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Relevant researches have recognized the vital role of inducing ferroptosis in the treatment of tumor. The latest findings indicate
that PEBP1/15-LO can play an essential role in the process of cell death. However, its role in regulating ferroptosis in
hepatocellular carcinoma (simplified by HCC) remains unclear. The previous research of our team has proved that DHA can
induce ferroptosis of hepatic stellate cells. In this study, we found that DHA could also induce ferroptosis in HCC cells.
Interestingly, DHA induced ferroptosis by promoting the formation of PEBP1/15-LO and promoting cell membrane lipid
peroxidation. In addition, we also found that DHA had no obvious regulatory effect on 15-LO, but it could promote PEBP1
protein expression. Importantly, we discovered the upregulation of PEBP1 induced by DHA was related to the inhibition of its
ubiquitination degradation. In vivo experiments have also obtained consistent results that DHA can inhibit tumor growth and
affect the expression of ferroptosis markers in tumor tissues, which would be partially offset by interference with PEBPI.

1. Introduction

Hepatocellular carcinoma (HCC) is the most common type
of liver cancer, with an extensive global influence. The global
incidence is increasing year by year, and the mortality rate
has ranked third in tumor-related deaths [1]. HCC is found
usually in the middle and advanced stage and has been
unable to carry out effective surgical treatment. Therefore,
HCC is a serious threat to human health and life. New and
effective treatment regimens are urgently needed. For a long
time, the primary drugs used in tumor treatment are chemi-
cal synthesis drugs, which are extensively used but all have a
number of serious side effects [2]. Hence, it is urgent to find
antitumor drugs that can selectively kill tumor cells without
obvious toxicity to normal cells. Traditional Chinese medi-

cine effective component can target and regulate the expres-
sion of some proteins and genes of cell function, which makes
the traditional Chinese medicine monomer compounds in
the treatment of HCC play a more and more important role.
Therefore, it is particularly important to find effective tradi-
tional Chinese medicine monomers for the prevention and
treatment of liver cancer.

Ferroptosis was discovered by Dixon and Stockwell
when studying the mechanism of small molecule erastin kill-
ing tumor cells containing oncogene RAS mutation [3]. The
main mechanism of ferroptosis is to catalyze the liposome
peroxidation of unsaturated fatty acids highly expressed on
the cell membrane under the action of divalent iron or lipox-
ygenase, thereby inducing cell death. A large number of
researches have shown that ferroptosis inducers play a
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critical role in inhibiting HCC growth and killing HCC cells.
Sorafenib is the first drug to systematically treat advanced
HCC and significantly prolong survival in patients with
HCC. In HCC cell lines, the toxicity of sorafenib is signifi-
cantly reduced after treatment with the iron-chelating agent
deferoxamine (DFX), and this inhibition is reversed by lipo-
philic antioxidants [4, 5]. Therefore, ferroptosis may become
a new treatment strategy for HCC.

It has been confirmed that cell death caused by ferropto-
sis arises from lipid peroxidation [6, 7]. In this chemical
reaction, oxygen is added to the polyunsaturated tails of
phospholipids in cell membranes, which produces a novel
molecule known as lipid hydrogen peroxide and other deriv-
ative species that may interfere with cellular lipid mem-
branes’ assembly and structure [8]. In some cases, this
process can be catalyzed from a class of enzymes called
lipoxygenases (LOXs) [9, 10].

Lipoxygenases (LOXs) are nonheme, iron-containing
enzymatic protein effectors and an important enzyme sys-
tem that mediates the formation of ferroptosis peroxides.
Free polyunsaturated fatty acids are preferred substrates for
LOXs, and LOX knockout can alleviate erastin-induced fer-
roptosis damage [11]. LOXs involved in mediating lipid per-
oxides are mainly 15-LO. Recently, it has been found that
15-LO oxidizes free polyunsaturated fatty acids with the help
of phosphatidylethanolamine-binding protein (PEBP1) to
form a PEBP1/15-LO complex [12, 13]. The allosteric
regulation of LOXs can then initiate the downstream phos-
pholipase A2-related oxidation pathway of specific polyun-
saturated fatty acids. 15-LO is a novel partner of PEBPI,
and the complex formed by the two can allosterically acti-
vate LOXs to initiate the ferroptosis process.

Dihydroartemisinin (DHA), a derivative of artemisinin,
plays a crucial role in antiviral and antibacterial activities
in addition to its antimalarial activity [14]. In addition, the
antitumor effect of DHA has also become a focus of
research. At present, a large number of studies have shown
that DHA has inhibitory effects on lung cancer, prostate
cancer, and epithelial ovarian cancer [15-17]. The mecha-
nism research is mainly concentrated in DHA-induced
autophagy, cell cycle blocking, and apoptosis, which in turn
leads to restricted tumor cell proliferation. Previous
researches have confirmed that DHA can also result in iron
homeostasis imbalance in cancer cells, which in turn leads to
ferroptosis [18]. In addition, previous studies by our team
have confirmed that DHA can induce ferroptosis of hepatic
stellate cells and reverse the development of hepatic fibrosis
[19]. Here, we will discuss whether DHA can induce HCC
ferroptosis and exert an antitumor effect by regulating the
formation of the PEBP1/15-LO complex.

2. Materials and Methods

2.1. Antibodies and Reagents. Antibodies against Ki67
(A11005), GPX4 (A11243), SLC7A11 (A2413), and B-actin
(AC026) were purchased from Abclonal (Wuhan, China);
PTGS2 (66351-1-lg) was purchased from Proteintech
(Rosemont, IL, USA). Antibodies to PEBP1 (sc-376925)
and 15-LO (sc-133085) were bought from Santa Cruz
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Biotechnology (Dallas, TX, USA). Anti-ubiquitin antibody
(#ab7780) was purchased from Abcam Technology
(Abcam). DHA (D7439), ferrostatin-1 (Ferr-1, SML0583),
dimethylsulfoxide (DMSO), chloroquine (CQ), and cyclohex-
imide (CHX) were supplied by Merck KGaA (Darmstadst,
Germany). Dulbecco’s modified eagle medium (DMEM), fetal
bovine serum (FBS), phosphate-buffered saline (PBS), and
Opti-MEM medium were bought from GIBCO BRL (Grand
Island, NY).

2.2. Cell Culture. Human hepatoma cell lines Huh-7 and
HepG2 were purchased from the Cell Bank of Chinese Acad-
emy of Sciences (Shanghai, China). And the cells were cul-
tured in DMEM with 10% FBS and 1% antibiotics. PEBP1
overexpression plasmid, 15-LO siRNA, and PEBP1 siRNA
were synthesized by KeyGEN Biotechnology Co., Ltd. (Nan-
jing, China). Mix the 15-LO siRNA, PEBP1 siRNA or PEBP1
overexpression plasmid, HiFectPlus Transfection Reagent,
and HiFectPlus Enhanced Diluent at a ratio of 1:2:100
according to the Thikarrow HiFectPlus Transfection Reagent
instruction manual, and then, complete the preparation of
the transfection working solution. Leave it at indoor tempera-
ture for 20-30 minutes and then evenly drop it into the culture
dish incubated with cells (the ratio of transfection working
solution to complete medium is about 1: 10). The cell transfec-
tion efficiency was verified by western blot analysis.

2.3. RNA Isolation and Real-Time PCR Analyses. Total RNA
was isolated from HCC cells or tissues using TRIzol™
Reagent (Sigma, Saint Louis, MO, USA) and reverse tran-
scribed to cDNA using the First Strand cDNA Synthesis
SuperMix for qPCR (gDNA digester plus) Kits from Yeasen
Biotech Co., Ltd. (Shanghai, China). Fast SYBR™ Green
Master Mix (Yeasen Biotech Co., Ltd. Biotech Co., Ltd.)
was used to perform real-time PCR analysis. The amounts
of transcript were normalized to those for GAPDH. The
Primer (Tsingke Biotechnology Co., Ltd., Nanjing, China)
is presented in Table 1.

2.4. Western Blot Analyses. RIPA lysis buffer (Sigma-Aldrich,
R0278) with protease inhibitors (1%) and phosphatase
inhibitors (1%) was utilized to lyse the cells or tumors for
30min, and lysates were harvested by centrifugation
(12,000 rpm) at 4°C for 10 min. The extracted protein was
detected and quantified using the Pierce™ BCA Protein
Assay Kit (23250, Thermo Scientific) and referring to the
experimental method described previously [20] for the next
western blot analysis. 3-Actin was used as the invariant con-
trol for total protein.

2.5. Cell Proliferation Assay. The cell proliferation assay was
determined by MTT (Biosharp, Nanjing, China). Briefly, 2
x 10* HepG2 or Huh-7 cells were plated into 96-well plates
per well. After treatment with specific concentrations of
DHA or Ferr-1 for 24h, the cells were incubated with
20 uL MTT solution (5mg/mL) at 37°C for 4h. Then, dis-
card the culture medium and use 200 uL DMSO solution
for each well to dissolve the bottom crystals. The absorbance
values of each well were detected by using a SpectraMax™
microplate spectrophotometer (Molecular Devices, Sunnyvale,
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TaBLE 1: The primer sequence.

Gene (human) Sequence
GAPDH
Forward 5'-GACATCAAGAAGGTGGTGAAGC-3'
Reverse 5'-TGTCATTGAGAGCAATGCCAGC-3'
GPX4
Forward 5'_ ACAAGAACGGCTGCGTGGTGAA-3'
Reverse 5'-GCCACACACTTGTGGAGCTAGA-3'
SLC7A11
Forward 5'-ATGCAGTGGCAGTGACCTTT-3'
Reverse 5'-GGCAACAAAGATCGGAACTG-3’
PTGS2
Forward 5'-GAATCATTCACCAGGCAAATTG-3'
Reverse 5' - TCTGTACTGCGGGTGGAACA-3'
PEBP1
Forward 5'-GACATCAGCAGTGGCACAGT-3'
Reverse 5 -GTCACACTTTAGCGGCCTGT-3'
15-LO
Forward 5'-TTCTGTCCCCCTGATGACTT-3'
Reverse 5'-ACGATTCCTTCCACATACCG-3'

CA) at 490nm. EdU cell proliferation was performed using
EDU kit (BeyoClick™ EdU Cell Proliferation Kit with Alexa
Fluor 488, Beyotime, China). Simply put HepG2 or Huh-7
cells were inoculated into 6-well plates and treated with drugs
as required after cell adherence. Then, it was incubated with
EdU for 3h, fixed with 4% paraformaldehyde for 15min,
and infiltrated with 0.3% Triton X-100 for 10 min. Incubate
with Click Reaction Mixture at room temperature for 30 min
away from light, and then, detect with fluorescent microplate
detector.

2.6. Cytotoxicity Test. The toxicity test of DHA was con-
ducted by lactate dehydrogenase (LDH) cytotoxicity Kkit,
and the specific experimental method was performed refer-
ring to the protocol in the LDH kit (Beyotime Biotechnol-
ogy; # C1007).

2.7. Iron, GSH, MDA, and 4-HNE Measurement. The Iron
Assay kit (# ab83366) was used to detect iron in HCC cells.
MDA detection kit (Best Bio; # BB4709) was used to mea-
sure the amount of MDA in cells. 4-HNE ELISA kit
(YIFEIXUE BIOTECH; # YFXEH00631) was used to mea-
sure intracellular 4-HNE. Glutathione kit (Best Bio; # BB-
4711) was used to estimate the GSH content in HCC cells.
All experimental methods were performed with reference
to the protocols in the corresponding Kkit.

2.8. ROS Measurement. After the sterile slides were laid in
the 24-well plates, about 8 x 10* HCC cells were planted in
each well. After the cells adhered to the wall, treated with
different concentrations of DHA, followed by DCFH-DA

(Sciben Biotech Co., Ltd.; #MR1008) which was diluted into
10 mmol/L with DMEM, cells were placed in an incubator at
37°C with DMEM containing 10 mmol/L DCFH-DA probe
for 20 min. Remove the medium containing DCFH-DA
and wash three times with serum-free medium to completely
remove the probes outside the cell. The cover glass was then
removed, and the representative image was observed and
taken a picture using an inverted Zeiss fluorescence micro-
scope (Axio Observer Al).

2.9. Immunoprecipitation Experiment. After treatment with
20 uM DHA for 24h, the cells were collected and lysed at
4°C with RIPA buffer containing protease inhibitor
MG132. The antigen-containing lysate supernatant was
added to the target antibody and placed on the turnover
mixer for overnight reaction at 4°C. And then, the antigen-
antibody binding complex was mixed with the Protein A/G
Plus MagPoly Beads (Abclonal Technology; #RM09008) at
4°C overnight. After that, the supernatant was centrifuged
and collected, and the precipitation was washed twice with
buffer solution (20mM Na,HPO,, 0.15M NaCl, and
pH7.0). Whereafter, 30 uL 2x SDS-PAGE Loading Buffer
was added and mixed well and heated at 95°C for 15 min.
The supernatant was collected by centrifugation, and the
proteins were isolated by SDS-PAGE and analyzed by west-
ern blot.

2.10. Immunofluorescence Staining. Immunofluorescence
staining was utilized to evaluate protein expression in HCC
tissues and cells. The immunofluorescence staining was car-
ried out according to our previous instructions [21]. After
staining the nucleus with DAPI (Sigma; # D9542), three ran-
domly selected fields of view were photographed under laser
confocal microscopy (Leica Microsystems AG).

2.11. Ubiquitination Analysis. The experimental method of
ubiquitination referred to our previously published articles
and was slightly improved [22]. Transfected with PEBP1
overexpression plasmid for 12h, the cells were treated with
drugs as needed for another 24 h. Then, 20 yM MG132 was
added 6h before cells collection to prevent protein degrada-
tion. After washing with PBS three times, the cells were lysed
with 150 L RIPA buffer, which containing 10mM N-
ethylmaleimide (NEM) (Sigma-Aldrich, E3876). Then, the
cells were scraped, collected, lysed on ice for 30 min, and
centrifuged at 4°C at 12,000 rpm for 15 min. The supernatant
was mixed with an anti-PEBP1 antibody and Protein A/G
Plus MagPoly Beads in the inversion mixer at 4°C to react
for 2h or overnight. The supernatant was collected by cen-
trifugation for subsequent detection. After the precipitation
was sufficiently washed, 30 uL 2x SDS-PAGE Loading Bufter
was added and mixed well and heated at 95°C for 15 min and
then separated by SDS-PAGE. Anti-ubiquitin antibody
(Abcam Technology, AB7780) was used to detect ubiquitin
protein by western blot.

2.12. Animal Treatment. Male nude mice (BALB/C-nu/nu)
were purchased from the Nanjing Institute of Biomedicine
(Nanjing, China). After the nude mice were adaptively fed
for one week, 2x 107 Huh-7 cells were subcutaneously



injected into the left ventricle of nude mice to establish the
subcutaneous xenograft model. As previously described
[23], DHA was dissolved in 10% DMSO and 5% Kolliphor
HS 15 in PBS and injected intraperitoneally once daily for
about 3 weeks when the tumor grew to 150 mm>. All the
mice were divided into six groups (four or five animals per
group), including model group, DHA low, medium- and
high-dose group [19], PEBP1 interference group, and DHA
administration with PEBP1 interference group. Mice were
anaesthetized by injecting pentobarbital (50 mg/kg) and then
sacrificed at the end of the experiment. Liver and tumor tis-
sues were fixed in 10% formalin for histopathological stud-
ies. The experimental scheme was approved by the Animal
Welfare Institute of Nanjing University of Chinese Medicine
(Nanjing, China). According to the National Institutes of
Health guidelines, all animals are cared for humanely.

2.13. Tumorigenesis Assays in Nude Mice. The long (a) and
wide (b) sides of the tumor in nude mice were measured
with a vernier caliper every two days. Tumor volume
was estimated using the following formula, tumor volume
= (ax b*)/2.

2.14. Statistical Analysis. Data from at least triplicate exper-
iments were expressed by mean + standard deviation. All
statistical analyses between groups were performed by either
one-way ANOVA followed by Tukey’s multiple comparison
test or unpaired Student’s t-test, using GraphPad Prism 8.0
(San Diego, CA, USA). Data significance is expressed as sig-
nificant (*p < 0.05 or *p < 0.05), very significant (**p < 0.01
or ”p<0.01), and highly significant (***p<0.001 or
" <0.001).

3. Results

3.1. DHA Inhibits HCC Development In Vitro and Vivo. To
clarify the effect of DHA in the development of HCC cells,
HepG2 and Huh-7 cells were intervened with gradient
DHA (0-100 uM) for 24 h, respectively, and then, cell prolif-
eration was detected by MTT assay. As shown in Figure 1(a),
DHA significantly reduced the viability of HepG2 and Huh-
7 cells in a dose-dependent manner compared with the con-
trol group. Surprisingly, DHA had no significant effect on
human normal liver cell line LO2 viability before 50 uM
(Figure 1(b)). Similarly, the cell death ratio, which was tested
by the LDH release assay, showed that the concentration of
DHA could only produce toxicity to LO2 above 80uM
(Figure 1(c)). Therefore, three effective concentrations of
DHA acting on HCC, 10, 20, and 40 uM, respectively, were
selected for subsequent experiments without having any
toxic effect on normal liver cells. In addition, the effect of
DHA on HCC cell proliferation was further verified by
EdU incorporation experiment, and the results were consis-
tent (Figure 1(d)).

To investigate the antitumor effect of DHA in vivo, Huh-
7 cells were inoculated subcutaneously in nude mice to
establish subcutaneously transplanted tumor model. As
shown in Figures 1(e)-1(g) and Supplementary Fig. 1(a),
compared with model control mice, DHA treatment signifi-
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cantly inhibited tumor growth. In addition, the drug had lit-
tle effect on the bodyweight of mice, indicating that DHA
had no obvious side effects on mice at this concentration
(Figure 1(h)). In summary, DHA inhibited HCC develop-
ment in a dose-dependent manner both in vitro and vivo.

3.2. DHA Facilitates HCC Cell Ferroptosis In Vitro. Studies
have shown that artemisinin and its derivatives can effec-
tively induce tumor cell ferroptosis [24, 25]. In addition,
DHA was recently shown to induce ferroptosis in hepatic
stellate cells [19]. Therefore, we hypothesized that DHA
exerted antitumor activity in this study mainly by regulating
HCC ferroptosis. To verify this conjecture, firstly, we used a
terroptosis inhibitor Ferr-1 for preliminary validation. The
results of MTT assay showed that the addition of Ferr-1 sig-
nificantly alleviated the inhibitory effect of DHA on HCC
cell proliferation (Figure 2(a)). And the results of the EdU
experiment were also consistent (Figure 2(b)). These results
suggested that DHA exacted its tumor-inhibiting effect in
part by inducing ferroptosis in HCC. Next, we examined
the changes of ferroptosis indexes in HCC cells after DHA
treatment.

We were pleasantly surprised to observe the downregu-
lation of ferroptosis markers glutathione peroxidase 4
(GPX4) and cystine/glutamate antiporter SLC7A11 at both
protein and mRNA levels in a dose-dependent manner after
DHA treatment (Figures 2(c) and 2(d)). Then, as we
expected, the contents of iron and lipid peroxidation prod-
ucts MDA and 4-HNE all increased to varying degrees,
except for reduced GSH (Figures 2(e)-2(h)). In addition,
the accumulation of intracellular ROS is an important cause
and a major measurement index of ferroptosis. Therefore,
ROS fluorescence probe was used to test the changes of
ROS level in HCC cells after DHA treatment, and the results
showed that the fluorescence intensity increased with the
increase of DHA concentration (Figure 2(i)), indicating that
DHA could induce the accumulation of ROS in HCC cells.
Overall, our data showed that DHA induced ferroptosis in
HCC cells.

3.3. DHA Induces HCC Cells Ferroptosis by Promoting the
Formation of PEBP1/15-LO Complex. Next, we sought to
explore the potential molecular mechanisms of DHA-
induced HCC cell ferroptosis. We have previously deter-
mined that cell death by ferroptosis is a result of lipid
peroxidation, and the major LOX involved in mediating
lipid peroxides is 15-LO [26, 27]. Firstly, we speculated that
15-LO played an important role in inducing HCC cell fer-
roptosis by DHA. To test this conjecture, 15-LO siRNA
was used to pretreat HCC cells and the interference effi-
ciency was verified by western blot (Figure 3(a)) and then
conducted subsequent experiments. The results showed that
si15-LO treatment canceled the role of DHA in inducing
HCC cell ferroptosis, which were confirmed after analyzing
of GSH, MDA, and 4-HNE (Figures 3(b)-3(d)). In addition,
sil5-LO significantly inhibited DHA-induced decline in
HCC cell viability (Figure 3(e)). The above data suggested
that DHA-induced ferroptosis in HCC cells required the
involvement of 15-LO.
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FiGure 1: DHA inhibits HCC development in vitro and vivo. (a, b) Cell viability was tested through MTT experiment. Different dosages of
DHA were added to the culture medium of HepG2, Huh-7, and LO2 cells. (c) Cell toxicity was detected by LDH release assay. LO2 cells were
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after executing mice on the last day (1 >5, *p <0.05, **p < 0.01, and ***p < 0.001).

However, we were amazed to discover that DHA could
not alter the expression of 15-LO at either protein or
mRNA level in HCC cells (Figures 3(f) and 3(g)). So
how was 15-LO involved in mediating this death effect?
Recently, Wenzel et al. [12] found that PEBP1 could acci-
dentally bind to lipoxygenase 15-LO, thereby altering its
substrate specificity, promoting membrane lipid peroxida-
tion, and inducing ferroptosis.

We speculated whether the formation of PEBP1/15-LO
complex was a prerequisite for DHA to induce ferroptosis
in HCC cells. So, we next carried out coimmunoprecipita-
tion to validate whether PEBPI interacted with 15-LO and
the effect of DHA treatment on the interaction between
PEBPI and 15-LO. In both HepG2 and Huh-7 cells, PEBP1
was detectable in the precipitant mediated by the specific
antibody of 15-LO (Figure 3(h)). Furthermore, we observed

the colocalization of PEBP1 and 15-LO in the intracellular
by confocal laser microscopy (Figure 3(i)). And DHA treat-
ment significantly enhanced this interaction and colocaliza-
tion (Figures 3(h) and 3(i)). These results indicated that
DHA could induce ferroptosis in HCC cells by promoting
the formation of PEBP1/15-LO complex.

3.4. Interfering with PEBPI Attenuates Ferroptosis Induced
by DHA in HCC Cells. The previous research results proved
the role of 15-LO in DHA-induced ferroptosis, and DHA
could significantly promote the combination of PEBP1 and
15-LO. Next, we want to explore whether PEBP1 is neces-
sary for DHA to induce HCC ferroptosis. Consistently,
HepG2 and Huh-7 cells were first treated with PEBP1
siRNA. The transfection efficiency of PEBP1 was verified
by western blot analysis (Figure 4(a)). Just as we predicted,
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**p < 0.01, ***p < 0.001, *p <0.05, **p <0.01, and **p < 0.001).
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Ficure 3: Continued.
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Ficure 3: DHA induced HCC cell ferroptosis by promoting the formation of PEBP1/15-LO complex. HepG2 cells and Huh-7 cells were
transfected with 15-LO siRNA for 12h and then treated with different concentrations of DHA for 24 h. (a) The transfection efficiency of
sil5-LO in HepG2 and Huh-7 cells was detected by western blot. (b, ¢) The levels of reductive GSH and lipid peroxide MDA were
analyzed by the corresponding kits. (d) The level of 4-HNE in HCC cells was determined by ELISA kit. (¢) HCC cell viability was
detected with MTT kit. (f, g) Western blot and real-time PCR analyses of 15-LO expression in HCC cells treated with DHA (0, 10, 20,
and 40 uM) for 24 h. HCC cells were treated with or without DHA (20 uM) for 24 h. (h) The proteins extractive from HCC cells were
coincubated with 15-LO antibody and Protein A/G Plus MagPoly Beads. Western blot was used to detect the interactions between
PEBP1 and 15-LO. (i) HCC cells were fixed in 1% BSA and incubated with 15-LO and PEBP1 antibodies overnight at 4°C. The

colocalization of PEBP1 and 15-LO was detected by double immunofluorescence staining (n>3, *p <0.05, **p <0.01, ***p <0.001,

###

*p <0.05, ¥p <0.01, and **p < 0.001).

we observed that transfection with PEBP1 siRNA could sig-
nificantly rescue downregulation of GSH and cell viability
and inhibited the upregulation of MDA and 4-HNE levels
caused by DHA in HCC cells (Figures 4(b)-4(e)), indicating
the participation of PEBP1 in the current context.

3.5. DHA Promotes the Accumulation of PEBPI1 by Inhibiting
the Ubiquitination of PEBP1. Next, we focused on the regu-
lation of PEBP1 by DHA in HCC cells. We were surprised to
find that DHA upregulated the expression of PEBP1 protein
but not mRNA in HCC cells (Figures 5(a) and 5(b)). Subse-
quently, we investigated the effect of DHA on the protein
stability of PEBP1. Western blot analysis showed that in
the presence of protein synthesis inhibitor CHX, DHA
could significantly extend the half-life of PEBP1 protein
(Figure 5(c)). Therefore, we hypothesized that DHA had
an effect by inhibiting PEBP1 degradation. It is well known
that there are two primary approaches to protein degrada-
tion, ubiquitin proteasome system and autophagy lysosomal
pathway, whereas autophagy inhibitor CQ could not affect
the degradation to PEBP1 (Figure 5(d)). Then, we used
CHX and the proteasome-specific inhibitor MG132 to

explore whether DHA promotes protein accumulation of
PEBP1 by inhibiting ubiquitination of PEBP1. As shown in
Figure 5(e), CHX was observed to attenuate DHA mediated
upregulation of PEBP1, while MG132 further enhanced
DHA-mediated PEBP1 overexpression. These results indi-
cated that PEBP1 was degraded through the proteasome
pathway. Ubibrowser (http://ubibrowser.ncpsb.org/) is a sys-
tem that can predict the E3 ubiquitin ligase binding to the
target substrate. Through this particular system, we found
the E3 ligase most likely to act on PEBP1 was Synoviolin 1
(SYVN1) (Figure 5(f)). Immunoprecipitation results also
confirmed the coprecipitation of PEBP1 and SYVNI, and
DHA could weaken this binding (Figure 5(g)). Besides,
immunofluorescence results also demonstrated the colocali-
zation of PEBP1 and SYVN1, while DHA treatment reduced
this colocalization (Figure 5(h)). Ubiquitin experiment fur-
ther verified that SYVN1 was indeed an ubiquitin ligase of
PEBP1, and an obvious reduction of polyubiquitinated
PEBP1 protein was observed after DHA treatment in HCC
cells (Figure 5(i)). These results suggested that DHA could
promote the accumulation of PEBP1 protein by protecting
PEBP1 from ubiquitin degradation.
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FIGURE 4: Interfering with PEBP1 attenuated ferroptosis induced by DHA in HCC cells. HepG2 cells and Huh-7 cells were transfected with
PEBP1 siRNA for 12 h and then treated with different concentrations of DHA for 24 h. (a) Western blot was used to detect the transfection
result of siPEBP1 in HepG2 and Huh-7 cells. (b-d) The levels of reductive GSH, lipid peroxide MDA, and 4-HNE were analyzed by the
corresponding kits. (¢) The MTT kit was used to assess the viability of HCC cells (723, *p <0.05, **p<0.01, ***p <0.001, *p < 0.05,
#p <0.01, and **p < 0.001).
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F1GURg 5: DHA promotes the accumulation of PEBP1 by inhibiting the ubiquitination of PEBP1. The mRNA and protein levels of PEBP1 in
HepG2 and Huh-7 cells treated with DHA were evaluated by (a) western blot and (b) real-time PCR. HCC cells were treated with DHA
(20 uM) for 24 hours and then added with MG132 (10 uM), CQ (10 uM), or CHX (20 ug/ml) for 6 hours before the collection of cell
samples. (c-e) The protein expression of PEBPI protein was tested by western blot analysis, and its quantitative map was drawn. (f)
Predictive diagram of possible E3 ubiquitin ligases interacting with PEBP1. HCC cells were treated with DHA (20 uM) or DMSO for 24
hours. (g) The binding of PEBP1 and SYVN1 was detected by coimmunoprecipitation. (h) The colocalization of PEBP1 and SYVNI1 was
tested via immunofluorescence. (i) Ubiquitination experiment was used to evaluate the ubiquitination level of PEBP1 (n=3, *p <0.05,

**p<0.01, ***p <0.001, “p <0.05, *p <0.01, and “**p < 0.001).

Subsequently, we detected and compared the expression
of PEBP1, Ki67 in liver cancer, and paracarcinoma tissues.
Identical to what have been found [28], the expression of
PEBP1 in liver cancer tissues was much lower than that in
paracarcinoma tissues. In addition, there was a negative cor-
relation between PEBP1 and Ki67 (Figures 6(a) and 6(b)).
The results of TCGA database also showed that PEBPI

was low expressed in liver cancer and negatively correlated
with the degree of malignancy in human liver cancer
(Figures 6(c) and 6(d)), which further manifested the impor-
tant role of PEBP1 in the development of HCC.

3.6. PEBPI Is Required for DHA-Mediated Ferroptosis of
HCC In Vivo. Then, to validate our results in vitro studies,
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F1GURE 6: PEBP1 may be a potential prognostic factor for liver cancer. (a) Western blot was used to detect the protein expressions of PEBP1
and Ki67 in HCC tissues and paracarcinoma tissues which were obtained from six HCC patients. (b) Typical images of PEBP1 and Ki67
immunohistochemical staining on HCC and paracarcinoma tissues (scale bar, 50 um). (¢, d) TCGA database showed the expression level
of PEBP1 in liver cancer tissues and normal liver tissues and the correlation between the expression of PEBP1 and the malignant degree

of liver cancer (n >3, *p <0.05, **p <0.01, and ***p < 0.001).

human hepatoma cell line Huh-7 was used to establish a
subcutaneous xenograft model in nude mice. Our previous
results have confirmed that DHA has quite a good func-
tion on anti-HCC both in vivo and vitro (Figure 1). In
this section, we investigated the effects of DHA in ferrop-
tosis and the role of PEBPI in the xenograft model.
Firstly, we examined the changes in ferroptosis-related
indicators. That is consistent with our previous cell exper-
iments, compared with the control group, the levels of
GSH decreased in DHA-treated mice, while the levels of
MDA and 4-HNE increased significantly (Figures 7(a)-
7(c)). Furthermore, the results of immunohistochemistry
and western blot showed the levels of PEBP1 and ferrop-
tosis marker PTGS2 in the DHA administration group
were significantly higher than that in the control group
dose-dependently, which were negatively correlated with
Ki67 (Figures 7(d) and 7(e)). In addition, DHA treatment
could significantly promote the combination of PEBPI and
15-LO (Figure 7(f)).

Next, we mainly investigated whether the role of DHA in
ferroptosis depended on the regulation of PEBP1 in vivo. As
seen from the tumor representative map and tumor growth
curve, interference with PEBPI can significantly promote
tumor growth. DHA administration group significantly
inhibited tumor growth. Interestingly, by interfering with
PEBP1, the effect of DHA was weakened (Figures 8(a) and
8(b); Supplementary Fig. 1(b)). At the same time, the
changes in tumor weight were consistent when tumor lumps
were stripped from each mouse (Figure 8(c)). Furthermore,
no marked changes in body weight were observed in mice
treated with either DHA or the PEBP1 shRNA, indicating
that side effects of DHA and the shRNA were minimal
in vivo (Figure 8(d)). The result of ferroptosis-related
indexes GSH, MDA, and 4-HNE showed that the effects
of DHA were abrogated via interfering with PEBPI
(Figures 8(e)-8(g)). In addition, interference with PEBP1
inhibited DHA-induced upregulation of PTGS2 and down-
regulation of Ki67 (Figure 8(h)). In short, PEBP1 played
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Ficure 7: DHA induced ferroptosis of HCC xenograft tumor in vivo. nude mice with Huh-7 cell xenograft. (a, b) The corresponding kits
were used for evaluating GSH and MDA levels in tumor tissues. (c) The level of 4-HNE in the tumor tissues was detected by ELISA kit. (d)
Immunohistochemical staining and (e) western blot analysis were used to assess PEBP1, PTGS2, and Ki67 levels in tumor tissues, scale bar:
50 ym. (f) Immunofluorescence staining showed the expression levels of PEBP1 and 15-LO and their colocalization in tumor tissues (1 > 3,
*p <0.05, **p <0.01, ***p < 0.001, *p < 0.05, *p < 0.01, **p < 0.001, ¥p < 0.05, *¥p < 0.01, and *¥*¥p < 0.001).

an essential role in DHA-induced ferroptosis in the subcu-
taneous xenograft model.

4. Discussion

HCC is a major malignant tumor in the clinical, ranked as
the fifth most common diagnosis and the third leading cause
of cancer-related death worldwide. Most patients are not
suitable for surgical treatment, making drug therapy the pre-

ferred option. DHA, a derivative of artemisinin with the C-
10 lactone group replaced by hemiacetal, is used to treat var-
ious forms of malaria. Recently, it has been found that DHA
also has a certain potential in cancer treatment [29-31]. In
this study, we confirmed the inhibiting effect of DHA on
the development of HCC in vivo and in vitro (Figure 1).
Our data showed that DHA could inhibit the viability of
HCC cells above 10 M and would not affect the cell viability
of human normal liver cell LO2 below 50 yuM. In addition,
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F1GURrE 8: The PEBP1 is a prerequisite for DHA to induce ferroptosis in HCC. Subcutaneous xenografts established by using Huh-7 cells. (a)
Representative photos of subcutaneous tumor removed from nude mice on the last day of the experiment. (b) Tumor volume growth curves
of mice in each group during the experimental period. (c) The subcutaneous tumors of nude mice were stripped and weighed. (d) Change
curve of body weight of mice in the whole experiment cycle. (e, f) The corresponding kit analyses of ferroptosis markers GSH and MDA in
the tumor tissue. (g) 4-HNE levels in the tumor tissues analyzed by 4-HNE ELISA kit. (h) Immunohistochemical analyzed the expression of
Ki67, PTGS2 and PEBPI in tumor tissues. Scale bars are 50 ym (n=5, *p <0.05, **p<0.01, ***p <0.001, #p <0.05, “#p <0.01, and
"5 < 0.001).

we also used LDH release experiments to prove that DHA Ferroptosis is a new type of programmed cell death that
would not be toxic to LO2 cells below 80 uM; therefore,  is different from typical apoptosis and cell necrosis, mainly
we used 10, 20, and 40 uM DHA for follow-up research.  characterized by elevated intracellular lipid peroxidation
At the same time, in vivo experiments have also effec-  and ROS accumulation. Since the concept of ferroptosis

tively proved that DHA could inhibit the development  came out in 2012, the research on ferroptosis has been
of HCC. increasing year by year. A large number of studies have
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F1GURE 9: DHA inhibited HCC development by inducing the formation of PEBP1/15-LO complex to promote ferroptosis in HCC. DHA
therapy can activate ferroptosis and inhibit the development of HCC. Reductive glutathione (GSH) and glutathione peroxidase 4 (GPX4)
are effective in reducing lipid peroxidation and ferroptosis. PEBP1/15-LO compound may be bound up with to DHA-induced
ferroptosis. 15-LO siRNA and PEBP1 siRNA were able to prevent ferroptosis induced by DHA. The upregulated PEBP1 may play a
significant role in this molecular mechanism. DHA mainly inhibits the ubiquitination degradation of PEBP1 and promotes the formation

of PEBP1/15-LO and induces ferroptosis.

shown that ferroptosis inducers play an important role in
inhibiting the growth of HCC and killing HCC cells. Fur-
ther investigation into the effects of ferroptosis in cancer
will provide a new direction for cancer diagnosis and
treatment [32].

DHA has been involved in the treatment of breast can-
cer, liver cancer, lung cancer, etc. Most studies are regulating
cancer cell apoptosis and inhibiting invasion [33-35]. How-
ever, DHA-induced ferroptosis in hepatoma cells has not
been reported. Our team has previously proved that DHA
can induce ferroptosis of hepatic stellate cells [19]. Based
on this, this research innovatively proposed that DHA could
induce ferroptosis of HCC cells to exert antitumor effects.

Our data are the same as we expected. After DHA treat-
ment, there were significant changes in the ferroptosis-
related indicators in HepG2 and Huh-7 cells, such as lipid
ROS, lipid peroxide MDA, 4-HNE, and iron accumulation.
And DHA also downregulated the expression of GPX4 and
SLC7AL11 in varying degrees. These results fully proved that
DHA could induce ferroptosis of HCC cells in vitro.

Lipid peroxidation has always been recognized as the
central link in ferroptosis. Lipidomics studies have found
that abnormal lipid metabolism is closely related to ferropto-

sis. Arachidonic acid and epinephrine acid in polyunsatu-
rated fatty acids are the critical ingredients that induce
ferroptosis [6, 36]. The formation of these polyunsaturated
fatty acid coenzyme A derivatives, namely, oxidized phos-
phatidylethanolamines (ox-PEs), is the signal necessary for
ferroptosis. Their formation requires the participation of a
variety of lipid-metabolizing enzymes, such as acyl-CoA
synthetase long-chain family member 4 (ACSL4) and lipox-
ygenases (LOXs). Our experimental results also showed that
the accumulation of lipid peroxide MDA and 4-HNE in
HCC cells was particularly obvious after DHA treatment.
We speculated whether 15-LO was also involved in the fer-
roptosis of HCC cells induced by DHA. Our knockdown
experiments showed that inhibition of 15-LO could signifi-
cantly abolish the changes in ferroptosis indicators caused
by DHA. However, the effect of DHA on 15-LO was not
obvious at either protein or mRNA levels. Could it be that
DHA does not regulate the expression of 15-LO but change
its structure and function? Based on literature research, we
found a scaffold protein inhibitor of the protein kinase cas-
cade PEBP1, which was reported to bind and direct 15-LO
to target polyunsaturated fatty acids (PUFAs) on the cell
membrane to promote ferroptosis.
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Therefore, we speculated whether DHA could induce
ferroptosis in HCC cells by promoting the combination
of PEBP1 and 15-LO. First, we tested the effect of DHA
treatment on the combination of PEBP1 and 15-LO. We
found that DHA could significantly promote the formation
of PEBP1/15-LO complex via immunoprecipitation and
immunofluorescence colocalization experiments. Next,
our further confirmation of the role of PEBPI indicated
that interference with PEBP1 weakened the function of
DHA-induced HCC cell ferroptosis.

We have confirmed that DHA-induced cell ferroptosis
was resulted from inducing the formation of the PEBP1/
15-LO complex based on previous results, but DHA had
no remarkable effect on the expression of 15-LO. Therefore,
we further wanted to know whether DHA could regulate the
level of PEBPI. Interestingly, we found that DHA only reg-
ulated the expression of PEBPI at the protein level, but not
the mRNA level. Accordingly, we considered the DHA-
induced upregulation of PEBP1 was due to the inhibition
of protein degradation, which principally occurred in pro-
teasome and lysosome [37]. DHA treatment could signifi-
cantly prolong the half-life of PEBP1. In addition, the
degradation of PEBP1 could be inhibited by proteasome
inhibitor MG132, but not autophagy inhibitor CQ, implying
the proteolysis of PEBP1 by the former pathway. And the
polyubiquitination of PEBP1 was significantly downregu-
lated after DHA treatment. Ubiquitin is the most frequent
posttranslational modification of proteins, and more than
80% of proteins in cells are degraded by the ubiquitin-
proteasome system. Ubiquitylation is widely involved in a
variety of cell life processes, including cell survival and dif-
ferentiation. In addition, ubiquitination also plays a crucial
role in diseases, such as tumors, inflammatory disorders,
and metabolic syndromes [38]. As reported by An et al. [39],
USP18, a member of the deubiquitination enzyme family,
plays a vital role in the development of NAFLD through inhi-
biting TAKI activation and subsequently restraining the
downstream JNK/NF-xB signaling pathways. Therefore, the
regulation of the ubiquitination pathway has been considered
as a promising therapeutic strategy for those diseases [40-42].

In addition to binding with phospholipid molecules,
PEBP1 can also bind to Raf-1 and inhibit its downstream
signaling pathway, so it is also called RKIP, a Raf kinase
inhibitor protein. Compared with normal tissue, PEBP1 is
generally underexpressed in most cancers, including HCC
[43]. Downregulation of PEBP1 in tumors indicates a worse
clinical prognosis, which may be a beneficial biomarker to
evaluate patients at high risk of recurrence after surgery.
At present, the regulatory role of PEBP1 is mainly focused
on its transcriptional activity [44, 45]. To our knowledge,
this study is the first to report the regulation of PEBPI
expression at the protein level in HCC. Moreover, the role
of PEBP1/15-LO in ferroptosis in HCC cells was also dis-
cussed for the first time in this study.

In the end, we established a subcutaneous xenograft
model in nude mice to verify the antitumor effect of DHA,
the ability in inducing ferroptosis of DHA, and the role of
PEBP1 in these effects. All in vivo results were consistent
with the cell experiment.
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5. Conclusion

Taken together, these results provide evidence of a mechanism
by which PEBP1/15-LO is involved in the role of DHA-
induced ferroptosis in HCC (Figure 9). By inhibiting the
ubiquitin-proteasome pathway of PEBP1, DHA increased its
protein level and bound to 15-LO, which further promoted
the lipid peroxidation of HCC cell membrane to induce fer-
roptosis, thus exerting the anti-HCC activity of DHA.

Data Availability

All data generated or analyzed during this study are available
from the corresponding author upon request.

Conflicts of Interest

All authors confirm that there is no conflict of interest.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (31600653, 82073914, 82000572, and
81870423), the Natural Science Foundation of Jiangsu Prov-
ince (BK20200840), the Major Project of the Natural Science
Research of Jiangsu Higher Education Institutions of China
(19KJA310005), the Jiangsu Postgraduate Practice Innovation
Program in 2021 (SJCX21_0677 and KYCX21_1732), the
General Projects of the Natural Science Research of Jiangsu
Higher Education Institutions of China (20KJB310003), the
Open Project of Chinese Materia Medica First-Class
Discipline of Nanjing University of Chinese Medicine
(2020YLXKO021 and 2020YLXK022), and the Joint Project of
Jiangsu Key Laboratory for Pharmacology and Safety Evalua-
tion of Chinese Materia Medica and Yangtze River Pharma-
ceutical (JKLPSE202005).

Supplementary Materials

Supplementary Figure 1. (a-b) Images of BALB/c nude mice
tumors stripped from different groups. (Supplementary
materials)

References

[1] Z. Chen, H. Xie, M. Hu et al., “Recent progress in treatment of
hepatocellular carcinoma,” American Journal of Cancer
Research, vol. 10, no. 9, pp. 2993-3036, 2020.

[2] A. Noonan and T. M. Pawlik, “Hepatocellular carcinoma: an
update on investigational drugs in phase I and II clinical
trials[J],” Expert Opinion on Investigational Drugs, vol. 28,
no. 11, pp. 941-949, 2019.

[3] S.]J. Dixon and B. R. Stockwell, “The role of iron and reactive
oxygen species in cell death,” Nature Chemical Biology,
vol. 10, no. 1, pp. 9-17, 2014.

[4] C. Louandre, Z. Ezzoukhry, C. Godin et al., “Iron-dependent
cell death of hepatocellular carcinoma cells exposed to sorafe-
nib,” International Journal of Cancer, vol. 133, no. 7, pp. 1732
1742, 2013.

[5] E. Lachaier, C. Louandre, C. Godin et al., “Sorafenib induces
ferroptosis in human cancer cell lines originating from


https://downloads.hindawi.com/journals/omcl/2021/3456725.f1.docx
https://downloads.hindawi.com/journals/omcl/2021/3456725.f1.docx

Oxidative Medicine and Cellular Longevity

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

different solid tumors,” Anticancer Research, vol. 34, no. 11,
pp. 6417-6422, 2014.

W. S. Yang, K. J. Kim, M. M. Gaschler, M. Patel, M. S. Shche-
pinov, and B. R. Stockwell, “Peroxidation of polyunsaturated
fatty acids by lipoxygenases drives ferroptosis,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 113, no. 34, pp- E4966-E4975, 2016.

W. S. Yang and B. R. Stockwell, “Ferroptosis: Death by Lipid
Peroxidation,” Trends in Cell Biology, vol. 26, no. 3, pp. 165-
176, 2016.

J. Z. Haeggstrom and C. D. Funk, “Lipoxygenase and leukotri-
ene pathways: biochemistry, biology, and roles in disease,”
Chemical Reviews, vol. 111, no. 10, pp. 5866-5898, 2011.

V. E. Kagan, G. Mao, F. Qu et al., “Oxidized arachidonic and
adrenic PEs navigate cells to ferroptosis,” Nature Chemical
Biology, vol. 13, no. 1, pp. 81-90, 2017.

J. P. Friedmann Angeli, M. Schneider, B. Proneth et al., “Inac-
tivation of the ferroptosis regulator Gpx4 triggers acute renal
failure in mice,” Nature Cell Biology, vol. 16, no. 12,
pp. 1180-1191, 2014.

B. R. Stockwell, J. P. Friedmann Angeli, H. Bayir et al., “Ferrop-
tosis: A Regulated Cell Death Nexus Linking Metabolism,
Redox Biology, and Disease,” Cell, vol. 171, no. 2, pp. 273-
285, 2017.

S. E. Wenzel, Y. Y. Tyurina, J. Zhao et al., “PEBP1 Wardens
Ferroptosis by Enabling Lipoxygenase Generation of Lipid
Death Signals,” Cell, vol. 171, no. 3, pp. 628-641.e26, 2017.

L. F. Ye and B. R. Stockwell, “Transforming Lipoxygenases:
PE-Specific Enzymes in Disguise,” Cell, vol. 171, no. 3,
pp. 501-502, 2017.

D. H. J. Cheong, D. W. S. Tan, F. W. S. Wong, and T. Tran,
“Anti-malarial drug, artemisinin and its derivatives for the
treatment of respiratory diseases,” Pharmacological Research,
vol. 158, article 104901, 2020.

B. Yuan, F. Liao, Z. Z. Shi et al., “Dihydroartemisinin inhibits
the proliferation, colony formation and induces ferroptosis of
lung cancer cells by inhibiting PRIM2/SLC7A11 Axis,” Onco-
targets and Therapy, vol. Volume 13, pp. 10829-10840, 2020.
J. D. Paccez, K. Duncan, D. Sekar et al., “Dihydroartemisinin
inhibits prostate cancer via JARID2/miR-7/miR-34a-depen-
dent downregulation of Axl,” Oncogene, vol. 8, no. 3, p. 14,
2019.

Y. Liu, S. Gao, J. Zhu, Y. Zheng, H. Zhang, and H. Sun, “Dihy-
droartemisinin induces apoptosis and inhibits proliferation,
migration, and invasion in epithelial ovarian cancer via inhibi-
tion of the hedgehog signaling pathway,” Cancer Medicine,
vol. 7, no. 11, pp. 5704-5715, 2018.

J. du, T. Wang, Y. Li et al., “DHA inhibits proliferation and
induces ferroptosis of leukemia cells through autophagy
dependent degradation of ferritin,” Free Radical Biology ¢
Medicine, vol. 131, pp. 356-369, 2019.

Z. Zhang, X. Wang, Z. Wang et al., “Dihydroartemisinin alle-
viates hepatic fibrosis through inducing ferroptosis in hepatic
stellate cells,” BioFactors, vol. 47, no. 5, pp. 801-818, 2021.
Z.Zhang, M. Guo, S. Zhao, J. Shao, and S. Zheng, “ROS-JNK1/
2-dependent activation of autophagy is required for the induc-
tion of anti-inflammatory effect of dihydroartemisinin in liver
fibrosis,” Free Radical Biology & Medicine, vol. 101, pp. 272
283, 2016.

Z. Zhang, Z. Yao, S. Zhao et al., “Interaction between autoph-
agy and senescence is required for dihydroartemisinin to alle-

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

[34]

(35]

(36]

(37]

21

viate liver fibrosis,” Cell Death & Disease, vol. 8, no. 6, p. €2886,
2017.

7. Zhang, M. Guo, Y. Li et al., “RNA-binding protein ZFP36/
TTP protects against ferroptosis by regulating autophagy sig-
naling pathway in hepatic stellate cells,” Autophagy, vol. 16,
no. 8, pp. 1482-1505, 2020.

B. H. Lok, E. E. Gardner, V. E. Schneeberger et al., “PARP
inhibitor activity correlates withSLFN11Expression and dem-
onstrates synergy with temozolomide in small cell lung Can-
cer,” Clinical Cancer Research, vol. 23, no. 2, pp. 523-535,
2017.

E. Ooko, M. E. Saeed, O. Kadioglu et al., “Artemisinin deriva-
tives induce iron-dependent cell death (ferroptosis) in tumor
cells,” Phytomedicine, vol. 22, no. 11, pp. 1045-1054, 2015.

S. Zhu, Q. Yu, C. Huo et al,, “Ferroptosis: a novel mechanism
of artemisinin and its derivatives in cancer Therapy,” Current
Medicinal Chemistry, vol. 28, no. 2, pp. 329-345, 2021.

E. M. Kenny, E. Fidan, Q. Yang et al., “Ferroptosis contributes
to Neuronal death and functional outcome after traumatic
brain Injury,” Critical Care Medicine, vol. 47, no. 3, pp. 410-
418, 2019.

A. A. Kapralov, Q. Yang, H. H. Dar et al., “Redox lipid repro-
gramming commands susceptibility of macrophages and
microglia to ferroptotic death,” Nature Chemical Biology,
vol. 16, no. 3, pp. 278-290, 2020.

F. Schoentgen and S. Jonic, “PEBP1/RKIP behavior: a mirror
of actin-membrane organization,” Cellular and Molecular Life
Sciences, vol. 77, no. 5, pp. 859-874, 2020.

T. Efferth, “From ancient herb to modern drug: Artemisia
annua and artemisinin for cancer therapy,” Seminars in Can-
cer Biology, vol. 46, pp. 65-83, 2017.

Q. Li, Q. Ma, J. Cheng et al., “Dihydroartemisinin as a sensitiz-
ing agent in cancer therapies,” Oncotargets and Therapy, vol. -
Volume 14, pp. 2563-2573, 2021.

X. Cai, J. Miao, R. Sun et al.,, “Dihydroartemisinin overcomes
the resistance to osimertinib in EGFR-mutant non- small-cell
lung cancer,” Pharmacological Research, vol. 170, article
105701, 2021.

S. W. Alvarez, V. O. Sviderskiy, E. M. Terzi et al., “NFS1
undergoes positive selection in lung tumours and protects cells
from ferroptosis,” Nature, vol. 551, no. 7682, pp. 639-643,
2017.

J. Tao, L. Diao, F. Chen et al., “pH-sensitive nanoparticles
codelivering docetaxel and dihydroartemisinin effectively treat
breast cancer by enhancing reactive oxidative species-
mediated mitochondrial apoptosis,” Molecular Pharmaceutics,
vol. 18, no. 1, pp. 74-86, 2021.

X. Bai, J. Shao, S. Zhou et al., “Inhibition of lung cancer growth
and metastasis by DHA and its metabolite, RvD1, through
miR-138-5p/FOXC1 pathway,” Journal of Experimental &
Clinical Cancer Research, vol. 38, no. 1, p. 479, 2019.

J. Gao, F. Ma, X. Wang, and G. Li, “Combination of dihydroar-
temisinin and resveratrol effectively inhibits cancer cell migra-
tionviaregulation of the DLC1/TCTP/Cdc42 pathway,” Food
& Function, vol. 11, no. 11, pp. 9573-9584, 2020.

S. Doll, B. Proneth, Y. Y. Tyurina et al., “ACSL4 dictates fer-
roptosis sensitivity by shaping cellular lipid composition,”
Nature Chemical Biology, vol. 13, no. 1, pp. 91-98, 2017.

X. Wang and J. Robbins, “Proteasomal and lysosomal protein
degradation and heart disease,” Journal of Molecular and Cel-
lular Cardiology, vol. 71, pp. 16-24, 2014.



22

(38]

(39]

(40]

[41]

(42]

[43]

(44]

[45]

D. Popovic, D. Vucic, and 1. Dikic, “Ubiquitination in disease
pathogenesis and treatment,” Nature Medicine, vol. 20,
no. 11, pp. 1242-1253, 2014.

S. An, L. P. Zhao, L. J. Shen et al., “USP18 protects against
hepatic steatosis and insulin resistance through its deubiquiti-
nating activity,” Hepatology, vol. 66, no. 6, pp. 1866-1884,
2017.

D. Hoeller and I. Dikic, “Targeting the ubiquitin system in
cancer therapy[]J],” Nature, vol. 458, no. 7237, pp. 438-444,
2009.

S. Lipkowitz and A. M. Weissman, “RINGs of good and evil:
RING finger ubiquitin ligases at the crossroads of tumour sup-
pression and oncogenesis,” Nature Reviews. Cancer, vol. 11,
no. 9, pp. 629-643, 2011.

V. Kirkin and I. Dikic, “Ubiquitin networks in cancer,” Cur-
rent Opinion in Genetics & Development, vol. 21, no. 1,
pp. 21-28, 2011.

Y. F.Xu, Y. Y5, S. J. Qiu et al., “PEBP1 downregulation is asso-
ciated to poor prognosis in HCC related to hepatitis B infec-
tion,” J Hepatol []]., vol. 53, no. 5, pp. 872-879, 2010.

T. H. Lai, M. Ahmed, J. S. Hwang et al., “Transcriptional
repression of raf kinase inhibitory protein gene by metadherin
during cancer progression,” International Journal of Molecular
Sciences, vol. 22, no. 6, p. 3052, 2021.

J. S. Kim, G. H. Choi, Y. Jung et al., “Downregulation of Raf-1
kinase inhibitory protein as a sorafenib resistance mechanism

in hepatocellular carcinoma cell lines,” ] Cancer Res Clin Oncol
[J]., vol. 144, no. 8, pp. 1487-1501, 2018.

Oxidative Medicine and Cellular Longevity



	Dihydroartemisinin Induces Ferroptosis in HCC by Promoting the Formation of PEBP1/15-LO
	1. Introduction
	2. Materials and Methods
	2.1. Antibodies and Reagents
	2.2. Cell Culture
	2.3. RNA Isolation and Real-Time PCR Analyses
	2.4. Western Blot Analyses
	2.5. Cell Proliferation Assay
	2.6. Cytotoxicity Test
	2.7. Iron, GSH, MDA, and 4-HNE Measurement
	2.8. ROS Measurement
	2.9. Immunoprecipitation Experiment
	2.10. Immunofluorescence Staining
	2.11. Ubiquitination Analysis
	2.12. Animal Treatment
	2.13. Tumorigenesis Assays in Nude Mice
	2.14. Statistical Analysis

	3. Results
	3.1. DHA Inhibits HCC Development In Vitro and Vivo
	3.2. DHA Facilitates HCC Cell Ferroptosis In Vitro
	3.3. DHA Induces HCC Cells Ferroptosis by Promoting the Formation of PEBP1/15-LO Complex
	3.4. Interfering with PEBP1 Attenuates Ferroptosis Induced by DHA in HCC Cells
	3.5. DHA Promotes the Accumulation of PEBP1 by Inhibiting the Ubiquitination of PEBP1
	3.6. PEBP1 Is Required for DHA-Mediated Ferroptosis of HCC In Vivo

	4. Discussion
	5. Conclusion
	Data Availability
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

