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Abstract

Dithiocarbamates are a class of metal-chelating compounds with various applications in medicine.
They have been used for the treatment of bacterial and fungal infections, possible treatment of
AIDS, and most recently cancer. Their anti-tumor effects can in part be attributed to their ability to
complex tumor cellular copper, leading to binding to and inhibition of the proteasome and in turn
initiating tumor cell-specific apoptosis. Current chemotherapeutic agents are highly toxic and
therefore their efficacy in the eradication of tumors is greatly limited. As a result many scientists
have joined the quest for novel targeted therapies in hopes of reducing toxicity while maximizing
potency and proteasome inhibition has become an attractive therapy in this regard. Here we
discuss the origins, mechanism, and evolution of dithiocarbamates as potent proteasome inhibitors
and therefore anti-cancer agents.
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INTRODUCTION

The ubiquitin proteasome system (UP-S) (Fig. 1) functions as the cell’s housekeeping
service in terms of protein turnover; tightly regulating the delicate balance between the
production of new proteins and the targeted degradation of others. Its function is essential
not only in maintaining protein homeostasis, but also in ensuring that critical cellular
regulatory processes like transcription, DNA damage and repair, cell cycle, apoptosis and
protein trafficking take place as needed. In fact, previous studies have elucidated the role of
the UP-S in the degradation of more than 80% of cellular proteins [1-3]. Furthermore, its
hierarchical nature provides a rich source of molecular targets for specific intervention and it
has therefore arisen as a promising approach to innovative anticancer therapies [1-3].
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The first contender in this pathway being investigated as a target for cancer therapy is the
proteasome. The use of proteasome inhibitors triggers a mixed repertoire of tumor-
suppressing and prosurvival pathways in cancer cells, disturbing the critical intracellular
balance of the proteins in these pathways, thus shifting signals towards apoptosis and tumor
inhibition [4, 5]. Bortezomib (Fig. 2), an already FDA approved highly selective proteasome
inhibitor, has been evaluated in the clinic in combination chemotherapy and as a single agent
for the treatment of relapsed multiple myeloma and has received much positive feedback.
Although successful in improving clinical outcomes when used in hematological
malignancies, relapse often occurs in those patients who responded initially [4, 5].
Furthermore, some adverse side effects have been reported with its clinical use including
myelosuppression, thrombocytopenia, gastrointestinal effects, shingles, and peripheral
neuropathy in 30% of patients. The use of bortezomib in other cancers including solid
tumors has also been investigated in clinical studies. It was found that bortezomib has shown
little promise in solid tumors [4, 5]. The combination of its reported side effects in patients,
development of drug resistance, and lack of clinical benefit in solid tumors has made way
for the discovery of other novel proteasome inhibitors, such as second generation
proteasome inhibitors (such as carfilzomib and marizomib) and other agents with
proteasome-inhibitory function such as dithiocarbamates [6]. The dithiocarbamate class of
metal-complexing compounds has become a novel emerging class of anticancer proteasome
inhibitors with great potential to overcome the limitations seen with bortezomib use [3, 6].

THE PROTEASOME

Proteasomes are localized in the nucleus and cytosol and can constitute up to 1% of the
cellular protein content in eukaryotes [7, 8]. The 26S proteasome was first described in 1988
as a large multi-subunit complex assembled from ring-shaped 19S regulatory and 20S
catalytic core components, which are composed of numerous polypeptide subunits (Fig. 1)
[7,9, 10]. The 20S catalytic core can best be described as a cylindrical stack of 4 rings
forming a narrow pore: two outer rings each containing 7a subunits and two inner rings
containing 7 subunits each [7]. Furthermore, each subunit in this collection has a distinct
function. For example, B2 and B5 subunits grant trypsin-like and chymotrypsin (CT)-like
activities to the proteasome, while the 1 subunit is characterized as having caspase-like
(peptidylglutamyl-peptide hydrolyzing/PGPH) effects, with the ability to cleave bonds on
the carboxyl side of basic, hydrophabic, or acidic amino acid residues, respectively [7, 11].
Therefore, the degradation of proteins inside the proteasome is certainly comparable to the
degradation of proteins by intestinal digestive enzymes where proteins are also broken down
in several steps.

The proteasome is highly selective for the breakdown of ubiquitin-tagged target proteins;
involving a multi-step process which requires ATP and is regulated by three important
enzyme types: E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzymes, and the
E3 ubiquitin ligases. It is the polyubiquitination of particular protein substrates that directs
them for degradation by the proteasome. At the proteasomal core, allosteric interactions
guide the intricate sequencing of proteolytic reactions, which ultimately results in the
production of oligopeptides that can be recycled within the cell [12]. Given its crucial role in
the cell, it was important to determine if an activity differential exists between the normal
and diseased cellular proteasome in order to target it therapeutically, and in fact when the
activity level of the 20S catalytic core was investigated in healthy individuals versus those
having various neoplastic conditions, the results showed that the proteasome catalytic core
was markedly increased (1000-fold) in the plasma of patients in a pathological state [13].
Moreover, many cancer-associated proteins such as p53, p27, epidermal growth factor
receptor (EGFR), and transforming factor-g receptor (TGF-BR) are regulated by the
proteasome, attesting to its importance in the maintenance of cellular regulatory mechanisms
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[14-17]. Stabilization and/or destabilization of such proteins disrupts protein homeostasis
within the cell, leading to abrogated cell signaling pathways and thus a chaotic state for the
cell we call cancer, making the proteasome an excellent target for therapeutic intervention in
the treatment of this group of diseases.

DITHIOCARBAMATES AND METALS AS ANTICANCER DRUGS

Metal complexes possess unique reactivity states and provide scientists with a broad
spectrum of possibilities in terms of synthesizing novel compounds with antitumor potential.
Indeed, the wide range of coordination numbers and geometries, accessible redox states,
thermodynamic and Kinetic characteristics, and the intrinsic properties of both the cationic
metal ion and ligand itself offer the medicinal chemist a wide array of reactivity that can be
exploited [18]. Furthermore, the transition metals provide a rich palette from which to
choose and offer a real possibility for the discovery of truly novel drugs with new
mechanisms of action [18, 19]. For example, a variety of ruthenium complexes have been
designed which interact specifically with the classical metallo-drug target: DNA [20, 21]. A
family of ruthenium(ll)-arene complexes developed by Sadler et a/. [22] for instance, exhibit
high /n vitro and in vivo anticancer activity. However, aside from the cisplatin-mediated
DNA targeting proto-type mechanism, the metallodrug-protein interactions are a new area of
research with much potential in cancer therapy [20]. Studies involving these types of
interactions will not only aid in identifying the mechanism of action of a particular metal
complex, but can also identify novel protein therapeutic targets [20].

Dithiocarbamates in particular have the ability to modulate key proteins involved in
biological processes including apoptosis, oxidative stress, transcription and degradation,
which has generated interest in these compounds as not only anticancer agents but for
treatment of an assortment of other conditions including cocaine addiction [23],
inflammation [24], and viral infections [25]. Their use as proteasome inhibitors in the
treatment of cancer was initially frowned upon as the UP-S is responsible for protein
maintenance in normal functioning cells and therefore this target was deemed non-specific.
Not until cancer cells, specifically, were shown to be much more responsive to proteasome
inhibition than normal cells did this concept become more widely accepted [26-28].
However, inhibition of the proteasome’s chymotrypsin-like (CT-like) activity, and not the
other activities exhibited by the proteasome, is most effective in inducing cancer cell death
by apoptosis [29]. Therefore, it is desirable to synthesize dithiocarbamates specific for the
chymotrypsin B5 site and this is currently a very active field in cancer research. Metal
complexing agents currently at the forefront include copper, gold and zinc, all of which have
shown to be more specific for the chymotrypsin-like site over other sites of the proteasome
[30, 31].

CISPLATIN, A PLATINUM CONTAINING ANTI-CANCER DRUG

The use of metals in medicine dates back to the early days of human civilization, and the
evolution of this concept has led to the discovery of cisplatin (Fig. 2), the cytotoxic
platinum-containing agent that is now a widely used chemotherapeutic drug. The first of its
kind, today cisplatin is one of the most effective chemotherapy agents in the treatment of
ovarian, small-cell lung, bladder, cervical, brain, lung, and breast cancers. Despite its
therapeutic success, cisplatin has several major adverse side effects which limit its clinical
use, the most alarming being nephrotoxicity. Less toxic variations of cisplatin have
produced carboplatin and oxaliplatin, along with second and third generation platinum
compounds, including #rans-Pt(11)-imini derivatives and polynuclear platinum(ll) complexes
[32, 33]. Furthermore, second and third generation compounds with alternative amino and/or
anionic ligands have also been synthesized [34]. Especially favorable in this group, due to
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the convenience of not having to hospitalize patients to administer it, is the oral IM216/
satraplatin, a platinum(1V) complex which is reduced /n vivoto platinum(ll) [34]. Although,
its mechanism of action involves irreversibly crosslinking DNA and ultimately triggering
apoptosis, rather than specifically targeting the proteasome, the discussion at hand, cisplatin
has set the foundation for the use of metal complexing agents in cancer therapy. Since its
discovery in the 1960s and FDA approval in 1978, several variations have been derived and
the wide success of platinum drugs has promoted the development of both platinum
derivatives and other metal based compounds [35]. However, the latest approaches in anti-
cancer metal based therapeutics have shifted their focus to non-platinum agents because of
the severe toxicity commonly associated with cisplatin and platinum-based compounds. Of
the potential non-platinum drugs, gold complexes have recently gained an increasing
amount of attention due to their strong tumor cell growth inhibiting effects generally
achieved by exploiting non-cisplatin-like pharmacodynamics and pharmacokinetic
properties and mechanisms of action [36, 37].

GOLD DITHIOCARBAMATES AS TUMOR PROTEASOME INHIBITORS

The earliest therapeutic application of gold can be tracked back to 2500 BC in China where
gold was used to treat smallpox, skin ulcers, and measles [38]. During this time people
viewed gold as a symbol of immortality and commonly associated it with longevity, with
some cultures still believing in the healing powers of gold today. Remarkably so, these
beliefs and ideas have withstood and evolved to present day, where gold compounds are
being investigated as potential candidates in the fight against cancer. Gold (I) complexes,
including auranofin (Ridaura) analogs, have been synthesized and found to be potent against
B16 melanoma and P388 leukemia cells [39]. Of the gold (I) compounds synthesized, the
phosphine-gold (1) thiosugars were most potent against leukemia /in7 vivo, however, these
analogs were completely inactive against solid tumors [40]. Similarly, digold (1) phosphine
complexes were also found to be inactive against solid tumors and did not enter clinical
trials due to their severe cardiotoxicity [41]. Although their use as anticancer drugs was
originally questioned due to high redox activity and poor stability, gold (111) complexes have
also been investigated. Interest in these complexes increased after Pt (11) complexes showed
positive results, due to the fact that Au (111) and Pt (1) are isoelectronic and tetracoordinate
gold (111) complexes share the same square planar geometry as cisplatin [42]. Recently,
various gold (111) compounds have been synthesized using ligand platforms containing
nitrogen atoms as donor groups [43]. These newly renovated compounds exhibit a superior
chemotherapeutic index to cisplatin due to greater bioavailability, increased potency, and
fewer overall toxic side effects [44].

Gold diothiocarbamates, particularly derivatives of N,N-dimethyldithiocarbamate and
ethylsarcosinedithiocarbamate, such as Au (DMDT)Cl,, Au (DMDT)Br,, Au (ESDT)CI,
and Au (ESDT)Br», have been evaluated for their potential to inhibit cisplatin-induced
nephrotoxicity and for /n vitro cytotoxicity toward a variety of human tumor cell lines [45,
46]. They demonstrated a 1-4 fold increase in potency compared to cisplatin and were able
to overcome intrinsic and acquired cisplatin resistance [44]. These dithiocarbamates are fast-
acting in their ability to inhibit RNA and DNA synthesis and show only minimal cross-
resistance with cisplatin, suggesting a different mechanism of action [42].

Recent evidence suggests that the cellular proteasome is a molecular target for gold
complexes and the mechanism of action underlying their activity is only beginning to
emerge. In an attempt to discern a possible mechanism of action, we selected Au
(DMDT)Br; and tested its proteasome-inhibitory potential. We reported that the CT-like
activity of the purified 20S proteasome (ICso= 7.4 wM) and 26S proteasome in intact MDA-
MB-231 breast cancer cells (10-20 wM) was significantly inhibited by Au (DMDT)Br».
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PGPH-like and trypsin-like activities were also inhibited, but the CT-like inhibition was the
most significant, indicating that this complex preferentially binds to and inhibits the CT-like
5 subunit of the proteasome. Associated with proteasomal inhibition, an accumulation of
ubiquitinated proteins and p27, as well as induction of apoptosis were observed in these
breast cancer cells. Additionally, Au (DMDT)Br;, was able to potently inhibit tumor growth
(~50%), associated with inhibition of proteasomal CT-like activity (40%) in breast cancer
xenografts [30].

We have also investigated the effect of two gold compounds with different oxidation states
toward the cellular proteasome, and endeavored to gain insight into their potential
mechanism of action. We compared the effects of two gold compounds, gold (I) compound
(Au (ESDT)5), AUL15, to a gold (I11) compound (AuBr, (ESDT)), AUL12, on breast cancer
cells and the proteasome. The results showed that while both complexes inhibited the
growth of MDA-MB-231 breast cancer cells, AUL12 was much more potent (IC5p= 4.5 nM,
70% inhibition) than AUL15 (IC5p= 13.5 uM, 35% inhibition). We also observed that both
complexes were able to inhibit purified 20S proteasome (AUL12 ICs= 1.13 pM; AUL15
IC50=17.7 uM) as well as intact 26S proteasome, again with AUL12 exhibiting much
higher activity [47]. Additionally, we observed that AUL15 inhibits the cellular proteasome
much later (> 24 hr) compared to AUL12 (4 hr) in intact breast cancer cells. Associated with
these effects was the accumulation of ubiquitinated proteins and 1xB-a as well as induction
of cell death as demonstrated by PARP cleavage and increased levels of Bax dimers. These
death-associated changes appeared much later in AUL15-treated cells compared to the
AUL12-treated cells. In an effort to gain insight into the mechanism of action responsible
for their biological effects, we investigated whether these gold compounds could induce the
production of reactive oxygen species. Interestingly, we found that treatment with AUL12
(Au (111)), but not AUL15 (Au (1)), was associated with redox processes, suggesting that
induction of oxidative stress may be partially responsible for the cytotoxic activity of gold
(1) compounds [47]. Thus, metals other than platinum show promise as anti-cancer agents,
specifically as proteasome inhibitors, and not surprisingly, other metals have also been
investigated.

COPPER AND ZINC DITHIOCARBAMATES AS TUMOR PROTEASOME
INHIBITORS

Copper and zinc are not only indispensable metals involved in many critical biological
processes like respiration, protein modifications, and angiogenesis - these metals have also
gained considerable interest as potential anticancer drug targets. Given their important
physiological functions, it is not surprising that concentrations of both zinc and copper are
tightly regulated. Nevertheless, disturbed zinc homeostasis and elevated copper levels have
been reported in many cancer types, including breast, prostate, lung and brain tumors [37,
48]. In 1980, it was first noticed that Cu played a critical role in angiogenesis [49]. Vascular
endothelial growth factor (VEGF) is a key regulator of angiogenesis and can stimulate
growth, migration and differentiation of endothelial cells from existing blood vessels; cell
culture and animal studies have demonstrated that Cu is able to induce VEGF transcription
and protein expression [50, 51]. Due to the importance of angiogenesis and copper to tumor
development, the use of copper chelators for antiangiogenic therapy in addition to
proteasome inhibition has emerged as an interesting concept in cancer therapeutics [52, 53].

Although Zn levels are often compromised in cancer patients, a firm relationship between
cancer development and Zn has yet to be proven, and seems dependent on tumor type [54—
56]. Low levels of zinc have been observed in several malignancies, such as those of the
liver, gallbladder, digestive tract, and prostate [57-59]. Conversely, both high and low levels
of zinc have been found in breast cancers [57, 60, 61]. Zinc is a structural component of
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various proteins and enzymes such as transcription factors, cell signaling proteins, and DNA
repair enzymes and it is thought to have a critical role in apoptosis [54, 62—-65]. However,
this effect appears to be complex and specific to tumor type so that no firm conclusions have
been established. For example, in prostate and ovarian epithelial, as well as glial cells, zinc
is pro-apoptotic, while in breast, HeL a, renal, and lung epithelial cells, as well as
macrophages, zinc is anti-apoptotic [54, 66].

We have examined the possible chemotherapeutic properties of pyrrolidinedithiocarbamates
(PyDTC) dithiocarbamate complexes. When coupled with copper and zinc we found that
both Zn(PyDTC) and Cu(PyDTC) complexes exhibited proteasome inhibitory activity
against purified 20S proteasome as well as intact 26S proteasome in MDA-MB-231 cells
[31]. Accumulation of ubiquitinated proteins and proteasomal target proteins IxB-a and p27
was observed, and apoptosis associated morphological changes as well as PARP cleavage
occurred in cells treated with either Zn(PyDTC) or Cu(PyDTC). Furthermore, the effects of
these PyDTC complexes were time-dependent, with >50% inhibition occurring at early time
points [31]. To further examine the results observed with PyDTC complexes, we
synthesized PyDTC:metal complexes in a 2:1 ratio (Zn (PyDTC), and Cu (PyDTC),). We
determined that these synthetic complexes were much less potent toward purified 20S
proteasome (40% inhibition at 50 M), but more potent toward intact 26S proteasome in
MDA-MB-231 cells, with Cu (PyDTC), exhibiting higher activity than Zn (PyDTC),. These
synthetic complexes were also effective in other cell lines, including breast cancer DCIS and
MCF7, and prostate cancer PC-3 cells [31]. Therefore, the use of metal-complexed
dithiocarbamate species as proteasome inhibitors is a very promising strategy for the
treatment of cancer.

Furthermore, through collaboration with Dr. B. Cvek, we synthesized a series of three
complexes with diethyldithiocarbamate ligand and three different metals (Ni, Cu, Zn),
confirmed by X-ray crystallography, and tested their effects in human breast cancer MDA-
MB-231 cells. Zinc and copper complexes, but not the nickel complex, were found to be
more active against cellular 26S proteasome than against purified 20S proteasome core
particle. One of the possible explanations for this is inhibition of the JAMM domain in the
19S proteasome lid [67].

DISULFIRAM: AN “OLD” DRUG WITH A “NEW” PURPOSE

An exciting new concept is ongoing in the cancer research field that takes advantage of
previously approved drugs, like metal chelators, used for the treatment of some other
pathological conditions and advancing them for use as anti-cancer agents. Such drugs as
disulfiram (DSF), diethyldithiocarbamate (EtDTC), and pyrrolidinedithiocarbamates
(PyDTC) (Fig. 2) form metal complexes within cells and have been rigorously investigated
as potential novel anticancer agents that target the UP-S. Disulfiram (tetraethylthiuram
disulfide) has been on the market as Antabuse for decades and is one of only two drugs
approved for the treatment of chronic alcoholism, owing to its ability to irreversibly inhibit
aldehyde dehydrogenase (ALDH) and therefore induce an immediate hangover effect in the
patient if alcohol is ingested. DSF is taken orally and is very tolerable, extremely potent, and
has no toxicity associated with it, provided the patient abstains from drinking alcohol [68—
70]. The structure of DSF contains an RIR2NC (S)SR3 functional group, with sulfhydryl
groups that grant it the ability to react with Cu (I1) (Fig. 2) [71]. This reaction can be
confirmed by mixing DSF and CuCl, at a 1:1 ratio and observing an intense color change
[72]. Although DSF is not suitable for binding various other biological metal ions such as,
Fe (11 or 1) or Mn (I11) [71], it has been reported that DSF is also able to interact with Zn
(). In fact, Brar et al. reported that DSF treatment of melanoma and hepatic cancer could be
potentiated by Zn (I1) supplementation [73].

Mini Rev Med Chem. Author manuscript; available in PMC 2013 May 12.
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Our lab has demonstrated that the DSF-Cu complex is able to inhibit purified 20S
proteasome (IC50=7.5 nM) and 26S proteasome in intact MDA-MB-231 breast cancer cells
(20 wM). The CT-like activity was inhibited by >95% and proliferation was inhibited by up
to 85% under the used experimental condition; importantly, normal breast MCF-10A cells
exhibited no response to DSF, indicating a lack of toxicity, as well as a therapeutic strategy
that utilizes heightened levels of copper as a tumor-targeting mechanism [72]. We have also
reported the ability of DSF to inhibit the proteasome under /n vivo conditions. Daily
treatment of mice bearing MDA-MB-231 xenografts with 50 mg/kg DSF for 30 days
resulted in significant tumor growth inhibition (74%). Associated with this growth
inhibition, a significant decrease in proteasomal CT-like activity (87%) and accumulation of
ubiquitinated proteins, p27, and Bax were visible. Furthermore, apoptosis-associated
increases in caspase-3 activity and PARP cleavage were also observed [72].

The tumor suppressive effects of DSF often depend on passive cellular uptake in complexes
with copper. Furthermore, copper ions were shown to be involved in regulation of
dithiocarbamate-induced apoptosis of thymocytes, prostate cancer cells, astrocytes, and
melanoma cells [71, 73-77]. Recently, the copper-mediated inhibition of histone
acetyltransferase activity and induction of apoptosis in pyrrolidine dithiocarbamate-treated
leukemic cells have also been reported [78]. Another potential target of DSF is superoxide
dismutase, the inhibition of which may be associated with the inhibition of angiogenesis
[79]. Furthermore, the known ability of DSF to inhibit aldehyde dehydrogenase (ALDH),
the key enzyme involved in alcohol breakdown and recently identified as a breast cancer
stem cell marker [80], is promising in the regard of preventing chemoresistance and cancer
recurrence. Cancer stem cells are the major cause of chemotherapy failure and DSF has been
shown to aid in their inhibition, thereby eliminating tumors at their so-called “root” [81].
DSF also potentiates the cytotoxicity of cyclophosphamide, cisplatin and radiation /n vitro
and protects normal cells in the kidney, gut and bone marrow /n vivo, while increasing the
therapeutic index of a wide range of cytotoxic drugs [82—84]. Others have identified DSF as
a demethylating agent, RING-finger E3 ligase inhibitor, ROS-MAPK and NFxB modulator,
only adding to its list of beneficial anti-cancer qualities [84-86].

The antitumor effects of DSF have been reported as early as the 1970s when Wattenberg
published several studies showing that disulfiram, if added to the diet of mice, inhibited
large bowel neoplasia and neoplasia in the forestomach produced by administration of the
carcinogens dimethylhydrazine and benzo[a]pyrene, respectively [87, 88]. To date, ~200
publications are listed in the PubMed database harmonizing disulfiram with cancer and it is
actively being studied in several clinical trials. Cancer is a disease of huge social and
economic burden and disulfiram is an excellent example of a known drug that is readily
available, cost effective, and has great potential for success in the treatment of this disease.
Because it has been on the market for decades, information about any possible adverse side
effects as well as documentation of safe concentrations in the human body are readily
available [89]. Importantly, DSF in safe concentrations possesses anti-cancer effects. It is
selectively cytotoxic to cells of chronic lymphoid leukemia, melanoma, and breast
carcinomas; leaving non-cancer cells unaffected [72-74, 88]. Being in the midst of a
financial crisis as we are, researchers and physicians alike should question old drugs like
disulfiram for new answers. In addition, the government can contribute by supporting off-
patent drug development in an effort to bring down the high costs of producing new drugs
which sometimes only extend life by as little as a few weeks.

OTHER PROTEIN TARGETS OF DITHIOCARBOMATES

In addition to the ability of dithiocarbamates to inhibit the proteasome, several other
mechanisms of action have been reported to be associated with their cell death-inducing
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ability. For instance, dithiocarbomates are among the most reported inhibitors of the nuclear
factor-kappaB (NFxB) signaling cascade [90]. NFxB plays an important role in immune
system function by controlling the expression of genes involved in the inflammatory
response, cell adhesion, differentiation, oxidative stress and has been found to play a major
role in many cancers through its protective effects against apoptosis. PyDTC stimulates
intracellular zinc transport and thus subsequently modulates NFxB activity, stimulating cell
death [90]. Studies of Lui G et a/. also demonstrate that PyDTC blocks the activation of
NFxB induced by paclitaxel resulting in increased sensitivity to paclitaxel and increased
apoptosis in the case of ovarian cancer [91]. These data suggest that the combination of
dithiocarbomates and paclitaxel can be used to overcome the risk of paclitaxel resistance
[91]. In the case of colorectal cancers, PyDTC has been shown to inhibit NFxB activation
thus suppressing tumor growth [92]. Studies have also shown PyDTC to have anti-
proliferative and pro-apoptotic effects in prostate cancer [77], T-cell leukemia [93], gastric
cancer, renal cell carcinoma [94; 95] and breast cancer cells [96].

Carbonic anhydrases (CA) are the zinc containing metalloenzymes that catalyze the
hydration of carbon dioxide and encode at least thirteen enzymatically active isoforms with
different structural and catalytic properties. In hypoxia the expression of CAs is altered, and
CA IX, a transmembrane isoform, is overexpressed in hypoxic cancers, glaucoma and solid
tumors [97]. In the recently published studies of Fabrizio Carta et a/, dithiocarbomates were
tested for their inhibitory activity on carbonic anhydrase isoforms and their SAR of action
was reported by resolving x-ray crystal structures, showing that the organic scaffold of DTC
is deeply buried in the active site forming a highly stable enzyme-inhibitor adduct [98].
Thus, these studies suggested the use of dithiocarbomates as ideal candidates for developing
novel anti-glaucoma therapies targeting carbonic anhydrases.

Ubiquitin E3 ligases, which catalyze the final mechanistic step of ubiquitin conjugation to a
target protein before proteasomal degradation, are known to be deregulated in cancer. One
such E3 ligase is Breast Cancer Associated gene 2 (BCA?2), isolated from an invasive breast
cancer cell line [99]. BCA2 was shown to be highly expressed in invasive breast cancers and
its down regulation inhibits breast cancer cell growth and invasiveness [99]. Studies
conducted by Brahemi et a/. suggest that dithio(peroxo)thioate compounds have potent
activity at sub-micromolar concentrations in effectively inhibiting BCA2-expressing MCF7
and T47D breast cancer cell growth as well as the autoubiquitination activity of BCA2, a
hallmark of all E3 ligases [86]. Thus, these compounds were suggested for use in inhibiting
the action of zinc binding E3 ligases upstream of the proteasome in the ubiquitn-proteasome
pathway.

Many tumors are under constant oxidative stress due to increased production of free radicals
as a result of increased metabolic activity and decreased antioxidant levels. Therefore, the
idea of targeting oxidative stress using antioxidants like PyDTC has been evaluated in breast
cancer therapy. Studies by Jian-Wei Gu et a/. in female mice bearing breast tumors suggest
that PyDTC targets the expression of vascular endothelial growth factor (VEGF) expression
and thus decreases angiogenesis [100]. Generally speaking, dithiocarbomates may thus be
useful for targeting different biological pathways including the proteasome in cancer
therapy.

CONCLUSION

The vital role the ubiquitin-proteasome system plays in the maintenance of protein
homeostasis in all cells is essential for life and therefore components of this pathway were
not considered “druggable” until recently. Cancer cells tend to have over-active proteasome
activity and the development of bortezomib as a specific inhibitor represented a major
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vancement in this field, opening the door for the discovery of other proteasome-specific

inhibitors in the hopes of uncovering agents that would be especially more potent in solid
tumors. Furthermore, current research suggests that a possible therapeutic modality for

ca

ncer may be developed using the difference of high copper load in tumors versus low

copper load in normal cells [101]. This strategy would convert tumor cellular copper into a
potent, specific proteasome inhibitor and apoptosis inducer by application of DSF, or a
dithiocarbamate, leading to the formation of dithiocarbamate-based coordination copper
compounds as potent proteasome inhibitors in human cancer cells. Thus, this approach could
pave the way for the development of nontoxic anticancer therapy. Further clinical studies are
needed to further prove this concept.
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Fig. 1.

The 26S proteasome. The unfolded protein destined for degradation by the proteasome is
recognized by the 19S regulatory subunit. As it proceeds through the 20S catalytic core,
made up of two outer a rings and the two inner B rings, it is proteolytically chopped up into
amino acid subunits which are recycled in the cytosol.
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Fig. 2.
Chemical structures of bortezomib, cisplatin and several dithiocarbamate compounds.
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