mRNA levels
of five FRGs (FSP1, FTH1, GPX4, SLC7A11, and NRF2)
in various tissues by qPCR. The results showed that the
GIV DNA distributed in all detected tissues, especially in
tumor and liver (Additional file 1: Fig. S8f). The expres-
sion of five target genes were only significantly knocked
down in tumor (Additional file 1: Fig. S8g—k). These data
indicated that rAAV-T5 was safe in vivo and had signifi-
cant anti-tumor effect when combined with FeNPs.

The anti-tumor activity of FAST

Many studies have reported that iron overload in cells
can cause oxidative stress through the Fenton reac-
tion [42, 43]. Besides iron storage, iron efflux is also an
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important pathway to maintain cellular iron homeostasis.
The functions of both FPN and LCN2 in cells are related
to the efflux of iron ions [22-26]. In our previous study,
we found the expression of the two genes were signifi-
cantly up-regulated when cells were treated with FeNPs
[20]. Once the two genes were knocked down and FeNPs
were administered, the iron ion output from cancer cells
would be severely hindered, thus leading significant fer-
roptosis of cancer cells in vitro and in vivo [21]. There-
fore, to further enhance the killing effect on cancer cells,
we integrated DMP-miFPN and DMP-miLCN2 (pDMP-
T2) into pDMP-T5 to form a stronger ferroptosis-induc-
ing vector (pDMP-T7). As a result, compared with the
pDMP-T2 and pDMP-T5, pDMP-T7 resulted in a more
significant increase of the iron contents and total ROS
levels in HepG2 and KG-1a cells post FeNPs administra-
tion, but not in HL7702 cell (Fig. 2a and b). The wider
anti-tumor effects of pDMP-T7 were further character-
ized by AO&EB dual staining and CCK-8 assays in four
cancer cells (HepG2, A549, MDA-MB-453, KG-1a) and
three normal cells (HL7702, MRC5, MCF-12A). As a
result, almost all cancer cells were killed at 72 h upon
co-treatment of pDMP-T7 and FeNPs, but normal cells
were not significantly affected at any treatment time
(Additional file 1: Figs. S9—16). Thus, with the synergy of
FeNPs, the killing effect of pDMP-T7 was stronger and
more efficient than pDMP-T2 and pDMP-T5. Notably,
pDMP-T7 alone also had more significant time-depen-
dent cytotoxicity than pDMP-T2 and pDMP-T5, which
even caused more than half of MDA-MB-453 to die at
72 h (Additional file 1: Fig. S16). These results indicated
that the inhibition of iron efflux can promote pDMP-T7
to eliminate cancer cells. To verify the pan-anticancer
activity of co-treatment of pDMP-T7 and FeNPs, we used
the crystal violet staining (CVS) assay to evaluate the
anti-tumor activity of FAST in a variety of cancer cells
representing different hematological and solid tumors in
human and mouse, including two leukemia cells (KG-1a
and WEHI-3) and ten solid tumor cells (A549, PANC-
1, SKOV3, MDA-MB-453, BGC-823, KYSE30, B16F10,
HepG2, HeLa, and CT26). The results revealed that the
combination of pDMP-T7 with FeNPs produced the sig-
nificant time-dependent killing effects in all detected
tumor cells (Additional file 1: Figs. S17 and 19). To inves-
tigate the cancer cell specificity of pDMP-T7, we next
treated six normal human and mouse cells (HL7702,
MRC5, GES-1, 1929, MCF-12 A, and NIH-3T3). The
results showed that all these cells remained survival when
treated with pDMP-T7 and FeNPs, even at 72 h (Addi-
tional file 1: Figs. S18 and 19). To further validate the
key role of NF-kB activation in FAST, we induced these
cells with TNFa (an NF-xB activator) before pDMP-
T7 transfection. Upon FeNPs administration, these
TNFa-induced cells were also significantly killed by the
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combination of DMP-T7 and FeNPs (Additional file 1:
Figs. S18 and 19). It suggests that pDMP-T7 is a cancer
cell-specific GIV and the combination of DMP-T7 and
FeNPs is a cancer cell-specific killer. Thus, we named the
co-treatment of DMP-T7 and FeNPs as FAST (Ferropto-
sis ASsassinates Tumor) (Fig. 1a).

To explore the in vivo anti-tumor effects, we also
cloned DMP-T7 into AAV to prepare a recombinant
virus (rAAV-T7). All rAAVs were tested by infecting
four cancer cell lines (PANC-1, MDA-MB-453, B16F10,
CT26). Consistent with the cell viability experiments,
rAAV-T7 showed a more significant anti-tumor activ-
ity than rAAV-T5. The colony formation assays showed
that FAST could nearly eradicate the colony formation
capability and tumorigenicity of various tumor cells
(Fig. 2c; Additional file 1: Fig. S20). Next, the WEHI-3
xenograft mice model was used to evaluate the anti-
tumor effects of FAST (Fig. 2d). The tumor-bearing
mice were intravenously administered twice with PBS,
rAAV-NT +FeNPs, rAAV-T5, rAAV-T5+FeNPs, rAAV-
T7, and rAAV-T7+FeNPs, respectively (1x10 vg/
mouse and 3 mg/kg FeNPs, n=7). The results indicated
that rAAV-T7+FeNPs was the most active therapeutic
intervention in delaying tumor progression (Fig. 2e-g)
and extending survival (Fig. 2 h) in all treatment groups.
Additionally, the expression of genes as stemness (CD34,
CD38, TIM-3) and proliferation (Ki67)-related markers
in tumors were detected (Fig. 2i). The heatmap showed
that CD38 was upregulated but CD34, TIM-3, and Ki-67
were down-regulated in tumors by FAST. It suggested
that the stemness and proliferation of tumor were sig-
nificantly inhibited by FAST, which explained the reason
for the shrinkage of tumor. The hematoxylin and eosin
(H&E) staining of tumor tissue slices further proved the
superior anti-tumor activity of FAST (Fig. 2j). In general,
FAST showed the better anti-tumor activity than rAAV-
T5+FeNPs (Fig. 2e-j). To further characterize the treat-
ment, we detected the iron content, abundance of rAAV
DNA and mRNA of seven target genes (FSP1, FTHI,
GPX4, NRF2, SLC7A11, FPN, and LCN2) and RELA
in various tissues. Compared with rAAV-NT +FeNPs,
FAST significantly increased the iron content in tumors
(Fig. 2k), but not in other tissues (Additional file 1: Fig.
S21a). The rAAV DNA distributed in all detected tissues,
especially in liver and tumor (Additional file 1: Fig. S21b).
Seven target genes were only knocked down significantly
in tumor (Additional file 1: Fig. S21c) and RELA was only
highly expressed in tumor (Additional file 1: Fig. S21d).
These data showed the cancer specificity and NF-xB
activity dependence of FAST therapy. Additionally, all
mice showed no significant pathological tissue damage
in major organs (heart, liver, spleen, lung, and kidney)
(Additional file 1: Fig. S22a) and lose of body weight
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(Additional file 1: Fig. S22b) during the treatment, indi-
cating the biosafety of FAST.

To further explore the safety of FAST, we also treated
the healthy BALB/c mice with FAST. The healthy mice
were randomly divided into two groups and injected
three times with PBS and rAAV-T7+FeNPs (5x 10" vg/
mouse and 3 mg/kg FeNPs, n=5) via tail vein, respec-
tively (Additional file 1: Fig. S23a). Compared the PBS
group, the FAST treatment produced no significant effect
on the body weight (Additional file 1: Fig. S23b), blood
biochemical markers (white blood cells, red blood cells,
platelet, and hemoglobin), hepatotoxicity markers (ala-
nine aminotransferase, aspartate aminotransferase, and
alkaline phosphatase), and kidney injury markers (blood
urea nitrogen, creatinine, and uric acid) (Additional file
1: Fig. S23c) of mice. The FAST treatment also produced
no significant effect on the external appearance and size
(Additional file 1: Fig. S24a) and tissue structure (Addi-
tional file 1: Fig. S24b) of the main organs of mice. Espe-
cially, compared the PBS group, the FAST treatment
showed no significant effect on the weight of liver and
spleen of mice (Additional file 1: Fig. S24c). Addition-
ally, although the rAAV distributed in all detected tissues
(Additional file 1: Fig. S24d), it did not affect the expres-
sion of all target genes and NF-kB/RELA in these tissues
(Additional file 1: Fig. S24e). Therefore, the used dose of
FAST reagents had high biosafety, which was then used
in following animal experiments.

Ferroptosis dependence of FAST anti-tumor
activity

Ferroptosis was primarily characterized by condensed
mitochondrial membrane densities and corresponding
volume reduction than normal mitochondria [44]. To
clarify the form of cell death, we observed the morphol-
ogy of HepG2 (a solid tumor cell) and KG-1a (a hema-
tological cell) at 48 h post FAST treatment by Transition
electron microscopy (TEM). In the two cells, both the
FAST and erastin (a typical ferroptosis inducer) treat-
ments induced the mitochondria shrinking and mito-
chondrial membrane density increase (Additional file
1: Fig. S25); however, FeNPs (50 pug/mL) alone did not
change the mitochondrial morphology like DMSO
(Additional file 1: Fig. S25). The results directly demon-
strated that the mechanism underlying FAST was fer-
roptosis. Ferroptosis is a unique form of cell death that
is different from apoptosis, autophagy, and necrosis. Its
occurrence depends on severe lipid peroxidation relying
on ROS generation and iron overload [2]. As revealed by
the above experiments, the FAST treatment resulted in
the significant increase of both iron contents and total
ROS levels in HepG2 and KG-1a (Fig. 2a and b). To fur-
ther confirm whether the catastrophic ROS accumulation
was related to lipid peroxidation, we next detected the
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Fig. 2 Anti-tumor effects of FAST and other treatments in cancer cells and the WEHI-3 xenograft mice. Cells (HepG2, HL7702, KG-1a) were transfected
by pDMP-NT/T2/T5/T7 overnight respectively, and then incubated with or without 50 ug/mL FeNPs for 48 h. a Cellular iron content post treatment. b
Total ROS levels post treatment. a and b use a same set of symbols. All data are presented as mean+s.d (n=3 wells). pDMP-NT, a plasmid coding an
artificial microRNA targeting no transcripts (NT); pDMP-T2, a plasmid coding artificial microRNAs targeting two target (T) genes including FPN and LCN2;
pDMP-T5, a plasmid coding artificial microRNAs targeting five target genes including FSP1, FTH1, GPX4, SLC7A11, and NRF2; pDMP-T7, a plasmid coding
artificial microRNAs targeting seven target genes including FSP1, FTH1, GPX4, SLC7A11,NRF2, FPN, and LCN2. ¢ Quantitative clone formation assays. Cells
(PANC-1, MDA-MB-453, B16F10, CT26) were infected with rAAV-NT/T5/T7 at the dose of 1x 10° vg per cell for 24 h and then incubated with 50 ug/mL
FeNPs for another 48 h. PBS, cells just treated with phosphate buffered saline (PBS) as a control. After treatment, 200 cells were seeded into 6-well plate
and cultured until colonies were clearly visible (> 50 cells) (about two weeks). Each treatment was conducted in triplicates. The images of cell clones are
shown in Additional file 1: Fig. S20. rAAV-NT/T5/T7, rAAVs packaged with pDMP-NT, pDMP-T5, and pDMP-T7. d Schematics of animal treatment (WEHI-3
xenograft mice). s.c, subcutaneous injection; i.v., intravenous injection. e Tumor imaging. f Tumor growth curve. All data are presented as mean+s.d (n=7
mice). g Tumor weight. (n=7 mice). h Kaplan-Meier survival curve (n=10 mice). The statistical significance was analyzed by the log-rank test. i Expression
of stemness- and proliferation-related marker genes. The relative expression detected by gPCR (272%) was shown by heatmap. The p values between
rAAV-TS + FeNPs and rAAV-T7 + FeNPs are given. j Representative H&E-stained section of tumors. k Iron content in tumors of mice in different treatment
groups (n=7 mice). By these comparative treatments of cells and mice, the treatment of pDMP/rAAV-T7 +FeNPs that shows the best anti-tumor effect
was defined as FAST, referring to Ferroptosis ASsassinates Tumor
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lipid peroxidation using a lipid oxidation indicator, C11-
BODIPY. The results indicated that the FAST treatment
most significantly elevated the lipid peroxidation from
24 to 72 h in HepG2 (Additional file 1: Fig. S26; Fig. 3a
and b). The elevated lipid peroxidation could be reverted
by the ferroptosis inhibitors (Ferl, DFO, and NAC), but
not by apoptosis inhibitor (ZVAD), necroptosis inhibi-
tor (Necls), and autophagy inhibitor (BA1) (Additional
file 1: Fig. S26; Fig. 3c). Moreover, the elevated lipid per-
oxidation could be most significantly reverted by the
co-treatment of DFQO, Ferl, NAC (DFN) (Additional file
1: Fig. S26; Fig. 3c). The similar lipid peroxidation was
also obtained in other cancer cells (A549, KG-1a, MDA-
MB-453, PANC-1) (Fig. 3a; Additional file 1: Fig. S27
and 28). However, the FAST treatment showed no simi-
lar lipid peroxidation effect on normal cells (MCF-12 A,
MRC-5, HL7702, GES-1) (Fig. 3a; Additional file 1: Figs.
S29 and 30). Nevertheless, when these normal cells were
induced by TNFa (an NF-kB stimulator), the FAST treat-
ment produced the similar lipid peroxidation in these
cells (Additional file 1: Figs. S29 and 30). These data
indicated the cancer cell specificity and NF-kB activity
dependence of FAST (Additional file 1: Figs. S26-30). As
a positive control, erastin also induced significant lipid
peroxidation in cancer cells; however, it also induced
significant lipid peroxidation in normal cells (Additional
file 1: Fig. S25; Additional file 1: Figs. S27-30), indicat-
ing its strong side effects on normal cells. The ferroptosis
dependence of cancer cell-specific anti-tumor activity of
FAST was also confirmed by the CCK-8 assay of cell pro-
liferation (Fig. 3d) and colony formation assays (Fig. 3e;
Additional file 1: Fig. S31). In two assays, each single
ferroptosis inhibitor (DFO, Ferl, NAC) recovered lim-
ited cell viability and a few colonies, whereas cocktail of
multiple ferroptosis inhibitor (DEN) rescued most cell
viability and colonies (Fig. 3d and e; Additional file 1: Fig.
S31). This is consistence with the mechanism that FAST
inhibits multiple anti-ferroptosis pathways by knocking
down key genes responsible for these pathways. Interest-
ingly, the autophagy inhibitor BA1 rescued about 30%
of viability of the FAST-treated cancer cells (Fig. 3d and
e; Additional file 1: Fig. S31), suggesting that autophagy
partially contributed to the anti-tumor activity of FAST.
This was also confirmed by existence of autophagosomes
in the FAST-treated cancer cells (Additional file 1: Fig.
S$32; Additional file 1: Fig. S33). This is consistence with
the reports that lipid peroxidation can induce autopha-
gosome formation and ferroptosis is closely related to
autophagy [45]. Finally, we checked ferroptosis depen-
dence of FAST in vivo using the WEHI-3 xenograft
tumor model. The tumor-bearing mice were intrave-
nously administered three times with rAAV-NT +FeNPs,
rAAV-T7+FeNPs, and rAAV-T7+FeNPs+NAC (5x10"
vg/mouse Virus, 3 mg/kg FeNPs, n=10), respectively
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(Fig. 3f). The ferroptosis inhibitor NAC (1 g/L) was added
in the drinking water. As a result, the FAST treatment
significantly inhibited tumor growth and prolonged sur-
vival (60% survival rate) (Fig. 3 g and h); however, NAC
significantly offset the FAST effects (Fig. 3 g and h), indi-
cating that FAST inhibits tumor by ferroptosis in vivo,
consistent with the in vitro results. Importantly, we found
that 60% FAST-treated mice lived tumor-free for up to
250 days without tumor relapse, indicating that tumors
were eradicated from these mice by FAST.

Anti-tumor activity of FAST in variant tumors

To further confirm in vivo anti-tumor effect of FAST
therapy, we established a colon cancer model by subcuta-
neously injecting CT26 cells in BALB/c mice. When the
tumor volume reached around 150 mm?, the tumor-bear-
ing mice were intravenously administered three times
with rAAV-NT/T7+FeNPs (5x10'° vg/mouse Virus,
3 mg/kg FeNPs) (Fig. 4a). As a result, the body weight
of mice remained stable during the treatment (Fig. 4b);
however, the tumor size was remarkably shrunk by
FAST (Fig. 4c and d). The tumor weight was significantly
decreased (Fig. 4e) and the survival was greatly improved
by FAST (Fig. 4f). Excitingly, 60% of mice survived and
lived over 250 days without tumor relapse (Fig. 4f). Fur-
ther detections of tissues revealed that the iron content
was significantly increased by FAST in tumor (Additional
file 1: Fig. S34a), rAAV-T7 distributed in all detected tis-
sues (Additional file 1: Fig. S34b), the expression of seven
target genes was significantly knocked down by FAST
only in tumors (Additional file 1: Fig. S34c) due to NF-«xB
expression only in tumors (Additional file 1: Fig. S34d),
and the expression of stemness and proliferation markers
was significantly decreased in tumors by the FAST treat-
ment (Additional file 1: Fig. S34e). In addition, there was
no significant splenomegaly and hepatomegaly (Addi-
tional file 1: Fig. S35a-c) and changes of tissue structure
(Additional file 1: Fig. S35d), blood biochemical markers
(Additional file 1: Fig. S35e), and liver and kidney injury
markers (Additional file 1: Fig. S35f) after the FAST treat-
ment in this tumor model, further indicating the safety of
FAST.

To determine whether the FAST therapy could simi-
larly treat metastatic tumors, we then treated a lung met-
astatic melanoma model made by intravenously injecting
B16F10 cells in C57BL/6] female mice with FAST. The
tumor-bearing mice were intravenously administered
three times with rAAV-NT/T7+FeNPs (5x10' vg/
mouse Virus, 3 mg/kg FeNPs) (Fig. 4 g). The results indi-
cated that the FAST treatment significantly reduced
tumor burden of lung assessed by both metastatic-like
tumor foci number (Fig. 4 h and i) and tumor area as a
percentage of total lung area (Fig. 4j and k). The FAST
treatment prevented the body weight loss compared with
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Fig. 3 FAST-induced cancer cell death by ferroptosis. a Lipid ROS imaging. Lipid ROS production was detected by C11-BODIPY and imaged by fluores-
cence microscope. Red, reduced dye; green, oxidized dye. Only the representative images of HepG2, KG-1a, and HL7702 that were incubated with 50 pg/
mL FeNPs for 72 h post pDMP-NT/T7 transfection are shown here. More detailed pictures (including 5 cancer cells and 4 normal cells) and quantified
results are shown in Additional file 1: Figs. S26-30. b and ¢ The quantified data of lipid peroxidation in HepG2 at 24, 48, and 72 h. The lipid peroxidation in
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treatment (WEHI-3 xenograft mice). s.c, subcutaneous injection; i.v., intravenous injection. g Tumor growth curve (n=10 mice). h Kaplan-Meier survival
curve (n=10 mice). The statistical significance was analyzed by the log-rank test
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Fig. 4 The antitumor effects of FAST in three tumor models of mice. a-f The in vivo antitumor effects of FAST in the colon cancer model of mice. The
model was constructed by subcutaneously injecting the CT26 cells (n=10 mice). a Schematics of animal treatment. s.c. subcutaneous injection; i.v, intra-
venous injection. b Average body weight. ¢ Tumor growth curve. d Tumor imaging. e Tumor weight. Data are shown as mean +s.d (n=10 mice). f Kaplan-
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those treated by rAAV-NT +FeNPs (Additional file 1: Fig.
S36a). The FAST treatment significantly decreased sple-
nomegaly (Additional file 1: Fig. S36b) and the weight of
spleen (Additional file 1: Fig. S36¢) and lung (Additional
file 1: Fig. S36d). Tyrosinase-related protein 1 (Tyrpl) is
a melanocyte-specific biomarker whose expression in the
lung is restricted to B16F10, which provides a quantita-
tive measure of tumor development [46]. The FAST treat-
ment significantly decreased the tyrosinase expression in
lung tissue (Additional file 1: Fig. S36e) and the melanin
in lung extract (Additional file 1: Fig. S36f). Although
the rAAV distributed in all tissues (Additional file 1:
Fig. S36g), the FAST treatment produced no significant
changes in tissue structure (Additional file 1: Fig. S36h),
liver weight (Additional file 1: Fig. S36i), blood biochemi-
cal markers (Additional file 1: Fig. S36j), and liver and
kidney injury markers (Additional file 1: Fig. S36k), indi-
cating the safety of FAST. Most importantly, the FAST
treatment significantly improved the survival of mice,
making 50% of mice survive and live over 250 days with-
out tumor relapse (Fig. 41).

To explore whether FAST has the anti-tumor activity in
spontaneous cancer model, we treated the MMTV-PyMT
transgenic mice with FAST, which spontaneously devel-
ops metastatic breast cancer. Once the tumor burden
reached ~ 150 mm?, the mice were randomly divided into
two groups and injected rAAV-NT +FeNPs and rAAV-
T7+FeNPs via tail vein every other day, respectively
(Fig. 4 m). The results exhibited a significant reduction
in overall tumor burden and a delay in the development
of palpable tumor nodules compared with the con-
trol mice (Fig. 4n-p; Additional file 1: Fig. S37a). Histo-
logic analyses exhibited the FAST treatment effectively
blocked the occurrence of lung metastasis and tumor
invasion (Additional file 1: Fig. S37b-d). Tissue detection
revealed that rAAV-T7 distributed in all tissues (Addi-
tional file 1: Fig. S37¢) and the tumor iron content was
increased by the FAST treatment (Additional file 1: Fig.
S37f). Similarly, the FAST treatment produced no sig-
nificant changes in other tissue structures (Additional
file 1: Fig. S37g) and body weight (Additional file 1: Fig.
S37h). Critically, the overall survival was significantly
improved by the FAST treatment in compared with the
control, making one mouse (n=1/4) survive and live for
up to 174 days (Fig. 4q). To further confirm the anti-
tumor effect of FAST in this spontaneous cancer model,
we performed a new animal experiment with more mice,
in which two groups each contained 8 mice were respec-
tively treated with PBS (the control group) and FAST
(the treatment group) (Additional file 1: Fig. S38a) at the
same time points (Fig. 4 m). However, a new group of 8
mice were treated with FAST one week ahead (the pre-
vention group) (Additional file 1: Fig. S38a), by which we
expect to know if FAST could prevent cancer because
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no tumor can be detectable at that time. As a result, we
found that the treatment group obtained the similar anti-
tumor effect (Additional file 1: Fig. S38b-g). Additionally,
the prevention group indeed obtained the prevention
effect (Additional file 1: Fig. S38b-g), making 37.5% mice
(n=3/8) survive to 150 days without tumors.

To further explore the anti-tumor effect of FAST, we
finally established a new cancer model by subcutaneously
injecting human hepatoma cell HepG2 to nude mice
(Additional file 1: Fig. S39a). We then treated the mice
with PBS, rAAV-NT+FeNPs, and rAAV-T7+FeNDPs,
respectively. The results revealed that FAST also showed
the significantly anti-tumor effect on this tumor model,
indicating that FAST can also inhibit the human tumor
growth in living body (Additional file 1: Fig. S39b-d).
However, the anti-tumor effect of FAST on this model is
not as marked as those on other models. Because nude
mouse has no adaptive immunity, this result suggests that
adaptive immunity may contribute to the notable anti-
tumor effect of FAST on immuno-competent mice. A
recent study revealed that the activated CD8+T cells can
enhance ferroptosis-specific lipid peroxidation in tumor
cells and the increased ferroptosis contribute to the anti-
tumor efficacy of CD8+T cells [47].

As a recent study reported that ferroptosis is immu-
nogenic in mice [48], we finally expect to know if FAST
has similar effect. We therefore first re-challenged the
mice that survived up to 250 days in above experiments
with cancer cells same as or different from the cancer
cells used to establish tumor models (Additional file 1:
Fig. S40a-c). As a result, we found that mice died with
the same survival days (Additional file 1: Fig. S40a-c),
suggesting that no significant immunogenicity was elic-
ited by FAST-induced ferroptosis of tumors in mice with
three different tumors. To further verify this conclu-
sion, we performed a new animal experiment, in which
the mice were subcutaneously injected with PBS, CT26
cells, and the FAST-pretreated CT26 cells, respec-
tively (Additional file 1: Fig. S40d). As a result, the mice
injected with CT26 cells died at 21 days post injection;
however, no mice injected with FAST-pretreated CT26
cells grew tumors until 40 days post injection (Addi-
tional file 1: Fig. S40e). We then re-challenged the PBS-
and FAST-pretreated CT26 cell-injected mice with fresh
CT26 cells. As a result, we found that the mice in two
groups died at the same time (Additional file 1: Fig. S40e),
also indicating that no immunogenicity was intrigued
by FAST-induced ferroptosis of cancer cells. In these
experiments, the body weight of mice was not obvi-
ously affected by these treatments, showing no toxicity
of FAST-pretreated cancer cells to mice (Additional file
1: Fig. S40f). Altogether, these data indicated that FAST
has no significant immunogenicity, suggesting that FAST
inhibits tumors mainly by ferroptosis in mechanism.
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Because many studies reported that ferroptosis trig-
gers the release of pro-inflammatory damage-associated
molecular patterns (DAMPs) related to the activation of
innate immune system such as surface-exposed calretic-
ulin (CRT) and secreted high mobility group box-1 pro-
tein (HMGBL1) [49-52], we finally detected the release of
these DAMPs in the FAST-treated cells to further explore
the immunogenicity of FAST. The results indicate that
CRT was exposed on surface of the FAST-treated cancer
cells (Additional file 1: Fig. S41a and b) and HMGB1 was
released in the culture medium of the FAST-treated can-
cer cell (Additional file 1: Fig. S41c). However, compared
with ferroptosis inducer erastin, FAST induced low levels
of CRT and HMGBI1 (Additional file 1: Fig. S41). The low
DAMPs inducement may result in non-immunogenic-
ity of FAST in mice. It should be noted that erastin also
strongly induced DAMPs in normal cells but FAST did
not (Additional file 1: Fig. S41b and c).

Conclusion

We here develop a new cancer therapy, FAST, by com-
bining iron oxide nanoparticles with cancer-selective
knockdown of seven FRGs. FAST induced significant
ferroptosis in a variety of cancer cells but had little effect
on normal cells. FAST also showed notable anti-tumor
efficacy in five kinds of tumor-bearing mice with high
biosafety. FAST realizes its anti-tumor efficacy by a gene
interference-enhanced ferroptosis in mechanism. FAST
defines a new form of advanced nanomaterials, advanced
combinatorial nanomaterials, by combining two kinds
of nanomaterials, a chemical nanomaterial (iron oxide
nanoparticles) and a biochemical nanomaterial (AAV
nanoparticles), which successfully turns a general iron
nanomaterial into an unprecedented assassin to cancer.
This study revealed that the iron oxide nanoparticles or
AAV-T7 alone showed no or weak anti-tumor effect, but
their combination showed striking anti-tumor effect,
indicating the power of advanced combinatorial nano-
material. FAST shows a new strategy to tackle current
biomedical challenges as cancer with cross-disciplinary
combination of the current nanomaterials with promis-
ing nuclear acids-based therapeutics.

Methods

Vector construction

The universal miRNA expression vector pDMP-miR
was optimized based on pCMV-miR which was previ-
ously constructed by our laboratory by replacing the
CMV promoter with a decoy minimal promoter (DMP).
DMP, a chemically synthesized NF-xB-specific pro-
moter, contains an NF-kB response sequence (5-GGG
AAT TTC CGG GGA CTT TCC GGG AAT TTC CGG
GGA CTT TCC GGG AAT TTC C-3’) and a minimal
promoter sequence (5-TAG AGG GTA TAT AAT GGA
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AGC TCG ACT TCC AG-3). The miRNAs targeting
human or murine FSP1, FTH1, GPX, NRF2, SLC7A11
were designed into two sets for the degradation of differ-
ent targeted gene regions by BLOCK-iT™ RNAi Designer
(https://rnaidesigner.thermofisher.com/rnaiexpress/),
respectively (Additional file 1: Table S1). Oligonucle-
otide pairs synthesized by Sangon Biotech (Shanghai,
China) (Additional file 1: Table S2) were denatured and
then annealed to obtain double-stranded DNA (dsDNA),
which were then linked with the linear pDMP-miR vec-
tor cleaved with BsmBI (Additional file 1: Fig. S42a). The
generated miRNA expression vectors targeting the FSP1,
FTH1, GPX, NRF2 and SLC7A11 were named as pDMP-
miFSP1, pDMP-miFTH1, pDMP-miGPX4, pDMP-
miNRF2 and pDMP-miSLC7A11, respectively. Due to the
differences in gene sequences between species, pDMP
expression vectors for human and mouse were specifi-
cally constructed. By cell viability screening Fig. 1-6),
two set of miRNAs for target gene, of which the more
cytotoxic was selected for co-expressing vector construc-
tion. Then, according to the vector construction route
(Additional file 1: Fig. S42a), the plasmid co-expressing
miRNAs targeting the FSP1, FTH1, GPX4, NRF2 and
SLC7A11 was obtained by In-fusion cloning (Takara),
named pDMP-T5. The DMP-FPN and DMP-LCN?2 frag-
ment were amplified from pDMP-T2 and ligated into
pDMP-T5 to get pDMP-T7. pDMP-T2 was obtained
from our previous work [21]. As a negative control vec-
tor, the miR-NT fragment was synthesized according to
the sequence of plasmid pcDNA™ 6.2-GW/EmGFP-miR-
Neg and inserted into pDMP-miR, named pDMP-NT.

The DMP-T5 (DMP-miFSP1-DMP-miFTH1-DMP-
miGPX4-DMP-miNRF2-DMP-miSLC7A11) and
DMP-T7 (DMP-miFSP1-DMP-miFTH1-DMP-miGPX4-
DMP-miNRF2-DMP-miSLC7A11-DMP-miFPN- DMP-
miLCN2) sequences were cleaved from pDMP-T5 and
pDMP-T7, respectively. By using the Mlul (upstream)
and Afel (downstream) restriction sites, the cleaved frag-
ments were cloned into pAAV-MCS (VPK-410, Strata-
gene) to construct the pAAV-T5 and pAAV-T7 vectors,
respectively. The DMP-NT fragment was also copied
from pDMP-NT and inserted into pAAV-MCS to get
PAAV-NT vector. Vectors were detected with PCR
amplification and verified by DNA sequencing. All used
vectors were presented by 1% agarose gel electrophore-
sis (Additional file 1: Fig. S42b). The map and functional
sequences were also displayed at the end of Supplemen-
tary information.

Nanoparticles, cells and culture

The DMSA-coated Fe;O, magnetic nanoparticle (FeNPs)
were provided by the Biological and Biomedical Nano-
technology Group of the State Key Lab of Bioelectronics,
Southeast University, Nanjing, China. This nanoparticle
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was characterized by our previous study [20]. Cells used
in this research included KG-1a (human acute myeloid
leukaemia cells), WEHI-3 (mouse acute mononuclear
leukaemia cells), HEK-293T (human fetal kidney cells),
HepG2 (human liver cancer cells), A549 (human lung
cancer cells), HeLa (human cervical cancer cells), SKOV3
(human ovarian cancer cells), PANC-1 (human pancre-
atic cancer cells), MDA-MB-453 (human breast can-
cer cells), B16F10 (mouse melanoma cells), BGC-823
(Human gastric adenocarcinoma cells), KYSE30 (human
esophageal carcinoma cells), CT26 (mouse colon can-
cer cells), HL7702 (human normal hepatocytes), L929
(mouse fibroblast), NIH-3T3 (mouse embryonic fibro-
blast), MRC5 (human embryonic fibroblasts), GES-1
(human gastric mucosal epithelial cells), and MCF-12 A
(human breast epithelial cells). KG-1a, SKOV3, MCEF-
12 A cell lines were acquired from American Type Cul-
ture Collection (ATCC). WEHI-3, HEK-293T, HepG2,
A549, HeLa, PANC-1, MDA-MB-453, B16F10, BGC-823,
KYSE30, CT26, HL7702, 1929, NIH-3T3, MRC-5, and
GES-1 cell lines were obtained from the cell resource
center of Shanghai Institutes for Biological Sciences, Chi-
nese Academy of Sciences. Leukaemia cell lines, KG-1a,
and WEHI-3, were cultured in Iscove’s Modified Dul-
becco’s Medium (IMEM) (Gibco). HEK-293T, HepG2,
HeLa, PANC-1, MDA-MB-453, B16F10, MRC-5, 1.929
and NIH-3T3 cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) (Gibco). A549, SKOV-3, BGC-
823, KYSE30, CT26, MCF-12 A and HL7702 cells were
cultured in Roswell Park Memorial Institute (RPMI) 1640
medium (Gibco). All media were supplemented with 10%
fetal bovine serum (HyClone), 100 units/mL penicillin
(Thermo Fisher), and 100 pg/mL streptomycin (Thermo
Fisher). Cells were incubated at 37 °C in a humidified
incubator containing 5% CO.,.

AO&EB staining

Cell transfection was performed with plasmids using
Lipofectamine 2000 (Thermo Fisher Scientific) according
to the manufacturer’s instruction. Briefly, cells (1x10°)
were seeded into 24-well plates overnight, then trans-
fected with 500 ng of various plasmids including pDMP-
NT, pDMP-miFSP1, pDMP-miFTH1, pDMP-miGPX4,
pDMP-miNRF2, pDMP-miSLC7A11, pDMP-T2, pDMP-
T5 and pDMP-T7. The mouse and human cells were
transfected with vectors targeting to mouse and human
genes, respectively. The transfected cells were cultured
overnight and then incubated with or without 50 pg/mL
FeNP for 24 h, 48 h, 72 h. After FeNPs administration,
all cells were stained with acridine orange and ethidium
bromide (AO&EB, Solarbio) following the manufactur-
er’s instruction. Live cells will appear uniformly green,
necrotic cells will stain orange. Cells were imaged under
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a fluorescence microscope (IX51, Olympus) to observe
the numbers of live and dead cells.

Cytotoxicity assays

Cell viability was estimated according to Cell counting
Kit-8 (CCK-8) and Crystal Violet staining (CVS) assays
carried out independently. Cell suspension (5000 cells/
well) were dispensed in a 96-well plate and cultured at
37 °C in 5% CO, overnight. Cells were then transfected
overnight with various pDMP-miR expression vectors
(200 ng) including all the vectors used for the above
AO&EB staining to screen the more cytotoxic miRNAs.
The transfected cells were cultured overnight and then
incubated with or without 50 pg/mL FeNP for 24 h, 48 h,
72 h.

For viability assays for testing various inhibitors, cells
(5000 cells/well) were also seeded in 96-well plate and
cultured overnight. Then cells were transfected with
200 ng pDMP-NT/T7 overnight. Next, the treated cells
were co-incubated with 50 pug/mL FeNPs and the indi-
cated inhibitors including ferrostatin-1 (Fer-1) (Sigma,
SMLO0583) (1 pM), deferoxamine (DFO) (ApexBio,
B6068) (100 pM), N-acetylcysteine (NAC) (Sigma,
A9165) (1 mM), DEN (mixture of 1 pM Ferl, 100 uM
DFO and 1 mM NAC), ZVAD-FMK (ZVAD) (Apex-
Bio, A1902) (50 uM), Necrostatin-1s (Necls) (BioVi-
sion, 2263-1) (10 uM), Bafilomycin Al (BA1l) (Sigma,
B1793) (1 nM), and cells were cultured for another 72 h.
After FeNPs administration, 10 pL of CCK-8 solution
(Biosharp) was added to each test well and incubate the
plate for 1 h in the incubator. The absorbance at 450 nm
was measured using a microplate reader (BioTek).

For the CVS assay, 12 cancer cell lines and 6 normal
cell lines were measured post FAST therapy at 24, 48 and
72 h. Normal cell lines were first induced with or without
10 ng/mL TNFa (Sigma-Aldrich) for 1 h before pDMP-
NT/T7 transfection. Then all cell lines were incubated
with 50 pg/mL FeNPs for 24, 48 and 72 h. The treated
cells were fixed with 4% paraformaldehyde for 10 min,
and rinsed twice with distilled water for 3 min. Next, cells
were stained with crystal violet (CV, Sigma, C6158) at
0.02% (w/v) for 5 min at room temperature. Each treat-
ment was conducted in triplicates. After washing and
observation, CV was eluted with 0.1 M sodium citrate
in 50% (v/v) ethanol, and recorded absorbance values at
585 nm to obtain quantitative results.

ROS measurement

Cells were treated with FeNPs as previously described.
Briefly, cells (5000 cells/well) were also seeded in 96-well
plate and cultured for overnight growth. Cells were then
transfected with 200 ng of various plasmids includ-
ing pDMP-NT, pDMP-T2, pDMP-T5, and pDMP-T7.
The transfected cells were cultured overnight and then
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incubated with or without 50 ug/mL of FeNPs for another
24 h, 48 h, 72 h. To evaluate cellular total ROS levels, the
treated cells were stained with 2’,7’-dichlorodihydrofluo-
rescein diacetate (DCFH-DA, 10 pM) at 48 h using the
Reactive Oxygen Species Assay Kit (Beyotime) according
to the manufacturer’s instructions. ROS changes indi-
cated by fluorescence shift was detected using a fluores-
cence microplate reader (BioTek). The lipid peroxidation
of 5 cancer cells (HepG2, A549, PANC-1, KG-1a, MDA-
MB-453) and 4 normal cells (GES-1, HL7702, MCF-12 A,
MRCS5) post FAST therapy were observed at 72 h. Nor-
mal cell lines were first induced with or without 10 ng/
mL TNFa for 1 h before plasmids transfection. Cells were
exposed to erastin (10 uM) (Sigma-Aldrich) for 8 h as a
positive control. To exam the effect of cell death inhibi-
tors on cellular lipid peroxidation, the transfected HepG2
cell was co-incubated with FeNPs and one of the indi-
cated inhibitors (Fer-1, DFO, NAC, DFN, ZVAD, Necls,
BA1) for 24 h, 48 h, and 72 h. After FeNPs administra-
tion, the lipid peroxidation of HepG2 was measured by
BODIPY*® 581/591 C11 using the Image-iT™ Lipid Peroxi-
dation Kit (Thermo Fisher) and imaged by fluorescence
microscope (IX51, Olympus) using traditional 590 nm
and 510 nm emission filters with a 40X objective, respec-
tively. The lipid peroxidation in cells were determined by
quantitating the fluorescence intensities analyzed with
Image] 1.51j8 software and calculating the ratio of inten-
sity in 590 to 510 channels.

Iron content measurement

The average intracellular iron content and iron content of
tissues were measured by ICP-MS (Agilent Technologies
7700, USA). The measurement procedure can be summa-
rized as the following: (i) Cells were treated with FeNPs
as previously described. Intracellular iron was deter-
mined 48 h post FeNP administration. Cells were washed
with PBS, digested, counted and precipitated by centrif-
ugation. Tissues were weighed and transferred to the 5
mL centrifuge tubes. (ii) The cell precipitation or tissues
were then added a certain amount of 65% nitric acid and
heated for complete digestion. (iii) Iron standard solu-
tions (GSB 04-1726-2004, Beijing) with different concen-
trations (0, 0.1, 0.2, 0.5, 1, 2, and 5 pg/mL) were prepared
to establish the standard curve for ICP-MS measure-
ment. The intracellular iron content was reported as
average iron content per cell. The iron content of tissue
was reported as iron content per mg tissue. Each experi-
ment was repeated in triplicates.

Virus preparation

HEK293T cells were seeded into 75 cm? flasks at a den-
sity of 5x10° cells per flask and cultivated for overnight.
Cells were then co-transfected with two helper plas-
mids (pHelper and pAAV-RC; Stratagene) and one of
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the pAAV plasmids (pAAV-NT, pAAV-T5, pAAV-T7)
using Lipofectamine 2000 according to the manufac-
turer’s instructions. Cells were cultured for another 72 h.
The cells and media were collected and kept at -80 °C
overnight. The cells and media were then incubated in
37 °C water bath for 2 h. This freeze-thaw process was
totally repeated three times. The 1/10 volume of pure
chloroform was added to the cell lysate and the mixture
was vigorously shaken at 37 °C for 1 h. The mixture was
added NaCl to a final concentration of 1 M and shaken
until NaCl dissolved. The mixture was centrifuged at
15,000 revolutions per minute (rpm) at 4 °C for 15 min
and the supernatant was collected. The supernatant was
added PEGS8000 at a final concentration of 10% (w/v) and
shaken until PEG8000 dissolved. The mixture was cen-
trifuged at 15,000 rpm at 4 °C for 15 min. The superna-
tant was discarded and the pellet was dissolved into PBS.
DNase and RNase were added to a final concentration of
1 pg/mL to the dissolved pellet. The mixture was incu-
bated at room temperature for 30 min. The mixture was
extracted once with chloroform (1:1 volume) and the
aqueous layer that contained the purified virus was trans-
ferred to a new tube. Titers of AAVs were determined
by qPCR using the primers AAV-F/R (Additional file 1:
Table S3). Quantified viruses were aliquoted and kept at
-80 °C for later use. The obtained viruses were named as
rAAV-NT, rAAV-T5, rAAV-T7.

Clone formation assay

Cells were infected with the viruses including rAAV-
NT, rAAV-T5, rAAV-T7 at the dose of 1x10° vg per
cell for 24 h and then incubated with 50 pg/mL FeNPs
for another 48 h. For inhibitor groups, the infected cells
were co-incubated with FeNPs and indicated inhibitors
for 48 h. After treatment, cells were pipetted into 6-well
plates at a density of 200 cells/well and cultured until
colonies were clearly visible (>50 cells). The test well
was fixed with 4% paraformaldehyde (Sangon Biotech,
China), stained with crystal violet (CV, Sigma, C6158) at
0.02% (w/v) for 5 min at room temperature and counted
using a light microscope. Each treatment was conducted
in triplicates.

Transmission Electron microscope (TEM)

KG-1a and HepG2 cells were treated with DMSO (48 h,
0.1%), FeNPs (48 h, 50 pg/mL), Erastin (8 h, 10 uM),
pDMP-T7+FeNPs (plasmid transfection overnight, then
incubated with 50 pg/mL FeNPs for 48 h), respectively.
Then cells were fixed in suspension with 2.5% glutaral-
dehyde in 0.1 M calcodyate buffer (pH 7.4) after harvest-
ing, overnight at 4 °C. Cell pellets were post-fixed with
2% osmium tetraoxide dissolved in 0.1 M cacodylate
and 1.5% potassium ferrocyanide at room temperature
for 1 h. Cells were dehydrated with a graded series of
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ethanol, and embedded in epoxy Epon812 (EMS, 14,120).
Then the areas containing cells were cut into ultrathin
sections and stained with uranyl acetate and lead citrate
and observed on transmission electron microscope (Carl
Zeiss microscopy GmbH, Jena, Germany).

MDC staining

Dansylcadaverine (MDC) is a fluorescent pigment and an
eosinophilic stain, which is usually used to detect the for-
mation of autophagosomes. Cells were transfected with
pDMP-T7 overnight and then incubated with or without
FeNPs for 72 h. Rapamycin (RAP, 500 nM) (Aladdin) was
added to culture medium for 12 h as a positive control
to induce cell autophagy. Bafilomycin Al (BA1l, 1 nM),
a typical autophagy inhibitor, was co-incubated with
FeNPs (72 h, 50 pg/mL), RAP (12 h, 500 nM) and Erastin
(8 h, 10 uM), respectively. After incubation, the cells were
stained using MDC stain kit (Solarbio) and DAPI (Sigma-
Aldrich) following the manufacturer’s instruction. Then,
the treated cells were rinsed three times with PBS and
observed using a fluorescence microscope (Olympus
IX51, Tokyo, Japan).

Quantitative PCR

Total RNA was isolated from cell lines at 48 h post
incubation with FeNPs or mouse tissues using TRIzol™
(Invitrogen) according to the manufacturer’s proto-
col. The complementary DNA (cDNA) was generated
using the FastKing RT kit (Tiangen) according to the
manufacturer’s instruction. The genomic DNA (gDNA)
was extracted from various tissues of mice using the
TIANamp Genomic DNA Kit (TTANGEN). Amplifica-
tion for the genes of interest from cDNA and gDNA was
performed by quantitative PCR (qPCR) using the Hieff
qPCR SYBR Green Master Mix (Yeasen). The primers
used for qPCR are shown in the Additional file 1: Table
S3. Triplicate samples per treatment were evaluated on
an ABI Step One Plus (Applied Biosystems). Relative
mRNA transcript levels were compared to the GADPH
internal reference and calculated as relative quantity (RQ)
according to the following equation: RQ=2"22, Virus
DNA abundance was normalized to the GADPH internal
reference and calculated according to the following equa-
tion: RQ=2"2%, Tyrosinase in lung of the pulmonary
metastatic melanoma model was detected by qPCR using
the primers Murine Tyrpl F/R. The results are normal-
ized to mouse GAPDH and analyzed by 272" method.
All qPCR primers were verified specifically using melting
curve analysis and were listed in Additional file 1: Table
S3. All experiments were performed in triplicates.

Animal treatments
Four-week-old female BALB/c, four-week-old male
BALB/c nude mice and ten-week-old C57BL/6] female
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mice were purchased from the Changzhou Cavens Labo-
ratory Animal Co. Ltd (China). Female MMTV-PyMT
transgenic mice (FVB/N) were purchased from The Jack-
son Laboratory (#002374). All animal experiments in this
study followed the guidelines and ethics of the Animal
Care and Use Committee of Southeast University (Nan-
jing, China). Tumor growth was monitored by volume
measurement with calipers. Tumor volumes were cal-
culated using formula V = (ab?)/2, where a is the longest
diameter and b is the shortest diameter. The mice were
euthanized when the tumor size reached 2000 mm? or
the body weight loss was greater than 20% of the predos-
ing weight. Various tissues (including heart, liver, spleen,
lung, kidney, and tumor tissues) were collected for fur-
ther analysis. Five animal models were performed.

Three batches of animal experiments were performed
in the WEHI-3 xenografted model on BALB/c mice.
WEHI-3 xenografts were generated by subcutaneous
transplantation with 1x10° WEHI-3 cells into inner
thighs. Mice were bred for 7 days for tumor formation.
In the first batch of animal experiment, the tumor-bear-
ing mice of WEHI-3 cell were randomly divided into
six treatment groups (PBS, FeNPs, rAAV-NT, rAAV-
NT+FeNPs, rAAV-T5, rAAV-T5+FeNPs; n=7). The
mice were intravenously injected twice every two days
with PBS, FeNPs, rAAV-NT, rAAV-NT +FeNPs, rAAV-
T5, rAAV-T5+FeNDs, respectively. The dose of viruses
and FeNPs were 1x10' vg/mouse and 3 mg/kg body
weight, respectively. To simplify the drug administration,
rAAV and FeNPs were mixed together and intravenously
injected to mice one time in this batch of animal experi-
ment. Tumor size and mice weight were measured every
day. Mice were euthanized and photographed on the
seventh day post FeNPs injection (i.e. the 14th day post
tumor inoculation).

In the second batch of animal experiment, the tumor-
bearing mice of WEHI-3 cell were randomly divided into
six treatment groups (PBS, rAAV-NT +FeNPs, rAAV-T5,
rAAV-T5+FeNPs, rAAV-T7, rAAV-T7+FeNPs; n=7).
The mice were intravenously injected twice every two
days with PBS, rAAV-NT+FeNPs, rAAV-T5, rAAV-
T5+FeNPs, rAAV-T7, rAAV-T7+FeNPs. The dose of
viruses and FeNPs were 1x10' vg/mouse and 3 mg/
kg body weight, respectively. Virus and FeNPs were
injected as mixture. Tumor size and mice weight were
measured every day. Mice were euthanized and photo-
graphed on the seventh day post FeNPs injection. Vari-
ous tissues including heart, liver, spleen, lung, kidney,
and tumor were harvested for H&E analysis, virus DNA,
gene expression and iron content detection. To further
study the survival rate of mice using this therapy, the
Kaplan-Meier method was used. The tumor-bearing mice
of WEHI-3 cell were randomly divided into four treat-
ment groups (PBS, rAAV-NT +FeNPs, rAAV-T5+FeNPs,
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rAAV-T7+FeNPs; n=10). Mice were euthanized and
recorded when the tumor size reached 2000 mm?,

In the third batch of animal experiment, the tumor-
bearing mice of WEHI-3 cell were randomly divided
into three treatment groups (rAAV-NT+FeNPs, rAAV-
T7+FeNPs+NAC, rAAV-T7+FeNPs; n=10). The mice
were intravenously injected three times every other day
with rAAV-NT +FeNPs, rAAV-T7+FeNPs+NAC, rAAV-
T7+FeNPs, respectively. The dose of viruses and FeNPs
were 5% 10 vg/mouse and 3 mg/kg body weight, respec-
tively. Virus and FeNPs were injected as mixture. Mice
in the groups of rAAV-T7+FeNPs+NAC were admin-
istered NAC in their drinking water at 1 g/L. The body
weight of the mice and tumor size were monitored daily.
The Kaplan-Meier method was used to analyze the mice
survival over time. Mice were euthanized and recorded
when the tumor size reached 2000 mm?,

For the safety assessment, ten BALB/c female mice
were randomly divided into two treatment groups (PBS
and rAAV-T7+FeNPs; n=5). The mice were intrave-
nously administered three times every other day with
PBS and rAAV-T7+FeNPs, respectively. The dose of
virus and FeNPs were 5x10'° vg/mouse and 3 mg/kg
body weight, respectively. Virus and FeNPs were injected
as mixture. The body weight of the mice was monitored
daily. Mice were euthanized on the seventh day post first
injection. Blood and serum samples from each group
were collected for routine blood test and serum bio-
chemical parameter detection. Various tissues including
heart, liver, spleen, lung, and kidney were photographed
and harvested for H&E analysis.

Two batches of animal experiments were performed
in the CT26 xenografted model on BALB/c mice. CT26
xenografts were generated on BALB/c mice by subcuta-
neously transplantation with 1x10° CT26 cells into inner
thighs. The mice were bred for 8 days for tumor forma-
tion. In the first batch of animal experiment, the tumor-
bearing mice were randomly divided into four treatment
groups  (rAAV-NT+FeNPs-1, rAAV-NT+FeNPs-2,
rAAV-T7+FeNPs-1, rAAV-T7+FeNPs-2; n=10). Mice
were intravenously administered every other day three
times with rAAV-NT+FeNPs (rAAV- NT+FeNPs-1
and rAAV-NT +FeNPs-2) and rAAV-T7+FeNPs (rAAV-
T7+FeNPs-1 and rAAV-T7+FeNPs-2), respectively.
The dose of viruses and FeNPs were 5x10'° vg/mouse
and 3 mg/kg body weight, respectively. Virus and FeNPs
were injected as mixture. The body weight of the mice
and tumor size were monitored daily. Mice in groups
(rAAV-NT+FeNP-1, rAAV-NT+FeNPs-1; n=10) were
euthanized and photographed on the tenth day post first
injection (i.e. the 18th day post tumor inoculation). Blood
and serum samples from each group were collected for
routine blood test and serum biochemical parameter
detection. Various tissues including heart, liver, spleen,
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lung, kidney, and tumor were harvested for H&E analysis
and virus DNA and iron content detection. The weight
of liver and spleen were weighted and recorded. The
mice in the other two groups (rAAV-NT +FeNPs-2 and
rAAV-T7+FeNPs-2; n=10) were used for survival study.
Mice were euthanized when the tumor size reached
2000 mm?. In the second batch of animal experiment,
the mice were randomly divided into three groups (PBS,
rAAV-NT +FeNPs, rAAV-T7+FeNPs; n=6). CT26 cells
were pre-treated with rAAV-NT+FeNPs and rAAV-
T7+FeNPs for 24 h, respectively. After infection, the
treated cells (1x10°% were collected and subcutaneous
transplantation into inner thighs. The control group was
simultaneously injected with 100 ul of PBS into inner
thighs. 40 days post tumor inoculation, the CT26 cells
(1x10°) were subcutaneously transplantation into inner
thighs again in PBS and rAAV-T7+FeNPs groups. The
body weight of the mice and tumor size were monitored
daily. The Kaplan-Meier method was used to analyze the
mice survival over time. Virus and FeNPs were injected
as mixture. The body weight of the mice and tumor size
were monitored daily.

Pulmonary metastatic melanoma model was estab-
lished on C57BL/6] female mice by intravenously injec-
tion 2x10° B16F10 cells. The mice were bred for 10
days for tumor formation. The tumor-bearing mice were
randomly divided into four treatment groups (rAAV-
NT+FeNPs-1, rAAV-NT +FeNPs-2, rAAV-T7 +FeNDPs-1,
rAAV-T7+FeNPs-2). Mice were intravenously adminis-
tered every other day three times with rAAV-NT +FeNPs
(rAAV- NT+FeNPs-1 and rAAV-NT-+FeNPs-2) and
rAAV-T7+FeNPs (rAAV-T7+FeNPs-1 and rAAV-
T7+FeNPs-2), respectively. The dose of viruses and
FeNPs were 5x10'° vg/mouse and 3 mg/kg body weight,
respectively. Virus and FeNPs were injected as mixture.
The body weight of the mice was monitored daily. Mice
in groups (rAAV-NT+FeNPs-1 and rAAV-T7+FeNP-1;
n=9) were euthanized and photographed on the eleventh
day post first injection (i.e. the 21st day post tumor inoc-
ulation). Blood and serum samples from each group were
collected for routine blood test and serum biochemi-
cal parameter detection. Lung, liver and spleen of mice
were weighed and recorded. Various tissues including
heart, liver, spleen, lung, and kidney were harvested for
H&E analysis, virus DNA, gene expression and iron con-
tent detection. The mice in the other two groups (rAAV-
NT+FeNP-2 and rAAV-T7+FeNP-2; n=10) were used
for survival study. Mice were euthanized when the body
weight loss was greater than 20% of the predosing weight.

A HepG2 tumor xenograft model was established on
BALB/c nude mice by subcutaneous transplantation
with 1x 107 HepG2 cells into inner thighs. The mice were
bred for 12 days for tumor formation. When the aver-
age tumor size reached~150 mm? the tumor-bearing
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mice were randomly divided into three treatment groups
(PBS, rAAV-NT +FeNPs, rAAV-T7+FeNPs; n=6). Mice
were intravenously administered every other day four
times with 100 pl of PBS, rAAV-NT +FeNPs and rAAV-
T7+FeNPs, respectively. The dose of viruses and FeNPs
were 5x10'° vg/mouse and 3 mg/kg body weight, respec-
tively. The body weight and tumor size of the mice was
monitored daily. The Kaplan-Meier method was used to
analyze the mice survival over time.

Two batches of animal experiments were performed
in female MMTV-PyMT transgenic mice, which was
spontaneous breast cancer model. In the first batch of
animal experiment, starting at 10 weeks after birth, the
number of tumor nodules and volume of tumor bur-
den (sum volume of all tumor nodules) in mice were
observed and measured daily. When the tumor burden
reached ~ 150 mm?, the mice were randomly divided into
two groups (rAAV-NT+FeNPs and rAAV-T7+FeNPs;
n=5). Mice were intravenously administered every
other day four times with rAAV-NT +FeNPs and rAAV-
T7+FeNPs, respectively. The dose of viruses and FeNPs
were 5x10'° vg/mouse and 3 mg/kg body weight, respec-
tively. Virus and FeNPs were injected as mixture. The
body weight of the mice was also monitored daily. Two
weeks later, one mouse with the biggest tumor burden
in each group was selected for dissection and observa-
tion. Various tissues including heart, liver, spleen, lung,
kidney, and tumor were photographed and harvested
for H&E analysis and virus DNA and iron content detec-
tion. The Kaplan-Meier method was used to analyze
the mice survival over time. Mice were euthanized and
recorded when the tumor burden reached 2000 mm?.
In the second batch of animal experiment, the female
MMTV-PyMT transgenic mice were randomly divided
into three treatment groups (rAAV-NT+FeNPs, rAAV-
T7+FeNPs-1, rAAV-T7+FeNPs-2; n=8). At 11 weeks
after birth (average tumor burden reached~150 mm?3),
mice were intravenously administered every other day
four times with rAAV-NT +FeNPs and rAAV-T7 +FeNDPs,
respectively. Here, we set up an early treatment group
(rAAV-T7+FeNPs-2), in which mice were injected with
rAAV-T7+FeNPs four times every other day from 10
weeks after birth. The dose of viruses and FeNPs were
5x10'° vg/mouse and 3 mg/kg body weight, respectively.
Virus and FeNPs were injected as mixture. The body
weight, the number of tumor nodules and volume of
tumor burden in mice were observed and measured daily.
The Kaplan-Meier method was used to analyze the mice
survival over time.

In addition, the surviving mice of pulmonary meta-
static melanoma model, WEHI-3 xenografted model, and
CT26 xenografted model whose tumors were eradicated
by FAST were performed the re-challenge experiments
at 250 days. The surviving mice (n=>5) of pulmonary
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metastatic melanoma model were intravenously injected
2x10° B16F10 cells. The body weight of the mice was
monitored daily. The mice were euthanized when the
tumor size reached 2000 mm?® (for WEHI-3 and CT26
mice) or the body weight loss was greater than 20% of the
predosing weight (for B16F10 mice). The Kaplan-Meier
method was used to analyze the mice survival over time.
The surviving mice of WEHI-3 xenografted model (n=6)
were randomly divided into two groups, one group (n=3)
was subcutaneous transplantation with 1x10” WEHI-3
cells into inner thighs, the other (n=3) subcutaneously
transplantation with 1x10® CT26 cells into inner thighs.
Similarly, the surviving mice of CT26 xenografted model
(n=6) were randomly divided into two groups, one
group (n=3) was subcutaneously transplantation with
1x10° CT26 into inner thighs, the other (n=3) subcu-
taneously transplantation with 1x10” WEHI-3 cells into
inner thighs. The body weight and tumor size of the mice
were monitored daily. The mice were euthanized when
the tumor size reached 2000 mm3 The Kaplan-Meier
method was used to analyze the mice survival over time.

Hematoxylin and eosin (H&E) staining

Tissues including heart, liver, spleen, lung, kidney and
tumor were dissected, embedded in paraffin, sectioned,
and stained with H&E using routine methods. Briefly,
tissues were resected and fixed overnight in 4% parafor-
maldehyde solution (Sangon Biotech, China) at room
temperature. Subsequently, fixed specimens were embed-
ded in paraffin, divided into 5 um-thick sections, and
then stained with hematoxylin staining solution (C0107,
Beyotime) and eosin staining solution (C0109, Beyotime).
The prepared slides were photographed by a microscope
(IX51, Olympus).

Detection of immunogenic cell death biomarkers

The HepG2, CT26, HL7702, and NIH-3T3 cells were
seeded in the 48-well culture vessel (1x10° cells) and
incubated at 37 °C in a CO, incubator overnight. The
cells were transfected with 500 ng of plasmid (pDMP-
NT or pDMP-T7) and incubated with 50 pg/mL of FeNPs
for 24 h. As a positive control of ferroptosis, cells were
exposed to erastin (5 uM) for 24 h. Then, the cells were
received a standard immunofluorescence protocol to
assess the surface-exposure of calreticulin (CRT). Briefly,
the treated cells were incubated with primary rabbit anti-
CRT antibody (abcam, ab92516) overnight at for 4 °C,
followed by incubating with an Alexa Fluor 594-conju-
gated goat anti-rabbit IgG antibody (abcam, ab150080)
for 1 h at room temperature. Then, the cells were further
stained with DAPI (Sigma-Aldrich) for 20 min at room
temperature before visualized under fluorescence micro-
scope. To determine the release of high mobility group
box-1 protein (HMGB1), 100 pL of supernatant from
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each treated well were collected and measured using an
ELISA kit according to the manufacturer instruction.
The optical density (OD) value was read at 450 nm on a
Microplate reader.

Statistical analysis

All data are presented as means valueststandard devia-
tion (SD), and statistical analysis and graphs were per-
formed through GraphPad Prism 8.0 software. Statistical
differences between two groups were determined using
two-tailed Student’s t-test. Comparisons of three or more
groups were determined by one-way or two-way analy-
sis of variance (ANOVA) with Tukey’s or Sidak’s multiple
comparison test when appropriate. The Kaplan—Meier
method was used to analyze the differences in animal
survival and the P value was calculated by the log-rank
test. Differences at p<0.05 were considered statistically
significant.
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