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ferroptosis and suppresses ovarian cancer
progression through transcriptional regulation
of the PROM2/PI3K/AKT pathway
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Abstract

Background Ferroptosis, a non-apoptotic form of requlated cell death, plays a critical role in the suppression of vari-
ous tumor types, including ovarian cancer. Artesunate (ART), a derivative of artemisinin, exhibits extensive antitumor
effects and is associated with ferroptosis. This study aimed to investigate the mechanisms through which ART induces
ferroptosis to inhibit ovarian cancer.

Methods RNA sequencing was conducted to identify differentially expressed genes associated with ART-induced fer-
roptosis. Dual-luciferase reporter assays and electrophoretic mobility shift assays were performed to confirm the inter-
action between Homeobox C11 (HOXC11) and the Prominin 2 (PROM2) promoter. Cell Counting Kit-8 (CCK-8) assays,
flow cytometry, and wound healing assays were used to analyze the antitumor effects of ART. Western blot, biochemi-
cal assays and transmission electron microscope were utilized to further characterize ART-induced ferroptosis. In vivo,
the effects of ART on ferroptosis were examined using a xenograft mouse model.

Results RNA sequencing analysis revealed that the HOXC11, PROM2 and Phosphatidylinositol 3-Kinase/ Protein
Kinase B (PI3K/AKT) pathways were downregulated by ART. HOXC11 was found to regulate PROM2 expression

by binding to its promoter directly. HOXC11 overexpression reversed ART-induced effects on ovarian cancer cell
proliferation, migration, apoptosis and ferroptosis by activating the PROM2/PI3K/AKT signaling axis. Conversely, silenc-
ing PROM2 in HOXC11-overexpressing cells restored ART-induced ferroptosis and its associated antitumor effects

by inhibiting the PI3K/AKT pathway. Consistently, in vivo studies using a xenograft mouse model confirmed that ART-
induced tumor inhibition was mediated by ferroptosis through the suppression of the HOXC11/PROM2/PI3K/AKT
pathway.

Conclusion This study identifies the HOXC11/PROM2/PI3K/AKT axis as a novel regulatory mechanism underlying
ART-induced ferroptosis in ovarian cancer. Targeting the HOXC11/PROM2 axis may represent a promising therapeutic
strategy for enhancing ferroptosis, offering new insights for the treatment of ovarian cancer.
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Introduction

Ovarian cancer is a major cause of morbidity and mor-
tality among women worldwide [1]. With an incidence
of 3.4% and a mortality of 4.7%, ovarian cancer has
become the eighth most common and the fifth deadli-
est malignant tumor, posing a significant threat to the
health of women [2, 3]. Therefore, it is urgent to elu-
cidate the mechanisms underlying the development
and progression of ovarian cancer and to identify novel
therapeutic targets for the treatment of ovarian cancer
1, 4].

Ferroptosis, first identified in 2012, is a form of regu-
lated cell death distinct from apoptosis, necrosis, and
autophagy. It is characterized by the accumulation of
iron-dependent lipid peroxides, leading to cell death
[5]. Emerging evidence suggests that ferroptosis plays a
crucial role in various diseases, including cancer [6-8].
Glutathione peroxidase 4 (GPX4), a key regulator of fer-
roptosis, has attracted attention as a potential therapeutic
target in cancer treatment. Inhibiting GPX4 activity has
been shown to enhance ferroptosis and sensitize tumors
to treatment [9, 10]. Additionally, the Phosphatidylino-
sitol 3-Kinase/Protein Kinase B (PI3K/AKT) signaling
pathway has been implicated in ferroptosis regulation.
Several inducers, such as curcumin, promote ferroptosis
by inhibiting the PI3K/AKT/mTOR (Mammalian Target
of Rapamycin) pathway, thereby suppressing cancer cell
proliferation in gastric cancers [11]. Similarly, Kriippel-
like factor 2 (KLF2) induces ferroptosis by inhibiting
PI3K/AKT signaling, reducing colorectal cancer cell
migration and invasion [12]. In ovarian cancer, it has
been shown that inducing ferroptosis in combination
with chemotherapy can significantly enhance therapeutic
efficacy, particularly in platinum-resistant tumors [13].
Furthermore, the degradation of p53 has been linked to
ferroptosis suppression and increased tumorigenesis
in ovarian cancer [14]. These findings suggest that the
potential of targeting ferroptosis as a promising thera-
peutic strategy for ovarian cancer.

Transcription factors, which are pivotal regulators
of gene expression, play essential roles in cancer pro-
gression and resistance. Among them, Homeobox C11
(HOXC11), a member of the HOX gene family, has gar-
nered attention for its involvement in the tumorigen-
esis of several cancers, including colon, gastric, and lung
adenocarcinomas [15-17]. However, the role of HOXC11
in ferroptosis and ovarian cancer progression has been
poorly reported. Prominin 2 (PROM2) is a transmem-
brane glycoprotein and it has been implicated in cancer
progression and ferroptosis resistance in several cancer
types [18-20]. Nevertheless, the biological function of
PROM2 in ovarian cancer is still unclear. These knowl-
edge gaps present opportunities for further research into
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the role of the HOXC11/PROM2 axis in ovarian cancer
pathogenesis and therapy.

Artesunate (ART), a derivative of artemisinin originally
developed for its antimalarial properties, has gained sig-
nificant attention for its potent anticancer effects [21, 22].
ART induces ferroptosis by increasing intracellular iron
levels and promoting ROS production, leading to oxi-
dative damage and cell death in several types of cancer,
including ovarian cancer [23-25]. Our previous research
revealed that ART drives ferroptosis in ovarian cancer
cells [26]. However, the mechanism of ART-induced fer-
roptosis-mediated tumor suppression in ovarian cancer
remains unclear.

In the present study, we aimed to evaluate the mech-
anism of ferroptosis-mediated tumor suppression
induced by ART in ovarian cancer. We focus on the role
of HOXC11, which we hypothesize to act as a key tran-
scriptional regulator of the PROM2/PI3K/AKT pathway,
a critical axis involved in ferroptosis resistance and can-
cer progression. By elucidating the HOXC11/PROM2
axis, we seek to uncover novel therapeutic targets that
could help overcome treatment resistance in ovarian can-
cer. Our findings may provide valuable insights into the
development of ferroptosis-based therapies, offering new
potential target for improved ovarian cancer treatments
in the future.

Materials and methods

Cell culture

The human ovarian cancer cell lines SKOV3 and ES2
were purchased from the National Collection of Authen-
ticated Cell Cultures (Shanghai, China). SKOV3 and
ES2 cells were cultured in McCoy’s 5a medium (Gibco,
16600082) supplemented with 10% fetal bovine serum
(FBS, Gibco, 10091155), 100 U/ml penicillin and 100 pg/
ml streptomycin (HyClone, SV30010). The culture con-
dition was 37 °C and a humidified atmosphere with 5%
CO2. The cells were subcultured every 2—4 days accord-
ing to cell confluence.

RNA sequencing (RNA-seq) analysis

ES2 cells were treated with 40 pM ART (MCE,
HY-N0193) or DMSO (vehicle control) for 24 h. Total
RNA was extracted using TRIzol reagent (Invitrogen,
c#15596026). RNA quality was tested by examining the
A260/A280 ratio with NanoDrop (Thermo Fisher Sci-
entific, USA). RNA-seq libraries were constructed using
the Invitrogen Collibri Stranded RNA Library Prep Kit
(Invitrogen Life Technologies, A39117024) according
to the manufacturer’s instructions. Paired-end sequenc-
ing was performed on an Illumina HiSeq 4000 platform
(Ilumina, USA). Differentially expressed genes (DEGs)
between the control and ART treatment groups were
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analyzed using the DESeq2 R package. Significant differ-
ences in gene expression were determined according to
the criteria of |log,FC| > 1 and p value <0.01. Functional
annotation and enrichment analysis were performed
using the Gene Ontology (GO) database (http://www.
geneontology.org/) and the Kyoto Encyclopedia of Genes
and Genomes (KEGG) Mapper (http://www.genome.jp/
kegg/mapper.html), respectively. The clusterProfiler R
package was used for enrichment analysis.

Quantitative real-time polymerase chain reaction (qRT—
PCR) analysis

Total RNA was extracted from cells using TRIzol rea-
gent (Yeasen, 10606ES60). RNA concentration and purity
were checked with NanoDrop. cDNA was synthesized
using the HiScript IV 1st Strand ¢cDNA Synthesis Kit
(Vazyme, R412-01) according to the manufacturer’s pro-
tocol. qRT-PCR was performed with QuantStudio 12 K
(Thermo Fisher Scientific, USA) using Hieff® qPCR SYBR
Green Master Mix (Low Rox) (Yeasen, 11202ES08). The
PCR program was as follows: denaturation at 95 °C for 5
min, followed by 40 cycles of 95 °C for 10 s, 60 °C for 20 s
and 72 °C for 20 s. GAPDH was used as an internal con-
trol, and the data were analyzed using the 2724 method.
The primers used for amplification were listed in Table 1.

Western blot analysis

Cells or tissues from each experimental group were har-
vested and washed with PBS. Total protein was extracted
with RIPA Lysis Buffer (Beyotime, P0013) containing
protease and phosphatase inhibitor cocktail (Beyotime,
P1045). Protein concentration was detected using a BCA
assay kit (Beyotime, P0012). Equal amounts of protein
(30 pg per sample) were separated by SDS-PAGE and
transferred to an NC membrane. Membrane was blocked
with 5% nonfat milk and then incubated with primary
antibody at 4 °C overnight. The dilution ratios for pri-
mary antibodies were as follows: GAPDH (Proteintech,
10494-1-AP) at 1:10000; Bax (Proteintech, 50599-2-Ig),

Table 1 Primer sequences for gRT-PCR

Primer name Sequence (5’-3')

PROM2-F CATCAGCATCCACCAAGCCTATC
PROM2-R TGCAACTCCTGCCGTAGCTTGT
HOXC11-F GCACCATCGGAACAGCTACT
HOXC11-R GATCTCGGTGACGGTGGAAG
PIK3CG-F CCTTCACAGAGGAGGTGCTG
PIK3CG-R ACCGCAGTAGATCTGGAGGT
GAPDH-F TCAAGAAGGTGGTGAAGCAGG
GAPDH-R TCAAAGGTGGAGGAGTGGGT
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GPX4 (Proteintech, 67763-1-Ig), and Bcl-2 (Protein-
tech, 12789-1-AP) at 1:5000; AKT (Proteintech, 60203-
2-Ig), p-AKT (Proteintech, 66444-1-Ig), and PIK3CG
(Abcam, ab140307) at 1:2000; HOXC11 (Novus Biologi-
cals, OTI3E10), PROM2 (Affinity, DF14670), and p-PI3K
(CST, 17366) at 1:1000. The dilutions of the goat anti-
rabbit and goat anti-mouse secondary antibodies were
1:5000. Proteins were visualized using BeyoECL Plus
(Beyotime, P0018S), and detected with a ChemiDoc"™
XRS+system (Bio-Rad, USA). Relative protein levels
were measured by Image] (Rasband, USA) and normal-
ized to GAPDH.

Dual-luciferase reporter assay

The coding sequence (CDS) of HOXC11 was inserted
into the pcDNA3.1 plasmid, and the promoter sequence
of PROM2 was inserted into the upstream of a luciferase
reporter gene in the pGL3-basic plasmid. pcDNA3.1-
HOXC11 and pGL3-PROM2 were co-transfected with
pRL-TK into HEK-293T cells using Lipofectamine 2000
(Invitrogen, 11668019) according to the manufacturers’
protocols. The empty pcDNA3.1 and pGL3-basic vectors
were used as controls. After 48 h of transfection, cells
were lysed, and a Dual-Luciferase Reporter Assay Sys-
tem (Promega, E1910) was used for the luciferase activity
assay according to the manufacturers’ protocols. Relative
luciferase activity was calculated as the ratio of firefly to
Renilla luciferase activity.

Electrophoretic mobility shift assay (EMSA)

The full-length sequence of HOXC11 was inserted into
the pET-28b vector and transformed into Escherichia
coli BL21 (DE3). Isopropyl B-d-1-thiogalactopyranoside
(IPTG, 1 mM) was used to induce recombined protein
at 37°C for 5 h. The recombinant HOXC11 protein was
purified using Ni-NTA-agarose resin (Qiagen). DNA
probes were labeled with biotin at the 3’ end using an
EMSA Probe Biotin Labeling Kit (Beyotime, GS008). The
EMSA was carried out using a LightShift Chemilumi-
nescent EMSA Kit (Thermo Fisher, 20148) following the
instruction.

Recombinant lentivirus particles and cell line transduction
Recombinant lentivirus particles were obtained from
GenePharma (Shanghai, China). ES2 and SKOV3 cells
were transduced with lentivirus (MOI=10) and 8 pg/ml
polybrene for 2-3 days, followed by 2 pg/ml puromycin
treatment until puromycin-resistant cells predominated.
The overexpression of HOXC11 and knockdown effi-
ciency of PROM2 were verified by western blot analysis.
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CCK-8 assay

ES-2 and SKOV-3 cells were seeded in 96-well plates
at a density of 9000 cells per well overnight. Cells were
treated with 40 uM ART for 24 h. Cell viability was meas-
ured using the Cell Counting Kit-8 reagent (Dojindo,
CKo04).

Flow cytometry analysis

ES-2 and SKOV-3 cells were seeded in 24-well plates at
a density of 8 x 10* cells per well overnight. An Annexin
V-FITC Apoptosis Detection Kit (Beyotime, C1062M)
was used according to the manufacturer’s instructions for
the apoptosis assay. Briefly, cells were suspended in 200
pL of Annexin binding buffer containing 5 uL of Annexin
V-FITC and 10 pL of propidium iodide (PI). After incu-
bating in the dark at room temperature for 10-20 min,
cell apoptosis was tested by flow cytometry (Agilent,
USA). Lipid peroxides were tested using BODIPY
581/591 C11 (Invitrogen, D3861) staining. Cells were
incubated with 5 uM BODIPY for 30 min at 37°Cand ana-
lyzed by flow cytometry.

Wound healing assay

ES-2 and SKOV-3 cells were seeded in 6-well plates at
a density of 6x10° cells per well overnight. When cell
confluence exceeded 90%, a 10 pL pipette tip was used
to make a scratch in the bottom of the plates. Cells were
washed with PBS and incubated in serum-free medium.
Images of wound healing were taken by microscope
(Olympus, Japan) at 0 h, 24 h and 48 h post-scratch.

Reactive oxygen species (ROS) detection

ROS assay was performed using ROS Assay Kit (Beyo-
time, S0033S). Cells were incubated with 10 uM DCFH-
DA at 37 °C for 20 min. The cells were washed with
serum-free medium for 3 times, and images of green flu-
orescence intensity were tested by microscope.

Biochemical index detection

Cells or tissues from the indicated groups were collected.
Superoxide dismutase (SOD) activity, glutathione (GSH)
concentration, and malondialdehyde (MDA) concentra-
tion were examined using a SOD activity assay kit (Nan-
jing Jiancheng Bioengineering Institute, A001-3), a GSH
assay kit (Nanjing Jiancheng Bioengineering Institute,
A006-2-1) and an MDA assay kit (Beyotime, S0131S),
respectively, according to the manufacturer’s guidelines.

Transmission electron microscope (TEM) analysis

ES-2 and SKOV-3 cells were fixed in 2.5% glutaraldehyde
solution at room temperature for 2 h. Then, the cells were
dehydrated and embedded in resin. Ultrathin sections
were stained with uranyl acetate and lead citrate. The cell
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ultrastructure was observed under a transmission elec-
tron microscope (Hitachi H-7650, Japan).

Xenograft mouse model

5-6 weeks old female BALB/c nude mice were purchased
from SiPeiFu (Beijing) Biotechnology Co., Ltd. A total of
5% 10° SKOV3 cells were injected subcutaneously into
the right flank of the mice to establish a xenograft model.
Mice with approximately 100 mm? SKOV3 tumor xeno-
grafts were randomly divided into two groups (n=6 per
group). Mice were intraperitoneally injected with vehi-
cle (5% DMSO+95% PBS) or 70 mg/kg ART for 25 days.
Tumor volume and body weight were measured every
three days. Tumor volume was calculated using the fol-
lowing formula: volume (mm?®=1/2 x (tumor length)
X (tumor width)?, length >width. Mice were euthanized
at the end of the treatment period, and tumor tissues
were collected for further analysis. All animal experi-
ments were performed under the institutional guidelines
and were approved by the Ethics Committees of North
Sichuan Medical College (NSMC2023 (114)).

Immunohistochemistry (IHC) assay

Tumor tissues were fixed in 4% paraformaldehyde,
embedded in paraffin, and cut into 5 um slices. The slides
were deparaffinized and rehydrated. After incubating
with methanol containing 3% H,0O, and heat-inducing
antigen retrieval by boiling in sodium citrate, the slides
were blocked with goat serum for 30 min and incubated
with primary antibodies at 4 °C overnight. The primary
antibodies used were against GPX4 (1:1000, Protein-
tech, 67763-1-Ig), HOXC11 (1:100, Novus Biologicals,
OTI3E10), and PROM2 (1:100, Affinity, DF14670). After
incubation with a secondary antibody, proteins of inter-
est were visualized with DAB solution (Beyotime, P0202),
and the nuclei were stained with hematoxylin (Beyotime,
C0107). Images were taken using a microscope (Olym-
pus, Japan).

Statistical analysis

All data were analyzed using GraphPad Prism 8.0.2. The
data were shown as mean +standard deviation (SD).
Two-tailed Student’s ¢ test was used for comparisons
between two independent groups, and one-way ANOVA
was used for comparisons multiple independent groups.
P<0.05 was considered to indicate statistical significance.

Results

Identification of ferroptosis-related genes induced by ART
in ovarian cancer cells

Our previous research revealed that ART induces ferrop-
tosis in ovarian cancer cells [26]. To further investigate
the underlying mechanisms of ART-induced ferroptosis,
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RNA-seq was performed on ES2 cells. ES2 cells were
treated with either 40 pM ART or DMSO for 24 h. As
shown in Fig. 1A, a total of 879 significant DEGs were
identified, including 192 upregulated and 687 downregu-
lated genes. Moreover, KEGG pathway enrichment anal-
ysis revealed that downregulated DEGs were significantly
enriched in the PIBK-AKT signaling pathway, which is
associated with ferroptosis suppression (Fig. 1B). To fur-
ther explore ferroptosis suppressors, 229 ferroptosis sup-
pressor genes were obtained from the FerrDb database
(http://www.zhounan.org/ferrdb/current/), and 9 candi-
date genes were identified by overlapping data from the
FerrDb database with downregulated DEGs in the ART-
treated groups (Fig. 1C). Among them, PROM2 has been
reported to be associated with ferroptosis and to regu-
late the AKT pathway. However, there are few research
reports on PROM2 in ovarian cancer, leading us to select
PROM2 as a candidate for further study. Subsequently,
we predicted the upstream transcription factors of the
PROM2 promoter using the online tools UCSC (http://
genome.ucsc.edu/) and AnimalTFDB (http://bioinfo.life.
hust.edu.cn/Animal TEDB/#!/). After overlapping pre-
dicted transcription factors with DEGs positively cor-
related with PROM2 expression, HOXC11 emerged as a
potential transcription factor regulating the expression of
PROM2 (Fig. 1D). The heatmap showed that the expres-
sion profiles of HOXC11, PROM2 and DEGs enriched
in the PI3K/AKT pathway were positively correlated,
all of which were decreased in the ART-treated groups
(Fig. 1E).

To validate the DEGs identified by RNA-seq, ES2 and
SKOV3 cells were treated with ART or DMSO, followed
by qRT-PCR and western blot analyses. The qRT-PCR
results indicated that HOXC11, PROM?2 and PIK3CG
expression was significantly downregulated in the ART-
treated group. (Vehicle vs. ART, p<0.05) (Fig. 1F). Simi-
larly, the western blot results were consistent with the
qRT-PCR findings, with protein levels of HOXC11,
PROM2 and PIK3CG reduced in the ART-treated group
(Fig. 1G, H). These results confirm the reliability of DEGs
identified by RNA-seq. Taken together, these results indi-
cated that the HOXC11, PROM2 and PI3K/AKT path-
ways could be involved in ART-induced ferroptosis in
ovarian cancer cells.

HOXC11 regulated PROM2 expression by binding

to the PROM2 promoter directly

The transcription binding site of HOXC11 in the PROM2
promoter was further predicted using JASPAR (http://jas-
par.genereg.net/). The PROM2 promoter region at -303
to -292 bp relative to the transcription start site was iden-
tified as a putative HOXC11 binding site (Fig. 2A, D). The
prediction was confirmed by a dual-luciferase reporter
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assay. The results showed that luciferase activity driven by
the PROM2 promoter significantly increased in the pres-
ence of the HOXC11 overexpression vector (Fig. 2B). To
further confirm this, purified recombinant HOXC11 pro-
tein expressed in E. coli was used for the EMSA (Fig. 2C).
As shown in Fig. 2E, a DNA-protein complex formed
when the biotin-labeled PROM?2 probe was incubated
with recombinant HOXC11 protein, whereas preincuba-
tion with 100-fold or 200-fold cold probe decreased the
binding activity. A competition assay demonstrated that
the HOXCI11 protein binds specifically to the binding
site of the PROM2 promoter. For further validation, we
established the HOXC11 overexpression cell lines ES2
and SKOV3. As expected, the expression of PROM2 was
significantly increased in HOXC11 overexpression cells
when compared with empty vector (Fig. 2F). In brief, our
data indicate that HOXC11 promotes PROM2 transcrip-
tion by directly binding to the PROM2 promoter region.

HOXC11 overexpression suppressed the effects of ART

on proliferation, apoptosis and migration in ovarian cancer
cells

The involvement of HOXC11 in ART-induced tumor
inhibition was investigated. First, we analyzed the viabil-
ity of ES2 and SKOV3 cells using a CCK-8 assay. Com-
pared with those in the control group, the survival
rates of both ES2 and SKOV3 cells in the ART-treated
group were significantly lower (ES2: 100% vs. 66.67%;
SKOV3 100% vs. 61.28%, p<0.001). However, overex-
pression of HOXC11 blocked the inhibition of prolifera-
tion induced by ART, and the survival rate was partially
restored (ART + Vector vs. ART+HOXCI11, p<0.01)
(Fig. 3A). Subsequently, flow cytometry results showed
that ART strongly induced apoptosis in ES2 and SKOV3
cells, whereas HOXC11 overexpression attenuated
ART-induced apoptosis (Fig. 3B). In addition, western
blot analysis revealed that the apoptosis-related protein
Bcl-2 was downregulated, while Bax was upregulated in
the presence of ART. However, HOXC11 overexpression
partially reversed the changes in the expression of these
proteins (Fig. 3C, D). Moreover, cell migration ability was
determined by wound healing assay. The cell migration
rate of ES2 and SKOV3 cells was significantly reduced by
ART. However, HOXC11 overexpression weakened the
effect of ART and partially restored the migration abil-
ity of the ES2 and SKOV3 cells (Fig. 3E). Furthermore,
based on the above results, we comprehensively analyzed
the transcriptional regulatory mechanisms of HOXC11
involved in ART treatment. We evaluated the expres-
sion correlations between HOXC11 and the PROM2/
PI3K/AKT axis in the presence of ART. Western blot
results showed that the expression of HOXC11 and the
PROM2/PI3K/AKT were inhibited by ART in both ES2
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***p<0.001
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was obtained from JASPAR (http://jaspar.genereg.net/). B Dual-luciferase reporter assay was used to determine the effect of HOXC11

overexpression

on reporters containing PROM2 promoter sequences. Data were shown as the mean +SD of three independent experiments. ***p <0.001. C 2 ug
of purified recombinant HOXC11 protein was analyzed by SDS-PAGE gel and stained with Coomassie brilliant blue. D The probe sequence used
for the electrophoretic mobility shift assay (EMSA) of the promoter of PROM2. The core sequence for HOXC11 binding was highlighted in red. E
EMSA revealed direct binding between the recombinant HOXC11 protein and biotin-labeled probes. Cold probe (unlabeled) and mutant probe
were used as competitors. F Western blot analysis of PROM2 in control and HOXC11 overexpression ES2 (left) and SKOV3 cells (right). GAPDH

was used as a loading control

and SKOV3 cells, while overexpression of HOXC11 acti-
vated the expression of PROM2/PI3K/AKT, which alle-
viated the inhibitory effect of ART. Since ART has been
reported to induce ferroptosis in ovarian cancer cells,
we also assessed the expression of GPX4, a ferropto-
sis marker. Interestingly, GPX4 was strongly inhibited
by ART treatment, while the expression of GPX4 was
restored by HOXC11 overexpression in the presence
of ART (Fig. 3F, G). Collectively, HOXC11 overexpres-
sion suppressed ART-induced tumor inhibition in ovar-
ian cancer cells by upregulating the PROM2/PI3K/AKT
pathway and was involved in ART-induced ferroptosis.

HOXC11 enhanced ART-induced ferroptosis resistance

in ovarian cancer cells

Next, we investigated the role of HOXCI11 in ART-
induced ferroptosis in ovarian cancer. Lipid peroxida-
tions, ROS accumulation and GSH depletion are always
accompanied by ferroptosis. Mitochondrial morpho-
logical abnormalities are characteristic of ferroptosis.
We further detected the effect of HOXC11 on the levels
of lipid peroxides, ROS, GSH and mitochondrial mor-
phology in ART-treated ovarian cancer cells. Erastin, a
well-known ferroptosis inducer, was used as a positive

control. The results revealed that the increase in ROS and
lipid peroxides production induced by ART or Erastin
were significantly blocked due to the overexpression of
HOXC11 (Fig. 4A, C). Additionally, the decrease of GSH
level induced by ART or Erastin was partially recovered
due to the overexpression of HOXC11 (Fig. 4B). Moreo-
ver, as shown in Fig. 4D, ART obviously induced mito-
chondrial shrinkage, increased the bilayer membrane
density and reduced the number of mitochondrial cris-
tae. An increase in HOXC11 prevented this ferroptosis-
like ultrastructure and partially restored mitochondrial
morphology. The similar results were also found in the
Erastin-treated groups. Therefore, these results suggested
that overexpression of HOXC11 attenuated ART-induced
ferroptosis in ovarian cancer cells.

Interfering with HOXC11-induced PROM2 recovered

the effects of ART on proliferation, apoptosis

and migration in ovarian cancer cells

We further investigated whether HOXCI11 plays a role
through the transcriptional regulation of PROM2.
PROM2 knockdown cell lines were generated from
HOXC11-overexpressing ES2 and SKOV3 cells via len-
tivirus infection. The knockdown efficiency was verified
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Fig. 3 HOXC11 overexpression suppressed the effects of artesunate (ART)-induced tumor inhibition in ovarian cancer cells by upregulating

the PROM2/PI3K/AKT pathway ES2 and SKOV3 cells were treated with DMSO (vehicle) or 40 uM ART for 24 h, and the cells stably overexpressing
HOXC11 or a control (vector) were also treated with 40 uM ART for 24 h. A Cell viability (% of control) was performed by CCK-8 assay. B Cell
apoptosis was analyzed by flow cytometry with Annexin V/PI staining. C, D Western blot analysis of Bcl-2 and Bax in ES2 cells and SKOV3 cells,
respectively. GAPDH was used as a loading control. E Cell migration ability was determined by a wound scratch assay. Images were taken at O h,
(scratch area at 0 h — scratch area at 24-48 h)/scratch area at 0 h x 100%.
F, G Western blot analysis of HOXC11, PROM2, GPX4, p-PI3K, PI3KCG, p-AKT and AKT in ES2 cells and SKOV3 cells, respectively. GAPDH was used
as a loading control. Data were analyzed as the mean+ SD of three independent experiments. *p < 0.05. **p <0.01, ***p < 0.001

24 h and 48 h after scratching (Scale bars= 100 um). Migration rate (%) =

by western blot and sh-PROM2 #1 was chosen for fur-
ther experiments (Fig. 5A, B). A CCK-8 assay was per-
formed, and the findings indicated that silencing PROM?2
recovered the inhibitory effect of ART on proliferation,
which was blocked by HOXC11 overexpression (Fig. 5C).
In addition, ART-induced apoptosis was restored after

interfering PROM?2, which was inhibited by HOXC11
overexpression (Fig. 5D). Moreover, silencing PROM?2
reversed the effect of HOXCI11 on the expression of
apoptosis-related proteins by increasing the expression
of Bcl-2 and decreasing the expression of Bax (Fig. 5E,
F). Additionally, wound healing assays indicated that
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Fig.4 HOXC11 enhanced artesunate (ART)-induced ferroptosis resistance in ovarian cancer cells ES2 and SKOV3 cells stably overexpressing
HOXC11 or control (vector) in the presence of 40 uM ART or 5 uM Erastin for 24 h. A Intracellular reactive oxygen species (ROS) levels were
measured using DCFH-DA probes using microscope. B Intracellular glutathione (GSH) concentrations were determined using a GSH assay kit. C
Intracellular lipid peroxidation levels were analyzed using BODIPY 581/591 C11 by flow cytometry (left), and the relative fluorescence intensity
was calculated (right). D Transmission electron microscope (TEM) images of mitochondrial (M) morphology (Scale bars=1 pm). The red arrows
indicated representative ferroptosis-like mitochondria. Data were analyzed as the mean +SD of three independent experiments. **p <0.01,
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Fig. 5 Interfering HOXC11-induced PROM2 recovered the effects of artesunate (ART) on proliferation, apoptosis and migration in ovarian

cancer cells (A, B) Western blot analysis of PROM?2 expression in ES2 cells and SKOV3 cells infected with lentivirus encoding the PROM2 shRNA
(sh-PROM2-#1, sh-PROM2-#2 and sh-PROM2-#3) or scrambled shRNA (sh-NC). GAPDH was used as a loading control. sh-PROM2-#1 was selected
for further study. ES2 and SKOV3 cells were infected with lentivirus overexpressing HOXC11 alone or in combination with PROM2 shRNA

in the presence of 40 uM ART for 24 h. C Cell viability (% of control) was determined by CCK-8 assay in ES2 and SKOV3 cells. D Cell apoptosis

was analyzed by flow cytometry using Annexin V/PI staining. E, F Western blot analysis of Bcl-2 and Bax expression in ES2 cells and SKOV3 cells,
respectively. GAPDH was used as a loading control. G Cell migration ability was determined by wound scratch assay. Images were taken at 0 h, 24 h
and 48 h after scratching (Scale bars=100 um). Migration rate (%) = (scratch area at 0 h — scratch area at 24-48 h)/scratch area at 0 h x 100%. Data
were analyzed as the mean = SD of three independent experiments. *p <0.05. **p <0.01, ***p <0.001

knockdown of PROM2 reversed cell migration ability,
which was caused by overexpression of HOXC11 in ART-
treated ES2 and SKOV3 cells (Fig. 5G). These results sug-
gested that silencing PROM2 could reverse the function
of HOXC11 overexpression and partially restore ART-
induced proliferation, apoptosis and migration in ovarian
cancer cells.

Silencing PROM2 attenuated the effects of HOXC11

on ART-induced ferroptosis

Subsequently, we investigated the involvement of PROM2
in HOXC11-related ferroptosis in ES2 and SKOV3 cells
treated with ART. As expected, PROM2 interference
inhibited the PI3K/AKT and GPX4 levels that were acti-
vated by HOXC11 overexpression in ART-treated cells
(Fig. 6A, B). Moreover, PROM2 knockdown weakened
HOXC11-mediated ferroptosis inhibition, as indicated by
the restoration of ROS accumulation and GSH depletion

(Fig. 6C, D), along with increased lipid peroxides produc-
tion (Fig. 6E). Taken together, silencing PROM2 attenu-
ated the effects of HOXC11 overexpression and partially
restored ART-induced ferroptosis.

Artesunate induced ferroptosis-mediated tumor inhibition
by suppressing the HOXC11/PROM2/PI3K/AKT pathway

in vivo

Based on our in vitro findings, we further investigated the
mechanisms of ART-induced ferroptosis in a xenograft
mouse model. SKOV3 cells were inoculated into BALB/c
nude mice and treated with either vehicle control or
ART (Fig. 7A). The results showed that the xenografts
in the ART-treated group were significantly smaller than
those in the vehicle group (Fig. 7B, C, E), with no sig-
nificant body weight loss in either group of mice during
treatment (Fig. 7D). In addition, ART treatment signifi-
cantly induced ferroptosis in tumor tissues, as indicated
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Fig. 7 Artesunate (ART) induced ferroptosis-mediated tumor inhibition by suppressing the HOXC11/PROM2/PI3K/AKT pathway in a SKOV3
xenograft mouse model (A) Scheme of the experimental design and timeline for the tumor model. SKOV3 cells (5x 10° cells for each mouse) were
inoculated into BALB/c-nude mice subcutaneously. Tumor-bearing mice were treated with vehicle (5% DMSO) or ART at 70 mg/kg daily for 25
days (n=6 for each group). Body weights and tumor volumes were monitored every three days. B Images of xenograft nude mice and tumor
mass. C Curve of tumor volume. D Curve of body weight. E Tumor weight. The superoxide dismutase (SOD) activity (F), glutathione (GSH) levels (G)
and malondialdehyde (MDA) levels (H) were measured in the tumor tissue of nude mice. I IHC staining was performed to detect the expression

of HOXC11, PROM2 and GPX4 in the tumor tissues of xenografted mice. J Western blot analysis of HOXC11, PROM2, GPX4, p-PI3K, PI3KCG, p-AKT
and AKT in tumor tissue samples obtained from xenograft mice treated with vehicle or ART. GAPDH was used as a loading control. Data were
analyzed as the mean =+ SD of three independent experiments. *p <0.05. **p <0.01, ***p <0.001

by decreased SOD activity and GSH levels (Fig. 7F, G),
reduced GPX4 expression (Fig. 71, ]), and increased MDA
levels (Fig. 7H). Furthermore, we investigated the expres-
sion of HOXC11, PROM2 and PI3K/AKT signaling. The
IHC results suggested that ART decreased the expression
of HOXC11 and PROM2 (Fig. 71). Finally, western blot

analysis further revealed decreased HOXC11, PROM2,
p-PI3K, PIK3CG and p-AKT/AKT expression in the
ART-treated xenografts (Fig. 7J). Overall, the results
indicated that the mechanism of ART-induced ferropto-
sis in the xenograft model involved the inhibition of the
HOXC11/PROM2/PI3K/AKT pathway.
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Discussion

Ovarian cancer is one of the most common gynecologic
tumors in women and is a leading cause of mortality
[1]. In recent years, effective therapies have been devel-
oped to improve survival rates. However, due to chem-
oresistance and high rates of recurrence the treatment
of ovarian cancer remains a significant challenge [2]. An
increasing number of studies have shown that ferropto-
sis, a form of regulated cell death, plays a critical role in
cancers development and progression, making it a poten-
tial strategy for cancer treatment. For example, inhibition
of GPX4 disrupts intracellular lipid peroxide reducibility
and iron homeostasis, which contributes to ferroptosis
and has anticancer effects [27]. Inhibition of poly ADP-
ribose polymerase (PARP) downregulates the biosyn-
thesis of GSH and promotes lipid peroxidation, leading
to ferroptosis and preventing BRCA-proficient ovarian
cancer [28]. Although cancer cells are always in a state of
excessive oxidative stress, they seldom undergo ferropto-
sis, which is mainly due to their antioxidant system [29,
30]. Therefore, further investigation into the mechanisms
that regulate ferroptosis in cancer cells is important for
developing novel therapeutic strategies [4].

ART is a derivative of artemisinin and it has been
reported to be involved in ferroptosis in several can-
cer cells in recent years [23—-25]. However, there are few
studies on ART in ovarian cancer, and the mechanism of
ART-induced ferroptosis needs to be further investigated.
In this study, we performed RNA-seq using ART-treated
ES2 cells to investigate the mechanism by which ART
regulates ferroptosis in ovarian cancer cells. We iden-
tified nine candidate genes by intersecting ferroptosis
suppressor genes from the FerrDb database with down-
regulated DEGs induced by ART. Among them, PROM2
attracted our attention due to its reported involvement in
ferroptosis, although it has not been studied in ovarian
cancer.

In further studies, HOXC11 was predicted to be a
potential transcription factor regulating PROM2 expres-
sion. This prediction was verified through dual-luciferase
reporter assay and EMSA. HOXC11 is usually upregu-
lated in most types of solid tumors and is associated
with poor prognosis [15-17]. However, its role in fer-
roptosis has not been reported previously. Our study is
the first one to demonstrate that HOXC11 is involved
in regulating ART-induced ferroptosis in ovarian cancer
cells. We found that HOXC11 overexpression inhibited
ART-induced antitumor activity in ovarian cancer cells,
as evidenced by the suppression of proliferation, migra-
tion, apoptosis and the expression of apoptosis-associ-
ated proteins. Moreover, HOXC11 plays an important
regulatory role in ART-induced ferroptosis. Specifically,
ART treatment inhibited GPX4 expression, whereas
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HOXC11 overexpression restored GPX4 levels. GPX4, a
GSH-dependent enzyme, plays a vital role in ferroptosis
through preventing lipid hydroperoxide formation [31].
Previous studies have shown that decreasing GPX4 sen-
sitizes UMRC6 cancer cells to ferroptosis [32]. However,
increased expression of GPX4 caused by abnormal acti-
vation of Wnt/beta-catenin signaling leads to ferroptosis
resistance in gastric cancer [33]. In addition, GSH, a key
cofactor for GPX4, is a strong scavenger of lipid perox-
ides and plays a crucial role in ferroptosis [34]. A previ-
ous study showed that ART induces a potent generation
of ROS, contributing to the suppression of ovarian cancer
cell proliferation and tumor growth in an animal model
[25]. In this study, we also found that a decrease in GSH
levels and an increase in ROS and lipid peroxides pro-
duction were induced by ART, while these effects were
significantly blocked by HOXC11 overexpression. Fur-
thermore, mitochondrial morphological abnormality
is one of the characteristics of ferroptosis [6, 35]. After
ART treatment, mitochondrial shrinkage, increased
bilayer membrane density and reduced mitochondrial
cristae were clearly observed. However, HOXC11 over-
expression mitigated these changes and partially restored
mitochondrial morphology. These results suggested that
ART-mediated ferroptosis is at least partially regulated
by HOXC11 expression in ovarian cancer cells.

PROM2 is a transmembrane glycoprotein that is
upregulated in many cancers [18]. PROM2-activated
iron export promotes tumorigenesis and ferroptosis
resistance in bladder cancer and breast cancer [36, 37].
This study investigated whether HOXCI11 is involved in
ART-induced ferroptosis by transcriptionally regulat-
ing PROM2. The results indicated that silencing PROM2
could weaken the function of overexpressed HOXC11
and partially restored the effects of ART on proliferation,
apoptosis and migration in ovarian cancer cells. In addi-
tion, the characteristics of ferroptosis, such as decreased
GPX4 levels, ROS accumulation, increased lipid perox-
ides production and GSH depletion, were restored after
silencing PROM2. Taken together, our findings suggested
that PROM2 is regulated by HOXC11 and that targeting
PROM?2 may reverse HOXC11-mediated suppression of
ART-induced ferroptosis. These results are in accordance
with the opinion that targeting PROM?2 may be a poten-
tial cancer therapy by inducing ferroptosis [38]. PROM2
has also been reported to promote gemcitabine resistance
[39] and decrease cisplatin sensitivity [40]; therefore, the
combination of ART with other chemotherapeutic drugs
may be a good strategy for preventing PROM2-mediated
drug resistance in cancer cells.

Our data further revealed that downregulated DEGs
in ART-treated cells were significantly enriched in the
PI3K-AKT signaling pathway. Recent studies have also
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Fig. 8 The mechanism of ART induced ferroptosis by suppressing the HOXC11/PROM2/PI3K/AKT pathway in ovarian cancer ART

induces ferroptosis through promoting lipid peroxidation, accumulating reactive oxygen species (ROS) and depleting glutathione (GSH),
while also promoting Bcl-2/Bax dependent apoptosis in ovarian cancer. Mechanistically, ART inhibits the expression of HOXC11, a transcription
factor that regulates the PROM2/PI3K/AKT pathway by binding to the PROM2 promoter directly

demonstrated the involvement of PI3K/AKT signaling in
regulating ferroptosis. For example, lapatinib promotes
mitochondrial dysfunction to increase ferroptosis and
oxidative stress via inhibition of the PI3K/AKT signal-
ing pathway in doxorubicin-induced cardiomyocytes
[41]. Oncogenic activation of PI3K-AKT-mTOR signaling
inhibits ferroptosis through sterol regulatory element-
binding protein 1 (SREBP1) mediated lipogenesis [42].
In addition, it has been reported that PROM2 promotes
cancer progression by regulating the PI3K/AKT pathway
[39, 43]. Therefore, we hypothesized that HOXC11 might
mediate ferroptosis by regulating the PROM2/PI3K/
AKT pathway. As expected, overexpression of HOXC11
attenuated the inhibitory effects of ART on the PROM2/
PI3K/AKT signaling, while PROM2 silencing blocked the

function of HOXC11 and restored the regulatory effect of
ART on PI3K/AKT signaling. We further confirmed that
ART-induced tumor inhibition via ferroptosis through
inhibiting the HOXC11/PROM?2/PI3K/AKT pathway in a
SKOV3 xenograft mouse model.

Currently, chemotherapy regimens for ovarian can-
cer mainly include platinum-based and paclitaxel drugs.
However, the prognosis of patients with advanced-stage
disease remains poor [4]. It has been proposed that
ovarian cancer cells exhibit increased iron uptake and
decreased iron efflux, which may increase their sensitiv-
ity to ferroptosis inducers [44]. In the present study, we
demonstrated that ART could induce ferroptosis in ovar-
ian cancer cells. Previous studies have also shown that
ART selectively kills tumor cells with minimal side effects
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on normal cells [45]. Moreover, our findings revealed that
the HOXC11 /PROM2 axis plays a crucial role in regulat-
ing ART-induced ferroptosis. Our results suggested that
targeting the HOXC11/PROM2 axis could be a promis-
ing therapeutic strategy for ovarian cancer.

Conclusion

In summary, our study demonstrated for the first time
that ART-induces inhibition of HOXCI1 triggers fer-
roptosis and suppresses ovarian cancer progression both
in vitro and in vivo. Mechanistically, HOXC11 regulates
PROM2 expression by binding to its promoter directly.
Overexpressing HOXC11 reversed the function of ART
through transcriptional regulation of the PROM2/PI3K/
AKT pathway, while silencing PROM2 in HOXC11-over-
expressing cells restores ART-induced ferroptosis (Fig. 8).
Our results suggest that ART is a prospective antitumor
drug and the HOXC11/PROM?2 axis represents a poten-
tial therapeutic target for ovarian cancer.
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