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Abstract

Background: Ferroptosis is a unique form of regulated cell death that provided
a new opportunity for cancer therapy. Ferroptosis suppressor protein 1 (FSP1)
is a key regulator in the NAD(P)H/FSP1/CoQ10 antioxidant system, which sever
as an oxide redox enzyme to scavenge harmful lipid hydroperoxides and
escape from ferroptosis in cells. This study aimed to investigate the role of FSP1
on sorafenib-induced ferroptosis and disclosed the underlying mechanisms.
Methods: Cell viability, malondialdehyde (MDA), glutathione (GSH), and lipid
reactive oxygen species levels were assessed using indicated assay kits. The
levels of FSP1 and glutathione peroxidase 4 (GPX4) in the patients with HCC
were analyzed based on the database. Western blot and quantitative real-
time PCR were performed to detect the protein and mRNA expression.
Co-immunoprecipitation was applied to detect the interaction between proteins.
Tumor xenograft experiments were used to evaluate whether overexpression of
FSP1-inhibited sorafenib-induced ferroptosis in vivo.

Results: We verified that sorafenib-induced ferroptosis in HCC. Furthermore,
we found that sorafenib decreased the protein level of FSP1, and knockdown
FSP1 rendered HCC cells susceptible to sorafenib-induced ferroptosis.
Co-immunoprecipitation and ubiquitination assays showed that sorafenib
accelerated the TRIM54-mediated FSP1 ubiquitination and degradation.
Sorafenib-induced ferroptosis was abrogated by TRIM54 suppression.
Mechanically, sorafenib-promoted TRIM54 ubiquitinated and degraded FSP1
by means of the ERK pathway. Moreover, FSP1 enhanced tumor development
and decreased HCC cellular susceptibility to sorafenib in vivo.

Abbreviations: AIFM2, apoptosis-inducing factor mitochondria associated 2; co-IP, co-immunoprecipitation; CoQ, coenzyme Q10; FSP1, ferroptosis suppressor
protein 1; GPX4, glutathione peroxidase 4; GSH, glutathione; MDA, malondialdehyde; si-NC, negative control siRNA; SLC7A11, solute carrier family 7 member 11;
TFRC, transferrin receptor; TRIM, tripartite motif.
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Conclusions: Sorafenib facilitated the TRIM54-mediated FSP1 ubiquitination
through the ERK pathway, thereby inducing ferroptosis in HCC cells.

INTRODUCTION

HCC is a primary liver cancer characterized by a low
survival rate and a poor prognosis.[! Heredity, chronic
hepatits B and HCV infection, aflatoxin exposure,
smoking, alcohol abuse, and obesity are considered
the major risk factors for developing HCC."! The treat-
ments for early-stage HCC mostly rely on surgical
resection and liver transplantation.®®! While most patients
with advanced-stage HCC always lose the best time for
surgery and resort to nonsurgical treatments including
immunotherapy, chemotherapeutic treatment, and tar-
geted therapy.! Sorafenib is a first-line medication
licensed by the Food and Drug Administration for the
treatment of unresectable HCC.P! It is a multitargeted
kinase inhibitor that impairs cancer cell proliferation and
neoangiogenesis.®) However, most patients respond
unsatisfactorily to sorafenib, which is a critical hindrance
to achieving the expected anticancer efficacy.l’l There-
fore, expounding the mechanisms of sorafenib resist-
ance and optimizing personalized therapy is of
paramount importance in the progress of HCC therapy.

In 2012, Dixon et all®! found an unprecedented cell
death form named ferroptosis. Emergence of ferroptosis
has provided a new model of regulatory cell death.
Mechanically, excessive iron-dependent lipid peroxide
generation is the essential driver of ferroptosis.[9 It is
generally believed that the high proliferation rate of
cancer cells due to their metabolic aberration is
accompanied by an increase in lipid peroxidation.l'”]
To alleviate oxidative stress, cancer cells depend on the
antioxidant system to interfere with lipid peroxide
generation and escape from death.'l Therefore,
ferroptosis resistance becomes a considerable obstacle
to the eradication of cancer cells.['? In the context of the
imbalance between the antioxidant system and oxida-
tive stress, dampening the antioxidant defense system
and inducing cancer cell ferroptosis is a feasible cancer
treatment strategy.'3 Existing studies have illustrated
that sorafenib-induced cancer cells ferroptosis.'¥ In
HCC cells, system Xc™ is implicated in ferroptosis and is
possibly a promising target of sorafenib-induced
ferroptosis!': however, the enigmatic underlying mech-
anisms are still ambiguous.

Apoptosis-inducing factor mitochondria associated 2
(AIFM2) located in the mitochondria of the cell and was
involved in inducing cell apoptosis by means of the
caspase-independent pathway.['8! Currently, convincing
studies suggested that AIFM2 played an essential role
in the modulation of another cell death process

ferroptosis, and was redefined as ferroptosis suppres-
sor protein 1 (FSP1).['71 FSP1 functions as an oxide
redox enzyme that impedes the accumulation of lipid
peroxides by decreasing coenzyme Q10 (CoQ) and
conduces to lipophilic radical-trapping antioxidant
generation.['7.181 FSP1 is independent of the mitochon-
drial CoQ antioxidant system and cooperates with the
glutathione (GSH)-based glutathione peroxidase 4
(GPX4) pathway to induce ferroptosis.'”.'8l Beyond
that, FSP1-mediated lipid peroxidation by means of
endosomal sorting complexes required for transport-lil
induced membrane repair mechanism and inhibited
ferroptosis in a CoQ-independent pathway.['®! FSP1 is
an essential component of ferroptosis resistance;
however, it is not clear whether FSP1 participates in
sorafenib-induced ferroptosis.

The tripartite motif (TRIM) family belongs to the class
of single protein RING-finger E3 ubiquitin ligases.[2]
The expression and activity of the TRIM family
members are correlated with the development of
cancers, TRIM family members bind to the different
substrates determining their distinct cellular regulatory
functions.2'l Due to the frequent dysregulation of TRIM
family members, the TRIM proteins sever as tumor
promoters or tumor suppressors in various tumors.[22.23]
In this study, we found that sorafenib could down-
regulate FSP1 expression in HCC cells. As an E3
ligase, TRIM54 bound to FSP1 and promoted its
ubiquitination degradation. Sorafenib promoted the
interaction between TRIM54 and FSP1 through the
ERK pathway, thereby inducing ferroptosis.

METHODS
Cell culture

Human HCC cell lines (HepG2 and Huh-7) were
purchased from the Cell Bank of the Chinese Academy
of Science (Shanghai, China). Cells were cultured in
DMEM supplemented with 10% fetal bovine serum
(Gibco, NY), 1% antibiotic/antimycotic solution, and
maintained at 37°C with 5% CO..

Cell transfection
The negative control siRNA (si-NC), 2 individual FSP1

siRNAs (si-FSP1#1, 5'-CCAAAUCAGUGGCUUCUAUTT-
3, si-FSP1#2, 5-UUUCUUACUCGGUGACUUUTT-3),
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and si-TRIM54 (5-CCUGCUAGUGGAGAACAUUTT-3')
were obtained from GenePharma (Shanghai, China). The
siRNA sequences were transfected in HCC cells using
siLentFect Lipid Reagent (Bio-Rad, Hercules, CA). The
plasmids were transiently transfected into HCC cells using
jetPRIME transfection reagent (Polyplus Transfection,
Bioparc, France). The pcDNA3.1 FSP1, LV-NC, and LV-
FSP1 were purchased from GenePharma (Shanghai,
China).

Immunoblotting and co-immunoprecipitation

Cells were harvested and lysed in RIPA lysis buffer
(KeyGen BioTECH, Jiangsu, China), then protein was
quantified using the Enhanced BCA Protein Assay Kit
(KeyGen BioTECH, Jiangsu, China) and boiled in SDS-
PAGE loading buffer. Cell protein lysates were resolved
by SDS-PAGE, then transferred to nitrocellulose mem-
brane and subsequently blocked with 5% skim milk. Add
primary antibody and incubate for 8 hours. After being
washed and incubated with secondary antibodies, the
protein signals were detected by means of Chemistar
High-sig ECL Western Blot Substrate (Tanon, Shanghai,
China). For co-immunoprecipitation, 1 yg specific primary
antibodies were added to cell protein lysates. After
incubating at 4°C for 10 hours, 30 pL of the resuspended
volume of Protein A + G-Agarose (Bioepitope, Minneap-
olis, MN) was added and rotated together with the
sample at 4°C for 6 hours. Beads were boiled in a loading
buffer, and the immunoprecipitated proteins were tested
by Western blot.

Antibodies and reagents

Antibodies used in this study include anti-GAPDH
(60004-1-Ig, Proteintech), anti-FSP1 (20886-1-AP, Pro-
teintech), anti-GPX4 (ab125066, Abcam), anti-TFRC
(A5865, ABclonal), anti-SLC7A11 (A2413, ABclonal),
anti-TRIM54  (21074-1-AP, Proteintech), anti-ERK
(#4695, Cell Signaling Technology), anti-ubiquitin (sc-
9133, Santa Cruz Biotechnology), and horseradish
peroxidase-conjugated secondary antibodies (VAOO1
and VAO002, Vicmed). Reagents used in this study
include Sorafenib (TO093L, Targetmol), Ferrostatin-1
(A4371, APE x BIO), Z-VAD-FMK (A1902, APE x BIO),
Necrosulfonamide (B7731, APE x BIO), cycloheximide
(C7698-1G, SIGMA), MG-132 (A2585, APE x BIO), and
PD98059 (HY-12028, MedChemExpress).

Cell viability assay
Cell proliferation was gauged with the Cell Counting Kit-

8 (CCK®) kit (APE x BIO). The optical density was
measured at 450 nm.

Malondialdehyde and GSH assay

The relative malondialdehyde (MDA) concentration in
cell or tumor lysates was determined by a MDA
Colorimetric Assay Kit (E-BC-K025-M, Elabscience).
The relative GSH concentration in cell or tumor lysates
was measured using a Reduced GSH Colorimetric
Assay Kit (E-BC-K030-M, Elabscience).

Lipid peroxidation assay C11-BODIPY

Post-treatment cells were incubated in 2 yM C11
BODIPY 581/591 (27086-1mg, Cayman) for 30 minutes.
Then cells were harvested and resuspended in PBS
containing 5% fetal bovine serum. Fluorescence inten-
sity was detected by flow cytometry (Becton Dickinson,
Franklin Lakes, NJ). For C11-BODIPY staining, cells
were plated in coverslips. Cells were stained with 2 uM
C11 BODIPY for 30 minutes. Images were acquired
using microscopy (ZEISS AXIO Scope.A1 HAL100).

Quantitative real-time PCR

Total RNA was isolated with the TRIzol reagent
(Takara, Dalian, China) and reverse transcribed using
PrimeScript RT reagent Kit (Takara, Dalian, China).
Quantitative real-time PCR was used in the BrightGreen
Express 2 x gPCR MasterMix (Abm, Canada). The
relative gene expression levels were normalized to
GAPDH and calculated by means of the 2724CT
method.

Colony formation assay

Equal numbers of cells were seeded in a 6-well plate
and cultured with medium for 14 days. Removed the
medium, the cells were fixed and stained with 0.1%
crystal violet (Vicmed, China).

Tumor xenograft experiments and
immunohistochemistry

All mice experiments were strictly followed by means of
the ARRIVE (Animals in Research: Reporting In Vivo
Experiments) guidelines and approved by the ethics
committee of Xuzhou Medical University. The female 6-
week-old BALB/c nude mice were injected subcuta-
neously with indicated HepG2 cells (2 x 108 cells per
mouse) and treated with or without sorafenib (10 mg/kg
i.p., once every other day). Tumors were measured
every 5 days and calculated the volume of the tumor
was according to the formula (length x width?)/2.
After 28 days, the neoplasms were harvested for the
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subsequent experiment. Tissue sections from the
indicated nude mouse models and subjected to
immunohistochemistry staining using anti-FSP1 anti-
bodies. All mice were housed in a specific pathogen-
free animal facility with free access to water and food.

Statistical analysis

Statistical analysis was performed by SPSS 21.0
software (SPSS, USA), and images were acquired with
GraphPad Prism 7.0 software (La Jolla). The signifi-
cance of the differences between the groups was
evaluated using Student t test or 1-way ANOVA, and
the correlation analyses were evaluated using Pearson
correlation analyses, with p < 0.05 defined as statisti-
cally significant (*p < 0.05, **p < 0.01, ***p < 0.001).

RESULTS

Sorafenib downregulates FSP1 protein
levels in HCC cells

Sorafenib has been reported to promote HCC cell
ferroptosis in prior investigations.?4! We first measured
the effect of various inhibitors on the cell survival of
sorafenib-treated HCC cells to confirm the type of cell
death. Our results revealed that Ferrostatin-1 (a
ferroptosis inhibitor) but not Z-VAD-FMK (an apoptosis
inhibitor) or necrosulfonamide (a necroptosis inhibitor)
impaired sorafenib-induced HCC cell death (Figure 1A).
The amassing of lipid peroxide and the depletion of
GSH were characteristic events during ferroptosis. !
We then examined the characteristic manifestations of
the ferroptosis process. On sorafenib treatment, lipid
peroxidation product MDA levels increased and GSH
levels decreased. As expected, the typical series of
ferroptotic events were reversed by ferrostatin-1 rather
than Z-VAD-FMK and necrosulfonamide (Figure 1B, C).
In addition, we used C11-BODIPY 581/591 (a lipid
peroxidation fluorescent probe) to treat HCC cells and
evaluate the intracellular lipid reactive oxygen species
content. Flow cytometry results revealed that the
maximum emission fluorescence migrated from
590 nm (nonoxidized state) to 510 nm (oxidized
state) under the induction of sorafenib (Figure 1D).
Meanwhile, C11-BODIPY fluorescence staining
indicated that the red fluorescence (nonoxidized lipids)
became weaker, and the green fluorescence (oxidized
lipids) became stronger in the cells of the sorafenib-
treated group (Figure 1E). Hence, sorafenib facilitated
the generation of lipid reactive oxygen, and the
sorafenib-induced ferroptotic events were only
reversed by Fer-1 in HCC cells (Figure 1D, E). These
assays all further confirmed that the mode of sorafenib-
induced HCC cell death was ferroptosis.

FSP1, a GSH-independent ferroptosis suppressor,
functions as an oxidoreductase in the nonmitochondrial
CoQ antioxidant system.['7.18] We further analyzed the
levels of FSP1 and GPX4 in the patients with HCC
(http://gepia.cancer-pku.cn/index.html) and found that
the high level of FSP1 was associated with poor overall
survival (Figure 1F). Then, we tested the protein levels
of FSP1 and several proteins associated with
ferroptosis including GPX4, transferrin receptor
(TFRC), and solute carrier family 7 member 11
(SLC7A11) following sorafenib treatment. The protein
level of TFRC was markedly upregulated which accord
with the preceding study.?5! The expression of GPX4
and SLC7A11 had no significant changes. Notably,
sorafenib decreased FSP1 expression at the protein
levels in time-dependent and dose-dependent manners
(Figure 1G, H). Thus, these indicated that sorafenib
attenuated FSP1 expression in time-dependent and
dose-dependent manners in human HCC cells.

The expression of FSP1 affects sorafenib-
induced ferroptosis

Next, we further investigate whether FSP1 was engaged
in sorafenib-induced ferroptosis. Based on the above
experiments, the expression of FSP1 was significantly
downregulated under the condition of 10 uM sorafenib
treated for 36 hours, and thus subsequent experiments
were performed with this treatment condition. Western
blot assay was conducted to determine the interference
and overexpression efficiency of FSP1 in HCC cells
(Figure 2A). Subsequently, we found that overexpression
of FSP1 impeded ferroptosis, and partially reversed the
sorafenib-induced ferroptosis (Figure 2B—F). In contrast,
HCC cells were more sensitive to sorafenib-induced
ferroptosis when FSP1 was suppression (Figure 2B—F).
Thus, a high level of FSP1 restrained sorafenib-induced
ferroptosis, and silencing FSP1 enhanced the cellular
sensitivity to ferroptosis triggered by sorafenib. Together,
it implied that the expression of FSP1 affected sorafenib-
induced ferroptosis and sorafenib-promoted ferroptosis
by downregulating FSP1 in HCC cells.

Sorafenib accelerates FSP1 ubiquitination
degradation by promoting the interaction
between TRIM54 and FSP1

To get a further understanding of the mechanism under-
lying sorafenib reducing the level of FSP1, we detected
the mRNA levels of FSP1 in the sorafenib-treated group
and control group. We found no significant differences in
the mRNA levels of FSP1 between the 2 groups
(Figure 3A), which hinted that the reduction of FSP1
might be regulated at the post-transcriptional level
rather than the transcriptional level. Next, we used
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Sorafenib downregulates FSP1 in HCC cells. (A—E) HCC cells were treated with sorafenib (10 pM), with or without the indicated

inhibitors (ferrostatin-1, 1 uM; Z-VAD-FMK, 10 uM; necrosulfonamide, 10 uM) for 24 hours, then cell viability (A); MDA levels (B); GSH levels (C);
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cycloheximide to inhibit protein synthesis and then
observed that sorafenib treatment significantly reduced
the half-life of FSP1 (Figure 3B). As shown in Figure 3C,
MG132 (a classic 26S proteasome inhibitor) restored
FSP1 protein levels that had been decreased by
sorafenib, and the ubiquitination assays indicated that
sorafenib reduced the FSP1 level by inducing the
ubiquitination of FSP1 (Figure 3C). These results

demonstrated that sorafenib regulated FSP1 expression
through the ubiquitination system.

Next, we used the public bioinformatics databases
uniport and hitpredict to predict that TRIM54 might bind to
FSP1. TRIM54, belonging to the TRIM family, functions
as an E3 ubiquitin ligase because it harbors a RING-
finger domain.l?8l We speculated that TRIM54 functions
as an actual E3 ubiquitin ligase for the ubiquitination of
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Abbreviation: FSP1, ferroptosis suppressor protein 1.

FSP1. To confirm the relationship between TRIM54 and
FSP1, we did co-immunoprecipitation assays in FSP1-
overexpression HCC cells and detected an interaction
between TRIM54 and FSP1 (Figure 3D). Moreover, the

interaction of FSP1 and TRIM54 was markedly
intensified by sorafenib (Figure 3E). Knockdown of
TRIM54 significantly reduced the ubiquitination of FSP1
in sorafenib-treated HCC cells (Figure 3F). Additionally,
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FIGURE 3 Sorafenib accelerates FSP1 ubiquitination degradation by promoting the interaction between TRIM54 and FSP1. (A) HCC cells were
treated with vehicle or sorafenib (10 uM, 36 h), and the mRNA levels of FSP1 were assayed by RT-qPCR. (B) Effect of sorafenib (10 uM, 36 h) on FSP1
stability in HCC cells treated with cycloheximide (30 ug/mL) at 0, 12, 24, 36 hours. (C) HCC cells were transient transfected with Ub plasmid, then treated
with sorafenib (10 uM 36 h) and MG132 (100 pyM 4 h). Lysates from HCC cells were immunoprecipitated with an anti-FSP1 antibody. The protein
expression and ubiquitination degree were determined by western blotting. (D) The co-immunoprecipitation (Co-IP) assay was used to determine the
interaction of FSP1 with TRIM54 in FSP1-overexpressing HCC cells. (E) The Co-IP assay was used to determine the interaction of FSP1 with TRIM54 in
FSP1-overexpressing HCC cells treated with or without sorafenib (10 uM, 36 h). (F) HCC cells were cotransfected with Ub plasmid and si-NC or Ub
plasmid and si-TRIM54, then treated with or without sorafenib (10 uM, 36 h). HCC cells were treated with MG132 (100 puM) for 4 hours before harvest. The
levels of proteins and ubiquitination were assayed by western blot. (G—K) HCC cells were transfected with si-NC or si-TRIM54 for 24 hours, then treated
with or without sorafenib (10 pM, 36 h); cell viability (G); MDA levels (H); GSH levels (I); C11-BODIPY flow cytometry analysis (J); and C11-BODIPY stain
(x400 magnification) (K) were assayed. The data are the means + SD of the 3 independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.
Abbreviations: FSP1, ferroptosis suppressor protein 1; GSH, glutathione; MDA, malondialdehyde; TRIM, tripartite motif.
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sorafenib-induced classical ferroptotic events were
abolished in TRIM54-knockdown cells (Figure 3G—K).
Collectively, these data demonstrated that TRIM54-
mediated ubiquitination of FSP1 was essential for
sorafenib-induced ferroptosis, in detail, sorafenib
degraded FSP1 by promoting the interaction between
the TRIM54 and FSP1, thereby inducing ferroptosis.

Sorafenib promotes the interaction
between FSP1 and TRIM54 by means of the
ERK pathway

Sorafenib is a multiple-target kinase inhibitor, targeting
the Ras/Raf/MEK/ERK signaling pathways to eradicate
cancer cells.?”! Since the MAPK/ERK signaling path-
way is an integral part of the modulation of cellular
transformation and carcinogenesis, its activated state is
interwoven with more than half of human HCC cases.[?®!
Hence, we assumed that sorafenib may regulate
TRIM54 through the ERK pathway. Co-immunoprecipi-
tation analyses demonstrated an interaction between
ERK and TRIM54 (Figure 4A), and sorafenib
significantly interfered with this interaction (Figure 4B).
It was tempting to infer that ERK bound and modified
TRIM54 and the modified TRIM54 failed to spark FSP1
ubiquitination. To determine whether sorafenib
regulates the ubiquitinase activity of TRIM54 through
the ERK pathway, we treated HCC cells with PD98059
(an ERK inhibitor). Similar to sorafenib, PD98059
inhibited the interaction of ERK and TRIM54
(Figure 4C). Besides, PD98059 promoted the
interaction of TRIM54 and FSP1, then facilitated the
ubiquitination of FSP1 (Figure 4D, E). These results
illustrated that sorafenib regulated the interaction
between TRIM54 and FSP1 through the ERK kinase
pathway and promoted the ubiquitination of FSP1.

We further examined the effect of PD98059 on
ferroptosis and found that PD98059 induced cell death,
elevated MDA levels, and dropped GSH levels
(Figure 4F-H). The lipid ROS assay also displayed
that PD98059 promoted the manufacture of lipid ROS
(Figure 41, J). The results of these ferroptosis-related
events tended to imply that PD98059, like sorafenib,
decoyed ferroptosis in HCC cells. Altogether, we
concluded that sorafenib-induced ferroptosis by
promoting the interaction between FSP1 and TRIM54
through the ERK kinase pathway.

FSP1 promoted tumor growth and
enhanced the resistance to sorafenib-
induced ferroptosis in vivo

To determine whether the level of FSP1 modulates
sorafenib sensitivity in HCC cells, we stably upregulated
FSP1 in HCC cells by a lentiviral vector. As expected,

we observed that FSP1-overexpressing promoted cell
proliferation and significantly impaired sorafenib-
induced cell death by colony formation assays
(Figure 5A). To evaluate whether overexpression of
FSP1 inhibited sorafenib-induced ferroptosis in vivo,
FSP1 stably overexpressed HCC cells were injected
subcutaneously into nude mice, and the tumors were
removed from the mice after 28 days. Visually, the
tumor volumes of the LV-FSP1 group were larger than
the LV-NC group in both sorafenib-treated and control
groups (Figure 5B). We recorded the volume of tumors
every 5 days, and the results showed that FSP1
promoted the growth of tumors (Figure 5B). In addition,
in the sorafenib treatment group, FSP1 reduced the
sensitivity of the tumors to sorafenib and contributed to
the growth of tumors (Figure 5B). Tumor tissues were
taken for western blot assay and immunohistochemistry
analysis to verify the expression levels of FSP1 in
xenografted tumors. The results showed that the
expression of FSP1 was decreased after sorafenib
treatment, which was following the in vitro results
(Figure 5C and D). Moreover, FSP1 downregulated
MDA levels and increased GSH levels in tumor tissues
(Figure 5E and F). In conclusion, upregulating FSP1
promoted tumor growth and enhanced the resistance to
sorafenib-induced ferroptosis in HCC.

DISCUSSION

HCC remains a serious global health issue, partic-
ularly in China where the incidence and mortality rate
of HCC is among the highest in the world.[2°! Despite
remarkable progress in the HCC treatment, HCC has
a long latency period and most patients are already in
the advanced stages at the time of diagnosis, which
causes a high mortality rate.l*% Since 2008, sorafenib
has been used as a first-line oral chemotherapy
drug for HCC.[Bl Sorafenib is a multikinase inhibitor
that dampens cell proliferation by antagonizing the
serine/threonine kinase-associated signal pathway
and inhibits tumor angiogenesis by targeting a
series of specific tyrosine kinases.[?"! Although sor-
afenib can prolong the survivability of patients with
advanced HCC, the primary and acquired sorafenib
resistance and potential side effects restrict its
survival benefit.32 The emergence of potential
therapeutic targets has provided several combina-
tion therapies for HCC management, which has
alleviated the limitation of sorafenib monotherapy.[3?!
Each patient with HCC responds differently to
sorafenib, and the reasons for this variation are
unclear. Either way, an in-depth understanding of
the mechanisms of sorafenib-induced cell death is
necessary to take full advantage of its pharmacolog-
ical potential to tailor individualized HCC treatment
regimens.
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FIGURE 4 Sorafenib promotes the interaction between FSP1 and TRIM54 by means of the ERK pathway. (A) The co-immunoprecipitation assay
was used to determine the interaction of ERK with TRIM54 in HCC cells. (B) The interaction between ERK and TRIM54 in HCC cells treated with or

without sorafenib (10 uM, 36 h). (C) The interaction between ERK and

TRIM54 in HCC cells treated with vehicle, sorafenib (10 uM), or PD98059

(10 pM) for 36 hours. (D) The interaction between FSP1 and TRIM54 in FSP1-overexpression HCC cells treated with vehicle, sorafenib (10 uM), or
PD98059 (10 uM) for 36 hours. (E) HCC cells were transient transfected with Ub plasmid for 12 hours, then treated with vehicle, sorafenib (10 uM), or
PD98059 (10 uM) for 36 hours. HCC cells were treated with MG132 (100 uM) for 4 hours before harvest. The levels of proteins and ubiquitination were
assayed by western blot. (F—J) HCC cells were treated with vehicle, sorafenib (10 uM) or PD98059 (10 uM) for 36 hours, cell viability (F); MDA levels
(G); GSH levels (H); C11-BODIPY flow cytometry analysis (I); and C11-BODIPY stain (x 400 magnification) (J) were assayed. The data are the

means + SD of the 3 independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001. Abbreviations: FSP1, ferroptosis suppressor protein 1; TRIM,

tripartite motif.

Two key pathways regulating ferroptosis have been
elucidated: the transporter-regulated (extrinsic) pathway
and the enzyme-dependent (intrinsic) pathway.4 Sys-
tem Xc~, which is found on the cell membrane and
facilitates cystine and glutamate transport, is a critical
transporter in the ferroptosis process. Through the
System Xc~, cystine enters the cell and contributes to
the synthesis of GSH, thus preventing the cancer cells
from ferroptosis.*# In addition, cancer cells depend on

the endogenous antioxidant system to sustain redox
equilibrium. The dysregulation of a variety of redox-active
enzymes in this system disrupts the original homeostasis
and leads to ferroptosis.[*5! Concerning the ferroptosis
inhibition systems, there are 3 pathways have been
demonstrated: cyst(e)ine/GSH/GPX4 system, NAD(P)H/
FSP1/CoQ10 system, and GCH1/BH4/DHFR system.[3!
Thereinto, the cyst(e)ine/GSH/GPX4 system was the first
system to be reported and has been considered a
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0.001. Abbreviation: FSP1, ferroptosis suppressor protein 1.

mainstay to prevent ferroptosis for many years. The
function of the GPX4 as a key component in this system
is to reduce hydroperoxides to their corresponding
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FIGURE 6 The model diagram to present how sorafenib-induced
ferroptosis by facilitating FSP1 degradation. Abbreviations: FSP1,
ferroptosis suppressor protein 1; TRIM, tripartite motif.

substances, thereby restricting lipid peroxidation.l3”]
Consequently, the levels and/or activities of intracellular
GPX4 are directly related to ferroptotic cell death. In
HCC, GPX4 inhibitor RSL3 rendered HCC cells suscepti-
ble to sorafenib-induced ferroptosis.*8 Ferroptosis-
related gene FSP1 has attracted considerable interest
in recent years, and it has been identified to be a novel
target for predicting cancer prognosis and targeted
therapy.*¥ Similar to GPX4, FSP1 acts as a peroxidase,
and we can also control ferroptosis by regulating FSP1 in
theory. Here, we found that sorafenib treatment reduced
FSP1 protein levels, indicating that sorafenib-induced
ferroptosis may be related to FSP1 in HCC cells. As
respected, our results showed that knockdown of FSP1
promoted sorafenib-induced ferroptosis, and overexpres-
sion of FSP1-inhibited ferroptosis, proving that sorafenib-
induced ferroptosis by downregulating FSP1.
Ubiquitination is an important type of post-transla-
tional modification and is involved in the modulation of
most cellular biological activities.[*?! Currently, evidence
has accumulated that ubiquitination modifications play a
crucial role in the process of ferroptosis in various
cancer cells.*!l Bufotalin sensitizes ferroptosis by
accelerating the ubiquitination of GPX4 in non—small
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cell lung cancer cells.*2 Tribbles homolog 2 induces
liver cancer cell ferroptosis through BTrCP-mediated
TFRC ubiquitination and degradation.*3! Our data
displayed that MG-132 rescues sorafenib-induced
FSP1 downregulation and sorafenib-promoted ubiquiti-
nation of FSP1, which indicated that sorafenib down-
regulates FSP1 by means of the ubiquitination pathway.
An increasing number of the TRIM family protein has
been reported to correlate with the development of
tumors.21 Noteworthy, the TRIM family members are
also engaged in ferroptosis regulation, for example,
TRIM46 bound to GPX4 and facilitated GPX4 ubiquiti-
nation to decoy ferroptosis.[*4! Our results showed that
TRIM54 interacted with FSP1 and promoted FSP1
degradation. In the absence of TRIM54, sorafenib failed
to downregulate FSP1 and induce ferroptosis in HCC
cells. Therefore, we deduced that sorafenib-induced
HCC cells ferroptosis by means of TRIM54-mediated
FSP1 ubiquitination. TRIM54 belongs to the TRIM
family, previous studies have focused on the patho-
logical processes of TRIM54 and have not been
addressed in the areas of ferroptosis.*%! Anyhow, the
E3 ubiquitin ligase function of TRIM54 is undisputed,“®!
TRIM54 directly mediated the ubiquitination of FSP1
hinting that TRIM54 is indeed involved in the regulation
of ferroptosis in HCC. The detailed biological role of
TRIM54 in the carcinogenesis process remains to be
further investigated.

During the systemic treatment of cancer, chemo-
therapy tends to aggravate the oxidative stress in
cancer cells.[*”] This may be one reason why sorafenib
can induce ferroptosis. In this study, it was certain that
sorafenib enhanced the ubiquitination of FSP1 and
induced ferroptosis by means of the ERK kinase
pathway in HCC cells. It is no surprise that ERK has
an intersection with lipid peroxidation control. A
previous study revealed that ADP Ribosylation Factor
6 serves as a downstream of the Kras/ERK signaling
pathway in pancreatic cancer.[*8! Furthermore, sup-
pression of ADP Ribosylation Factor 6 increased
cellular sensitivity to RSL3-induced ferroptosis.[*9!
Based on our data, the detailed molecular mechanism
between ERK and TRIM54 is needed to further
investigation. It is also possible that there exist
additional regulatory pathways between sorafenib
and TRIM54. Moreover, FSP1 accelerated tumor
growth and enhanced cellular resistance to sorafe-
nib-induced ferroptosis. In summary, we demonstrated
that sorafenib-promoted TRIM54-mediated FSP1 ubig-
uitination by means of the ERK pathway, thereby
triggering HCC cells ferroptosis (Figure 6). The
specific pharmacological mechanism of sorafenib will
provide new opportunities for developing ferroptosis-
related cancer treatment.
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