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ARTICLE INFO ABSTRACT

Keywords: Hepatocellular carcinoma (HCC) is one of the paramount causes of cancer-related death worldwide. Despite
F‘?rr"?toms recent advances have been made in clinical treatments of HCC, the general prognosis of patients remains poor.
Disulfiram Therefore, it is imperative to develop a less toxic and more effective therapeutic strategy. Currently, series of
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Oxidative stress
Sorafenib

cellular, molecular, and pharmacological experimental approaches were utilized to address the unrecognized
characteristics of disulfiram (DSF), pursuing the goal of repurposing DSF for cancer therapy. We found that DSF/

Cu selectively exerted an efficient cytotoxic effect on HCC cell lines, and potently inhibited migration, invasion,
and angiogenesis of HCC cells. Importantly, we confirmed that DSF/Cu could intensively impair mitochondrial
homeostasis, increase free iron pool, enhance lipid peroxidation, and eventually result in ferroptotic cell death.
Of note, a compensatory elevation of NRF2 accompanies the process of ferroptosis, and contributes to the
resistance to DSF/Cu. Mechanically, we found that DSF/Cu dramatically activated the phosphorylation of p62,
which facilitates competitive binding of Keap1, thus prolonging the half-life of NRF2. Notably, inhibition of
NRF2 expression via RNA interference or pharmacological inhibitors significantly facilitated the accumulation of
lipid peroxidation, and rendered HCC cells more sensitive to DSF/Cu induced ferroptosis. Conversely, fostering
NRF2 expression was capable of ameliorating the cell death activated by DSF/Cu. Additionally, DSF/Cu could
strengthen the cytotoxicity of sorafenib, and arrest tumor growth both in vitro and in vivo, by simultaneously
inhibiting the signal pathway of NRF2 and MAPK kinase. In summary, these results provide experimental evi-
dence that inhibition of the compensatory NRF2 elevation strengthens HCC cells more vulnerable to DSF/Cu

induced ferroptosis, which facilitates the synergistic cytotoxicity of DSF/Cu and sorafenib.
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1. Introduction

With the rapid growth of cancer incidence, liver cancer has been the
sixth most diagnosed cancer worldwide. This trend is also observed in
cancer mortality, makes HCC become the third leading cause of cancer-
related death globally [1]. In particular, hepatocellular carcinoma
(HCCQ) is the most common type of liver cancer, accounting for about
80% of all liver cancers. The main treatments for HCC include surgical
excision, interventional therapy, and targeted drug therapy [2]. Despite
significant achievements have been made in diagnosis and therapeutics,
its clinical prognosis is still unsatisfactory. The majority of patients with
liver cancer were diagnosed at an advanced stage or even with distant
metastases, thus missing the opportunity for surgical resection. The
five-year disease-free survival rate was approximately 18% [3], with a
median survival time of 1 year. Therefore, it is imperative to develop
more effective and less toxic therapies that sensitize cancer cells to
chemotherapy agents.

Iron is an indispensable element that serves as catalysts and cofactors
in living organisms, and takes part in various physiological processes.
Generally, a certain amount of iron is crucial for cell survival, growth
and proliferation, while too much labile Fe?' is detrimental. As previ-
ously mentioned, amplifying cancer cells exhibit more dependence on
iron than the non-malignant cells, which is termed iron addiction [4],
revealing a prospect for cancer therapy through targeting the high level
of free iron. Ferroptosis is a relatively new form of programmed cell
death, which is initiated by iron-dependent lipid peroxidation [5,6].
Ferroptosis is sensitive and lethal to many tumor cells that are depen-
dent on high labile iron. Thus, triggering ferroptosis in iron-rich tumors
(such as HCC [7], PDAC [8], NSCLC [9] and breast cancer [10]) may
provide insights into new therapeutic avenues or reverse drug-resistance
in cancers.

Sorafenib [11], a FDA-approved first-line therapeutic drug, has been
used to treat advanced HCC. However, the existence of drug resistance
eventually leads to limited survival benefits [12]. Therefore, it’s
necessary to identify new molecular targets for HCC. Due to the high cost
and long-time needed to develop a new therapeutic drug,
drug-repurposing can be a faster and less costly alternative approach to
the development of new drugs [13]. Disulfiram (DSF), an FDA-approved
drug, has been used to treat alcoholism clinically for almost 70 years
[14], with known pharmacokinetics and safety profiles. Recently, DSF
has attracted attention as a potential anticancer drug, causing cancer
cell death in a number of cancer types such as melanoma [15], glio-
blastoma [16], prostate cancer [17], and breast cancer [18]. It has been
demonstrated that DSF could react with copper (Cu) to form an
anti-cancer metabolite (DSF/Cu) and inhibit p97-dependent proteasome
activity [19]. In HCC, some studies have found that DSF/Cu suppresses
metastasis and induces cell death through NF-KB, TGF-p signaling and
ROS-p38 MAPK pathway [20,21]. Although these findings indicate that
DSF/Cu is capable of exerting anticancer effect in HCC, the underlying
mechanism still needs to be further explored.

In this study, we identified that DSF/Cu selectively exhibited an
efficient cytotoxic effect on hepatocellular carcinoma cell lines, and
potently inhibited migration, invasion, and angiogenesis of HCC cells.
Importantly, we found DSF/Cu could intensively impair mitochondrial
homeostasis, increase free iron pool, enhance lipid peroxidation, and
eventually resulting in ferroptotic cell death. Of note, a compensatory
elevation of NRF2 accompanied the process of ferroptosis, which
contributed to the resistance to DSF/Cu. Mechanistically, competitive
interaction between p62 and Keapl is responsible for the compensatory
activation of NRF2. Both genetic or pharmacological inhibition of NRF2
rendered HCC cells more sensitive to DSF/Cu-induced ferroptosis.
Moreover, DSF/Cu acted synergistically with sorafenib by simulta-
neously inhibiting the NRF2 and MAPK kinase signaling pathway and
subsequently inducing ferroptosis. Additionally, DSF/Cu could inten-
sively strengthen the cytotoxicity of sorafenib, and significantly reduce
its effective concentration both in vitro and in vivo. In summary, these
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results provide experimental evidence that suppressing the compensa-
tory elevation of NRF2 strengthens HCC cells more vulnerable to DSF/
Cu induced ferroptosis, which facilitates the synergistic cytotoxicity of
DSF/Cu and sorafenib.

2. Materials and methods
2.1. Chemicals, reagents, and antibodies

Assay kits for the detection of cell survival (CCK8 kit), GSH, ATP and
MDA were purchased from Beyotime (Shanghai, China). Sorafenib,
Ferrostatin-1  (Fer-1), Z-VAD-FMK, Necrosuifonamide (Necro),
SB203580, SCH772984, SP600125 and ML385 were obtained from
Selleck Chemicals (Houston, TX). DCF-DA MitoTracker, C11-BODIPY
(581/591) and DAPI were obtained from Thermo Fisher Scientific
(Waltham, MA). Rhodamine B-[(1,10- phenanthrolin-5-yl amino-
carbonyl] benzyl ester (RPA) was obtained from Enzo Life Sciences (NY,
USA). Deferoxamine (DFO), N-acetylcysteine (NAC), Cycloheximide
(CHX), MG132, Disulfiram (DSF), CuCly and Trigonelline hydrochloride
were purchased from Sigma-Aldrich (St. Louis, MO, USA). The anti-
bodies to NRF2 (ab62352), NQO1 (ab80588), P53 (ab179477), p21
(ab109520), p-p62 (ab211324), GAPDH (ab181602), y-H2AX
(ab81299), p62 (ab109012), MDA (ab6463) and p-actin (ab8226) were
obtained from Abcam (Cambridge, MA). The antibody to 4-HNE
(MAB3249) was obtained from Novus Biologicals (Littleton, CO, USA).
The antibodies to p38 (9212S), p-p38 (9215S), ERK (4695S), p-ERK
(4370S), JNK (9252s), p-JNK (9251s), HistoneH3 (3638), p-catenin
(19807s), p-GSK3p (5558p), N-cadherin (4061p), Snail (3879p) and
Vimentin (5741p) were purchased from Cell Signaling Technologies
(Boston, MA, USA).

2.2. Cell culture

L02, Huh7, SMMC-7721 and 293T cells were preserved and passaged
in our laboratory. These cells were grown in DMEM (Hyclone, Logan,
UT, USA) with 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY,
USA), 100 U/ml penicillin and 0.1 mg/ml streptomycin (Beyotime,
China). Cells were cultured in a humidified atmosphere of 5% CO at
37 °C.

2.3. Cell viability assay

DSF and Cu were freshly mixed at a 1:1 ratio and used in this study.
Cell viability was detected with CCK8 kit according to the manufacture’s
instruction. Cells were seeded on 96-well plates and treated with
designed treatments, and then 10 pL CCK8 reagent was added to each
well (containing 100 pL of medium), for further incubation at 37 °C for
1 h. Finally, the absorbance at 450 nm was measured by microplate
reader. The cell viability in each group was calculated as the ratio to
vehicle control.

2.4. Colony formation assays

Cells (3 x 10%) were plated in plates and treated with the designed
concentration of DSF/Cu for another 7 days. The colonies were fixed
with 4% paraformaldehyde and stained with 0.1% crystal violet for 30
min. The stained colonies were photographed using an inverted micro-
scope (Nikon, Tokyo, Japan) and colony numbers were counted with
Image J software.

2.5. Transwell assay

HCC cells were seeded on the top of the transwell (Corning, USA) at a
density of 4 x 10* cells per well in 200 pL serum-free medium. As a
chemoattractant, 500 pL medium containing 10% FBS was placed in the
lower chamber. After 24 h, the transwells were fixed with 4%



X. Ren et al.

paraformaldehyde and stained with 0.1% crystal violet. Then, the cells
on the top surface of the filter were removed using a cotton swab, and
the cells migrated to the lower surface were observed and photographed
using a light microscope (Nikon, Japan).

2.6. Wound-healing assay

SMMC-7721 cells (6.0 x 10°) were added to 6-well plates and were
grown to 80-90% confluence. A 10 pL sterile tip was used to create a
linear scratch in the cell monolayer. The cells were washed and treated
with different concentrations of DSF/Cu. The wound was imaged at 0,
24 h and 48 h. The relative migration rate was quantified using Image J
software, and normalized to the control group.

2.7. Mitochondrial morphology

HCC cells (2 x 10*) were seeded in confocal dish (35 mm with 20 mm
bottom well, Cellvis, USA) and cultured overnight prior to treatment.
The cells were treated with different concentrations of DSF/Cu for 6 h
and then incubated with MitoTracker Red (100 nM) in a 37 °C incubator
for 20 min. The living cells were visualized by laser confocal microscopy
(Leica TCS SP5, German). Mitochondria were divided into three cate-
gories: the elongated tubular network mitochondria are classified as
category I; large dotted mitochondria equally distributed all over the
cytosol are classified as category II; totally fragmented mitochondria
surrounding the nucleus are divided into category IIL

2.8. Measurement of intracellular ROS accumulation

Intracellular superoxide accumulation was analyzed by the staining
of fluorescent dye DCF-DA. After indicated treatments, cells were
incubated with 4 pM DCF-DA in the dark for 30 min at 37 °C and then
washed and suspended in DMEM. Intracellular ROS were determined by
flow cytometry or microplate spectrophotometer (BioTek, USA), the
fluorescent intensity represents the amount of cellular ROS generation.

2.9. Western blot

After treatments, cells were lysed in RIPA buffer with protease and
phosphorylation inhibitor cocktail. Protein concentration was deter-
mined by BCA Protein Assay Kit (Thermo Fisher Scientific). Samples
were separated by SDS-PAGE, and the proteins were then transferred
onto PVDF membranes, followed by blocking with 5% milk-TBST, and
incubated with the primary antibodies overnight. Membranes were then
washed three times with TBST and incubated with horseradish peroxi-
dase (HRP)-conjugated secondary antibodies. After washing three times
with TBST, HRP was visualized using ECL Plus chemiluminescence
detection kit (Thermo Fisher Scientific), and the signals were detected
by Gel Imager (Bio-Rad).

2.10. Real-time quantitative polymerase chain reaction (RT-gPCR)

Total RNA was isolated by TRIzol (Life Technologies) according to
the manufacturer’s instructions, RNA was quantified by Nanodrop 1000
(Thermo Fisher). Reverse transcription was performed with Prime-
Script™ RT reagent Kit (TAKARA, China) following the manufacture’s
protocol. Quantitative PCR was carried out using TransStart® Green
qPCR SuperMix (TransGen Biotech, China) following the manufacture’s
recommendations. GAPDH and p-actin were served as the housekeeping
gene. The primers for qPCR are indicated below: NRF2, forward, 5'-
CACATCCAGTCAGAAACCAGTGG, reverse, 5-GGAATGTCTGCGC-
CAAAAGCTG; GAPDH, forward, 5-GCACCGTCAAGGCTGAGAAC,
reverse, 5'-ATGGTGGTGAAGACGCCAGT; pB-actin, forward, 5- CAC-
CATTGGCAATGAGCGGTTC, reverse, 5- AGGTCTTTGCGGATGTC-
CACGT. The amplification efficiency varied between 90% and 105%.
The relative expression level was calculated by 2722 method.
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2.11. Oxygen consumption rate (OCR) determination

Cells were seeded in XFe 24 seahorse cell culture microplate (Sea-
horse Bioscience) at a density of 3 x 10* cells/well. Meanwhile, the
sensor cartridge was hydrated overnight at 37 °C. The next day, cells
were treated with DSF/Cu using aforementioned concentrations for 6 h,
plates were then incubated in a CO,-free incubator at 37 °C for 1 h, OCR
was measured real-time with sequential injection of 1.5 uM oligomycin,
1.5 pM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP)
and 0.5 pM Antimycin A/Rotenone.

2.12. Co-immunoprecipitation

To detect the influence of DSF/Cu on the interaction between NRF2
and Keapl, cells transfected with exogenous Keapl expression vector
were treated with DSF/Cu for 12 h, then lysed with IP lysis buffer sup-
plemented with protease and phosphorylation inhibitor cocktail for 60
min on ice, and centrifuged at 12,000 g for 10 min at 4 °C. The super-
natants were incubated with Keap1 or Isotype IgG antibody overnight at
4 °C, following the co-incubation with protein A/G conjugated beads for
2 h at room temperature. Beads were washed with TBST three times, and
then boiled in SDS-loading buffer and subjected to Western blot.

2.13. Animal experiments

BALB/c nude mice ( aged 5 weeks ) were purchased from Shanghai
Laboratory Animal Center (Chinese Academy of Sciences) and kept in
SPF condition for one week. Huh7 cells (2 x 10%) were subcutaneously
injected into the right flanks of BALB/c nude mice to establish tumors.
Once the tumors reached approximately 100-200 mm?, the animals
were randomly divided into 4 groups. DSF/Cu-treated group was
received oral administration of 50 mg/kg DSF and intramuscular in-
jection of CuCly (0.06 mg/kg) 2 h later. Sorafenib treated group was
simultaneously received oral administration of 10 mg/kg sorafenib
every day. For the combined therapeutic experiments, DSF, CuCl, and
sorafenib were given to mice with an interval of 2 h. Tumor volumes and
body weight were measured every 3 days during the course of the
experiment.

2.14. Immunohistochemistry

Tumor xenograft tissues were fixed with 4% paraformaldehyde and
embedded in paraffin. Then, the embedded tissues were cut into 4 pm
sections and heated at 65 °C for 120 min, followed by de-paraffinized,
hydrated and antigen retrieval. Endogenous peroxidases were blocked
with 3% peroxide for 15 min, then sections were blocked in 5% BSA for
1 h and incubated overnight at 4 °C with primary antibodies. The pri-
mary antibodies used were anti-Ki67 (Abcam, ab15580, 1:100) and anti-
NRF2 (Abcam, ab62352, 1:100). Biotinylated goat anti-rabbit IgG was
used as secondary antibody and incubated at room temperature for 30
min. Then horseradish peroxidase-labeled streptavidin was added to the
sections for 15 min at room temperature. DAB substrate was used to
perform the chromogenic reaction. Images were acquired by the mi-
croscope (Nikon, Japan), and the expression levels of proteins were
calculated by ImageJ software.

2.15. H&E analysis

Tumor xenograft tissues were fixed in 4% paraformaldehyde. The
paraffin-embedded tissues were cut to 4 pm thickness and subjected to
routine hematoxylin and eosin (H&E) staining according to the manu-
facture’s instructions. Stained sections were viewed and photographed
under a microscope (Nikon, Japan).
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2.16. Statistical analysis

All statistical calculations were performed using GraphPad Prism
(version 6.0). Data were presented as the mean + standard deviation
(SD) of three independent experiments. The differences between two
groups were performed by the Student’s t-test. Comparisons among
multiple groups were analyzed by one-way ANOVA. P < 0.05 was
considered to be significant.

3. Results
3.1. DSF/Cu inhibits cell viability, invasion and migration of HCC cells

To determine the cytotoxic effect of DSF/Cu on HCC cells, we firstly
treated Huh7, SMMC-7721 and human fetal hepatocyte line LO2 with
different concentrations of DSF/Cu for 12 h and 24 h, and cell survival
was assessed by CCK8 assay. Results showed that DSF/Cu exerts pref-
erential toxicity towards HCC cells and selectively reduces its viability in
a dose- and time-dependent manner, while sparing lower toxicity on the
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normal non-malignant cells (Fig. 1A). On the other side, mono treatment
of DSF or Cu exhibited no obvious toxicity (Fig. SIA). Based on these
observations, we next evaluated the long-term cell viability and colony
formation capacity of HCC cells under the administration of DSF/Cu.
Results indicated that a low concentration of DSF/Cu exerts pronounced
long-term anti-neoplastic effects, and declines the formation of colonies
with the increased DSF/Cu concentration (Fig. 1B). In addition, trans-
well and wound healing assays were performed to determine the effect
of DSF/Cu on the invasion and migration of HCC cells. Results showed
that DSF/Cu inhibits invasiveness of SMMC-7721 cells with a dramatic
decline in the relative invasion rate (%), which is approximately 23%
and 9% at the doses of 0.5 uM and 0.75 pM DSF/Cu (Fig. 1C). Consis-
tently, DSF/Cu also effectively inhibits cell migration and weakens the
EMT process, with the decreased expression of f-cadherin, N-cadherin,
Vimentin and Snail (Figs. S1B and C). Collectively, these findings sug-
gest that DSF/Cu restrains the cell viability, invasion and migration of
HCC cells.
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Fig. 1. DSF/Cu reduces the cell viability and proliferation in HCC cells.

(A) Human HCC cells Huh7, SMMC-7721 and normal hepatocyte LO2 were treated with various concentrations of DSF/Cu (0-

3.0 pM) for 12 h and 24 h. Cell viability was determined by CCK8 assay. (B) The colony formation of two HCC cells was performed under the treatment of DSF/Cu
with different concentrations for 7 days. The colonies were photographed by inverted microscope; The corresponding quantitative histograms are shown on the right.
(C) SMMC-7721 cells were treated with different concentrations of DSF/Cu for 24 h, and the cell invasion was detected by transwell assay. Corresponding quan-
titative histograms were shown on the right. Values represented mean =+ SD. *P < 0.05, **P < 0.01 versus control group.
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3.2. DSF/Cu disrupts mitochondrial homeostasis and leads to oxidative
disorder

Cellular proliferation, migration and metabolism heavily rely on the
generation of sufficient ATP in mitochondria, the main organelle that
coordinates a large fraction of metabolic, energetic, physiological pro-
cesses, and ROS production [22]. We firstly focused on mitochondrial
morphology, an intuitive feature of mitochondrial function, via labeling
mitochondria with the MitoTracker Red probe. The results from
confocal fluorescence microscope showed that an
elongated-mitochondrial network appears in the control Huh7 and
SMMC-7721 cells, while with exposure to increased concentrations of
DSF/Cu, the mitochondria of HCC cells present to be fragmented and
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accumulating around the nucleus. Statistically, a pronounced increase of
category II-III mitochondria was found under the increasing challenge of
DSF/Cu, accompanied by the loss of healthy mitochondria (category I)
(Fig. 2A). Once mitochondrial dysfunction occurs, mitochondrial
oxidative phosphorylation process may be affected. We then explored
the capacity of mitochondrial respiratory through Seahorse Xfe 24
Extracellular Flux Analyzer. The oxygen consumption rate (OCR) of
basal respiratory, maximal respiratory, spare respiratory and ATP pro-
duction were all significantly inhibited by the treatment of DSF/Cu
(Figs. 2B and S2A). Additionally, DSF/Cu treatment significantly facil-
itated the accumulation of superoxide which may originate from the
interrupted electron transport chain (Fig. 2C). Recent studies have
indicated that DSF/Cu could induce antitumor activity via ROS-MAPK

Fig. 2. DSF/Cu disrupts mitochondrial homeostasis
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pathway [21,23]. We also discovered that the phosphorylated levels of
p38, JNK and ERK, several components of the MAPK signaling pathway,
were up-regulated after treatment of DSF/Cu (Figs. 2D and S2B).
However, the inhibitors of P38 (SB203580), ERK (SCH772984) and JNK
(SP600125) couldn’t rescue the cytotoxic effect of DSF/Cu on HCC cells,
demonstrating that MAPK activation is not the key event involved in the
mechanism of DSF/Cu-induced cell death in HCC cells (Fig. 2E). To
better characterize DSF/Cu-related events, we evaluated the presence of
DNA oxidative damage and found that HCC cells displayed a signifi-
cantly higher level of y-H2AX, p53 and p21, indicating the appearance of
DNA double-strand breaks (Fig. 2D). Overall, these findings confirm
DSF/Cu could disrupt mitochondrial homeostasis and lead to oxidative
stress.

3.3. DSF/Cu induces ferroptosis and simultaneously increases cellular
NRF2 levels

To further characterize the basis of cell death induced by DSF/Cu,
Huh7 cells were treated with DSF/Cu in the absence or presence of
several cell death inhibitors. Results showed that DFO (iron chelator),
ferrostatin-1 (ferroptosis inhibitor), GSH and NAC (antioxidant)

A D

Cell Survival (%)
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significantly alleviate cell viability impaired by DSF/Cu incubation,
while Z-VAD-FMK (apoptosis inhibitor) and necrosulfonamide (nec-
roptosis inhibitor) display slight recovery on the DSF/Cu-induced cell
death (Fig. 3A). These findings indicate that ferroptosis might contribute
to the main cytotoxic effect mediated by DSF/Cu. As the accumulation of
free iron and the generation of lipid peroxides are two major hallmarks
of ferroptosis. We first tested the formation of lipid peroxides by BODIPY
staining and immunofluorescence staining of MDA and 4-HNE, two
main secondary products of lipid peroxidation. Results from confocal
microscopy showed that application of DSF/Cu increases the fluores-
cence of BODIPY, accelerates the staining of MDA and 4-HNE (Fig. 3B
and C). To verify whether the increase of lipid peroxidation is due to the
altered free iron pool. We examined the changes of iron metabolism by
the following assays: (i) DSF/Cu induced free iron accumulation re-
flected by the decreased fluorescence of RPA, (ii) DFO administration
ameliorates free iron accumulation and cellular lipid ROS peroxidation
(Figs. 3C and S3A). Collectively, DSF/Cu promotes ferroptotic cell death
by accelerating free iron accumulation and lipid peroxidation.

The nuclear factor erythroid 2-related factor 2 (NRF2), a key tran-
scription factor, is responsible for the regulation of antioxidant response
and plays a critical role in mitigating ferroptosis. We next analyzed the

Fig. 3. DSF/Cu induces ferroptosis and simulta-
neously increases cellular NRF2 levels
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expression and function of the NRF2 axis. Remarkably, treatment with
DSF/Cu dramatically increased NRF2 protein expression, nuclear
translocation, and transcriptional activity of NRF2, with subsequently
upregulated the expression of NRF2 downstream proteins, including
NQO-1 and HO-1 (Fig. 3D-F, S3B). But the mRNA of NRF2 was un-
changed (Fig. 3G and S3C). This indicates that DSF/Cu-challenged NRF2
expression occurs in a transcription-independent manner. Therefore,
cycloheximide (CHX, a chemical protein synthesis inhibitor) and MG-
132 (a selective 26S proteasome inhibitor) were utilized to evaluate
the stability of NRF2 protein under the challenge of DSF/Cu. The results
from Western blot showed that CHX limited, whereas MG-132
augmented the compensatory elevation of NRF2 protein level
(Fig. 3H), demonstrating that a post-transcriptional mechanism involves
the regulation of NRF2 protein during DSF/Cu-mediated ferroptosis.
Collectively, these data suggest that DSF/Cu could induce ferroptotic
cell death, associated with a compensatory elevation of NRF2, which
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may lower the sensitivity of DSF/Cu.

3.4. Inhibition of NRF2 enhances the sensitivity of HCC cells to DSF/Cu
induced ferroptosis

To further explore whether the compensatory increased NRF2
expression modulates the anticancer activity of DSF/Cu, potent NRF2
inhibitors trigonelline (Trig) [24] and ML385 [25] were selected to
uncover this issue. Indeed, inhibition of NRF2 by Trig or ML385 led to a
remarkable synergistic inhibitory effect with DSF/Cu in a
concentration-dependent manner (Fig. 4A, C). In addition, both of them
could improve the response of HCC cells to DSF/Cu-induced oxidative
stress (Fig. 4B, D). The colony formation assay also confirmed that
suppression of NRF2 significantly accelerates the inhibitory effect on
long-time survival following the treatment of DSF/Cu (Fig. 4E). We
further isolated the cytoplasmic and nuclear proteins of treated cells and
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verified the expression of NRF2 and its downstream targets by Western 3.5. Competitive interaction between p62 and Keap1 is responsible for the
blot. Results showed that DSF/Cu facilitates the nuclear translocation of compensatory activation of NRF2
NRF2, and activates the downstream transcriptional expression of

NQO-1, while application of ML385 could alleviate this phenomenon We next focused on how the compensatory mechanism was activated
(Fig. 4F). Concomitantly, NRF2 inhibition exacerbated DSF/Cu-induced to weaken the sensitivity of DSF/Cu-induced ferroptotic cell death. To
upregulation of p53 and p21. To further confirm the pharmacological address this issue, we evaluated the half-life of NRF2 protein under the
data, stable NRF2 knockdown cells were generated through shRNA pre-treatment of protein synthase inhibitor cycloheximide. Results
mediated lentivirus transfection. Consistent with the findings above, demonstrated that DSF/Cu treatment prolongs the half-life of NRF2,
NREF2 silencing increased DSF/Cu-induced cell death and strengthened suggesting the degradation of NRF2 is suppressed by DSF/Cu (Fig. 5A).
lipid peroxidation in HCC cells. Conversely, ectopic expression of NRF2 Keapl is the major upstream regulator of NRF2, and controls both the

mitigated DSF/Cu-induced cytotoxicity (Fig. 4G-H, S3D). Altogether, subcellular localization and steady-state levels of NRF2 [26]. It is
these data demonstrate that either pharmacological or genetic inhibited identified that Keapl binds the N-terminal Neh2 domain of NRF2 to
the compensatory increased NRF2 could strengthen the DSF/Cu induced promote its ubiquitination and subsequent degradation [27]. Therefore,
ferroptosis in HCC cells. we performed immunoprecipitation experiments to test the association
between NRF2 and Keapl. Results illustrated that DSF/Cu dramatically
dampens the interaction between NRF2 and Keapl (Fig. 5B).
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Fig. 5. Competitive interaction between p62 and Keapl is responsible for the compensatory activation of NRF2.

(A) The half-life of NRF2 was analyzed in SMMC-7721
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h, the interaction between Keapl and NRF2 was detected by W
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3.0 pM) of DSF/Cu; (C) Cell survival was detected by CCK8 assay; (D) ROS levels were measured by DCF-DA staining; (E) Lipid peroxides were detected by BODIPY
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Furthermore, we enforced the expression of Keapl through lentivirus
transduction in HCC cells, and found that Keapl overexpression sensi-
tizes DSF/Cu-induced ferroptosis (Fig. 5C), together with increased
ferroptotic events including accelerated superoxide production (Fig. 5D)
and lipid peroxidation (Fig. S5E). Recently, researchers have confirmed
that the substrate adaptor p62 modulates NRF2 expression by directly
binding with Keapl [7]. Indeed, p62 was upregulated with increased
competitive binding Keapl in response to DSF/Cu. In addition,
increased phosphorylation of p62 was identified under the treatment of
DSF/Cu (Fig. 5F), which markedly increased its binding affinity for
Keapl, as demonstrated previously [28]. Moreover, knockdown of p62
reversed the loss of Keapl (Fig. 5G), and facilitated the ferroptosis in the
condition of DSF/Cu treatment (Fig. 5H). Overall, these findings reveal
that the competitive binding ability of p62 to Keapl is responsible for
the compensatory activation of NRF2, rendering HCC cells more resis-
tant to DSF/Cu-induced ferroptosis.

3.6. DSF/Cu acts synergistically with sorafenib against HCC tumors
through induction of ferroptosis

Sorafenib is a first-line drug for advanced HCC, however, the
development of drug resistance limits its efficacy. Our recent study
illustrated that depletion of cysteine acts synergistically with sorafenib
and renders HCC cells vulnerable to ferroptosis [29]. We further
explored whether DSF/Cu acts synergistically with sorafenib through
induction of ferroptosis, and verified this issue by the following assays:
(i) DSF/Cu exacerbates sorafenib-induced ferroptosis in a
dose-dependent manner, accompanied by increased ferroptotic events
including accelerated superoxide production and lipid peroxidation
(Fig. 6A-C). (ii) Combination of DSF/Cu and sorafenib exerts a high
capacity in abrogating colony-forming (Fig. 6D). (iii) Similarly, DSF/Cu
and sorafenib cooperatively abolished the invasion of HCC cells
(Fig. 6E). We next evaluated the potential basis of the exhibited syner-
gistic cytotoxicity. Considerable evidence has indicated that the acti-
vation of the Ras/MAPK signaling regulates not only cell growth,
development and differentiation, but also hepatic carcinogenesis [30].
Sorafenib is a multi-kinase inhibitor that effectively inhibits the acti-
vation of MAPKs, and successfully targets HCC. Western blot analysis
was performed to verify the activation of MAPK pathways. Results
showed that sorafenib effectively eliminates the phosphorylation of p38,
ERK, JNK which were activated by DSF/Cu treatment (Fig. 6F). The
fractions of cytoplasm and nucleus were further isolated for immuno-
blotting, which manifested that sorafenib attenuates the nuclear trans-
location of NRF2 upon the treatment of DSF/Cu, as effectively as ML385.
In addition, sorafenib concomitantly suppresses the downstream tran-
scriptional expression of NQO-1, and aggravates the nuclear trans-
location of p53 (Fig. 6G). Overall, simultaneously inhibiting the NRF2
and MAPK kinase signaling pathway probably involves in the synergistic
lethal effects of sorafenib and DSF/Cu.

3.7. Combination treatment of DSF/Cu and sorafenib effectively arrests
tumor growth in vivo

We wondered whether the synergistic lethal effects of DSF/Cu and
sorafenib exhibit therapeutic potential in the xenograft tumor. The
subcutaneous tumor models bearing Huh7 cells were established, and
randomly divided into four groups with indicated treatments. The
weight of tumor-bearing mice was recorded as an indicator of drug
toxicity. As shown in Fig. 7A, The group with DSF/Cu or/and sorafenib
treatment didn’t exert obvious weight loss, indicating the high security
for clinical use. Consistent with in vitro data, the in vivo experiments
further demonstrated that administration of DSF/Cu or sorafenib sup-
presses tumor growth, and the antitumor efficacy is more pronounced in
the combination group (Fig. 7B). In addition, the immunohistochemical
assay displayed that sorafenib acts synergistically with DSF/Cu to in-
crease the area of necrosis, decrease the ki67 staining, and attenuates
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the compensatory elevation of NRF2 (Fig. 6C). Moreover, exhausted
GSH levels, diminished ATP production, and excess lipid peroxides
accumulation were more pronounced in the combination treated group
(Fig. 7D-F). Our findings show that the combination of sorafenib with
DSF/Cu is not only tolerable but also beneficial, which may act as a
promising therapy for treating hepatocellular carcinoma.

4. Discussion

Distinct lethal regimens are designed to selectively target cancer cells
via different regulated cell death (RCD) processes, including ferroptosis,
apoptosis, necroptosis, autophagic cell death and pyroptosis, etc. Each
RCD process occurs through individual subroutines, and could be
modulated by unique signal transduction pathways. It can also produce
distinct morphological changes, and hence differentially affect tumor
response to treatment. Usually, apoptosis is the most widely studied RCD
to eliminate cancer cells. However, the clinical application of the ther-
apeutic approach through activating apoptosis in oncology remains an
insurmountable challenge for the high primary and acquired drug
resistance rate [31]. Thus, the development of novel drugs for selec-
tively targeting other forms of RCD may hold great promise for sup-
pressing tumor growth.

Ferroptosis is a relatively new form of programmed cell death, which
was first observed in cancer and defined in 2012 by Dixon [6]. The
initiation of ferroptosis requires unrestricted lipid peroxidation in an
iron-dependent manner, which is different from apoptosis, necroptosis
and autophagy. Several signal transduction pathways including iron
metabolism, GSH-GPX4, iron sulfur cluster assembly, mitochondrial
energy metabolism and FSP1-COQ10 constitute the core molecular
mechanism of ferroptosis [32-35]. Small molecule erastin was first
discovered for specifically inducing ferroptosis in RAS mutant tumor
cells, while sparing litter cytotoxicity to the non-malignant normal cells.
Subsequently, RSL3, sorafenib, artemisinin and other molecules were
identified for the ability to induce ferroptosis [29,36,37]. In the present
work, we found that DSF/Cu, a FDA-approved clinical anti-alcoholism
drug, selectively attenuates the abilities of proliferation, migration, in-
vasion and angiogenesis in HCC cells at a low concentration. As mito-
chondrial dysfunction plays a regulatory role in predicting ferroptotic
cell death, further experiments have discovered that DSF/Cu destroys
mitochondrial morphology, impairs energy metabolism, accelerates the
generation of large quantities of ROS and induces DNA double-strand
breaks. Moreover, a range of pharmacological inhibitors of specific
cell death pathways was utilized to characterize the basis of cell death
induced by DSF/Cu. Both ferroptosis inhibitor and iron chelator were
capable of alleviating the cell death initiated by DSF/Cu incubation.
Importantly, ferroptotic events, such as catastrophic accumulation of
free iron and unrestricted lipid peroxidation, were dramatically accel-
erated by the treatment of DSF/Cu, and could be significantly blocked by
iron chelator DFO. Collectively, the present work provides evidence that
DSF/Cu might represent a promising therapeutic agent to preferentially
target HCC cells through ferroptosis.

To protect against vulnerability, cancer cells can exploit their
defensive mechanisms. NRF2 is a major transcription factor responsible
for the regulation of antioxidant response, and plays a critical role in
mitigating ferroptosis. Recently, La Rosa et al. have discovered that in-
duction of NRF2 could prevent ferroptosis in FRDA [38]. Increasing
evidence has also shown that NRF2 can improve the resistance of cancer
cells to chemotherapeutic drugs [7,24]. In HCC, it’s confirmed that
NRF2 is upregulated in tumor tissues, and transcriptionally activates the
ferroptosis-related genes such as HO-1, FTH1, and NQO1, which is
associated with malignancy and a poor prognosis [7,39,40]. Therefore,
inhibition of Keapl-NRF2-ARE signal system may represent an attrac-
tive approach for the reversal of drug resistance. In the resting status of
cells, the maintenance of low levels NRF2 depends on the rapid degra-
dation by proteasomes which is mediated by Keapl. Upon oxidative
stress, NRF2 gets away from Keapl, translocates into the nucleus and
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binds to the antioxidant element (ARE) located in the upstream pro-
moter region of multiple genes. Therefore, we addressed the question
whether the inhibition of NRF2 could act synergistically with DSF/Cu.
Our current study revealed that the compensatory activation of the
p62-Keapl-NRF2 antioxidative signaling pathway takes part in the
protection of DSF/Cu-induced ferroptosis. Either pharmacological or
genetic inhibition of the compensatory increased NRF2 expression could
strengthen the lipid peroxidation, and sensitize DSF/Cu-induced cell
death in HCC cells. Conversely, fostered NRF2 expression was capable of
ameliorating the cell death activated by DSF/Cu. Mechanically we found
that DSF/Cu dramatically activates the phosphorylation of p62, which
facilitates competitive binding to Keapl for its degradation, thus pro-
longing the half-life of NRF2. Thus, discovering the defensive mecha-
nism in DSF/Cu-induced cell death is particularly important, which may
provide a promising synergistic strategy to overcome drug resistance,
and enhance antitumor therapy through ferroptosis.

To date, several NRF2 inhibitors have been screened, including
ML385 [25], trigonelline, ATRA, leutolin, and brusatol [41]. Trigonel-
line, a plant alkaloid, is isolated from the seeds of coffee and fenugreek
[42]. For the pharmacological value and low toxicity, trigonelline has
been discovered to play a protective role against diabetes. Besides,
several beneficial effects of trigonelline have been identified in diseases
treatment, such as hyperlipidemia, hyperglycemia and insulin resis-
tance. In the present study, co-incubation of DSF/Cu with trigonelline or
ML385 significantly facilitated the accumulation of ROS, and led to a
remarkable synergistic inhibitory effect in HCC cells. Moreover, the
synergistic antitumor effect of ferroptosis inducers with sorafenib was
previously identified in HCC cells [29,43], but no data is available for
the combination of sorafenib with DSF/Cu. We uncovered that combi-
nation treatment of DSF/Cu and sorafenib effectively arrests HCC cell
growth both in vitro and in vivo. Mechanically, sorafenib attenuated the
nuclear translocation of NRF2, and hindered the constant activation of
NRF2-ARE pathway in HCC cells. Additionally, simultaneously inhibit-
ing the MAPK kinase signaling pathway is also responsible for the syn-
ergistic lethal effects of sorafenib and DSF/Cu.

In summary, DSF/Cu in combination with NRF2 inhibition may
provide a promising synergistic strategy to overcome drug resistance
and enhance tumor therapy, as it targets ferroptotic cell death and in-
hibits the protective anti-oxidative stress response in HCC cells. We also
provide a framework for further understanding and targeting ferroptosis
in cancer therapy.
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