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Abstract: Copper (Cu) is a vital element required for cellular growth and development; however, even
slight changes in its homeostasis might lead to severe toxicity and deleterious medical conditions.
Cancer patients are typically associated with higher Cu content in serum and tumor tissues, indicating
increased demand of cancer cells for this micronutrient. Cu is known to readily cycle between the +1
and +2 oxidation state in biological systems. The mechanism of action of Cu complexes is typically
based on their redox activity and induction of reactive oxygen species (ROS), leading to deadly
oxidative stress. However, there are a number of other biomolecular mechanisms beyond ROS
generation that contribute to the activity of anticancer Cu drug candidates. In this review, we discuss
how interfering with intracellular Cu balance via either diet modification or addition of inorganic Cu
supplements or Cu-modulating compounds affects tumor development, progression, and sensitivity
to treatment modalities. We aim to provide the rationale for the use of Cu-depleting and Cu-
overloading conditions to generate the best possible patient outcome with minimal toxicity. We also
discuss the advantages of the use of pre-formed Cu complexes, such as Cu-(bis)thiosemicarbazones
or Cu-N-heterocyclic thiosemicarbazones, in comparison with the in situ formed Cu complexes
with metal-binding ligands. In this review, we summarize available clinical and mechanistic data
on clinically relevant anticancer drug candidates, including Cu supplements, Cu chelators, Cu
ionophores, and Cu complexes.

Keywords: Cu homeostasis; cancer; Cu overload; Cu chelators; Cu ionophores; Cu toxicity; chemical
biology; thiosemicarbazones; clinical trials; immune system

1. Briefly about the Physiological Control of Cu Balance

Cu is an essential endogenous metal involved in various biological functions, includ-
ing but not limited to the regulation of energy production and other redox reactions, as
well as regulation of glucose, cholesterol, and iron metabolism [1]. Medicinal value of Cu
was recognized many centuries ago: in Hippocrates’ time Cu mixtures were used for treat-
ment of pulmonological and mental disorders [2], and Ayurvedic medicine recommended
to store drinking water in Cu vessels due to their antibacterial properties [3]. However,
Cu is potentially a highly toxic metal and its imbalance (both overload and depletion) is
associated with severe health disorders, therefore, its balance is tightly controlled [1,4].
Upon absorption into the bloodstream, Cu(II) rapidly binds to plasma proteins, such as
ceruloplasmin (≈70% of Cu), transcuprein, and albumin, which transport Cu2+ ions to
plasma membrane. Subsequently, it undergoes reduction to Cu(I) by cupric reductases and
only after reduction Cu(I) ions are transported into the cells via Cu transporter 1 (Ctr1)
and Cu transporter 2 (Ctr2). Following internalization of Cu(I) ions, they are delivered
to Cu-requiring proteins by Cu chaperons, namely cytochrome c oxidase Cu chaperone
17 (COX17), Cu chaperone for Cu/Zn superoxide dismutase, and antioxidant protein 1
(Atox1). The major Cu-requiring proteins are cytochrome C oxidase (COX), Cu/Zn super-
oxide dismutase, and ATPase Copper Transporting Alpha and Beta (ATP7A and ATP7B).
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ATP7B is also responsible for excretion of Cu through the bile duct. For more detailed
information please refer to the following reviews [1,5–13].

Since an excess of unbound Cu is highly toxic to the body, the concentrations of Cu
ions in cytoplasm are maintained at exceptionally low levels, in fact, less than 1 free Cu
ion per cell (10−15–10−21 M) [14]. This cytoplasmic Cu control is mainly achieved through
its binding to glutathione (GSH), a tripeptide with powerful antioxidant function. GSH
is present in cytoplasm in a millimolar range, which greatly exceeds the concentration
of free Cu ions, therefore, GSH serves as a function of cytosolic Cu buffer to prevent
high concentrations of unbound toxic Cu ions and to establish a negative metal gradient
for Ctr1-regulated Cu transport [10]. In addition, excess of metal ions is sequestered by
metallothionines (MTs), which are transcriptionally activated by high concentrations of
toxic metal ions, including Cu. MTs are rich in cysteines and therefore can irreversibly
form stable Cu-thiolate clusters, thus protecting cells from Cu overload. It is believed that
MTs and GSH create a challenge for Cu drug design, since various existing redox-active
Cu complexes are unstable towards the MT/GSH system and might not be efficiently
delivered to their proposed biomolecular targets in cytosol and nucleus.

2. Systemic Changes in Cu Homeostasis of Cancer Patients

Since copper plays an important role in the cellular function and metabolism, the
question arises as to whether there are significant differences in Cu levels in cancer patients
in comparison with healthy cohorts, and if yes, whether Cu levels can be used as a reliable
biomarker of disease progression and response to treatment [15]. Cu concentrations were
determined from emission spectrograms or by flame atomic absorption spectrometry in
whole blood, plasma [16] or serum [15], toenail [17], hair [18], saliva [19], and tissues [20].
Many studies reported a positive correlation between circulating Cu levels and cancer
progression, in particular breast cancer. A meta-analysis of 36 studies between 1991
and 2019 revealed significantly increased serum Cu levels in breast cancer patients in
comparison with benign breast diseases and healthy controls [21]. Similar correlations have
been observed in meta-analyses of other cancer types, including lung [22,23], colorectal [24],
hepatocellular carcinoma [25], and other cancers, as well as in animal models [26]. It was
shown that hepatocellular carcinoma tissues in mice were characterized by approximately
10-fold higher Cu levels than healthy liver tissues [26]. In contrast, a number of meta-
analyses did not observe any statistically significant correlations, which might be related
to the differences in number of subjects, genetic background of patients, sample type,
etc. [27–29]. Generally, there is a common trend of increased Cu accumulation in serum
and tumor tissues of cancer patients; however, the data about association between Cu
levels and increased cancer risk is inconclusive. While several studies revealed a possible
link between Cu levels and increased risk of colorectal cancers [24], it was not observed
for hepatocellular carcinoma [30] and lung cancer [31]. Similar to Cu levels, the ratio of
serum Cu/Zn levels was also significantly higher in cancer patients compared to healthy
controls, which typically resulted from the increase of Cu levels with simultaneous decrease
of Zn levels. Recently, several studies aimed to determine whether circulating Cu levels
in serum and full blood, and the ratio of Cu/Zn levels can serve as predictors of the
patients’ mortality [32–35]. It was demonstrated that higher serum Cu levels, as well as
Cu/Zn ratio, were associated with increased all-cause mortality in lung cancer patients [32].
This might be associated with the increase of Cu levels and Cu/Zn ratio at advanced
stages of the disease, as well as during metastatic progression, thus resulting in lowered
survivability [32–35]. It was suggested that elevation of serum/blood Cu levels might
be a consequence of Cu ions release from necrotic tumor tissues [36] or a result of an
inflammatory condition [37,38]. However, the increase of both circulating and intra-tumoral
Cu levels suggests the systemic interference with Cu homeostasis in cancer patients.

To determine whether Cu levels might also correlate with patients’ response to anti-
cancer treatment, Cu serum concentrations were determined in patients with hematologic
malignancies before and after systemic treatment. It was revealed that elevated Cu levels



Biomedicines 2021, 9, 852 3 of 46

significantly decreased to almost normal levels when patients went into remission and
returned to pre-therapy values upon relapse [39]. Similarly, when serum Cu levels were
monitored in patients with solid malignancies undergoing radiotherapy, the highest de-
crease was observed in patients with complete clinical response [40,41], indicating that Cu
levels might indeed serve as a potential biomarker. The levels of ceruloplasmin were also
shown to rapidly decrease upon tumor removal [42,43]. It should be noted that when Cu
levels were measured in breast cancer patients before chemotherapy (Adriamycin) and
after 3 courses of chemotherapy, no changes in Cu levels were detected [44].

Since both Cu and Zn consist of several naturally occurring isotopes (Cu: 65Cu (69.17%)
and 63Cu (30.83%); Zn: 64Zn (48.6%), 66Zn (27.9%), 67Zn (4.1%), 68Zn (18.8%), and 70Zn
(0.6%)), each biological system is characterized by specific isotopic fingerprints. It was
suggested that disease-associated changes in such fingerprints might be more reliable
predictive biomarkers than changes in Cu and Zn concentrations [45,46]. It was shown
that 65Cu/63Cu ratio in serum of breast and colon cancer patients was significantly lower
than in healthy individuals; moreover, the drop in 65Cu isotope in serum occurred several
months earlier than the changes in other potential biomarkers were observed [46]. Similarly,
the blood and tumors of hepatocellular carcinoma patients were 65Cu-depleted and 65Cu-
enriched, respectively [47]. It was suggested that heavy 65Cu isotope was preferentially
chelated in cancer cells with the subsequent release of lighter 63Cu into bloodstream [46,47].
However, analysis of 65Cu in patients with hematological malignancies revealed similar
decrease of heavier Cu isotope in blood of cancer patients in comparison with healthy
controls [48]. The changes in Cu isotopic pattern in cancer patients were also linked to
Warburg effect. It was suggested that more isotopically heavy Cu2+ was efficiently chelated
by L-lactate, while isotopically light Cu+ was excreted into bloodstream [46]. Therefore,
increased lactate production in cancer cells resulted in increased chelation of 65Cu isotope
and increase of 65Cu/63Cu ratio in cancer tissues and decrease of 65Cu/63Cu ratio in serum.
Another possible explanation of low 65Cu isotope was its release from endogenous Cu
stores, such as MTs [47].

In contrast to Cu, the differences in Zn isotopic distribution in cancer patients and
healthy controls were less informative. It was shown that blood plasma of cancer patients
with hematologic malignancies was characterized by higher abundance of heavier isotopes
than in healthy people [48]. However, resections of breast tumors revealed lighter Zn
isotopic content than healthy breast tissues, while serum of breast and colon cancer patients
and healthy individuals could not be differentiated [46,49,50].

3. Tumor Modulation with Inorganic Cu Salts
3.1. Carcinogenesis

In light of higher Cu demand in tumors, it appears reasonable to question whether
dietary Cu supply might affect the proliferation of cancer and healthy cells or whether Cu
can be even considered a carcinogen. In animals, long-term Cu supplementation resulted
in significant toxicity and apoptosis but no relationship between Cu and cancer progression
has been found. When rats [51–54] or mice [55–57] were given CuSO4, CuCl2, or CuCO3
for up to 2 years, significant apoptosis in liver [51,56,58], lungs [55], brain [52,53,58], and
kidneys [58] has been observed, which was associated with ROS production, reduced
glutathione levels, lipid peroxidation injury, and mitochondrial swelling. Nevertheless,
chronic Cu exposure was not associated with the development of neoplasms [57,59], thus
indicating low carcinogenic potential of Cu.

Several studies have investigated the effect of Cu supply on cancer incidence and pro-
gression in the presence of carcinogens. One of the first studies investigating the role of Cu
substances in the mouse carcinogenesis was reported in 1914 [60]; however, no conclusive
results were obtained. While inorganic Cu salts did not show any effects on the tumor
growth, some colloidal Cu formulations markedly slowed down the tumor progression
depending on the type of formulation and initial size of the tumors [60]. Subsequently, rats
with high-Cu diet (food or water supplemented with 0.15–0.5% of CuSO4 or Cu(OAc)2)
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and normal diet were treated with dimethylaminoazobenzene (DMAB), its analogues, or
other carcinogens, and the tumor incidence and progression were monitored [61–65]. It was
found that rats fed with carcinogens and Cu salts were characterized by the significant de-
lay in liver tumor progression [63] or significantly decreased tumor incidence [59,61,64,66],
possibly due to the decreased cellular intake of carcinogens in the presence of Cu or compet-
itive binding for the available protein sites in the liver [62,65,67,68]. The supplementation
of Cu-rich diet correlated with increased Cu content in rat livers [59,61,62,67], in particular
mitochondria [66]. Although some concerns were raised that reduction of tumor incidence
might be related with the Cu-induced destruction of carcinogenic azo-dyes [65], but not
other types of dyes [69], some studies demonstrated high stability of tested carcinogens in
the presence of Cu [61].

In contrast, supplementation of water of pseudopregnant mice with CuSO4 (198 mg/L)
did not show any effect on the incidence of carcinogen-induced lymphomas, lung, ovaries,
and breast cancers, which was most probably related to insufficient Cu concentrations in
tissues (were not measured) [70]. Moreover, several studies demonstrated that supplemen-
tation of food and water with Cu salts has stimulated tumor progression [57,71–73]. When
rats were given food with CuSO4 (42.6 mg Cu/kg food) with or without antioxidant resver-
atrol, the carcinogen-induced mammary carcinogenesis was markedly accelerated [71,72].
This process was accompanied by the significant increase of serum Cu and decrease of
serum Fe and Zn/Cu ratio similar to those observed in breast cancer patients [74,75]. In
addition, the decreased expression of antioxidant enzymes, such as catalase, glutathione
peroxidase, and superoxide dismutase, was observed [72], which play a protective role
against ROS and oxidative stress. Since free radicals contribute to the promotion of var-
ious stages of carcinogenesis [76], reduced activities of antioxidant enzymes might be
related to the observed effects in rats. It was also shown that Cu-rich diet aggravated
carcinogen-induced genomic instability [71].

Hanahan et al. employed a genetically engineered mouse model of multistage pancreatic
neuroendocrine tumor development and studied the effects of Cu in drinking water on the
process of tumorigenesis (Figure 1) [57]. The mice were given 20 µM of CuSO4 for≈11 weeks,
which corresponds to the maximal allowed Cu levels in public water supplies [57]. It was
demonstrated that tumors in mice, drinking Cu-enriched water, were at least 2-fold larger
than in control group, indicating the role of Cu in tumorigenesis. Accordingly, when systemic
levels of Cu were decreased using Cu chelating agent tetrathiomolybdate (TM), plasma Cu
levels in mice decreased by 40%, corresponding to significant reduction of tumor growth.
Importantly, the restriction of bioavailable Cu delayed the onset of angiogenic switch in
pre-malignant lesions, thereby deferring further tumor development. Subsequent analysis
of tumors demonstrated significant increase of proliferating cells in Cu-treated group and
significant decrease of proliferating cells in mice treated with Cu chelator, indicating the role
of Cu as a rate-limiting nutrient [57]. Similar effects have been observed in a mouse model
of spontaneous lung adenocarcinoma, where tumorigenesis was accelerated by addition of
CuSO4 to the drinking water and slowed down by addition of Cu chelators, respectively [73].

In addition to the relationship between high-Cu diet and cancer development, several
studies investigated the effects of low dietary Cu intake on spontaneous carcinogenesis.
When multiple intestinal neoplasia (Min) mouse pups and their nursing dams were fed
with the low-Cu diet (CuCO3, 1 ppm Cu) [77] for 13 weeks, the animals demonstrated
significantly higher incidence of tumors in small intestines than the control group (6 ppm
Cu) [78]. In agreement, a low-Cu diet in rats was associated with higher formation of
carcinogen-induced aberrant crypt foci (ACF), which are the earliest identifiable preneo-
plastic lesions of colon cancer [79], as well as spontaneous tumors in small intestines [80],
than in rats with adequate diet. Low copper intake was associated with the decreased
expression of Cu-containing enzymes, such as Cu/Zn superoxide dismutase and cerulo-
plasmin, leading to oxidative stress. Another possible explanation might be decreased
expression of protein kinase C isozymes in animals with low Cu diet, which were reported
to inhibit cancer cell growth and proliferation [81].
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in drinking water from 4 weeks of age. Cu-treated mice demonstrated significantly higher volume of pancreatic tumors.
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3.2. Proliferation

The effects of inorganic Cu salts on the proliferation and viability of various cell lines
have been studied, including hepatic stellate cells (HSCs), hepatocytes, endothelial cells,
hematopoietic progenitors, etc. HSCs are undifferentiated quiescent cells that reside in
the liver; however, they play a significant role in the process of liver carcinogenesis and
represent a major component of hepatocellular carcinoma tumor environment. While no
effect has been observed when HSCs were treated with 50 µM of CuSO4, they demonstrated
markedly accelerated growth when the concentration of CuSO4 was elevated to 200 µM [82].
The accelerated growth was accompanied by increased oxidative stress, reflected by high
ROS production, and lipid peroxidation, as well as reduced GSH levels [82]. On the other
hand, hepatocellular carcinoma cells HepG2 that were grown in cell culture media supplied
with 20–160 µM CuSO4 demonstrated reduced proliferation and eventually underwent
ROS-mediated apoptosis [83,84].

Similar to HSCs, the proliferation of human umbilical vein endothelial cells (HUVEC)
has been stimulated with CuSO4 (500 µM). However, when human dermal fibroblasts
and arterial smooth muscle cells were tested under identical conditions, no effects on
proliferation rate and viability were observed [85]. In an attempt to decipher Cu-induced
stimulation of cell proliferation, mouse embryonic fibroblasts (MEFs), as well as Atox1-
null MEFs (where Atox1 is Antioxidant-1, one of the major Cu chaperones) were treated
with 10 µM of CuCl2. The addition of Cu markedly stimulated proliferation of wild-type
MEFs, but not Atox1-null MEFs, indicating that Cu-induced proliferation was Atox1-
dependent [86]. It was shown that CuCl2 activated nuclear translocation of Atox1, DNA
binding, and transcription activity, thereby accelerating cell proliferation [86]. Typically,
highly proliferating tumors are characterized by selective Cu accumulation in the nuclei,
whereas normal tissue predominantly accumulates Cu within the cytoplasm [87–89]. In



Biomedicines 2021, 9, 852 6 of 46

agreement with this observation, cancer cells are characterized by increased nuclear translo-
cation of Atox1, which correlated with the severity of the disease; therefore, nuclear status
of Atox1 might determine the proliferation status of the cells [90,91].

3.3. Differentiation

Besides regulating cell proliferation, inorganic Cu salts were also reported to affect
cell differentiation. The differentiation of hematopoietic stem/progenitor cells (HSPCs)
was monitored in Cu-rich and Cu-deficient cell culture media, which was obtained by the
addition of 10 µM CuSO4 or CuCl2 and Cu chelator, respectively [92–94]. It was shown
that addition of Cu salts significantly impaired the proliferation of progenitor cells and
accelerated differentiation. Accordingly, cells treated with a Cu chelator (tetraethylene-
pentamine) resulted in the decrease of chelatable Cu levels and has led to the enrichment
of progenitor subsets, as well as increasing their long-term culture potential [92,93,95,96].
These observations have clinical relevance, since Cu-deficient patients with neutropenia
(low neutrophil count) were characterized by the absence of mature cells in their bone
marrow [97]. Similar results have been observed with mesenchymal stem cells (MSCs),
which are undifferentiated cells that reside in bone marrow. When MSCs were treated with
50 µM of CuSO4, their proliferation rate was markedly reduced but increased differentia-
tion into osteoblasts and adipocytes was observed [98]. These results indicate that elevation
of intracellular Cu levels in healthy and cancer cells induced maturation of undifferentiated
progenitor cells towards a specific differentiation pathway.

In contrast to healthy unmatured cells, whose proliferation was inhibited by Cu
salts, undifferentiated cancer cells demonstrated increased cell proliferation when treated
with non-toxic concentration of CuCl2 (up to 100 µM); however, their differentiation was
also stimulated [99]. In agreement with these observations, cancer cells that were treated
with the differentiating agents, such as retinoic acid, demonstrated significantly higher
intracellular Cu levels [100], and differentiation was augmented by Cu addition [101] and
decreased by pre-treatment with Cu chelators [102].

Although non-toxic Cu load was shown to stimulate proliferation of cancer cells, the
overload of intracellular Cu pool has eventually led to programmed cancer cell death in
a broad panel of cancer cell lines [103]. Interestingly, transcriptional profiling revealed
that cell death in these cell lines occurred as a result of endoplasmic reticulum (ER) stress
and Unfolded Protein Response (UPR), but not ROS-induced oxidative stress, as would
be intuitively expected. Moreover, GSH, which is a key survival antioxidant, was shown
to protect cells from Cu-induced effects mainly via direct binding to Cu ions, thereby
preventing protein misfolding or aggregation [103].

3.4. Metabolism

Hanahan et al. demonstrated that cancer cells treated with a Cu chelator were charac-
terized by the reduced proliferation rate, which was linked to the reduced ATP production
in mitochondria, as well as diminished activity of the electron transport chain (ETC) [57].
Interestingly, ATP production in cancer cells was partially restored via aerobic glycolysis
and increased lactate production, indicating pro-survival compensatory attempts. These
fundamental findings revealed the effects of Cu on metabolic phenotype of the tumors
and demonstrated the dependence of Cu-rich cancer cells on oxidative phosphorylation
(OXPHOS) and Cu-deficient cancer cells on glycolysis.

Several omic studies revealed the effects of modulation of Cu levels on cellular pro-
teomic and transcriptomic profiles and the role of Cu in the metabolic switch from oxidative
phosphorylation to aerobic glycolysis [104–106]. It was shown that in Chinese hamster
ovary cells (CHO) Cu deficiency induced mainly post-transcriptional changes, character-
ized by a compromised expression of COX, whose active site contains two Cu centers
(3 atoms) and disrupted ETC, in particular mitochondrial complex IV [104,106]. The sub-
sequent metabolomics studies in Cu-deficient cancer cells supported omic studies and
confirmed the switch to aerobic glycolysis via disruption of ETC [107,108]. It was shown
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that Cu deficiency was associated with reduced efficiency of tricarboxylic acid cycle (TCA),
excess lactate production, etc. [33]. The hypothesized sequence of events is presented in
Figure 2 based on the obtained metabolic landscape [108].
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Figure 2. The effects of Cu-deficiency on the metabolic profile of CHO cells. Adapted from reference [108] (COX—
cytochrome C oxydase, ETC—electron transport chain, ROS—reactive oxygen species, PPP—pentose phosphate pathway,
NADPH—nicotinamide adenine dinucleotide phosphate, NAD+—nicotinamide adenine dinucleotide, ATP—adenosine
triphosphoate).

The addition of non-toxic concentrations of Cu to healthy and cancer cells also re-
vealed marked changes in cell metabolism. Incubation of CHO cells with 5 µM of CuSO4
revealed differential expression of genes involved in cell metabolism, in particular ATP
synthesis, lactose dehydrogenase, and oxidative stress [105]. Similarly, exposure of hu-
man erythroleukemic cells K562 to 100 µM of CuCl2 significantly altered mitochondrial
bioenergetics and boosted OXPHOS capacity [99] in agreement with the observations
of Hanahan et al. [57]. In addition, following the increase in ATP demand, mitochon-
drial volume, size, and turnover have been adjusted, indicating tight metabolic control of
mitochondrial energy by bioavailable Cu [105].

The Cu addiction in metabolically active tumors is supported by correlations between high
Cu levels and metabolic demands of prostate, breast, colon, liver, and brain tumors [109–114].
Therefore, these cancer types may be particularly sensitive to Cu-modulating therapies. Re-
cently, it was demonstrated that metabolic adaptions play an important role in highly resistant
colorectal cancers with KRAS (Kirsten rat sarcoma 2 viral oncogene homologue) mutation [115].
Strikingly, these profound metabolic dependencies were also linked to the addiction of KRAS-
mutated cancer to Cu metabolism [116,117]. Profiling of KRAS-expressing intestinal epithelioid
cells IEC-6 with the combination of state-of-the-art cell surface proteomics and CRISPR/Cas-9
screens identified ATP7A as a lethal synthetic partner in KRAS-mutant colorectal cancers [116].
Subsequent target validation revealed the dependence of KRAS-mutant cells on bioavailable
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intracellular Cu pools regulated by micropinocytosis; therefore, Cu-targeting drug molecules
might have clinical potential in the context of KRAS-mutated cancers.

3.5. Resistance

The role of Cu in drug resistance is mostly discussed in relation to Cu transporters
(Ctr1, Ctr2, OCT2), which play a significant role in resistance and detoxification of Pt-
based chemotherapeutic agents [118]. However, Cu itself is also an important determinant
of tumor resistance to chemotherapeutic treatment. When leghorn embryos were injected
with CuSO4, Adriamycin, or their combination, Adriamycin-treated embryos demon-
strated inappropriate development of the neural tube, while the addition of Cu salt has
annihilated the effects of Adriamycin, thus resulting in normal embryo development
similar to controls [119]. These results indicate that rapidly proliferating tissues devel-
oped drug resistance in the presence of high Cu concentrations. It was also reported that
mice bearing cyclophosphamide-resistant Lewis lung carcinoma or doxorubicin-resistant
Ehrlich ascites carcinoma were characterized by elevated serum Cu levels compared with
respective drug-sensitive parental tumors [120]. Importantly, similar correlations have
been observed in a clinical setting. When serum Cu levels were determined in patients
with advanced breast, lung, and colon cancers that were undergoing chemotherapy, clin-
ical non-responders demonstrated significantly higher serum Cu concentrations than
patients who positively responded to the treatment [120].

Since Cu is a redox-active metal [121], it is highly toxic to cells in excess concentra-
tions. Therefore, the elevation of intracellular Cu concentrations is counteracted in cells
by various survival mechanisms to rapidly prevent excessive Cu accumulation. One of
the mechanisms involves the downregulation of Ctr1, which is the major Cu influx trans-
porter [122,123]. It was shown that low micromolar Cu concentrations were sufficient to
stimulate the process of endocytosis in HEK293 cells, whereas high Cu concentrations
induced degradation of the transporter [122]. Ctr1 is a major mediator of cisplatin and
carboplatin uptake; therefore, its endocytosis and degradation were linked to cancer cell
resistance to these Pt chemotherapeutic agents, as well as poor prognosis [24,124]. Besides
influencing the influx of Pt drugs, Cu levels were also reported to affect Pt efflux via ATP7A
and ATP7B, which are major Cu efflux transporters [124]. In the study of Komatsu et al.,
human epidermoid KB carcinoma cells that were transfected with c-DNA of ATP7B and
subsequently treated with increasing concentrations of CuCl2, demonstrated increased
survival in the presence of cisplatin, suggesting increased efflux of this Pt drug [125].

Interestingly, elevated Cu concentrations were also shown to affect plasma proteins
that are responsible for the delivery of Cu ions to plasma membrane, in particular human
serum albumin (HSA) [126] and bovine serum albumin (BSA) [103]. HSA was treated with
physiologically relevant Cu concentrations for 21 days, corresponding to average Cu con-
centrations in healthy people and cancer patients, and the structure of HSA was analysed
by various methods [126]. It was shown that increased Cu concentrations caused structural
alterations of HSA, indicating activation of UPR, which is another pro-survival cellular
response [127]. These results were corroborated using BSA [103]. It was reported that
HSA aggregation adversely affected its drug-binding ability, hence, Cu-induced structural
changes of HSA might also contribute to drug resistance [128].

3.6. Mode of Cell Death

The excess of Cu ions in cancer cells results in the disturbance of controlled redox
environment, as well as overload of Cu-handling capacity of proteins. This leads to the
perturbation of their structures, accumulation of misfolded or unfolded proteins, and
activation of UPR [127,129,130]. As a result of severe ER stress, cells undergo vacuolization,
resulting in a unique mode of cell death termed paraptosis. Paraptotic cells lack the typical
morphological features of apoptotic cells, such as chromatin condensation and nuclear
fragmentation. Treatment of various cancer cell lines with CuCl2 at toxic concentrations
(>200 µM) for 48 h resulted in cancer cell death, reflected by massive vacuolization [130].
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The vacuolated cells were not characterized by caspase-3 cleavage, which is the most
characteristic feature of apoptosis. It was suggested that Cu ions might inhibit caspase-
3 protease by interfering with catalytic residues on the active site of the enzyme [130]
similar to Zn(II) ions [131]. Various Cu-based drugs demonstrated similar morphological
changes in dying cancer cells, indicating that cancer cells undergo Cu-induced paraptosis
independent of the presence of organic ligand [129,130,132–134]. In contrast to the effects
of Cu overload, Cu depletion was associated with significant decrease of tumor burden as
a result of caspase-3 activation and apoptotic cell death [38]. In agreement, the addition of
CuSO4 to a panel of cancer cell lines in combination with various Cu chelators in a ratio 1:1
or 1:2 caused rapid apoptosis within 20 min [135].

Upon occurrence of severely stressful conditions, cells might concurrently undergo
different types of cell death. Simultaneously with paraptosis, a fraction of Cu-treated
cancer cells were shown to undergo apoptotic cell death [130]. It should be noted that rapid
exposure to highly toxic concentration of Cu(II) ions might also cause necrotic cell death
both in vitro and in vivo [136]. In healthy cells, Cu salts were shown to indirectly induce
apoptotic cell death via inhibition of X-linked inhibitor of apoptosis protein (XIAP) [137].
HEK293 cells were treated with non-toxic concentrations of CuSO4 or CuCl2 for 48 h,
which resulted in the destabilization of XIAP by interaction with its cysteine residues. The
destabilization could be reversed by the addition of Cu-chelator [137,138]. Similar effects
were observed in vivo in liver tissues from dogs with Cu toxicosis [137]. In cancer cells,
CuCl2 also induced mobilization and destabilization of XIAP; however, this resulted in the
enhancement of its activity and inhibition of apoptosis [38]. We speculate that the mode of
cell death induced by Cu-based drugs might depend on the concentration of unbound Cu
ions. It was reported that even trace amounts of free Cu ions completely abrogated caspase-
3 activity, while protein-bound Cu in the absence of free Cu ions stimulated the sensitization
of cells to caspase-3-dependent apoptotic cell death [137]. We have previously demonstrated
that several Cu(II) complexes induced XIAP inhibition and apoptosis activation [139].

3.7. Immune System

The role of Cu in regulating cancer immune function has rarely been explored. In 1981,
long before “evasion of immune system” was established as a cancer hallmark, the effects
of Cu on the inflammatory responses in mice were reported [140]. Mice were fed either a
purified Cu-deficient diet or normal diet with drinking water supplemented with CuSO4
and the differences in intracellular Cu uptake were reflected by ceruloplasmin and liver
Cu levels [140]. The immune response was stimulated by exposure to foreign antigens,
such as sheep erythrocytes. As a result, it was shown that Cu-deficient mice generated
significantly less antibody-producing cells, indicating severely impaired immune system.
Similarly, Cu-depleted rats showed reduced antibody titers [141]. In another study mice
were given either purified Cu-deficient diet or Cu-rich diet supplemented with CuCl2
for 7–9 weeks after weaning [142]. It was demonstrated that after histamine injection Cu-
deficient mice developed an inflammatory response reflected by paw oedema. Similarly,
Cu-deficient mice demonstrated enhanced hypersensitivity to oxozalone and sheep red
blood cells in comparison to mice supplied with CuCl2 [142]. The hypersensitivity test
aims to demonstrate the response to histamine release; therefore, the results indicated
that endogenous Cu was involved in the mediation of inflammatory responses [142]. In
agreement, Cu-deficient mice, sheep, and cattle were also more susceptible to bacterial
and microbial infections and were characterized by decreased leucocyte, erythrocyte and
lymphocyte function, attributed to the compromised function of superoxide dismutase
and COX [143–147]. Similarly, phagocytic activity of macrophages, which are essential for
the activation of T and B cells, was negatively affected by Cu depletion [148]. Peritoneal
macrophages from Cu-deficient rats opsonized markedly less yeast cells than from rats
supplemented with CuCl2 [148]. This compromised phagocytic activity could be reversed
by Cu supplementation of Cu-depleted calves [143].
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Recently, the role of Cu in eliciting antitumor immune responses has been revealed.
Analysis of Cancer Genome Atlas database and tissue microarrays demonstrated a sta-
tistically significant correlation between Ctr1 and programmed death ligand 1 (PD-L1),
responsible for control of adaptive cancer immunity [149]. To support this observation
in vitro, SH-SY5Y neuroblastoma and U87-MG glioblastoma cells were cultured in a media
supplemented with 20 µM-1mM CuCl2 and PD-L1 expression was correlated with intra-
cellular Cu content. It was demonstrated that Cu-treated cells induced dose-dependent
increase of PD-L1 expression (at mRNA and protein level). In addition, RNA sequencing
revealed activation of major signaling cascades involved in immune response, namely
cytokine response or cytokine production, JAK-STAT signaling, and NFkβ-mediated TNFα
signaling. Subsequently, inhibition of JAK-STAT signaling pathway was validated in cells
treated with Cu-lowering drugs, such as Dextran-Catechin (DC), inhibiting Cu uptake, and
Cu-chelating agent tetraethylenepentamine pentahydrochloride (TEPA). Moreover, this
treatment induced inhibition of epidermal growth factor receptor (EGFR), leading to the
destabilization and post-translational degradation of PD-L1. Similar results were obtained
in vivo in the immunocompetent transgenic neuroblastoma mouse model Th-MYCN, which
closely recapitulates the main features of poor outcome human neuroblastoma, as well
as immunocompromised mouse model. Only immunocompetent mice demonstrated im-
proved survivability and tumor reduction following oral administration of DC and TEPA,
indicating the role of immune system in the drug-induced anticancer effects. The immune-
competent mice were characterized by significant down-regulation of PD-L1 expression
coinciding with elevated tumor infiltration by CD8+ tumor-infiltrating lymphocytes and
natural killer (NK) cells. The levels of interferon-gamma (IFNγ), which governs PD-L1
expression, were also elevated in response to TEPA, suggesting that Cu-chelating drugs
might be able to counteract the IFNγ-mediated anticancer immune reaction. Importantly,
in contrast to tumor tissues, TEPA did not show any effects on PD-L1 and Ctr1 expression
in normal livers, demonstrating certain selectivity towards cancer cells and their potential
as immune checkpoint inhibitors [149]. In another study, the effects of Cu supplemen-
tation on PD-L1 expression and tumor reduction were monitored in immunocompetent
and immunodeficient mice with hepatocellular carcinoma [150]. The tumor growth in
mice with functional immune system was not affected by additional Cu supply, while
immunodeficient mice demonstrated significant reduction of tumor growth. These effects
were linked to Cu-induced stabilization of PD-L1 and T-cell suppression. This observation
is of clinical importance since the effects of Cu-based anticancer drugs might be annihilated
by the tumor-immune system.

4. Modulating Intratumoral Cu Levels with Metal-Binding Ligands

Intracellular Cu balance is tightly regulated and both elevation and reduction of
bioavailable Cu might cause interference with cancer development and progression as
discussed above. This concept is utilized in therapeutic approaches aiming to deplete
cancer cells of Cu supply or stimulate fatal Cu overload, yet these effects are commonly
associated with toxicity.

The control of intracellular Cu levels can be ensured by the use of Cu-binding or-
ganic ligands, which are classified based on the functional outcome of the resulting Cu
complex [151].

4.1. Cu Chelators: D-Penicillamine, Trientine, and Tetrathiomolybdate

The most common mechanism of Cu chelators involves intracellular chelation of Cu
ions with subsequent excretion of the metal. Cu chelators typically form Cu complex
after they cross cell membranes, and the increase of Cu concentration (e.g., in cell culture
media) is expected to lower the efficacy of Cu chelators, which are in agreement with their
proposed mechanism of action [152]. In addition, it was shown that administration of
Cu chelators during meals effectively prevented Cu intestinal absorption [153]. The use
of Cu chelating agents for lowering body Cu levels has been extensively investigated in
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relation to medical conditions caused by Cu overload, such as Wilson’s disease [154]. The
first clinically approved Cu chelator was D-penicillamine (D-pen), an analogue of cysteine
aminoacid (Figure 3A). The mechanism of action of D-pen is based on the chelation of
Cu(II) ions (Figure 3B) with subsequent formation of stable Cu(I)/oxidized D-pen complex
and its subsequent excretion through urination [155]. Various clinical trials utilizing D-pen
for the treatment of Wilson’s disease revealed severe toxicity induced by negative Cu bal-
ance (depletion of several milligrams of Cu per day), including bone marrow suppression,
various dermatological side effects, autoimmune reactions, and neurotoxicity [156,157].
Despite low cytotoxicity in vitro [135], D-pen demonstrated significant reduction of pri-
mary tumor burden, as well as metastases, in various animal models, which was related
to its antiangiogenic effects [158–162]. Based on the excellent efficacy of D-pen in brain
tumor models, clinical trials were initiated where D-pen was administered to glioblastoma
multiforme patients in combination with a low-Cu diet (e.g., NCT00003751, Table A1) [163].
The treatment was well-tolerated and effective decrease of serum Cu levels was observed;
however, no significant improvement in survival was reported [163]. The discrepancies
between poor effects of D-pen in a brain animal model and brain cancer patients might be
related to several factors. In animals, higher dose of D-pen was given. Moreover, combi-
nation of D-pen and low-Cu diet was given before implantation of brain cells, suggesting
that Cu depletion might be more effective in prevention of angiogenic switch rather than
suppression of highly vascularized tumors [161]. Therefore, the effects of D-pen might be
more pronounced in patients with low-grade gliomas or anaplastic astrocytomas.
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Due to severe side-effects induced by D-pen treatment in some Wilson’s patients,
another Cu(II)-selective chelator, namely triethylenetetramine (trientine, TETA), character-
ized by an improved safety profile, was introduced into clinical practice (Figure 3A) [164].
Its anticancer activity was linked to the inhibition of angiogenesis, inhibition of Cu/Zn
superoxide dismutase, and telomerase inhibition [164]. In clinical trials where trientine was
used in combination with carboplatin or PEGylated liposomal doxorubicin for the treat-
ment of relapsed ovarian, tubal, or peritoneal cancers, no dose-limiting toxicity has been
observed; however, no correlations between clinical response and Cu or ceruloplasmin
levels were reported [165]. Based on the promising in vitro and in vivo effects of trientine
in cancers carrying BRAFV600E mutation, another phase I clinical trial was initiated, where
trientine was tested in combination with BRAFV600E inhibitor Vemurafenib; however, this
clinical study has been subsequently withdrawn (NCT02068079, Table A1). One of the main
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disadvantages of trientine, which hindered its clinical success, might be attributed to its
poor adsorption and extensive metabolic transformation into N1-acetyltriethylenetetramine
(MAT) and N1,N10-diacetyltriethylenetetramine (DAT) [166].

Another extensively studied Cu chelator is TM (Figure 3A) [156]. The discovery of its
Cu-binding properties dates back to 1943, when ruminant animals, in particular milking
cows, in the farms of New Zealand and Australia developed a medical condition which
was later associated with Cu deficiency [167]. It was found that animals were fed on
grass from Mo-rich soil. Mo reacted with disulfide from cellulose in grass in the rumen,
forming thiomolybdates [168,169]. This hypothesis was supported by observation that
non-ruminant animals did not develop any Cu-deficiency symptoms [167]. Subsequently,
it was revealed that TM-induced Cu-deficiency in rats could be restored by Cu supplemen-
tation [170]. Moreover, intravenous administrations of TM into sheep with Cu poisoning
reversed the deleterious effects [171]; therefore, TM was investigated for the diseases associ-
ated with Cu overload, such as Wilson’s disease [156]. In the bloodstream TM readily binds
to serum albumin or other Cu-transporting macromolecules, thereby forming tripartial
protein/TM/Cu complex (Figure 3B) rendering Cu unavailable for cellular uptake [172].
Subsequently, TM demonstrated anticancer activity in vitro and in vivo, which was related
to its Cu-chelating properties [156]. Administration of TM into RIP1-Tag2 mice, which
spontaneously developed pancreatic cancer (Figure 1), delayed the onset of angiogenic
switch [57], indicating antiangiogenic properties of TM [57,173]. In phase I clinical trial,
TM-induced restoration of normal Cu level in cancer patients without additional toxic
effects [174]. In phase II clinical trial patients with advanced kidney cancer demonstrated a
high tolerability of TM treatment; however, only a small proportion of patients achieved a
steady disease state (Table A1) [175]. In another phase II clinical trial Cu depletion induced
by TM did not affect the progression of cancer in hormone-refractory prostate cancer
patients [176]. Phase II study in patients with stage II–IV breast cancer demonstrated that
patients with triple-negative breast cancer (TNBC) were more susceptible to TM treatment
than patients with other breast cancer subtypes [177]. This is in agreement with higher Cu
demand of metabolically active tumours as discussed above [57]. It was suggested that effi-
cacy of TM in TNBC patients might be linked with targeting tumor microenvironment, in
particular endothelial progenitor cells, critical for angiogenic switch [177]. Overall, various
clinical trials demonstrated that TM treatment is relatively well tolerated, but its efficacy
as sole therapy might be limited, especially in large or metastatic tumors [154,156] and
it might be more effective in a combination with cytotoxic chemotherapeutic schemes or
other antiangiogenic drugs. For more detailed information on preclinical studies and early
clinical trials with anticancer Cu chelators please refer to the following reviews [178,179].

Another example of a promising anticancer drug candidate with metal-chelating prop-
erties is the natural product trodusquemine, also known as MSI-1436 (Figure 4A). It was
isolated from the dogfish shark by Magainin Pharmaceuticals Inc. [180] and demonstrated
a wide range of biological activities [181,182]. In particular, it was shown to selectively and
reversibly inhibit protein tyrosin phosphatase 1B (PTP1B) [182], which is a validated target
for obesity and diabetes [183], and its high expression is associated with poor prognosis
in different types of cancer [184,185]. As a consequence of PTP1B inhibition, MSI-1436
significantly inhibited the growth of primary breast tumors, as well as significantly de-
creased the development of lung metastases [182]. The safety and tolerability of MSI-1436
by metastatic breast cancer patients was tested in a phase I clinical trial (NCT02524951,
Table A1); however, the study was terminated due to funding issues. To improve oral
bioavailability of MSI-1436, more potent analogue termed DPM-1001 was developed [186].
Similar to MSI-1436, DPM-1001 demonstrated inhibition of PTP1B; however, in the case
of DPM-1001 the inhibition was Cu-dependent. In presence of Cu(II) salts DPM-1001
formed PTP1B-Cu(II) complex, which was a more potent inhibitor of PTP1B than uncoor-
dinated ligand (Figure 4B) [186]. There are several examples of metal-based phosphatase
inhibitors [187]; however, in contrast to PTP1B-Cu(II), their mechanism of phosphatase
inhibition is not clear.
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4.2. Cu Ionophores

In contrast to Cu chelators, Cu ionophores chelate metal ions in the extracellular
space then transport them via biological membranes and release them in the intracellular
space, thereby increasing intracellular Cu concentration. Subsequently, Cu ionophores
recirculate into the extracellular space or reside in the cell membrane. At this point, the
increased Cu concentration would lead to the enhanced activity of the metal-binding
ligand [152]. The activity of Cu ionophores is Cu-dependent and metal-free ligands in Cu-
depleted conditions are either inactive or significantly less active than in the presence of Cu
ions [188]. The most extensively studied organic Cu-binding ligands that could act as Cu
ionophores include disulfiram, clioquinol, elesclomol, pyrithione, and thiosemicarbazones.
For more detailed information please refer to the review of Franz et al. [151].

4.2.1. Disulfiram and Dithiocarbamates

Disulfiram (DSF) is a clinically approved drug for treatment of alcoholism which can
be orally administered. It is believed to act as an irreversible inhibitor of acetaldehyde de-
hydrogenase enzyme, which in the presence of alcohol triggers the release of acetaldehyde,
leading to physical discomfort and vomiting [189]. The anticancer potential of this drug
was discovered in 1977, in which a severely alcoholic patient with a metastasized breast
tumour went into spontaneous remission while undergoing disulfiram treatment [190].
Numerous clinical trials have since been conducted [191], which demonstrated the sig-
nificant therapeutic potential of DSF against various types of cancer. The mechanism of
action of DSF is believed to be based on its ability to convert into diethyl dithiocarbamate
(DDC) in stomach with subsequent binding to extracellular Cu ions (Figure 5A). This is
supported by the increase of intracellular Cu content followed by incubation with DSF [188].
It was reported that the activity of DSF in vitro was potentiated by the addition of Cu salts
and inhibited by the addition of cell non-permeable Cu chelator, in agreement with its
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ionophoric properties [188,192,193]. Therefore, in clinical trials, DSF is typically given to
cancer patients in combination with a dietary Cu pill (e.g., NCT03323346, NCT04265274,
NCT04521335, Table A1).
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The reaction of DSF with Cu ions has been extensively studied by a wide range of
analytical methods. It was suggested that when cancer cells were treated with DSF in a
culture media supplemented with Cu salts, DSF possibly underwent rapid Cu-induced
oxidation with the formation of bis(dialkyliminium)-tetrathiolane dication as an interme-
diate (bitt-42+), which was followed by the reduction of another DSF molecule into the
Cu(DDC)2 complex (Figure 5B) [188,194]. As a result, cells would rapidly be exposed to
deadly levels of ROS, leading to oxidative stress, ER stress, inhibition of proteasome and
transcription factors, and cancer cell death [195,196]. It is unclear whether such in vitro
mechanism might be translated to in vivo. In fact, even when well tolerated, DSF/Cu did
not demonstrate significant clinical benefits in cancer patients with solid tumors when it
was administered as a monotherapy (Table A1) [196]. However, DSF significantly potenti-
ated the anticancer activity of other chemotherapeutic drugs, such as cisplatin, oxaliplatin,
imatinib, etc. [196,197]. Therefore, the majority of currently undergoing DSF-related clinical
trials employ DSF as a component of combination therapy. In particular, the use of DSF
might be beneficial for treatment of brain malignancies (Table A1) [193,198,199], partially
due to its ability to alter Cu biodistribution and metabolism, leading to the increased Cu
concentrations in brain [200].

Structure–activity relationships revealed that thiuram fragment was essential for ROS
generation and overall in vitro anticancer potency of DSF [201]. Methylation of a thiol
group of DDC resulted in the complete inhibition of Cu binding and anticancer activity.
These observations are important, since S-methyl DDC is the main liver metabolite of
DSF [201]. Subsequently, various dithiocarbamates demonstrated Cu-dependent anticancer
activity, including but not limited to dipyridylhydrazone dithiocarbamate (DpdtC) [202],
pyrrolidine dithiocarbamate (PDTC) [203,204] and its analogue 1 [205] as well as many
other derivatives (Figure 6) [206].
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4.2.2. Clioquinol and Hydroxyquinolines

Clioquinol (CQ) is another repurposed drug which demonstrated anticancer efficacy
linked to its ionophoric properties. CQ was widely used as a component of an antimicro-
bial topical cream for the treatment of skin infections; however, it was eventually banned
in many countries due to severe cases of optic nerve damage [207]. When CQ was ad-
ministered orally it demonstrated promising therapeutic potential for the treatment of
Alzheimer’s and Parkinson’s diseases and was progressed into clinical trials [208,209]. It
was shown that Alzheimer’s patients undergoing CQ treatment were characterized by
markedly reduced formation of amyloid plaques. The activity of CQ was postulated to
be linked to its metal-chelating properties. CQ is a derivative of 8-hydroxyquinoline and
it can chelate Cu, Zn, and Fe in a bidentate fashion via the oxygen and nitrogen donor
atoms (Figure 7). Subsequently, it was hypothesized that CQ might be effective as an
anticancer drug and display cytotoxicity as a result of metal chelation in cancer cells [114].
Interestingly, CQ-induced cytotoxicity was enhanced by supplementation of Cu, Zn, and Fe,
arguing towards ionophore properties [210]. In agreement, CQ-treated mice demonstrated
significant increase of Cu content in soluble brain and liver fractions in comparison to
untreated control group [211]. However, when mice with human prostate tumor xenografts
were treated with CQ, the tumors, analysed by synchrotron X-ray imaging, revealed that
CQ led to a strong decrease of intratumoral Cu levels [114]. Simultaneously, no changes
in Cu levels in healthy tissues has been observed, indicating high selectivity of CQ to-
wards cancer cells with higher intracellular Cu content. It was suggested that such drastic
decrease of intratumoral Cu levels might be related to the decreased demand for Cu in
drug-treated tumors or decreased Cu accumulation due to reduced angiogenesis [114]. Im-
portantly, it was revealed that CQ significantly increased Cu(II) tissue content, even though
Cu(I) is a predominant form of Cu in cancer and healthy tissues [114]. This observation
might indicate that Cu(II)-CQ complex might be the intracellular metabolite responsible for
cancer cell death. The formation of Cu(II)-CQ complex might occur intracellularly, if CQ
can replace Cu from its chaperones due to higher binding affinity or bind uncoordinated
intracellular Cu(II) ions. The formation of Cu(II)-CQ might also occur extracellularly with
subsequent transportation into the cells [114].

Similar to DSF, the activity of CQ was potentiated by Cu and linked to proteasome
inhibition and oxidative stress [204,210,212]. The mechanism of action was similar to
CQ and 8-HQ [213]. Global proteomic profiling of RAW264.7 macrophages treated with
8-HQ in the presence or absence of CuSO4 revealed destabilization of the proteasome
and redox changes only in the presence of Cu salt [214]. In addition, 8-HQ affected actin
cytoskeleton, which might be essential for inhibition of cell motility and metastasis [214].
The high-throughput screening of repositioned drugs identified CQ and DSF as candidates
potentiating the cytotoxic effects of cisplatin in multiple cell lines [215]. However, the
clinical potential of CQ is limited, especially based on the reports of CQ-induced neurotoxic
responses in animals and patients [207,208].
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Functionalization of the 8-hydroxyquinoline (8-HQ) scaffold of CQ can significantly
enhance the anticancer properties. CQ analogues, such as compounds 2 and 3 (Figure 7)
have exhibited a wide range of improvement (1.5–26-fold) in activity against various cancer
cell lines, which was further potentiated by the addition of CuCl2 [213,216]. The screening
of focused library of 8-HQ derivatives demonstrated the importance of 8-HQ backbone
for selectively targeting multidrug-resistant (MDR) cancer cells [217]. Moreover, it was
shown that the sensitization of MDR was dependent on the expression of P-glycoprotein
(P-gp) [217,218].

4.2.3. Elesclomol and Derivatives

In contrast to DSF, CQ, and pyrithione, elesclomol (STA-4783) has not been repurposed
but was discovered by Synta Pharmaceuticals Corp. as a result of high-throughput screen-
ing of their unique compound library against human sarcoma cell lines, using elevation
of 70 kDa heat shock protein (HSP70) as a biomarker of oxidative injury [219]. Initially,
structurally related molecule N′1,N′3-diethanethioyl-N′1,N′3-diphenylmalonohydrazide 4
(Figure 8A) was identified, which demonstrated anticancer activity in a nanomolar con-
centration range [219]. However, this compound was air-sensitive and chemically and
metabolically unstable, hence chemical modification was required to improve its thera-
peutic potential. Upon establishing structure–activity relationships, elesclomol has been
identified, which was stable and demonstrated 10-times improvement of cytotoxicity in
comparison with the parent compound. The anticancer activity of elesclomol was linked
to the formation of elesclomol-Cu complex with Cu(II) ions [220,221] from cell culture
media (in vitro) or bloodstream (in vivo) with subsequent transportation of Cu(II) ions
to mitochondria, reduction to Cu(I), and release of Cu ions, thus leading to oxidative
stress [222]. The role of elesclomol as Cu ionophore was supported by the loss of its anti-
cancer activity in the presence of cell non-permeable Cu chelator [222]. In addition, it was
shown that elesclomol was readily excreted from the cells after releasing Cu ions. After
3 h of cell incubation with elesclomol, cells were washed-out and the levels of Cu and
elesclomol were measured by BCA assay and LC/MS/MS, respectively. While elesclomol
levels were significantly reduced after 1 h post-wash-out, intracellular Cu levels remained
high, indicating the excretion of unbound elesclomol [222].
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of elesclomol N′1,N′3-diethanethioyl-N′1,N′3-diphenylmalonohydrazide (4); (B) proposed mechanism
of FDX1-mediated, elesclomol/Cu-induced cell death induction.

Recently, genome-wide CRISPR/Cas9 screening unambiguously identified a single
gene responsible for Cu-dependent anticancer activity of elesclomol and DSF [223]. Initially,
the anticancer activity of elesclomol was screened against a panel of 724 cancer cell lines
and cell line sensitivity was correlated with the genomic features of these cell lines. It
was found that the top correlated gene expression feature was the gene FDX1 located in
mitochondria and involved in Fe–S cluster formation. Subsequently, leukemic K562 cells
were treated with two elesclomol analogues, OTA-5781 and OTA-3998 (Figure 8A), and two
genome-wide CRISPR/Cas-9 deletion screens were conducted [223]. This screen allows for
the determination of the genes whose deletion leads to the loss of drug activity. Similar
to elesclomol, the resistance to OTA-5781 and OTA-3998 was determined by the deletion
of a single gene—FDX1. The target was validated by the evidence of direct binding of
elesclomol and recombinant FDX1, which was obtained by nuclear magnetic resonance
(NMR) spectroscopy. However, it was shown that cell death induced by elesclomol was
not caused by the interaction between FDX1 and elesclomol but rather between FDX1
and elesclomol-Cu(II) complex (Figure 8B). It was suggested that binding of FDX1 and
elesclomol-Cu(II) complex resulted in the full oxidation of FDX1, thereby inhibiting Fe–
S cluster biosynthesis and requiring the reduced form of FDX1. Importantly, neither
elesclomol nor Cu(II) were capable of oxidizing FDX1, thereby confirming the role of
Cu(II) complex formation in the anticancer activity of elesclomol and its analogues [223]. In
agreement, Cu chelation, as well as the replacement of Cu-binding moiety in the structure
of elesclomol, resulted in the loss of its cytotoxicity [223].

The antitumor efficacy of elesclomol was tested in a human melanoma and lymphoma
xenograft models and no significant reduction of tumor burden has been observed [219].
However, elesclomol significantly potentiated the effects of paclitaxel both in vitro and
in vivo [219]; therefore, it entered clinical trials in combination with paclitaxel for treatment
of advanced metastatic melanoma (Table A1) [224,225]. The clinical trial was prematurely
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terminated when it was shown that the group of patients treated with combination of
elesclomol and paclitaxel demonstrated a higher rate of total deaths than patients treated
only with paclitaxel [225]. Subsequently, upon further analysis of the data, FDA approved
the resumption of clinical trials, since clinical deaths were observed only in a small subset
of patients with elevated levels of lactose dehydrogenase (LDH) and were not related
to elesclomol-induced toxicity. In combination with paclitaxel, elesclomol demonstrated
1.8-fold improvement of progression-free survival in patients with normal LDH levels in
comparison to paclitaxel alone. However, patients with high LDH levels showed no benefit.

Why was the activity of elesclomol governed by LDH levels? Elesclomol was shown
to deliver Cu(II) ions selectively to mitochondria and interfere with mitochondrial func-
tion and metabolic processes that requires the presence of oxygen [222]. In contrast, the
highest Cu accumulation in cells treated with DSF was observed in cytosol [222]. Under
hypoxic conditions cells undergo metabolic reprogramming from OXPHOS to glycolysis,
which mostly occurs outside mitochondria. Hypoxic conditions are characterized by high
LDH levels, which explains the loss of elesclomol activity. Hence, in subsequent clini-
cal trials, patients with elevated LDH levels were not eligible for elesclomol treatment
(Table A1) [225,226]. The phase II clinical study exploited the combination of elesclomol
and paclitaxel for treatment of recurrent ovarian and primary peritoneal cancers [226].
While this drug combination was well-tolerated, no significant clinical benefit was ob-
served, hence, the clinical potential of elesclomol is not clear. However, recently it was
suggested that cancer cells with resistance to proteasome inhibition were selectively sensi-
tive to elesclomol and DSF [223]. It was shown that elesclomol significantly potentiated
the activity of proteasome inhibitor bortezomib in multiple myeloma orthotopic mouse
models; therefore, elesclomol might be clinically efficient in combination with bortezomib
or other proteasome inhibitors.

4.2.4. Thiosemicarbazones (TSCs)

TSCs represent a class of chelating ligands of a wide range of elements from Groups
5–15 in the Periodic Table with various bonding patterns [227,228]. This class of compounds
demonstrated versatile biological properties and has been extensively investigated for several
decades. TSCs can be broadly classified into mono- and bis-TSCs and their anticancer activity
is described in details in other reviews [9,229–232]. One of the most well-studied TSCs is
3-aminopyridine carboxaldehyde TSC (3-AP, Triapine) designed by Sartorelli et al. [233,234],
which is a potent Fe chelator interfering with intracellular Fe metabolism (Figure 9) [235].
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3-AP has been employed in many clinical trials in combination with chemotherapy and
radiotherapy where positive responses have been observed (Table A1) [230]. However, 3-AP
treatment was commonly associated with severe toxicity and even treatment-related death;
therefore, more selective TSCs have been developed, including di-2-pyridylketone TSCs
(DpT series), 2-benzoylpyridine TSCs (BpT series), and 2-acetylpyridine TSCs (ApT series)
(Figure 10) [229]. Following extensive structure–activity relationships, di-2-pyridylketone
4,4-dimethyl-3-thiosemicarbazone (Dp44mT) demonstrated more than 100-times increase of
cytotoxicity and improvement of selectivity and therefore was chosen as the lead compound
from the DpT series (Figure 9).
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acetylpyridine TSCs (ApT series).

Interestingly, despite structural similarities, 3-AP and Dp44mT demonstrated drasti-
cally different responses to the supplementation of cell culture media with Cu(II) salts [236].
The activity of 3-AP was abrogated by the stoichiometric addition of CuCl2; however, the
activity of Dp44mT was markedly enhanced. The loss of 3-AP activity was explained
by the base-catalyzed desulfurization of 3-AP/Cu complex, leading to the formation of
poorly soluble CuS and inactive nitrile (Figure 11) [230,237]. In contrast, terminal demethy-
lation of amino group in Dp44mT prevented the loss of sulfur, as well as the absence of
cytotoxicity. However, an alternative hypothesis ruled out the desulfurization of 3-AP
based on the solution equilibrium studies, which demonstrated high stability of 3-AP/Cu
complex [238,239].
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Potentiation of Dp44mT activity in the presence of Cu ions indicated that Dp44mT
might act as Cu ionophore and suggested Dp44mT/Cu complex as a biologically ac-
tive form of Dp44mT in addition to the well-known Dp44mT/Fe species and 3-AP/Fe
species [236]. Such differential metal ion dependency dictated distinctly different anticancer
mechanisms of action of 3-AP and Dp44mT. The mechanism of action of 3-AP was mainly
linked to the Fe chelation with the subsequent formation of redox-active 3-AP/Fe complex,
followed by inhibition of ribonucleotide reductase (RNR), imbalance of dNTP pools, arrest
of DNA synthesis and deadly ROS insult. On the other hand, the rapid cell killing effect of
Dp44mT was associated with the quick formation of redox-active Dp44mT/Cu complex,
which was followed by another mechanism associated with Fe depletion [236,240]. As a
proof of concept, Dp44mT was administered to cancer cells in combination with increasing
concentrations of Cu(II), and it was shown that cytotoxicity was proportional to intracellu-
lar Cu accumulation [241,242]. Interestingly, the differences in metal binding between 3-AP
and Dp44mT predetermined differential treatment-associated adverse effects. The use of
3-AP caused severe hematologic malignancies associated with Fe chelation, such as ane-
mia and methemoglobinemia [243,244]. In contrast, Dp44mT caused cardiac fibrosis [245],
possibly related to ROS induction by Dp44mT/Cu complex. To avoid cardiac toxicity
associated with Dp44mT, the structure was further optimized, resulting in the discovery
of orally tolerated and metabolically stable di-2-pyridylketone 4-cyclohexyl-4-methyl-3-
thiosemicarbazone (DpC) (Figure 9) [246,247]. DpC demonstrated high efficacy, tolerability,
and favourable pharmacological properties, and entered multi-center clinical trials for
treatment of solid tumors (NCT02688101, Table A1). Similar to Dp44mT, the activity of
DpC was potentiated by Cu(II) and reduced by addition of cell non-permeable Cu chelator
(Figure 9) [240,248,249]. It was shown that both Dp44mT and DpC accumulated in lyso-
somes and formed Cu complex with intra-lysosomal Cu, resulting in ROS production and
lysosomal permeabilization [249,250]. The replacement of 2-pyridylketone fragment in DpT
series with 2-benzoylpyridine in BpT series or 2-acetylpyridine in ApT series (Figure 10)
revealed changes in redox potentials of Cu-TSC complexes [240]. However, all Cu(II)
complexes were more active than the respective ligands, in agreement with the proposed
mechanism of action [240,251]. Since lysosomes play an important role in autophagy, which
is a major pro-survival cellular response, Dp44mT/Cu-induced lysosomal damage was
also linked with impaired autophagic process and cell death [252]. The sequestration of
Dp44mT to lysosomes was achieved by utilizing lysosomal drug transporter P-gp [253]. In
agreement, Dp44mT demonstrated increased cytotoxicity in P-gp expressing MDR cell lines
and tumors both in vitro and in vivo [253]. Although the role of lysosomal P-gp in drug
resistance is not universally accepted [254], Dp44mT might be effective for the treatment of
MDR tumors.

Another interesting example of a thiosemicarbazone with ionophoric properties is
NSC319726 (ZMC-1, Figure 9), which belongs to the ApT thiosemicarbazone series. The
synthesis and antimalarial properties of NSC319726 were first reported in 1979 [255].
Subsequently, this series of compounds demonstrated antitrypanosomal [256] antimy-
cobacterial [257], antiviral [258], and antileukemic [259] properties. Almost 30 years later,
NSC319726 was rediscovered upon bioinformatic analysis of the National Cancer Insti-
tute (NCI60) database. NSC319726, but not 3-AP, was shown to selectively target cancer
cell lines with p53-mutated status (R175H mutation) [260]. Drug-induced reactivation
of p53 was linked to restoration of Zn levels in mutant p53 in vitro and in vivo, leading
to its correct folding and DNA binding [260,261]. Therefore, NSC319726 acted as a Zn
metallochaperone (ZMC), whereas 3-AP was devoid of ZMC function [262].

NSC319726 was also shown to act as a Cu ionophore [263]; in fact, the binding affinity
of this compound towards Cu(II) was several orders of magnitude higher than towards
Zn(II) [264]. However, on the contrary to DSF, CQ, and elesclomol, whose activity was
Cu-dependent, Cu binding was not necessarily beneficial for the anticancer activity of
NSC319726. Interestingly, the restoration of p53 folding was compromised by ROS species
induced by NSC319726/Cu complex, since oxidative damage activated post-translational
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modifications on correctly refolded p53, leading to cancer cell death and off-target toxic-
ity [264]. As a consequence, combination of NSC319726 with ROS-inducing radiotherapy or
cytotoxic chemotherapy did not demonstrate any synergism. However, when NSC319726
was pre-treated with GSH to quench unwanted ROS, increase of anticancer activity was ob-
served [264]. Subsequently, extensive structure–activity relationship studies have produced
analogues of NSC319726 with significantly diminished Cu binding, which demonstrated
synergistic activity with cytotoxic chemotherapy even in the absence of antioxidants [265].

While ROS production was shown to interfere with the on-target mechanism of
NSC319726 in p53R175H cells, it might be beneficial in cancer cell lines with different type
of p53 mutations or wild-type p53. When NSC319726 was screened against 13 primary
glioblastoma patient-derived cell lines, it demonstrated excellent antiproliferative activity
in nanomolar to picomolar concentration range, which was not significantly potentiated
by Zn(II) supplementation but markedly potentiated by Cu(II) salts [263]. Transcriptomic
profiling revealed the role of ROS induction as a mechanism of action of NSC319726/Cu(II)
in patient-derived glioblastoma cell lines. These results indicate that Cu(II) ionophore
properties are beneficial for the use of NSC319726 as a single agent and deleterious in
combination therapy in p53R175H-mutant cancers.

Similar to NSC319726, another thiosemicarbazone, COTI-2, was shown to restore p53
activity [266–268]. It was discovered by Cotinga Pharmaceuticals Inc. as a result of high-
throughput screening using computational CHEMSAS® platform [269]. COTI-2 demon-
strated high cytotoxicity in various cell lines, including highly resistant ones [270], and
excellent antitumor efficacy with low toxicity in animal models [269]. In addition to target-
ing mutant p53, COTI-2 negatively modulated the PI3K/Akt/mTOR pathway independent
of p53 status [267,268]. In contrast to NSC319726, COTI-2 did not affect intracellular Zn
accumulation in HNSCC-mutant TP53 cells, indicating that its mechanism of action might
be independent of Zn chelation [267]. The activity of COTI-2 was significantly potentiated
by coordination to a Cu(II) center and decreased upon coordination to a Fe(II) center, sug-
gesting that Cu plays an important role in the mechanism of action of COTI-2 [271]. Recently
it was revealed that resistant profile of both COTI-2 and its Cu(II) complex was governed by
GSH-dependent ABCC1 efflux pump [271]. It was shown that COTI-2/Cu complex formed
stable and non-reducible adduct with GSH, which was recognized by ABCC1 and pumped
out of the COTI-2-resistant cancer cells [271]. These findings are crucial for understanding
potential resistance mechanisms in cancer patients. Currently, COTI-2 undergoes Phase 1,
first-in-patient clinical trials in patients with recurrent hematological malignancies, head
and neck squamous cell carcinoma, and other tumor types (NCT02433626, Table A1).

5. Modulating Intratumoral Cu Levels with Pre-Formed Cu Complexes

As was shown previously, the mechanism of action of chelators and ionophores is
based on the formation of metal complexes. Chelators bind metal ions intracellularly,
while ionophore bind metal ions in the bloodstream and release them once inside the cells.
Therefore, prescribing patients with Cu supplements would potentiate anticancer activity
of ionophores and diminish activity of chelators. However, even though ionophore/Cu
complexes showed excellent in vitro results, the in vivo efficacy of ionophores in combina-
tion with Cu supplements did not demonstrate significant clinical benefit. One possible
reason is due to the poor solubility of chelating ligands, which does not only hinder their
intracellular accumulation, but also might inflict side effects associated with the use of
co-solvents/surfactants. In addition, in clinics ionophores and Cu are not supplemented
simultaneously and in the same solvent medium, which results in different pharmacoki-
netics, especially absorption in the bloodstream. Moreover, the uncoordinated ligand is
available to bind alternative metal ions, which might possibly interfere with the on-target
mechanism of action and induce off-target toxicity. A feasible approach is to administer
pre-formed Cu complexes, thereby delivering the most favourable chelator/Cu ratio for
optimal biological function.
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5.1. Cu Complexes of Bis(TSCs)

This strategy was employed for the class of bis(thiosemicarbazones), whose wide
range of biological properties was linked to their Cu, Fe, and Zn-ionophore properties.
In particular, bis(thiosemicarbazone) (H2kts) demonstrated promising anticancer efficacy
in vitro and in vivo when administered orally (Figure 12A). The activity of H2kts was
diminished when rats bearing Walker 256 nitrogen-mustard-resistant carcinosarcoma were
given a Cu-deficient diet and potentiated when H2kts was given together with Cu(II)
supplements (approximate molar ratio of Cu(II):kts = 0.55) either in food or drinking
water [272,273]. However, further increase of Cu(II) dosage (approximate molar ratio
of Cu(II):kts = 1.1) has led to the off-target toxicity with no improvement of anticancer
efficacy [272]. Moreover, Zn supplementation in the presence of Cu(II) reduced the efficacy
of H2kts, while Zn-free environment (plastic animal cages, Zn-deficient diet) increased
its efficacy [272]; therefore, in order to avoid interference with other metals, H2kts was
chelated with Cu(II) to form Cu(kts) prior to administration into animals (Figure 12B) [274].
Cu(kts) demonstrated comparable reduction of tumor burden as the combination of H2kts
with CuCl2 [274]; however, the pre-formed chelate was active irrespective of the presence
of environmental or dietary Cu and less toxic (yet still toxic) due to the optimal ratio of
Cu(II) to kts [274,275]. Subsequent in vitro experiments in sarcoma 180 ascites cells re-
vealed that Cu(kts) was effectively accumulated in the intracellular space and subsequently
eliminated from the cells after release of Cu ions as the result of complex reduction and
thiol oxidation [276]. The mechanism of action of Cu(kts) was linked to the inhibition of
DNA synthesis and mitochondrial respiration [277,278].
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methylthiosemicarbazone) (H2atsm), (B) their respective Cu complexes and galactosamine (gal)-Cu(gtsm) complex.

Extensive structure–activity relationships of Cu complexes of various bis(thiosemicar-
bazones) demonstrated the dependence of their activity and mechanism of action on their
physicochemical properties. The more lipophilic complexes, such as Cu(ktsm2), were
trapped inside the cellular membrane and were unable to release Cu ions as a result of
reduction [279]. The complexes, which were more difficult to reduce intracellularly, were in
general less active [280,281]. Comparison of structurally similar Cu bis(thiosemicarbazone)
complexes, Cu(gtsm), and Cu(atsm), where the hydrogen atoms were replaced by two
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additional electron-donating methyl groups, demonstrated drastically different mechanism
of action in relation to their distinctly different chemical behavior [282,283]. As expected,
due to the presence of methyl groups, the reduction potential of Cu(atsm) was lower
than that of Cu(gtsm), rendering Cu(atsm) more resistant to intracellular reduction and
dissociation. This was confirmed using neuroblastoma SH-SY5Y cells transfected with
a metal responsive element (MRE)-luciferase construct [283]. These cells were shown to
respond to the increase of bioavailable Cu levels by the increase in luminescence [284].
When MRE-luciferase-transfected cells were treated with Cu(gtsm) and Cu(atsm), only
Cu(gtsm) induced significant change in bioluminescence [283]. However, total intracellular
Cu content was similar for both Cu complexes, indicating that increase of MRE response in
Cu(gtsm)-treated cells was associated with the intracellular release of bioavailable Cu [283].
Subsequently, the anticancer effects of both complexes were tested in Transgenic Adeno-
carcinoma of Mouse Prostate (TRAMP) model and only Cu(gtsm) complex demonstrated
the reduction of tumor burden and grade [282]. It was suggested that in vivo efficacy of
Cu(gtsm) was related to the inhibition of proteasomal activity, which is typical for the
increase of bioavailable Cu as described previously.

In contrast to cells with normal oxygen levels, under hypoxic conditions Cu(atsm) was
shown to release bioavailable Cu [283]. Initially, it was hypothesized that hypoxia-induced
Cu release was associated with selective CuII/CuI reduction at lower pH, followed by
release and deposition of Cu(I) [179], due to the impairment of ETC [283,285]. However,
the retention of Cu(I) did not depend on intracellular oxygen concentration [179], hence,
it was proposed that increased retention of Cu(I) under hypoxic conditions was linked
to reduced reoxidation and efflux of the reoxidized species in comparison to the cells
with normal levels of oxygen [231]. This selective hypoxia-induced retention of Cu(atsm)
enabled its use as a hypoxia-specific positron emission tomography (PET) imaging agent.
Currently, this drug candidate has shown successful outcomes from various clinical studies
(Table A1) [231,286].

Preclinical development of Cu bis(thiosemicarbazone) complexes is hindered by their
toxicity. The reported adverse side-effects in mice, rats, dogs, and monkeys included
but were not limited to hematological abnormalities, renal toxicity, gastric ulcers, and
loss of vision associated with cataract development [272,275]. Subsequently, several at-
tempts have been made to modify the chemical structure of Cu bis(thiosemicarbazone)
complexes aiming to reduce off-target toxicity [287,288]. An elegant approach termed
“targeted ionophore-based metal supplementation (TIMS)” was proposed by Stahl and
Chang et al. [288]. It is based on the conjugation of bis(thiosemicarbazone) with the ligand
specifically recognized by a particular receptor, leading to the tissue-specific internal-
ization of Cu complex with the following release of Cu ions for subsequent biological
function. Cu(gstm) was conjugated with a liver-targeting N-acetylgalactosamine (GalNAc)
group that is specifically recognized by the asialoglycoprotein receptor in liver (ASPGR)
(Figure 12B). It was shown that Gal-Cu(gtsm) delivered significantly higher intracellular
Cu content into cells and mice livers in comparison to untargeted Cu(gtsm). Strikingly,
despite a marked increase of bioavailable Cu, treatment with Gal-Cu(gtsm) did not induce
any Cu-related toxicity, which was reflected by normal liver H&E staining and serum liver
enzyme levels [288].

5.2. Cu Complexes of 3-AP (Triapine) and Its Derivatives

Several attempts have been made to improve the cytotoxicity of 3-AP/Cu complex
by derivatization of the 3-AP backbone. Terminal demethylation of amino group strongly
enhanced the cytotoxicity of 3-AP [239] and synergism with CuCl2 [289]. It was shown
that cytotoxicity and mechanism of cancer cell death was dependent on the stability of
Cu(II)-TSC complexes and their reduction rates [290]. Complexes with micromolar activity,
including 3-AP, were less stable and more prone to reduction by GSH, resulting in the
liberation of metal-free ligands with their subsequent coordination to other metal ions, e.g.,
Zn from MTs or Fe from ribonucleotide reductase [139,290,291]. In contrast, complexes
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with nanomolar activity were characterized by the significantly higher stability and lower
reduction rates and could probably reach intracellular target without dissociation. One
possible biomolecular target of Cu(II)-TSC complexes is protein disulphide isomerase
(PDI) located in the ER, which is associated with paraptotic cell death. It was shown that
high stability of Cu(II)-TSC complexes was a prerequisite for efficient PDI inhibition and
paraptosis [133,290].

Comparison of anticancer effects of metal-free TSCs with pre-formed Cu(II) complexes
revealed crucial differences. Several Cu(II) complexes of 3-AP and its analogues did not
demonstrate any improvement in cytotoxicity [188,292,293]. However, a large number of
other pre-formed Cu(II)-TSC complexes were significantly more cytotoxic than their metal-
free counterparts [139,290,294,295]. Moreover, the most cytotoxic Cu(II)-TSC complexes
(nanomolar concentration range) demonstrated quick cancer killing activity (≈3 h), which
was related to the rapid generation of the deadly ROS insult [290]. It was also suggested that
the mechanism of action of less cytotoxic Cu(II)-TSC might be related to redox-independent
pathways [232,290,295].

5.3. Drug Delivery Systems

Another approach to ensure simultaneous delivery of Cu-binding organic molecule
and Cu salts is their encapsulation into various drug delivery systems, such as liposomes,
micelles, and other nanomaterials. Different types of nanoformulations offer their own
advantages, such as release rate, biocompatibility, ease of preparation, etc. It is believed that
nanoparticles are able to selectively target malignant tissues due to Enhanced Permeability
and Retention (EPR) effect. It is proposed that tumour blood vessels are characterized
by the defective vasculature and nanoparticles within the certain size range might be
extravasated from the leaky tumour blood vessels into the surrounding tumor tissues,
while smaller molecules are cleared by the renal system. The EPR concept is debatable;
however, several nanoformulations of anticancer drugs, such as Doxil [292], are currently in
clinical use or undergoing clinical trials [293]. In order to ensure simultaneous delivery of
Cu-binding ligands and Cu salts, various formulations have been developed. For example,
a nanoformulation for simultaneous delivery of Cu and CQ has been recently developed,
which demonstrated a significant increase of intracellular accumulation and anticancer
efficacy [296]. Similarly, Cu-ionophore neocuproine was encapsulated with Cu(II) salt into
thermosensitive PEGylated liposomes and the resulting nanoformulation demonstrated
enhanced Cu accumulation and significant reduction of tumor growth in Balb/C mice [297].
Recently, selective mitochondria-targeting Cu-depleting polymeric nanoparticles (CDN)
have been developed [298]. The design of CDN was based on the combination of a Cu-
depleting moiety and a PEGylated semiconducting polymer fragment. These nanoparticles
significantly inhibited mitochondrial respiration of TNBC cells, resulting in excellent
in vitro and in vivo efficacy [298]. Moreover, intracellular Cu binding was followed by the
decrease of fluorescent signal from the Cu-depleting moiety, thereby providing real-time
feedback of the chelation [298]. This type of nanoformulation might hold a great promise
for the treatment of aggressive cancers, such as TNBC; however, the selectivity of such
nanoparticles towards cancer cells should be validated in vivo.

6. Conclusions

The disturbance of Cu homeostasis, either by Cu depletion or Cu overload, is a
promising therapeutic strategy for cancer treatment. Various Cu-chelators, Cu-ionophores,
and stable Cu complexes have been developed and some of them demonstrated great
clinical potential, especially in combinations with cytotoxic modalities. However, due to the
essential physiological function of Cu in the body, even slight changes in Cu concentrations
are associated with significant toxicity. We have provided multiple examples where the
clinical efficacy of Cu-binding or Cu-overloading drugs was compromised by either severe
adverse effects or insufficient efficacy at well-tolerated dose levels. Moreover, the effects of
the drug candidates were markedly dependent on the patient cohort, as well as the type
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of animal model. We believe that both Cu depletion and Cu overload might be viable
therapeutic strategies; however, understanding of molecular vulnerabilities of specific
cancer subtypes seems to be of fundamental importance and is absolutely necessary for
clinical success of Cu-dependent drugs.
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Appendix A

Table A1. The overview of clinically used Cu chelators and ionophores with brief the description of their biomolecular
mechanism of action and comprehensive list of cancer-related clinical trials.

Anticancer Drug Candidate Biomolecular Mechanism of Action Cancer-Related Clinical Trials

D-penicillamine
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(5) A Phase I/II Study of ATN-224 and Bortezomib in Patients with 

Multiple Myeloma Relapsed from or Refractory to Bortezomib 

(NCT00352742)—terminated 

(6) A Randomized, Phase II Study of Two Dose Levels of ATN-224 

in Patients with Biochemically Relapsed, Early-Stage Prostate 

Cancer Not on Hormone Therapy (NCT00405574)—unknown 

[310] 

(7) A Randomized Phase II Trial of ATN-224 in Combination with 

Temozolomide or Temozolomide Followed by ATN-224 in Pa-

tients with Advanced Melanoma (NCT00383851)—unknown 

(8) The Combination of Radiotherapy with the Anti-Angiogenic 

Agent Tetrathiomolybdate (TM) in the Treatment of Stage I-IIIB 

Non-Small Cell Lung Cancer (NSCLC): A Phase I Study 

(NCT00560495)—withdrawn 

(9) Treatment of Hepatocellular Carcinoma with Tetrathiomolyb-

date (NCT00006332)—completed 

(10) A Pilot Trial of Irinotecan, 5-Fluorouracil, and Leucovorin 

Combined with the Anti-Angiogenesis Agent Tetrathiomolyb-

date in Metastatic Colorectal Carcinoma (UMCC 0075) 

(NCT00176774)—completed [311] 

- suppression of tumor angiogenesis
(inhibition of IL-8) [164,302]

- p53-dependent apoptosis [303]
- activation of MAPK pathway [303]
- inhibition of SOD [164,304]
- telomerase inhibition [164]

(1) Phase I Trial of Copper Chelator in Conjunction
with Pegylated Liposomal Doxorubicin and
Carboplatin in Patients with
Platinum-resistant/-Refractory Epithelial
Ovarian Cancer, Tubal Cancer and Primary
Peritoneal Cancer (NCT03480750)—completed
[165]

(2) Phase I Study of Trientine and Carboplatin in
Patients with Advanced Malignancies
(NCT01178112)—completed [305,306]

(3) A Pilot Study of Trientine with Vemurafenib for
the Treatment BRAF Mutated Metastatic
Melanoma (NCT02068079)—withdrawn
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Appendix A 

Table A1. The overview of clinically used Cu chelators and ionophores with brief the description of their biomolecular 

mechanism of action and comprehensive list of cancer-related clinical trials. 

Anticancer Drug Candidate Biomolecular Mechanism of Action Cancer-Related Clinical Trials 

D-penicillamine 

 

 p53-mediated apoptosis [299] 

 anti-angiogenic effects (VEGF 

suppression) [158,159] 

 inhibition of collagen crosslink-

ing [158] 

 induction of UPR [299] 

 mitochondrial damage [299] 

 Cu-mediated oxidative stress 

and ROS formation 

[159,162,299] 

 impairement of glutathione ho-

meostasis [299] 

 increase of CD4+ T-cell infiltra-

tion [300] 

 inhibition of ATP7A [301] 

Phase II Study of Penicillamine and Reduction of Copper for Angio-

suppressive Therapy of Adults with Newly Diagnosed Glioblastoma 

(NCT00003751)—completed [163] 

Trientine 

 

 suppression of tumor angiogen-

esis (inhibition of IL-8) 

[164,302] 

 p53-dependent apoptosis [303] 

 activation of MAPK pathway 

[303] 

 inhibition of SOD [164,304] 

 telomerase inhibition [164] 

(1) Phase I Trial of Copper Chelator in Conjunction with Pegylated 

Liposomal Doxorubicin and Carboplatin in Patients with Plati-

num-resistant/-Refractory Epithelial Ovarian Cancer, Tubal 

Cancer and Primary Peritoneal Cancer (NCT03480750)—com-

pleted [165] 

(2) Phase I Study of Trientine and Carboplatin in Patients with Ad-

vanced Malignancies (NCT01178112)—completed [305,306] 

(3) A Pilot Study of Trientine with Vemurafenib for the Treatment 

BRAF Mutated Metastatic Melanoma (NCT02068079)—with-

drawn 

Tetrathiomolybdate 

 

 downregulation of anti-angio-

genic factors and NFκB [173] 

 delayed onset of angiogenic 

switch [57,173] 

 targeting tumor microenviron-

ment [177] 

 inhibition of SOD1 [307] 

(1) A Phase I Study of Tetrathiomolybdate (TM) in Combination 

with Carboplatin and Pemetrexed in Chemo-Naive Metastatic 

or Recurrent Non-Squamous Non-Small Cell Lung Cancer 

(NCT01837329)—completed 

(2) A Phase II Trial of Tetrathiomolybdate in Patients with Hor-

mone Refractory Prostate Cancer (NCT00150995)—completed 

[176] 

(3) A Phase II Study of Tetrathiomolybdate (TM) in Patients with 

Breast Cancer at Moderate to High Risk of Recurrence 

(NCT00195091)—in progress [177,308] 

(4) Pre-Operative Chemoradiation Followed by Post-Operative 

Tetrathiomolybdate (TM) in Patients with Loco-Regional 

Esophageal Carcinoma (UMCC 2001-007) (NCT00176800)—

completed [309] 

(5) A Phase I/II Study of ATN-224 and Bortezomib in Patients with 

Multiple Myeloma Relapsed from or Refractory to Bortezomib 

(NCT00352742)—terminated 

(6) A Randomized, Phase II Study of Two Dose Levels of ATN-224 

in Patients with Biochemically Relapsed, Early-Stage Prostate 

Cancer Not on Hormone Therapy (NCT00405574)—unknown 

[310] 

(7) A Randomized Phase II Trial of ATN-224 in Combination with 

Temozolomide or Temozolomide Followed by ATN-224 in Pa-

tients with Advanced Melanoma (NCT00383851)—unknown 

(8) The Combination of Radiotherapy with the Anti-Angiogenic 

Agent Tetrathiomolybdate (TM) in the Treatment of Stage I-IIIB 

Non-Small Cell Lung Cancer (NSCLC): A Phase I Study 

(NCT00560495)—withdrawn 

(9) Treatment of Hepatocellular Carcinoma with Tetrathiomolyb-

date (NCT00006332)—completed 

(10) A Pilot Trial of Irinotecan, 5-Fluorouracil, and Leucovorin 

Combined with the Anti-Angiogenesis Agent Tetrathiomolyb-

date in Metastatic Colorectal Carcinoma (UMCC 0075) 

(NCT00176774)—completed [311] 

- downregulation of anti-angiogenic factors
and NFκB [173]

- delayed onset of angiogenic switch [57,173]
- targeting tumor microenvironment [177]
- inhibition of SOD1 [307]

(1) A Phase I Study of Tetrathiomolybdate (TM) in
Combination with Carboplatin and Pemetrexed
in Chemo-Naive Metastatic or Recurrent
Non-Squamous Non-Small Cell Lung Cancer
(NCT01837329)—completed

(2) A Phase II Trial of Tetrathiomolybdate in
Patients with Hormone Refractory Prostate
Cancer (NCT00150995)—completed [176]

(3) A Phase II Study of Tetrathiomolybdate (TM) in
Patients with Breast Cancer at Moderate to High
Risk of Recurrence (NCT00195091)—in progress
[177,308]

(4) Pre-Operative Chemoradiation Followed by
Post-Operative Tetrathiomolybdate (TM) in
Patients with Loco-Regional Esophageal
Carcinoma (UMCC 2001-007)
(NCT00176800)—completed [309]

(5) A Phase I/II Study of ATN-224 and Bortezomib
in Patients with Multiple Myeloma Relapsed
from or Refractory to Bortezomib
(NCT00352742)—terminated

(6) A Randomized, Phase II Study of Two Dose
Levels of ATN-224 in Patients with
Biochemically Relapsed, Early-Stage Prostate
Cancer Not on Hormone Therapy
(NCT00405574)—unknown [310]

(7) A Randomized Phase II Trial of ATN-224 in
Combination with Temozolomide or
Temozolomide Followed by ATN-224 in Patients
with Advanced Melanoma
(NCT00383851)—unknown

(8) The Combination of Radiotherapy with the
Anti-Angiogenic Agent Tetrathiomolybdate (TM)
in the Treatment of Stage I-IIIB Non-Small Cell
Lung Cancer (NSCLC): A Phase I Study
(NCT00560495)—withdrawn

(9) Treatment of Hepatocellular Carcinoma with
Tetrathiomolybdate (NCT00006332)—completed

(10) A Pilot Trial of Irinotecan, 5-Fluorouracil, and
Leucovorin Combined with the
Anti-Angiogenesis Agent Tetrathiomolybdate in
Metastatic Colorectal Carcinoma (UMCC 0075)
(NCT00176774)—completed [311]

(11) A Cancer Research UK Randomised Phase II
Trial of ATN-224 (Copper Binding Agent) in
Combination with Exemestane Versus
Exemestane Alone in Post-menopausal Women
with Recurrent or Advanced, Oestrogen and/or
Progesterone Receptor Positive Breast Cancer
(NCT00674557)—terminated

(12) Treatment of metastatic cancer with
tetrathiomolybdate, an anticopper,
antiangiogenic agent: Phase I study

(13) Phase II Trial of Tetrathiomolybdate in Patients
with Advanced Kidney Cancer [175]

MSI-1436
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(11) A Cancer Research UK Randomised Phase II Trial of ATN-224 

(Copper Binding Agent) in Combination with Exemestane Ver-

sus Exemestane Alone in Post-menopausal Women with Recur-

rent or Advanced, Oestrogen and/or Progesterone Receptor 

Positive Breast Cancer (NCT00674557)—terminated 

(12) Treatment of metastatic cancer with tetrathiomolybdate, an an-

ticopper, antiangiogenic agent: Phase I study 

(13) Phase II Trial of Tetrathiomolybdate in Patients with Advanced 

Kidney Cancer [175] 

MSI-1436 

 

selective inhibition of tyrosin phos-

phatase 1B (PTP1B) [182] 

A Phase I Study of the Safety and Tolerability of Single Agent MSI-

1436C in Metastatic Breast Cancer Patients (NCT02524951)—termi-

nated 

DPM-1001 

 

 selective non-competitive inhi-

bition of tyrosin phosphatase 

1B (PTP1B) [186] 

 Cu-mediated binding to PTP1B 

[186] 

None 

Disulfuram 

 

 Cu-mediated ROS formation 

and oxidative stress [312] 

 ER stress [313] 

 proteasome inhibition [195] 

 apoptosis [312] 

 ferroptosis [314] 

(1) Phase II Open Labeled Trial of Disulfiram with Copper in Met-

astatic Breast Cancer (NCT03323346)—in progress 

(2) A Multi-institutional Translational Clinical Trial of Disulfiram 

in Men with Recurrent Prostate Cancer as Evident by a Rising 

PSA (NCT01118741)—completed 

(3) Phase II Study of Vinorelbine, Cisplatin, Disulfiram and Cop-

per in CTC_EMT Positive Refractory Metastatic Breast Cancer 

(NCT04265274)—in progress 

(4) A Phase Ib Study of Intravenous Copper Loading with Oral Di-

sulfiram in Metastatic, Castration Resistant Prostate Cancer 

(NCT0296305)1—terminated 

(5) A Phase II Pilot Study of Disulfiram and Copper Gluconate in 

Patients with Metastatic Pancreatic Cancer and Rising CA-19-9 

Levels While Receiving Abraxane-Gemcitabine or FOLFIRI-

NOX or Single-Agent Gemcitabine (NCT03714555)—in pro-

gress 

(6) Phase I study of Disulfiram and Copper Gluconate for the 

Treatment of Refractory Solid Tumors Involving the Liver 

(NCT00742911)—completed [315] 

(7) Randomized, Double-Blinded, Placebo-Controlled Expansion 

Cohort Study of Disulfiram and Chemotherapy in Pancreas 

Cancer Patients (NCT02671890)—in progress 

(8) Randomized Phase 2 Trial of Treatment of Advanced Non-

Small Cell Lung Carcinoma With/Without Disulfiram and Cis-

platin Navelbine (NCT00312819)—completed [316] 

(9) Phase II study of Disulfiram and Cisplatin in Refractory TGCTs 

(NCT03950830)—in progress 

(10) A Phase I study of Disulfiram and Copper Gluconate in Pa-

tients with Treatment-Refractory Multiple Myeloma 

(NCT04521335)—in progress 

(11) Disulfiram and Chelated Zinc for the Rx of Disseminated Mets 

Mel That Has Failed First Line Therapy (NCT02101008)—com-

pleted 

(12) Evaluation of Disulfiram Plus Arsenic Trioxide in Patients with 

Metastatic Melanoma and at Least One Prior Systemic Therapy 

(Phase 1b) (NCT00571116)—terminated 

selective inhibition of tyrosin phosphatase 1B
(PTP1B) [182]

A Phase I Study of the Safety and Tolerability of Single
Agent MSI-1436C in Metastatic Breast Cancer Patients
(NCT02524951)—terminated



Biomedicines 2021, 9, 852 27 of 46

Table A1. Cont.

Anticancer Drug Candidate Biomolecular Mechanism of Action Cancer-Related Clinical Trials

DPM-1001

Biomedicines 2021, 9, x FOR PEER REVIEW 27 of 46 
 

(11) A Cancer Research UK Randomised Phase II Trial of ATN-224 

(Copper Binding Agent) in Combination with Exemestane Ver-

sus Exemestane Alone in Post-menopausal Women with Recur-

rent or Advanced, Oestrogen and/or Progesterone Receptor 

Positive Breast Cancer (NCT00674557)—terminated 

(12) Treatment of metastatic cancer with tetrathiomolybdate, an an-

ticopper, antiangiogenic agent: Phase I study 

(13) Phase II Trial of Tetrathiomolybdate in Patients with Advanced 

Kidney Cancer [175] 

MSI-1436 

 

selective inhibition of tyrosin phos-

phatase 1B (PTP1B) [182] 

A Phase I Study of the Safety and Tolerability of Single Agent MSI-

1436C in Metastatic Breast Cancer Patients (NCT02524951)—termi-

nated 

DPM-1001 

 

 selective non-competitive inhi-

bition of tyrosin phosphatase 

1B (PTP1B) [186] 

 Cu-mediated binding to PTP1B 

[186] 

None 

Disulfuram 

 

 Cu-mediated ROS formation 

and oxidative stress [312] 

 ER stress [313] 

 proteasome inhibition [195] 

 apoptosis [312] 

 ferroptosis [314] 

(1) Phase II Open Labeled Trial of Disulfiram with Copper in Met-

astatic Breast Cancer (NCT03323346)—in progress 

(2) A Multi-institutional Translational Clinical Trial of Disulfiram 

in Men with Recurrent Prostate Cancer as Evident by a Rising 

PSA (NCT01118741)—completed 

(3) Phase II Study of Vinorelbine, Cisplatin, Disulfiram and Cop-

per in CTC_EMT Positive Refractory Metastatic Breast Cancer 

(NCT04265274)—in progress 

(4) A Phase Ib Study of Intravenous Copper Loading with Oral Di-

sulfiram in Metastatic, Castration Resistant Prostate Cancer 

(NCT0296305)1—terminated 

(5) A Phase II Pilot Study of Disulfiram and Copper Gluconate in 

Patients with Metastatic Pancreatic Cancer and Rising CA-19-9 

Levels While Receiving Abraxane-Gemcitabine or FOLFIRI-

NOX or Single-Agent Gemcitabine (NCT03714555)—in pro-

gress 

(6) Phase I study of Disulfiram and Copper Gluconate for the 

Treatment of Refractory Solid Tumors Involving the Liver 

(NCT00742911)—completed [315] 

(7) Randomized, Double-Blinded, Placebo-Controlled Expansion 

Cohort Study of Disulfiram and Chemotherapy in Pancreas 

Cancer Patients (NCT02671890)—in progress 

(8) Randomized Phase 2 Trial of Treatment of Advanced Non-

Small Cell Lung Carcinoma With/Without Disulfiram and Cis-

platin Navelbine (NCT00312819)—completed [316] 

(9) Phase II study of Disulfiram and Cisplatin in Refractory TGCTs 

(NCT03950830)—in progress 

(10) A Phase I study of Disulfiram and Copper Gluconate in Pa-

tients with Treatment-Refractory Multiple Myeloma 

(NCT04521335)—in progress 

(11) Disulfiram and Chelated Zinc for the Rx of Disseminated Mets 

Mel That Has Failed First Line Therapy (NCT02101008)—com-

pleted 

(12) Evaluation of Disulfiram Plus Arsenic Trioxide in Patients with 

Metastatic Melanoma and at Least One Prior Systemic Therapy 

(Phase 1b) (NCT00571116)—terminated 

- selective non-competitive inhibition of
tyrosin phosphatase 1B (PTP1B) [186]

- Cu-mediated binding to PTP1B [186]
None

Disulfuram
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(11) A Cancer Research UK Randomised Phase II Trial of ATN-224 

(Copper Binding Agent) in Combination with Exemestane Ver-

sus Exemestane Alone in Post-menopausal Women with Recur-

rent or Advanced, Oestrogen and/or Progesterone Receptor 

Positive Breast Cancer (NCT00674557)—terminated 

(12) Treatment of metastatic cancer with tetrathiomolybdate, an an-

ticopper, antiangiogenic agent: Phase I study 

(13) Phase II Trial of Tetrathiomolybdate in Patients with Advanced 

Kidney Cancer [175] 

MSI-1436 

 

selective inhibition of tyrosin phos-

phatase 1B (PTP1B) [182] 

A Phase I Study of the Safety and Tolerability of Single Agent MSI-

1436C in Metastatic Breast Cancer Patients (NCT02524951)—termi-

nated 

DPM-1001 

 

 selective non-competitive inhi-

bition of tyrosin phosphatase 

1B (PTP1B) [186] 

 Cu-mediated binding to PTP1B 

[186] 

None 

Disulfuram 

 

 Cu-mediated ROS formation 

and oxidative stress [312] 

 ER stress [313] 

 proteasome inhibition [195] 

 apoptosis [312] 

 ferroptosis [314] 

(1) Phase II Open Labeled Trial of Disulfiram with Copper in Met-

astatic Breast Cancer (NCT03323346)—in progress 

(2) A Multi-institutional Translational Clinical Trial of Disulfiram 

in Men with Recurrent Prostate Cancer as Evident by a Rising 

PSA (NCT01118741)—completed 

(3) Phase II Study of Vinorelbine, Cisplatin, Disulfiram and Cop-

per in CTC_EMT Positive Refractory Metastatic Breast Cancer 

(NCT04265274)—in progress 

(4) A Phase Ib Study of Intravenous Copper Loading with Oral Di-

sulfiram in Metastatic, Castration Resistant Prostate Cancer 

(NCT0296305)1—terminated 

(5) A Phase II Pilot Study of Disulfiram and Copper Gluconate in 

Patients with Metastatic Pancreatic Cancer and Rising CA-19-9 

Levels While Receiving Abraxane-Gemcitabine or FOLFIRI-

NOX or Single-Agent Gemcitabine (NCT03714555)—in pro-

gress 

(6) Phase I study of Disulfiram and Copper Gluconate for the 

Treatment of Refractory Solid Tumors Involving the Liver 

(NCT00742911)—completed [315] 

(7) Randomized, Double-Blinded, Placebo-Controlled Expansion 

Cohort Study of Disulfiram and Chemotherapy in Pancreas 

Cancer Patients (NCT02671890)—in progress 

(8) Randomized Phase 2 Trial of Treatment of Advanced Non-

Small Cell Lung Carcinoma With/Without Disulfiram and Cis-

platin Navelbine (NCT00312819)—completed [316] 

(9) Phase II study of Disulfiram and Cisplatin in Refractory TGCTs 

(NCT03950830)—in progress 

(10) A Phase I study of Disulfiram and Copper Gluconate in Pa-

tients with Treatment-Refractory Multiple Myeloma 

(NCT04521335)—in progress 

(11) Disulfiram and Chelated Zinc for the Rx of Disseminated Mets 

Mel That Has Failed First Line Therapy (NCT02101008)—com-

pleted 

(12) Evaluation of Disulfiram Plus Arsenic Trioxide in Patients with 

Metastatic Melanoma and at Least One Prior Systemic Therapy 

(Phase 1b) (NCT00571116)—terminated 

- Cu-mediated ROS formation and oxidative
stress [312]

- ER stress [313]
- proteasome inhibition [195]
- apoptosis [312]
- ferroptosis [314]

(1) Phase II Open Labeled Trial of Disulfiram with
Copper in Metastatic Breast Cancer
(NCT03323346)—in progress

(2) A Multi-institutional Translational Clinical Trial
of Disulfiram in Men with Recurrent Prostate
Cancer as Evident by a Rising PSA
(NCT01118741)—completed

(3) Phase II Study of Vinorelbine, Cisplatin,
Disulfiram and Copper in CTC_EMT Positive
Refractory Metastatic Breast Cancer
(NCT04265274)—in progress

(4) A Phase Ib Study of Intravenous Copper
Loading with Oral Disulfiram in Metastatic,
Castration Resistant Prostate Cancer
(NCT0296305)1—terminated

(5) A Phase II Pilot Study of Disulfiram and Copper
Gluconate in Patients with Metastatic Pancreatic
Cancer and Rising CA-19-9 Levels While
Receiving Abraxane-Gemcitabine or
FOLFIRINOX or Single-Agent Gemcitabine
(NCT03714555)—in progress

(6) Phase I study of Disulfiram and Copper
Gluconate for the Treatment of Refractory Solid
Tumors Involving the Liver
(NCT00742911)—completed [315]

(7) Randomized, Double-Blinded,
Placebo-Controlled Expansion Cohort Study of
Disulfiram and Chemotherapy in Pancreas
Cancer Patients (NCT02671890)—in progress

(8) Randomized Phase 2 Trial of Treatment of
Advanced Non-Small Cell Lung Carcinoma
With/Without Disulfiram and Cisplatin
Navelbine (NCT00312819)—completed [316]

(9) Phase II study of Disulfiram and Cisplatin in
Refractory TGCTs (NCT03950830)—in progress

(10) A Phase I study of Disulfiram and Copper
Gluconate in Patients with Treatment-Refractory
Multiple Myeloma (NCT04521335)—in progress

(11) Disulfiram and Chelated Zinc for the Rx of
Disseminated Mets Mel That Has Failed First
Line Therapy (NCT02101008)—completed

(12) Evaluation of Disulfiram Plus Arsenic Trioxide
in Patients with Metastatic Melanoma and at
Least One Prior Systemic Therapy (Phase 1b)
(NCT00571116)—terminated

(13) A Pharmacodynamic Study of Proteasome
Inhibition by Disulfiram in Patients with
Glioblastoma (NCT01907165)—completed

(14) A Phase II, Open-Label Study to Evaluate the
Safety, Tolerability, and Efficacy of Disulfiram
and Copper Gluconate When Added to Standard
Temozolomide Treatment in Patients with Newly
Diagnosed Resected Unmethylated Glioblastoma
Multiforme (NCT03363659)—in progress
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(15) Evaluation of Disulfiram in Patients with
Metastatic Melanoma and at Least One Prior
Systemic Therapy, Phase I/II
(NCT00256230)—completed

(16) A Phase II Clinical Trial for the evaluation of the
Efficacy of Disulfiram/Copper Combination as
an Adjuvant and Concurrent chemotherapy in
the treatment of newly diagnosed glioblastoma
multiform (NCT01777919)—unknown

(17) DIRECT (Disulfiram Response as add-on to
Chemotherapy in Recurrent) Glioblastoma: A
Randomized Controlled Trial
(NCT02678975)—completed [317]

(18) Drug Level and Investigation of Novel
Substances Indicated Downstream Effect in
Glioblastoma (NCT03151772)—terminated

(19) A Phase I/II Dose-escalation and
Dose-expansion Study of Disulfiram/Copper
with Concurrent Radiation Therapy and
Temozolomide in Patients with Newly
Diagnosed Glioblastoma (NCT02715609)—in
progress

(20) A Phase II, Multicenter, Open-Label, Single-Arm
Study to Evaluate the Safety, Tolerability, and
Efficacy of Disulfarim and Copper Gluconate in
Recurrent Glioblastoma
(NCT03034135)—completed [318]

(21) A Proof-of-concept Clinical Trial Assessing the
Safety of the Coordinated Undermining of
Survival Paths by 9 Repurposed Drugs
Combined with Metronomic Temozolomide
(CUSP9v3 Treatment Protocol) for Recurrent
Glioblastoma (NCT02770378)—in progress

(22) A randomized phase II study of cisplatin alone
versus cisplatin plus disulfiram [319]

(23) Pharmacodynamic study of disulfiram in men
with non-metastatic recurrent prostate
cancer [197]

Clioquinol
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(13) A Pharmacodynamic Study of Proteasome Inhibition by Disul-

firam in Patients with Glioblastoma (NCT01907165)—com-

pleted 

(14) A Phase II, Open-Label Study to Evaluate the Safety, Tolerabil-

ity, and Efficacy of Disulfiram and Copper Gluconate When 

Added to Standard Temozolomide Treatment in Patients with 

Newly Diagnosed Resected Unmethylated Glioblastoma Multi-

forme (NCT03363659)—in progress 

(15) Evaluation of Disulfiram in Patients with Metastatic Melanoma 

and at Least One Prior Systemic Therapy, Phase I/II 

(NCT00256230)—completed 

(16) A Phase II Clinical Trial for the evaluation of the Efficacy of Di-

sulfiram/Copper Combination as an Adjuvant and Concurrent 

chemotherapy in the treatment of newly diagnosed glioblas-

toma multiform (NCT01777919)—unknown 

(17) DIRECT (Disulfiram Response as add-on to Chemotherapy in 

Recurrent) Glioblastoma: A Randomized Controlled Trial 

(NCT02678975)—completed [317] 

(18) Drug Level and Investigation of Novel Substances Indicated 

Downstream Effect in Glioblastoma (NCT03151772)—termi-

nated 

(19) A Phase I/II Dose-escalation and Dose-expansion Study of Di-

sulfiram/Copper with Concurrent Radiation Therapy and Te-

mozolomide in Patients with Newly Diagnosed Glioblastoma 

(NCT02715609)—in progress 

(20) A Phase II, Multicenter, Open-Label, Single-Arm Study to Eval-

uate the Safety, Tolerability, and Efficacy of Disulfarim and 

Copper Gluconate in Recurrent Glioblastoma (NCT03034135)—

completed [318] 

(21) A Proof-of-concept Clinical Trial Assessing the Safety of the 

Coordinated Undermining of Survival Paths by 9 Repurposed 

Drugs Combined with Metronomic Temozolomide (CUSP9v3 

Treatment Protocol) for Recurrent Glioblastoma 

(NCT02770378)—in progress 

(22) A randomized phase II study of cisplatin alone versus cisplatin 

plus disulfiram [319] 

(23) Pharmacodynamic study of disulfiram in men with non-meta-

static recurrent prostate cancer [197] 

Clioquinol 

 

 inhibition of proteasome 

[204,212] 

 apoptosis [204,209,213] 

 Cu(II)-mediated oxidative 

stress and ROS[213] 

 cell cycle perturbations [213] 

 activation of MAPK pathway 

[213] 

 reduction of angiogenesis [209] 

 suppression of androgen recep-

tor [209] 

Phase 1 Study Evaluating the Tolerance and Biological Activity of 

Oral Clioquinol in Patients with Relapsed or Refractory Hematologi-

cal Malignancy (NCT00963495)—terminated [320] 

Elesclomol (STA-4783) 

 

 Cu(II)-mediated oxidative 

stress and ROS [220] 

 mitochondrial damage 

[222,223] 

 inhibition of adaptation to pro-

teotoxic stress [223]  

 inhibition of FDX1-mediated 

Fe-S cluster biosynthesis [223] 

 interference with cell metabo-

lism [223] 

 interference with mitochondrial 

electron transport [321] 

(1) A Phase 1 Dose-Escalation Study of Elesclomol Sodium Admin-

istered Intravenously to Subjects with Relapsed or Refractory 

Acute Myeloid Leukemia (NCT01280786)—completed [322] 

(2) A Phase II Evaluation of Elesclomol Sodium and Weekly 

Paclitaxel in the Treatment of Recurrent or Persistent Platinum-

Resistant Ovarian, Fallopian Tube or Primary Peritoneal Can-

cer (NCT00888615)—completed [226] 

(3) A Phase 1 Multi-Dose Dose-Escalation Study of Elesclomol So-

dium, Administered Once Weekly to Subjects with Solid Tu-

mors (NCT00827203)—suspended 

(4) A Phase 1 Study of Weekly Elesclomol Sodium Plus Docetaxel 

and Concomitant Prednisone in Subjects with Metastatic Cas-

tration Refractory Prostate Cancer (m-CRPC) (NCT00808418)—

completed 

(5) A Randomized, Double-blind, Phase 3 Trial of Elesclomol 

(STA-4783) in Combination with Paclitaxel Versus Paclitaxel 

Alone for Treatment of Chemotherapy-Naïve Subjects with 

- inhibition of proteasome [204,212]
- apoptosis [204,209,213]
- Cu(II)-mediated oxidative stress and ROS

[213]
- cell cycle perturbations [213]
- activation of MAPK pathway [213]
- reduction of angiogenesis [209]
- suppression of androgen receptor [209]

Phase 1 Study Evaluating the Tolerance and Biological
Activity of Oral Clioquinol in Patients with Relapsed or
Refractory Hematological Malignancy
(NCT00963495)—terminated [320]
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Newly Diagnosed Resected Unmethylated Glioblastoma Multi-

forme (NCT03363659)—in progress 

(15) Evaluation of Disulfiram in Patients with Metastatic Melanoma 

and at Least One Prior Systemic Therapy, Phase I/II 
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(NCT02770378)—in progress 

(22) A randomized phase II study of cisplatin alone versus cisplatin 

plus disulfiram [319] 

(23) Pharmacodynamic study of disulfiram in men with non-meta-

static recurrent prostate cancer [197] 
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 Cu(II)-mediated oxidative 
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 cell cycle perturbations [213] 

 activation of MAPK pathway 
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 reduction of angiogenesis [209] 
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Oral Clioquinol in Patients with Relapsed or Refractory Hematologi-

cal Malignancy (NCT00963495)—terminated [320] 
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 Cu(II)-mediated oxidative 

stress and ROS [220] 

 mitochondrial damage 

[222,223] 

 inhibition of adaptation to pro-

teotoxic stress [223]  

 inhibition of FDX1-mediated 

Fe-S cluster biosynthesis [223] 

 interference with cell metabo-

lism [223] 

 interference with mitochondrial 

electron transport [321] 

(1) A Phase 1 Dose-Escalation Study of Elesclomol Sodium Admin-

istered Intravenously to Subjects with Relapsed or Refractory 

Acute Myeloid Leukemia (NCT01280786)—completed [322] 

(2) A Phase II Evaluation of Elesclomol Sodium and Weekly 

Paclitaxel in the Treatment of Recurrent or Persistent Platinum-

Resistant Ovarian, Fallopian Tube or Primary Peritoneal Can-

cer (NCT00888615)—completed [226] 

(3) A Phase 1 Multi-Dose Dose-Escalation Study of Elesclomol So-

dium, Administered Once Weekly to Subjects with Solid Tu-

mors (NCT00827203)—suspended 

(4) A Phase 1 Study of Weekly Elesclomol Sodium Plus Docetaxel 

and Concomitant Prednisone in Subjects with Metastatic Cas-

tration Refractory Prostate Cancer (m-CRPC) (NCT00808418)—

completed 

(5) A Randomized, Double-blind, Phase 3 Trial of Elesclomol 

(STA-4783) in Combination with Paclitaxel Versus Paclitaxel 

Alone for Treatment of Chemotherapy-Naïve Subjects with 

- Cu(II)-mediated oxidative stress and ROS
[220]

- mitochondrial damage [222,223]
- inhibition of adaptation to proteotoxic stress

[223]
- inhibition of FDX1-mediated Fe-S cluster

biosynthesis [223]
- interference with cell metabolism [223]
- interference with mitochondrial electron

transport [321]

(1) A Phase 1 Dose-Escalation Study of Elesclomol
Sodium Administered Intravenously to Subjects
with Relapsed or Refractory Acute Myeloid
Leukemia (NCT01280786)—completed [322]

(2) A Phase II Evaluation of Elesclomol Sodium and
Weekly Paclitaxel in the Treatment of Recurrent
or Persistent Platinum-Resistant Ovarian,
Fallopian Tube or Primary Peritoneal Cancer
(NCT00888615)—completed [226]

(3) A Phase 1 Multi-Dose Dose-Escalation Study of
Elesclomol Sodium, Administered Once Weekly
to Subjects with Solid Tumors
(NCT00827203)—suspended

(4) A Phase 1 Study of Weekly Elesclomol Sodium
Plus Docetaxel and Concomitant Prednisone in
Subjects with Metastatic Castration Refractory
Prostate Cancer (m-CRPC)
(NCT00808418)—completed
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(5) A Randomized, Double-blind, Phase 3 Trial of
Elesclomol (STA-4783) in Combination with
Paclitaxel Versus Paclitaxel Alone for Treatment
of Chemotherapy-Naïve Subjects with Stage IV
Metastatic Melanoma (SYMMETRY)
(NCT00522834)—terminated [225,323]

(6) A Phase I Trial of STA-4783 in Patients Receiving
Paclitaxel for Treatment of Solid Tumors
(NCT00088114)—completed [323]

(7) A Two-Stage Trial of STA-4783 in Combination
with Weekly Paclitaxel for Treatment of Patients
with Metastatic Melanoma
(NCT00084214)—completed

(8) A Phase I/II Trial of STA-4783 in Combination
with Paclitaxel and Carboplatin for the
Treatment of Chemotherapy Naive Patients with
Stage IIIB or Stage IV Non-Small Cell Lung
Cancer (NSCLC) (NCT00088088)—completed

(9) A Study of STA-4783 in Combination with
Weekly Paclitaxel for Treatment of Patients with
Soft Tissue Sarcomas
(NCT00087997)—completed

Triapine
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ine) in the Treatment of Advanced Solid Tumors 

(NCT00390052)—completed [325] 

(6) Phase I Study of Intravenous Triapine®  (IND #68338) in Combi-

nation with Pelvic Radiation Therapy with or Without Weekly 
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- imbalance of dNTP pools [236]
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metabolism [235]
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(1) A Phase 0 Window-of-Opportunity
Pharmacodynamic Trial of Triapine (NSC#
663249) in Uterine Corpus Serous
Adenocarcinoma (NCT04494113)—in progress

(2) A Phase I Trial of Triapine and Lutetium Lu 177
Dotatate in Combination for Well-Differentiated
Somatostatin Receptor-Positive
Gastroenteropancreatic Neuroendocrine Tumors
(GEP-NETs) (NCT04234568)—in progress

(3) Phase I Dose-Escalation Bioavailability Study of
Oral Triapine in Combination with Concurrent
Chemoradiation for Locally Advanced Cervical
Cancer (LACC) and Vaginal Cancer
(NCT02595879)—in progress

(4) A Phase II Study of Triapine in Combination
with Gemcitabine in Adenocarcinoma of the
Biliary Ducts and Gall Bladder
(NCT00075504)—completed [324]

(5) A Phase I and Pharmacokinetic Study of Oral
3-Aminopyridine-2-Carboxaldehyde
Thiosemicarbazone (3-AP, Triapine) in the
Treatment of Advanced Solid Tumors
(NCT00390052)—completed [325]

(6) Phase I Study of Intravenous Triapine® (IND
#68338) in Combination with Pelvic Radiation
Therapy with or Without Weekly Intravenous
Cisplatin Chemotherapy for Locally Advanced
Cervical, Vaginal, or Pelvic Gynecologic
Malignancies. (NCT00335998)—completed [326]

(7) A Phase I Study of a Prolonged Infusion of
Triapine in Combination with a Fixed Dose Rate
of Gemcitabine in Patients with Advanced Solid
Tumors and Lymphomas
(NCT00293345)—completed [327]

(8) A Phase II Study of Triapine for Advanced
Adenocarcinoma of The Pancreas
(NCT00085371)—completed [328]

(9) A Phase I Study of Triapine® in Combination with
Radiation Therapy in Locally Advanced Pancreas
Cancer (NCT00288093)—completed [329]
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(10) A Phase II Trial of Triapine® (NSC #663249) in
Combination with Gemcitabine as Second Line
Treatment of Non-Small Cell Lung Cancer
(NCT00077350)—completed [330]

(11) A Phase I Study of Triapine in Combination with
High Dose Ara-C (Hi-DAC) in Patients with
Advanced Hematologic Malignancies
(NCT00077181)—completed [331]

(12) A Randomized Phase III Trial of Radiation
Therapy and Cisplatin Alone or in Combination
with Intravenous Triapine in Women with Newly
Diagnosed Bulky Stage IB2, Stage II, IIIB, or IVA
Cancer of the Uterine Cervix or Stage II-IVA
Vaginal Cancer (NCT02466971)—suspended

(13) A Phase 2 Study of Triapine® (NSC #663249) and
Cisplatin in Combination with Pelvic Radiation
for Treatment of Stage IB2-IVa Cervical Cancer or
Stage II-IV Vaginal Cancer
(NCT00941070)—completed [332]

(14) A Phase II Study of Triapine in Combination
with Cisplatin Esophageal Carcinoma
(NCT00077545)—completed

(15) A Phase II Trial of Gemcitabine and Triapine in
Refractory Metastatic Breast Cancer
(NCT00095888)—terminated

(16) A Phase II Evaluation of Triapine (NCI-Supplied
Agent: NSC #663249, IND #68338) In
Combination with Cisplatin (Commercially
Available: NSC # 119875) In the Treatment of
Recurrent or Persistent Platinum-Resistant
Ovarian or Primary Peritoneal Carcinoma
(NCT00081276)—completed [333]

(17) A Phase I Study of Triapine® in Combination
with Doxorubicin in Refractory Tumors
(NCT00079014)—completed [334]

(18) A Phase I Study of Triapine® in Combination
with Irinotecan in Refractory Tumors
(NCT00084877)—completed [335]

(19) Phase II Trial of Triapine (NSC #663249,
3-Aminopyridine-2-Carboxaldehyde
Thiosemicarbone) Plus Fludarabine (NSC
#312887, Fludarabine Monophosphate) in Adults
with Aggressive Myeloproliferative Disorders
(MPDs) Including Chronic Myelomonocytic
Leukemia (CMML) and Chronic Myelogenous
Leukemia in Accelerated Phase (CML-AP) or
Blast Crisis (CML-BC)
(NCT00381550)—completed [336]

(20) A Phase II Study of Triapine in Combination
with Gemcitabine in
Recurrent/Unresectable/Metastatic Pancreatic
Carcinoma (NCT00078975)—completed [337]

(21) A Phase II Study of Triapine (NSC663249) in
Previously Untreated Patients with Recurrent
Renal Cell Carcinoma
(NCT00075660)—completed [338]

(22) A Phase I Study of
3-Aminopyridine-2-Carboxaldehyde
Thiosemicarbazone (3-AP, Triapine) in Cancer
Patients Using a 96-Hour Intravenous
Continuous Infusion
(NCT00006218)—completed [339]

(23) A Phase II Study of
3-Aminopyridine-2-Carboxaldehyde
Thiosemicarbazone (3-AP, Triapine) in Patients
with Advanced Prostate Cancer
(NCT00054015)—completed
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(24) A Phase I Study of Triapine and Cytarabine in
Patients with Hematologic Malignancies
(NCT00064090)—completed [340]

(25) A Phase II Study of Triapine in Combination
with Gemcitabine in Patients with Pancreatic
Cancer (NCT00064051)—completed

(26) A Phase II Study of Triapine in Combination
with Gemcitabine in Patients with Metastatic
Non-Small Cell Lung Cancer
(NCT00064064)—completed

(27) A Phase I Trial of Sequential Administration of
Triapine (3-Aminopyridine-2-Carboxaldehyde
Thiosemicarbazone) Followed by Fludarabine in
Adults with Relapsed and Refractory Leukemias
and Myelodysplasias
(NCT00077558)—completed [341]

(28) A Randomized Phase II Study of Triapine®

Alone Versus Triapine and Gemcitabine as
Second-Line Treatment of Advanced
Non-Small-Cell-Lung Cancer in Patients Who
Had Prior Gemcitabine with Evaluation of The
Effect of Triapine® On Gemcitabine
Pharmacokinetics and Cellular Uptake in
Peripheral Mononuclear Cells
(NCT00077415)—completed [342]

(29) An Open Label, Dose Escalation Study to
Evaluate Safety, Tolerability, and
Pharmacokinetics of
3-Aminopyridine-2-Carboxaldehyde
Thiosemicarbazone (3-AP) in Cancer Patients
Using a Single Daily Dose for Five Days
(NCT00004213)—completed [343]

(30) A Phase I Study Of
3-Aminopyridine-2-Carboxaldehyde
Thiosemicarbazone (3-AP, Triapine) In
Combination with Cisplatin and Paclitaxel in
Patients with Advanced And Metastatic Cancer
(NCT00016874)—completed [344]

(31) A Phase I Study of
3-Aminopyridine-2-Carboxaldehyde
Thiosemicarbazone (3-AP, Triapine)
Administered Daily × 5 in Combination with
Cisplatin (NCT00024323)—completed [345]
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 activation of metastatic sup-

pressor NDRG1[246] 

 cell cycle perturbations [246] 

 apoptosis [246] 

 mobilization of cellular Fe [247] 

 glucose variation-induced 

stres[250] 

 autophagy and lysosomal dam-

age [250] 

A Phase 1 Dose-finding and Pharmacokinetic Study of DpC, Admin-

istered Orally to Patients with Advanced Solid Tumors 

(NCT02688101)—completed 

ZMC-1 (NSC319726) 

 

 p53 mutant reactivation [260–

262] 

 Zn metallochaperone [260–262] 

 Apoptosis [260] 

 ROS and oxidative stress 

[260,263] 

 cell cycle arrest [263] 
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COTI-2 

 

 targeting mutant p53 [267,268] 

 DNA damage and replication 

stress [267] 

 Cell cycle perturbations [267] 

 AMPK activation [267] 

 modeulation of 

PI3K/AKT/mTOR pathway 

[267,268] 

 apoptosis [267,269] 

 efflux via ABCC1 pump [271] 

A Phase 1 Study of COTI-2 as Monotherapy or Combination Therapy 

for the Treatment of Advanced or Recurrent Malignancies 

(NCT02433626)—unknown 

Cu(II)-atsm 

 

 impairment of electron 

transport chain (ETC) [283] 

 impairment of cell metabolism 

[283] 

 ROS and oxidative stress [283] 

 hypoxia-specific PET imaging 

agent [346] 

(1) Evaluation of 64Cu-ATSM PET/CT in Predicting Neo Adjuvant 

Treatment Response in Locally Advanced Rectum Cancer 

(NCT03951337)—in progress 

(2) Copper Cu 64-ATSM and PET/CT scan in Predicting Disease 

Progression in Patients With Newly-Diagnosed Stage IB, Stage 

II, Stage III, or Stage IVA Cervical Cancer Who Are Undergoing 

Chemoradiotherapy Per NCCN Guidelines (NCT00794339)—

terminated 

(3) A Pilot Study of 64CuATSM and Hypoxia in Stage IV Non-

small Cell Lung Cancer Patients Treated with Carboplatin, 

Paclitaxel, and Bevacizumab (NCT01006226)—withdrawn 

(4) Pilot Study of (61) CuATSM-PET Imaging in Cancer Patients 

(NCT00585117)—terminated (change in imaging priorities) 

[347] 

(5) Particle-based Partial Tumor Irradiation Targeting Hypoxic 

Segment and Sparing the Peritumoral Immune Microenviron-

ment for Unresectable Bulky Tumors (NCT04875871)—in pro-

gress 

(6) Pathophysiologic correlation between 62Cu-ATSM and 18F-

FDG in lung cancer [348] 

(7) Tumor hypoxia detected by positron emission tomography 

with 60Cu-ATSM as a predictor of response and survival in pa-

tients undergoing Neoadjuvant chemoradiotherapy for rectal 

carcinoma: a pilot study [349] 

(8) Usefulness of 64Cu-ATSM in head and neck cancer: a prelimi-

nary prospective study [350] 

  

- activation of metastatic suppressor
NDRG1 [246]

- cell cycle perturbations [246]
- apoptosis [246]
- mobilization of cellular Fe [247,249]
- autophagy and lysosomal damage

[249,250,252]
- ROS, oxidative stress, reduction of

GSH/GSSG ratio [236,249]
- glucose variation-induced stress [250]
- DNA damage [236]
- weak affinity for RNR [236]
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- activation of metastatic suppressor
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- cell cycle perturbations [246]
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A Phase 1 Dose-finding and Pharmacokinetic Study of
DpC, Administered Orally to Patients with Advanced
Solid Tumors (NCT02688101)—completed
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and in-vitro toxicity studies on the applicability of di-2-pyridylketone-4,4,-dimethyl-3-thiosemicarbazone (Dp44mT) as a metal
chelator. J. Inorg. Biochem. 2014, 130, 52–58. [CrossRef]

http://doi.org/10.1016/j.jinorgbio.2013.04.013
http://www.ncbi.nlm.nih.gov/pubmed/23707906
http://doi.org/10.1016/j.jpba.2010.09.007
http://doi.org/10.1016/j.freeradbiomed.2012.03.017
http://doi.org/10.1038/s41589-019-0291-9
http://doi.org/10.1200/JCO.2008.17.1579
http://doi.org/10.1200/JCO.2012.44.5585
http://doi.org/10.1016/j.ygyno.2018.10.001
http://doi.org/10.1016/j.ccr.2019.02.013
http://doi.org/10.1016/j.ccr.2008.07.004
http://doi.org/10.4155/fmc.09.80
http://doi.org/10.1021/jm900552r
http://doi.org/10.1039/c0cs00215a
http://www.ncbi.nlm.nih.gov/pubmed/21409228
http://doi.org/10.1089/ars.2017.7487
http://doi.org/10.1021/jm00098a012
http://www.ncbi.nlm.nih.gov/pubmed/1433178
http://www.ncbi.nlm.nih.gov/pubmed/12538494
http://doi.org/10.1016/j.bcp.2014.08.006
http://doi.org/10.1016/j.inoche.2004.12.016
http://doi.org/10.1002/ejic.200901174
http://doi.org/10.1021/jm900528d
http://doi.org/10.1021/jm100561b
http://doi.org/10.1016/j.jinorgbio.2013.09.016


Biomedicines 2021, 9, 852 42 of 46

242. Gaál, A.; Orgován, G.; Mihucz, V.G.; Pape, I.; Ingerle, D.; Streli, C.; Szoboszlai, N. Metal transport capabilities of anticancer copper
chelators. J. Trace Elem. Med. Biol. 2018, 47, 79–88. [CrossRef] [PubMed]

243. Yee, K.W.; Cortes, J.; Ferrajoli, A.; Garcia-Manero, G.; Verstovsek, S.; Wierda, W.; Thomas, D.; Faderl, S.; King, I.; O’Brien S, M.;
et al. Triapine and cytarabine is an active combination in patients with acute leukemia or myelodysplastic syndrome. Leuk. Res.
2006, 30, 813–822. [CrossRef] [PubMed]

244. Kunos, C.A.; Radivoyevitch, T.; Waggoner, S.; Debernardo, R.; Zanotti, K.; Resnick, K.; Fusco, N.; Adams, R.; Redline, R.;
Faulhaber, P.; et al. Radiochemotherapy plus 3-aminopyridine-2-carboxaldehyde thiosemicarbazone (3-AP, NSC #663249) in
advanced-stage cervical and vaginal cancers. Gynecol. Oncol. 2013, 130, 75–80. [CrossRef] [PubMed]

245. Whitnall, M.; Howard, J.; Ponka, P.; Richardson, D.R. A class of iron chelators with a wide spectrum of potent antitumor activity
that overcomes resistance to chemotherapeutics. Proc. Natl. Acad. Sci. USA 2006, 103, 14901–14906. [CrossRef]

246. Kovacevic, Z.; Chikhani, S.; Lovejoy, D.B.; Richardson, D.R. Novel thiosemicarbazone iron chelators induce up-regulation
and phosphorylation of the metastasis suppressor N-myc down-stream regulated gene 1: A new strategy for the treatment of
pancreatic cancer. Mol. Pharmacol. 2011, 80, 598–609. [CrossRef] [PubMed]

247. Sestak, V.; Stariat, J.; Cermanova, J.; Potuckova, E.; Chladek, J.; Roh, J.; Bures, J.; Jansova, H.; Prusa, P.; Sterba, M.; et al. Novel and
potent anti-tumor and anti-metastatic di-2-pyridylketone thiosemicarbazones demonstrate marked differences in pharmacology
between the first and second generation lead agents. Oncotarget 2015, 6, 42411–42428. [CrossRef] [PubMed]

248. Lovejoy, D.B.; Sharp, D.M.; Seebacher, N.; Obeidy, P.; Prichard, T.; Stefani, C.; Basha, M.T.; Sharpe, P.C.; Jansson, P.J.; Kalinowski,
D.S.; et al. Novel second-generation di-2-pyridylketone thiosemicarbazones show synergism with standard chemotherapeutics
and demonstrate potent activity against lung cancer xenografts after oral and intravenous administration in vivo. J. Med. Chem.
2012, 55, 7230–7244. [CrossRef]

249. Lovejoy, D.B.; Jansson, P.J.; Brunk, U.T.; Wong, J.; Ponka, P.; Richardson, D.R. Antitumor activity of metal-chelating compound
Dp44mT is mediated by formation of a redox-active copper complex that accumulates in lysosomes. Cancer Res. 2011, 71,
5871–5880. [CrossRef]

250. Seebacher, N.A.; Lane, D.J.R.; Jansson, P.J.; Richardson, D.R. Glucose Modulation Induces Lysosome Formation and Increases
Lysosomotropic Drug Sequestration via the P-Glycoprotein Drug Transporter. J. Biol. Chem. 2016, 291, 3796–3820. [CrossRef]

251. Zeglis, B.M.; Divilov, V.; Lewis, J.S. Role of Metalation in the Topoisomerase IIα Inhibition and Antiproliferation Activity of a
Series of α-Heterocyclic-N4-Substituted Thiosemicarbazones and Their Cu(II) Complexes. J. Med. Chem. 2011, 54, 2391–2398.
[CrossRef]

252. Gutierrez, E.; Richardson, D.R.; Jansson, P.J. The anticancer agent di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT)
overcomes prosurvival autophagy by two mechanisms: Persistent induction of autophagosome synthesis and impairment of
lysosomal integrity. J. Biol. Chem. 2014, 289, 33568–33589. [CrossRef] [PubMed]

253. Jansson, P.J.; Yamagishi, T.; Arvind, A.; Seebacher, N.; Gutierrez, E.; Stacy, A.; Maleki, S.; Sharp, D.; Sahni, S.; Richardson,
D.R. Di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT) overcomes multidrug resistance by a novel mechanism
involving the hijacking of lysosomal P-glycoprotein (Pgp). J. Biol. Chem. 2015, 290, 9588–9603. [CrossRef] [PubMed]

254. Szakacs, G.; Abele, R. An inventory of lysosomal ABC transporters. FEBS Lett. 2020, 594, 3965–3985. [CrossRef] [PubMed]
255. Klayman, D.L.; Scovill, J.P.; Bartosevich, J.F.; Mason, C.J. 2-Acetylpyridine thiosemicarbazones. 2. N4,N4-Disubstituted derivatives

as potential antimalarial agents. J. Med. Chem. 1979, 22, 1367–1373. [CrossRef]
256. Casero, R.A., Jr.; Klayman, D.L.; Childs, G.E.; Scovill, J.P.; Desjardins, R.E. Activity of 2-acetylpyridine thiosemicarbazones against

Trypanosoma rhodesiense in vitro. Antimicrob. Agents Chemother. 1980, 18, 317–322. [CrossRef]
257. Collins, F.M.; Klayman, D.L.; Morrison, N.E. Correlations between structure and antimycobacterial activity in a series of

2-acetylpyridine thiosemicarbazones. J. Gen. Microbiol. 1982, 128, 1349–1356. [CrossRef]
258. Shipman, C., Jr.; Smith, S.H.; Drach, J.C.; Klayman, D.L. Thiosemicarbazones of 2-acetylpyridine, 2-acetylquinoline, 1-

acetylisoquinoline, and related compounds as inhibitors of herpes simplex virus in vitro and in a cutaneous herpes guinea pig
model. Antivir. Res. 1986, 6, 197–222. [CrossRef]

259. Klayman, D.L.; Scovill, J.P. Preparation of 2-acetyl- and 2-propionylpyridine Selenosemicarbazones as Antimalarial and An-
tileukemic Agents. US4665173A, 31 March 1987.

260. Yu, X.; Vazquez, A.; Levine, A.J.; Carpizo, D.R. Allele-Specific p53 Mutant Reactivation. Cancer Cell 2012, 21, 614–625. [CrossRef]
261. Yu, X.; Kogan, S.; Chen, Y.; Tsang, A.T.; Withers, T.; Lin, H.; Gilleran, J.; Buckley, B.; Moore, D.; Bertino, J.; et al. Zinc

Metallochaperones Reactivate Mutant p53 Using an ON/OFF Switch Mechanism: A New Paradigm in Cancer Therapeutics. Clin.
Cancer Res. 2018, 24, 4505. [CrossRef]

262. Yu, X.; Blanden, A.; Tsang, A.T.; Zaman, S.; Liu, Y.; Gilleran, J.; Bencivenga, A.F.; Kimball, S.D.; Loh, S.N.; Carpizo, D.R.
Thiosemicarbazones Functioning as Zinc Metallochaperones to Reactivate Mutant p53. Mol. Pharmacol. 2017, 91, 567–575.
[CrossRef]

263. Shimada, K.; Reznik, E.; Stokes, M.E.; Krishnamoorthy, L.; Bos, P.H.; Song, Y.; Quartararo, C.E.; Pagano, N.C.; Carpizo, D.R.; de
Carvalho, A.C.; et al. Copper-Binding Small Molecule Induces Oxidative Stress and Cell-Cycle Arrest in Glioblastoma-Patient-
Derived Cells. Cell Chem. Biol. 2018, 25, 585–594. [CrossRef] [PubMed]

264. Zaman, S.; Yu, X.; Bencivenga, A.F.; Blanden, A.R.; Liu, Y.; Withers, T.; Na, B.; Blayney, A.J.; Gilleran, J.; Boothman, D.A.; et al.
Combinatorial therapy of zinc metallochaperones with mutant p53 reactivation and diminished copper binding. Mol. Cancer Ther.
2019, 18, 1355–1365. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jtemb.2018.01.011
http://www.ncbi.nlm.nih.gov/pubmed/29544811
http://doi.org/10.1016/j.leukres.2005.12.013
http://www.ncbi.nlm.nih.gov/pubmed/16478631
http://doi.org/10.1016/j.ygyno.2013.04.019
http://www.ncbi.nlm.nih.gov/pubmed/23603372
http://doi.org/10.1073/pnas.0604979103
http://doi.org/10.1124/mol.111.073627
http://www.ncbi.nlm.nih.gov/pubmed/21719465
http://doi.org/10.18632/oncotarget.6389
http://www.ncbi.nlm.nih.gov/pubmed/26623727
http://doi.org/10.1021/jm300768u
http://doi.org/10.1158/0008-5472.CAN-11-1218
http://doi.org/10.1074/jbc.M115.682450
http://doi.org/10.1021/jm101532u
http://doi.org/10.1074/jbc.M114.599480
http://www.ncbi.nlm.nih.gov/pubmed/25301941
http://doi.org/10.1074/jbc.M114.631283
http://www.ncbi.nlm.nih.gov/pubmed/25720491
http://doi.org/10.1002/1873-3468.13967
http://www.ncbi.nlm.nih.gov/pubmed/33098571
http://doi.org/10.1021/jm00197a017
http://doi.org/10.1128/AAC.18.2.317
http://doi.org/10.1099/00221287-128-6-1349
http://doi.org/10.1016/0166-3542(86)90002-1
http://doi.org/10.1016/j.ccr.2012.03.042
http://doi.org/10.1158/1078-0432.CCR-18-0822
http://doi.org/10.1124/mol.116.107409
http://doi.org/10.1016/j.chembiol.2018.02.010
http://www.ncbi.nlm.nih.gov/pubmed/29576531
http://doi.org/10.1158/1535-7163.MCT-18-1080
http://www.ncbi.nlm.nih.gov/pubmed/31196889


Biomedicines 2021, 9, 852 43 of 46

265. Gilleran, J.A.; Yu, X.; Blayney, A.J.; Bencivenga, A.F.; Na, B.; Augeri, D.J.; Blanden, A.R.; Kimball, S.D.; Loh, S.N.; Roberge, J.Y.; et al.
Benzothiazolyl and Benzoxazolyl Hydrazones Function as Zinc Metallochaperones to Reactivate Mutant p53. J. Med. Chem. 2021,
64, 2024–2045. [CrossRef] [PubMed]

266. Synnott, N.C.; O’Connell, D.; Crown, J.; Duffy, M.J. COTI-2 reactivates mutant p53 and inhibits growth of triple-negative breast
cancer cells. Breast Cancer Res. Treat. 2020, 179, 47–56. [CrossRef]

267. Lindemann, A.; Patel, A.A.; Silver, N.L.; Tang, L.; Liu, Z.; Wang, L.; Tanaka, N.; Rao, X.; Takahashi, H.; Maduka, N.K.; et al. COTI-2,
A Novel Thiosemicarbazone Derivative, Exhibits Antitumor Activity in HNSCC through p53-dependent and -independent
Mechanisms. Clin. Cancer Res. 2019, 25, 5650. [CrossRef]

268. Salim, K.Y.; Maleki Vareki, S.; Danter, W.R.; Koropatnick, J. 38—COTI-2, a new anticancer drug currently under clinical investigation,
targets mutant p53 and negatively modulates the PI3K/AKT/mTOR pathway. Eur. J. Cancer 2016, 69, S19. [CrossRef]

269. Salim, K.Y.; Maleki Vareki, S.; Danter, W.R.; San-Marina, S.; Koropatnick, J. COTI-2, a novel small molecule that is active against
multiple human cancer cell lines in vitro and in vivo. Oncotarget 2016, 7, 41363. [CrossRef]

270. Maleki Vareki, S.; Salim, K.Y.; Danter, W.R.; Koropatnick, J. Novel anti-cancer drug COTI-2 synergizes with therapeutic agents
and does not induce resistance or exhibit cross-resistance in human cancer cell lines. PLoS ONE 2018, 13, e0191766. [CrossRef]
[PubMed]

271. Bormio Nunes, J.H.; Hager, S.; Mathuber, M.; Pósa, V.; Roller, A.; Enyedy, É.A.; Stefanelli, A.; Berger, W.; Keppler, B.K.; Heffeter, P.;
et al. Cancer Cell Resistance Against the Clinically Investigated Thiosemicarbazone COTI-2 Is Based on Formation of Intracellular
Copper Complex Glutathione Adducts and ABCC1-Mediated Efflux. J. Med. Chem. 2020, 63, 13719–13732. [CrossRef] [PubMed]

272. Petering, H.G.; Buskirk, H.H.; Crim, J.A. The effect of dietary mineral supplements of the rat on the antitumor activity of
3-ethoxy-2-oxobutyraldehyde bis(thiosemicarbazone). Cancer Res. 1967, 27, 1115–1121. [PubMed]

273. Crim, J.A.; Petering, H.G. The Antitumor Activity of Cu(II)KTS, the Copper(II) Chelate of 3-Ethoxy-2-oxobutyraldehyde
Bis(thiosemicarbazone). Cancer Res. 1967, 27, 1278. [PubMed]

274. Van Giessen, G.J.; Petering, H.G. Metal complexes of 3-ethoxy-2-oxobutyraldehyde bis(thiosemicarbazone) and related ligands as
antitumor agents. J. Med. Chem. 1968, 11, 695–699. [CrossRef] [PubMed]

275. Mihich, E.; Simpson, C.L.; Mulhern, A.I. Kethoxal Bis(thiosemicarbazone). Cancer Res. 1965, 25, 1417. [PubMed]
276. Booth, B.A.; Sartorelli, A.C. Metabolic Effects of Copper in Intact Cells: Comparative Activity of Cupric Chloride and the Cupric

Chelate of Kethoxal Bis(thiosemicarbazone). Mol. Pharmacol. 1967, 3, 290.
277. Chan-Stier, C.H.; Minkel, D.; Petering, D.H. Reactions of Bis(thiosemicarbazonato) Copper(II) complexes with tumor cells and

mitochondria. Bioinorg. Chem. 1976, 6, 203–217. [CrossRef]
278. Booth, B.A.; Johns, D.G.; Bertino, J.R.; Sartorelli, A.C. Sites of Inhibition of DNA Synthesis by Kethoxal bis(Thiosemicarbazone).

Nature 1968, 217, 250–251. [CrossRef]
279. Subczynski, W.K.; Antholine, W.E.; Hyde, J.S.; Petering, D.H. Orientation and mobility of a copper square-planar complex in a

lipid bilayer. J. Am. Chem. Soc. 1987, 109, 46–52. [CrossRef]
280. Winkelmann, D.A.; Bermke, Y.; Petering, D.H. Comparative properties of the antineoplastic agent, 3-ethoxy-2-oxobutyraldehyde

bis(thiosemicarbazonato) copper(II) and related chelates: Linear free energy correlations. Bioinorg. Chem. 1974, 3, 261–277. [CrossRef]
281. Minkel, D.T.; Saryan, L.A.; Petering, D.H. Structure-function correlations in the reaction of bis(thiosemicarbazonato) copper(II)

complexes with Ehrlich ascites tumor cells. Cancer Res. 1978, 38, 124–129.
282. Cater, M.A.; Pearson, H.B.; Wolyniec, K.; Klaver, P.; Bilandzic, M.; Paterson, B.M.; Bush, A.I.; Humbert, P.O.; La Fontaine, S.;

Donnelly, P.S.; et al. Increasing Intracellular Bioavailable Copper Selectively Targets Prostate Cancer Cells. ACS Chem. Biol. 2013,
8, 1621–1631. [CrossRef]

283. Donnelly, P.S.; Liddell, J.R.; Lim, S.; Paterson, B.M.; Cater, M.A.; Savva, M.S.; Mot, A.I.; James, J.L.; Trounce, I.A.; White,
A.R.; et al. An impaired mitochondrial electron transport chain increases retention of the hypoxia imaging agent diacetylbis(4-
methylthiosemicarbazonato)copper(II). Proc. Natl. Acad. Sci. USA 2012, 109, 47. [CrossRef]

284. Van den Berghe, P.V.; Folmer, D.E.; Malingré, H.E.; van Beurden, E.; Klomp, A.E.; van de Sluis, B.; Merkx, M.; Berger, R.; Klomp,
L.W. Human copper transporter 2 is localized in late endosomes and lysosomes and facilitates cellular copper uptake. Biochem. J.
2007, 407, 49–59. [CrossRef]

285. Fujibayashi, Y.; Taniuchi, H.; Yonekura, Y.; Ohtani, H.; Konishi, J.; Yokoyama, A. Copper-62-ATSM: A new hypoxia imaging agent
with high membrane permeability and low redox potential. J. Nucl. Med. 1997, 38, 1155–1160.

286. Fujibayashi, Y.; Yoshii, Y.; Furukawa, T.; Yoshimoto, M.; Matsumoto, H.; Saga, T. Imaging and Therapy against Hypoxic Tumors
with 64Cu-ATSM. In Make Life Visible; Springer: Singapore, 2020; pp. 285–292.

287. Dilanyan, E.R.; Ovsepyan, T.R.; Arsenyan, F.G.; Stepanyan, G.M.; Garibdzhanyan, B.T. Antitumor activity of substituted
methylglyoxal bisthiosemicarbazones and their copper(II) chelates. Pharm. Chem. J. 2008, 42, 504–506. [CrossRef]

288. Su, T.A.; Shihadih, D.S.; Cao, W.; Detomasi, T.C.; Heffern, M.C.; Jia, S.; Stahl, A.; Chang, C.J. A Modular Ionophore Platform for
Liver-Directed Copper Supplementation in Cells and Animals. J. Am. Chem. Soc. 2018, 140, 13764–13774. [CrossRef] [PubMed]

289. Kowol, C.R.; Miklos, W.; Pfaff, S.; Hager, S.; Kallus, S.; Pelivan, K.; Kubanik, M.; Enyedy, É.A.; Berger, W.; Heffeter, P.; et al. Impact
of Stepwise NH2-Methylation of Triapine on the Physicochemical Properties, Anticancer Activity, and Resistance Circumvention.
J. Med. Chem. 2016, 59, 6739–6752. [CrossRef]

http://doi.org/10.1021/acs.jmedchem.0c01360
http://www.ncbi.nlm.nih.gov/pubmed/33538587
http://doi.org/10.1007/s10549-019-05435-1
http://doi.org/10.1158/1078-0432.CCR-19-0096
http://doi.org/10.1016/S0959-8049(16)32638-7
http://doi.org/10.18632/oncotarget.9133
http://doi.org/10.1371/journal.pone.0191766
http://www.ncbi.nlm.nih.gov/pubmed/29364966
http://doi.org/10.1021/acs.jmedchem.0c01277
http://www.ncbi.nlm.nih.gov/pubmed/33190481
http://www.ncbi.nlm.nih.gov/pubmed/6027202
http://www.ncbi.nlm.nih.gov/pubmed/4952520
http://doi.org/10.1021/jm00310a013
http://www.ncbi.nlm.nih.gov/pubmed/5671226
http://www.ncbi.nlm.nih.gov/pubmed/4955502
http://doi.org/10.1016/S0006-3061(00)80227-6
http://doi.org/10.1038/217250a0
http://doi.org/10.1021/ja00235a007
http://doi.org/10.1016/S0006-3061(00)80074-5
http://doi.org/10.1021/cb400198p
http://doi.org/10.1073/pnas.1116227108
http://doi.org/10.1042/BJ20070705
http://doi.org/10.1007/s11094-009-0162-x
http://doi.org/10.1021/jacs.8b08014
http://www.ncbi.nlm.nih.gov/pubmed/30351140
http://doi.org/10.1021/acs.jmedchem.6b00342


Biomedicines 2021, 9, 852 44 of 46

290. Hager, S.; Pape, V.F.S.; Pósa, V.; Montsch, B.; Uhlik, L.; Szakács, G.; Tóth, S.; Jabronka, N.; Keppler, B.K.; Kowol, C.R.; et al.
High Copper Complex Stability and Slow Reduction Kinetics as Key Parameters for Improved Activity, Paraptosis Induction,
and Impact on Drug-Resistant Cells of Anticancer Thiosemicarbazones. Antioxid. Redox Signal. 2020, 33, 395–414. [CrossRef]
[PubMed]

291. Santoro, A.; Vileno, B.; Palacios, Ò.; Peris-Díaz, M.D.; Riegel, G.; Gaiddon, C.; Krężel, A.; Faller, P. Reactivity of Cu(ii)–, Zn(ii)–
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