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ARTICLE INFO ABSTRACT
Keywords: Background and Purpose: Regorafenib was approved by the US Food and Drug Administration (FDA) for hepa-
HCC

tocellular carcinoma (HCC) patients showing progress on sorafenib treatment. However, there is an inevitably

Regoraien?g ) high rate of drug resistance associated with regorafenib, which reduces its effectiveness in clinical treatment.
Iéleé?rra enibresistant MHCC-971 Thus, there is an urgent need to find a potential way to solve the problem of regorafenib resistance. The

metabolite of disulfiram complexed with copper, the Diethyldithiocarbamate-copper complex (CuET), has been
found to be an effective anticancer drug candidate. In the present study, we aimed to evaluate the effect of CUET
on regorafenib resistance in HCC and uncover the associated mechanism.

Experimental Approach: Regorafenib-resistant HCC strains were constructed by applying an increasing concen-
tration gradient. This study employed a comprehensive range of methodologies, including the cell counting kit-8
(CCK-8) assay, colony formation assay, cell cycle analysis, wound healing assay, Transwell assay, tumor xeno-
graft model, and immunohistochemical analysis. These methods were utilized to investigate the antitumor ac-
tivity of CuET, assess the combined effect of regorafenib and CuET, and elucidate the molecular mechanism
underlying CuET-mediated regorafenib resistance.

Key Results: The inhibitory effect of regorafenib on cell survival, proliferation and migration was decreased in
regorafenib-resistant MHCC-97H (MHCC-97H/REGO) cells compared with parental cells. CuET demonstrated
significant inhibitory effects on cell survival, proliferation, and migration of various HCC cell lines. CuET
restored the sensitivity of MHCC-97H/REGO HCC cells to regorafenib in vitro and in vivo. Mechanistically, CuET
reverses regorafenib resistance in HCC by suppressing epithelial-mesenchymal transition (EMT) through inhi-
bition of the ERK signaling pathway.

Conclusion and Implications: Taken together, the results of this study demonstrated that CuET inhibited the
activation of the ERK signaling pathway, leading to the suppression of the epithelial-mesenchymal transition
(EMT) and subsequently reversing regorafenib resistance in HCC both in vivo and in vitro. This study provides a
new idea and potential strategy to improve the treatment of regorafenib-resistant HCC.

Reversal of regorafenib resistance

Introduction worldwide, hepatocellular carcinoma (HCC) has the characteristics of
high mortality and high metastasis potential. The 5-year relative sur-
As one of the most common malignant tumors among humans vival rate of HCC patients is only 33 % and has not increased
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significantly over the past years [1]. Surgical treatment, including mi-
crowave ablation, liver resection and liver transplantation, is the most
important approach for the treatment of HCC [2], but many patients
have already lost the opportunity for surgical treatment by the time they
are diagnosed with HCC and can only opt for other treatment options [3,
4]. Molecularly targeted therapy seems to be the major method to pro-
long life in these patients [5-7].

Regorafenib is an FDA-approved oral multikinase inhibitor that can
target multiple genes, including KIT, RAF1, BRAF, and VEGFR [8].
Figure S1 shows the structure of regorafenib. Regorafenib is considered
to improve clinical outcomes in patients with unresectable HCC who
have developed resistance to the first-line targeted drug sorafenib [9,
10]. The median survival of patients treated with regorafenib was 10.6
months (95 % CI 9.1-12.1) versus 7.8 months (6.3-8.8) for patients
given a placebo. However, the clinical benefit was limited among the
patients receiving regorafenib treatment, and their median time to
progress (TTP) was only 4.5 months [5], which means that drug resis-
tance is still an obstacle for regorafenib treatment. Therefore, it is of
great practical significance to elucidate the underlying mechanism of
regorafenib resistance in HCC and find appropriate treatments to over-
come regorafenib resistance in HCC.

Epithelial-mesenchymal transition (EMT) is a cellular process in
which adherent epithelial cells are converted to individual migratory
cells [11], and it plays a central role in various pathological processes,
including wound healing, carcinoma progression, tumor metastasis and
drug resistance [12]. There is considerable evidence that due to the
activation of EMT, systemic therapy often fails to eradicate carcinoma
cells, resulting in clinical relapse [13-15]. Blocking EMT critically con-
tributes to overcoming resistance to various therapeutic agents in mul-
tiple cancer types [14]. Wang et al. also demonstrated that reducing
EMT reversed regorafenib resistance in HCC [16]. All of these results
indicate that targeting EMT may be a promising strategy for the clinical
treatment of regorafenib-resistant HCC.

Extracellular signal-related kinase (ERK) is the most important
member of the MAPK signaling pathway. It regulates diverse cellular
processes, such as proliferation, migration, metastasis, and resistance to
chemotherapy. ERK cooperatively activates the EMT programme in
various cancer types [14,17] and is considered a central driver of tumor
progression [18]. Ma et al. showed that the induction of EMT via
MEK1/ERK/ELK1 signaling in HCC can promote oxaliplatin resistance
[19]. In addition, the RAS/RAF/MEK/ERK pathway is also known to
play an essential role in the therapeutic drug resistance of HCC and
prostate cancer [20,21]. Therefore, ERK-mediated EMT may be an
important factor affecting the resistance of regorafenib in HCC. It also
provides inspiration for selecting ERK pathway-targeting drugs that can
improve or reverse regorafenib resistance in HCC.

Disulfiram (DSF), an FDA-approved drug for the treatment of
“alcohol dependence”, has been proven to be a chemotherapeutic drug
for cancer treatment [22,23]. The Diethyldithiocarbamate-copper
complex (CuET) is the ultimate anticancer metabolite of DSF both in
vivo and in vitro [24] and has shown greater antitumor efficacy than the
original DSF. Figure S1 shows the structure of CuET. It is very attractive
to reuse an old drug for new purposes, such as cancer treatment, and DSF
is a good example of this approach due to its low cost, few side effects
and high selectivity against different cancers [25]. Skrott et al. reported
that patients who used DSF continuously had a lower risk of death [24].
DSF has been reported to potently inhibit the cell migration and invasion
of HCC and breast cancer cells via the ERK pathway [26-28]. DSF has
also already been used to overcome the resistance of bortezomib and
cytarabine in acute myeloid leukemia cells [29]. In addition, CuET has
shown a prominent capability to promote apoptosis and inhibit metas-
tasis by inhibiting EMT in breast cancer [30]. Because of the inhibitory
effect of CuET on the EMT and ERK pathways, CuET might overcome
regorafenib resistance as a safe medication by affecting the EMT and
ERK pathways.

In the present study, we aimed to investigate regorafenib resistance
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in HCC. To achieve this goal, we established regorafenib-resistant cell
lines (MHCC-97H/REGO) using a concentration gradient increment
method. To understand the cellular changes after acquiring resistance,
we conducted various experiments to observe the malignant phenotypic
changes in the resistant cells. To explore the role of ERK in this process,
we also performed experiments by applying an ERK inhibitor to the
resistant cells. Furthermore, we conducted experiments both in vitro and
in vivo to assess the ability of CuET to reverse regorafenib resistance.
Therefore, our findings will reveal the possible mechanism by which
HCC cells acquire regorafenib resistance and the feasibility of reversing
regorafenib resistance by inhibiting the EMT program and the ERK
pathway.

Materials and methods
Generation of regorafenib-resistant HCC cells

Regorafenib-resistant HCC strains were constructed by using an
increasing concentration gradient, in which the initial concentration of
regorafenib was 5 pM and the concentration was increased by 0.5 pM per
week. The concentration was increased in this manner as long as the
cells continued to grow steadily, and the passage ability was normal
after each increase in concentration. Culture growth was continued until
the concentration at which the cell viability decreased. Subculture was
carried out as described above, and the medium was replaced once a day
during subculture. After 6 months of continuous stimulation,
regorafenib-resistant HCC cell lines (ICso: 13.78 + 1.02 pM) were ob-
tained and preserved in DMEM with 4 pM regorafenib.

Cell culture and processing

The HCC cell lines SMCC-7721, MHCC-97H and MHCC-LM3 were
obtained from the Type Culture Collection of the Shanghai Cell Bank of
the Chinese Academy of Sciences. The cells were cultured in DMEM (100
U/ml penicillin-streptomycin and 10 % fetal bovine serum) at 37 °C
with 5 % CO,. The MHCC-97H/REGO cell line was cultured in DMEM
containing 4 uM regorafenib.

Cytotoxicity assay

The cytotoxicity of regorafenib was measured by the CCK-8 assay.
HCC cells were plated in 96-well culture plates at a concentration of 10°
cells/well and treated with regorafenib or CuET. After 72 h, 10 pL of
CCK-8 solution was added, the cells were incubated for 1 h, and the
absorbance was read at 450 nm on a multiwell plate reader.

Cell cycle

The cells were gently washed twice with sterile PBS, followed by
digestion using an adequate volume of trypsin solution. A total of 5 x
10° cells were harvested through cell counting. The resulting cell sus-
pension was placed in a sterile centrifuge tube, centrifuged at 1000 rpm
for 5 min, and subjected to three subsequent washes and centrifugations
to obtain a cell pellet. Subsequently, appropriate reagents were intro-
duced according to the instructions provided with the cell cycle assay
kit. Flow cytometry was employed to analyze the cells. Each experiment
was independently repeated at least three times.

Colony formation assay

Cancer cells were seeded in 6-well culture plates at a concentration
of 2 x 108 cells/well and then incubated in 5 % CO5, at 37 °C. Cells were
treated with DMEM containing regorafenib or CuET for 1 day and then
with DMEM alone for 6 days. After 6 days, the colonies were fixed with 4
% paraformaldehyde for 1 h and stained with 0.5 % crystal violet for 20
min successively. Finally, the number of colonies was counted, and



D. Ma et al.

photos were taken. Each experiment was independently repeated at least
three times.

Wound healing assay

A total of 2 x 10° cells were seeded per well in a 24-well plate for 24
h. After a scratch wound was generated by scratching the cells vertically
with a 200-uL pipette tip, the DMEM was replaced with serum-free
medium containing the indicator. Images of the wound fields were ac-
quired at 0, 24 or 48 h after incubation. The healing rates were calcu-
lated by the formula Area 0 h-Area x h/Area 0 h through ImageJ. The
experiment was performed in triplicate.

Transwell assay

A total of 8 x 10* cells were suspended in serum-free specified me-
dium and seeded into the upper chamber of a Boyden chamber (well)
with a pore size of 8 um (BD Biosciences) in 24-well Transwell plates.
The upper chamber was filled with 300 pL of cell suspension, while the
lower chamber was filled with 1 mL of specified medium containing 10
% FBS. After invading the lower chamber, the cells were fixed with 4 %
paraformaldehyde and stained with crystal violet at room temperature
for 1 h after they had incubated at 37 °C for 24 h. Cells were randomly
photographed and counted in five microscopic fields.

Western blot analysis

Cells were collected and lysed in NP40 buffer (150 mM NacCl, 0.5 %
EDTA, 50 mM Tris, 0.5 % NP40) and centrifuged at 12,000xg and 4 °C
for 15 min. Ten or twenty micrograms of harvested total protein was
loaded and separated on an 8, 10 or 12 % SDS-polyacrylamide gradient
gel. The proteins were then transferred to polyvinylidene difluoride
membranes and blocked with 5 % nonfat milk at room temperature for 2
h. The membranes were incubated with primary antibodies overnight at
4 °C, followed by incubation with HRP-conjugated secondary antibodies
at room temperature for 2 h. After washing three times in TBST, the
protein bands were observed using an enhanced chemiluminescence
(ECL) system (Bio-Rad). Primary antibodies against the following pro-
teins were used: vimentin (CST, 1:1000), snail (CST, 1:1000), phospho-
p44/42 MAPK (CST, 1:1000), cyclin B1 (Biogot Technology, 1:1000),
ERK1/2 (Biogot Technology, 1:1000), N-cadherin (CST, 1:1000), E-
cadherin (CST, 1:1000), and GAPDH (Biogot Technology, 1:1000).

Immunohistochemical

Samples were fixed using a 4 % formaldehyde solution and subse-
quently embedded in paraffin. The paraffin-embedded tissue was then
sectioned into 4 pm slices. For sample incubation at 4 °C, primary an-
tibodies against E-cadherin, N-cadherin, vimentin, snail, cyclin B1, and
phospho-p44/42 MAPK were applied, for an incubation time of 12 h.
Subsequently, the slices underwent incubation at room temperature
using an HRP-conjugated secondary antibody for 1 hour. Detection of
the samples was achieved through 3,3-diaminobenzidine and hema-
toxylin staining methods. Each experiment was repeated.

In vivo tumor experiments

MHCC-97H/REGO cells were harvested and washed twice with PBS.
Approximately 1 x 107 cells were injected into the right forelimb armpit
of each mouse after resuspension in 100 pL of PBS. Tumor size was
measured and recorded every other day after the first treatment. Tumor
volume was calculated as follows: tumor volume = (I x W2)/2 (L,
maximum diameter; W, minimum diameter). Animal experiments were
approved by the Animal Ethical and Welfare Committee of NJU
(IACUC——D2202067). All protocols complied with the National In-
stitutes of Health Guide for the Care and Use of Laboratory Animals (NIH
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Results
Characterization of regorafenib-resistant HCC cells

Long-term exposure of MHCC-97H cells to gradually increasing
concentrations of regorafenib led to the emergence of regorafenib-
resistant cells (MHCC-97/REGO). Compared to the MHCC-97H parent
cells, the MHCC-97H/REGO cells become more mesenchymal exhibited
an enlargement in cell size, a more rounded morphology (Fig. 1A). The
MHCC-97H and MHCC-97H/REGO cell lines were treated with different
concentrations of regorafenib for 72 h, and the CCK-8 assay was used to
determine the sensitivity of the cell lines to regorafenib. The half-
maximal inhibitory concentration (ICsg) of regorafenib in MHCC-97H/
REGO cells was higher than that in the corresponding parent MHCC-
97H cells. The IC5p was 13.78 + 1.02 uM for MHCC-97H/REGO versus
7.16 + 0.46 pM for MHCC-97H (Fig. 1B). Clonal formation experiments
showed that the proliferation ability of the MHCC-97H/REGO cell line
was stronger than that of the parental MHCC-97H cell line because
MHCC-97H/REGO cells had more clones than MHCC-97H cells did (p <
0.001) (Fig. 1C and 1D). The cell cycle distribution showed a decrease in
the percentage of MHCC-97H/REGO cells in the G2/M phase (p < 0.05)
(Fig. 1E and 1F). Transwell (migration, p < 0.001; invasion, p < 0.001)
and wound healing (24 h, p < 0.05; 48 h, p < 0.05) experiments showed
that the migration ability of the MHCC-97H/REGO cell line was signif-
icantly greater than that of the MHCC-97H/REGO cell line (Fig. 1G-1 J).
These results demonstrated the establishment of stable regorafenib-
resistant HCC cell line and suggested that regorafenib-resistant HCC
cells displayed increased mesenchymal, invasive, metastatic and pro-
liferative phenotypes.

To identify the mechanisms and key effectors of regorafenib resis-
tance, we performed protein microarray and differential gene expression
analysis (Fig. 2A). The sequencing results confirmed previous findings
showing that the cell cycle and EMT-related genes were more abundant
in MHCC-97H/REGO cells than in MHCC-97H cells (Fig. 2B and 2C). At
the same time, we found that the MAPK pathway was activated in
MHCC-97H/REGO cells (Fig. 2C). The level of p-ERK in MHCC-97H/
REGO cells was also significantly higher than that in control MHCC-
97H cells (Fig. 2D and 2E). Therefore, we preliminarily hypothesized
that p-ERK might cause such phenotypic changes, which will be verified
in subsequent experiments. Similarly, the EMT markers N-cadherin,
snail and vimentin were significantly upregulated, E-cadherin was
significantly downregulated, and the cell cycle marker cyclin B1 was
also significantly upregulated in the MHCC-97H/REGO cell line (Fig. 2D
and 2E). This may also be the cause of regorafenib resistance in HCC.

The p-ERK inhibitor SCH772984 inhibits the proliferation and migration
of MHCC-97H/REGO cells

To further understand the relationship between p-ERK and prolifer-
ation and migration in the MHCC-97H/REGO cell line, we inhibited the
expression of p-ERK by using SCH772984 (a highly selective and ATP-
competitive ERK inhibitor) [31]. SCH772984 significantly suppressed
the expression of p-ERK, but not that of t-ERK (Fig. 3A). The ICs¢ value of
regorafenib in MHCC-97H/REGO cells was decreased by SCH772984.
The ICso of MHCC-97H/REGO was 13.78 + 1.02 pM, while the IC50 of
MHCC-97H/REGO treated with SCH772984 was 7.501 + 0.77 pM
(Fig. 3B). Downregulation of p-ERK by SCH772984 significantly
inhibited growth and promoted G2/M-phase arrest in
MHCC-97H/REGO cells (colony formation, p < 0.01; cell cycle, p <
0.01) (Fig. 3C and 3D). Moreover, the invasion and migration capacities
of MHCC-97H/REGO cells were inhibited after SCH772984 treatment
(Transwell migration assay, p < 0.001; Transwell invasion assay, p <
0.001; wound-healing migration assay, p < 0.001) (Fig. 3E and 3F). The
treatment of MHCC-97H/REGO cells with SCH772984 was
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Fig. 1. In vitro characterization of regorafenib-resistant cells.

A. MHCC-97H/REGO cells showed a fibroblast-like and mesenchymal morphology. MHCC-97H and MHCC-97H/REGO cells were photographed with a microscope at
100x magnification. B. MHCC-97H and MHCC-97H/REGO cells were treated with different concentrations of regorafenib for 72 h. Cell viability was determined by
the CCK-8 assay. The ICsq values for MHCC-97H and MHCC-97H/REGO were 7.16 + 0.46 pM and 13.78 + 1.02 pM, respectively. C-D. Colony formation experiments
with MHCC-97H and MHCC-97H/REGO cells after cell culture for 7 days. Cells were plated at a density of 10° cells per well. E-F. Flow cytometry analysis was
conducted to examine the cell cycle distribution of MHCC-97H/REGO and MHCC-97H cells. G-H. The migration and invasion abilities of MHCC-97H and MHCC-97H/
REGO cells were determined by Transwell experiments. In each group, 8 x 10* cells were plated, and the number of cells passing through the Transwell chamber was
recorded 24 h later. I-J. Migration ability of MHCC-97H and MHCC-97H/REGO cells was determined by wound-healing migration assays. Photos were taken after O h,
%4 h and 48 h of culture, after which the healing rate was calculated. *p < 0.05, **p < 0.01, ***p < 0.001 (one-way ANOVA).
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Fig. 2. Changes in protein abundance in regorafenib-resistant cells compared to parental cells.

A. Volcano plot for differential gene expression. B. GO analysis of the DEGs in the MHCC-97H/REGO cohort. C. Heatmap of protein microarray data for cell cycle,
EMT and MAPK pathway genes in the MHCC-97H and MHCC-97H/REGO cell lines. d-E. Qualitative and quantitative analysis of the protein expression levels of E-
cadherin, N-cadherin, vimentin, snail, cyclin B1, p-ERK and t-ERK in MHCC-97H and MHCC-97H/REGO cells.
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accompanied by a decrease in the levels of the EMT markers vimentin
and N-cadherin, as well as the cell cycle marker cyclin Bl (Fig. 3G and
3H). The present study confirmed that upregulation of p-ERK may be
responsible for regorafenib resistance.

CuET potently inhibits p-ERK in a regorafenib-resistant HCC cell line and
HCC cell lines

In the present study, we found that p-ERK expression was closely
related to regorafenib resistance (Fig. 2). Therefore, we tested the effect
of CuET on p-ERK in regorafenib-resistant HCC cells and normal HCC
cells. In this study, we found that CuET significantly inhibited p-ERK
expression in the MHCC-97H/REGO, MHCC-97H, SMCC-7721 and
MHCC-LMS3 cell lines (Fig. 4A). The results verified the pronounced ef-
fect of CuET on reversing regorafenib resistance. Based on these results,
we decided to further investigate the potential of CuET to reverse
regorafenib resistance in subsequent experiments.

CuET potently inhibits the proliferation of a regorafenib-resistant HCC cell
line and HCC cell lines via G2/M cell cycle arrest

To investigate whether CuET has the ability to overcome regorafenib
resistance, CCK-8 assays were performed to investigate the cytotoxic
effects of CuET on the regorafenib-resistant HCC cell line and normal
HCC cell lines: MHCC-97H/REGO, MHCC-97H, MHCC-LM3 and SMCC-
7721 (Fig. 4B). Cell viability was significantly inhibited by treatment
with 0.1 pM to 0.5 pM CuET for 24 h in MHCC-97H/REGO, MHCC-97H,
MHCC-LM3 and SMCC-7721 cells. A colony formation assay was further
performed to verify the antiproliferative effect of CuET in a regorafenib-
resistant HCC cell line and HCC cell lines (Fig. 4C). Cell proliferation was
significantly inhibited after treatment with 0.05 or 0.1 pM CuET for 24
h. Cell cycle and Western blot analysis revealed that treatment with
CuET for 24 h arrested the cell cycle in the G2/M-phase and suppressed
the expression of cyclin Bl in these cells (Fig. 4D). All of these results
indicate the inhibitory effect of CuET on HCC cell proliferation via G2/M
cell cycle arrest.

CuET potently inhibits the migration and invasion of a regorafenib-
resistant HCC cell line and HCC cell lines

To investigate the anti-metastatic potential of CuET, we used MHCC-
97H/REGO, MHCC-97H, SMCC-7721 and MHCC-LM3 cells to explore
the effect of CuET on HCC cell migration and invasion. In the scratch-
wound healing recovery assay (24 h, 48 h) and Transwell assay (24
h), the wound healing (24 h, p < 0.05; 48 h, p < 0.001), migration (24 h)
and invasion (24 h) abilities of the HCC cells were significantly inhibited
by CuET (0.1 pM) (Fig. 4E and 4F). The EMT markers vimentin, snail and
N-cadherin were also downregulated by CuET (0.1 pM), and E-cadherin
was upregulated by CuET (0.1 pM) (Fig. 4G). These results indicated that
CuET significantly inhibits the EMT process and migration in HCC cells.

CuET improves the effect of regorafenib on the drug-resistant MHCC-97H-
derived cell line MHCC-97H/REGO in vitro

To further confirm the potential of CuET to overcome regorafenib
resistance, we cultured MHCC-97H/REGO cells with CuET (0.1 pM, 0.15
pM or 0.2 pM) for the indicated times and then treated the MHCC-97H/
REGO cells with regorafenib at different concentrations for the indicated
times. With increasing CuET concentration, the cell viability of MHCC-
97H/REGO decreased in a gradient, and MHCC-97H/REGO cells
treated with a concentration of 0.2 pyM CuET had significantly lower cell
viability than did the control group or other experimental groups treated
with lower concentrations of CuET (Fig. 5A). The ICsq values of regor-
afenib in MHCC-97H/REGO cells cocultured with CuET (0 pM, 0.1 pM,
0.15 pM, 0.2 pM) were 13.77 uM, 7.38 pM, 0.42 pM and 0.15 pM,
respectively, indicating that MHCC-97H/REGO cells pretreated with
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CuET at a higher concentration were more sensitive to regorafenib
(Fig. 5B). Then, we established four groups (control, regorafenib treat-
ment, CuET treatment, and combined regorafenib and CuET treatment)
to determine whether combination treatment with both drugs dramat-
ically suppressed the proliferation and migration of tumors. The colony
formation experiments showed a decreased number of colonies in the
combination treatment group, which revealed that combination therapy
had the greatest effect on decreasing cell proliferation among the four
groups (Fig. 5C and 5D). Cell cycle analysis verified that the combina-
tion treatment had a synergistic effect on G2/M cell cycle arrest (Fig. 5E
and 5F). Wound healing experiments also showed that the migration
ability of MHCC-97H/REGO in the combination group was the worst
(Fig. 5G and 5H). Transwell assays verified that the combination treat-
ment had the lowest cell migration and invasion frequency (Fig. 5I and
5J).

Moreover, treatment with CuET reversed EMT in MHCC-97H/REGO
cells by downregulating the EMT markers vimentin, snail and N-cad-
herin, upregulating E-cadherin, and downregulating the cell cycle
marker cyclin Bl (Fig. 5K and 5L). These changes also indicate that CuET
can restore the sensitivity of MHCC-97H/REGO cells to regorafenib.

CuET improved the effect of regorafenib on the drug-resistant MHCC-97H-
derived cell line MHCC-97H/REGO in vivo

In addition, similar results were observed in vivo experiments; nude
mice bearing MHCC-97H/REGO tumors were randomly grouped and
treated with control, CuET (50 mg/kg DSF and 0.2 mg/kg CuGlu),
regorafenib (20 mg/kg), or combination treatment. We found that the
tumor volume in the combination therapy group was significantly lower
than that in the other groups (Fig. 6A). There was no significant dif-
ference in body weight between the groups (Fig. 6B). After the tumor
volume in the control group reached 1500 mm?, the mice were eutha-
nized, and the tumors were collected and photographed (Fig. 6C). The
combination treatment group also had the lowest final tumor weight
(Fig. 6D). Immunohistochemical results showed that the expression of
the EMT markers vimentin, snail and N-cadherin, and the cell cycle
marker cyclin B1 was low in the combination treatment group. Simi-
larly, E-cadherin was high in the combination treatment group in vivo.
This showed the high synergistic antitumor efficacy of the drug com-
bination of regorafenib and CuET in vivo.

Discussion

Regorafenib is the first drug approved for the treatment of patients
with HCC who progress during or after sorafenib therapy [32]. Unfor-
tunately, as a second-line drug for HCC treatment, regorafenib also faces
the risk of drug resistance [10]. Thus, some researchers are trying to
reveal the resistance mechanism of regorafenib in HCC treatment [33],
and others are trying to find drugs that can overcome regorafenib
resistance in HCC treatment. This is the first study to prove that CuET
can reverse regorafenib resistance in the treatment of HCC by inhibiting
EMT via downregulation of the ERK pathway.

In the present study, the long-term culture of cells with regorafenib
contributed to the acquisition of regorafenib resistance in the MHCC-
97H cell line. We observed that the regorafenib-resistant cell line
MHCC-97H/REGO grew and spread faster than MHCC-97H. In the study
of Xiangping Song et al., faster growth was also observed in a
regorafenib-resistant cell line of colon cancer [34]. Mustafa Karabicici
et al. also generated drug-resistant cells from Huh7 cells, and they found
that acquired resistance was associated with enhanced anti-apoptotic
ability of the cells. They discovered that this resistance was mediated
by TGF-p. As ERK also regulates TGF-p, this finding is not in conflict with
our study but rather complements the understanding of the mechanism
underlying regorafenib resistance in HCC [35].

In the present study, EMT occurred in MHCC-97H/REGO cells.
During EMT, not only migration but also drug resistance is increased.
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Fig. 4. Effect of CuET on the ERK pathway, and the proliferation, migration and invasion properties of different HCC cells.

A. Qualitative and quantitative analyses of p-ERK levels in MHCC-97H/REGO, MHCC-97H, SMCC-7721, and MHCC-LM3 cells by western blot. Total protein was
extracted after the cells were treated with or without CuET (0.1 uM) for 24 h. B. The viability of MHCC-97H/REGO, MHCC-97H, SMCC-7721 and MHCC-LM3 cells
exposed to the indicated concentrations of CuET for 24 h was determined by the CCK-8 assay. Cells were plated in 96-well plates at a density of 10° cells per well. C.
Colony formation assay of MHCC-97H/REGO, MHCC-97H, SMCC-7721 and MHCC-LMS3 cells. Cells were plated at a density of 10® cells per well and treated with
vehicle or CuET at the indicated concentration for 24 h. The treatment-containing medium was then replaced with medium alone for 6 days. D. Cell cycle distri-
butions of different CuET-treated HCC cell lines. Qualitative and quantitative analyses of the expression of cyclin B1 in different HCC cell lines treated with or without
CuET (0.1 pM) for 24 h by western blotting. E. Wound healing experiments were performed on different HCC cell lines for 0 h, 24 h and 48 h. Cells were treated with
or without CuET (0.1 pM). F. Transwell assays of different HCC cell lines for 24 h. Cells were treated with or without CuET (0.1 pM). G. Qualitative and quantitative
analyses of different HCC cell lines treated with or without CuET (0.1 pM) were performed via western blotting to detect changes in the protein levels of EMT-related

molecules. n.s: no significant difference, *p < 0.05, **p < 0.01, ***p < 0.001 (one-way ANOVA).
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Fig. 5. Effect of CuET on the regorafenib sensitivity of regorafenib-resistant HCC cells in vitro.

A. Viability of MHCC-97H/REGO cells cocultured with the indicated concentrations of CuET (0 pM, 0.1 pM, 0.15 pM, 0.2 pM), the indicated concentrations of
regorafenib (0 pM, 1 pM, 5 pM, 10 uM, 20 pM, 40 pM) or a combination of the two for 24 h, as determined by the CCK-8 assay. B. The IC50 values of MHCC-97H/
REGO cells presented in A are marked (control-13.77 pM, 0.1 pM CuET-7.38 puM, 0.15 pM CuET-0.42 pM, 0.2 pM CuET-0.15 pM). C-D. Colony formation assay on
MHCC-97H/REGO cells. Cells were plated at a density of 500 cells per well and then treated with 0.1 pM CuET, 10 uM regorafenib, or a combination of 0.1 pM CuET
and 10 puM regorafenib for 24 h. Quantitative analysis was performed. E-F. Cell cycle distributions of control, regorafenib, CuET, or the combination (same drug
concentrations as in Figure C) -treated MHCC-97H/REGO cells. Quantitative analysis was subsequently performed. G-H. Wound healing assay of MHCC-97H/REGO
cells after treatment with the control, regorafenib, CuET, or the combination (same drug concentrations as in Figure C) for 0 h, 24 h and 48 h. Quantitative analysis of
the cell healing rate was performed. I-J. Transwell assay of MHCG-97H/REGO cells at 8 x 10* cells per well. Cells were treated as presented in Figure C before being
plated in the Transwell chamber. Quantitative analysis was subsequently performed. K-L. Qualitative and quantitative analyses of the expression levels of prolif-
Eration markers and the EMT markers ERK and p-ERK by western blotting. *p < 0.05, **p < 0.01, ***p < 0.001 (one-way ANOVA).
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Fig. 6. Effect of CuET on regorafenib sensitivity in MHCC-97H/REGO xenograft models in vivo.

A. Tumor volume was determined every other day. B. Mouse weight was determined every other day. C. Images of tumors harvested from nude mice after sacrifice. D.
Final weights of tumors harvested from nude mice. E-F. p-ERK, vimentin, snail, E-cadherin, N-cadherin and cyclin B1 levels were visualized by immunohisto-
chemistry. Quantitative analysis was subsequently performed. *p < 0.05, **p < 0.01, ***p < 0.001 (one-way ANOVA).

Shibue et al. proposed that the process of epithelial-mesenchymal EMT. We found that the most obvious change is p-ERK in regorafenib-
transition (EMT) is considered a critical regulatory factor for the can- resistant MHCC-97H/REGO cells (Figure S2 and Fig. 2). FGFR-driven
cer stem cell (CSC) phenotype. They also found that ERK was weakly gastric cancer cell lines rapidly reactivate MAPK/ERK signaling in

activated in epithelial cells and highly activated in mesenchymal cells, response to FGFR inhibition, which may be the basis of regorafenib’s
which is consistent with our results [14]. The EMT phenotype was limited clinical response [38]. As an integration point of multiple
associated with the acquisition of cisplatin or paclitaxel resistance in biochemical signals, ERK participates in a wide variety of cellular pro-
A549 cells [36]. Furthermore, drug (doxorubicin) resistance could be cesses, such as proliferation, differentiation, migration and develop-
reversed by inhibiting EMT [37]. These results suggest that the changes ment. The activation of ERK requires its phosphorylation [39].
in the EMT phenotype are closely related to the development of drug Dysregulation of ERK signaling has recently been shown to be associated
resistance, and tumor stem cells may play a major role in this process. with chemoresistance [40]. The expression of p-ERK in

We look into the phosphorylation status of all major proteins such as sorafenib-resistant HCC cells was significantly higher than that in

AKT, STAT3 and ERK (Figure S2 and Fig. 2), which are known to trigger maternal cells [41]. In our study, a similar phenomenon was found in
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regorafenib-resistant cell lines. We observed that the increase in p-ERK
in MHCC-97H/REGO cells led to regorafenib resistance, which was also
proposed by Zeribe Chike Nwosu et al. Chike Nwosu et al. found that
severe metabolic alterations, activation of the ERK pathway, and
regorafenib resistance are interrelated, with metabolic dysregulation
being the apparent initiating event. In contrast, in this study, prolonged
exposure to regorafenib was used as the initiating event, which may
suggest that regorafenib has the potential to induce tumor metabolic
changes [18]. It was found that lenvatinib resistance could be reversed
by inhibiting p-ERK [42]. In our study, we also found that inhibition of
p-ERK overcame regorafenib resistance in MHCC-97H/REGO cells.
Therefore, ERK pathway intervention could be an important focus in
HCC therapy, and further research is needed to understand the changes
that occur in the ERK pathway.

CuET is considered to be a promising antitumor drug [24] since
research has indicated the feasibility of repurposing the old
alcohol-aversion drug DSF for cancer treatment [43]. Some research
teams have already started clinical trials to study the antitumor effect of
DSF on glioblastoma, non-small cell lung cancer, prostate cancer and so
on [44-46]. DSF has been shown to induce the epithelial phenotype and
inhibit EMT [26,27]. It has also been shown that DSF inhibits ERK
phosphorylation [26]. Therefore, we used DSF to reverse regorafenib
resistance in HCC. In this study, we verified the antiproliferative and
antimigratory effects of CuET on the regular HCC cell lines SMCC-7721,
MHCC-LM3, MHCC-97H, and MHCC-97H/REGO. Xin Huang et al.
discovered that CuET inhibits the progression of colorectal cancer. In
their study, after the cells were treated with CuET (0.5 uM-1.5 pM), the
proliferation of colon cancer cells was inhibited [47]. Liting Ren et al.
discovered that CuET inhibits cell migration in breast cancer at the same
concentrations (0.1 pM-1 uM) as those used in our study [47]. These
findings are consistent with our results.

CuET could also be combined with other drugs to produce more
efficient regimens for cancer therapy. The combination of DSF and
doxorubicin can effectively inhibit doxorubicin-resistant breast cancer
cells [48]. Bing Xu et al. discovered that the DSF/copper complex
sensitized doxorubicin-resistant leukemia HL60 cells to cytotoxicity
[49], which is consistent with our strategy for treating
regorafenib-resistant MHCC-97H/REGO. In this study, we tried a new
combination of CuET and regorafenib in MHCC-97H/REGO cells. The
combination of these two agents successfully sensitized
MHCC-97H/REGO cells.

However, the detailed mechanism through which CuET overcomes
the resistance to cancer chemotherapy is still unknown. Regorafenib is a
small molecule inhibitor of multiple membrane-bound and intracellular
kinases, including, VEGFR1, PDGFR-alpha, FGFR1 and so on [50-52]. In
the present study, we found that p-ERK (a downstream effector of
VEGFR1, PDGFR-alpha, FGFR1 and other factors [53,54]) was highly
expressed regorafenib-resistant HCC cells. Zdenek Skrott et al. reported
that CuET inhibits p97-dependent protein degradation [24,52]. Jiaxing
Yang et al. found that enhancing DUSP1 expression resulted in a
reduction of p-ERK. We hypothesized that CuET can reduce DUSP
ubiquitination, thereby leading to a decrease in the p-ERK protein.

In summary, our study revealed that CuET significantly reduced
regorafenib resistance in an HCC cell line. This provided us with a
valuable strategy to address regorafenib resistance. With the develop-
ment of clinical trials of DSF, our study may provide new insights into
the application of DSF in tumor therapy.
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