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Abstract

The alcohol-abuse drug disulfiram has antitumor effects against diverse cancer types via
inhibition of the ubiquitin-proteasome protein nuclear protein localization protein 4 (NPL4).
However, the antitumor effects of NPL4 and disulfiram in clear cell renal cell carcinoma
(ccRCC) are unclear. Here, we evaluated the therapeutic potential of targeting the ubiquitin-
proteasome pathway using disulfiram and RNA interference and investigated the mecha-
nisms underlying disulfiram in ccRCC. According to data from The Cancer Genome Atlas,
NPL4 mRNA expression was significantly upregulated in clinical ccRCC samples compared
with that in normal kidney samples, and patients with high NPL4 expression had poor overall
survival compared with patients with low NPL4 expression. Disulfiram and NPL4 siRNA
inhibited ccRCC cell proliferation in vitro, and disulfiram inhibited ccRCC tumor growth in a
xenograft model. Synergistic antiproliferative effects were observed for combination treat-
ment with disulfiram and sunitinib in vitro and in vivo. In RCC cells from mice treated with
disulfiram and/or sunitinib, several genes associated with serine biosynthesis and aldose
reductase were downregulated in cells treated with disulfiram or sunitinib alone and further
downregulated in cells treated with both disulfiram and sunitinib. These findings provided
insights into the mechanisms of disulfiram and suggested novel therapeutic strategies for
RCC treatment.

Introduction

Renal cell carcinoma (RCC) is one of the most common human cancers of the kidney and the
seventh most common tumor types [1]. At the time of diagnosis, nearly 30% of RCCs have
already metastasized [2]. Surgical resection can effectively resolve clear cell RCC (ccRCC);
however, 40% of patients suffer local recurrence or distinct metastasis following surgery [3].
To date, molecularly targeted therapeutics, such as multitargeted receptor tyrosine kinase
(RTK) or mammalian target of rapamycin (mTOR) inhibitors, and anti-programmed death-1
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(PD-1) antibodies have been widely used for patients with metastatic or recurrent RCC.
Unfortunately, most patients treated with these drugs eventually suffer from progressive dis-
ease owing to intrinsic or acquired resistance [4,5], and the antitumor effects of these drugs
have shown limited benefits. Therefore, the 5-year survival rate of patients with advanced-
stage RCC is still less than 20%, even though survival rates have increased [6]. Accordingly, in
order to improve outcomes in patients with RCC, it is necessary to identify new therapeutic
approaches for the treatment of RCC.

Our recent studies showed that RCC has a diverse range of metabolites and that activation
of serine biosynthesis can be targeted by inhibition of phosphoglycerate dehydrogenase
(PHGDH) [7]. In addition, we also showed that bromodomain containing 4 (BRD4), a mem-
ber of the bromodomain family proteins, can be targeted in RCC [8]. In both studies, in vivo
and in vitro analyses showed antitumor effects in RCCs using PHGDH or BRD4 inhibitors,
which exhibit mechanisms different from those of RTK and mTOR inhibitors or anti-PD-1
antibodies. Recently, the alcohol-abuse drug disulfiram has been shown to have antitumor
effects against diverse cancer types via inhibition of nuclear protein localization protein 4
(NPL4), which is involved in the ubiquitin-proteasome pathway [9]. Although disulfiram is
known to have antitumor effects, this was the first study showing the involvement of a mecha-
nism associated with the ubiquitin-proteasome pathway. However, the potential therapeutic
applications of targeting the ubiquitin-proteasome pathway using disulfiram in RCC have not
been investigated. In addition, the ubiquitin-proteasome pathway is different from other path-
ways that are already being exploited in currently available treatments for ccRCC.

Accordingly, in this study, we investigated the anticancer efficacy of disulfiram in vitro and
in vivo and examined the molecular mechanisms underlying disulfiram inhibition in RCC.
First, we investigated the clinical relevance of NPL4 using data on ccRCC from The Cancer
Genome Atlas (TCGA). In addition, we evaluated the therapeutic potential of disulfiram in
vitro and in vivo using RCC cells. For further analyses, we performed combined treatment
with disulfiram and sunitinib in vitro and in vivo in RCC cells because sunitinib, which mainly
inhibits angiogenesis through suppression of vascular endothelial growth factor receptor
(VEGEFR), is clinically used as a first-line and second-line therapy for patients with advanced
RCC. Moreover, we performed proteomic analyses of RCC cell fractions from mice treated
with disulfiram and/or sunitinib to discover novel pathways underlying the effects of disulfi-
ram in RCC cells.

Materials and methods
Cell culture

A human embryonic kidney cell line (HEK-293) was obtained from TaKaRa (Japan), human
kidney cortex/proximal tubule epithelial cell line (HK2), and human RCC cell lines 786-o,
A498, Cakil, and Caki2 were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA) in 2010. They were maintained in culture for no more than 30 continu-
ous passages. ATCC authenticated cell lines with short tandem repeat profiling. All cell lines
were tested and found negative for mycoplasma (e-Myco Mycoplasma PCR Detection Kit;
iNtRON Biotechnology, Korea). Cells were incubated in RPMI 1640 medium (Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum and maintained in
a humidified incubator (5% CQO,) at 37°C.

Transfection with small interfering RNA (siRNA)

As described elsewhere [10], RCC cells were transfected with Lipofectamine RNAIMAX trans-
fection reagent (Thermo Fisher Scientific) and Opti-MEM (Thermo Fisher Scientific) with 10
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nM siRNA. NPL4 siRNA (SASI_ Hs02_00350914 and SASI_ Hs02_00350915; Sigma-Aldrich,
St. Louis, MO, USA) and negative-control siRNA (D-001810-10; Thermo Fisher Scientific)
were used in loss-of-function experiments.

Cell proliferation, apoptosis, and caspase-3/7 activity assays

At 72 or 96 h after addition of siRNA, disulfiram (stock solution DMSO, Tocris Bioscience,
Bristol, UK), or sunitinib (stock solution DMSO, Biorbyt, Cambridge, UK), cell proliferation
was determined by XTT assays using a Cell Proliferation kit II (Roche Molecular Biochemicals,
Mannheim, Germany) according to the manufacturer’s instructions. Cell apoptosis assays
were carried out within 1 h by flow cytometry (CytoFLEX analyzer; Beckman Coulter, Brea,
CA, USA) using a FITC Annexin V Apoptosis Detection Kit (BD Biosciences) according to
the manufacturer’s recommendations. Cells were separated into viable cells, dead cells, and
early and late apoptotic cells using CellQuest software (BD Biosciences, Bedford, MA, USA),
and the percentage of total apoptotic cells from each sample was compared. Caspase-3/7 activ-
ity was measured using CellEvent caspase-3/7 Green Detection Reagent (Invitrogen, Carlsbad,
CA, USA). Initially, RCC cell lines grown in 96-well plates were treated with control, 1 uM
disulfiram, 10 uM sunitinib, or a combination of 1 uM disulfiram and 10 uM sunitinib. After
48 h, 5 uM caspase-3/7 reagent was added to each well and incubated for 30 min. Fluorescence
was then measured and recorded for each well. For the analysis, the measurements were nor-
malized to the cell proliferation results obtained by XTT assays performed at the same time (48
h). Experiments were carried out in triplicate. In this study, we adopted sunitinib concentra-
tion as 10 uM according to previous study [7], in which 5 pM sunitinib showed inhibitory
effect of 786-0 cell proliferation by around 30%, whereas 10 uM sunitinib showed it by 80%.

Cell migration and invasion assays

Cell migration activity was evaluated with wound healing assays. Cell invasion assays were per-
formed using modified Boyden chambers consisting of Transwell precoated Matrigel mem-
brane filter inserts with 8-pm pores in 24-well tissue culture plates (BD Biosciences). The
experimental procedures were performed as described in our previous study [11].

Immunoassays

Western blot analysis was carried out as previously described [12] with diluted (1:1,000) anti-
NPL4 antibodies (Novus bio, CO, USA), anti-AKR1B1 antibodies (GTX113381; Gene Tex,
Inc., Irvine CA, USA), anti-PSAT1 antibodies (GTX633623; Gene Tex), and anti-b-actin anti-
bodies (bs-0061R; Bioss). For immunofluorescence analyses, nuclei were stained with DAPI (1
mg/mL; Kirkegaard and Perry Laboratories), and slides were mounted in Fluoromount (Diag-
nostic Biosystems). Anti-NPL4 antibodies were used as the primary antibody at a dilution of
1:100, and binding was visualized using secondary antibodies conjugated to Alexa Fluor 488
(ab150077; Abcam).

In vivo tumor xenograft model

A mixture containing 100 uL 786-o cells (2 x 10° cells) and 100 uL Matrigel Matrix (Corning,
NY, USA) was injected subcutaneously into the flanks of female nude mice (BALB/c nu/nu,
6-8 weeks old). Mice were anesthetized with 1% to 3% isoflurane in 2 L/min oxygen during
cell injection. Mice were separated into four groups: vehicle, disulfiram (200 mg/kg, adminis-
tered by oral gavage, 5 times a week), sunitinib (40 mg/kg, administered by oral gavage, 5
times a week), or the combination of disulfiram and sunitinib. The dose was adjusted
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according to the weight of each mouse. Mice condition was monitored 5 times a week, and all
mice were euthanized by cervical dislocation when the xenografts were harvested. All animal
experiments were approved by the animal care review board of Kagoshima University.

Proteomics analyses with tumor sections obtained from the xenograft
model

In vitro proteome-assisted multiple reaction monitoring for protein absolute quantification analy-
sis was performed by using tumor fractions from our in vivo study at Kyusyu University in Japan
[13]. In our proteomic analysis, we focused on 342 metabolic enzymes, excluding NPL4. We
applied the analysis to search for unknown effects of disulfiram on metabolic enzymes.

Overall survival analysis of a ccRCC cohort (KIRC) from TCGA

TCGA cohort data for 72 normal kidneys and 534 patients with ccRCC (KIRC) were used to
determine the relationships between NPLOC4 (NPL4) expression in normal tissues and in
ccRCCs and between NPL4 expression in ccRCC and overall survival. Normalized RNA-seq
by expectation-maximization values from RNA-seq expression data were used for gene expres-
sion quantification [14]. Full sequencing information and clinical information were acquired
from cBioPortal (http://www.cbioportal.org/public-portal/) and TCGA database (https://tcga-
data.nci.nih.gov/tcga/) [15-17].

Statistical analysis

Data are presented as means + standard deviations of at least 3 independent experiments. Rela-
tionships between two or three variables and numerical values were analyzed using Mann-
Whitney U tests or Bonferroni-adjusted Mann-Whitney U tests. Overall survival in patients
with ccRCC from TCGA cohort was evaluated by the Kaplan-Meier method. Patients were
numerically divided equally into two groups according to NPL4 expression, and differences
between the two groups were evaluated by log-rank tests. We used Expert Stat View software,
version 5.0 (Cary, NC, USA) for these analyses. When P < 0.05, the data were accepted as
showing a statistically significant difference.

Results
Clinical significance of NPL4 expression in ccRCC

The expression levels of NPL4 were significantly higher in ccRCCs than in normal kidneys in
data obtained from TCGA database (P < 0.0001; Fig 1A). In addition, the expression level of
NPL4 was significantly increased in grade 3 and 4 cases compared with that in grade 1 and 2
cases and in pathological T3 and 4 cases compared with that in T1 and 2 cases (Fig 1B). We
then evaluated the correlation between NPL4 expression level and overall survival in patients
with ccRCC. The cohort was numerically divided equally into two groups based on NPL4
expression. We found that the low NPL4 expression group (n = 266) had better median overall
survival compared with the high NPL4 expression group (n = 266; P < 0.0001; Fig 1C). Fur-
thermore, western blot analyses demonstrated that NPL4 protein expressions in several ccRCC
cells were elevated in comparison with the levels in human kidney HEK-293 and HK2 cells
(Fig 1D).

Effects of NPL4 inhibition by siRNA or disulfiram in RCC cells

Cell proliferation was inhibited by transfection of RCC cells with siNPL4 compared with that
in mock or siControl transfection (P < 0.0001; Fig 2A). Cell migration and invasion were also
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Fig 1. Analysis of TCGA kidney clear cell carcinoma (KIRC) datasets. (A) Expression levels of NPL4 in normal kidney tissues and ccRCC specimens were determined
using KIRC data. (B) In the ccRCC cohort of TCGA, the expression levels of NPL4 were significantly increased in pathological G3 and G4 cases (left) and pathological
T3 and T4 categories (right). (C) Kaplan-Meier survival curves of overall survival rates based on NPL4 expression in 532 patients with ccRCC. P values were calculated
using log-rank tests. (D) NPL4 protein expression levels in HEK-293, HK2, and RCC cell lines were determined by western blotting.

https://doi.org/10.1371/journal.pone.0236119.9001

inhibited by transfection of RCC cells with siNPL4 compared with that in mock or siControl

transfection (P < 0.0001; Fig 2B). Furthermore, cell proliferation was inhibited by disulfiram

in a concentration-dependent manner (Fig 2C). Immunofluorescence analyses showed NPL4
aggregation with its increased intensity in 786-o cells after disulfiram treatment (Fig 2D).

Effects of disulfiram and sunitinib in RCC cells

Next, we examined the effects of combining treatments with disulfiram and sunitinib. Cell pro-
liferation data showed significant synergistic effects on tumor suppression compared with that
achieved with the individual agents (P < 0.001; Fig 3A). Cell migration assays also showed sig-
nificant synergistic effects on tumor migration compared with that achieved with the individual
agents (P < 0.0001; Fig 3B, left). In contrast, there was a tendency for synergism in assays of cell
invasion, although the differences were not significant aside from that between disulfiram and
combination in 786-o cells (P = 0.0021; Fig 3B, right). We also performed xenograft assays with
disulfiram plus sunitinib. The results showed that tumor growth was significantly suppressed in
mice treated with disulfiram compared with that in vehicle-treated mice (P = 0.02). In addition,
combined treatment using disulfiram and sunitinib showed synergistic effects on tumor sup-
pression compared with vehicle-treated mice (P = 0.005), although the differences in tumor vol-
ume suppression between the combined group and single agent groups were not significant
(Fig 3C). The relationships among the treatment groups at each time point were analyzed using
Bonferroni-adjusted Mann-Whitney U tests to adjust for multiplicity.
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Fig 2. Effects of siNPL4 transfection and disulfiram on RCC cell lines. (A) Cell proliferation was determined by XTT assays at 96 h after transfection with siNPL4 (A;
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https://doi.org/10.1371/journal.pone.0236119.9002

Disulfiram induced apoptosis through caspase-3/7 activation in RCC cell
lines

To elucidate the mechanisms mediating the synergistic effects of disulfiram and sunitinib, we
evaluated NPL4 expression levels in cells treated with control, disulfiram, sunitinib, or the
combination of disulfiram and sunitinib. Western blot analysis showed slight decrease of
NPL4 in sunitinib or the combination compared with control or disulfiram (Fig 4A). Apopto-
sis was detected using flow cytometry after 72 h treatment with disulfiram. The apoptotic cell
fractions were significantly greater after combined treatment with disulfiram or sunitinib in
786-0, A498, and Cakil cells (Fig 4B). In Caki2 cells, there were no significant differences
between sunitinib and the combination treatment, whereas significantly increased apoptotic
cell fractions were observed after combination treatment compared with disulfiram treatment
alone (Fig 4B). Caspase3/7 activity assays showed that fluorescent intensity was significantly
increased after combination treatment compared with that after disulfiram treatment alone in
A498, Cakil, and Caki2 cells and compared with that after sunitinib treatment alone in 786-o,
A498, Cakil, and Caki2 cells (Fig 4C).

Proteomic analyses of RCC cell fractions from mice treated with disulfiram
and/or sunitinib

Quantitative proteomics analyses were performed by using tumor fractions from mice in Fig
3C to search for unknown effects of disulfiram other than NPL4. The results showed that there
were several proteins for which the absolute quantity was decreased by at least 50% (Fig 5A).
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Quantitative proteomics analyses also showed that proteins were further downregulated in
cells treated with the combination of both disulfiram and sunitinib compared with that in cells
treated with disulfiram or sunitinib alone (Fig 5B). Proteomics analyses showed that disulfiram
decreased the expression of aldo-keto reductase family 1, member B1 (AKR1B1) and phospho-
serine aminotransferase 1 (PSAT1) by more than 70%, and several genes were also decreased
not only by disulfiram but also by sunitinib or the combination. We then examined the expres-
sion levels of AKR1B1 and PSAT1 by using RCC cells in vitro. However, AKR1B1 and PSAT1
levels were not decreased in cells treated with disulfiram (Fig 5C). We assumed that the reason
for its discrepancy may have been related to differences among samples; tumor fractions were
used in the proteomics analyses, whereas cells treated with disulfiram for only 72 h in vitro
were used in western blot analyses.

Discussion

NPL4, one of the most important cofactors of valosin-containing protein (p97) together with
Ufd1, is involved in many p97-dependent processes, including endoplasmic reticulum-associ-
ated protein degradation (ERAD), by segregating polyubiquitinated proteins from complexes
or membranes [18]. Because cancer cells are characterized by high protein synthesis rates and
rapid cell cycle progression, these cell rely heavily on ERAD pathways [19]. Moreover, several
studies have shown that elevated expression of p97 is associated with poor prognosis in pros-
tate cancer, esophageal cancer, pancreatic ductal adenocarcinoma, and non-small cell lung
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https://doi.org/10.1371/journal.pone.0236119.9004

carcinoma [20-23]. In addition, increased p97 expression is associated with lymph node
metastasis in pancreatic ductal adenocarcinoma and with disease recurrence in follicular thy-
roid cancer [22,24]. Because of the strong association between p97 expression and cancer
prognosis, p97 inhibitors have also been shown to have inhibitory effects against various can-
cers. For example, Anderson et al. showed that the p97 inhibitor CB-5083 exerted antitumor
activity through induction of apoptosis in several hematological and solid tumor models [19].
Furthermore, antitumor activity of CB-5083 was observed in xenograft models of colon can-
cer, non-small cell lung cancer, plasmacytoma, and colorectal cancer patient-derived xenograft
models. Because of its promising anticancer activity, CB-5083 has been evaluated in phase I
clinical trials for the treatment of patients with lymphoid hematologic malignancies [25]. How-
ever, these phase I clinical trials failed owing to unexpected off-target effects, necessitating fur-
ther improvement of the inhibitor.

In contrast to p97, the roles of NPL4 in cancers have not been thoroughly evaluated. Skrott
et al. reported that dysfunction of the p97 pathway owing to NPL4 aggregate formation in
response to disulfiram causes cell death through inhibition of protein degradation with its
increased intensity [9,26]. In this paper, NPL4 aggregation with its increased intensity was also
indicated in 786-0 cells after disulfiram treatment. Moreover, Lu et al. showed that NPL4 was
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Fig 5. Proteomic analyses of RCC cell fractions from mice treated with disulfiram and/or sunitinib. Absolute quantification of proteins downregulated by disulfiram
(A) or combination treatment with disulfiram and sunitinib (B). (C) AKR1B1 and PSAT1 protein expression levels in RCC cell lines treated with control, disulfiram,
sunitinib, or the combination of disulfiram and sunitinib for 48 h were determined by western blotting analyses.

https://doi.org/10.1371/journal.pone.0236119.9005

upregulated in bladder cancer tissue and was correlated with poor prognosis; NPL4 knock-
down was found to decrease bladder cancer cell proliferation by reduction of cyclin D1 expres-
sion [27]. Because NPL4 is the most important cofactor of p97, NPL4, which can be targeted
by disulfiram, is also a key molecule for the treatment of cancers.

Disulfiram has synergistic antitumor effects with other drugs, including copper, doxorubi-
cin, and temozolomide, in several cancers [28-30]. Interestingly, Ketola et al. indicated that
sunitinib acted synergistically with disulfiram to induce apoptosis in prostate cancer cells [31].
Thus, our finding that disulfiram plus sunitinib treatment had additive antitumor effects
through induction of apoptosis was plausible. However, the effects of disulfiram and sunitinib
on cell proliferation and apoptosis differed in this study, particularly in A498 cells. We then
postulated that the different mutational status of each cell line, as indicated in CCLE (https://
portals.broadinstitute.org/ccle), may have contributed to the differences in cell proliferation
and apoptosis. We anticipate that the combination of disulfiram and sunitinib may enable
reduction of the dose of sunitinib, thereby avoiding severe adverse events and toxicity-related
death. In addition, the benefits of combination therapy with disulfiram can also be applied to
other drugs, such as pazopanib and axitinib, because these drugs are also clinically used to
block tumor angiogenesis through VEGEFR inhibition, similar to sunitinib for the treatment of
RCC. Interestingly, Zhou et al. demonstrated that combination therapy with disulfiram/Cu**
and an anti-PD-1 antibody showed much better antitumor efficacy than monotherapy via
PD-L1 stabilization in hepatocellular carcinoma [32]. Because anti-PD-1 antibody treatment is
already used for patients with RCC exhibiting recurrence or metastasis and because combina-
tion therapies, such as anti-PD-1 antibody plus anti-CTLA4 antibody treatment or anti-PD-1
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antibody plus axitinib treatment, have also been applied clinically in the treatment of RCC
[33], combination therapy with disulfiram may be a promising approach. Clinical trials with
these combination therapies are needed to improve cancer treatment options in the near
future.

In order to investigate the NPL4-independent mechanisms of action of disulfiram, proteo-
mics analyses were performed using tumor fractions from our in vivo study. The results
showed that disulfiram decreased the expression of PSAT1 and AKR1B1 by more than 70%.
PSATI is an enzyme that functions downstream of PHGDH in the serine biosynthetic pathway
[34]. The serine biosynthetic pathway is essential for the maintenance of rapid, sustained,
uncontrolled cell proliferation in cancer cells owing to the production of one-carbon units that
contribute to de novo synthesis of purines and pyridines [35]. Interestingly, disulfiram inhibits
PHGDH [36,37]; although PHGDH was not detected in this proteomics analysis, the serine
biosynthetic pathway can be inhibited by disulfiram through PSAT1 inhibition. The aldo-keto
reductase AKR1BI is associated with diabetes mellitus and is broadly overexpressed in human
cancers; AKR1B1 overexpression is related to shortened patient survival in acute myelogenous
leukemia and multiple myelomas [38]. Moreover, AKR1BI expression is significantly
increased in RCC compared with that in corresponding normal kidney tissues [38]. Although
it is unclear whether AKR1B1 expression is a biomarker for cancer or a potential target for
cancer treatment, several studies have shown that AKR proteins play central roles in the cellu-
lar response to osmotic, electrophilic, and oxidative stress [39,40], suggesting potential applica-
tions in cancer therapy. Because we did not fully investigate the mechanisms associated with
PSAT1 and AKR1BI in this study, further investigations are necessary to improve our under-
standing of the mechanisms underlying the antitumor effects of disulfiram.

In conclusion, disulfiram showed excellent antitumor effects against RCC cells in vitro and
vivo. In addition, additive antitumor effects were observed in combination treatment with
disulfiram and sunitinib in vitro and vivo. Furthermore, our findings indicated that the antitu-
mor effects observed in this study may be caused by downregulation of serine biosynthesis and
aldose reductase. To the best of our knowledge, this is the first paper indicating the potential
therapeutic applications of disulfiram in the treatment of RCC.

Supporting information

S1 ChecKlist.
(PDF)

S1 Data.
(XLSX)

S1 File.
(ZIP)

Acknowledgments

We thank Ms. Keiko Yoshitomi, Department of Urology, Graduate School of Medical and
Dental Sciences, Kagoshima University (Kagoshima, Japan) for excellent laboratory assistance.

Author Contributions
Data curation: Yasutoshi Yamada, Masafumi Tsuruda, Satoshi Sugita.

Formal analysis: Kazuki Kuroshima.

PLOS ONE | https://doi.org/10.1371/journal.pone.0236119  July 15, 2020 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0236119.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0236119.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0236119.s003
https://doi.org/10.1371/journal.pone.0236119

PLOS ONE

Targeting NPL4 via dislfiram for ccRCC tratment

Funding acquisition: Takashi Sakaguchi, Shuichi Tatarano.

Investigation: Hirofumi Yoshino.

Methodology: Hirofumi Yoshino.

Supervision: Yasutoshi Yamada, Masayuki Nakagawa.
Validation: Yasutoshi Yamada, Yoichi Osako.

Writing - review & editing: Hideki Enokida.

References

1.

10.

11.

12

13.

14.

Capitanio U, Montorsi F. Renal cancer. Lancet (London, England). 2016; 387(10021):894—906. Epub
2015/09/01. https://doi.org/10.1016/s0140-6736(15)00046-x PMID: 26318520.

Gupta K, Miller JD, Li JZ, Russell MW, Charbonneau C. Epidemiologic and socioeconomic burden of
metastatic renal cell carcinoma (mRCC): a literature review. Cancer treatment reviews. 2008; 34
(8):193—-205. Epub 2008/03/04. https://doi.org/10.1016/j.ctrv.2007.12.001 PMID: 18313224.

Koul H, Huh JS, Rove KO, Crompton L, Koul S, Meacham RB, et al. Molecular aspects of renal cell car-
cinoma: a review. American journal of cancer research. 2011; 1(2):240-54. Epub 2011/10/05. PMID:
21969126; PubMed Central PMCID: PMC3180049.

Bergers G, Hanahan D. Modes of resistance to anti-angiogenic therapy. Nature reviews Cancer. 2008;
8(8):592—-603. Epub 2008/07/25. https://doi.org/10.1038/nrc2442 PMID: 18650835; PubMed Central
PMCID: PMC2874834.

Kelderman S, Schumacher TN, Haanen JB. Acquired and intrinsic resistance in cancer immunotherapy.
Molecular oncology. 2014; 8(6):1132-9. Epub 2014/08/12. https://doi.org/10.1016/j.molonc.2014.07.
011 PMID: 25106088; PubMed Central PMCID: PMC5528612.

Hsieh JJ, Purdue MP, Signoretti S, Swanton C, Albiges L, Schmidinger M, et al. Renal cell carcinoma.
Nature reviews Disease primers. 2017; 3:17009. Epub 2017/03/10. https://doi.org/10.1038/nrdp.2017.9
PMID: 28276433; PubMed Central PMCID: PMC5936048.

Yoshino H, Nohata N, Miyamoto K, Yonemori M, Sakaguchi T, Sugita S, et al. PHGDH as a Key
Enzyme for Serine Biosynthesis in HIF2alpha-Targeting Therapy for Renal Cell Carcinoma. Cancer
research. 2017; 77(22):6321-9. Epub 2017/09/28. https://doi.org/10.1158/0008-5472.CAN-17-1589
PMID: 28951458; PubMed Central PMCID: PMC5893502.

Sakaguchi T, Yoshino H, Sugita S, Miyamoto K, Yonemori M, Osako Y, et al. Bromodomain protein
BRD4 inhibitor JQ1 regulates potential prognostic molecules in advanced renal cell carcinoma. Onco-
target. 2018; 9(33):23003-17. Epub 2018/05/26. https://doi.org/10.18632/oncotarget.25190 PMID:
29796168; PubMed Central PMCID: PMC5955408.

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(7684):194—9. Epub 2017/12/07.
https://doi.org/10.1038/nature25016 PMID: 29211715; PubMed Central PMCID: PMC5730499.

Nohata N, Hanazawa T, Kinoshita T, Inamine A, Kikkawa N, Itesako T, et al. Tumour-suppressive
microRNA-874 contributes to cell proliferation through targeting of histone deacetylase 1 in head and
neck squamous cell carcinoma. British journal of cancer. 2013; 108(8):1648-58. Epub 2013/04/06.
https://doi.org/10.1038/bjc.2013.122 PMID: 23558898; PubMed Central PMCID: PMC3668462.

Miyamoto K, Seki N, Matsushita R, Yonemori M, Yoshino H, Nakagawa M, et al. Tumour-suppressive
miRNA-26a-5p and miR-26b-5p inhibit cell aggressiveness by regulating PLOD2 in bladder cancer. Br J
Cancer. 2016; 115(3):354-63. Epub 2016/06/17. https://doi.org/10.1038/bjc.2016.179 PMID:
27310702; PubMed Central PMCID: PMC4973152.

Yoshino H, Yonemori M, Miyamoto K, Tatarano S, Kofuji S, Nohata N, et al. microRNA-210-3p depletion
by CRISPR/Cas9 promoted tumorigenesis through revival of TWIST1 in renal cell carcinoma. Oncotar-
get. 2017; 8(13):20881-94. Epub 2017/02/06. https://doi.org/10.18632/oncotarget. 14930 PMID:
28152509; PubMed Central PMCID: PMC5400553.

Matsumoto M, Matsuzaki F, Oshikawa K, Goshima N, Mori M, Kawamura Y, et al. A large-scale tar-
geted proteomics assay resource based on an in vitro human proteome. Nature methods. 2017; 14
(3):251-8. Epub 2017/03/08. https://doi.org/10.1038/nmeth.4116 PMID: 28267743.

Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data with or without a refer-
ence genome. BMC bioinformatics. 2011; 12:323. Epub 2011/08/06. https://doi.org/10.1186/1471-
2105-12-323 PMID: 21816040; PubMed Central PMCID: PMC3163565.

PLOS ONE | https://doi.org/10.1371/journal.pone.0236119  July 15, 2020 11/13


https://doi.org/10.1016/s0140-6736(15)00046-x
http://www.ncbi.nlm.nih.gov/pubmed/26318520
https://doi.org/10.1016/j.ctrv.2007.12.001
http://www.ncbi.nlm.nih.gov/pubmed/18313224
http://www.ncbi.nlm.nih.gov/pubmed/21969126
https://doi.org/10.1038/nrc2442
http://www.ncbi.nlm.nih.gov/pubmed/18650835
https://doi.org/10.1016/j.molonc.2014.07.011
https://doi.org/10.1016/j.molonc.2014.07.011
http://www.ncbi.nlm.nih.gov/pubmed/25106088
https://doi.org/10.1038/nrdp.2017.9
http://www.ncbi.nlm.nih.gov/pubmed/28276433
https://doi.org/10.1158/0008-5472.CAN-17-1589
http://www.ncbi.nlm.nih.gov/pubmed/28951458
https://doi.org/10.18632/oncotarget.25190
http://www.ncbi.nlm.nih.gov/pubmed/29796168
https://doi.org/10.1038/nature25016
http://www.ncbi.nlm.nih.gov/pubmed/29211715
https://doi.org/10.1038/bjc.2013.122
http://www.ncbi.nlm.nih.gov/pubmed/23558898
https://doi.org/10.1038/bjc.2016.179
http://www.ncbi.nlm.nih.gov/pubmed/27310702
https://doi.org/10.18632/oncotarget.14930
http://www.ncbi.nlm.nih.gov/pubmed/28152509
https://doi.org/10.1038/nmeth.4116
http://www.ncbi.nlm.nih.gov/pubmed/28267743
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/1471-2105-12-323
http://www.ncbi.nlm.nih.gov/pubmed/21816040
https://doi.org/10.1371/journal.pone.0236119

PLOS ONE

Targeting NPL4 via dislfiram for ccRCC tratment

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Comprehensive molecular characterization of clear cell renal cell carcinoma. Nature. 2013; 499
(7456):43-9. Epub 2013/06/25. https://doi.org/10.1038/nature 12222 PMID: 23792563; PubMed Central
PMCID: PMC3771322.

Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio cancer genomics portal:
an open platform for exploring multidimensional cancer genomics data. Cancer Discov. 2012; 2(5):401—
4. Epub 2012/05/17. https://doi.org/10.1158/2159-8290.CD-12-0095 PMID: 22588877; PubMed Cen-
tral PMCID: PMC3956037.

Deng M, Bragelmann J, Schultze JL, Perner S. Web-TCGA: an online platform for integrated analysis of
molecular cancer data sets. BMC bioinformatics. 2016; 17:72. Epub 2016/02/08. https://doi.org/10.
1186/512859-016-0917-9 PMID: 26852330; PubMed Central PMCID: PMC4744375.

Bodnar N, Rapoport T. Toward an understanding of the Cdc48/p97 ATPase. F1000Research. 2017;
6:1318. Epub 2017/08/18. https://doi.org/10.12688/f1000research.11683.1 PMID: 28815021; PubMed
Central PMCID: PMC5543420.

Anderson DJ, Le Moigne R, Djakovic S, Kumar B, Rice J, Wong S, et al. Targeting the AAA ATPase
p97 as an Approach to Treat Cancer through Disruption of Protein Homeostasis. Cancer cell. 2015; 28
(5):653—-65. Epub 2015/11/12. https://doi.org/10.1016/j.ccell.2015.10.002 PMID: 26555175; PubMed
Central PMCID: PMC4941640.

Tsujimoto Y, Tomita Y, Hoshida Y, Kono T, Oka T, Yamamoto S, et al. Elevated expression of valosin-
containing protein (p97) is associated with poor prognosis of prostate cancer. Clinical cancer research:
an official journal of the American Association for Cancer Research. 2004; 10(9):3007—12. Epub 2004/
05/08. https://doi.org/10.1158/1078-0432.ccr-03-0191 PMID: 15131036.

Yamamoto S, Tomita Y, Hoshida Y, lizuka N, Kidogami S, Miyata H, et al. Expression level of valosin-
containing protein (p97) is associated with prognosis of esophageal carcinoma. Clinical cancer
research: an official journal of the American Association for Cancer Research. 2004; 10(16):5558-65.
Epub 2004/08/26. https://doi.org/10.1158/1078-0432.Ccr-0723-03 PMID: 15328197.

Yamamoto S, Tomita Y, Hoshida Y, Nagano H, Dono K, Umeshita K, et al. Increased expression of
valosin-containing protein (p97) is associated with lymph node metastasis and prognosis of pancreatic
ductal adenocarcinoma. Annals of surgical oncology. 2004; 11(2):165-72. Epub 2004/02/06. https://
doi.org/10.1245/as0.2004.05.012 PMID: 14761919.

Yamamoto S, Tomita Y, Hoshida Y, lizuka N, Monden M, Yamamoto S, et al. Expression level of valo-
sin-containing protein (p97) is correlated with progression and prognosis of non-small-cell lung carci-
noma. Annals of surgical oncology. 2004; 11(7):697—704. Epub 2004/07/03. https://doi.org/10.1245/
AS0.2004.10.018 PMID: 15231524.

Yamamoto S, Tomita Y, Uruno T, Hoshida Y, Qiu Y, lizuka N, et al. Increased expression of valosin-
containing protein (p97) is correlated with disease recurrence in follicular thyroid cancer. Annals of sur-
gical oncology. 2005; 12(11):925-34. Epub 2005/09/29. https://doi.org/10.1245/AS0.2005.07.002
PMID: 16189643.

Tang WK, Odzorig T, Jin W, Xia D. Structural Basis of p97 Inhibition by the Site-Selective Anticancer
Compound CB-5083. Molecular pharmacology. 2019; 95(3):286—-93. Epub 2018/12/29. https://doi.org/
10.1124/mol.118.114256 PMID: 30591537; PubMed Central PMCID: PMC6355941.

Skrott Z, Majera D, Gursky J, Buchtova T, Hajduch M, Mistrik M, et al. Disulfiram’s anti-cancer activity
reflects targeting NPL4, not inhibition of aldehyde dehydrogenase. Oncogene. 2019; 38(40):6711-22.
Epub 2019/08/09. https://doi.org/10.1038/s41388-019-0915-2 PMID: 31391554.

LuBS, Yin YW, Zhang YP, Guo PY, Li W, Liu KL. Upregulation of NPL4 promotes bladder cancer cell
proliferation by inhibiting DXO destabilization of cyclin D1 mRNA. Cancer cell international. 2019;
19:149. Epub 2019/06/06. https://doi.org/10.1186/s12935-019-0874-2 PMID: 31164795; PubMed Cen-
tral PMCID: PMC6543671.

Huang J, Campian JL, Gujar AD, Tran DD, Lockhart AC, DeWees TA, et al. A phase | study to repur-
pose disulfiram in combination with temozolomide to treat newly diagnosed glioblastoma after chemora-
diotherapy. Journal of neuro-oncology. 2016; 128(2):259-66. Epub 2016/03/12. https://doi.org/10.
1007/s11060-016-2104-2 PMID: 26966095.

Lun X, Wells JC, Grinshtein N, King JC, Hao X, Dang NH, et al. Disulfiram when Combined with Copper
Enhances the Therapeutic Effects of Temozolomide for the Treatment of Glioblastoma. Clinical cancer
research: an official journal of the American Association for Cancer Research. 2016; 22(15):3860-75.
Epub 2016/03/24. https://doi.org/10.1158/1078-0432.Ccr-15-1798 PMID: 27006494.

Duan X, Xiao J, Yin Q, Zhang Z, Yu H, Mao S, et al. Smart pH-sensitive and temporal-controlled poly-
meric micelles for effective combination therapy of doxorubicin and disulfiram. ACS nano. 2013; 7
(7):5858-69. Epub 2013/06/06. https://doi.org/10.1021/nn4010796 PMID: 23734880.

Ketola K, Kallioniemi O, lljin K. Chemical biology drug sensitivity screen identifies sunitinib as synergis-
tic agent with disulfiram in prostate cancer cells. PloS one. 2012; 7(12):e51470. Epub 2012/12/20.

PLOS ONE | https://doi.org/10.1371/journal.pone.0236119  July 15, 2020 12/13


https://doi.org/10.1038/nature12222
http://www.ncbi.nlm.nih.gov/pubmed/23792563
https://doi.org/10.1158/2159-8290.CD-12-0095
http://www.ncbi.nlm.nih.gov/pubmed/22588877
https://doi.org/10.1186/s12859-016-0917-9
https://doi.org/10.1186/s12859-016-0917-9
http://www.ncbi.nlm.nih.gov/pubmed/26852330
https://doi.org/10.12688/f1000research.11683.1
http://www.ncbi.nlm.nih.gov/pubmed/28815021
https://doi.org/10.1016/j.ccell.2015.10.002
http://www.ncbi.nlm.nih.gov/pubmed/26555175
https://doi.org/10.1158/1078-0432.ccr-03-0191
http://www.ncbi.nlm.nih.gov/pubmed/15131036
https://doi.org/10.1158/1078-0432.Ccr-0723-03
http://www.ncbi.nlm.nih.gov/pubmed/15328197
https://doi.org/10.1245/aso.2004.05.012
https://doi.org/10.1245/aso.2004.05.012
http://www.ncbi.nlm.nih.gov/pubmed/14761919
https://doi.org/10.1245/ASO.2004.10.018
https://doi.org/10.1245/ASO.2004.10.018
http://www.ncbi.nlm.nih.gov/pubmed/15231524
https://doi.org/10.1245/ASO.2005.07.002
http://www.ncbi.nlm.nih.gov/pubmed/16189643
https://doi.org/10.1124/mol.118.114256
https://doi.org/10.1124/mol.118.114256
http://www.ncbi.nlm.nih.gov/pubmed/30591537
https://doi.org/10.1038/s41388-019-0915-2
http://www.ncbi.nlm.nih.gov/pubmed/31391554
https://doi.org/10.1186/s12935-019-0874-2
http://www.ncbi.nlm.nih.gov/pubmed/31164795
https://doi.org/10.1007/s11060-016-2104-2
https://doi.org/10.1007/s11060-016-2104-2
http://www.ncbi.nlm.nih.gov/pubmed/26966095
https://doi.org/10.1158/1078-0432.Ccr-15-1798
http://www.ncbi.nlm.nih.gov/pubmed/27006494
https://doi.org/10.1021/nn4010796
http://www.ncbi.nlm.nih.gov/pubmed/23734880
https://doi.org/10.1371/journal.pone.0236119

PLOS ONE

Targeting NPL4 via dislfiram for ccRCC tratment

32.

33.

34.

35.

36.

37.

38.

39.

40.

https://doi.org/10.1371/journal.pone.0051470 PMID: 23251544; PubMed Central PMCID:
PMC3520796.

Zhou B, Guo L, Zhang B, Liu S, Zhang K, Yan J, et al. Disulfiram combined with copper induces immu-
nosuppression via PD-L1 stabilization in hepatocellular carcinoma. American journal of cancer
research. 2019; 9(11):2442-55. Epub 2019/12/10. PMID: 31815045.

Chamoto K, Hatae R, Honjo T. Current issues and perspectives in PD-1 blockade cancer immunother-
apy. International journal of clinical oncology. 2020. Epub 2020/01/05. https://doi.org/10.1007/s10147-
019-01588-7 PMID: 31900651.

Samanta D, Park Y, Andrabi SA, Shelton LM, Gilkes DM, Semenza GL. PHGDH Expression Is
Required for Mitochondrial Redox Homeostasis, Breast Cancer Stem Cell Maintenance, and Lung
Metastasis. Cancer research. 2016; 76(15):4430—42. Epub 2016/06/10. https://doi.org/10.1158/0008-
5472.CAN-16-0530 PMID: 27280394.

Amelio |, Cutruzzola F, Antonov A, Agostini M, Melino G. Serine and glycine metabolism in cancer.
Trends in biochemical sciences. 2014; 39(4):191-8. Epub 2014/03/25. https://doi.org/10.1016/j.tibs.
2014.02.004 PMID: 24657017; PubMed Central PMCID: PMC3989988.

Spillier Q, Vertommen D, Ravez S, Marteau R, Themans Q, Corbet C, et al. Anti-alcohol abuse drug
disulfiram inhibits human PHGDH via disruption of its active tetrameric form through a specific cysteine
oxidation. Scientific reports. 2019; 9(1):4737. Epub 2019/03/22. https://doi.org/10.1038/s41598-019-
41187-0 PMID: 30894617; PubMed Central PMCID: PMC6426982.

Mullarky E, Lucki NC, Beheshti Zavareh R, Anglin JL, Gomes AP, Nicolay BN, et al. Identification of a
small molecule inhibitor of 3-phosphoglycerate dehydrogenase to target serine biosynthesis in cancers.
Proceedings of the National Academy of Sciences of the United States of America. 2016; 113(7):1778—
83. Epub 2016/02/03. https://doi.org/10.1073/pnas.1521548113 PMID: 26831078; PubMed Central
PMCID: PMC4763784.

Laffin B, Petrash JM. Expression of the Aldo-Ketoreductases AKR1B1 and AKR1B10 in Human Can-
cers. Frontiers in pharmacology. 2012; 3:104. Epub 2012/06/12. https://doi.org/10.3389/fphar.2012.
00104 PMID: 22685431; PubMed Central PMCID: PMC3368246.

Penning TM. The aldo-keto reductases (AKRs): Overview. Chemico-biological interactions. 2015;
234:236-46. Epub 2014/10/12. https://doi.org/10.1016/j.cbi.2014.09.024 PMID: 25304492; PubMed
Central PMCID: PMC4388799.

Jin'Y, Penning TM. Aldo-keto reductases and bioactivation/detoxication. Annual review of pharmacol-
ogy and toxicology. 2007; 47:263—-92. Epub 2006/09/15. https://doi.org/10.1146/annurev.pharmtox.47.
120505.105337 PMID: 16970545.

PLOS ONE | https://doi.org/10.1371/journal.pone.0236119  July 15, 2020 13/13


https://doi.org/10.1371/journal.pone.0051470
http://www.ncbi.nlm.nih.gov/pubmed/23251544
http://www.ncbi.nlm.nih.gov/pubmed/31815045
https://doi.org/10.1007/s10147-019-01588-7
https://doi.org/10.1007/s10147-019-01588-7
http://www.ncbi.nlm.nih.gov/pubmed/31900651
https://doi.org/10.1158/0008-5472.CAN-16-0530
https://doi.org/10.1158/0008-5472.CAN-16-0530
http://www.ncbi.nlm.nih.gov/pubmed/27280394
https://doi.org/10.1016/j.tibs.2014.02.004
https://doi.org/10.1016/j.tibs.2014.02.004
http://www.ncbi.nlm.nih.gov/pubmed/24657017
https://doi.org/10.1038/s41598-019-41187-0
https://doi.org/10.1038/s41598-019-41187-0
http://www.ncbi.nlm.nih.gov/pubmed/30894617
https://doi.org/10.1073/pnas.1521548113
http://www.ncbi.nlm.nih.gov/pubmed/26831078
https://doi.org/10.3389/fphar.2012.00104
https://doi.org/10.3389/fphar.2012.00104
http://www.ncbi.nlm.nih.gov/pubmed/22685431
https://doi.org/10.1016/j.cbi.2014.09.024
http://www.ncbi.nlm.nih.gov/pubmed/25304492
https://doi.org/10.1146/annurev.pharmtox.47.120505.105337
https://doi.org/10.1146/annurev.pharmtox.47.120505.105337
http://www.ncbi.nlm.nih.gov/pubmed/16970545
https://doi.org/10.1371/journal.pone.0236119

