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Abstract: BRAFV600E, the most common genetic alteration, has become a major therapeutic target in
thyroid cancer. Vemurafenib (PLX4032), a specific inhibitor of BRAFV600E kinase, exhibits antitumor
activity in patients with BRAFV600E-mutated thyroid cancer. However, the clinical benefit of PLX4032
is often limited by short-term response and acquired resistance via heterogeneous feedback mech-
anisms. Disulfiram (DSF), an alcohol-aversion drug, shows potent antitumor efficacy in a copper
(Cu)-dependent way. However, its antitumor activity in thyroid cancer and its effect on cellular
response to BRAF kinase inhibitors remain unclear. Antitumor effects of DSF/Cu on BRAFV600E-
mutated thyroid cancer cells and its effect on the response of these cells to BRAF kinase inhibitor
PLX4032 were systematically assessed by a series of in vitro and in vivo functional experiments. The
molecular mechanism underlying the sensitizing effect of DSF/Cu on PLX4032 was explored by
Western blot and flow cytometry assays. DSF/Cu exhibited stronger inhibitory effects on the prolif-
eration and colony formation of BRAFV600E-mutated thyroid cancer cells than DSF treatment alone.
Further studies revealed that DSF/Cu killed thyroid cancer cells by ROS-dependent suppression
of MAPK/ERK and PI3K/AKT signaling pathways. Our data also showed that DSF/Cu strikingly
increased the response of BRAFV600E-mutated thyroid cancer cells to PLX4032. Mechanistically,
DSF/Cu sensitizes BRAF-mutant thyroid cancer cells to PLX4032 by inhibiting HER3 and AKT in an
ROS-dependent way and subsequently relieving feedback activation of MAPK/ERK and PI3K/AKT
pathways. This study not only implies potential clinical use of DSF/Cu in cancer therapy but also
provides a new therapeutic strategy for BRAFV600E-mutated thyroid cancers.
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1. Introduction

Thyroid cancer is the most common endocrine malignancy [1]. In recent decades, its
incidence and mortality have rapidly increased worldwide [2–4]. Like other malignancies,
the pathogenesis of thyroid cancer involves many genetic and epigenetic alterations [5,6].
Of them, the BRAFV600E mutation is the most representative genetic event. This muta-
tion is the most frequently found in thyroid cancers, accounting for more than 90% of
oncogenic BRAF mutations, and drives thyroid tumorigenesis and progression by acti-
vating the mitogen-activated protein kinase/extracellular signal-regulated protein kinase
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(MAPK/ERK) signaling pathway [7,8]. The presence of the BRAFV600E mutation is signifi-
cantly associated with increased cancer-related mortality among patients with papillary
thyroid cancer [9]. BRAF mutation-positive patients show higher recurrence rates than
BRAF mutation-negative patients [10]. A high percentage of BRAFV600E alleles predicts
a poorer outcome in papillary thyroid cancer (PTC) [11]. In recent years, BRAFV600E has
gradually become a major therapeutic target for anaplastic thyroid cancer [12].

In recent years, the use of kinase inhibitors (KIs) has revolutionized the treatment of
aggressive forms of endocrine cancer [13]. A variety of KIs have been tested in the last
decade for the treatment of iodine-refractory differentiated thyroid cancer [14]. Vemu-
rafenib (PLX4032), a small-molecule inhibitor of BRAFV600E kinase, has high specificity for
the BRAFV600E oncoprotein and exhibits a potently inhibitory effect on the MAPK/ERK
cascade in BRAF-mutant cancer cells, but not BRAF wild-type cells [15]. PLX4032 prolongs
survival in patients with BRAF-mutant melanoma [16]. In a phase II trial by Brose et al. [17],
although vemurafenib showed antitumor activity in patients with progressive BRAFV600E-
mutant PTC refractory to radioactive iodine with a best overall response of 38.5%, there
were still many patients who were not in remission. It has shown limited benefit in patients
with thyroid and colorectal cancers [16,18,19]. The major cause is that PLX4032 releases
the transcription repressor CTBP from the HER3 promoter and promotes the transcrip-
tion of the latter by suppressing ERK phosphorylation. Autocrine-secreted NRG1 then
binds to HER3 to trigger HER3/HER2 heterodimerization and receptor phosphorylation,
thereby activating their downstream MAPK/ERK and PI3K/AKT pathways and eventu-
ally leading to the resistance to PLX4032 [16]. Another challenge with BRAFV600E kinase
inhibitor monotherapy is the emergence of squamous cell carcinoma, which was found by
Brose et al. [17]. There is also evidence indicating that hyperproliferative cutaneous events
can be caused by hyperactive MAPK signaling [20–22]. Hence, it is pressing to develop a
new strategy to improve the response of BRAFV600E-mutated thyroid cancer to PLX4032.

Disulfiram (tetraethylthiuram disulfide, DSF), a drug that has been widely used for
decades as a treatment for chronic alcoholism, has safety and well-established pharmacoki-
netics at the dosage recommended by the US Food and Drug Administration (FDA) [23]. It
is believed to be a specific and irreversible inhibitor of aldehyde dehydrogenase (ALDH), a
core enzyme involved in the ethanol metabolism process. DSF causes the accumulation of
acetaldehyde by inhibiting ALDH after ethanol absorption, thereby inducing an obviously
unpleasant DSF-like reaction characterized by vasodilation, tachycardia and tachypnea
with subsequent hypotension, encephalalgia, nausea and vomiting [24]. In recent years,
DSF showed antitumor activity in preclinical models [25–27]. Although the mechanism
of its antitumor activity remains unclear, there is evidence showing that DSF inhibits
proteasome activity and NF-KB translocation [28] and increases cellular ROS levels [29].
Several studies have shown that DSF chelates bivalent metals and forms complexes with
copper (Cu), enhancing its antitumor activity [26,30,31]. Nevertheless, the antitumor role
of DSF/Cu in thyroid cancer and its effect on the response of BRAFV600E-mutated thyroid
cancer cells to PLX4032 have not yet been investigated.

In this study, we demonstrate that DSF/Cu can kill BRAFV600E-mutated thyroid cancer
cells and improves their cellular response to BRAF kinase inhibitor by relieving feedback
activation of MAPK/ERK and PI3K/AKT pathways in an ROS-dependent manner.

2. Results

2.1. Copper (Cu) Improves Antitumor Efficacy of Disulfiram in BRAFV600E-Mutated Thyroid
Cancer Cells

To determine the growth response of BRAFV600E-mutated thyroid cancer cell lines
8305C, 8505C, BCPAP and IHH4 to DSF, we treated these cells with incremental doses
of DSF for 48 h to calculate half-maximal inhibitory concentration (IC50) using MTT
assays. We also treated these cells with the same doses of DSF in combination with Cu and
calculated their IC50. The results showed that DSF combined with the same dose of Cu
showed lower IC50 values than DSF treatment alone (Figure 1A). Next, we tested the time-
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dependent cellular response towards DSF and Cu treatment alone or in combination. The
results showed that a combined treatment of DSF and Cu displayed a stronger inhibitory
effect on cell proliferation than DSF or Cu treatment alone (Figure 1B). This was further
supported by colony formation assay (Figure 1C). Additionally, our data showed that
DSF/Cu significantly inhibited cell proliferation in both a dose- and time-dependent way
(Figure 1D). Colony formation assay further supported this conclusion (Figure 1E). Our
data, taken together, indicate that Cu improves antitumor efficacy of DSF in BRAFV600E-
mutated thyroid cancer cells.
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Figure 1. Copper (Cu) enhances the antitumor activity of disulfiram in BRAFV600E-mutated thyroid
cancer cells. (A) BRAFV600E-mutated thyroid cancer cell lines 8305C, 8505C, BCPAP and IHH4 were
treated with different concentrations of DSF or DSF/Cu (at 1:1 molar ratio) for 48 h. Cell viability
was evaluated by MTT assay, and half-maximal inhibitory concentration (IC50) values were then
calculated using the Reed–Muench method. (B) The above cells were treated with 80 nM DSF and
80 nM CuCl2, individually or in combination, for the indicated times. MTT assay was then performed
to assess the proliferation of these cells. (C) Cells were treated with the indicated concentrations of
DSF and CuCl2, individually or in combination (8305C: 80 nM DSF and/or 80 nM CuCl2; 8505C:
120 nM DSF and/or 120 nM CuCl2; BCPAP: 100 nM DSF and/or 100 nM CuCl2; IHH4: 50 nM DSF
and/or 50 nM CuCl2) for 9 days, and then stained with crystal violet. The left panels show the
representative images of colony formation. Quantitative analysis of colony numbers are presented in
the right panels. (D) Cells were treated with different doses of DSF/Cu for the indicated times. MTT
assay was then performed to evaluate their effects on cell viability. (E) Colony formation assay was
performed when these cells were treated with DSF/Cu in dose-dependent manner for 9 days (left
panels). Quantitative analysis of colony numbers is presented in the right panels. Data presented as
means ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001.
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2.2. DSF/Cu Potently Kills BRAFV600E-Mutated Thyroid Cancer Cells by Increasing Cellular
ROS Levels

Reactive oxygen species (ROS) are oxygen-containing chemicals with reactive chemical
properties produced by the respiratory chain reaction of mitochondria [32]. Although cancer
cells have high ROS levels compare with normal tissues [33], there is evidence showing that
elevated ROS levels can also deplete cellular antioxidative capacity, causing cancer cells to
be unable to tolerate the ROS threshold and leading to cell death [34]. Next, we incubated
8305C, 8505C, BCPAP and IHH4 cells with DSF/Cu and measured cellular ROS levels.
The results showed that DSF/Cu significantly elevated cellular ROS levels in comparison
with the control, which was in line with previous reports indicating DSF/Cu potently kills
cancer cells by substantially elevating endogenous ROS [29,30], and ROS scavenger NAC
could effectively reverse this effect (Figure 2A and Figure S1). As expected, we found that
DSF/Cu could significantly suppress cell proliferation and colony formation in 8305C,
8505C, BCPAP and IHH4 cells compared with the control, and these effects were completely
reversed upon NAC treatment (Figure 2B,C). Altogether, the above results indicate that
DSF/Cu kills BRAFV600E-mutated thyroid cancer cells by elevating endogenous ROS levels.
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Figure 2. DSF/Cu kills thyroid cancer cells in an ROS-dependent way. (A) BRAFV600E-mutated
thyroid cancer cell lines 8305C, 8505C and IHH4 were treated with 0.5 µM DSF/Cu alone or in
combination with 2 mM NAC for 48 h, followed by a 1.5 h incubation with ROS-sensitive fluorescent
dye DCF-DA. The ROS-positive cells were measured by flow cytometer (upper panels), and the mean
fluorescence intensity of three independent experiments was then calculated by Student’s t test (lower
panels). (B) The indicated cells were treated with 80 nM DSF/Cu alone or in combination with 2 mM
NAC for 48 h, and cell viability was then measured by MTT assay. (C) Colony formation assay was
performed when these cells were treated with DSF/Cu (8305C, 8505C and BCPAP: 50 nM, IHH4:
40 nM) alone or in combination with 2 mM NAC for 8–10 days. Data presented as means ± SD.
** p < 0.01; *** p < 0.001.
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2.3. DSF/Cu Blocks MAPK/ERK and PI3K/AKT Signaling Pathways in Thyroid Cancer Cells in
an ROS-Dependent Manner

Given the essential role of MAPK/ERK and PI3K/AKT pathways in thyroid tumorige-
nesis and progression [5], we next assessed the effect of DSF/Cu on the activities of these
two pathways. First, we cultured 8305C, 8505C, BCPAP and IHH4 cells with DSF and Cu,
individually or in combination. The results showed that DSF/Cu strongly suppressed the
levels of phosphorylated AKT at Thr308 and Ser473, total AKT and phosphorylated ERK,
while DSF or Cu treatment alone showed no effect on their levels (Figure 3A). Next, we
treated the above cell lines with the combination of DSF and Cu for 0, 12 h, 24 h and 48 h,
and expectedly found that DSF/Cu reduced the levels of phosphorylated AKT at Thr308
and Ser473, total AKT and phosphorylated ERK a time-dependent manner (Figure 3B). To
further determine whether DSF/Cu-induced inhibition of these two pathways is mediated
by ROS, we incubated 8505C, BCPAP, IHH4 and 8305C cells with DSF/Cu and ROS scav-
enger NAC, individually or in combination. The results showed that NAC could efficiently
reverse the inhibitory effect of DSF/Cu on these two pathways (Figure 3C). The above
results indicate that DSF/Cu suppresses the activities of MAPK/ERK and PI3K/AKT
signaling pathway in thyroid cancer cells in an ROS-dependent way.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 5 of 17 
 

 

2.3. DSF/Cu Blocks MAPK/ERK and PI3K/AKT Signaling Pathways in Thyroid Cancer Cells in 
an ROS-Dependent Manner 

Given the essential role of MAPK/ERK and PI3K/AKT pathways in thyroid tumor-
igenesis and progression [5], we next assessed the effect of DSF/Cu on the activities of 
these two pathways. First, we cultured 8305C, 8505C, BCPAP and IHH4 cells with DSF 
and Cu, individually or in combination. The results showed that DSF/Cu strongly sup-
pressed the levels of phosphorylated AKT at Thr308 and Ser473, total AKT and phosphor-
ylated ERK, while DSF or Cu treatment alone showed no effect on their levels (Figure 3A). 
Next, we treated the above cell lines with the combination of DSF and Cu for 0, 12 h, 24 h 
and 48 h, and expectedly found that DSF/Cu reduced the levels of phosphorylated AKT 
at Thr308 and Ser473, total AKT and phosphorylated ERK a time-dependent manner (Fig-
ure 3B). To further determine whether DSF/Cu-induced inhibition of these two pathways 
is mediated by ROS, we incubated 8505C, BCPAP, IHH4 and 8305C cells with DSF/Cu 
and ROS scavenger NAC, individually or in combination. The results showed that NAC 
could efficiently reverse the inhibitory effect of DSF/Cu on these two pathways (Figure 
3C). The above results indicate that DSF/Cu suppresses the activities of MAPK/ERK and 
PI3K/AKT signaling pathway in thyroid cancer cells in an ROS-dependent way. 

 
Figure 3. DSF/Cu inhibits the activities of MAPK/ERK and PI3K/AKT pathways via an ROS-de-
pendent mechanism. (A) The indicated cells were treated with vehicle control, 0.5 μM DSF and/or 
0.5 μM CuCl2 for 48 h, and cell lysates were then subjected to Western blot analysis to determine 
their effects on the levels of phosphorylated ERK (p-ERK), total ERK (t-ERK), phosphorylated 
AKT at Ser 473 (p-AKTS473), phosphorylated AKT at Thr308 (p-AKTT308) and total AKT (t-AKT). β-
Actin was used as a loading control. (B) Western blot analysis of p-ERK, t-ERK, p-AKTS473, p-
AKTT308 and t-AKT in indicated cells treated with vehicle control or 0.5 μM DSF/Cu for 0, 12 h, 24 
h and 48 h, with β-Actin as a loading control. (C) Western blot analysis of p-ERK, t-ERK, p-
AKTS473, p-AKTT308 and t-AKT in indicated cells treated with 0.5 μM DSF/Cu or in combination 
with 2 mM NAC. β-Actin was also used as a loading control. 

Figure 3. DSF/Cu inhibits the activities of MAPK/ERK and PI3K/AKT pathways via an ROS-
dependent mechanism. (A) The indicated cells were treated with vehicle control, 0.5 µM DSF and/or
0.5 µM CuCl2 for 48 h, and cell lysates were then subjected to Western blot analysis to determine
their effects on the levels of phosphorylated ERK (p-ERK), total ERK (t-ERK), phosphorylated AKT at
Ser 473 (p-AKTS473), phosphorylated AKT at Thr308 (p-AKTT308) and total AKT (t-AKT). β-Actin
was used as a loading control. (B) Western blot analysis of p-ERK, t-ERK, p-AKTS473, p-AKTT308 and
t-AKT in indicated cells treated with vehicle control or 0.5 µM DSF/Cu for 0, 12 h, 24 h and 48 h, with
β-Actin as a loading control. (C) Western blot analysis of p-ERK, t-ERK, p-AKTS473, p-AKTT308 and
t-AKT in indicated cells treated with 0.5 µM DSF/Cu or in combination with 2 mM NAC. β-Actin
was also used as a loading control.
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2.4. The Combination of DSF/Cu and PLX4032 Synergistically Kills BRAFV600E-Mutated Thyroid
Cancer Cells

To test the effect of DSF/Cu on cellular response of BRAF kinase inhibitor PLX4032,
we first treated 8305C, 8505C, BCPAP and IHH4 cells with DSF/Cu and PLX4032, individu-
ally or in combination. The results indicated that a combined treatment of DSF/Cu and
PLX4032 exhibited a stronger inhibitory action on cell proliferation than either DSF/Cu
or PLX4032 monotherapy (Figure 4A). This was further supported by colony formation
assays (Figure 4B). Next, we used Chou–Talalay method [35–57] to calculate combination
index (CI) values in 8305C, 8505C, BCPAP and IHH4 cells. Expectedly, we observed a
synergistic effect between DSF/Cu and PLX4032 in these four cell lines (Figure 4C). We
also investigated the effect of DSF/Cu and PLX4032 monotherapy or in combination on
cell apoptosis in 8505C, IHH4, 8305C and BCPAP cells. The results showed that a com-
bined treatment induced more obvious cell apoptosis compared with either DSF/Cu or
PLX4032 monotherapy (Figure 4D and S2). The above results, taken together, indicate
that a combined treatment of DSF/Cu and PLX4032 exhibits a synergistic effect to kill
BRAFV600E-mutated thyroid cancer cells.
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Figure 4. The combination of DSF/Cu and PLX4032 has a synergistic antitumor effect in BRAFV600E-
mutated thyroid cancer cells. (A) The indicated cells were treated with 100 nM DSF/Cu (1:1) and
2 µM PLX4032, individually or in combination, for 48 h, and their effects on cell proliferation were
then assessed by MTT assay. (B) The above cells were treated with 50 or 40 nM DSF/Cu (1:1) and 1 µM
PLX4032, individually or in combination, for 8–10 days, and their effects on colony formation was
further evaluated. The left panels show the representative images of colony formation. Quantitative
analysis of colony numbers is presented in the right panels. (C) Dose–effect relationship between
DSF/Cu and PLX4032 for antiproliferative effect was analyzed after 48 h of exposure in the indicated
cells by the Chou–Talalay dose–effect method, and combination index (CI) values were calculated.
CI < 1, CI = 1, and CI > 1 represent synergism, additivity and antagonism of these two agents,
respectively. (D) BRAFV600E-mutated thyroid cancer cell lines 8305C, 8505C and IHH4 were treated
with 0.5 µM DSF/Cu (1:1) and 2 µM PLX4032, individually or in combination, for 48 h, and their
effects on cell apoptosis were analyzed by flow cytometry. Data presented as means ± SD. ** p < 0.01;
*** p < 0.001.
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2.5. DSF/Cu Improves the Response of BRAFV600E-Mutated Thyroid Cancer Cells to PLX4032 by
Relieving Feedback Activation of MAPK/ERK and PI3K/AKT Signaling Pathways

Previous studies have demonstrated that BRAFV600E-mutated thyroid cancer cells
are usually insensitive to PLX4032. This is largely due to feedback upregulation of HER3
expression, thereby activating its downstream MAPK/ERK and PI3K/AKT pathways [16].
Thus, we first treated 8305C, 8505C, BCPAP and IHH4 cells with PLX4032 for the indi-
cated time points, and then assessed its effect on the activities of HER3 signaling and its
downstream MAPK/ERK and PI3K/AKT pathways. The results indicated that PLX4032
markedly down-regulated the level of phosphorylated ERK after 6 h treatment, while its
level was gradually elevated after 12 h treatment (Figure 5A). Correspondingly, the levels
of phosphorylated HER3, total HER3 and phosphorylated AKT at Ser473 and Thr308 were
also increased at this time point, which was consistent with a previous study [16].
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Figure 5. DSF/Cu relieves the rebound of MAPK/ERK and the activation of PI3K/AKT pathways
caused by PLX4032. (A) The indicated cells were treated with 4 µM PLX4032 for 0 h, 6 h, 12 h, 24 h
and 48 h, and Western blot analysis was then used to detect the levels of phosphorylated HER3
(p-HER3), total HER3 (t-HER3), p-AKTS473, p-AKTT308, t-AKT, p-ERK and t-ERK. (B) These cells were
treated with the combination of 4 µM PLX4032 and 0.5 µM DSF/Cu, and Western blot analysis was
similarly performed to detect the levels of the above molecules. (C) The same cell lines were treated
with 0.5 µM DSF/Cu for 0 h, 12 h, 24 h and 48 h, and Western blot analysis was used to determine
the levels of p-HER3 and t-HER3. (D) Western blot analysis of p-HER3 and t-HER3 in the indicated
cells treated with 0.5 µM DSF/Cu alone or in combination with 2 mM NAC. β-Actin was used as a
loading control.
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Considering that there is a synergistic antitumor effect between DSF/Cu and PLX4032
in BRAFV600E-mutated thyroid cancer cells, we thus speculated that DSF/Cu may improve
cellular response to PLX4032 by relieving feedback activation of HER3 signaling and its
downstream pathways. To verify this, we cultured 8305C, 8505C, BCPAP and IHH4 cells
with DSF/Cu and PLX4032, individually or in combination, and expectedly found that a
combined treatment clearly attenuated the rebound of phosphorylated ERK and decreased
the levels of phosphorylated HER3, total HER3, phosphorylated AKT and total AKT
compared with PLX4032 treatment alone (Figure 5B). In addition, our results indicated that
DSF/Cu reduced the levels of phosphorylated HER3 and total HER3 in a time-dependent
way (Figure 5C), and NAC supplement could effectively reverse this effect (Figure 5D).
Altogether, the above findings indicate that DSF/Cu improves the response of BRAFV600E-
mutated thyroid cancer cells to PLX4032 by relieving feedback activation of MAPK/ERK
and PI3K/AKT signaling pathways.

2.6. DSF/Cu Potentiates the Antitumor Efficacy of PLX4032 in Nude Mice

To further validate in vivo antitumoral activity of DSF/Cu, we first used the BRAFV600E-
mutated thyroid cancer cell line 8305C to establish a nude mouse xenograft tumor model,
and treated them with DSF/Cu and PLX4032, individually or in combination. The results
indicated that a combined treatment of DSF/Cu and PLX4032 significantly retarded the
growth of xenograft tumors (Figure 6A) and caused a tremendous reduction in tumor
wight (Figure 6B) compared with the control and either DSF/Cu or PLX4032 monotherapy.
The IHC assays also showed that a combined therapy of DSF/Cu and PLX4032 produced
a remarkable decrease of Ki-67-positive cells in comparison with DSF/Cu or PLX4032
monotherapy (Figure 6C; Supplementary Figure S3). Similarly, combined treatment obvi-
ously decreased the levels of total HER3, phosphorylated HER3, total AKT, phosphorylated
AKT and phosphorylated ERK compared with each monotherapy (Figure 6C). Importantly,
we failed to find an obvious discrepancy in body weight (Figure 6D) among these four
groups. There was likewise not any difference in the levels of glutamic pyruvic transami-
nase (GPT/ALT), glutamic oxaloacetic transaminase (GOT/AST), urea nitrogen (BUN) and
creatinine (CRE) among them (Figure 6E), suggesting that the above treatments did not
cause severe hepatorenal toxicity. This was also supported by H&E staining (Figure 6F).
Our results, taken together, suggest that the combination of DSF/Cu and PLX4032 may be
a safe and effective strategy for the treatment of BRAFV600E-mutated thyroid cancers.

2.7. DSF/Cu Alleviates the Feedback Activation of HER3 Signaling by PLX4032 in an
ROS-Dependent Manner

As mentioned above, our data indicated that DSF/Cu ROS-dependently reduced the
levels of total HER3 and phosphorylated HER3 and suppressed the activities of MAPK/ERK
and PI3K/AKT pathways. Thus, we speculated that DSF/Cu enhanced the response
of BRAFV600E-mutated thyroid cancer cells to PLX4032, probably by an ROS-dependent
mechanism. To validate this, we first treated 8305C, 8505C, BCPAP and IHH4 cells with
vehicle control, PLX4032, DSF/Cu + PLX4032 or DSF/Cu + PLX4032 + NAC, and tested
their efficacy on cell viability and colony formation. Our data indicated that a combined
treatment significantly suppressed cell viability and colony formation in comparison with
PLX4032 treatment alone, and this effect was distinctly reversed by NAC (Figure 7A,B).
Expectedly, our data also indicated that a combined therapy of DSF/Cu and PLX4032
potently attenuated the rebound of total HER3, phosphorylated HER3, phosphorylated
AKT and phosphorylated ERK caused by PLX4032, while NAC supplement effectively
reversed this effect (Figure 7C).
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Figure 6. DSF/Cu exhibits a sensitizing effect on antitumor efficacy of PLX4032 in nude mice. A
xenograft tumor model was established by subcutaneously injecting 8305C cells into the axilla of nude
mice, and these mice were then randomly grouped and treated with DSF/Cu (DSF: 50 mg/kg; CuCl2:
0.15 mg/kg) and PLX4032 (50 mg/kg) alone or in combination, once a day. (A) Growth curves of
xenograft tumors were drawn in each group. (B) Left and right panels show the pictures of dissected
tumors and statistical results of tumor weight from the indicated groups. (C) IHC staining of Ki-67,
t-HER3, p-HER3, t-AKT, p-AKTS473, p-AKTT308 and p-ERK in tumor tissues from the indicated group.
Scale bar: 200 µm. (D) Growth cures of body weight were drawn in each group. (E) The levels of
alanine transaminase (ALT), aspartate aminotransferase (AST), serum creatinine (CRE) and blood
urea nitrogen (BUN) were measured by ELISA assay. (F) Representative H&E-stained slices of kidney
and liver sections from the indicated mice. Scale bar: 200 µm. Data presented as means ± SD.
* p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 7. DSF/Cu improves antitumor effect of PLX4032 by ROS-dependently alleviating the feed-
back activation of HER3 signaling. (A) The indicated cells were treated with vehicle control, 2 µM
PLX4032, and 2 µM PLX4032 plus 100 nM DSF/Cu with or without 2 mM NAC for 48 h, and their
effects on cell proliferation was determined by MTT assay. (B) Colony formation was evaluated in
the above cells with the indicated treatments for 9 days. (C) Western blot analysis of t-HER3, p-HER3,
t-AKT, p-AKTS473, p-AKTT308, t-ERK and p-ERK in the indicated cells with 4 µM PLX4032, and
4 µM PLX4032 plus 0.5 µM DSF/Cu with or without 2 mM NAC for 48 h. (D) A schematic model
of DSF/Cu improving the response of BRAFV600E-mutated thyroid cancer cells to PLX4032. Data
presented as means ± SD. *** p < 0.001.
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Summarizing the above-mentioned results, a schematic model was proposed to illus-
trate the mechanism of DSF/Cu improving antitumor efficacy of PLX4032 in BRAFV600E-
mutated thyroid cancer cells (Figure 7D). Briefly, the treatment of BRAFV600E-mutated thy-
roid cancer cells with PLX4032 causes a feedback activation of MAPK/ERK and PI3K/AKT
signaling through enhancing HER3 transcription, leading to resistance to PLX4032. How-
ever, DSF/Cu relieves this feedback activation by ROS-dependently reducing the expression
of HER3 and AKT, thereby improving the response of BRAFV600E-mutated thyroid cancer
cells to PLX4032.

3. Discussion

BRAFV600E mutation, the most common genetic alteration in thyroid cancer, has been
recognized as a driver for the pathogenesis of most PTCs and some PTC-derived anaplastic
thyroid cancers (ATCs) [5,8]. Direct association of BRAFV600E mutation with clinical progres-
sion, tumor recurrence and treatment failure of thyroid cancers has been demonstrated [8].
BRAF mutation has even been associated with PTC recurrence in patients with traditional
low-risk clinicopathological factors [8]. Therefore, BRAF mutation has become a new
prognostic biomarker and an attractive therapeutic target of ATC [7,38].

Specific BRAF kinase inhibitors have been widely developed in recent years. Since
2021, three BRAF inhibitors have been approved by the FDA, including vemurafenib,
dabrafenib and encorafenib [39]. These BRAF kinase inhibitors specifically bind to the
ATP-binding pocket of BRAF kinase and have a preference for BRAFV600E [22]. Dabrafenib
is the first FDA-approved BRAF kinase inhibitor for the treatment of BRAFV600E-mutant
ATC [40]. The phase II ROAR basket study confirm the substantial clinical benefit and
manageable toxicity of dabrafenib plus trametinib in BRAFV600E-mutant ATC [41]. The
first approved BRAF kinase inhibitor vemurafenib, as the first-line drug for BRAF-mutated
metastatic melanoma, exhibited significantly clinical effects [42–44]. There was also a
phase II trial confirming that vemurafenib exhibited antitumor activity in patients with
progressive, BRAF-mutant PTC refractory to radioactive iodine [17]. After 6–7 months
of treatment with BRAF kinase inhibitors, about half of the patients exhibited disease
progression, finally leading to acquired resistance [22]. Unlike melanoma, due to the
rebound of MAPK signaling [16,45,46], patients with BRAFV600E-mutated thyroid cancers
exhibited few benefits from BRAF kinase inhibitors. Specifically, BRAF kinase inhibitors
such as vemurafenib transiently repress ERK phosphorylation and derepresses HER3
transcription. This will cause the rebound of phosphorylated ERK and the activation of
AKT signaling, thereby attenuating their antitumor effects [16] and causing adverse events
such as squamous cell carcinoma of the skin [17,20,21]. Thus, it is urgent to find strategies
to solve the resistance of BRAF kinase inhibitors.

It has been demonstrated that the dual EGFR/HER-2 kinase inhibitor lapatinib sen-
sitizes BRAF-mutant thyroid cancers to BRAF kinase inhibitors by blocking the rebound
of MAPK/ERK pathway and the activation of the PI3K/AKT pathway [16]. There is also
a study indicating that microphthalmia-associated transcription factor (MITF) inhibitor
CH6868398 sensitized melanoma cells to BRAF kinase inhibitor [47]. Combined with Ref-1
inhibitor, it can also make BRAF-mutant thyroid cancers more sensitive to vemurafenib
by inhibiting the MAPK/ERK pathway [48]. In addition, the combination of vemurafenib
and tubulin inhibitor ABI-274 has been proved to overcome the resistance caused by vemu-
rafenib in BRAF-mutant melanomas [49]. Although a large number of small-molecule drugs
have been investigated to relive resistance in combination with BRAF kinase inhibitors,
most of them are not FDA-approved, and their safety and efficacy need to be verified in
further clinical trials.

Considering the high costs, long periods and high failure rate of developing new
medicines, strategies to reduce costs, periods and improve success rates are thus urgently
needed [50]. Drug repurposing is an effective strategy to solve some medical needs in
cancer treatment by the use of FDA-approved drugs developed in other disease areas
rather than by redeveloping new drugs [51]. This will save cost, time required, and
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risk. For example, disulfiram (DSF) has been FDA-approved for the treatment of alcohol
abuse for more than 70 years [23]. It has been demonstrated to have many other effects
beyond its original indication, such as the inhibitory effect on osteoclast differentiation and
function [52], antiadipogenic effect, anti-inflammatory and antifibrotic effects in Graves’s
orbitopathy [53], as well as antiproliferative effect on cancer cells [54]. There is growing
evidence that DSF has great potential against various cancers, including melanoma [55],
prostate cancer [25], breast cancer [26,31] and hepatocellular carcinoma [56]. Nevertheless,
its role in thyroid cancer remains largely unclear.

Our present study showed that DSF could kill BRAFV600E-mutated thyroid cancer
cells and copper (Cu) significantly enhanced this inhibitory effect, which was consistent
with previous studies [26,31,55]. Hydrogen peroxide (H2O2) is an essential compound for
the synthesis of thyroid hormone. It is an essential cofactor for thyroperoxidase, which
catalyzes the final step of hormone production [57]. H2O2 produced within the thyrocyte by
the DUOX and the NOX enzymes at higher concentrations than other human cells. H2O2
generation by DUOX at the apex of thyroid cells is the limiting factor in the oxidation of
iodide and the synthesis of thyroid hormones [58]. The defect of such apparatus produces
dramatic impairment of thyroid function, as demonstrated by the presence of congenital
hypothyroidism in patients carrying mutations in the DUOX2 gene [59]. There are studies
showing that DSF/Cu induces cellular ROS production [30,55,60], as supported by our
data that DSF/Cu suppressed the proliferation and colony formation of thyroid cancer
cells by increasing cellular ROS levels, and NAC could reverse this effect. Considering
that MAPK/ERK and PI3K/AKT pathways exert great roles in thyroid oncogenesis and
malignant progression [5], we also assessed the impact of DSF/Cu on these pathways.
Our results indicated that DSF/Cu blocked their activities by decreasing the expression of
ERK phosphorylation, total AKT and AKT phosphorylation, and NAC could reverse this
effect. The above findings, taken together, indicate that DSF/Cu exerts its antitumor role in
thyroid cancer through an ROS-dependent mechanism.

Considering that the reactivation of MAPK/ERK pathway is a major cause of the
resistance to BRAF kinase inhibitors such as PLX4032 [16], we next determined the impact
of DSF/Cu on the response of BRAF-mutated thyroid cancer cells to PLX4032. The results
indicated that DSF/Cu enhanced antitumoral activity of PLX4032 in BRAFV600E-mutated
thyroid cancer cells both in vitro and in vivo. Further experiments found that DSF/Cu
sensitizes BRAF-mutated thyroid cancer cells to PLX4032 by suppressing the reactivation
of HER3 caused by PLX4032, thereby blocking MAPK and PI3K/AKT pathways, and NAC
could reverse this effect. Altogether, our data indicate that DSF/Cu improves the response
of BRAFV600E-mutated thyroid cancer cells to PLX4032 by ROS-dependently inhibiting
HER3 reactivation.

Our in vitro studies demonstrated that the combination of DSF/Cu and PLX4032
showed great antitumor activity. However, in vitro conditions are unable to sufficiently
mimic the in vivo environment with hypoglycemia, hypoxia and other metabolic changes.
Our data also demonstrated that DSF/Cu and PLX4032 significantly inhibited tumor
growth in mouse models with no severe hepatorenal toxicity, indicating that DSF/Cu and
PLX4032 can be used as a potential therapy for thyroid cancer. As an FDA-approved drug,
disulfiram shows great safety in patients. Several clinical trials have shown that PLX4032
showed antitumor activity in patients [17]. Therefore, additional clinical trials will be
needed to assess the clinical use of DSF/Cu and PLX4032 in thyroid cancer therapy and
determine its safety and efficacy.

4. Materials and Methods
4.1. Cell Culture and Reagents

Human thyroid cancer cell lines 8505C, 8305C, IHH4, and BCPAP were provided by
Haixia Guan (Guangdong Provincial People’s Hospital, Guangzhou, China). We cultured
cells in RPMI 1640 medium (Gibco) with 10% fetal bovine serum (Gemini). In certain
experiments, cells were treated with disulfiram (MCE), copper chloride (Sigma-Aldrich,
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St. Louis, MI, USA,), PLX4032 (Selleck) or N-acetylcysteine (MCE) at certain times and
doses individually or in combination. We dissolved disulfiram and PLX4032 in dimethyl
sulfoxide (DMSO), and dissolved copper chloride and N-acetylcysteine (NAC) in ddH2O.
As a control, DMSO was used with the same volume.

4.2. Cell Proliferation Assay

We seeded cells (2500–4000/well) in 96-well culture plates. After an overnight culture,
we cultivated cells with various concentrations of DSF/Cu or PLX4032, individually or in
combination for different times. Then we carried out MTT assays to assess cell proliferation,
as previously mentioned [61]. Half-maximal inhibitory concentration (IC50) was calculated
using the Reed–Muench method. Three triplicates were done to determine each data point.

4.3. Colony Formation Assay

We seeded cells (2500–4000/well) in 12-well culture plates, then treated them in the spe-
cific experiments with drugs as indicated and kept them in culture for 8–10 days. Cells were
fixed by methanol, followed by staining with 0.08% crystal violet. Next, cell colony number
was counted by inverted microscopy. Three replicates were run for each experiment.

4.4. Detection of Cellular Reactive Oxygen Species (ROS)

We cultured cells with DSF and CuCl2 for 48 h. Cells were then resuspended in RPMI
1640 medium with 150 µM ROS probe 2′,7′-dichlorofluorescin diacetate (Sigma-Aldrich)
and kept in the dark at 37 ◦C for 1.5 h. After cells were digested and resuspended, ROS
was analyzed using flow cytometry. In some assays, we added 2 mM NAC to the cells to
remove cellular ROS when cells were incubated with DSF/Cu. Each assay was carried out
in triplicate.

4.5. Western Blot Analysis

After incubation under the indicated conditions, we used RIPA lysis buffer to lyse
the cells. The same amount of protein lysate was then divided by 7–12% SDS-PAGE, fol-
lowed by diverting onto PVDF membrane (Mannheim, Germany, Roche Diagnostics). The
membrane was blocked at room temperature for 2.5 h using 5% bovine serum albumin.
The membrane was then placed for 15 h at 4 ◦C with the primary antibodies. Immunoblot-
ting signaling was visualized by the ECL detection system (Tanon) after the membrane
immunoblotted using secondary antibodies (ZSGB-BIO). In Supplementary Table S1, we
give the antibody information.

4.6. Cell Apoptosis

We incubated cells with DSF/Cu and PLX4032 for 48 h, singly or in combination. Cells
were then collected, followed by staining with an apoptosis kit (4A Biotech) according to
instructions. Finally, stained cells were analyzed via flow cytometry. Each assay was run
in triplicate.

4.7. Animal Studies

We bought five-week-old nude female mice from GemPharmatech (Jiangsu, China).
We subcutaneously injected 5 × 106 8305C cells into the axilla of these mice. After the
tumors grew to 10–25 mm3 on average, we randomly divided these mice into 4 groups
(5 mice/group). PLX4032 (50 mg/kg, gavage) and DSF/CuCl2 (DSF 50 mg/kg, CuCl2
0.15 mg/kg, gavage) were carried out individually or in combination once a day. Mice
were weighed and their tumors measured using a Vernier caliper every two days. According
to the following formula, we calculated neoplasm volumes: width2 × length × 0.5. After
2-week treatment, we killed mice via cervical dislocation, then collected and weighed
tumors. All animal experiments were ratified by Xi’an Jiaotong University Animal Center.

H&E and immunohistochemical (IHC) staining were administered as per our previous
study [62,63].
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4.8. Biosafety Evaluation

Mouse blood samples were centrifuged to get serum. The toxicity of viscera, including
glutamic pyruvic transaminase (GPT/ALT), glutamic oxaloacetic transaminase (GOT/AST),
urea nitrogen (BUN), and creatinine (CRE) were examined according to the kit’s protocols.

4.9. Statistical Analysis

We used two-way ANOVA and Student’s t-tests to compare the data using GraphPad
Prism 8.0 software. We used CompuSyn Software to statistically analyze the synergistic
effect of the two drugs with the Chou–Talalay method [35,37]. p < 0.05 was recognized as a
statistically significant difference.

5. Conclusions

In summary, by a series of in vitro and in vivo studies, we demonstrated that DSF/Cu
kills BRAFV600E-mutated thyroid cancer cells and improved their response to BRAF kinase
inhibitors through relieving the feedback activation of MAPK/ERK and PI3K/AKT path-
ways in an ROS-dependent way. This study not only provides strong evidence to support
the clinical use of DSF/Cu in cancer therapy but also suggests that the combination of
DSF/Cu and BRAF kinase inhibitors may be a safe and effective strategy for the treatment
of BRAFV600E-mutated thyroid cancers.
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