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Abstract:
Glioblastoma Multiforme (GBM) continues to have a poor patient prognosis
despite optimal standard of care. Glioma stem cells (GSCs) have been implicated
as the presumed cause of tumor recurrence and resistance to therapy. With this
in mind, we screened a diverse chemical library of 2,000 compounds to identify
therapeutic agents that inhibit GSC proliferation and therefore have the potential
to extend patient survival. High-throughput screens (HTS) identified 78 compounds
that repeatedly inhibited cellular proliferation, of which 47 are clinically approved
for other indications and 31 are experimental drugs. Several compounds (such as
digitoxin, deguelin, patulin and phenethyl caffeate) exhibited high cytotoxicity,
with half maximal inhibitory concentrations (IC50) in the low nanomolar range. In
particular, the FDA approved drug for the treatment of alcoholism, disulfiram (DSF),
was significantly potent across multiple patient samples (IC50 of 31.1 nM). The activity
of DSF was potentiated by copper (Cu), which markedly increased GSC death. DSF–Cu
inhibited the chymotrypsin-like proteasomal activity in cultured GSCs, consistent with
inactivation of the ubiquitin-proteasome pathway and the subsequent induction of
tumor cell death. Given that DSF is a relatively non-toxic drug that can penetrate the
blood-brain barrier, we suggest that DSF should be tested (as either a monotherapy
or as an adjuvant) in pre-clinical models of human GBM. Data also support targeting of
the ubiquitin-proteasome pathway as a therapeutic approach in the treatment of GBM.

Introduction

to replicate (self-renewal) and generate all, or most, of the
diverse cell types found within the mature recurrent tumor.
The GSC population has been shown to be resistant to
standard therapy, either because of distinct biophysical and
genetic properties, or possibly due to migration outside of
the treatment field [4, 5]. Recent reports in the literature
support the importance of targeting cancer stem cells as an
additional strategy to improve overall response to cancer
therapy [6-10]. In GBM, targeting cancer stem cells as the
potential cause of tumor recurrence clearly represents an
opportunity to improve patient prognosis.
With this in mind, we performed high-throughput
chemical screens (HTS) to identify compounds with the
potential to prevent tumor recurrence by inhibiting GSC
proliferation. We screened the MicroSource Spectrum

Glioblastoma multiforme (GBM), the most common
primary brain tumor in adults, remains an incurable and
rapidly fatal disease [1]. After primary therapy, consisting
of surgical resection followed by concurrent radiation and
chemotherapy, the average time to recurrence is only 9
months and once the tumor recurs, average survival is
limited to 6 months [2]. According to the hierarchical
model of tumorigenesis, the presumed cause of tumor
recurrence is the sub-population of tumor-initiating cells or
glioma stem cells (GSCs) that persist after primary therapy
[3]. Although the relationship between the GSC population
and bulk tumor remains controversial, accumulating
evidence supports the notion that GSCs have the ability
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collection; a 2,000 compound library consisting of FDA
approved drugs, compounds that have reached late-phase
clinical trials, experimental drugs, and natural products.
This collection was selected based on the structural and
biological diversity it provides for HTS. Furthermore, the
identification of drug candidates that are already approved
for another indication should have a rapid route into the
clinic, whereas the identification of new agents provides
a much needed platform for drug development. Because
commercially available immortalized cancer cell lines do
not account for the genetic diversity between individual
patients or the cellular heterogeneity of the tumors from
which they are derived, we used patient-specific cell
cultures for HTS which contain heterogeneous tumor
cell populations and, more importantly, preserve the GSC
phenotype [11]. The inherent heterogeneity of GBM
is reflected in GSCs, which differ in their proliferative
potential, tumor-initiating ability and therapeutic
responses, and more closely resemble the parent tumor
both genotypically and phenotypically [12].
We report the half maximal inhibitory concentrations
(IC50) for several drug candidates with the potential to
inhibit GSC proliferation. From these we have identified
disulfiram (tetraethylthiuram disulfide, Antabuse®, DSF),
a clinically approved drug for the treatment of alcoholism
[13], as a potent inhibitor of multiple patient-derived
GSCs. We demonstrate that the anti-tumor effects of DSF
are a result of proteasome inhibition and the subsequent
induction of tumor cell death. In addition, we show that
DSF activity is dependent on the presence of copper ions
(Cu), consistent with the formation of a thiocarbamatecopper complex that functions as a proteasome inhibitor.
Accumulating evidence suggests that proteasomal activity
contributes to tumorigenesis by promoting tumor cell
proliferation, down regulating apoptosis, and increasing
angiogenesis. The ubiquitin-proteasome pathway is
therefore considered an important target in cancer
therapy [14]. Combined with the fact that proteasome
inhibitors are emerging as promising therapeutic agents
against glioma [15], treatment with a relatively nontoxic
proteasome inhibitor such as DSF could be an attractive
approach to test in clinical trials for GBM patients.

protocol was also approved by the Swedish Neuroscience
Institute research steering committee. All participants
provided written informed consent according to IRB
guidelines prior to participation in this study.

Patient samples and cell lines
Tumors were obtained from surgeries performed
at Swedish Medical Center (Seattle, WA) according to
institutional guidelines. Patient samples used in this
study were diagnosed as WHO grade IV glioblastoma
multiforme (Table S1).
GSC cultures were established from freshly resected
tumor tissues and maintained in NeuroCult® NSA
medium (Stem Cell Technologies) with B-27 serum-free
supplement (Invitrogen), 20 ng/mL epidermal growth
factor (EGF) and 20 ng/mL fibroblast growth factor
(FGF-2) as described [11]. In brief, tissue samples were
minced into 1 mm3 fragments and digested with Accutase
(Sigma) at 37 oC for 15-20 minutes. NSA medium was
added to quench Accutase activity and cell suspensions
were passed through 70 µm nylon mesh. The suspensions
were centrifuged at 1000 rpm for 5 minutes, resuspended
in fresh NSA, and plated into T75 flasks pre-coated with
laminin (1:100 in PBS; Sigma). To evaluate neurosphere
formation ability of GSCs (Figure S1), single cell
suspensions were plated directly into ultra low attachment
dishes (Corning) and maintained in NSA medium.
Human neural stem cells (NSCs) and G144 GSCs
were obtained from Celprogen (San Pedro, CA) and
the BioRep Cell Repository (Milan, Italy), respectively.
SKBR3 cells were purchased from American Type Culture
Collection (ATCC, Manassas, VA) and grown in McCoy’s
5A medium with 10% FBS. Commerically available cell
lines were authenticated by the corresponding vendor by
Short Tandem Repeat (STR) and used within six months.
GSCs have not been authenticated due to lack of reference
STR. With the exception of G144 (which was provided by
the vendor at passage 22), cells were used at ≤ passage 5.
Bathocuproinedisulfonic acid (BCPS), copper
(II) sulfate (CuSO4), dimethyl sulfoxide (DMSO) and
tetraethylthiuram disulfide (disulfiram, DSF) were
purchased from Sigma. Zinc gluconate was from MP
Biomedicals.

Materials and Methods

Immunocytochemistry

Ethics Statement

GSCs were grown on laminin coated glass chamber
slides (Nunc) in NSA medium. Cells were fixed with 4%
paraformaldehyde for 15 minutes at room temperature,
treated with 5% goat serum (Invitrogen), and stained with
antibodies as appropriate. For differentiation studies, cells
were grown for 10 days in NSA medium either with or
without EGF and FGF-2. Medium was replaced every
3 days. Primary human antibodies for nestin, vimentin,

This study was reviewed and approved by Western
IRB (IRB00000533) in compliance with the ethical
principles as set forth in the report of the National
Commission for the Protection of Human Subjects of
Biomedical and Behavioral Research entitled ‘‘Ethical
Principles and Guidelines for the Protection of Human
Subjects of Research (Belmont Report)’’. The research
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DSF, ranging from 0.01 – 10 µM, for 96 hours. For
investigating the effect of metal ions on cell viability,
GSCs were treated with DSF combined with either copper
sulfate or zinc gluconate (at a 1:1 molar ratio). Prior to
taking proliferation measurements, ToxCount reagents
were incubated with GSCs for 30 minutes at 37 oC. The
conversion of calcein AM to green fluorescent calcein in
viable cells was measured using the IsoCyte (BlueShift
Biotechnologies) with a 510/540 nm band pass filter.
Percentage cell viability is reported as the mean and SD
(of six replicate measurements) relative to DMSO control.

CD44, GFAP, TUJ-1 and O4 (1:50) were from R&D
Systems. Goat secondary antibodies conjugated to Alexa
dyes (1:500) were from Invitrogen. DAPI (Sigma) was
used as the nuclear counterstain, and images were acquired
using a Nikon Ti-U inverted fluorescence microscope
liked to a DS-U2 camera.

Compound library
The library used was the MicroSource Spectrum
collection (MicroSource Discovery Inc.). A library of
2,000 compounds composed primarily of FDA approved
compounds (50%), natural products (30%), and other
bioactive components (20%). The compounds were
supplied by the vendor as 10 mM solutions in DMSO at
> 95% purity.

Proteasomal chymotrypsin-like activity assays
The chymotrypsin (CT)-like activity was
measured in GSCs using Proteasome-Glo assays per
the manufacturer’s recommendations (Promega). GSCs
were plated in laminin coated 96-well plates at a density
of 2,000 cells per well, allowed to attach overnight, and
treated with DMSO, DSF or DSF–Cu (1 or 10 µM),
for 96 hours at 37oC. After incubation, Proteasome-Glo
Reagent containing the proteasome substrate for CTlike activity (Succinyl-leucine-leucine-valine-tyrosineaminoluciferin) was added to each well. Plates were mixed
on an orbital shaker for 2 minutes and then incubated at
room temperature for 15 minutes. Luminescence was
read on a Perkin Elmer EnVision and measurements were
corrected for background luminescence. Percentage (CT)like proteasomal activity is reported as the mean and SD
(of six replicate measurements) relative to DMSO control.

High-throughput chemical screens with GSCs
Cells were added to laminin coated 384-well plates
at a density of 800 cells per well using a Thermo Scientific
Matrix WellMate, and incubated overnight to allow
attachment. Compounds were added (0.01, 0.1, 1 and 10
µM) to GSCs using the CyBi-Well vario and incubated at
37 oC for 96 hours. CellTiter-Glo (Promega) was added
to individual wells and, following 20 minutes incubation
on an orbital shaker, luminescence was measured on
a Perkin Elmer EnVision. HTS was performed on five
patient-derived cultures (SN143, SN175, SN179, SN186
and G144) in duplicate. Measurements were corrected
for background luminescence. Percentage cell viability is
reported as the mean and standard deviation (SD) relative
to DMSO control.

Aldefluor analysis and flow cytometry
Aldehyde dehydrogenase (ALDH) activity
was determined using the Aldefluor assay per the
manufacturer’s instructions (Stem Cell Technologies).
Cells (1 x 106) were treated with either DMSO or DSF–
Cu (1 µM for 24 hours) and resuspended in Aldefluor
assay buffer containing the ALDH substrate, bodipyaminoacetaldehyde (BAAA; 5 µM), for 45 minutes at 37
o
C. As a negative control for each treatment condition, cells
were incubated with 15 µM diethylaminobenzaldehyde
(DEAB), a specific ALDH inhibitor. Fluorescence
activated cell sorting (FACS) was performed using a BD
Influx. Aldefluor fluorescence was excited at 488 nm
and emission was detected using a standard fluorescein
isothiocyanate (FITC) 530/40 nm band-pass filter. The
ALDH+ population was determined relative to the
corresponding DEAB treated control. Data was acquired
using Spigot 6.1.4 and analyzed with FlowJo 7.6.5.

Dose response curves and IC50 calculations
The potency of active compounds was quantified
by generating 8-point dose response curves. Experimental
conditions were identical to those described for the initial
screen. Dose response data were also obtained for NSCs,
for the comparison of drug potency on normal versus
malignant cells. Test compounds were added to cell
lines at concentrations ranging from 0.005 – 10 µM. IC50
values were calculated by fitting data to the standard fourparameter sigmoidal dose response curve. Curve fitting
was performed with GraFit software.

ToxCount cell viability assays
Cell viability was measured using ToxCount
assays per the manufacturer’s recommendations (Active
Motif). GSCs were plated in laminin coated 96-well
plates at a density of 2,000 cells per well, allowed to
attach overnight, and treated with either DMSO or
www.impactjournals.com/oncotarget
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Xenograft experiments

were cytotoxic at 10 µM, cell viability was 100% at the
lower concentration range (0.1 – 1 µM) indicating a
lack of concentration dependence. The remaining 133
compounds (6.6%) showed some cytotoxicity at both
1 and 10 µM. From these positive hits, 78 compounds
repeatedly inhibited GSC growth across the five samples
tested (Table S2). The remaining 55 compounds were
not common inhibitors but did inhibit the proliferation of
specific patient-derived GSCs (Table S3). The compounds
identified represent multiple classes of drugs and natural
products, including antineoplastics, cardiotonics,
antihelminthics, and others, as indicated in Table 1. The
total number of active agents, for each class of drug per
GSC line, was determined (Table 1). The common GSC
inhibitors were further evaluated for potency.

Animal work was approved by the Institutional
Animal Care and Use Committee (IACUC) at The
University of Florida. To verify tumor initiating ability,
non-obese diabetic/severe combined immunodeficient
(NOD/SCID) female mice 8-10 weeks of age were
anesthetized and received a flank subcutaneous injection
of GSCs (1 x 106) in 200 µl of medium and 100 µl of
Matrigel (BD). The animals were divided into equal
groups based on receipt of GSC line (n = 5), monitored for
tumor growth, and euthanized once tumors reached ~2000
mm3 in size. Tumor volume is reported as the mean and
standard error of the mean (SEM).

Results

Half maximal inhibitory concentrations
inhibitors of GSC proliferation

Initial characterization of patient-derived GSC
cultures

Dose response curves were generated for
compounds identified from the initial screen to determine
the half maximal inhibitory concentration (IC50) for
each compound and GSC line (Table S4). It has recently
been reported that commonly used chemotherapy agents
(cisplatin and TMZ) inhibit NSC rather than GSC
proliferation in vitro [17], and we observed similar effects
with several compounds (e.g. amsacrine, camptothecin,
deguelin, salinomycin; Table S4). Taking the effects of
TMZ on cultured NSCs into consideration, we chose not
to evaluate compounds based on their toxicity for normal
versus malignant cells. The IC50 values for GSCs varied
considerably from low nanomolar to high micromolar,
and in some cases, for the same drug across the different
patient samples (e.g. 0.28 – 5.62 µM and 0.39 – 18.82
µM for etoposide and fluvastatin, respectively). Results
presented herein confirm the heterogeneity of response to
drugs between patients.
Examples of dose response curves for each
pharmacological class are shown in Figure 1A-F. Due to
the large variation observed across patient samples (Table
S4), average IC50 values where determined to evaluate the
general potency of individual compounds against GSCs
(Figure 2). The average IC50 for antineoplastics varied
considerably from 0.004 – 1.749 µM for vinblastine
and etoposide, respectively (Table S4). Antibacterials,
antihelminthics, cardiotonics, and compounds with
undetermined activity had IC50 values that were generally
less than 1 µM (Figure 2B-E, respectively). The other
pharmacological classes (alcohol antagonist, antifungals,
antihyperlipidermics, anti-infective and antigout agent)
showed large variation in potency (Figure 2F, Table S4).
As a crude estimate of which candidates were most
likely to be active in the central nervous system (CNS),
we compared their drug-like properties according to
Lipinski’s Rule of 5 and molecular polar surface area

A cancer stem cell is defined as an undifferentiated
cell with the ability to self-renew, differentiate to
multiple lineages, and initiate tumors that resemble the
parent tumor [3]. CD133, A2B5 and SSEA-1 have been
identified as potential GSC markers, however, the limits
of using surface markers to isolate pure tumor-initiating
populations of GBM are well recognized [16]. We
therefore adopted a cell culture model that preserves the
GSC population from human GBM samples [11], and has
the ability to produce the large number of cells required
for HTS.
GSCs were confirmed in patient-derived
cultures by functional assays of self-renewal (serial
neurosphere formation), differentiation potential, and
tumor propagation in vivo. GSCs formed neurospheres,
expressed neural stem cell markers (nestin, vimentin and
CD44; consistent with previous reports of tumorigenic
adherent GSCs [11]), and differentiated into cell lineages
expressing makers for astrocytes (GFAP+), neurons
(TUJ1+) and oligodendrocytes (O2+). Furthermore,
tumors formed in NOD/SCID mice approximately 6-8
weeks post injection confirming the presence of the GSC
phenotype (Figure S1).

High-throughput chemical screens of 2,000
compounds against patient-derived GSCs
The Spectrum collection was initially screened
against five GSC cultures (SN143, SN175, SN179,
SN186, and the commercially available G144) to identify
inhibitors of GSC proliferation. 1867 (93.4%) of the
compounds showed less than 50% cell death and were
not pursued further. Although several of these compounds
www.impactjournals.com/oncotarget
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Table 1: Pharmacological classes for inhibitors of GSC proliferation.
Classa

Alcohol antagonist
Antihelminthic
Antiarrhythmic
Antibacterial
Antifungal
Antineoplastic
Antihyperlipidemic
Antihypertensive
Anti-infective
Antipsychotic
Cardiotonic
Diuretic
H1 antihistamine
Immunosuppressant
Psychotropic
Sclerosing agent
Vasodilator
Undetermined activity
Total agents

Total in
class

3
33
24
227
55
115
12
63
11
22
14
16
11
5
9
2
35
444
1101b

SN143

1
7
0
11
5
29
3
1
2
1
10
0
1
1
0
1
0
19
92

SN175

1
8
1
12
4
31
3
3
2
1
10
0
1
2
3
1
0
22
105

Active agents
SN179
SN186

2
8
2
11
6
29
5
2
3
1
10
1
1
1
1
1
2
21
107

1
7
1
11
5
28
4
1
3
1
10
0
0
0
0
1
2
17
92

G144

1
8
1
10
5
27
3
0
2
1
10
0
1
0
0
1
1
17
88

% Active in
class

66.7
24.2
8.3
5.3
10.9
27.0
41.7
4.8
27.3
4.5
71.4
6.3
9.1
40.0
33.3
50.0
5.7
4.95
9.72c

Only classes containing inhibitors of GSC proliferation are shown.
The remaining 899 agents constitute other non-active pharmacological classes.
c
Percent active in the complete screen (2,000 compounds) is 5.35%.
a

b

reduce tumor growth in vivo (PSA ≤ 70 Å2; Table S5).
However, many newly identified drugs tested in research or
pre-clinical settings are common apoptosis inducers with
unclear mechanisms of action (e.g. gambogic acid [22];
Figure 1D), which limits their transition from research
to clinical applications. The advantages of a clinically
approved drug, such as DSF, are several-fold since the
pharmokinetics are already well-established. Furthermore,
it is known that DSF is rapidly reduced in the bloodstream
to an active metabolite, diethyldithiocarbamate (DTTC) or
methyl diethylcarbamodithioate (Me-DTTC), which can
readily penetrate the BBB (PSA = 35.22 and 60.63 Å2,
respectively) [13]. Data therefore suggest that DSF is a
lead candidate for further studies.

(PSA), predictors of orally active drugs [17] and bloodbrain barrier (BBB) penetration [18], respectively. With
the exception of some pharmacological classes, such as
antibacterials and cardiotonics, the Rule of 5 states that
most drug-like molecules have a molecular weight of 500
kDa or less, an octanol/water partition coefficient (logP) of
5 or less, up to 5 hydrogen bond donors (OH + NH count),
and up to 10 hydrogen bond acceptors (O + N atoms) [18].
Compounds with a PSA of less than 70 Å2 usually have a
higher probability of penetrating the BBB [19].
Several clinically approved drugs (e.g.
antibacterials, dactinomycin and vincristine) are known
to have poor BBB permeability (Table S5). The CNSactive antihelminthic, mebendazole, is cytotoxic to
GSCs (Figure 1E) and has recently been shown to be
active in GBM xenografts [20]. We identified a more
potent antihelminthic, pyrvinium pamoate (Figure 1F);
however, this drug is poorly absorbed in humans and
therefore unlikely to have a significant effect in vivo
[21]. The cardiotonics or cardiac glycosides represent
the pharmacological class most active against GSCs
(Table 1, Figure 1C). The ability of digitalis to inhibit the
proliferation of malignant cells has been established for
some time, but its use in cancer treatment has been widely
debated due to concerns of serious adverse effects in
humans [22]. Of the remaining clinically approved drugs,
disulfiram (DSF), which is currently used for alcohol
aversion therapy [13] was identified as a potent inhibitor
of GSC proliferation. Several experimental compounds
identified from the Spectrum collection (e.g. deguelin,
patulin and phenethyl caffeate) may have the potential to
www.impactjournals.com/oncotarget

DSF–Cu inhibits the proliferation of GSCs
derived from multiple GBM patients by inhibiting
proteasome activity
Our in vitro data suggest DSF markedly inhibits
the proliferation of patient-derived GSCs (average IC50 of
34.1 ± 6 nM). Given the inherent heterogeneity of GBM,
and the large variation in IC50 values observed for several
other compounds (Table S4), we tested additional patient
samples. IC50 values remained in the low nanomolar range
(12.1 – 56.3 nM; average 31.1 ± 12.9 nM) across the total
patient population (Figure 3, Table S6).
DSF (Figure 4A) is a member of the dithiocarbamate
family, compounds that have the ability to complex metal
ions and form a proteasomal inhibitory complex that
1128
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induces apoptosis [24]. To explore this mechanism of
action in GSCs, cell viability was measured after treatment
with either DSF or a 1:1 molar ratio of DSF and copper
(Cu). Growth inhibition was significantly enhanced in
GSCs treated with DSF–Cu (Figure 4B). The inhibitory
effect observed in the absence of added copper (Figure
3) is therefore attributed to the presence of endogenous
copper, which is generally added to media to promote
cell survival. To confirm this, GSCs were cultured with
DSF and the Cu2+ chelator bathocuproinedisulfonic acid
(BCPS). As anticipated, the addition of BCPS reversed the
anti-proliferative effect of DSF–Cu, and more importantly,

reversed the inhibitory activity of DSF alone (Figure
4B). The inhibition of GSC proliferation was specific to
DSF–Cu as cells treated with DSF and zinc (Zn) were
not inhibited (Figure 4C). The DSF–Cu complex was
highly potent above 0.75 µM and time course experiments
revealed similar inhibitory effects at 24 versus 96 hours
(Figure 4D).
It has been reported that inhibition of chymotrypsin
(CT)-like proteasomal activity is associated with the
induction of apoptosis in tumor cells [25]. To further
evaluate the hypothesis that DSF inhibits proteasome
function in GSCs, cells were assayed directly for CT-

Figure 1: Dose response curves for inhibitors of GSC proliferation. (A-D) Examples of dose response data for antineoplastics,
antibacterials, cardiotonics, and compounds with undetermined activity, respectively. (E-F) Dose response curves for the antihelminthics
mebendazole and pyrvinium pamoate, respectively. For clarity, three (of six) cell lines are shown corresponding to NSCs and GSCs with the
lowest and highest IC50. Data represent the mean and SD from two independent experiments. Data were fit to the standard sigmoidal dose
response curve. Closed circles, NSCs; open circles, GSC with lowest IC50; closed squares, GSC with highest IC50 (Table S4).
www.impactjournals.com/oncotarget

1129

Oncotarget 2012; 3: 1124-1136

like activity. As a positive control cells were treated
with epoxomicin (10 µM), a potent inhibitor of CTlike proteasomal activity [26]. DSF alone (1 or 10 µM)
inhibited CT-like activity by ~10%, which can be attributed
to the activity of DSF complexed with endogenous copper.
The CT-like activity was significantly inhibited (by 88%)
in GSCs treated with 1 µM DSF–Cu and completely
abolished with 10 µM DSF–Cu (Figure 4E). Interestingly,
treatment with DSF–Cu inhibited proteasomal activity to
the same degree as epoxomicin (Figure 4E), confirming

that DSF–Cu is a potent inhibitor of CT-like proteasomal
activity. Taken together, results suggest that inhibition of
GSC proliferation by DSF is dependent on the formation
of a thiocarbamate-copper complex, which functions as an
inhibitor of the CT-like proteasomal activity in GSCs and
induces tumor cell death.

Figure 2: Average half maximal inhibitory concentrations (IC50) for inhibitors of GSC proliferation. (A-E) Data for
antineoplastics, antibacterials, antihelminthics, cardiotonics, and compounds with undetermined activity, respectively. Error bars
correspond to SD (i.e. IC50 variation across five GSC lines). SD for cytarabine and etoposide are 1.4 and 2.2, respectively (not shown for
clarity). For panel E, abbreviated compounds are 2,3-dichloro-5,8-dihydroxynapthoquinone, 3β-hydroxy-23,24-bisnorchol-5-enic acid,
deoxysappanone B 7,4’-dimethyl ether, and strophanthidinic acid lactone acetate, respectively. (F) Data for compounds constituting other
pharmacological classes (alcohol antagonist, antifungal, antihyperlipidermic, anti-infective and antigout agent). SD for fluvastatin is 8.8
(not shown for clarity). Abbreviated compounds are tetrachloroisophthalonitrile and benzalkoium chloride.
www.impactjournals.com/oncotarget
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The effect of DSF–Cu on aldehyde dehydrogenase
activity in GSCs

as to which isoforms are detected by the Aldefluor assay
[32, 33].
Another potent ALDH inhibitor, chloramphenicol
[34], showed negligible activity against GSCs during
the initial HTS (Figure S2). This suggests that
chloramphenicol is not a general treatment option for
GBM patients as hypothesized by others [35].

Aldehyde dehydrogenase (ALDH) is believed to
be a functional marker of cancer stem cells and involved
in maintaining the progenitor cell phenotype [27, 28]. As
DSF is an irreversible inhibitor of ALDH [29], we tested
whether DSF–Cu treatment inhibited ALDH activity in
GSCs. ALDH was quantified by flow cytometry using
Aldefluor; a fluorescent reagent used to detect ALDH
in human cells. SKBR3 breast cancer cells, which are
known to express ALDH, were used as a positive control
[30]. An ALDH+ population of 16.8% was detected in
DMSO treated SKBR3 cells (Figure 5B), which was
diminished in cells that had been treated with the ALDH
inhibitor DEAB (Figure 5A). Treatment of SKBR3 cells
with DSF–Cu (1 µM for 24 hours) reduced the ALDH+
population to 6.2% (Figure 5C). In DMSO treated GSCs,
an ALDH+ population of 8.4% was detected relative to
the matched DEAB treated sample (Figure 5D, E), which
was reduced to 3.9% in DSF–Cu treated cells (Figure 5F).
Although data obtained here suggest that DSF–Cu may
inhibit ALDH positive populations, further studies are
needed (across a range of patient samples) to establish
the extent of ALDH activity in GBM, and to evaluate the
contribution of ALDH inhibition to GSC death. The value
of ALDH as a universal cancer stem cell marker remains
controversial as some evidence suggests that high ALDH
activity does not correlate with increased tumor initiating
capacity [31]. It should also be noted that several isoforms
of ALDH exist, different isoforms have been identified in
stem cell populations [32], and there is ongoing debate

Discussion
GBM is associated with one of the worst 5–year
survival rates of all human cancers, with an average
survival time after diagnosis of only 12–14 months.
Long-term survivors (defined as patients that survive for
more than 36 months) represent only 3–5 % of the total
patient population [36]. With the completion of large-scale
genomic sequencing projects [37] and the development of
improved transgenic mouse models [38] there has been
considerable progress in the identification of genes and
pathways which represent potential drug targets in GBM
[39-44]. Here, we report a complementary approach
using an unbiased HTS strategy for the screening of large
chemical libraries and the identification of compounds
active against patient-derived GSCs (Tables 1, S2 and
S3). Our goal was to identify therapeutic agents with
the potential to target the stem cell population, prevent
tumor recurrence, and subsequently extend survival in
GBM patients. In particular, we sought to identify agents
already approved by regulatory agencies for human use,
since existing drugs have well-established pharmokinetics
and can be rapidly tested in phase II clinical trials. Dose
response curves (Figure 1, Table S4) and average IC50
values (Figure 2) were used to evaluate drug potency.
Of the multiple candidates identified, we chose to pursue
the clinically approved drug DSF; a relatively non-toxic
compound that can readily penetrate the BBB [13].
Although the anti-cancer properties of DSF have
been known for over 40 years [45], very little is known
about the activity of this drug on brain tumors. Our in
vitro data clearly show that DSF can potently inhibit GSC
proliferation across a range of patient samples (average
IC50 = 31.1 nM; Figure 3, Table S6). The activities of
dithiocarbamates have been attributed to their ability to
form active complexes with metals (in particular copper)
which have proteasomal inhibitory and apoptosis inducing
capabilities [24]. This mechanism of action has been
demonstrated for DSF in human breast, colon and prostate
cancers [46, 47]. To explore this mechanism in GBM, we
compared cell viability and proteasomal CT-like activity
in GSCs following treatment with DSF or DSF–Cu. The
anti-proliferative activity of DSF was dependent on Cu,
and reversed in the presence of the Cu2+ chelator BCPS
(Figure 4B). The inhibition of proteasomal CT-like activity
was also potentiated by Cu (Figure 4E) and comparable to
percentage cell survival (Figure 4B), confirming that DSF–
Cu inhibits proteasome activity and induces cell death in

Figure 3: Dose response curves for GSCs treated with
DSF. For clarity, three of ten cell lines are shown corresponding

to NSCs and GSCs with the lowest and highest IC50. Data
represent the mean and SD from four independent experiments.
Data were fit to the standard sigmoidal dose response curve.
Closed circles, NSCs; open circles, highest IC50 (SN195); closed
squares, lowest IC50 (SN235) (Table S6).
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cultured GSCs. We also observed that DSF–Cu has the
ability to inhibit ALDH activity in vitro (Figure 5). ALDH
promotes cell survival by protecting DNA from genotoxic
damage and providing resistance to a wide range of anticancer drugs [28, 48]. The inhibition of ALDH is therefore

considered an attractive approach for sensitizing resistant
cell populations to the cytotoxic effects of chemotherapy
agents [32, 33, 49].
Combined treatment with DSF and zinc gluconate
has been reported to have induced >50% reduction in

Figure 4: The effect of the DSF–Cu complex on GSC proteasomal activity. (A) The chemical structure of DSF. (B) The anti-

proliferative effect of DSF–Cu on GSCs. SN186 cells were treated with BCPS (100 µM), Cu2+ (10 µM), DSF (1 µM) or DSF–Cu (1 µM)
for 96 hours, followed by ToxCount cell viability assays. (C) The anti-proliferative effect of DSF–Cu versus DSF–Zn. SN186 cells were
treated with various concentrations of DSF–Cu or DSF–Zn (1:1 molar ratio), ranging from 0 – 10 µM, for 96 hours. Neither Cu nor Zn alone
(10 µM) affected cell viability (presented as zero DSF). (D) Time course of GSC growth inhibition by the DSF–Cu complex. SN186 cells
were treated with various concentrations of DSF–Cu (0 – 10 µM). Cell viability was measured after 24, 48, 72 or 96 hours (closed circles,
open circles, closed squares and open squares, respectively). The inhibition of GSC proliferation was identical at 24 hours versus 96 hours,
and the greatest degree of inhibition was observed at concentrations of 0.75 µM or higher. (E) Inhibition of the chymotrypsin (CT)-like
proteasomal activity by DSF–Cu. SN186 GSCs were treated with DMSO, Cu (10 µM), epoxomicin (10 µM), DSF (1 µM), DSF (10 µM),
DSF–Cu (1 µM) or DSF–Cu (10 µM), respectively, for 96 hours. CT-like activity was measured using Proteasome-Glo luminescent assays.
For Panels B, C and E, columns and error bars represent the mean and SD of six replicate measurements, respectively.
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hepatic metastases and produced clinical remission in a
patient with stage IV metastatic ocular melanoma [50].
With this in mind, we compared the anti-tumor activity of
DSF–Zn relative to DSF–Cu. GSC proliferation was not
affected by DSF–Zn (Figure 4C), suggesting that the DSF–
Cu complex specifically inhibits proteasome activity in
GSCs. It is generally believed that cancer cells and tissues,
which contain elevated levels of copper and are dependent
on proteasome activity for their survival, should be more
sensitive to treatment with proteasome inhibitors than
normal cells and tissues [14]. Selectivity of the DSF–Cu
complex for malignant cells has been reported by others
[51], and we also observed greater selectivity for GSCs
than NSCs (IC50 31.1 nM versus 282.5 nM, respectively).
As many other anti-cancer agents are unable to distinguish
between malignant and normal cell populations (which
contributes to their toxicity in vivo), proteasome inhibitors
are considered to be promising therapeutic agents for the
treatment of cancer patients [14].
There are several proposed mechanisms by which
proteasome inhibitors mediate anti-cancer effects. One
mechanism is inhibition of the transcription factor Nuclear
Factor kappa B (NF-kB), which is critical in tumorigenesis
and over active in GBM [52]. NF-kB supports disease
progression by increasing the proliferation of tumor cells,
inducing the transcription of anti-apoptotic genes as well
as genes involved in DNA damage responses, and by

promoting angiogenesis [14]. Inhibition of proteasomal
activity promotes accumulation of the NF-kB inhibitor,
I-kB, which prevents NF-kB activation and subsequently
down regulates factors related to cancer progression
[14]. DSF, its monomer DDTC, and their derivatives are
widely recognized as inhibitors of the NF-kB pathway
[53, 54], and it is well-established that NF-kB inhibition
sensitizes tumor cells to commonly used chemotherapeutic
agents [55]. Proteasome inhibitors (including DSF) are
therefore known for their ability to potentiate the activity
of other anti-cancer drugs [55, 56]. DSF has the added
capability to decrease multidrug resistance by inhibiting
the P-glycoprotein extrusion pump [57], further supporting
its use as an adjuvant in cancer therapy.
DSF has also been reported to increase intracellular
oxidative stress and induce apoptosis in melanoma cells
[58], as well as inhibit angiogenesis and significantly
reduce Lewis lung metastatic growth and C6 glioma
development in vivo [59]. Another study has suggested
that DSF is a DNA methyltransferase inhibitor, capable
of demethylating gene promoters and reactivating the
expression of epigenetically silenced genes in prostate
cancer [60]. Consistent with the multiple effects of DSF,
many studies have shown that the underlying mechanism
of action of the proteasome inhibitor bortezomib is
complex, and that the drug affects a range of cellular
functions [14].

Figure 5: The effect of the DSF–Cu complex on ALDH activity. (A-B) SKBR3 cells incubated with or without the ALDH
inhibitor DEAB, respectively. An ALDH+ population of 16.8% (panel B) was determined relative to the DEAB control (panel A). (C)
SKBR3 cells treated with 1 µM DSF–Cu for 24 hours. The ALDH+ population decreased to 6.2% after DSF–Cu treatment. (D-E) SN186
GSCs incubated with or without DEAB, respectively. An ALDH+ population of 8.4% was detected relative to DEAB. (F) SN186 GSCs
treated with 1 µM DSF–Cu for 24 hours. The ALDH+ population was 3.9% following DSF–Cu treatment. The percentages shown in panels
B, C, E and F correspond to the ALDH+ population determined after subtraction of control reactions.
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Studies with breast cancer xenografts suggest that
DSF reduces tumor progression in vivo [46, 61]. High
levels of copper have been reported in patients with brain
tumors [62], and DSF is systemically absorbed as its
bis(diethyldithiocarbamato) copper complex after passage
through the acidic environment of the stomach [13], which
implies that the DSF–Cu complex can be readily formed
in vivo. It is also important to note that DSF has been
used in the clinic long-term with generally only mild side
effects [63]. Furthermore, DSF has been administered
(at 500 mg/daily for 3 months followed by 250 mg/daily
for another 50 months) to produce clinical remission
in a 64 year old female with stage IV metastatic ocular
melanoma metastatic to the liver. The average survival
of patients with this type of cancer is approximately 7
months, suggesting that treatment with DSF substantially
increased the patient’s survival (by > 46 months) [50].
Further studies are needed to determine the effect of DSF
in human GBM xenografts.
DSF is clearly a potential anti-cancer drug with the
ability to suppress tumor progression through multiple
mechanisms. The proteasome inhibitor bortezomib
(Velcade) is FDA approved for the treatment of multiple
myeloma and mantle cell lymphoma, and is showing
positive results in clinical trials of recurrent glioma [15].
However, the main drawbacks of this drug include limited
brain penetrance and its overall toxicity in humans. The
development of proteasome inhibitors that overcome
these limitations, such as DSF, could be of greater
clinical significance in the treatment of solid tumors.
Here, we show that DSF can inhibit the proliferation of
GSCs, suggesting that this drug may have the potential to
improve prognosis in GBM patients. These observations,
combined with the ability to administer DSF long-term,
justify clinical trials of DSF either as a monotherapy or as
an adjuvant with other agents.

102(11):1958-1966.

Binello E, Germano IM. Targeting glioma stem cells:
a novel framework for brain tumors. Cancer Sci. 2011;

www.impactjournals.com/oncotarget

Kemper K, Grandela C, Medema JP. Molecular
identification and targeting of colorectal cancer stem cells.
Oncotarget. 2010; 1(6):387-395.

7.

Curtin JC, Lorenzi MV. Drug discovery approaches to
target Wnt signaling in cancer stem cells. Oncotarget. 2010;
1(7):563-577.

8.

Liu D, Martin V, Fueyo J, Lee OH, Xu J, Cortes-Santiago
N, Alonso MM, Aldape K, Colman H, Gomez-Manzano
C. Tie2/TEK modulates the interaction of glioma and brain
tumor stem cells with endothelial cells and promotes an
invasive phenotype. Oncotarget. 2010; 1(8):700-709.

9.

Di J, Duiveman-de Boer T, Figdor CG, Torensma R.
Eradicating cancer cells: struggle with a chameleon.
Oncotarget. 2011; 2(1-2):99-101.

14. Voorhees PM, Orlowski RZ. The proteasome and
proteasome inhibitors in cancer therapy. Annu Rev
Pharmacol Toxicol. 2006; 46:189-213.
15. Phuphanich S, Supko JG, Carson KA, Grossman SA, Burt
Nabors L, Mikkelsen T, Lesser G, Rosenfeld S, Desideri S,
Olson JJ. Phase 1 clinical trial of bortezomib in adults with
recurrent malignant glioma. J Neurooncol. 2010; 100(1):95103.

Reference

3.

6.

13. Johansson B. A review of the pharmacokinetics and
pharmacodynamics of disulfiram and its metabolites. Acta
Psychiatr Scand Suppl. 1992; 369:15-26.

The authors have no conflicts of interest to declare.

Brandes AA, Fiorentino MV. The role of chemotherapy in
recurrent malignant gliomas: an overview. Cancer Invest.
1996; 14(6):551-559.

Lu C, Shervington A. Chemoresistance in gliomas. Mol
Cell Biochem. 2008; 312(1-2):71-80

12. Lee J, Kotliarova S, Kotliarov Y, Li A, Su Q, Donin NM,
Pastorino S, Purow BW, Christopher N, Zhang W, Park
JK, Fine HA. Tumor stem cells derived from glioblastomas
cultured in bFGF and EGF more closely mirror the
phenotype and genotype of primary tumors than do serumcultured cell lines. Cancer Cell. 2006; 5:391-403.

Conflict of Interest:

2.

5.

11. Pollard SM, Yoshikawa K, Clarke ID, Danovi D, Stricker
S, Russell R, Bayani J, Head R, Lee M, Bernstein M, Squire
JA, Smith A, Dirks P. Glioma stem cell lines expanded in
adherent culture have tumor-specific phenotypes and are
suitable for chemical and genetic screens. Cell Stem Cell.
2009; 4(6):568-580.

We gratefully acknowledge The Ben and Catherine
Ivy Foundation for support of this research.

Holland EC. Glioblastoma multiforme: the terminator. Proc
Natl Acad Sci USA. 2000; 97(12):6242-6244.

Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland
AB, Dewhirst MW, Bigner DD, Rich JN. Glioma stem cells
promote radioresistance by preferential activation of the
DNA damage response. Nature. 2006; 444(7120):756-760.

10. Velpula KK, Dasari VR, Tsung AJ, Dinh DH, Rao JS. Cord
blood stem cells revert glioma stem cell EMT by down
regulating transcriptional activation of Sox2 and Twist1.
Oncotarget. 2011; 2(12):1028-1042.

Funding

1.

4.

16. Gilbert CA, Ross AH. Cancer stem cells: cell culture,
markers and targets for new therapies. J Cell Biochem.
2009; 108(5):1031-1038.
17. Gong X, Schwartz PH, Linskey ME, Bota DA. Neural stem/
progenitors and glioma stem-like cells have differential
sensitivity to chemotherapy. Neurology. 2011; 76(13):11261134

Oncotarget 2012; 3: 1124-1136

1134.

molecular signature. Cancer Res. 2009; 69(4):1302-1313.

18. Lipinski CA, Lombardo F, Dominy BW, Feeney PJ.
Experimental and computational approaches to estimate
solubility and permeability in drug discovery and
development settings. Adv Drug Delivery Rev 2001; 46(13):3-26.

31. Prasmickaite L, Engesaeter BØ, Skrbo N, Hellenes T,
Kristian A, Oliver NK, Suo Z, Maelandsmo GM. Aldehyde
dehydrogenase (ALDH) activity does not select for
cells with enhanced aggressive properties in malignant
melanoma. PLoS One. 2010; 5(5):e10731.

19. Kelder J, Grootenhuis PD, Bayada DM, Delbressine LP,
Ploemen JP. Polar molecular surface as a dominating
determinant for oral absorption and brain penetration of
drugs. Pharm Res. 1999; 16:1514-1519.

32. Muzio G, Maggiora M, Paiuzzi E, Oraldi M, Canuto RA.
Aldehyde dehydrogenases and cell proliferation. Free Radic
Biol Med. 2012; 52(4):735-746.
33. Moreb JS, Ucar D, Han S, Amory JK, Goldstein AS,
Ostmark B, Chang LJ. The enzymatic activity of human
aldehyde dehydrogenases 1A2 and 2 (ALDH1A2
and ALDH2) is detected by Aldefluor, inhibited by
diethylaminobenzaldehyde and has significant effects on
cell proliferation and drug resistance. Chem Biol Interact.
2012; 195(1):52-60.

20. Bai RY, Staedtke V, Aprhys CM, Gallia GL, Riggins
GJ. Antiparasitic mebendazole shows survival benefit in
2 preclinical models of glioblastoma multiforme. Neuro
Oncol. 2011; 13(9):974-982.
21. Smith TC, Kinkel AW, Gryczko CM, Goulet JR.
Absorption of pyrvinium pamoate. Clin Pharmacol Ther.
1976; 19(6):802-806.

34. Karamanakos PN, Pappas P, Boumba VA, Thomas C,
Malamas M, Vougiouklakis T, Marselos M. Pharmaceutical
agents known to produce disulfiram-like reaction: effects
on hepatic ethanol metabolism and brain monoamines. Int J
Toxicol. 2001; 26(5):423-432.

22. Perne A, Muellner MK, Steinrueck M, Craig-Mueller
N, Mayerhofer J, Schwarzinger I, Sloane M, Uras IZ,
Hoermann G, Nijman SM, Mayerhofer M. Cardiac
glycosides induce cell death in human cells by inhibiting
general protein synthesis. PLoS One. 2009; 4(12):e8292.

35. Kast RE, Belda-Iniesta C. Suppressing glioblastoma stem
cell function by aldehyde dehydrogenase inhibition with
chloramphenicol or disulfiram as a new treatment adjunct:
an hypothesis. Curr Stem Cell Res Ther. 2009; 4(4):314317.

23. Qiang L, Yang Y, You QD, Ma YJ, Yang L, Nie FF, Gu
HY, Zhao L, Lu N, Qi Q, Liu W, Wang XT, Guo QL.
Inhibition of glioblastoma growth and angiogenesis by
gambogic acid: an in vitro and in vivo study. Biochem
Pharmacol. 2008; 75(5):1083-1092.

36. Krex D, Klink B, Hartmann C, von Deimling A, Pietsch T,
Simon M, Sabel M, Steinbach JP, Heese O, Reifenberger G,
Weller M, Schackert G; German Glioma Network. Longterm survival with glioblastoma multiforme. Brain. 2007;
130(10):2596-2606.

24. Yu Z, Wang F, Milacic V, Li X, Cui QC, Zhang B, Yan
B, Dou QP. Evaluation of copper-dependent proteasomeinhibitory and apoptosis-inducing activities of novel
pyrrolidine dithiocarbamate analogues. Int J Mol Med.
2007; 20(6):919-925.

37. Cancer Genome Atlas Research Network. Comprehensive
genomic characterization defines human glioblastoma genes
and core pathways. Nature. 2008; 455(7216):1061-1068.

25. Daniel KG, Gupta P, Harbach RH, Guida WC, Dou QP.
Organic copper complexes as a new class of proteasome
inhibitors and apoptosis inducers in human cancer cells.
Biochem Pharmacol. 2004; 67(6):1139-1151.

38. Muñoz DM, Guha A. Mouse models to interrogate the
implications of the differentiation status in the ontogeny of
gliomas. Oncotarget. 2011; 2(8):590-598.

26. Meng L, Mohan R, Kwok BH, Elofsson M, Sin N, Crews
CM. Epoxomicin, a potent and selective proteasome
inhibitor, exhibits in vivo antiinflammatory activity. Proc
Natl Acad Sci USA. 1999; 96(18):10403-10408.

39. Panicker SP, Raychaudhuri B, Sharma P, Tipps R,
Mazumdar T, Mal AK, Palomo JM, Vogelbaum MA, Haque
SJ. p300- and Myc-mediated regulation of glioblastoma
multiforme cell differentiation. Oncotarget. 2010; 1(4):289303.

27. Douville J, Beaulieu R, Balicki D. ALDH1 as a functional
marker of cancer stem and progenitor cells. Stem Cells and
Development. 2009; 18:17-25.

40. Wolf A, Agnihotri S, Guha A. Targeting metabolic
remodeling in glioblastoma multiforme. Oncotarget. 2010;
1(7):552-562.

28. Ma I, Allan AL. The role of human aldehyde dehydrogenase
in normal and cancer stem cells. Stem Cell Rev. 2011;
7(2):292-306.

41. Wang L, Zhang J, Banerjee S, Barnes L, Barnes L, Sajja
V, Liu Y, Guo B, Du Y, Agarwal MK, Wald DN, Wang
Q, Yang J. Sumoylation of vimentin354 is associated with
PIAS3 inhibition of glioma cell migration. Oncotarget.
2010; 1(7):620-627.

29. Lipsky JJ, Shen ML, Naylor S. Overview-in vitro inhibition
of aldehyde dehydrogenase by disulfiram and metabolites.
Chem Biol Interact. 2001; 130-132(1-3):81-91.
30. Charafe-Jauffret E, Ginestier C, Iovino F, Wicinski J,
Cervera N, Finetti P, Hur MH, Diebel ME, Monville F,
Dutcher J, Brown M, Viens P, Xerri L, Bertucci F, Stassi
G, Dontu G, et al. Breast cancer cell lines contain functional
cancer stem cells with metastatic capacity and a distinct
www.impactjournals.com/oncotarget

42. Smits M, Nilsson J, Mir SE, van der Stoop PM, Hulleman
E, Niers JM, de Witt Hamer PC, Marquez VE, Cloos J,
Krichevsky AM, Noske DP, Tannous BA, Würdinger T.
miR-101 is down-regulated in glioblastoma resulting in
1135

Oncotarget 2012; 3: 1124-1136

EZH2-induced proliferation, migration, and angiogenesis.
Oncotarget. 2010; 1(8):710-720.

55. Nakanishi C, Toi M. Nuclear factor-kB inhibitors as
sensitizers to anticancer drugs. Nat Rev Cancer. 2005;
5:297-309.

43. Nogueira L, Ruiz-Ontañon P, Vazquez-Barquero A, Moris
F, Fernandez-Luna JL. The NFκB pathway: a therapeutic
target in glioblastoma. Oncotarget. 2011; 2(8):646-653.

56. Wang W, McLeod HL, Cassidy J. Disulfiram-mediated
inhibition of NF-kappaB activity enhances cytotoxicity of
5-fluorouracil in human colorectal cancer cell lines. Int J
Cancer. 2003; 104(4):504-511.

44. Weber GL, Parat MO, Binder ZA, Gallia GL, Riggins GJ.
Abrogation of PIK3CA or PIK3R1 reduces proliferation,
migration, and invasion in glioblastoma multiforme cells.
Oncotarget. 2011; 2(11):833-849.

57. Loo TW, Bartlett MC, Clarke DM. Disulfiram metabolites
permanently inactivate the human multidrug resistance
P-glycoprotein. Mol Pharm. 2004; 1(6):426-433.

45. Schirmer HK, Scott WW. Disulfiram and tumor inhibition.
Trans Am Assoc Genitourin Surg. 1966; 58:63-66.

58. Cen D, Gonzalez RI, Buckmeier JA, Kahlon RS, Tohidian
NB, Meyskens FL Jr. Disulfiram induces apoptosis in
human melanoma cells: A redox-related process. Molecular
Cancer Therapeutics. 2002; 1(3):197–204.

46. 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 proteasome activity. Cancer
Res. 2006; 66(21):10425-10433.

59. Marikovsky M, Nevo N, Vadai E, Harris-Cerruti C. Cu/
Zn superoxide dismutase plays a role in angiogenesis. Int J
Cancer. 2002; 97:34-41.

47. Li L, Yang H, Chen D, Cui C, Dou QP. Disulfiram promotes
the conversion of carcinogenic cadmium to a proteasome
inhibitor with pro-apoptotic activity in human cancer cells.
Toxicol Appl Pharmacol. 2008; 229(2):206-214.

60. Lin J, Haffner MC, Zhang Y, Lee BH, Brennen WN,
Britton J, Kachhap SK, Shim JS, Liu JO, Nelson WG,
Yegnasubramanian S, Carducci MA. Disulfiram is a DNA
demethylating agent and inhibits prostate cancer cell
growth. Prostate. 2011; 71(4):333-343.

48. Nagayoshi H, Matsumoto A, Nishi R, Kawamoto T,
Ichiba M, Matsuda T. Increased formation of gastric N(2)ethylidene-2’-deoxyguanosine DNA adducts in aldehyde
dehydrogenase-2 knockout mice treated with ethanol. Mutat
Res. 2009; 673(1):74-77.

61. Zhang H, Chen D, Ringler J, Chen W, Cui QC, Ethier
SP, Dou QP, Wu G. Disulfiram treatment facilitates
phosphoinositide 3-kinase inhibition in human breast cancer
cells in vitro and in vivo. Cancer Res. 2010; 70(10):39964004.

49. Croker A, Allan AL. Inhibition of aldehyde dehydrogenase
(ALDH) activity reduces chemotherapy and radiation
resistance of stem-like ALDH(hi)CD44(+) human breast
cancer cells. Breast Cancer Res Treat. 2012; 133:75-87.

62. Turecký L, Kalina P, Uhlíková E, Námerová S, Krizko J.
Serum ceruloplasmin and copper levels in patients with
primary brain tumors. Klin Wochenschr. 1984; 62(4):187189.

50. Brar SS, Grigg C, Wilson KS, Holder WD Jr, Dreau D,
Austin C, Foster M, Ghio AJ, Whorton AR, Stowell
GW, Whittall LB, Whittle RR, White DP, Kennedy TP.
Disulfiram inhibits activating transcription factor/cyclic
AMP-responsive element binding protein and human
melanoma growth in a metal-dependent manner in vitro, in
mice and in a patient with metastatic disease. Mol Cancer
Ther. 2004; 3(9):1049-1060.

63. Chick J. Safety issues concerning the use of disulfiram in
treating alcohol dependence. Drug Saf. 1999; 20(5):427435.

51. Daniel KG, Chen D, Orlu S, Cui QC, Miller FR, Dou
QP. Clioquinol and pyrrolidine dithiocarbamate complex
with copper to form proteasome inhibitors and apoptosis
inducers in human breast cancer cells. Breast Cancer Res.
2005; 7:R897-R908.
52. Zanotto-Filho A, Braganhol E, Schröder R, de Souza
LH, Dalmolin RJ, Pasquali MA, Gelain DP, Battastini
AM, Moreira JC. NFκB inhibitors induce cell death in
glioblastomas. Biochem Pharmacol. 2011; 81(3):412-424.
53. Cvek B, Dvorak Z. Targeting of nuclear factor-kappaB and
proteasome by dithiocarbamate complexes with metals.
Curr Pharm Des. 2007; 13(30):3155-3167.
54. Yip NC, Fombon IS, Liu P, Brown S, Kannappan V,
Armesilla AL, Xu B, Cassidy J, Darling JL, Wang W.
Disulfiram modulated ROS-MAPK and NFκB pathways
and targeted breast cancer cells with cancer stem cell-like
properties. Br J Cancer. 2011; 104(10):1564-1574.
www.impactjournals.com/oncotarget

1136

Oncotarget 2012; 3: 1124-1136

