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Abstract

Background

Disulfiram (DSF), which is used to treat alcohol dependence, has been reported to have
anti-cancer effects in various malignant tumors. In this study, we investigated the anti-can-
cer effects and mechanism of DSF in HNSCC.

Methods

Head and neck squamous carcinoma cell lines (FaDu and Hep2) were used to analyze the
anti-cancer effects of DSF. The anti-cancer effects of DSF were confirmed in vivo using a
xenograft tumor model.

Results

The anti-cancer effects of DSF in HNSCC were found to be copper (Cu) dependent. Specifi-
cally, DSF/Cu markedly inhibited HNSCC at a concentration of 1 uM. After DSF/Cu adminis-
tration, production of reactive oxygen species (ROS) was remarkable starting at 0.5 uM,
suggesting that the inhibitory effects of DSF/Cu on HNSCC are mediated through the forma-
tion of ROS. The levels of phospho-JNK, phospho-cJun and phospho-p38 were increased
after DSF/Cu treatment while levels of phospho-Akt were decreased. These results sug-
gested that the inhibitory effects of DSF/Cu on HNSCC cells involve ROS formation and
down-regulation of Akt-signaling. Through these molecular mechanisms, DSF ultimately
induce the inhibitory effects on HNSCC cell lines mainly through autophagic cell death, not
apoptotic cell death. Lastly, we investigated the clinical relevance of DSF/Cu using a
HNSCC xenograft animal model, which showed that tumor growth was remarkably
decreased by DSF (50 mg/kg injection).

Conclusion

In treating patients with HNSCC, DSF may contribute to improved HNSCC patient’s sur-
vival. The characteristic anti-cancer effects of DSF on HNSCC may suggest new therapeu-
tic potential for this medication in HNSCC patients.
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Introduction

There has been no significant change in the survival rate of patients with head and neck squa-
mous cell carcinoma (HNSCC) despite the development of various treatment modalities over
the past several decades. Because the overall survival rate of HNSCC patients is less than 50%,
there is a significant need for development of innovative therapeutic approaches. [1] However,
due to the high cost and long-time needed to develop new therapeutic drugs, the rate of new
drug approvals is very low. Therefore, drug-repurposing, in which previously unknown anti-
cancer effects of existing drugs are identified in other diseases can be a good alternative to
development of new therapeutic drugs. Furthermore, drug-repurposing can be a faster and
less costly approach to the development of new drugs because the clinical safety of existing
drugs has already been demonstrated and clinically available formulations already exist. [2]

Disulfiram (DSF), which is used to treat alcohol dependence, has been reported to have
anti-cancer effects in various malignant tumors in several non-clinical trials, and clinical trials
for breast cancer patients have been conducted. [3-8] DSF inhibits aldehyde dehydrogenase in
the liver and has also been shown to inhibit stem-like tumor-initiating cells. [9,10] Although
the precise mechanism behind the observed anti-cancer effects of DSF have not yet been clari-
fied, it has been shown that the anti-cancer effects are mediated, at least in part, by inhibition
of proteasome activity and enhancing copper binding. [11-13]

Alcohol and tobacco are the main causes of HNSCC, and appropriate counseling on smok-
ing and drinking before and after treatment are important for determining the prognosis of
HNSCC patients. Thus, DSF is clinically significant in that it can be used to stop alcohol use in
HNSCC patients, and may also have anti-cancer effects of it that contribute to increased
patient survival. However, the anti-cancer effects and mechanism of DSF in HNSCC have not
yet been studied. Thus, we investigated the anti-cancer effects and mechanism of DSF against
HNSCC in order to evaluate its potential as a new drug to treat HNSCC.

Materials and methods

Reagents and antibodies

DSF and copper chloride (Cu) were purchased from Sigma-Aldrich (St Louis, MO, USA).
Phosphatase inhibitors and protease inhibitor cocktail tablets were purchased from Roche
Applied Sciences (Penzberg, GER). The following primary antibodies were used: p-JNK, JNK,
p-cJun, cJun, p-p38, phospho-Akt, and total-Akt (Cell Signaling, Beverly, CA, USA). Horse-
radish peroxidase (HRP)-conjugated anti-rabbit IgG and anti-mouse IgG secondary antibod-
ies were purchase from Bio-Rad Laboratories (Hercules, CA, USA).

Head and neck cancer cell culture

Human HNSCC cell lines (FaDu and Hep2) were purchased from the American Type Culture
Collection (Manassas, Va, USA). Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) solution containing 10% fetal bovine serum (FBS) and streptomycin-penicillin at a
concentration of 100 U/mL in a humidified atmosphere containing 5% CO, at 37°C.

Cell viability assay

Cell viability was measured using a Cell Counting Kit (CCK)-8 (Dojindo Molecular Technolo-
gies, Japan). HNSCC cell lines were seeded in 96-well plates at a density of 5x10° cells/well in 1
mL medium and treated with DSF/Cu at various concentrations (0.5-5 uM). Next, 40 uL of a
CCK-8 solution added and incubated for 4h. The optical density of each culture well was then
measured with a microplate reader (Bio-Tek, Winooski, VT, USA) at 450 nm.
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Annexin V/PI assay

Cells were stained using a FITC-conjugated Annexin V apoptosis detection kit according to
the manufacturer’s protocol. Stained cell were were analyzed by flow cytometry using a Beck-
man Coulter Expo.

Western blot analysis

HNSCC cells were treated with DSF/Cu at various concentrations (0.5-2 pM). Protein extracts
were prepared from HNSCC cells using radioimmunoprecipitation assay buffer. Protein con-
centrations were measured using the BCA Protein Assay kit provided by the manufacturer’s
instructors (Thermo Scientific Pierce). 10% SDS-PAGE gels were loaded with equal amounts
of protein (30 pg), transferred to membranes, and incubated with primary antibodies specific
for phospho-JNK (1:1000), total-JNK (1:1000), p-p38 (1:1000), phospho-JNK (1:1000), total-
cJun (1:1000), or phospho-Akt (1:1000), followed by HRP-conjugated rabbit or mouse second-
ary antibodies (1:1000). Blots were visualized with a chemiluminescence kit (Thermo Fisher
Scientific, Fremont, CA, USA) on X-ray film and measured using AlphaEaseFC software
(Alpha Innotech, San Leandro, CA, USA).

Xenograft experiments

This study was carried out in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was
approved by the Korea University Institutional Animal Care and Use Committee (IACUC).
(Protocol Number: 2017-01-3214). Endpoints were chosen to minimize potential pain for the
animal. The weight of the tumor should not exceed 5% of body weight, and subcutaneous
tumors were allowed until the maximum diameter was about 20 mm in 25 g mice. For the
euthanasia of the mice used in the experiment, CO, method was used under the approval of
IACUC. The end point was determined using a scoring system for the humane endpoint crite-
rion. Weight change, hair condition, eye and nose, and clinical symptoms were evaluated as
0-3 points. In cases with more than 8 points of this scoring system, euthanasia cases were con-
sidered. During the course of the experiment, the experimenter checked the health status of
the experimental animals daily. In this study, we did not prescribe analgesics or antibiotics to
relieve pain in animals. Five-week-old female BALB/c nude mice were purchased from Shizu-
oka Laboratory Animal Center (Shizuoka, Japan) and bred under specific pathogen-free con-
ditions. Animals had free access to food and water and were allowed to acclimate 1 week
before the start of experiments. For in vivo experiments, we assigned 5 animals per group.
FaDu cells (2 x 10°) in 100 l culture medium were mixed with 100 ul of Matrigel and injected
subcutaneously into the right flank of 6-week-old BALB/c nude female mice. Solvent (DMSO/
PBS) or DSF (50 mg/kg/day) was injected intraperitoneally 5 days per week for 2 weeks.
Changes in tumor volume were continuously measured in the control and experimental
groups for 2 weeks after the start of drug injections. Tumors were measured using calipers and
volumes were calculated using the formula V = (Length x Width?)/2.

Statistical analysis

Data were expressed as the mean + standard deviation, and Kruskall-Wallis test and Mann-
Whitney U test were used as appropriate. P-values <0.05 were considered to indicate statistical
significance. Statistical analyses were performed using SPSS 20 for Windows (SPSS, Chicago,
IL, USA).
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Results
DSF induces cell death in a Cu-dependent manner in HNSCC cell lines

According to CCK-8 assays, DSF induced cell death in HNSCC cell lines in a Cu-dependent
manner. (Fig 1A) Specifically, DSF alone did not induce cell death in HNSCC cell lines,
whereas DSF combined with Cu significantly induced cell death. DSF/Cu significantly reduced
the viability of HNSCC cells in a dose-dependent manner. (Fig 1B) In the FaDu cell line, a sta-
tistically significant cytotoxic effect of DSF was observed starting at a concentration of 1 uM.
(p<0.05) In the Hep2 cell line, a statistically significant cytotoxic effect of DSF was observed at
a concentration of 0.5 uM. (p<0.05)

DSF induces cell death by producing reactive oxygen species (ROS)

HNSCC cell lines were treated with DSF/Cu at various concentrations (0.5-2 pM) and ROS
production was analyzed by Incucyte assay 24 hours after starting DSF/Cu treatment. (Fig 2)
DSF/Cu increased ROS production in a dose-dependent manner. In the FaDu cell line, DSF
induced a statistically significant increase in ROS formation starting at a concentration of

0.5 uM. (p<0.05). In the Hep2 cell line, DSF induced a statistically significant increase in ROS
formation at a concentration of 1 pM. (p<0.05).
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Fig 1. HNSCC cell lines (FaDu and Hep2) were treated with DSF at the indicated concentrations (0.5-5 uM) and cell viability was measured by CCK-8 assay. A)
Degradation of cell viability by DSF was found to be dependent on copper. B) A marked decrease in viability mediated by DSF was noted at 1 ug/mL concentration in
FaDu cells and at 0.5 ug/mL in Hep2 cells. Data are expressed as the mean + standard deviation of three independent experiments. *p<0.05.

https://doi.org/10.1371/journal.pone.0203069.9001
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Fig 2. HNSCC cell lines were treated with DSF/Cu at various concentrations (0.5-2 uM) and ROS production was analyzed by Incucyte analysis after 24 hours.
DSF/Cu induced ROS production in a dose-dependent manner in the HNSCC cell line. Statistically significant ROS formation induced by DSF was noted to start a
concentration of 0.5 uM in FaDu cells and at a concentration of 1 uM in Hep2 cells. DMSO (negative control) and TBHP (positive control). *p<0.05.

https://doi.org/10.1371/journal.pone.0203069.9002

DSF induces cytotoxicity through autophagic cell death

To confirm whether DSF/Cu induces apoptosis in HNSCC cell lines, we next performed
Annexin V/PI fluorescence-activated cell sorting in HNSCC cell lines treated with DSF/Cu.
Flow cytometry was used for quantification of DSF/Cu induced apoptosis: annexin V-fluores-
cein isothiocynate (FITC) and propidium iodide (PI) staining were used for analysis of the per-
centage of apoptotic cells treated with DSF/Cu. The percentages of apoptotic cells in DSF/Cu
treated groups did not exceed 49% in FaDu cells (A) and 14% in Hep2 cells (B), even when
treated with 2 uM DSF/Cu. (Fig 3) Additionally, we performed in vitro experiments with nor-
mal keratinocyte. In CCKS8 assay, a marked decrease in viability mediated by DSF/Cu treat-
ment was also noted at 0.5 pg/mL in normal keratinocyte. However, the percentages of
apoptotic cells in DSF/Cu treated groups did exceed 80% in normal keratinocyte, even when
treated with 0.5 uM DSF/Cu on annexin V/PI fluorescence-activated cell sorting. To measure
ROS production in normal keratinocyte, Incucyte analysis was performed. However, unlike
HNSCC cell lines (FaDu and Hep2), a significant increase of ROS production was not detected
after DSF/Cu treatment compared to control. These results suggested that anti-cancer effect of
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Fig 3. Apoptotic cell death induced by DSF/Cu treatment in head and neck cancer cells. Flow cytometry was used for quantification of DSF/Cu induced apoptosis:
annexin V-fluorescein isothiocynate (FITC) and propidium iodide (PI) staining were used for analysis of the percentage of apoptotic cells treated with DSF/Cu. The
percentages of apoptotic cells in DSF/Cu treated groups did not exceed 49% in FaDu cells (A) and 14% in Hep2 cells (B), even when treated with 2 uM DSF/Cu.

https://doi.org/10.1371/journal.pone.0203069.9003
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Fig 4. Oral normal keratinocyte was treated with DSF at the indicated concentrations (0.5-5 uM) and cell viability was measured by CCK-8 assay. A marked

decrease in viability mediated by DSF was noted at 0.5 ug/mL in oral normal keratinocyte. Data are expressed as the mean + standard deviation of three independent
experiments. *p<0.05.

https://doi.org/10.1371/journal.pone.0203069.9004

disulfiram via autophagic cell death was unique to head and neck cancer cell lines, not for nor-
mal keratinocyte. (Fig 4)

The above results suggested that cell death induced by DSF does not occur via apoptosis or
necrosis, but by other mechanisms. Thus, we next investigated whether DSF/Cu-induced cell
death was mediated through autophagy. Western blot analysis showed that the expression of
Beclin-1 and LC3B I/II, which are necessary for autophagosome formation, were increased by
DSF/Cu. (Fig 5) In addition, Western blot analysis showed that Akt signaling, which is known
to be involved in autophagy, was inhibited by DSF/Cu. Specifically, levels of p-JNK and p-p38
were increased after DSF/Cu treatment while phosphorylation of p-Akt was decreased. These
results suggested that down-regulation of the Akt signaling pathway may be involved in the
induced of autophagic-mediated cell death by DSF/Cu. (Fig 6)

DSF/Cu inhibits tumor progression in HNSCC xenograft model

We next analyzed the effect of DSF/Cu on tumor growth in an HNSCC xenograft model. A
total of 2x10° FaDu cells were injected into the right flank of BALB/c nude female mice. After
allowing tumors to form for 2 weeks, DSF/Cu was injected 5 days per week for 2 weeks, during
which time tumor volumes were measured daily. Tumor growth was significantly inhibited in
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Fig 7. A and B. Xenograft experiment. Mice bearing FaDu tumors were treated with DSF/Cu (50 mg/kg/day) 5 days per week for 2 weeks and tumor growth was
measured in the control and experimental groups. Tumor growth in the experimental group was significantly less than that of the control group. *p<0.05. C. Tumor
tissues was tested by Western blot analysis. Akt signaling was suppressed in DSF treated group and LC3B I/II were significantly increased after DSF treated group. (CTL:
control, DSF: DSF treated group) D. Tumor tissues were removed and stained with DAPI and LC3 antibody. Compared to control group (CTL), nuclear degradation
was observed only in the experimental group (DSF) and the tumor tissues were strongly stained with LC3 only in the experimental group (DSF).

https://doi.org/10.1371/journal.pone.0203069.9007

the experimental group injected with DSF/Cu compared to the control group. (Fig 7A and 7B)
After euthanasia of these mice, tumor tissues were removed. Harvested tumor tissues were
tested by Western blot analysis (Fig 7C) and stained with DAPI and LC3 antibody. On western
blot analysis, phopho-Akt was suppressed and LC3B I/II were significantly increased in DSF
treated group. Compared to control group (not DSF treated), nuclear degradation was
observed only in the experimental group (DSF treated) and the tumor tissues were strongly
stained with LC3 only in the experimental group (DSF treated). (Fig 7D)

Discussion

This is the first study to confirm the anti-cancer effects and mechanism of DSF in HNSCC
using in vitro and in vivo studies. Previous studies have shown that a single dose of 250 mg of
DSF leads to a maximum serum concentration of 1.3 uM, and can reach 1.4 uM by repeated
administration. [14] Therefore, we utilized DSF concentrations between 0.5 and 2.0 uM in
order to maintain clinical relevance. In addition, since the physiological blood concentration

PLOS ONE | https://doi.org/10.1371/journal.pone.0203069 September 13,2018 9/12


https://doi.org/10.1371/journal.pone.0203069.g007
https://doi.org/10.1371/journal.pone.0203069

@° PLOS | ONE

Anti-cancer effect of disulfiram in head and neck cancer

of Cu in healthy subjects is known to be 10 ug / dl (1.6 uM/L), we adjusted the concentration
of Cu used in our experiments to 0-2 pM as well. [15] The anti-cancer effects of DSF in
HNSCC were also found to be dependent on Cu, which has been demonstrated in various
malignancies. [16,17] DSF inhibited the effects of HNSCC in a Cu dependent manner, and the
combination of DSF/Cu markedly inhibited HNSCC cells beginning at a concentration of

1 uM. ROS production was remarkable starting a DSF/Cu concentration of 0.5 pM, suggesting
that the inhibitory effect of DSF/Cu on HNSCC is mediated through ROS formation. In the
HNSCC cell lines, phospho-JNK, phospho-cJun and phospho-p38 were increased and phos-
pho-Akt was decreased after DSF/Cu treatment. Together, these results suggested that the
inhibitory effects on HNSCC after DSF/Cu administration involve both ROS formation, phos-
phorylation of JNK, and down-regulation of Akt signaling. Through these molecular mecha-
nisms, DSF ultimately induce the inhibitory effects on HNSCC cell lines mainly through
autophagic cell death, not apoptotic cell death. Lastly, we investigated the clinical relevance of
our in vitro results using a xenograft animal model with FaDu cells. The results of our in vivo
experiment showed that tumor growth was remarkably decreased by DSF (50 mg/kg) injection
in an HNSCC xenograft model.

Alcohol intake increases the risk of developing HNSCC, and is also known to increase the
risk of death related to HNSCC. [18] According to a multi-center study performed in Italy,
sustained alcohol intake is a prognostic factor associated with decreased survival in patients
with laryngeal cancer. [19] Therefore, proper counseling on alcohol consumption before and
after treatment in patients with HNSCC is an important factor for determining patient prog-
nosis. DSF inhibits the activity of acetaldehyde dehydrogenase in the liver, thereby inhibiting
alcohol breakdown and resulting in the accumulation of acetaldehyde in the body. Such accu-
mulation of acetaldehyde induces an unpleasant effect, prompting patients to avoid further
alcohol consumption. Treating alcohol dependence using DSF along with appropriate counsel-
ing in HNSCC patients may contribute to an improvement in survival. Thus, when coupled
with the anti-cancer effect of DSF on HNSCC revealed in our study, DSF may have important
therapeutic potential in HNSCC patients with a dismal prognosis.

The tumor-suppressive effects of DSF are known to be due to inhibition of proteasome and
suppression of cancer stem cells. Skrott et al. recently reported that the tumor suppressive
effects of DSF appear to target NPL4, which is essential for the turnover of proteins involved in
multiple regulatory and stress-response pathways in cancer cells. [20] In addition, Wang et al.
reported that the suppression of ALDH?2 after DSF/Cu administration reverses microtubule
inhibitor resistance both in vitro and in vivo. [21] Furthermore, DSF inhibits ALDH1-positive
cell subpopulations, which in turn can overcome resistance to cisplatin. [22] These unique
anti-cancer effects of DSF may represent an alternative way to overcome resistance to chemo-
therapy and radiotherapy commonly observed in the treatment process of HNSCC patients.
Further studies will be useful for identifying the precise molecular targets of DSF responsible
for anti-cancer effects of HNSCC and investigating its efficacy in therapeutic-resistant
HNSCC.

Acknowledgments

This work was supported by the National Research Foundation of Korea (NRF) grant funded
by the Korea government (MSIT) (No. 2017R1A2B4005163). This was performed in Korea
University College of Medicine.

Author Contributions

Data curation: Young Min Park.

PLOS ONE | https://doi.org/10.1371/journal.pone.0203069 September 13,2018 10/12


https://doi.org/10.1371/journal.pone.0203069

@° PLOS | ONE

Anti-cancer effect of disulfiram in head and neck cancer

Formal analysis: Young Min Park.

Funding acquisition: Jae-Jun Song.

Investigation: Sun Hwa Shin, Jae-Gu Cho, Jae-Jun Song.

Methodology: Yoon Young Go, Sun Hwa Shin.

Project administration: Jae-Gu Cho, Jae-Jun Song.

Resources: Jae-Jun Song.

Supervision: Jeong-Soo Woo, Jae-Jun Song.

Validation: Jeong-Soo Woo.

Writing - original draft: Young Min Park.

Writing - review & editing: Young Min Park.

References

1.

10.

11.

12

13.

Takes RP, Rinaldo A, Silver CE, Haigentz M Jr, Woolgar JA, Triantafyllou A, et al. Distant metastases
from head and neck squamous cell carcinoma. Part |. Basic aspects. Oral Oncol. 2012; 48:775-9.
https://doi.org/10.1016/j.oraloncology.2012.03.013 PMID: 22520054

Collins FS. Mining for therapeutic gold. Nat Rev Drug Discov. 2011; 10:397. https://doi.org/10.1038/
nrd3461 PMID: 21629277

lljin K, Ketola K, Vainio P, Halonen P, Kohonen P, Fey V, et al. High-throughput cell-based screening of
4910 known drugs and drug-like small molecules identifies disulfiram as an inhibitor of prostate cancer
cell growth. Clin Cancer Res. 2009; 15:6070-8. https://doi.org/10.1158/1078-0432.CCR-09-1035
PMID: 19789329

Chen D, Cui QC, Yang H, Dou QP. Disulfiram, a clinically used anti-alcoholism drug and copper-binding
agent, induces apoptotic cell death in breast cancer cultures and xenografts via inhibition of the protea-
some activity. Cancer Res. 2006; 66:10425-33. https://doi.org/10.1158/0008-5472.CAN-06-2126
PMID: 17079463

Zha J, Chen F, Dong H, Shi P, Yao Y, Zhang Y, et al. Disulfiram targeting lymphoid malignant cell lines
via ROS-JNK activation as well as Nrf2 and NF-kB pathway inhibition. J Transl Med. 2014; 12:163.
https://doi.org/10.1186/1479-5876-12-163 PMID: 24915933

Safi R, Nelson ER, Chitneni SK, Franz KJ, George DJ, Zalutsky MR, et al. Copper signaling axis as a
target for prostate cancer therapeutics. Cancer Res. 2014; 74:5819-31. https://doi.org/10.1158/0008-
5472.CAN-13-3527 PMID: 25320179

Liu P, Wang Z, Brown S, Kannappan V, Tawari PE, Jiang W, et al. Liposome encapsulated Disulfiram
inhibits NFKB pathway and targets breast cancer stem cells in vitro and in vivo. Oncotarget. 2014;
5:7471-85. https://doi.org/10.18632/oncotarget.2166 PMID: 25277186

Dufour P, Lang JM, Giron C, Duclos B, Haehnel P, Jaeck D, et al. Sodium dithiocarb as adjuvantimmu-
notherapy for high risk breast cancer: a randomized study. Biotherapy. 1993; 6:9-12. PMID: 8389572

Shen ML, Johnson KL, Mays DC, Lipsky JJ, Naylor S. Determination of in vivo adducts of disulfiram
with mitochondrial aldehyde dehydrogenase. Biochem Pharmacol. 2001; 61:537—45. PMID: 11239496

Yip NC, Fombon IS, Liu P, Brown S, Kannappan V, Armesilla AL, et al. Disulfiram modulated ROS-
MAPK and NFkB pathways and targeted breast cancer cells with cancer stem cell-like properties. Br J
Cancer. 2011; 104:1564—74. https://doi.org/10.1038/bjc.2011.126 PMID: 21487404

Chen D, Cui QC, Yang H, Dou QP. Disulfiram, a clinically used anti-alcoholism drug and copper-binding
agent, induces apoptotic cell death in breast cancer cultures and xenografts via inhibition of the protea-
some activity. Cancer Res. 2006; 66:10425-33. https://doi.org/10.1158/0008-5472.CAN-06-2126
PMID: 17079463

Lévborg H, Oberg F, Rickardson L, Gullbo J, Nygren P, Larsson R. Inhibition of proteasome activity,
nuclear factor-KappaB translocation and cell survival by the antialcoholism drug disulfiram. Int J Cancer.
2006; 118:1577-80. https://doi.org/10.1002/ijc.21534 PMID: 16206267

Allensworth JL, Evans MK, Bertucci F, Aldrich AJ, Festa RA, Finetti P, et al. Disulfiram (DSF) acts as a
copper ionophore to induce copper-dependent oxidative stress and mediate anti-tumor efficacy in
inflammatory breast cancer. Mol Oncol. 2015; 9:1155-68. https://doi.org/10.1016/j.molonc.2015.02.
007 PMID: 25769405

PLOS ONE | https://doi.org/10.1371/journal.pone.0203069 September 13,2018 11/12


https://doi.org/10.1016/j.oraloncology.2012.03.013
http://www.ncbi.nlm.nih.gov/pubmed/22520054
https://doi.org/10.1038/nrd3461
https://doi.org/10.1038/nrd3461
http://www.ncbi.nlm.nih.gov/pubmed/21629277
https://doi.org/10.1158/1078-0432.CCR-09-1035
http://www.ncbi.nlm.nih.gov/pubmed/19789329
https://doi.org/10.1158/0008-5472.CAN-06-2126
http://www.ncbi.nlm.nih.gov/pubmed/17079463
https://doi.org/10.1186/1479-5876-12-163
http://www.ncbi.nlm.nih.gov/pubmed/24915933
https://doi.org/10.1158/0008-5472.CAN-13-3527
https://doi.org/10.1158/0008-5472.CAN-13-3527
http://www.ncbi.nlm.nih.gov/pubmed/25320179
https://doi.org/10.18632/oncotarget.2166
http://www.ncbi.nlm.nih.gov/pubmed/25277186
http://www.ncbi.nlm.nih.gov/pubmed/8389572
http://www.ncbi.nlm.nih.gov/pubmed/11239496
https://doi.org/10.1038/bjc.2011.126
http://www.ncbi.nlm.nih.gov/pubmed/21487404
https://doi.org/10.1158/0008-5472.CAN-06-2126
http://www.ncbi.nlm.nih.gov/pubmed/17079463
https://doi.org/10.1002/ijc.21534
http://www.ncbi.nlm.nih.gov/pubmed/16206267
https://doi.org/10.1016/j.molonc.2015.02.007
https://doi.org/10.1016/j.molonc.2015.02.007
http://www.ncbi.nlm.nih.gov/pubmed/25769405
https://doi.org/10.1371/journal.pone.0203069

@° PLOS | ONE

Anti-cancer effect of disulfiram in head and neck cancer

14.

15.

16.

17.

18.

19.

20.

21,

22,

Faiman MD, Jensen JC, Lacoursiere RB. Elimination kinetics of disulfiram in alcoholics after single and
repeated doses. Clin Pharmacol Ther. 1984; 36:520—6. PMID: 6090051

McMillin GA, Travis JJ, Hunt JW. Direct measurement of free copper in serum or plasma ultrafiltrate.
Am J Clin Pathol. 2009; 131:160-5. https://doi.org/10.1309/AJCP7Z9KBFINVGYF PMID: 19141375

Chen D, Cui QC, Yang H, Dou QP. Disulfiram, a clinically used anti-alcoholism drug and copper-binding
agent, induces apoptotic cell death in breast cancer cultures and xenografts via inhibition of the protea-
some activity. Cancer Res. 2006; 66:10425-33. https://doi.org/10.1158/0008-5472.CAN-06-2126
PMID: 17079463

Yip NC, Fombon IS, Liu P, Brown S, Kannappan V, Armesilla AL, et al. Disulfiram modulated ROS-
MAPK and NFkB pathways and targeted breast cancer cells with cancer stem cell-like properties. Br J
Cancer. 2011; 104:1564-74. https://doi.org/10.1038/bjc.2011.126 PMID: 21487404

Hashibe M, Brennan P, Benhamou S, Castellsague X, Chen C, Curado MP, et al. Alcohol drinking in
never users of tobacco, cigarette smoking in never drinkers, and the risk of head and neck cancer:
pooled analysis in the International Head and Neck Cancer Epidemiology Consortium. J Natl Cancer
Inst. 2007; 99:777-89. https://doi.org/10.1093/jnci/djk179 PMID: 17505073

Leoncini E, Vukovic V, Cadoni G, Pastorino R, Arzani D, Bosetti C, et al. Clinical features and prognostic
factors in patients with head and neck cancer: Results from a multicentric study. Cancer Epidemiol.
2015; 39:367—74. https://doi.org/10.1016/j.canep.2015.02.004 PMID: 25770642

Skrott Z, Mistrik M, Andersen KK, Friis S, Majera D, Gursky J, et al. Alcohol-abuse drug disulfiram tar-
gets cancer via p97 segregase adaptor NPL4. Nature. 2017; 552:194—199. https://doi.org/10.1038/
nature25016 PMID: 29211715

Wang NN, Wang LH, Li Y, Fu SY, Xue X, Jia LN, et al. Targeting ALDH2 with disulfiram/copper reverses
the resistance of cancer cells to microtubule inhibitors. Exp Cell Res. 2018; 362:72-82. https://doi.org/
10.1016/j.yexcr.2017.11.004 PMID: 29155365

MacDonagh L, Gallagher MF, Ffrench B, Gasch C, Breen E, Gray SG, et al. Targeting the cancer stem
cell marker, aldehyde dehydrogenase 1, to circumvent cisplatin resistance in NSCLC. Oncotarget.
2017; 8:72544-72563. https://doi.org/10.18632/oncotarget.19881 PMID: 29069808

PLOS ONE | https://doi.org/10.1371/journal.pone.0203069 September 13,2018 12/12


http://www.ncbi.nlm.nih.gov/pubmed/6090051
https://doi.org/10.1309/AJCP7Z9KBFINVGYF
http://www.ncbi.nlm.nih.gov/pubmed/19141375
https://doi.org/10.1158/0008-5472.CAN-06-2126
http://www.ncbi.nlm.nih.gov/pubmed/17079463
https://doi.org/10.1038/bjc.2011.126
http://www.ncbi.nlm.nih.gov/pubmed/21487404
https://doi.org/10.1093/jnci/djk179
http://www.ncbi.nlm.nih.gov/pubmed/17505073
https://doi.org/10.1016/j.canep.2015.02.004
http://www.ncbi.nlm.nih.gov/pubmed/25770642
https://doi.org/10.1038/nature25016
https://doi.org/10.1038/nature25016
http://www.ncbi.nlm.nih.gov/pubmed/29211715
https://doi.org/10.1016/j.yexcr.2017.11.004
https://doi.org/10.1016/j.yexcr.2017.11.004
http://www.ncbi.nlm.nih.gov/pubmed/29155365
https://doi.org/10.18632/oncotarget.19881
http://www.ncbi.nlm.nih.gov/pubmed/29069808
https://doi.org/10.1371/journal.pone.0203069

