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SHORT REPORT

Inhibition of proteasome activity, nuclear factor-KB translocation
and cell survival by the antialcoholism drug disulfiram
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The proteasome pathway is an important target for anticancer
drug development. Here, we identify the antialcoholism drug
disulfiram and its analogue pyrrolidine dithiocarbamate (PDTC)
as inhibitors of the 26S proteasome activity in a cell-based screen-
ing assay. As expected for proteasome inhibitors, these compounds
also inhibited TNF-a-induced nuclear factor-KB (NF-KB) translo-
cation and were cytotoxic. Disulfiram was more cytotoxic against
chronic lymphocytic leukemia cells compared to peripheral blood
mononuclear cells (PBMC) at clinically achievable concentrations.
Proteasome and NF-KB inhibition were achieved with a potency
in the same range as that of the clinically used proteasome inhibi-
tor bortezomib. Disulfiram was also able to induce accumulation
of p27%P! and to prolong the half-life of c-Myc, both targets
for proteasome-dependent degradation. It is concluded that the
previously observed antitumoral and NF-KB inhibiting activity of
disulfiram and PDTC could be attributed to their inhibition of the
26S proteasome.
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The thiocarbamate drug disulfiram has been used extensively in
the treatment of alcoholism.' Disulfiram has also been shown to
induce apoptosis in a number of tumor cell lines™ " as well as to
reduce the growth of glioma, lung carcinoma® and melanoma
tumors in mice.® However, the mechanism underlying the cyto-
toxic and antitumoral activity of disulfiram has not been conclu-
sively established. It has been proposed that the induction of cell
death involves generation of reactive oxygen species.” Addition-
ally, disulfiram has been shown to inhibit nuclear factor-KB (NF-
KB) in hepatoma® and colorectal cancer cell lines.> The NE-KB-
inhibiting activity of the disulfiram analogue pyrrolidine dithiocar-
bamate (PDTC) has been attributed to its antioxidative effect.” In
this work, we propose a novel mechanism for the antitumoral and
NF-KB-inhibiting activities of disulfiram. Screening of a diverse
pharmacological library of compounds identified disulfiram as an
inhibitor of 26S proteasome activity. Our findings suggest that the
antitumor effect of disulfiram could, at least partly, be attributed
to its proteasome—inhibitorly action, stabilizing proteasome-degraded
proteins, e.g., IKB, p27%"" and c-Myc, subsequently resulting in the
inhibition of cell-cycle progression and induction of apoptosis.

Materials and methods
Chemicals

Compounds used for screening were part of the LOPAC 1280™
library (Sigma Aldrich, St. Louis, MO). The library is a collection
of pharmacologically active compounds with a diverse range of pro-
posed target receptors and enzymes. The proteasome-inhibiting sub-
stance bortezomib was provided by Millennium Pharmaceuticals
(Cambridge, MA). All other chemicals were from Sigma Aldrich.

Cell lines

The stably transfected human embryo kidney cell line HEK 293
expressing the ZsProSensor-1 fusion protein (HEK 293 ZsGreen,
BD Biosciences, San Jose, CA) was used for screening and evalu-

Eﬁﬁ\ - Publication of the International Union Against Cancer
& UICC

Biotal cancer contrl

ation of proteasome inhibitors. The ZsProSensor-1 consists of the
green fluorescent protein ZsGreen fused to mouse ornithine decar-
boxylase (mODC) and is degraded by the 26S proteasome.® Inhib-
ition of the proteasome leads to accumulation of the fluorescent
protein. HEK 293 ZsGreen was grown in DMEM supplemented
with 10% fetal calf serum, 2 mM glutamine, 50 pg/ml strepto-
mycin and 60 pg/ml penicillin (Sigma Aldrich). The antibiotic
G418 was included in the culture medium at a concentration of
0.2 mg/ml to select for stably transfected cells. The myeloma cell
line RPMI8226 was grown in RPMI1640 supplemented as earlier.

Cellular proteasome inhibition assay

HEK 293 ZsGreen cells were seeded in collagen I-coated 96-
well microtiter plates at a density of 8,000 cells per well and were
incubated overnight to allow cell adherence. Following compound
exposure for 12 hr to allow accumulation of detectable levels of
ZsGreen, plates were washed and cells were fixated and nuclei
were counterstained by adding a solution of 3.7% formaldehyde in
PBS with 10 pM Hoechst 33342. Processed plates were loaded
into the ArrayScan"™ HCS reader (Cellomics, Pittsburgh, PA) for
automated image acquisition and analysis. The ArrayScan is an
inverted fluorescence microscope with the ability to focus and
acquire images of cells in microtiter plates. Images are automati-
cally processed to identify cells based on their nuclear Hoechst
33342 staining and to quantify fluorescence intensity and localiza-
tion based on the staining from other fluorochromes.

To quantify the degree of 26S proteasome inhibition, the inten-
sity of ZsGreen fluorescence of each cell was measured. The aver-
age green cellular intensity of more than 500 cells was calculated
for each well and the nuclear channel was used to address morpho-
logical changes.

NF-KB translocation assay

HEK 293 ZsGreen cells were plated as described earlier. Com-
pounds were added at various concentrations and cells were incu-
bated for 1 hr. After the incubation, cells were stimulated with
100 ng/ml of TNF-a (Sigma Aldrich) for 30 min. Negative control
cells without TNF-a were used as a reference to quantify the extent
of baseline NF-KB translocation in the cell line. The NF-KB trans-
location was visualized using the NF-KB Activation HCS HitKit™
reagents (Cellomics) according to manufacturer instructions. A pri-
mary antibody specific for the p65 subunit of NF-KB and a secon-
dary antibody conjugated with the fluorophore Texas Red was used.
Hoechst 33342 was added to label the nuclei of the cells.

Quantification of NF-KB activation was performed by measur-
ing the spatial translocation of NF-KB from the cell cytoplasm to
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the nucleus, using the ArrayScan HCS reader (Cellomics) as de-
scribed earlier.” The degree of translocation of about 500 cells per
well was averaged. The translocation was presented as percentage
NF-KB translocation of that in control wells with 100% being the
maximum translocation of p65 achievable in cells exposed to TNF-a.

20S proteasome enzymatic activity

The enzymatic activity of the 20S proteasome was measured by
adding test substances or known inhibitors to human erythrocyte
20S enzyme in an assay buffer of 25 mM HEPES (pH 7.5), 0.5 mM
EDTA, 0.05% NP-40 and 0.03% SDS (Plymouth Meeting, PA). For
some experiments, the buffer was complemented with 10 pM CuCl,
or ZnSOy. After 10 min incubation to allow enzyme and substrate
interaction, the fluorogenic proteasome substrate SUC-LLVY-AMC
was added. The increase in fluorescence was measured every third
minute during 1 hr. Monitoring the increase in fluorescence over
time, allowed quantification of the enzymatic activity.

Cytotoxicity assay

Cytotoxic effect of disulfiram, PDTC and bortezomib was
studied using the fluorometric microculture cytotoxicity assay
(FMCA) previously described in detail.'® Briefly, this assay mea-
sures the hydrolysis of fluorescein diacetate to fluorescent fluores-
cein in cells with intact plasma membrane. For experiments, cell
suspension was added to drug-containing microtiter plates. After
72 hr incubation, the plates were washed, fluorescein diacetate
was added and the generated fluorescence was measured after
40 min. Data are expressed as survival index (SI %), calculated by
dividing the fluorescence in test wells with that of control wells,
with blank values subtracted. Fluorescent signal from the ZsGreen
protein accumulated in cells did not interfere with the analysis
(not shown).

Western blot analysis

Exponentially growing RPMI8226 cells at 0.4 X 10° cells/ml
were treated with 4 uM of disulfiram for 4 hr, followed by treat-
ment with 10 pg/ml cycloheximide (Sigma), to inhibit new protein
synthesis, and whole cell lysates were prepared at indicated times
and subjected to western blot analysis as described previously.''
Five micrograms of the extracts were fractionated on Novex
NuPAGE (10%) precast gels, using the Novex electrophoresis and
blotting system (Novex, San Diego, CA). Primary antibodies used
were p27 (C-19), c-Myc (N-262) and B-actin (I-19) (Santa Cruz
Biotechnology, Santa Cruz, CA). The bands were quantified by
a Fujix Bio-Imaging Analyzer Base 2000 (Fuji, Stockholm,
Sweden) and divided by actin band intensity, to correct for loading
differences (data not shown).

Results

Proteasome activity and NFKB translocation
in HEK 293 ZsGreen

In a cell-based high-content screen of 1,280 compounds (not
shown), using HEK 293 ZsGreen cells expressing the ZsProSen-
sor-1 fusion protein, we identified disulfiram and PDTC as potent
inhibitors of the 26S proteasome activity. Images of HEK 293
ZsGreen exposed to 0.16 uM disulfiram or PDTC or 0.016 uM
bortezomib are shown in Figure la. The pattern and localization
of ZsGreen staining within the cells were similar between the thio-
carbamate compounds, disulfiram, PDTC and bortezomib. Dose-
response evaluation of ZsGreen accumulation induced by 12 hr
incubation with disulfiram, PDTC and the clinically used protea-
some inhibitor bortezomib are shown in Figure 1b. Disulfiram and
PDTC potently inhibited the 26S proteasome activity in a dose-
dependent manner.

All 3 compounds were also shown to inhibit NF-KB transloca-
tion. Analysis of the TNF-a-induced nuclear—cytoplasm transloca-
tion of the NF-KB subunit p65, after a 1 hr incubation with com-
pounds, indicates an inverse relationship between the degree of
translocation and proteasome inhibition (Fig. 1b). Studies using
purified SDS-activated 20S proteasome, with or without Zn>" or
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Cu?", did not indicate inhibitory activity of disulfiram or PDTC.
Also, the main in vivo disulfiram metabolite diethyldithiocarba-
mate (DEDTC) potently inhibited cellular proteasome activity as
well as NF-KB translocation but had no effect on the 20S enzy-
matic activity (not shown).

Cytotoxic activity of disulfiram and PDTC

The cytotoxic activity of the compounds in the HEK 293
ZsGreen cell line indicated a positive relationship between protea-
some inhibition and cytotoxicity. Dose-response evaluation after
72 hr incubation with compounds resulted in ICs, values for disul-
firam, PDTC and bortezomib of 13, 86 and 11 nM, respectively
(Fig. 1c¢). These ICsq values are close to the concentrations causing
proteasome inhibition. DEDTC was also cytotoxic when tested on
the HEK 293 ZsGreen cell line (not shown). Cytotoxic activity of
disulfiram, PDTC and bortezomib in the myeloma cell line
RPMI8226 is shown in Figure 1d with ICs values of 94, 290 and
260 nM, respectively.

The cytotoxic effect of disulfiram at 0.1 uM was tested in
peripheral blood mononuclear cells (PBMC) from 4 healthy do-
nors and chronic lymphocytic leukemia (CLL) cells from 8 pa-
tients. The average SI of 39.5% for PBMC was significantly
higher than the 5.8% for the CLL samples (p < 0.01).

Effect of disulfiram on proteasome target proteins

Exposing the myeloma cell line RPMI8226 to 4 uM disulfiram
for 4 hr induced a strong accumulation of p27%'P! protein. Chase
analysis of p275P' in cells after inhibition of protein synthesis
showed stable levels of p275'P!, suggesting that the increase in
p27%P! was the result of inhibited proteasomal degradation. The
constitutive level of c-Myc expression in RPMI8226 cells was
high and did not show an increase after exposure to disulfiram.
However, chase analysis indicated a clear stabilization of the c-
Myc protein in disulfiram-exposed cells (Fig. 2).

Discussion

In this article, we describe, for the first time, the 26S protea-
some inhibiting activity of disulfiram, a drug mainly known for its
effects in treating alcoholism. The proteasome controls the turn-
over of critical components of the cell cycle and apoptosis regula-
tory pathways, often found to be dysfunctional in malignant cells.
The regulation of the proteasome pathway is, therefore, an impor-
tant target for anticancer drug development, and the first protea-
some inhibitor approved for clinical use, bortezomib, has shown
promising activity in myeloma paltients‘12 Disulfiram has previ-
ously attracted some interest as an inducer of apoptosis in tumor
cells both in vitro and in vivo. However, the mechanism for the
apoptosis-inducing effect is not clear. A number of different
mechanisms have been proposed, among them is the redox-related

processes involving copper and zinc.

The 26S proteasome is a multi-enzyme complex consisting of
the 20S catalytically active unit and two 19S regulatory units. In
this work, using a cell-based assay, we were able to show that
disulfiram, at clinically achievable concentrattions,13 inhibits the
26S proteasome activity with potencies in the range of that of the
clinically used proteasome inhibitor bortezomib. This was also
observed for PDTC, a widely used NF-KB inhibitor and DEDTC,
the main in vivo disulfiram metabolite.'* Recently, it has been
shown that PDTC combined with Zn>" is able to inhibit protea-
some-dependent froteolysis in HeLa cells,"” and the combination
of PDTC and Cu”" was shown to inhibit the proteasome in a pros-
tate cancer cell line.'® In our cell-based model system, PDTC
itself inhibits the proteasome activity and this could provide an
alternative explanation for the NF-KB-inhibiting activity of PDTC
usually attributed to its antioxidant effect.”

Accumulation of ZsGreen was not observed in cells exposed to
a number of generally toxic and antitumoral compounds in the
original screening, strengthening the conclusion that the accumu-
lation is not due to unspecific toxic effect on cells. However, when
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FiGure 1 — (a) Images of HEK 293 ZsGreen cells acquired using the ArrayScan HCS reader. Cells were exposed to 0.16 uM disulfiram or
PDTC or 0.016 pM bortezomib for 12 hr. Cells exposed to vehicle are included as control. High levels of accumulated ZsGreen protein could be
seen for all compounds, without changes in nuclear morphology. Note the bright, similar staining pattern induced by all 3 compounds. (b) The
inhibitory effect of disulfiram, PDTC and bortezomib was analyzed in HEK 293 ZsGreen cells exposed for 12 hr. Cellular green fluorescence
was measured using the ArrayScan HCS reader and was averaged for at least 500 cells per well. Data presented as percent of maximum achiev-
able proteasome inhibition, mean = SEM of triplicate experiments. NF-KB translocation of cells exposed to compounds for 1 hr is plotted in the
same graph. Using the ArrayScan HCS reader and immunostaining of p65, the nuclear—cytoplasm intensity difference was calculated for each
cell and averaged for at least 500 cells per well. Data are presented as percent of maximum TNF-a-induced translocation, mean = SEM of tripli-
cate experiments. Cytotoxic activity of disulfiram, PDTC and bortezomib in HEK 293 ZsGreen cells (¢) and RPMI8226 myeloma cell line (d).
Cells were exposed to the compounds for 72 hr followed by analysis of cytotoxicity, using the FMCA method.
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FIGURE 2 — p275"P" strongly accumulated in RPMI8226 cells ex-
posed to 4 uM disulfiram (DSF) for 4 hr. Chase analysis at 1 and 2 hr
after addmon of 10 pg/ml cycloheximide (CHX) showed stable levels
of p27%P!, RPMI8226 cells exhibited high constitutive levels of c-Myc
and addition of disulfiram did not induce accumulation but increased
the half-life of c-Myc. Actin is included as a loading reference.

tested in a cell-free system, disulfiram and PDTC were not able to
inhibit the 208 activity. Addition of Cu®>" or Zn>" did not cause
inhibition of the enzyme in the cell free system. This indicates that
the thiocarbamate compounds require intracellular metabolism or
that they are interfering with the regulatory subunits of the 26S
proteasome. These results are in accordance with a recent study
demonstrating an indirect 1nh1b1t10n of the ublqultln proteasome
pathway by PDTC and Cu®*/ Zn>* combination.'” The mODC-
ZsGreen proteasomal substrate expressed in the HEK 293
ZsGreen cell line does not require ubiquitin to be degraded by the
proteasome, excluding the interference of disulfiram and PDTC
with the complex system of ubiquitin-conjugating enzymes.'?
Thus, the exact mechanism for proteasome inhibition by the di-
thiocarbamate compounds disulfiram and PDTC, and how it dif-
fers from that of bortezomib that is known to inhibit the 20S pro-
teasome, needs to be further explored.

To confirm the proteasome-inhibiting properties of disulfiram

and PTDC and to study targets downstream of the proteasome, we
tested their effect on NF-KB translocation. A short incubation
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with the compounds prior to stimulation with TNF-« inhibited the
nuclear translocation of p65. The relationship between proteasome
inhibition and inhibition of p65 translocation indicate that this
effect is mediated by reduced degradation of IKB, the inhibitory
subunit of NF KB that, upon phosphorylation, is degraded by the
proteasome.'? Disulfiram has previously been shown to inhibit
drug-induced and constitutive NF-KB translocatlon and activity in
hepatoma and colorectal cancer cell lines.>* Our results also show
that disulfiram and PDTC are able to induce cytotoxic effects in
HEK 293 ZsGreen cells at concentrations inhibiting the protea-
some and the NF-KB translocation. Furthermore, the compounds
are able to induce cytotoxic activity in the myeloma cell line
RPMI8226.

To confirm and to further characterize the proteasome inhibiting
activity of disulfiram, we tested whether the compound was able
to affect the levels of 2 proteins known to be degraded by the pro-
teasome. Two of these proteins are the cell-cycle regulatory pro-
tein p27<"' and the transcrlPtlon factor c-Myc. Disulfiram in-
duced accumulation of p27%"" already after 4 hr of exposure. The
accumulation of p275P! was accompamed by a stabilization of
the protem in accordance with previous studies of proteasome
inhibitors.'® As with p27¥'!, the stability of c-Myc was increased,
indicating inhibition of its proteasomal degradation. However,
disulfiram did not further increase the constitutively high levels of
c-Myec. This could be due to the complex regulation of its expres-
sion through other transcription factors dependent on proteasome
activity.

Proteasome inhibitors has gained large interest m the clinical
treatment of both hematological and solid tumors.'? Disulfiram
was shown to be more active against CLL cells compared to
PBMC, indicating a potential for tumor cell selectivity. A single
case where disulfiram combined with zinc gluconate induced clin-
ical remlssmn in a stage IV metastatic ocular melanoma has been
reported.® Pharmacokinetic data on disulfiram are limited due to
complex routes of metabolism. However, studies indicate that
micromolar concentrations of disulfiram, well above the levels
used m our study to inhibit the proteasome, can be achieved in
ma Together with the relatively mild side effects and the large
c11n1ca1 experience of the drug, clinical studies of disulfiram as a
candidate proteasome inhibitor in a variety of hematological and
solid tumors seem warranted.
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