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Abstract
The ubiquitinproteasome system is involved in various cellular processes, including transcription,
apoptosis, and cell cycle. In vitro, in vivo, and clinical studies suggest the potential use of
proteasome inhibitors as anticancer drugs. Cadmium (Cd) is a widespread environmental pollutant
that has been classified as a human carcinogen. Recent study in our laboratory suggested that the
clinically used anti-alcoholism drug disulfiram (DSF) could form a complex with tumor cellular
copper, resulting in inhibition of the proteasomal chymotrypsin-like activity and induction of
cancer cell apoptosis. In the current study, we report, for the first time, that DSF is able to convert
the carcinogen Cd to a proteasome-inhibitor and cancer cell apoptosis inducer. Although the DSF–
Cd complex inhibited the chymotrypsin-like activity of a purified 20S proteasome with an IC50
value of 32 μmol/L, this complex was much more potent in inhibiting the chymotrypsin-like
activity of prostate cancer cellular 26S proteasome. Inhibition of cellular proteasome activity by
the DSF–Cd complex resulted in the accumulation of ubiquitinated proteins and the natural
proteasome substrate p27, which was followed by activation of calpain and induction of apoptosis.
Importantly, human breast cancer MCF10DCIS cells were much more sensitive to the DSF–Cd
treatment than immortalized but non-tumorigenic human breast MCF-10A cells, demonstrating
that the DSF–Cd complex could selectively induce proteasome inhibition and apoptosis in human
tumor cells. Our work suggests the potential use of DSF for treatment of cells with accumulated
levels of carcinogen Cd.
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Introduction
Cadmium (Cd) is a widespread environmental pollutant of increasing worldwide concern,
which is associated with air and water pollution (Waisberg et al., 2003). For
nonoccupationally exposed people, Cd is absorbed into the body from dietary sources and
cigarette smoking (Satarug and Moore, 2004; McElroy et al., 2007). Cd and its compounds
have been classified as human carcinogens by the International Agency for Research on
Cancer (IARC) in 1993, based on high risk of pulmonary tumor related to Cd exposure
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(Kelley, 1999). Cd has been shown to play a role in carcinogenesis by enhancing DNA
mutation rates and to stimulate mitogenic signaling pathways and expression of
oncoproteins that control cellular proliferation (Beyersmann and Hechtenberg, 1997). Cd
accumulates in the human body with a half-life exceeding 25 years once absorbed (Filipic et
al., 2006). Liver and kidney are two main organs that accumulate Cd since they express high
levels of metallothionein, a Cd-binding protein (Pandey, 2006). Cd also accumulates in renal
cortex, leading to induction of renal cancer (Kolonel, 1976; Il’yasova and Schwartz, 2005;
Hu et al., 2002). Furthermore, rat liver epithelial cells could undergo carcinogenic
transformation after chronic, low-level Cd exposure, suggesting the involvement of Cd in
liver tumor formation (Qu et al., 2005). Cd exposure is also related to prostate, breast,
bladder, pancreatic cancers (Goyer et al., 2004; Kellen et al., 2007; Sens et al., 2004;
Schwartz and Reis, 2000; McElroy et al., 2006), and gallbladder cancer where Cd is
concentrated after secretion by liver (Pandey, 2006; Waalkes, 2003).

The ubiquitin-proteasome pathway is responsible for the degradation of most endogenous
proteins related to gene transcription, cell cycle, apoptosis and other major cellular processes
(Goldberg, 1995; Dou et al., 2003; Orlowski and Wilk, 2000; Nandi et al., 2006). Since
cancer cells are much more dependent on the ubiquitin-proteasome pathway than normal
cells, it becomes more important to develop proteasome inhibitors as selective anticancer
drugs (Dou et al., 2003; Orlowski and Wilk, 2000; Adams, 2004). Efficacy and tolerance of
the first proteasome-inhibitor PS-341 (Bortezomib, Velcade) in clinical trials further
encourage researchers to explore proteasome inhibitors for cancer treatment (O’Connor et
al., 2005; Orlowski et al., 2005; Papandreou et al., 2004; Adams and Kauffman, 2004).

Disulfiram (DSF) is a member of the dithiocarbamate family that has been approved by the
Food and Drug Administration (FDA) for the treatment of alcoholism (Orrenius et al., 1996;
Johansson, 1992). It possesses an R1R2NC(S)SR3 functional group, which gives it the
ability to complex metals. Previously, we reported that DSF could bind to tumor cellular
copper (Cu) and form a DSF–Cu complex that induced apoptotic cell death in human breast
cancer cells in vitro and in vivo through protea-some inhibition (Chen et al., 2006).

In the current study, we first screened mixtures of DSF and various metals, including
magnesium (Mg), calcium (Ca), Cd, chromium (Cr), manganese (Mn), cobalt (Co), nickel
(Ni) and zinc (Zn), for their proteasome-inhibitory activities in human prostate cancer PC-3
cells, and found that the DSF–Cd complex is most potent. Furthermore, DSF–Cd complex
selectively inhibited the proteasome activity in human breast cancer cells, but not non-
tumorigenic cells and this selective proteasome inhibition is associated with increased
sensitivity to apoptosis induction in human breast cancer cells. Our study suggests the
potential use of DSF as an agent to convert the carcinogen Cd to a selective anticancer drug
through proteasome inhibition. To our knowledge, this is the first report of an effective
treatment for chronic Cd intoxication, especially by converting this carcinogen to a specific
tumor cell killer.

Materials and methods
Materials

Human prostate cancer PC-3 cells were purchased from American Type Culture Collection
(Manassas, VA, USA). Human breast cancer MCF10DCIS (malignant MCF10) and
immortalized but non-tumorigenic MCF-10A cells (derived from benign human breast
tissue) were provided by Dr. Fred Miller (Karmanos Cancer Institute, Detroit, MI, USA).
MG132, Magnesium chloride, calcium chloride, cadmium chloride, chromium chloride,
manganese chloride, cobalt chloride, nickel chloride, zinc chloride, copper chloride,
tetraethylthiuram disulfide (DSF), dimethylsulfoxide (DMSO), epidermal growth factor,
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insulin, chelora toxin and hydrocortisone were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Both inorganic metals and DSF were dissolved in DMSO at a stock
concentration of 50 mmol/L, aliquoted, and stored at −20 °C. Purified rabbit 20S
proteasome, fluorogenic peptide substrate Suc-LLVY-AMC (for the proteasomal
chymotrypsin-like activity assay) were from Calbiochem (San Diego, CA, USA). Mouse
monoclonal antibody against human poly (ADP-ribose) polymerase (PARP) was from
Roche Applied Science (Indianapolis, IN, USA). Mouse monoclonal antibodies against
human ubiquitin (P4D1), Bax (B-9), p27 (F-8), and goat polyclonal antibody against actin
(C-11) were from Santa Cruz Biotechnology Inc (Santa Cruz, CA, USA). Fetal bovine
serum was from Tissue Culture Biologicals (Tulare, CA, USA). RPMI 1640, DMEM/F12,
horse serum, penicillin, and streptomycin were from Invitrogen (Carlsbad, CA, USA).

Cell culture and whole cell extract preparation
PC-3 cells were grown in RPMI 1640 supplemented with 10% fetal bovine serum, 100 units/
ml of penicillin, and 100 μg/ml of streptomycin. MCF10DCIS cells were cultured in 1:1
DMEM/F12 media supplemented with 5% (v/v) horse serum, 0.029 mol/L sodium
bicarbonate, 10 mmol/L HEPES buffer solution, 100 U/ml of penicillin, and 100 μg/ml of
streptomycin. MCF10A cells were cultured in 1:1 DMEM/F12 media prepared as follows:
500 ml of media was supplemented with 5.26% (v/v) horse serum, 0.029 mol/L sodium
bicarbonate, 10 mmol/L HEPES buffer solution, 100 U/ml of penicillin, and 100 μg/ml of
streptomycin, 52.55 μg of cholera endotoxin, 5 mg insulin, 10 μg of epidermal growth
factor, and 250 μg hydrocortisone. All cell lines were maintained at 37 °C in a humidified
incubator with an atmosphere of 5% CO2 and routinely tested for mycoplasma
contamination. The cells were subcultured by trypsinization when they reached to 80–90%
confluency. Medium was changed when the color was turned to yellowish. A whole cell
extract was prepared as described previously (Chen et al., 2005).

Analysis of the proteasome chymotrypsin-like activity in treated cells
PC-3 cells were treated as indicated. Intact cells or cell lysates were incubated with 40
μmol/L of fluorogenic substrate for the proteasomal chymotrypsin-like activity for 2 h at 37
°C in 100 μl of assay buffer (50 μmol/L Tris–HCl, pH 7.5). After incubation, production of
hydrolyzed 7-amino-4-methylcoumarin (AMC) groups was measured using a Victor3

Multilabel Counter with an excitation filter of 380 nm and an emission filter of 460 nm
(PerkinElmer, Boston, MA, USA). Changes in fluorescence were calculated against non-
treated controls and plotted using Microsoft Excel™ software.

In vitro proteasome activity assay
Purified 20S rabbit proteasome (35 ng) was incubated with 20 μmol/L of fluorogenic
peptide substrate for chymotrypsin-like activity in 100 μL of assay buffer, with or without
Cd, DSF or DSF–Cd mixture at different concentrations for 1 h at 37 °C, followed by the
measurement of AMC groups, as described (Li and Dou, 2000).

Western blot and cellular morphology analysis
Cells were treated as indicated in Figure legends, harvested and lysed. Cell lysates (40 μg)
were separated by SDS-PAGE and transferred to a nitrocellulose membrane (An et al.,
1998), followed by visualization using the enhanced chemiluminescence kit (Amersham
Biosciences, Piscataway, NJ, USA). Western blot analysis was performed using specific
antibodies as indicated. All microscopic imaging for cellular morphology was taken by
using Zeiss Axiovert 25 microscope (Thornwood, NY, USA).
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Statistical analysis
T-test was used to compare the difference between immortalized but non-tumorigenic
human breast MCF-10A and breast cancer DCIS cells in response to DSF–Cd exposure.
SPSS 11.0 software was used to perform ANOVA analysis to compare the proteasome-
inhibitory effects by treatment of multiple DSF–metal complexes or by DSF–Cd mixture or
each alone in PC-3 cells. Significant differences were set up at p<0.01 and differences were
set up at p<0.05.

Results
Treatment with the DSF–Cd complex results in proteasome inhibition and tumor cell
apoptosis

Previously, we reported that the clinically used anti-alcoholism drug DSF bound to cellular
Cu, forming a complex that possesses proteasome-inhibitory and anti-tumor activities (Chen
et al., 2006). To search for new metal-based proteasome inhibitors, we tested the effects of a
mixture of DSF and another metal ion, including Mg2+, Ca2+, Cd2+, Cr3+, Mn2+, Co2+, Ni2+

and Zn2+. DSF–Cu complex was used as a control in this experiment. Human prostate
cancer PC-3 cells were treated for 12 h with 20 μmol/L of each DSF–metal mixture
prepared, followed by measurement of proteasome inhibition and apoptotic cell death (Fig.
1). Results of the proteasomal chymotrypsin-like activity assay using the prepared cell
extracts showed that the DSF–Cu complex caused 80% inhibition of cellular proteasome
activity (Fig. 1A). Interestingly, DSF–Cd complex caused more than 95% inhibition under
the same condition (Fig. 1A), indicating that DSF–Cd is a more potent proteasome inhibitor
than DSF–Cu. In a sharp contrast, the mixtures of DSF and other tested metals, Mg2+, Ca2+,
Cr3+, Mn2+, Co2+, Ni2+ or Zn2+, failed to inhibit the proteasome activity under the tested
experimental concentration (Fig. 1A).

Inhibition of the proteasomal activity should result in accumulation of ubiquitinated proteins
and target proteins (Li and Dou, 2000). Indeed, the levels of ubiquitinated proteins were
accumulated in PC-3 cells treated with DSF–Cd or DSF–Cu, but not with mixtures of DSF
and other metals (Fig. 1B). Compared to DSF alone or mixtures of DSF with other metals,
DSF–Cd and DSF–Cu increased the protein level of proteasome target protein p27 (Fig. 1B).
Interestingly, DSF–Zn complex also slightly increased the p27 protein level (Fig. 1B).

Since inhibition of tumor cellular proteasome activity is associated with apoptosis induction
(Nam et al., 2001), we then measured apoptotic cell death by PARP cleavage (Fig. 1B) and
cellular apoptotic morphologic changes (Fig. 1C). Cleavage of PARP into a p65 fragment
was detected in the cells treated with DSF–Cd, DSF–Cu or DSF–Zn (Fig. 1B). Consistently,
apoptotic cells (round-up and condensed) were observed after treatment of DSF–Cd, DSF–
Cu or DSF–Zn (Fig. 1C).

It has been shown that calpain cleaves PARP and produces a fragment of 65 kDa (Pink et
al., 2000). We and others have also shown that associated with the apoptotic commitment,
calpain cleaves Bax protein (p21/Bax) into a p18/Bax fragment, which then forms a
homodimer p36/Bax (Gao and Dou, 2000; Wood and Newcomb, 2000; Milacic et al., 2006).
Three forms of Bax protein, p21, p18, and p36, were detected in the control cells, with p21/
Bax as the major form (Fig. 1B, Bax panel, lane 1). However, the p36/Bax form was
accumulated, associated with decreased levels of p21/Bax, mainly by DSF–Cd, DSF–Cu and
DSF–Zn while other DSF–metal complexes had much less effect (Fig. 1B). Further studies
from our laboratory suggest that organic zinc complexes are weaker proteasome inhibitors
than organic copper complexes (unpublished data), explaining why DSF–Zn treatment could
increase the proteasome target p27 and p36/Bax (Fig. 1B).
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Inhibition of the chymotrypsin-like activity of a purified rabbit 20S proteasome and 26S
cellular proteasome in vitro by DSF–Cd complex

To provide direct evidence for the inhibition of proteasomal chymotrypsin-like activity by
DSF–Cd complex, we performed a cell-free proteasome activity assay using a purified rabbit
20S proteasome in the presence of Cd, DSF or DSF–Cd complex at various concentrations.
As we reported, DSF alone had little inhibitory effect on purified 20S proteasome (Chen et
al., 2006). However, DSF–Cd mixture and Cd salt showed proteasome inhibition with IC50
values of 32 and 35 μmol/L, respectively (Fig. 2). At the same concentrations, inhibitory
effects to 20S proteasome by DSF–Cd treatment were different from that by DSF or Cd
alone treatment (p<0.05). Since DSF–Cd mixture inhibited PC-3 cellular 26S proteasome
much more potently (Fig. 1A) than inhibiting the purified 20S proteasome (Fig. 2), we
further tested effect of DSF–Cd and Cd on 26S proteasome in a PC-3 cell extract in vitro.
The results showed that the IC50 values of DSF–Cd and Cd to 26S proteasome activity in
PC-3 cell extract were 3.5 and 9.0 μmol/L, respectively (data not shown). These data
suggest that in addition to targeting the 20S proteasomal catalytic subunits, DSF–Cd could
also target some other proteasomal components such as 19S (see Discussion).

Comparison on proteasome-inhibitory and cell death-inducing effects of DSF–Cd and
MG132

The potency of DSF–Cd on proteasome inhibition was then compared with that of the well-
known proteasome-inhibitor MG132. As shown in Fig. 3A, DSF–Cd at 5 to 25 μM inhibited
the chymotrypsin-like activity of a purified 20S proteasome by 15 to 33%, and DSF–Cd at
50 μM caused ~88% inhibition (Fig. 3A). In contrast, MG132 at all these concentrations
caused around 95% inhibition (Fig. 3A). Therefore, DSF–Cd is a weaker inhibitor than
MG132 to purified 20S proteasome.

We then compared the effect of both proteasome inhibitors in human prostate PC-3 cells.
These cells were first treated with different concentrations of DSF–Cd and MG132 for 6 h,
followed by additional 2 h incubation with a fluorogenic substrate for the proteasomal
chymotrypsin-like activity. Then production of hydrolyzed AMC groups was measured in
these cells. By using this assay, we found that DSF–Cd caused a concentration-dependent
inhibition on the PC-3 cellular proteasome activity: 5% at 10 μM, 15% at 25 μM and ~25%
at 50 μM (Fig. 3B). As a comparison, MG132 at these concentrations induced 13, 22 and
45% inhibition, respectively (Fig. 3B). Therefore, DSF–Cd has comparable potency to
MG132 to inhibiting 26S proteasome activity in PC-3 cells. A similar conclusion was
obtained from results generated using protein extracts of PC-3 cells treated with DSF–Cd or
MG132 at various concentrations (data not shown).

Since DSF–Cd and MG132 caused comparable levels of proteasome inhibition in intact
PC-3 cells, we then compared their cell death-inducing effects. As shown in Fig. 3C, DSF–
Cd induced apparent cell shrinkage and cell round-up at 2.5–5 μM and further induced
extensive cell round-up and condensed morphology at 10 to 25 μM (Fig. 3C). Similarly,
MG132 also induced concentration-dependent apoptotic morphological changes (Fig. 3C).
These data suggest that DSF–Cd complex has the similar apoptosis-inducing effect to
MG132 in PC-3 cells.

Kinetic effect on proteasome inhibition and apoptosis induction by DSF–Cd in PC-3 cells
If inhibition of the proteasome by DSF–Cd is responsible for tumor cell apoptosis induction,
we should observe proteasome inhibition prior to cell death. To test this idea, PC-3 cells
were treated with 20 μmol/L of DSF–Cd for up to 12 h, followed by measurement of
proteasome inhibition and apoptosis (Fig. 4). As shown in Fig. 4A, the proteasomal
chymotrypsin-like activity was inhibited by 50–90% by DSF–Cd after 2 h to 12 h treatment.
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In comparison, DSF had no inhibitory effect and Cd salt had only a transient weak effect
(Fig. 4A). Statistical analysis showed that proteasome inhibition by DSF–Cd treatment was
significantly different from DSF or Cd treatment (p<0.01). Western blot assay shows that
the levels of ubiquitinated proteins accumulated as early as 2 h after the addition of DSF–
Cd, and increased gradually in a time-dependent manner (Fig. 4B). Again, in PC-3 cells
treated with DSF or Cd alone, ubiquitinated proteins were only slightly accumulated (Fig.
4B).

In the same kinetic experiment, we found that the cleaved p65/PARP fragment appeared 6 h
after DSF–Cd treatment, which was apparently increased at 12 h (Fig. 4B). Also, in the cells
treated with DSF–Cd, but not DSF or Cd alone, Bax p18 and p36 accumulated as early as 2
h, and further increased afterwards (Fig. 4B). Morphologically, the DSF–Cd-treated cells
became rounded after 2 h, while DSF- or Cd-treated cells maintained a normal morphology
to the end of treatment (Fig. 4C). In another kinetic experiment, we found that
ubiquintinated proteins were accumulated after 15 min treatment with DSF–Cd, several
hours before apoptosis induction (Fig. 4D vs B, C). Therefore, DSF–Cd complex induces
proteasome inhibition much earlier than apoptosis.

DSF–Cd complex selectively induced proteasome inhibition and apoptosis in human
breast cancer, but not in non-tumorigenic cells

It has been shown that various proteasome inhibitors could induce apoptosis selectively in
human tumor, but not normal cells (Dou and Li, 1999). To study whether DSF–Cd complex
also has a selective activity on tumor cells, we treated human breast cancer DCIS cells and
human breast tissue-derived MCF10A (immortalized but non-tumorigenic) cells with DSF–
Cd at various concentrations for 10 h, followed by morphological analysis and proteasome
activity assay. As shown in Fig. 5A, treatment of breast cancer DCIS cells with DSF–Cd
caused concentration-dependent apoptotic morphological changes, which were seen when
DSF–Cd was used at as low as 1 μM (Fig. 5A vs. B). In a sharp contrast, the morphological
changes in immortalized but non-tumorigenic MCF10A cells were induced only when DSF–
Cd was used at 10–20 fold higher concentrations than that used in DCIS (Fig. 5A vs. B). As
a comparison, neither DSF nor Cd salt at the tested highest concentration (20 μM) could
induce any morphological changes in either DCIS or MCF-10A cell lines (Fig. 5B).
Therefore, breast cancer DCIS cells are much more sensitive to DSF–Cd-induced apoptosis
than non-tumorigenic MCF-10A cells.

To study whether increased sensitivity of DCIS cells to DSF–Cd treatment was due to
increased proteasome inhibition, we measured the levels of the proteasomal chymotrypsin-
like activity in protein extracts of both cell lines treated with DSF–Cd (Fig. 5C). We found
that treatment with DSF–Cd caused a concentration-dependent inhibition of the proteasomal
chymotrypsin-like activity in DCIS cells, with 50, 70 and 80% inhibition at 5, 10 and 20
μM, respectively (Fig. 5C). However, the proteasomal chymotrypsin-like activity in
MCF10A cells was decreased by only ~20% with DSF–Cd at the same concentrations (Fig.
5B). Statistical analysis showed that proteasome inhibition by 5–20 μM DSF–Cd treatment
was significantly different (p <0.01) in DCIS and MCF 10A cell lines. DSF or Cd salt alone
had no or much less proteasome–inhibitory activity in both cell lines (Fig. 5C). Therefore,
the proteasome activity in immortalized but non-tumorigenic MCF10A cells is not
effectively inhibited by DSF–Cd, which may be responsible for lower levels of apoptosis
induced in these cells (Fig. 5A). Taken together, our study demonstrates that human breast
cancer cells are more sensitive to the novel DSF–Cd proteasome inhibitor than the non-
tumorigenic cells.
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Discussion
Cd is a ubiquitous environmental pollutant. Cd exposure is associated with extensive health
problems including cancers. Unfortunately, so far there was no effective treatment reported
to decrease its toxicity (Fotakis and Timbrell, 2006). Here we report that the clinically used
anti-alcoholism drug DSF is capable of binding Cd and forming a new complex, which has
proteasome-inhibitory and apoptosis-inducing activities in human cancer cells. Furthermore,
DSF–Cd complex selectively inhibited proteasome activity and consequently induced
apoptosis in human cancer cells, but has less effect on immortalized but non-tumorigenic
cells. Our study suggests the potential use of DSF as an agent to convert the carcinogen Cd
to a novel proteasome inhibitor and anticancer drug.

DSF, a member of the dithiocarbamate family, has been approved by the FDA for the
treatment of alcoholism (Orrenius et al., 1996; Johansson, 1992). Previously, we reported
that DSF binding to Cu forms a new complex DSF–Cu that induced apoptosis in human
breast cancer via proteasome inhibition (Chen et al., 2006). Since Cd is located close to Cu
in the periodic table, it is therefore possible that Cd might favor the similar bioligands to Cu.
To test this idea, we determined the biological property of the DSF–Cd complex.

We examined the potential proteasome-inhibitory activity of different organic metal
compounds by measuring both cellular proteasome activity and accumulation of
ubiquitinated proteins and proteasome target p27. We found that treatment with DSF–Cd
mixture significantly reduced chymotrypsin-like activity (Fig. 1A) and resulted in
accumulation of ubiquitinated proteins and its natural substrate p27 (Fig. 1B), indicating that
indeed proteasome inhibition had occurred. In contrast, ligand DSF alone or other metal
mixtures with DSF did not inhibit the proteasome (Fig. 1A). We noticed that DSF–Zn also
increased the protein level of p27 (Fig. 1B). We found that some synthetic Zinc complexes
are weaker proteasome inhibitors than the corresponding copper complexes (unpublished
data), suggesting that DSF–Zn could also slightly inhibit the proteasome activity (Figs. 1A
and B). DSF capable of converting Cd to a proteasome inhibitor was further supported by in
vitro direct proteasome inhibition. DSF–Cd inhibits the chymotrypsin-like activity of a
purified 20S proteasome with an IC50 value of 32 μmol/L and cellular 26S proteasome with
an IC50 value of 3.5 μmol/L under cell-free condition (Fig. 2 and data not shown).
Compared to its potency to purified 20S proteasome, DSF–Cd showed about 10-fold higher
potency to inhibit tumor cellular 26S proteasome. Similar result has been reported showing
that 26S proteasome in PC-3 cells was decreased rapidly by 30% to 50% in dose-
independent in their three major enzymatic activities following exposure to 1 to 20 Gy,
however there was no effect on 20S proteasome (Pervan et al., 2005). The authors claimed
that the treatment-sensitive target is located in the 19S cap of the 26S proteasome, rather
than in the enzymatically active core (Pervan et al., 2005). We also believe that DSF–Cd has
additional target(s) in 19S particle in addition to the 20S proteasome.

The proteasome-inhibitory effect of DSF–Cd was also compared with the authentic
proteasome-inhibitor MG132 (Fig. 3). DSF–Cd was less potent to inhibiting a purified 20S
proteasome (Fig. 3A). However, DSF–Cd and MG132 had comparable potencies to
inhibiting PC-3 cellular 26S proteasome activity (Fig. 3B). Consistently, these two
proteasome inhibitors had similar cell death-inducing effects (Fig. 3C), suggesting that
inhibition of prostate cancer cellular proteasome activity by DSF–Cd is functional. It
appears that DSF–Cd might also target other molecules in cells, in addition to 20S
proteasome.

Proteasome inhibition is associated with apoptosis induction (Nam et al., 2001). If inhibition
of the proteasome by DSF–Cd is responsible for tumor cell apoptosis, we should observe
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inhibition of proteasomal activity prior to cell death. Indeed, in the kinetic experiment we
found that the proteasomal chymotrypsin-like activity was inhibited at as early as 2 h after
addition of DSF–Cd (Fig. 4A). Consistently, ubiquitinated proteins were accumulated at as
early as 15 min to 2 h (Figs. 4B, D). However, under the same conditions, apoptosis
induction was detected after 4 h as shown by PARP cleavage and morphological changes
(Fig. 4). Associated with apoptosis induction, calpain is activated, as shown by the
appearance of p65/PARP, p18/Bax and p36/Bax (Fig. 4).

We found that the DSF–Cd complex has minimal effect on immortalized but non-
tumorigenic MCF-10A cell line, in sharp contrast to its effect on breast tumor DCIS cells
(Fig. 5). We proposed that the toxicity of DSF–Cd to cancer cells was due to their selective
proteasome-inhibitory activity, to which non-tumorigenic cells are resistant. This hypothesis
was tested by examining the proteasome activity levels in immortalized but non-tumorigenic
MCF10A cells compared to malignant-MCF10 DCIS cells after DSF–Cd treatment (Fig. 5).
We found that immortalized but non-tumorigenic-MCF 10A cells suffered much less
proteasome inhibition when treated with DSF–Cd, although the proteasome activity in
malignant-MCF10 cells were significantly inhibited under the same conditions (Fig. 5),
further supporting the argument that the DSF–Cd complex is less toxic to normal cells but
are toxic to cancer cells through the mechanism of tumor-specific proteasome inhibition.

The data presented here supports the novel concept of using non-toxic organic compounds
such as DSF to convert carcinogen Cd into a proteasome inhibitor and an apoptosis inducer
for cancer treatment, which should have no or much less effect on normal cells. The model
we have presented in this report is limited by comparing immortalized breast cells rather
than really normal primary cell lines to tumor cells. Future experiments should examine
effect of DSF on Cd-induced tumor in animal model and its apoptosis effect on normal
tissues.
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Fig. 1.
Disulfiram–cadmium mixture (DSF–Cd) is a potent proteasome inhibitor and apoptosis
inducer in human prostate cancer PC-3 cells. PC-3 cells were treated with indicated DSF–
metal mixtures at 20 μM for 12 h, followed by the chymotrypsin-like activity assay (A),
Western blot analysis of polyubiquitinated proteins, p27, PARP and Bax (B), and
morphological evaluation (C). DMSO and DSF alone at 20 μM were used as controls.
Molecular weight of intact PARP and the cleaved PARP fragment were 116 kDa and 65
kDa, respectively. Molecular weight of three forms of Bax, is 18, 21, 36 kDa. β-Actin was
used as a loading control. Columns, mean of independent triplicate experiments; bars,
SD;**, p<0.01.
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Fig. 2.
Inhibition of the chymotrypsin-like activity of 20S proteasome by DSF–Cd in vitro. Purified
rabbit 20S proteasome (35 ng) was incubated with the peptide substrate for the proteasomal
chymotrypsin (CT)-like activity in the presence of DSF, CdCl2 (Cd) and their mixture DSF–
Cd at indicated concentrations, as described in Materials and methods. Bars, SD;*, p<0.05.
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Fig. 3.
Comparison of proteasome-inhibitory effects between DSF–Cd and MG132. A, Inhibitory
effects on purified 20S proteasome by DSF–Cd and MG132 were tested. B, Intact PC-3 cells
containing 26S proteasome were incubated with indicated concentrations of DSF–Cd and
MG132 for 6 h, followed by a co-incubation for 2 h with the fluorogenic substrate Suc-
LLVY-AMC (at 40 μmol/L) for the proteasomal chymotrypsin-like activity. After
incubation, production of hydrolyzed AMC groups was measured. C, Morphological
changes induced by DSF–Cd and MG132 at different concentrations. Columns, mean of
independent triplicate experiments; bars, SD.
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Fig. 4.
Kinetic studies on proteasome inhibition and apoptosis induction by disulfiram–cadmium in
PC-3 cells. Exponentially grown PC-3 cells (0 h) were exposed to 20 μM DSF–Cd, DSF or
cadmium chloride (Cd) for the indicated time points, followed by measuring inhibition of
the proteasomal chymotrypsin-like activity using Suc-LLVY-AMC (A), Western blot
analysis using specific antibodies to ubiquitin, Bax, and PARP (B, D), and apoptotic
morphologic changes (C). β-Actin was used as a loading control. Columns, mean of
independent triplicate experiments; bars, SD;**, p<0.01.
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Fig. 5.
Differential effects of DSF–Cd complex on malignant and non-tumorigenic breast cells.
Malignant MCF10-DCIS cells (DCIS) and immortalized but non-tumorigenic MCF-10A
cells (10A) were treated with DSF–Cd at 1–20 μM, DSF at 20 μM, cadmium chloride (Cd)
at 20 μM, or DMSO for 10 h, followed by morphological changes evaluation (A, B) and the
CT-like activity assay using whole cell lysates (C). Columns, mean of independent triplicate
experiments; bars, SD;**, p<0.01.
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