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a b s t r a c t

The thiocarbamate drug disulfiram has been used for decades in the treatment of alcohol

abuse. Disulfiram induces apoptosis in a number of tumor cell lines and was recently by us

proposed to act as a 26S proteasome inhibitor. In this work we characterized disulfiram in

vitro with regard to tumor-type specificity, possible mechanisms of action and drug

resistance and cell death in human tumor cell lines and in 78 samples of tumor cells from

patients using the fluorometric microculture cytotoxicity assay and the automated fluor-

escence-imaging microscope ArrayScan1. Disulfiram induced cytotoxicity in a biphasic

pattern in both cell lines and patient tumor cells. Disulfiram induced apoptosis as measured

by cell membrane permeability, nuclear fragmentation/condensation and caspase-3/7

activation using high content screening assays. For many of the cell lines tested disulfiram

was active in sub-micromolar concentrations. When comparing the log IC50 patterns with

other cytotoxic agents, disulfiram showed low correlation (R < 0.5) with all drugs except

lactacystin (R = 0.69), a known proteasome inhibitor, indicating that the two substances may

share mechanistic pathways. Disulfiram was more active in hematological than in solid

tumor samples, but substantial activity was observed in carcinomas of the ovary and the

breast and in non-small cell lung cancer. Disulfiram also displayed higher cytotoxic effect in

cells from chronic lymphocytic leukemia than in normal lymphocytes (p < 0.05), which may

indicate some tumor selectivity. These results together with large clinical experience and

relatively mild side effects encourage clinical studies of disulfiram as an anti-cancer agent.

# 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The dithiocarbamate drug disulfiram has been used for

decades in the treatment of alcohol abuse since it inhibits

aldehyde dehydrogenase. Several laboratories have investi-

gated the antitumor activity of disulfiram, it has been shown

to induce apoptosis in a number of cell lines [1–6] as well as to

reduce cell growth in glioma, lung carcinoma [7] and
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melanoma in mice [4]. However, the underlying mechanism

has not been fully established. Disulfiram has before been

shown to reduce angiogenesis [7,8], inhibit DNA topoisome-

rases [9] and inhibit nuclear factor kB in hepatoma [3],

colorectal cancer cell lines [2] and endothelial cells [10]. The

cytotoxic activity has been attributed to pro-apoptotic redox-

related mitochondrial membrane permeabilization [1], zinc

complexation with subsequent inhibition of Zn2+-dependent
.
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matrix metalloproteinases [8], or Cu2+ complexation with

inactivation of Cu/Zn superoxide dismutase [7] and conse-

quently diminished cellular generation of reactive oxygen

species. It has also been proposed that disulfiram itself has

limited effect but must be in complex with Cu2+ to be active

[11]. The NFkB inhibiting activity of the disulfiram analogue

pyrrolidine dithiocarbamate (PDTC) has been attributed to its

antioxidative effect and chelating properties [11,12]. PDTC has

been shown to inhibit proteasomal activity in combination

with copper in human breast and prostate tumor cell lines

[5,6]. Recently we proposed a novel mechanism for the

antitumor and NFkB inhibiting activity of disulfiram. Dis-

ulfiram and PDTC were identified as 26S proteasome inhibitors

in a cell-based screening assay and the mechanism was

confirmed with a NFkB translocation assay [13].

Indications of a potential tumor cell selectivity has been

presented for disulfiram both for melanoma cells versus

normal melanocytes [1] and for chronic lymphocytic leukemia

(CLL) cells versus peripheral blood mononuclear cells [13].

In the present work we continue the characterization of

disulfiram in vitro with respect to tumor-type specificity,

possible mechanisms of drug resistance and cell death. This

was carried out in human tumor cell lines and in primary

cultures of human tumor cells from a broad spectrum of

diagnoses and by use of the fluorometric microculture

cytotoxicity assay (FMCA) and the automated fluorescence-

imaging microscope ArrayScan1.
2. Material and methods

2.1. Cell lines

The human cancer cell line panel has been described

previously [14] and consists of the sensitive parental cell

lines; RPMI 8226 (myeloma), CCRF-CEM (leukemia), U937-GTB

(lymphoma) and NCI-H69 (small-cell lung cancer), the drug

resistant sublines 8226/Dox40 (doxorubicin resistant mye-

loma), 8226/LR5 (melphalan resistant myeloma), CEM/VM-1

(teniposide resistant leukemia), U937/Vcr (vincristine resis-

tant lymphoma), H69AR (doxorubicin resistant small-cell lung

cancer) and the primary resistant ACHN (renal adenocarci-

noma) cell line. In addition HeLa (cervical adenocarcinoma)

cell line (ATCC, Manassas, VA) and the non-malignant hTERT-

RPE1 epithelial cell line (CloneTech, Paolo Alto, CA) were used.

Some basic resistance characteristics of the panel, designed to

represent different origin and common resistance mechan-

isms, are presented in Table 2.

A complete medium consisting of culture medium RPMI

1640 supplemented with 10% inactivated fetal calf serum,

2 mM glutamine, 100 mg/ml streptomycin and 100 U/ml

penicillin was used for all cell lines but hTERT-RPE1 and

HeLa. hTERT-RPE1 was cultured in Dulbecco’s modified Eagle’s

medium nutrient F-12 Ham and HeLa in Eagle minimal

essential medium supplemented as above and with 100 mM

sodium pyruvate for the HeLa medium (all from Sigma–

Aldrich Co., St. Louis, MO, USA). Cells were grown at 37 8C in a

humidified atmosphere containing 5% carbon dioxide, split

twice weekly and were harvested in the log-phase for

experimental use.
2.2. Patient tumor samples

Tumor cells from a total of 78 patients with different tumor

diagnoses were used to determine the activity of disulfiram.

The samples were from acute lymphocytic leukemia (ALL;

n = 12), acute myelocytic leukemia (AML; n = 8), chronic

lymphocytic leukemia (CLL; n = 8), chronic myelocytic leuke-

mia (CML; n = 2), lymphoma (n = 14), breast cancer (n = 2),

colorectal cancer (n = 7), non-small cell lung cancer (NSCLC;

n = 7), ovarian cancer (n = 13) and renal cancer (n = 5). The

tumor samples were obtained by routine surgery, diagnostic

biopsy or bone marrow/peripheral blood sampling and this

sampling was approved by the ethical committee at the

Uppsala University. For comparison, four preparations of

normal peripheral blood mononuclear cells (PBMCs) from

healthy blood donors were used.

Leukemic cells and PBMCs were isolated from bone marrow

or peripheral blood by 1.007 g/ml Ficoll-Paque (Pharmacia

Biotech, Uppsala) density gradient centrifugation [15]. Tumor

tissue from solid samples was minced into small pieces and

tumor cells were then isolated by collagenase dispersion

followed by purification on Percoll (Kabi Pharmacia) density

gradient centrifugation [16]. Cell viability was determined by

trypan blue exclusion test and the proportion of tumor cells in

the preparation was judged by inspection of May-Grunwald-

Giemsa-stainedcytospinpreparationsby a cytopathologist.Cell

culture medium RPMI 1640 (supplemented as described above)

was used throughout. In some cases, cells were cryopreserved

in a medium containing 10% dimethylsulfoxide (DMSO, Sigma)

and 90% inactivated calf serum by initial freezing for 24 h at

�70 8C, followed by storage at�150 8C. Cryopreservation in this

way does not affect drug sensitivity [17].

2.3. Measurement of drug activity

Disulfiram (Sigma) was dissolved in DMSO and further diluted

in phosphate buffered saline (PBS; Sigma). The standard anti-

cancer drugs were obtained from commercial sources or from

NCI and dissolved according to the manufacturer’s instruc-

tions. The drugs were tested in five concentrations obtained by

10-fold serial dilution and the number of experiments was at

least three. The FMCA has been described in detail previously

[18,19] and is based on measurement of fluorescence gener-

ated from hydrolysis of fluorescein diacetate (FDA) to

fluorescein by cells with intact plasma membranes. Briefly,

cell suspensions were seeded into drug-prepared plates

(NUNC, Roskilde, Denmark) which then were incubated

72 h. Then the plates were washed, FDA (Sigma) was added,

and after 50 min of incubation the generated fluorescence was

measured at 485/520 nm in a fluorometer (Fluorostar Optima,

BMG Technologies, Germany). The fluorescence is propor-

tional to the number of cells with intact plasma membrane in

the well.

Cytocentrifuge preparations were made for the patient

cells from the untreated control wells to check cell identity.

Quality criteria for a successful analysis included a fluores-

cence signal in the control wells of more than five times mean

blank value, a mean coefficient of variation (CV) in the control

wells and blank wells of less then 30% and more than 70%

tumor cells in the cell preparation before incubation.
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Fig. 1 – Effect of disulfiram in the 12 different cell lines as individual dose–response curves; cell lines with biphasic curves (A)

and monophasic curves (B) and log IC50 from phase I of the dose–response curves expressed as delta (C) and log IC50 from

phase II of the dose–response curves expressed as delta (D). Delta for a cell line was defined as the log IC50 for the cell line

minus the mean of the log IC50 for all 12 cell lines. A deviation to the right and left indicates lower and higher sensitivity

than the mean respectively. In A and B the results are expressed as mean values W S.E.M., the number of experiments was

at least five. The final DMSO concentration did not exceed 1% in any of the experiments. The biphasic dose–response

pattern was only significant for the cell lines RPMI 8226 and CEM/VM-1 (t-test, p < 0.05).
2.4. Quantification of the results from FMCA

Cell survival is presented as survival index (SI) defined

as the fluorescence in experimental wells in percent of

control wells, with blank values subtracted. The IC50-value

(inhibitory concentration 50%) was defined as the concen-

tration giving a SI of 50%. In some cases a biphasic dose–

response curve was observed, see results. In these cases the

IC50 was defined as the lowest concentrate reaching a SI of

50% except in Fig. 1D where second phase log IC50 is

presented. Correlations and comparisons between IC50

values were performed using the logarithmic values.

Comparison of activity was made with Student’s t-tests

(GraphPad Prism).

For the cell lines, a delta value was calculated as the

logarithm of the IC50 of the individual cell line minus the mean

of all 12 log IC50 values to visualize the cytotoxicity pattern of

disulfiram in the form of a delta graph [20]. The resistance

factor for disulfiram in each subline was defined as the IC50 of

the resistant sublines divided by the IC50 of its sensitive

parental cell line.

The solid/hematological (S/H) activity ratio was defined as

the fraction responders within the solid tumor group divided

by the fraction responders within the hematological tumor

group. A responder was defined as a sample with an IC50 below

the median IC50 for all the samples.
2.5. Gene expression

All cell lines were analyzed for gene expression using cDNA

microarrays as described in detail previously [21]. The arrays,

which contained 7458 cDNA clones included in the Human

Sequence Verified Set, were obtained from Research Genetics

(Huntsville, AL, USA). A complete list of genes printed on the

arrays is available at: http://www.genpat.uu.se/Forskargrup-

per/wcn/UU/InstrAndProd_section.htm#prod. Each cell line

was analyzed on two separate arrays with the dyes reversed,

providing a total of four (genes printed in duplicates in each

array) measurements per gene and cell line. Genes with

missing values for more than half of the cell lines were

removed from data set. This filter reduced the number of

genes from 7458 to 3909. For genes passing this filtering

criterion, an average expression level for each gene and

sample was calculated and used in the analysis. Analysis was

performed using log2 transformations throughout.

2.6. Data analysis using drug and gene expression
database

The drug and gene expression databases were integrated and a

correlation analysis was performed in a custom made

program with similar functions as COMPARE (http://

www.nci-sw.com/compare.html). Pearson’s correlation coef-

http://www.genpat.uu.se/Forskargrupper/wcn/UU/InstrAndProd_section.htm%23prod
http://www.genpat.uu.se/Forskargrupper/wcn/UU/InstrAndProd_section.htm%23prod
http://www.nci-sw.com/compare.html
http://www.nci-sw.com/compare.html
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Table 1 – The standard drugs with highest correlation

Drug R Mechanism of action

Lactacystin 0.69 Proteasome inhibitor

2-Azacytidine 0.46 Antimetabolite

Cisplatin 0.45 Alkylating agent

MG-132 0.45 Proteasome inhibitor

MG-262 0.44 Proteasome inhibitor

Doxorubicin 0.43 Topoisomerase I-inhibitor
ficients for all the drug–drug (log10 IC50); gene–gene (log2) and

drug–gene correlations (log10, log2) were automatically calcu-

lated and stored in this database. Differential drug activity and

differential gene expression were displayed in delta graphs.

The cell line panel’s mean value was determined and

subtracted from the values for each cell line to yield the

variable defined as delta. Delta was subsequently used for the

correlation analyses. A total of 66 drugs with known

mechanism of action among them proteasome inhibitors

were used in the drug–drug analysis [21].

2.7. Multiparametric high content screening assays

Multiparametric high content screening assays were used:

Cellomics Cytotoxicity assay and an assay for measurement of

apoptosis, which has been described in detail previously [22].

The HeLa cells were seeded into flat-bottomed 96-well plates

(Perkin-Elmer Inc., Wellesley, MA, USA) and left to attach

before addition of drugs. The number of cells seeded per well

was individualized based on the proliferation rate and the

optimal number of cells per well for the analysis. In the

cytotoxicity assay the Multiparameter cytotoxicity HitKitTM

reagents (Cellomics Inc., Pittsburgh, PA, USA) was used

according to the manufacturer’s instructions. Multiparameter

cytotoxicity HitKitTM contains a nuclear dye, a cell perme-

ability dye and a lysosomal mass/pH indicator. In the

apoptosis assay FAM-DEVD-FMK (part of the CaspaTag Kit,

Chemicon, Temecula, CA, USA) at a final concentration of

20 mM was added one hour before the end of the drug exposure

to stain activated caspase-3 and partly caspase-7. The last

30 min of exposure chloromethyl-X-rosamine (MitoTracker

Red CMXRos, Molecular Probes, USA) was added at the final

concentration of 100 nM to evaluate mitochondrial membrane

potential. The staining solutions were removed and the plates

were washed twice in PBS followed by 30 min fixation with

3.7% formaldehyde and 10 mM Hoechst 33342 (Sigma), to stain

nuclei. Plates were then washed twice. The plates were

centrifuged before each aspiration to avoid loss of cells

growing in suspension or cells detached due to toxic stimuli.

Stained plates were kept at +4 8C for up to 24 h before analysis.

Plates were analyzed using the ArrayScan1 high content

screening system (Cellomics Inc.). The system is a computer-

ized automated fluorescence-imaging microscope that auto-

matically identifies stained cells and reports the intensity and

distribution of fluorescence in individual cells. Images were

acquired for each fluorescence channel, using suitable filters

with 20X objective. In each well at least 800 cells were

analyzed. Automatic focusing was performed in the nuclear

channel to ensure focus regardless of staining intensities in

other channels. Images and data regarding intensity and

texture of the fluorescence within the individual cells, as well

as the average fluorescence of the cell population within a well

were stored in a Microsoft SQL database for easy retrieval and

analysis.

6-Thioguanine 0.41 Antimetabolite

Thymidine 0.38 Antimetabolite

MGBG 0.38 Other

PALA 0.37 Antimetabolite

MGBG, methylgloxal-bis(guanylhydrazone); PALA, N-phosphoace-

tyl-L-aspartate.
3. Results

The dose–response curves for disulfiram in the individual cell

lines are shown in Fig. 1A and B. The small cell lung carcinoma
cell line NCI-H69 and its subline H69AR were most sensitive

and the renal carcinoma cell line ACHN and the non-

malignant epithelial cell line hTERT-RPE1 most resistant.

Interestingly, the dose–responses curves from RPMI 8226/S,

8226/dox40, 8226/LR5, U937-GTB, U937/Vcr, CCRF-CEM and

CEM/VM-1 were all biphasic to more or less extent, but the

biphasic pattern was only significant for the cell lines RPMI

8226/S and CEM/VM-1 (t-test, p < 0.05). In contrast, NCI-H69,

H69AR, ACHN, HeLa and hTERT-PRE1 showed significant (t-

test, p < 0.05) monophasic growth inhibition (i.e. the next

higher concentration never resulted in significant higher SI).

Fig. 1C and D display delta graphs, a graphical presentation of

the activity pattern of the drug in the tested panel of cell lines,

i.e. the difference of log IC50 for each cell line from the mean

log IC50 of the cell line panel for disulfiram. Fig. 1C shows the

delta graph for log IC50 where the IC50 was defined as the

lowest concentrate reaching a SI of 50%, in Fig. 1D the log IC50

was calculated from the second phase in those cases where a

biphasic curve was occurring. Among the most sensitive cell

lines were the small cell lung carcinoma NCI-H69 and the

myeloma RPMI 8226 with their respective resistant sublines.

When comparing the log IC50 patterns with the other

commonly used and experimental cytotoxic agents, disulfiram

showed low correlation (R < 0.5) with all drugs except the

proteasome inhibitor lactacystin (R = 0.69). The 10 drugs with

highest correlation are shown in Table 1. Among them was two

other known proteasome inhibitors, MG-132 and MG-262,

which both showed quite low correlation (R = 0.45 and 0.44)

with disulfiram. With the known and approved proteasome

inhibitor bortezomib the correlation was almost none (R = 0.08).

For disulfiram, the greatest difference in sensitivity between a

parental line and its subline was observed for U937-GTB and

U937/Vcr with a resistance factor of 0.1, indicating collateral

sensitivity, and for CCRF-CEM and its resistant subline CEM/

VM-1, with the resistance factor of 7.9 (Table 2). The resistance

factors for some tested standard agents confirmed the expected

resistance pattern of the drug resistant sublines.

In Table 3 the gene deltas with the highest positive and

negative correlations (top 20) with the delta for the activity

pattern of disulfiram are listed. The list includes some genes

associated with drug sensitivity/resistance such as IL-4-

receptor, GST, TGF-b and the members of the RAS signaling

pathway.
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Table 2 – Influence of resistance mechanisms on cytotoxic potency of disulfiram and standard cytotoxic agents in the cell
line panel

TopoII-associated
MDR

MRP-associated
MDR

Pgp-associated
MDR

GSH-associated
MDR

Tubulin-associated
MDR

Parental celline CCRF-CEM NCI-H69 RPMI 8226 RPMI 8226 U937-GTB

Resistant subline CEM/VM-1 H69AR 8226/Dox40 8226/LR-5 U937/Vcr

Resistance factor

Disulfiram 7.9 3.0 2.8 1.1 0.10

Doxorubicin 5.6 33 43 0.61 2.0

Vincristine 1.0 27 398 1.1 61

Melphalan 1.1 0.55 3.2 3.5 1.6

Cytarabine 1.0 1.0 1.0 0.03 0.89

Cisplatin 0.71 0.89 4.7 1.1 1.4

The resistance factor was defined as the IC50 value in the resistant subline divided by that in its parental cell line.

TopoII, topoisomerase II; MDR, multi-drug resistance; MRP, multidrug-resistance protein; Pgp, P-glycoprotein 170; GSH, glutathione.

Table 3 – The genes with highest positive and negative correlation to disulfiram

Symbol Acc ID Name R Fold range

IL4R 714453 Interleukin 4 receptor 0.95 2.6

GHITM 727278 Growth hormone inducible transmembrane protein 0.90 3.0

EGR1 840944 Early growth response 1 0.90 2.1

MBTPS1 784504 Membrane-bound transcription factor peptidase, site 1 0.87 2.3

M6PRBP1 731356 Mannose-6-phosphate receptor binding protein 1 0.86 24

RAB32 472186 RAB32, member RAS oncogene family 0.86 5.6

CAP1 2549794 CAP, adenylate cyclase-associated protein 1 (yeast) 0.84 6.0

MT1X 297392 Metallothionein 1X 0.84 14

PHC2 898328 Polyhomeotic-like 2 (Drosophila) 0.83 4.5

LENG4 769552 Leukocyte receptor cluster (LRC) member 4 0.83 7.5

POLD4 810734 Polymerase (DNA-directed), delta 4 0.83 4.7

GSTO1 774036 Glutathione S-transferase omega 1 0.83 6.1

RIN1 725308 Ras and Rab interactor 1 0.82 3.5

SPFH1 298769 SPFH domain family, member 1 0.82 10

GOLGA3 855684 Golgi autoantigen, golgin subfamily a, 3 0.82 1.6

TGFB1 136821 Transforming growth factor, beta 1 (Camurati-Engelmann disease) 0.82 3.3

GNAI2 530139 Guanine nucleotide binding protein (G protein), alpha inhibiting activity

polypeptide 2

0.82 3.2

RBPMS 343443 RNA binding protein with multiple splicing 0.81 4.3

VAMP3 843248 Vesicle-associated membrane protein 3 (cellubrevin) 0.81 3.2

DUSP3 627417 Dual specificity phosphatase 3 (vaccinia virus phosphatase VH1-

related)

0.81 3.6

EXO1 447208 Exonuclease 1 �0.96 2.1

DPP3 769868 Dipeptidylpeptidase 3 �0.95 3.0

PARP1 46248 Poly (ADP-ribose) polymerase family, member 1 �0.90 14

C6orf108 504207 Chromosome 6 open reading frame 108 �0.90 2.7

EEF1E1 306921 Eukaryotic translation elongation factor 1 epsilon 1 �0.89 2.8

MEN1 685371 Multiple endocrine neoplasia I �0.86 1.9

TM7SF2 2020772 Transmembrane 7 superfamily member 2 �0.84 5.6

741841 Homo sapiens, clone IMAGE: 5217016, mRNA �0.84 12

SNRPE 431803 Transcribed locus, strongly similar to NP_990581.1 SmE protein [Gallus

gallus]

�0.83 2.0

KIAA0247 789232 KIAA0247 �0.83 1.6

TSNAX 740027 Translin-associated factor X �0.82 1.4

ZNF207 246869 Zinc finger protein 207 �0.82 1.8

PRPS2 503097 Phosphoribosyl pyrophosphate synthetase 2 �0.82 1.8

UCK2 344243 Uridine-cytidine kinase 2 �0.81 3.3

FCER1G 235155 Fc fragment of IgE, high affinity I, receptor for; gamma polypeptide �0.80 1.8

HIST1H2AE 1836558 Histone 1, H2ae �0.80 1.7

DLG4 26021 Discs, large homolog 4 (Drosophila) �0.80 2.9

CHD1 262996 Chromodomain helicase DNA binding protein 1 �0.80 1.6

E2F3 304908 E2F transcription factor 3 �0.80 2.1

MIG-6 742642 ERBB receptor feedback inhibitor 1 �0.79 1.9

Fold range, i.e. the expression level of the gene in cell line with highest expression divided by level in cell line with lowest level, is presented.
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Fig. 2 – The cytotoxic effect of disulfiram over time (6–48 h) in the HeLa cell line characterized in the ArrayScanW. The nuclear

fragmentation (A), caspase 3/7 activity measured using FAM-DEVD-FMK (B), mean cell permeability (C) and average cell

density (D), all expressed as percent of the untreated control and averaged for at least 800 cells per well. In panel E–F

composite images of HeLa cells, untreated (E), treated with 0.4 mM disulfiram for 48 h (F) and treated with 10 mM for 48 h (G).

The cells were stained with 10 mM Hoechst 33342 (blue), 20 mM FAM-DEVD-FMK (green) and 100 nM MitoTracker Red

CMXRos (red). Data are presented as the mean W S.E.M. of three independent experiments. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of the article.)
As evidenced in the ArrayScan1, disulfiram caused apop-

tosis in HeLa cells after 48 h (Fig. 2A–G). Both DNA fragmenta-

tion/condensation and caspase-3 activation showed

concentration and time dependence with a maximum at

0.4 mM after 48 h, a less pronounced effect at the same

concentration after 24 h, and no effect after 6 h (Fig. 2A and

B). The cell membrane permeability and cell density demon-

strated the same pattern with some time delay, as no effect was

seen at either 6 or 24 h (Fig. 2C and D). A reduction in

mitochondrial membrane potential could be seen after 6 and

24 h (data not shown). In Fig. 2E–G images of HeLa cells exposed

to disulfiram for 48 h are shown. A more marked apoptotic

effect can be seen at 0.4 mM (Fig. 2F) than at 10 mM (Fig. 2G).

To measure tumor cell selectivity, drug effects in tumor

cells from CLL and PBMC were compared and expressed as a

ratio between the mean of the IC50 values of the two cell types.

The ratio for disulfiram was higher than for standard agents,

2.9, the log IC50s for PBMC and CLL were significantly different

(t-test, p < 0.05), indicating some tumor cell selectivity

(Fig. 3A). In comparison vincristine had a ratio on 2.7, but

its log IC50s did not significantly differ between CLL and PBMC

cells, all the other standard agents had ratios below 1
(significant difference for only cytarabin, t-test, p < 0.05).

The relative effect of the drugs in solid compared to

hematological tumor samples, expressed as the S/H ratio, is

shown in Fig. 3B. Disulfiram had an S/H ratio of 0.45 compared

with 0.96 for cisplatin that had the greatest relative effect in

solid tumors, consistent with its clinical use. The other drugs

had considerably lower S/H ratios.

Fig. 3C displays the disulfiram sensitivity of each individual

tumor sample of the ten tested cancer diagnoses tested and in

PBMC. There was a large variability in IC50 among the

lymphomas and the different solid cancer samples. As

indicated by the S/H ratio disulfiram had higher activity in

the hematological samples, however, disulfiram also showed

good activity in ovarian cancer. Colorectal and renal cancer

samples showed the least sensitive among the different tested

diagnosis.
4. Discussion

Disulfiram showed cytotoxic activity in a human cell line

panel as well as in tumor cells from patients with a variety of
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Fig. 3 – Tumor cell selectivity expressed as PBMC/CLL ratios (A) and solid/hematological (S/H) activity ratios (B) for disulfiram

and some standard cytotoxic drugs in the investigated patient samples. The PBMC/CLL ratio was defined as the ratio

between the geometric means of the IC50 values in PBMC (n = 4) and CLL (n = 8) samples. The log IC50s for PBMC and CLL

were significantly different for disulfiram and cytarabin (two-tailed t-test, ns = not significant, *p < 0.05, **p < 0.01). The S/H

ratio was defined as the ratio between the fraction responders (with an IC50 below the median IC50) within the solid and

hematological tumor group. Effect of disulfiram in all individual patient samples tested, expressed as IC50, with a line

representing the median IC50 within the samples (C).
malignant diagnoses. It also induced apoptosis in a cell-based

fluorescent imaging assay in HeLa cells. Cell lines are well-

established models for early investigation of new anti-cancer

agents, and can provide information on relevant resistance

mechanisms and mechanistic similarity to other known

agents [14]. Tumor cells from patients, on the other hand,

provide a model that is considerably more predictive with

respect to expected clinical efficacy [23].

Disulfiram has been shown to inhibit the proteasome

signaling pathway [13]. Therefore it was interesting to note

that among the most sensitive cell lines were the myeloma

RPMI 8226 and its sublines. Multiple myeloma is the main

clinical target diagnosis for bortezomib, a drug with protea-

some inhibiting activity [24]. Moreover, when compared with

the effect of drugs studied in the database disulfiram showed

the highest (although modest in absolute amplitude) correla-

tion with lactacystin (R = 0.69), a known proteasome inhibitor,

further indicating that the two substances may share

mechanistic pathways. However, bortezomib did not correlate

at all, this has been discussed previously in Lövborg et al. [13].

Concerning the mechanisms of resistance, disulfiram

seems to be sensitive to the topoisomerase II-associated

multidrug resistance (resistance factor 7.9). It has been

described that disulfiram inhibit DNA topoisomerase [9] that

could at least to some extent explain this finding. However, the

topoisomerase agents showed only modest correlations with

the activity of disulfiram in the cell line panel indicating
multiple determinates for disulfiram sensitivity and/or resis-

tance.

-In the correlations analysis several genes were associated

with disulfiram resistance, including IL-4 receptor, TGF-b and

members of RAS signaling pathways. These genes have

previously been implicated as mediators of cell survival and

to prevent apoptosis [25–27]. TGF-b has previously been

reported to be regulated by the proteasome system, both

positively and negatively [28]. Also GST-u and metallothionein 1

showed high correlations with disulfiram activity and the

enzyme families are well known mediators of resistancetoanti-

cancerdrugs [29,30]. However, correlation doesnot implycausal

relationship but do provide testable hypothesizes of potential

involvement of molecular pathways in determining disulfiram

sensitivity.

In most of the cell lines and in many of the patient

samples disulfiram displayed a biphasic cytotoxic dose–

response pattern. This phenomenon has been described

before for both diethyldithiocarbamate (a metabolite of

disulfiram) and PDTC, regarding cell viability as well as NF

kB inhibition [10,12,31–33]. The proteasome inhibiting activ-

ity of disulfiram and PDTC proposed by us is most likely

accompanied by other mechanism capable of inhibiting as

well as inducing cytotoxicity. The dose dependency of these,

perhaps counteracting effects might explain the biphasic

appearance of dose–response curves. Furthermore, attempts

have been made to explain this phenomenon from different
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mechanistic angles. For the disulfiram analogue PDTC it has

been suggested that it inhibits monooxygenases that con-

verts PDTC to sulphenic acid, which in turn counteracts the

PDTC effect on NF kB [34]. Alternatively, high doses of PDTC

might prevent the compound itself from mobilizing Zn2+ into

intracellular compartments important for the NF kB and

possibly also for the cytotoxic activity [10]. Whether the

biphasic pattern of cytotoxicity is related to interference with

these oxidative and metal dependent pathways or the

proteasome inhibiting activity of disulfiram and PDTC needs

further exploration.

The mode and time course of cell death induced by

disulfiram was addressed by multiparametric apoptosis

analysis. The induction of cell death was relatively slow with

typical signs of apoptosis, i.e. nuclear fragmentation/con-

densation and activation of caspase-3, occurring after 24 h. As

expected the membrane permeabilization and detachment

from substrate occurred at later time points. After 48 h

necrosis was induced along with apoptosis. The biphasic

response seen for cytotoxicity was obvious also in these

experiments. Disulfiram has previously been reported to

inhibit caspases by thiol oxidation [35], which is in con-

cordance with our data where 0.4 mM disulfiram caused more

apoptosis than 10 mM. This also presents a possible mechan-

istic explanation for the biphasic dose–response pattern

besides the ones describes above. The caspase inhibition

may present a possible limiting factor in the in vivo situation,

where disulfiram may inhibit the proteasome in lower doses

and inhibit caspases in higher doses.

Disulfiram was more active against CLL cells compared to

PBMC, indicating possible tumor selectivity. Even though

disulfiram was more active in hematological than in solid

tumor patient samples, the S/H ratio indicates that disulfiram

may be active also in solid tumors. Disulfiram had a ratio of

0.45 that could be compared with doxorubicin, which has well

known solid tumor activity, with a ratio of 0.31. According to

our data, cancer of the ovary and breast would be of particular

interest with respect to solid tumor activity.

Concentrations needed to induce cytotoxicity in patient

hematological and some solid tumor samples can be safely

reached in man [36]. Even though one needs to be careful

when extrapolating in vitro results into the clinical setting,

this indicates that there could be a potential for the use of

disulfiram as an anti-cancer agent. The use of disulfiram in

the clinic is further supported by a case report where

disulfiram in combination with zinc gluconate induced

clinical remission in a patient with metastatic ocular

melanoma [4]. The present results together with large clinical

experience and relatively mild side effects encourage future

clinical studies of disulfiram in both hematological and solid

tumors.
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