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Abstract 

Iron is an indispensable requirement for essential biological processes in cancer cells. Due to the 

greater proliferation of neoplastic cells, their demand for iron is considerably higher relative to 

normal cells, making them highly susceptible to iron depletion. Understanding this sensitive 

relationship led to research exploring the effect of iron chelation therapy for cancer treatment. The 

classical iron-binding ligand, desferrioxamine (DFO), has demonstrated effective anti-proliferative 

activity against many cancer-types, particularly neuroblastoma tumors, and has the surprising 

activity of down-regulating the potent oncogene, N-myc, which is a major oncogenic driver in 

neuroblastoma. Even more remarkable is the ability of DFO to simultaneously up-regulate the 

potent metastasis suppressor, N-myc downstream-regulated gene-1 (NDRG1), which plays a 

plethora of roles in suppressing a variety of oncogenic signaling pathways. However, DFO suffers 

the disadvantage of demonstrating poor membrane permeability and short plasma half-life, 



2 

requiring administration by prolonged subcutaneous or intravenous infusions. Considering this, the 

specifically designed di-2-pyridylketone thiosemicarbazone (DpT) series of metal-binding ligands 

was developed in our laboratory. The lead agent from the first generation DpT series, di-2-

pyridylketone-4,4-dimethyl-3-thiosemicarbazone (Dp44mT), showed exceptional anti-cancer 

properties compared to DFO. However, it exhibited cardiotoxicity in mouse models at higher 

dosages. Therefore, a second generation of agents was developed with the lead compound being di-

2-pyridylketone-4-cyclohexyl-4-methyl-3-thiosemicarbazone (DpC) that progressed to Phase I

clinical trials. Importantly, DpC showed better anti-proliferative activity than Dp44mT and no 

cardiotoxicity, demonstrating effective anti-cancer activity against neuroblastoma tumors in vivo.   
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1. Prelude

Iron is an indispensable requirement for the activity of many essential metabolic processes as it 

plays critical roles in the active sites of many proteins involved in DNA synthesis, energy 

generation, etc. [1]. Neoplastic cells have a far more intense requirement for iron than normal cells, 

which is related to their rapid rate of proliferation [2]. As such, drugs that bind iron inhibit cancer 

cell proliferation, including the growth of aggressive tumors, including neuroblastoma [3]. 

Neuroblastoma is a belligerent childhood tumor, and unfortunately, the prognosis of advanced 

neuroblastoma remains poor, and breakthrough therapeutic approaches are urgently required [2]. 

Unusually, neuroblastoma cells from patients with advanced disease contain increased amounts of 

the iron storage protein, ferritin, which is rich in iron [2]. In addition, markedly elevated ferritin 

levels are found in neuroblastoma patient serum, with it being used as a prognostic indicator; high 

levels indicating a poor prognosis and low levels a good prognosis [4]. That an iron storage protein 

is secreted by these cells raises the possibility that iron may have a critical role in promoting 

neuroblastoma cell growth. In fact, secreted ferritin stimulates neuroblastoma growth and acts as an 

autocrine growth factor for other neoplastic cells [2]. 

To underscore the studies above indicating an intimate relationship between neuroblastoma and 

iron, evidence of an unusually sensitive relationship between ferritin, iron, and neuroblastoma 

growth, is suggested by the observation that the clinically used iron chelator, desferrioxamine 

(DFO), is capable of a potent cytotoxic effect on neuroblastoma cells, while having little effect on 

other cell-types. Indeed, two clinical trials with DFO administered to neuroblastoma patients have 

shown encouraging results [2]. Hence, iron could be a uniquely susceptible "Achilles‘ heel" that can 

be exploited by iron-binding drugs [5].  
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In this review, the pathology and molecular biology of neuroblastoma are first described, followed 

by an analysis of metal ion metabolism that is important for understanding molecular targets of 

metal-ligating drugs. This analysis is then followed by an examination of some of the unexpected 

anti-cancer activity of iron chelators against neuroblastoma and other tumors. The development of 

specifically designed ligands, such as the thiosemicarbazones, are then described as these represent 

more recent agents that possess markedly greater anti-cancer activity than DFO. 

1.1 Neuroblastoma 

Neuroblastoma is a pediatric malignancy known to be the most common non-brain solid tumor of 

early childhood [6]. This cancer is initiated in neural crest cells and affects the development of the 

sympathetic nervous system, and occurs most commonly in children under the age of 5 (90%) [7]. 

Neuroblastoma causes approximately 15% of cancer fatalities in children due to its highly 

aggressive nature and the possibility of it being a metastatic disease by the time of diagnosis [8]. 

Although the prognosis of neuroblastoma has improved over time, currently, the survival rate of 

stage 4 patients is only 40% [9]. The characteristic features of this disease, including the 

spontaneous regression and resistance to chemotherapy, have made neuroblastoma a highly 

challenging condition to treat [7]. 

1.1.1 Pathology of Neuroblastoma  

Neuroblastoma tumors can occur anywhere in the sympathetic nervous system. However, 65% of 

the tumors arise in the abdomen, where the majority are found in the adrenal glands [9]. In addition, 

primary tumors can occur in the chest, neck, and pelvis, where they can cause many different 

complications [10]. Usually, patients with localized tumors are asymptomatic, but primary tumor 

masses may cause compression of airways, blood vessels, the spinal cord, and adjacent organs, 

resulting in conditions such as abdominal distention, Horner‘s syndrome, and even paralysis [6]. 

When neuroblastoma progresses into metastasis, the most commonly affected areas are bone, bone 
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marrow, liver, and lymph nodes [9]. Patients with metastatic disease present with a number of 

symptoms, such as fever, fatigue, and bone pain, whereas metastasis to the orbital area results in the 

signature ―Raccoon eyes‖ symptom evident by periorbital blackening around the eyes [11].  

1.1.2 Neuroblastoma: Staging of the Disease 

According to the International Neuroblastoma Staging System, the disease can be classified into six 

stages: stage 1, stage 2A, stage 2B, stage 3, stage 4, and stage 4S, the latter of which is known as 

special neuroblastoma [11]. This nomenclature is based on the ability to remove the primary tumor 

using surgery [9]. However, there are many prognostic factors that affect the progression of the 

disease, including patient age, location of the primary tumor, histology of the tumor, and 

amplification of the N-myc oncogene [12].   

A stage 1 neuroblastoma is a localized primary tumor that has not spread to other parts of the body 

and can be totally removed using surgery, with or without microscopic residual disease [9]. Stage 

2A tumors are localized, although the primary cancer cannot be entirely removed by surgery, with 

the ipsilateral lymph nodes not being affected [7]. Stage 2B neuroblastoma is the first stage that 

indicates metastasis to lymph nodes, with ipsilateral lymph nodes being positive for the cancer, 

while the contralateral lymph nodes do not exhibit signs of tumor spread. At this latter stage, the 

localized primary tumor may or may not be possible to resect completely [11].  

Several neuroblastoma tumor-types can be classified as stage 3, with the common characteristic 

being an unresectable primary tumor. A unilateral tumor infiltrating to the opposite side across the 

midline (vertebral column), with or without spreading to lymph nodes, is considered stage 3 

neuroblastoma [9]. Further, a localized tumor with contralateral lymph node involvement, or a 

bilateral tumor with infiltration across the midline, or with lymph node involvement, can also be 

classified as stage 3 neuroblastoma [11]. Metastasis to distant locations including lymph nodes, 
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bone, bone marrow, skin, liver, and other organs is classed as stage 4 neuroblastoma [7]. Stage 4S 

neuroblastoma is a special classification, as it refers to a localized primary tumor with metastases 

being limited to the skin, liver, and/or bone marrow, and only occurs in pediatric patients under one 

year old [13].  

1.1.3 Molecular Biology 

 As described below, there are multiple molecular characteristics indicating the prognosis and 

severity of neuroblastoma, such as N-myc amplification, serum ferritin levels, and to a much lesser 

extent, c-Myc expression.  

1.1.3.1 N-myc amplification 

N-myc is an oncogene that belongs to the MYC family of transcription factors, which is involved in

cellular processes such as cell growth, differentiation, and apoptosis, where it can contribute to the 

promotion of tumorigenesis [14]. Amplification of the N-myc gene in the primary tumor can be 

observed in approximately 20% of neuroblastoma cases, and it directly correlates with poor 

prognosis and advanced stages of the cancer [15].  

A study by Seeger et al. (1985) investigated the relationship between the number of N-myc gene 

copies and the survival rate of neuroblastoma patients without progression of the disease [16].  The 

results demonstrated that the progression-free, 5-year survival rates of patients with one copy of the 

N-myc gene was 70%, while patients with three copies had a survival rate of 30% [16].

Interestingly, patients with ten or more copies of the N-myc gene in the primary tumor had a 

probability of progression-free survival of only 5%, verifying the correlation between N-myc 

amplification and poor prognosis [16].  
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A more recent study by Kaczówka et al. (2018) demonstrated that N-myc amplification is most 

frequent in patients with stage 4 neuroblastoma, while none of the stage 1 patients had N-myc 

amplification in the primary tumor [14]. Amongst children with neuroblastoma at stages 2, 3, 4S, 

and 4, the percentage of patients with N-myc amplification was 6.3%, 13.3%, 18.8%, and 27.1%, 

respectively, with all the children having N-myc amplification demonstrating an unfavorable 

outcome [14]. These studies demonstrating the correlation of N-myc amplification with poor 

prognosis and tumor progression provide evidence for the importance of the N-myc oncogene in 

neuroblastoma pathology [16].  

1.1.3.2 Ferritin secretion 

Serum ferritin is considered a prognostic marker of neuroblastoma since high ferritin levels indicate 

a poor prognosis [17]. This finding is one of the characteristic features of neuroblastoma, as 

elevated ferritin levels are not usually observed in many cancer-types. In a study by Hann et al. 

(1980), the presence of ferritin was demonstrated in cultured neuroblastoma cells, supernatant 

collected from neuroblastoma cell lines, and also the primary tumor, suggesting the neuroblastoma 

tumor itself can secrete ferritin [4].  

Further investigations demonstrated that mice bearing human neuroblastoma tumor xenografts 

displayed increased levels of human ferritin in their sera, providing evidence for ferritin secretion 

from neuroblastoma cells [18]. Moreover, surgical resection of the primary tumor results in a 

prominent decrease in serum ferritin [19], with this biomarker being an important indicator of 

neuroblastoma diagnosis and prognosis [20].   

1.1.3.3 c-Myc expression 

The c-Myc oncogene is well known to regulate metabolic changes of cells during malignant 

transformation [21]. Therefore, over-expression of c-Myc can be observed in many cancer-types, 
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including breast, lung, and gastric cancer [21]. A recent study by Zimmerman et al. demonstrated 

that an independent subset (approximately 11%) of high-risk neuroblastoma cases possessed high c-

Myc protein levels [22]. Interestingly, N-myc amplified cell lines demonstrated lower levels of c-

Myc in comparison to the non-amplified cell lines, which exhibited higher c-Myc levels [22]. 

However, in general, increased c-Myc expression is not strongly implicated in neuroblastoma tumor 

growth and disease progression [23].  

1.1.4 Current Treatments and Drug Resistance 

The type of treatment used for neuroblastoma usually depends on the patient‘s risk-group [24]. As 

classified by the Children‘s Oncology Group, neuroblastoma patients with stages 1, 2A, 2B, and 4S, 

having localized tumors without N-myc amplification, are considered as a ―low-risk‖ neuroblastoma 

group [25]. Surgical removal of the tumor followed by observation is considered the primary 

treatment option for these latter patients [25]. Chemotherapy with or without surgery is used for 

symptomatic disease or tumors [24], while radiation therapy is only used as an emergency treatment 

option [24]. 

Stage 3 and 4 neuroblastoma tumors without N-myc amplification are considered as the 

intermediate-risk group by the Children‘s Oncology Group [26]. Patients in this risk group are 

treated with 4-8 cycles of chemotherapy using carboplatin, etoposide, cyclophosphamide, 

doxorubicin, and topotecan [27]. For infants with stage 4S tumors with clinical symptoms and 

favorable histopathology, chemotherapy is given until the disease is asymptomatic, and 

subsequently, the tumor is removed by surgery [28]. Radiation therapy is only used on patients in 

an intermediate-risk group when the disease demonstrates progression during or after chemotherapy 

[29].  
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On the other hand, The Children‘s Oncology Group indicates the ―high-risk‖ neuroblastoma group 

consists of patients with N-myc amplified tumors in all International Neuroblastoma Staging System 

stages [30]. Treatment for this group is usually divided into 3 phases: induction, consolidation, and 

post-consolidation (maintenance) [10]. The induction phase is initiated with dosage cycles of 

multiple chemotherapeutics, including cisplatin, etoposide, vincristine, cyclophosphamide, and 

doxorubicin [31]. Generally, after completion of the chemotherapy, surgical removal of the primary 

tumor is attempted [32]. 

The consolidation phase usually involves myeloablative chemotherapy and stem cell transplant to 

eliminate minimal residual disease [33]. In clinical settings, conditioning regimens such as 

busulfan/melphalan or carboplatin/etoposide/melphalan are used together with stem cell transplant 

[34]. The primary tumor site is treated with radiation after the myeloablative chemotherapy, with 

also the sites of metastatic disease being treated with radiotherapy [35]. Even after intensive 

chemotherapy and radiotherapy, approximately 50% of patients demonstrate a relapse of the disease 

[30]. Hence, to prevent minimal residual disease, a post-consolidation phase has been developed 

where the patients are treated with isotretinoin and immunotherapy [36]. A randomized control trial 

has demonstrated that patients treated with isotretinoin for six months after consolidation therapy 

have a better five-year survival rate than patients not receiving isotretinoin [33, 37]. 

Despite the improvements in survival shown in recent clinical trials, high-risk neuroblastoma 

patients still demonstrate a poor prognosis [38]. Neuroblastoma develops drug resistance during and 

after chemotherapy, which can be identified as one of the reasons behind the unfavorable prognosis 

[39]. Multi-drug resistance in neuroblastoma can occur via multiple mechanisms, including P-

glycoprotein (Pgp) expression [40]. Pgp is a transmembrane glycoprotein, which belongs to the 

ATP-binding cassette (ABC) transporters family [41]. The Pgp transporter ―pumps‖ anti-cancer 
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drugs out of the tumor cell, decreasing the intracellular drug concentration and preventing their 

cytotoxic activity [40].  

Additionally, other resistance mechanisms such as inhibition of apoptosis via activation of the PI3-

K/AKT pathway, loss of function of p53, regulation of multi-drug resistance-associated protein 

(MRP1) gene by N-myc, and miRNA deregulation are also involved in the multi-drug resistance 

exhibited in neuroblastoma [41]. Hence, the treatment options available for high-risk neuroblastoma 

are minimal.   

Considering the very feeble response of neuroblastoma to standard chemotherapy, studies over the 

past 40 years have examined and demonstrated the high sensitivity of this cancer to iron-binding 

ligands [2]. Neoplastic cells have a far more intense requirement for the essential nutrient, iron, than 

normal cells, which is related to their rapid rate of proliferation [1, 42, 43]. As such, drugs that bind 

cancer cell iron markedly inhibit tumor growth [5, 44]. Unusually, as described above, 

neuroblastoma cells from patients with advanced disease contain increased amounts of the iron 

storage protein, ferritin, which is rich in iron [2].  

To underline the tight relationship between neuroblastoma and iron, studies have reported a highly 

susceptible relationship between ferritin, iron, and neuroblastoma growth [2]. This finding is 

demonstrated by studies with the clinically used iron chelator, DFO, that possessed marked 

cytotoxic activity on neuroblastoma cells, while having far less activity against other cell-types [5, 

44]. Clinical trials of neuroblastoma patients administered DFO have demonstrated effective 

responses [2]. Thus, iron could be a uniquely susceptible "Achilles‘ heel" that can be exploited by 

iron-binding drugs [5, 44]. Considering this vulnerability, and to take advantage of it, the current 

review will examine the metabolism of trace elements, particularly iron, and their roles in cancer 

cell growth. This analysis is then followed by a detailed assessment of the activity of various iron-



11 

binding chelators and the specific design and development of these agents for treatment of cancer, 

including neuroblastoma. 

1.2 Metabolism of Trace Elements in Normal and Neoplastic Cells 

Trace elements are inorganic metals such as sodium, potassium, magnesium, calcium, iron, copper, 

zinc, manganese, and molybdenum, which are essential for various biological processes in living 

organisms [45]. These elements are required to facilitate crucial enzyme activities, redox reactions 

for energy generation, transportation of molecules, as structural components of proteins, and other 

functional activities [46]. Metal ions have an extremely narrow optimal concentration and are 

usually present in humans in milligram quantities or less [47]. Therefore, maintaining the 

homeostasis of these metals is crucial, since concentrations lower than optimal may cause 

deprivation, while higher concentrations may be toxic to the cells [48].  

1.2.1 Iron Metabolism in Normal Cells 

Iron is a critical player in many metabolic activities in the mammalian organism, as it acts as a co-

factor for several enzymes and proteins [49]. Additionally, iron facilitates many functions in cells 

by being incorporated into heme and iron-sulfur clusters ([Fe-S]) that are vital prosthetic groups of 

proteins involved in electron and oxygen transport [43]. Iron acts as a functional component in 

myoglobin and is also involved in DNA synthesis, cell growth, and proliferation [50, 51]. The 

majority of the iron in the body can be found circulating in erythrocytes, and considerable amounts 

of iron are present in reticuloendothelial cells, bone marrow, spleen, and liver [52].   

While the human body does not actively excrete iron, there is a passive loss of iron by processes 

such as skin desquamation, menstruation, and hair loss, which necessitates the absorption of 1-2 mg 

of dietary iron via the duodenal enterocytes of the gastrointestinal tract [49, 53]. Transferrin is a 

glycoprotein present in the blood, which binds to iron released from duodenal enterocytes and 
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transports it to storage and utilization locations in the body [1]. The two iron-binding sites of 

transferrin have a high affinity for ferric ion (Fe(III)), which when saturated, result in the formation 

of diferric transferrin [43]. 

Diferric transferrin binds to transferrin receptor 1 (TfR1; Figure 1) on the cell plasma membrane 

and is taken into the cell by receptor-mediated endocytosis via clathrin-coated pits [1]. Once inside 

the endosome, the transferrin-bound Fe(III) is released from the protein by a decrease in 

intravesicular pH to approximately pH 5 [1]. Subsequently, the Fe(III) released from the transferrin 

is reduced to Fe(II) by the enzyme, six-transmembrane epithelial antigen of prostate 3 (STEAP3), 

and then transported across the endosomal membrane via divalent metal-ion transporter (DMT1) 

[54, 55]. Once iron has been released from transferrin, the so-formed apo-transferrin is recycled 

back to the cell surface still bound to the TfR1 in the endosome, with transferrin being released 

from the cell by exocytosis (Figure 1) [50, 56].  

After the iron has been transported into the cell, it becomes part of the intracellular labile iron pool 

(LIP) and is either utilized for metabolism in the cytosol or organelles (e.g., mitochondria), or 

stored in ferritin (Figure 1) [1]. It is thought that iron in the LIP is bound to chaperone proteins, 

such as the poly-rC-binding proteins (PCBPs), which transport intracellular iron to iron-containing 

proteins [57-59]. Ferritin is a protein that safely stores approximately 4500 iron atoms inside its 

inner cavity [60]. The ferritin molecule is composed of 24 subunits of 2 types, the heavy subunit 

(H-subunit) with a molecular weight of approximately 21 kDa and the light subunit (L-subunit) of 

approximately 19 kDa [43] (Figure 1).  

The two subunits are expressed in different proportions in different tissue-types, giving rise to the 

heterogeneity of ferritin molecules [61]. The inner surface of the protein shell is known to have 

enzymatic properties, which promotes the oxidation of Fe(II) to Fe(III), with the H-subunit of 
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ferritin possessing this activity [1]. The L-subunit is involved in ferrihydrite nucleation, which is 

essential for forming the ferritin iron core [1]. Iron may enter and exit the ferritin molecule through 

the channels in the ferritin shell and stored within the core as ferric-oxyhydroxide phosphate in the 

Fe(III) state [43]. Cells also express ferroportin 1 (Fpn1), a transmembrane iron export protein that 

transports iron out of the cell [62] (Figure 1).  Iron from the LIP is transferred to Fpn1 via the 

chaperone PCBP2 [63]. 

Iron homeostasis in cells is regulated, in part, by two mRNA-binding molecules, iron regulatory 

protein-1 and 2 (IRP-1 and IRP-2), according to the availability of iron in the LIP [42] (Figure 2). 

Iron metabolism is regulated by the binding of IRPs to iron-responsive elements (IREs), which are 

located in untranslated regions (UTRs) of mRNAs [1]. A reduction of intracellular iron results in 

IRP-binding to the IREs located at the 3‘ UTR of TfR1 mRNA, which leads to its stabilization, 

promoting TfR1 mRNA translation and the uptake of iron from transferrin (Figure 2) [50]. In 

contrast, during iron depletion, the translation of ferritin mRNA, which has IREs located at 5‘ UTR, 

is inhibited upon binding IRPs, decreasing iron storage in ferritin [42]. In the presence of adequate 

intracellular iron, IRP-1 gains an [4Fe-4S] cluster that sterically blocks its binding to IREs, which 

then leads to increased susceptibility of the TfR1 mRNA to RNAase degradation, while for ferritin it 

enables translation (Figure 2) [43]. However, IRP-2 does not possess a [4Fe-4S] cluster and instead 

is degraded by the proteasome to inhibit IRE-binding under iron-replete conditions [64].  

This IRP-IRE binding mechanism is considered an essential mechanism in regulating iron 

homeostasis. Maintaining the homeostasis of iron absorption, transportation, storage, and utilization 

in the body is critical, as iron deficiency and iron overload can lead to severe health conditions [65]. 
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1.2.2 Iron Metabolism in Neoplastic Cells 

Previous research has identified that iron metabolism in cancer cells shows significant differences 

from normal iron metabolism [1]. As mentioned above, iron is an essential factor for cell 

proliferation and growth. Due to the extreme proliferation of neoplastic cells, iron demand in these 

cells is considerably higher than that in normal cells [42]. Therefore, increased TfR1 expression can 

be observed on the plasma membrane of tumor cells that results in increased iron uptake from 

diferric transferrin [66]. Increased TfR1 expression is also directly associated with the stage of the 

cancer, with greater expression of the TfR1 being correlated with more advanced cancer [67]. 

Furthermore, the expression of the iron-dependent enzyme, ribonucleotide reductase (RR), which 

catalyzes the rate-limiting step of DNA synthesis, displays increased expression in cancer cells [68]. 

The iron export protein, ferroportin 1 (Fpn1), demonstrates decreased expression in certain cancer-

types such as breast cancer [69, 70]. This decrease in Fpn1 expression could lead to less iron release 

and increased intracellular iron that facilitates DNA replication, cellular proliferation, and growth 

[69]. However, some opposing studies have demonstrated that decreased Fpn1 expression is not 

observed in brain and esophageal cancer [71]. Nevertheless, clinical studies assessing Fpn1 

expression have revealed that high levels of this protein correlate with reduced tumor growth and 

size and prolonged metastasis-free survival rates [72].  

Expression of the iron storage molecule, ferritin, also demonstrates an increase in some tumor cells, 

particularly in neuroblastoma [73]. Elevated serum ferritin levels in neuroblastoma patients are also 

correlated with poor prognosis [19], as described above in Section 1.1.3.2. It is known that 

neuroblastoma cells secrete ferritin, which may act as an autocrine growth factor and source of iron 

for other neuroblastoma cells [4]. However, ferritin expression is decreased by the proto-oncogene, 

c-Myc, which is over-expressed in many cancers [74]. This alteration in ferritin is thought to result

in less iron storage, while facilitating increased ‗free iron‘ levels that enable enhanced DNA 
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synthesis and proliferation of malignancies [74]. Moreover, previous research has demonstrated that 

the endosomal ferrireductase, STEAP3, is over-expressed in many tumor cell-types [71]. The 

increased ferrireductase activity could promote iron uptake from transferrin, leading to resistance to 

cell death mediated by iron deprivation [75]. 

1.2.3 Role of Iron in Cancer Development 

Not only do cancer cells have altered iron metabolism, but a change in iron homeostasis can also 

result in cancer development as well [76]. As a transition metal, iron exists between two redox 

states, Fe(II) and Fe(III), facilitating both electron donation and acceptance [77]. This property can 

cause the generation of cytopathic reactive oxygen species (ROS) through the Fenton and Haber-

Weiss reactions [78]. These ROS can result in deleterious reactions that damage essential 

biomolecules such as lipids, nucleic acids, and proteins [79]. The damage induced by ROS can lead 

to mutations in DNA and tumorigenesis [80]. Furthermore, hydroxyl radicals generated through the 

Fenton reaction can result in lipid peroxidation, which damages membranes [81]. Amino acids can 

also be oxidized by ROS, resulting in defective proteins that interrupt normal cellular function [80]. 

1.2.4 Copper Metabolism in Normal Cells 

Copper is another essential nutrient, which is crucial for organisms living in oxygen-enriched 

environments [82, 83]. Copper functions as a co-factor for several enzymes, including cytochrome c 

oxidase (CcO), which is involved in the mitochondrial electron transport chain, Cu/Zn superoxide 

dismutase, which detoxifies ROS, and lysyl oxidase that crosslinks collagen and elastin [82, 83]. 

Similarly to iron, the ability of copper to cycle between the Cu(I) and Cu(II) states makes it 

effective in aiding electron transfer that is critical for many essential cellular reactions [85]. 

Copper ingested from the diet is absorbed mainly in the duodenum, from where it is then 

transported in the blood bound mainly to albumin, but is also found incorporated into the serum 
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protein, ceruloplasmin, or as various low molecular weight copper complexes with amino acids 

[84]. It is believed that the uptake of dietary copper is mainly regulated by copper transporter 1 

(CTR1) on the apical membrane of duodenal enterocytes [83]. CTR1 is a transmembrane 

transporter that is expressed at high levels on the plasma membrane and has a high affinity for Cu(I) 

(Figure 3) [82]. Therefore, extracellular Cu(II) is reduced to Cu(I) by reductases, including 

duodenal cytochrome B (DCYTB), STEAP 2, 3, and 4 in order to facilitate copper uptake and 

utilization by cells [86]. The iron transporter, DMT1, is also known to play a role in copper uptake, 

as Cu(II), into cells [87].  

Once the copper has entered the cytoplasm via CTR1, it is transported to the mitochondria, the 

Golgi apparatus, and the copper-containing enzymes (e.g., Cu/Zn superoxide dismutase) by small 

chaperone proteins, namely, cytochrome c oxidase copper chaperone COX17 (COX17), antioxidant 

copper chaperone 1 (ATOX1), and copper chaperone for superoxide dismutase (CCS),  respectively 

[82] (Figure 3). The role of these proteins in binding and transporting copper prevents intracellular

damage, which can be caused by free reactive copper that can redox cycle and generate toxic ROS 

[83]. Excessive Cu(I) in cells is safely sequestered by metallothioneins 1 and 2 (MT1 and MT2), 

which act as a copper storage mechanism to prevent redox damage from ROS generated by free 

copper ions [87] (Figure 3). It is known that elevated copper concentrations stimulate MT1 and 

MT2 expression, with this being mediated by the transcription factors, metal regulatory 

transcription

factor 1 (MTF1) and nuclear factor erythroid 2–related factor 2 (Nrf2) [88]. 

The COX17 chaperone delivers copper ions to cytochrome c oxidase copper chaperone COX 11 

(COX11) and synthesis of cytochrome c oxidase, factor 1 and 2 (Sco1/2) located in mitochondria, 

which are involved in the biosynthesis of CcO (Figure 3) [89].  The ATOX1 chaperone also 

transports copper to ATP7A and ATP7B, which are two energy-dependent copper transporters 
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involved in regulating intracellular copper levels (Figure 3) [82]. If excess copper is present in the 

cytoplasm, it is transported into the Golgi apparatus by ATP7A/B to excrete it to avoid toxicity 

[83]. In enterocytes or hepatocytes, ATP7A or ATP7B translocate to the plasma membrane to 

export Cu
+
 into the blood or bile, respectively (Figure 3) [87].  ATP7A is expressed in most tissue-

types except the liver [90] and is also known as the Menkes protein, as mutations of the ATP7A 

gene can cause Menkes disease [82, 91]. This latter condition results in defects of intestinal copper 

absorption leading to copper deficiency [82, 91]. ATP7B is also known as the Wilson‘s disease 

protein and is mainly expressed in hepatocytes, with mutations in the ATP7B gene leading to 

Wilson‘s disease [82]. Elevated copper levels can be observed in the liver of patients with Wilson‘s 

disease due to the defects of copper excretion via the bile, resulting in decreased serum 

ceruloplasmin levels and toxic copper accumulation in the liver [82, 92]. As another integral part of 

the homeostatic mechanisms that control copper metabolism, cytochrome c oxidase assembly 

protein COX19, is required for the transduction of a SCO1-dependent mitochondrial redox signal 

that regulates ATP7A-mediated copper release to maintain intracellular copper levels [93].  

1.2.5 Copper Metabolism in Neoplastic Cells 

Several studies have demonstrated an increase of copper in tumors and within the serum of patients 

suffering certain cancers e.g., lymphoma, cervical, breast, and lung cancer [94]. It has also been 

reported that serum copper concentration is related to the stage of malignancy in breast cancer and 

colon cancer [95]. Interestingly, the serum copper concentration has also shown a correlation with 

the resistance to chemotherapeutics in patients with breast, lung, or colon cancer [96].  Like iron, 

copper also undergoes a Fenton-like reaction, resulting in ROS generation that can damage cellular 

components and cause DNA mutations [97]. Therefore, like iron, high copper levels in serum or 

tissues can be considered an oncogenic risk factor [98].  
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Copper also plays an essential role in angiogenesis, the process of forming new blood vessels [99]. 

Since tumors cannot grow more than 1-2 mm without the formation of new blood vessels, it is a 

significant aspect of neoplasia and metastasis [98]. Copper acts as a co-factor for angiogenic 

mediators such as vascular endothelial growth factor, basic fibroblast growth factor, and 

interleukin-1 and 8 [82]. Additionally, copper increases the affinity of angiogenin, an angiogenic 

growth factor, to endothelial cells by directly binding to the protein [99, 100]. Hence, the 

availability of copper can enhance angiogenesis that can promote cancer cell proliferation and 

metastasis [85]. 

1.2.6 Zinc Metabolism in Normal Cells 

Zinc is known as the second most abundant micronutrient in the human body [101]. It is recognized 

as a co-factor for many enzymes such as DNA polymerase, RNA polymerase, and Cu/Zn 

superoxide dismutase, which are essential for various critical biological processes [102]. 

Furthermore, zinc plays a role in the development of the nervous system, reproductive system, 

connective tissue, and muscle [103]. In addition, immune cells, including monocytes, lymphocytes, 

neutrophils, and natural killer cells, require zinc for their development, maturation, and activation 

[104].  

Dietary zinc is absorbed in the small intestine as zinc(II) ions that are transported by specific 

carriers [105]. This process of zinc absorption has been identified as a concentration-dependent 

mechanism, where the efficiency of absorption is lower when the zinc intake is high and vice versa 

[106]. There are two main zinc(II) transporter types, ZnT and ZIP, present in human cells [103]. 

The ZnT class of proteins transport zinc(II) out of cells, decreasing the available intracellular zinc 

levels, whereas ZIPs transport zinc(II) into the cytosol from the extracellular space [101]. 

Elimination of endogenous zinc from the body is mainly through fecal excretion via an active 

process [107]. Also, zinc can be passively excreted via the urine, shedding of skin, biliary, and 
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intestinal secretions [105]. A metabolic balance is required between zinc absorption and its 

excretion to maintain zinc homeostasis [101]. Like iron and copper, zinc excess or deficiency can 

lead to disease [106].  

1.2.7 Zinc metabolism in Neoplastic Cells 

Unlike iron and copper that increase in the serum of patients with some cancers [98], serum zinc 

concentration shows a significant decrease in prostate, breast, pancreatic, and head and neck cancer 

patients [101]. Zinc does not generate ROS by partaking in Fenton-like reactions, while iron and 

copper generate ROS through Fenton and Haber-Weiss chemistry, as described above [79]. 

Nonetheless, it does compete with iron and copper in such reactions and can block the production of 

hydroxyl free radicals [104]. Furthermore, zinc is known to be a co-factor of Cu/Zn superoxide 

dismutase (SOD1) and can be stored in metallothioneins (MT), which are a family of cysteine-rich 

metal-binding proteins [105]. Notably, SOD1 protects cells from ROS generation by dismutating 

superoxide [108], while metallothioneins can bind zinc, but also redox-active copper, respectively 

[109]. Deficiency of cellular zinc can lead to increased ROS production due to decreased SOD1 

activity and altered metallothionein metabolism of copper and zinc, leading to cytopathic effects 

[104].  

Healthy prostate epithelial cells retain very high levels of zinc, which block the oxidation of citrate 

secreted by the prostate [110]. However, prostate cancer cells exhibit a marked decline in zinc 

levels [111], which can result in increased citrate oxidation [112]. This alteration leads to the 

activation of the Krebs cycle to provide additional metabolic energy for neoplastic cell proliferation 

[113]. Unlike iron and copper, the link between zinc and its function in neoplastic cells has not been 

extensively dissected, with further investigation being required. In contrast, iron and copper play 

central roles in tumor cell growth, providing a therapeutic strategy to inhibit their proliferation. 
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1.3 Chelators with Anti-Tumor Activity: Natural and Synthesized Ligands 

Chelators are ligands that bind metals ions, which were originally developed for the treatment of 

iron-loading diseases, such as β-thalassemia major [5, 79]. However, due to their ability to bind 

essential metal ions, such as copper and iron, some of these ligands demonstrated pronounced anti-

cancer activity [5]. The nature of the donor atoms involved in binding the metal ions dictates their 

preference in terms of the types of metals bound and the redox activity of the complex that is 

formed. Chelators with ―soft‖ donor atoms such as nitrogen or sulfur have a higher affinity for 

Fe(II), whereas ―hard‖ donors, such as oxygen, results in a preference for binding Fe(III) [114].  

Ligands with six donor atoms are known as hexadentate and bind iron in a 1:1 ratio, the classic 

example being desferrioxamine (DFO) [115]. In contrast, ligands with two or three donor atoms are 

known as bidentate or tridentate chelators and form 3:1 or 2:1 ligand: metal complexes, respectively 

[5]. Some ligands that have appropriate redox potentials after binding metal ions can be redox-

active and lead to the generation of ROS that can be cytotoxic [114]. A good exemplar of these 

latter compounds are the di-2-pyridylketone thiosemicarbazone (DpT) series, which are tridentate 

ligands that bind iron and copper and form redox-active complexes [116-118]. 

Iron chelators utilized in medicine can be divided into either natural ligands known as siderophores, 

which are produced by bacteria and fungi to extract iron from the microenvironment, or are 

chemically synthesized [115]. Key examples of both these classes of ligands are described below. 

1.3.1 DFO 

DFO was the first broadly used iron chelator implemented for the treatment of iron-loading diseases 

[79]. This ligand is a siderophore that is secreted by the bacterium, Streptomyces pilosus, and has a 

very high affinity for Fe(III) [114]. DFO does not initiate redox reactions due to the stability of the 

1:1 ratio complex and its six nitrogen and oxygen donor atoms (Figure 4a) [5].  The high affinity of 



21 

this ligand for iron, the inability of its iron complex to generate ROS, and its low cytotoxicity mean 

DFO is suitable for safely treating iron overload disease [79]. 

Although DFO has been the gold-standard treatment in clinical use for iron overload disorders for 

decades, it does have many drawbacks [119]. For instance, the hydrophilic nature of this drug 

means that it suffers poor membrane permeability, resulting in poor absorption from the 

gastrointestinal tract [5]. Therefore, oral administration of the drug renders ineffective [79]. Also, 

due to the rapid drug metabolism, DFO has a short plasma half-life of around 5-10 min [114]. 

Hence, DFO is administered by subcutaneous injection, 8-12 h/day, 5-7 times/week, in order to 

effect significant iron excretion from patients [5]. However, DFO has exhibited some side effects, 

such as pain and swelling at the injection site, nausea, diarrhea, hypotension, and neurotoxicity in 

children, especially after high dosages [120]. Even though DFO is an efficient iron chelator, it is 

highly expensive, painful, and time-consuming to administer, decreasing the patients‘ quality of life 

[120].  

Despite the disadvantages of DFO, multiple studies have demonstrated that it is not only effective 

for the treatment of iron overload disease, but is also effective as an anti-tumor agent in vitro and in 

vivo [5, 44]. Despite not being specifically designed as an anti-cancer drug, DFO has demonstrated 

notable anti-proliferative activity against various aggressive tumors, including neuroblastoma and 

leukemia [5]. An investigation by Blatt and Stitely (1987) demonstrated that treating neuroblastoma 

cells in culture with 60 µM DFO resulted in >90% neuroblastoma cell death within 72 h of 

incubation [121]. In terms of its selectivity, DFO demonstrated limited anti-proliferative activity on 

non-neuroblastoma cells [44]. In contrast to DFO, its iron complex, known as ferrioxamine, does 

not affect neuroblastoma cell growth, which indicates the ability of DFO to bind cellular iron is 

central to its anti-proliferative efficacy [121].  
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A Phase II clinical trial with DFO using nine neuroblastoma patients administered a single course of 

DFO for only five days demonstrated promising results [122]. In fact, within two days of 

completion of treatment, responses were observed in seven of nine patients, with no evidence of 

toxic side effects. These responses include a decrease in bone marrow infiltration of tumor cells, 

and in one patient, a 48% decrease in the size of the tumor was observed  [122]. However, a later 

clinical trial carried out by Blatt in 1994 where ten children with neuroblastoma were treated with 

DFO did not indicate any positive anti-cancer activity [123]. These latter results could be due to the 

disadvantageous properties of DFO, such as its limited permeability of cell membranes and its short 

plasma half-life, which requires prolonged subcutaneous administration [124]. Therefore, studies 

have embarked upon the design of more potent ligands for treating iron overload, but also cancer 

[79]. 

An intriguing finding relevant to the marked pharmacological activity of DFO against 

neuroblastoma was the discovery that it markedly decreased the expression of the potent N-myc 

oncogene at both the mRNA and protein levels in neuroblastoma cells [125]. The decrease in N-myc 

mRNA levels by DFO was demonstrated to be due to an effect of the drug at inhibiting promoter 

activity and transcriptional initiation and was not due to the inhibition of RR activity [125]. 

Moreover, this effect of DFO at inhibiting N-myc expression was due to its ability to bind iron, as 

incubation of cells with the DFO-Fe complex prevented its ability to down-regulate N-myc [125]. 

The potent ability of DFO to down-regulate N-myc is highly significant, especially considering the 

clinical importance of N-myc overexpression in neuroblastoma malignancy [16], and suggests a 

potential key mechanism of its anti-cancer activity.  

In summary, DFO is a natural product that was never designed for anti-cancer treatment. 

Considering this fact, and the high anti-tumor activity of DFO against neuroblastoma, these findings 
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have encouraged the specific design of more potent ligands for cancer treatment that overcome its 

limitations. 

1.3.2 Aroylhydrazones 

Aroyhydrazones are a group of tridentate ligands, which were intensively investigated after a study 

on the chelator, pyridoxal isonicotinoyl hydrazone (PIH; Figure 4b), demonstrated superior iron 

chelation efficacy than DFO [44]. PIH is a ligand synthesized from pyridoxal (a vitamin B6 

derivative) and isonicotinic acid hydrazide (an anti-tuberculosis drug) through a straightforward 

Schiff base condensation [5]. This ligand binds iron via a carbonyl oxygen, an imine nitrogen, and a 

phenolic oxygen, and demonstrates a high affinity for Fe(III), and lower affinity for Fe(II) [119]. 

The lipophilic nature of PIH causes rapid permeability through membranes to access intracellular 

iron pools and facilitate absorption through the gut after oral administration [115].  

Despite the far greater activity of PIH relative to DFO at inhibiting iron uptake from transferrin and 

mobilizing iron from neuroepithelioma cells, there was little difference in the ability of these agents 

to inhibit DNA synthesis in neuroepithelioma cells [126]. These results suggested the two ligands 

were targeting different intracellular iron pools, with PIH effectively mobilizing iron from pools 

that were not critical for DNA synthesis [126]. In fact, later studies demonstrated that PIH 

demonstrated lower anti-proliferative activity than DFO, despite its markedly greater efficacy at 

mobilizing iron and inhibiting iron uptake from transferrin by cells [127]. These results led to the 

concept that ligands could be specifically designed to target different iron pools to treat either iron 

overload disease or cancer [127]. 

Following the studies examining the activity of PIH, thirty-six PIH analogs were systematically 

synthesized with different acid hydrazides and three aromatic aldehydes, namely pyridoxal, 

salicylaldehyde, and 2-hydroxy-1-naphthylaldehyde [127]. These series of ligands possessed the 
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same iron-binding site and were termed the 100, 200, and 300 series, respectively [127]. The 100 

series of ligands demonstrated the lowest anti-proliferative efficacy versus the 200 series and 

particularly 300 series chelators, which showed the highest activity at inhibiting tumor cell 

proliferation [127]. The 300 series ligand, 2-hydroxy-1-naphthylaldehyde isonicotinoyl hydrazone 

(311; Figure 4c), demonstrated marked anti-proliferative activity and potently decreased iron 

uptake from transferrin by cells and increased cellular iron release [127, 128]. Furthermore, 311 

was demonstrated to inhibit RR activity [129] and inhibited cell cycle progression by decreasing the 

expression of CDK2 and cyclins A, B1, D1, D2, and D3 [130]. 

With the success of the 300 series, structure-activity relationship analysis was expanded into 

developing new analogs of PIH with different chemical backbones [115].  As a result, the 2-

pyridylcarboxaldehyde isonicotinoyl hydrazone (PCIH; Figure 4d) series of analogs were 

developed   [119, 131]. However, the PCIH series did not show an increase in anti-proliferative 

activity relative to the related PIH analogs, but were effective iron chelators suitable for the 

treatment of iron overload disease [131]. The next generation of agents, namely the di-2-

pyridylketone isonicotinoyl hydrazone (PKIH; Figure 4e) series, was designed by adding an extra 

pyridyl ring to the PCIH structure (Figure 4d) [5, 132]. These ligands can form complexes with 

Fe(II), which exhibit redox activity in cancer cells, resulting in the generation of cytotoxic ROS, 

resulting in more potent anti-proliferative activity than their respective PCIH counterparts [133]. 

Further studies [134] led to the development of hybrid compounds such as 2-hydroxy-1-

naphthylaldehyde-4,4-dimethyl-3-thiosemicarbazone (N44mT; Figure 4f), that were intermediates 

between the aroylhydrazone analogs described above (e.g., 311; Figure 4c) and the 

thiosemicarbazones (e.g., di-2-pyridylketone-4,4-dimethyl-3-thiosemicarbazone; Dp44mT; Figure 

4g). 
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1.3.3 Thiosemicarbazones 

In the progressive development of these ligands, and as a consequence of the previous generation of 

the PKIH and hybrid ligands, described above, the DpT series of thiosemicarbazone ligands were 

developed e.g., Dp44mT (Figure 4g) and di-2-pyridylketone 4-cyclohexyl-4-methyl-3-

thiosemicarbazone (DpC; Figure 4h) [116, 135]. Similarly to their aroylhydrazone counterparts, 

thiosemicarbazones are tridentate ligands [117], which are classically recognized for their 

significant anti-cancer activity due to inhibition of RR [5]. These ligands bind iron via two nitrogen 

atoms and a thiocarbonyl sulfur atom [44]. Thiosemicarbazones are known to have a high affinity 

for not only iron, but also to other metal ions, such as Co(II), Cu(II), Ga(III), Mn(II), and Zn(II) 

ions [136]. A wide variety of thiosemicarbazones have been developed throughout the years in an 

attempt to develop more effective anti-cancer agents, with Triapine
®

 being amongst extensively

characterized especially in the clinics [79].  

1.3.3.1 Triapine
®

The heterocyclic thiosemicarbazone, 3-aminopyridine-2-carboxaldehyde thiosemicarbazone 

(Triapine
®

; Figure 4i), has been identified as one of the most potent RR inhibitors yet identified

and leads to marked inhibition of the cancer cell growth [136]. This compound has shown 

impressive anti-cancer activity in both in vitro and in vivo [5]. Of note, Triapine
®

 possesses redox-

active properties upon the formation of Fe(III)-Triapine
® 

complexes [129] and
 
has undergone over

20 Phase I and Phase II clinical trials to investigate its anti-tumor activity [44]. For example, in a 

previous Phase I clinical study with 21 patients where 120 mg/m
2
 per day was administered for a

fortnight, a decrease in tumor markers along with the stability of the disease was shown in four 

patients [137]. However, increasing the dosage to 160 mg/m
2
 resulted in dose-limiting toxicity in

three patients [137]. Another Phase I clinical trial explored the activity of Triapine
® 

in leukemia

patients by administering 96 mg/m
2
 infusions for 2 h each day for 5 days [138]. In 76% of these

patients, a >50% decrease of white blood cells was demonstrated. Furthermore, when a dosage of 
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85 mg/m
2
 was administered twice a day, one of the patients developed symptoms indicating

toxicity, such as met-hemoglobinemia, hypoxia, dyspnea and diarrhea [138]. Similar negative 

results were observed in studies by Knox et al. (2007) and Mackenzie et al. (2007), where the 

patients demonstrated dose-limiting toxicity [139, 140].  

Due to these generally suboptimal outcomes, research was expanded into using Triapine
®

 combined

with other anti-cancer agents such as cisplatin [141]. A recent study explored the efficacy of 

Triapine
®

 combined with cisplatin in patients with advanced-stage malignancies by administering

96 mg/m
2 

per day for four days followed by 75 mg/m
2
 of cisplatin daily for over two days [141].

The outcome of this investigation was that 50% of the patients demonstrated stable disease, but 

many patients showed toxicity, including reversible dyspnea, leukopenia, and fatigue [141]. The 

promise of Triapine
®

, but its eventual failure, indicated that thiosemicarbazones are a promising

group of anti-cancer agents, although their selectivity against cancer cells relative to normal cells 

required optimization. 

1.3.3.2 DpT series: The first and second generation lead compounds, Dp44mT and DpC 

Relative to Triapine, the DpT series of ligands, and particularly the first generation lead compound, 

Dp44mT, demonstrated greater activity and less toxicity in vivo [116, 135]. An in vitro study done 

using SK-N-MC neuroepithelioma cells, MCF-7 breast cancer cells and SK-Mel-28 melanoma cells 

demonstrated that the DpT analogs, Dp44mT, Dp4mT, Dp4aT, Dp4eT, and Dp4pT inhibited 

proliferation by 50% at concentrations between 0.03-0.06 µM, whereas DFO and 311 required 

concentrations 5 µM and 0.3 µM, respectively, for the same anti-proliferative activity [116]. Also, 

this study revealed that the ligand, di-2-pyridylketone-4,4-dimethyl-3-thiosemicarbazone (Dp44mT; 

Figure 4g), was the most effective analog from the series [116]. These in vitro studies were then 

extended in vivo using the M109 tumor model in mice. These animals were treated with 0.15, 0.3, 

and 0.4 mg/kg/bd of Dp44mT through intravenous injection for 5 days [116]. Results demonstrated 
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that the tumor weight in mice treated with 0.4 mg/kg Dp44mT was decreased to 47% of the relevant 

control mice [116].  

A study done by Whitnall et al. (2006) investigated the anti-tumor efficacy of Dp44mT in vitro 

compared to DFO and Triapine
®

 in 28 different cancer cell lines [135]. The average IC50 value of

Dp44mT in the cell lines was 0.03 ± 0.01 µM, whereas DFO and Triapine
®

 demonstrated much

lower activity, and thus, higher IC50‘s of 3 to >25 µM and 1.41 ± 0.37 µM, respectively [135]. The 

in vivo component of the study was conducted using nude mice bearing a number of different 

human tumor xenografts and treating these animals with either Triapine
® 

(12 mg/kg/day) or

Dp44mT (0.4 or 0.75 mg/kg/day) for up to 14 days [135]. There was a significant decrease in the 

tumor size in mice treated with Dp44mT compared to the control. Furthermore, Dp44mT 

demonstrated greater activity and selectivity than Triapine
®

, with the latter agent causing a number

of deleterious side effects, including splenic enlargement and hematological toxicity due to the 

higher concentrations required for anti-tumor activity [135].  

However, cardiac fibrosis was observed in mice treated with intensive, high doses of Dp44mT (0.75 

mg/kg/day), indicating a possible side effect of cardiotoxicity [135]. Lower doses of Dp44mT such 

as 0.4 mg/kg/day were tolerable and exhibited less cardiotoxicity, suggesting that this side effect 

could be dose-dependent [135]. Also, this study demonstrated that the iron-regulated metastasis 

suppressor gene, N-myc downstream-regulated gene 1 (NDRG1), was up-regulated in the tumor 

xenografts in mice treated with Dp44mT [135]. Of note, NDRG1 is involved in suppressing tumor 

growth and metastasis, and the ability of Dp44mT to up-regulate this protein is an indicator of its 

effective anti-cancer activity (see section 1.2.4.2 for further details).  

Another study performed by Noulsri et al. examined the effectiveness of Dp44mT against leukemic 

cells compared to DFO [142]. The results from this study demonstrated that Dp44mT caused a G1/S 
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cycle arrest of NB4 leukemic cells at very low concentrations such as 0.5-2.5 µM [142]. 

Furthermore, it was observed that this ligand successfully induced apoptosis of acute leukemic cells 

at Dp44mT concentrations starting from 0.05 µM [142]. In contrast, DFO required a far greater 

concentration (2500 µM), which is clinically unachievable in patients [142]. This latter study 

demonstrated that Dp44mT is highly selective against leukemic cells, as it had a minimal effect on 

non-proliferating cells [142].  

Due to the side-effects of Dp44mT, studies were extended to develop a second generation of DpT 

analogs to overcome these problems [143]. As a result, a new lead agent, namely di-2-pyridylketone 

4-cyclohexyl-4-methyl-3-thiosemicarbazone (DpC), was synthesized and characterized (Figure 4h)

[143]. Although DpC is structurally similar to Dp44mT, DpC did not induce cardiotoxicity, which 

was a major improvement over Dp44mT. Many studies have demonstrated that DpC shows greater 

anti-tumor activity in vivo even against stubborn cancer-types, such as pancreatic cancer [144]. 

Furthermore, it was demonstrated that DpC was effective by both the oral and intravenous 

administration routes [143], unlike Dp44mT, which exhibited toxicity after oral administration 

[145]. With these promising properties, DpC entered clinical trials for the treatment of advanced 

and resistant cancer in early 2016 [146].  

Lovejoy et al. (2012) conducted studies to examine the effect of DpC and Dp44mT against lung 

cancer in vitro and in vivo. Small cell lung carcinoma cells, DMS-53, and non-small cell lung 

carcinoma cells, A549, were treated with Dp44mT or DpC compared to DFO and standard 

chemotherapeutics, such as gemcitabine, cisplatin, or etoposide [143]. Both DpC and Dp44mT 

demonstrated superior anti-proliferative activity in vitro in cell culture than standard chelators, such 

as DFO, and displayed greater efficacy than the ‗gold standard‘ therapy for pancreatic cancer, 

gemcitabine [143]. Nude mice bearing DMS-53 lung carcinoma xenografts were treated 

intravenously with DpC (4 or 8 mg/kg) or Dp44mT (0.75 mg/kg) five days/week for twenty-one 
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days or orally with DpC (10 or 20 mg/kg), three times/week for twenty days, resulting in effective 

inhibition of tumor growth [143]. DpC demonstrated significantly better tolerability than Dp44mT 

and had the advantage of being orally bioavailable [143].  

A more recent study performed by Guo et al. (2016) examined the efficacy of DpC and Dp44mT 

against the neuroblastoma cell line, SK-N-LP [147]. In vitro results demonstrated that the cytotoxic 

activity of both DpC and Dp44mT in neuroblastoma cells was higher than the commercially 

available iron chelator, Deferiprone (L1) [147]. Furthermore, DpC exhibited the ability to induce 

higher levels of apoptosis in neuroblastoma cells than both Dp44mT and L1 in vitro [147]. 

Administration of DpC was able to inhibit the growth of orthotopic neuroblastoma tumors in a nude 

mouse model when given intravenously at 4 mg/kg/day for three weeks [147]. Treatment with DpC 

did not cause any significant toxicity at higher doses, unlike Dp44mT given intravenously (0.75 

mg/kg/day), which suggested that DpC could be a potent anti-cancer agent against neuroblastoma 

[147].  

Unfortunately, during the clinical trials of DpC, muscle pain (myalgia) was reported (Oncochel 

Therapeutics LLC, personal communication), which may be potentially related to the oxidation of 

myoglobin, which was reported by our laboratory in studies in vivo using mice [148]. 

1.3.4 Key Mechanisms of Action of the DpT Series of Ligands and their Molecular Targets 

Due to their mechanism of action of binding iron and copper, the metal-binding DpT ligands can 

affect multiple molecular targets. One of the most significant characteristics of the DpT ligands is 

the unique mechanism of action behind their potent anti-proliferative properties, which is known as 

the ―double punch‖ [116, 149]. In terms of this mechanism, the neutral ligands enter tumor cells by 

permeating the plasma membrane, followed by the binding of intracellular iron and copper [116, 

149, 150]. Depletion of these essential metals inhibits the growth of the cancer cells and constitutes 
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the ―first punch‖ against the tumor cells [44]. The iron- and copper-bound complexes then undergo 

redox cycling where they react with oxygen resulting in ROS generation [117].  These ROS 

constitute the ―second punch,‖ resulting in oxidative damage to essential biomolecules in the cancer 

cells leading to their death [117].  

 Assessment of the biological activity of Dp44mT demonstrated that this agent could overcome the 

so-called ―Triad of Death‖ in cancer, namely, resistance to chemotherapeutics, metastasis, and 

primary tumor growth [146]. Some of the major molecular targets responsible for these effector 

mechanisms are described below and include Pgp, NDRG1, RR, c-Myc, cyclin D1, and p53. 

1.3.4.1 Pgp 

Currently, resistance to standard chemotherapies can be observed in many cancer-types [151]. One 

of the primary targets of the DpT series of anti-cancer drugs is the lysosome [150]. This target is 

critical, as neoplastic cells are highly dependent on lysosomal function due to their altered 

metabolism [152]. Studies have demonstrated that lysosomal iron and copper are targeted by 

Dp44mT and then form redox active iron and copper complexes inducing ROS formation and 

lysosomal membrane permeabilization (Figure 5) [150, 153, 154]. This effect leads to the release of 

cathepsins from lysosomes (Figure 5), that cleave pro-apoptotic Bid that results in the death of the 

tumor cells by classical mitochondrial-driven apoptosis [116, 150].  

Interestingly, these agents have also shown the ability to overcome P-glycoprotein (Pgp)-mediated 

drug-resistance by ‗hijacking‘ lysosomal Pgp [146]. Pgp is a transmembrane glycoprotein found 

highly expressed in many drug-resistant tumor-types, which exports chemotherapeutics out of 

cancer cells, decreasing their anti-neoplastic activity [155]. Classically, Pgp was thought to be 

expressed only on the plasma membrane, but due to the process of endocytosis and the formation of 

endosomes, Pgp becomes internalized into these vesicles [155] (Figure 6). Due to this process of 
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endocytosis from the cell membrane, the internalized Pgp then transports substrates (such as the 

DpT ligands) into endosomes [151, 155]. A proportion of the endosomes mature into lysosomes 

that also possess Pgp [155].  

Upon the transport of the DpT agents into the lysosome by Pgp, these ligands then bind iron or 

copper released by the process of protein degradation [151, 155]. The binding of iron and copper 

results in the formation of redox-active complexes that result in the generation of cytotoxic ROS, 

which leads to lysosomal membrane permeabilization and death of the resistant cancer cell (Figure 

6) [146]. This process of ―hijacking‖ Pgp imparts marked selectivity to the DpT series in terms of

their anti-cancer activity against highly resistant Pgp-expressing tumor cells [146]. 

1.3.4.2 NDRG1 

N-myc downstream-regulated gene 1 (NDRG1) is another key molecular target of iron-binding

ligands, including DFO, Dp44mT, and DpC [156]. Significantly, NDRG1 is a metastasis suppressor 

gene expressed in many cancer cell-types [157]. It is known that high NDRG1 levels in tumors 

considerably decrease metastases and are correlated with improvement of the five-year survival rate 

of patients with breast, prostate, or colon cancer [158]. Previous studies have shown that depletion 

of tumor cell iron by DFO and Dp44mT markedly up-regulates NDRG1 expression and is 

correlated with the anti-proliferative activity and iron chelation efficacy of chelators [159].  

Up-regulation of NDRG1 by iron depletion is mediated by hypoxia-inducible factor-1α (HIF-1α) 

dependent and independent mechanisms [159, 160]. The increased expression of NDRG1 by HIF-

1α-dependent mechanisms occurs by the ability of iron depletion to inhibit the activity of prolyl 

hydroxylase (PHD) enzymes (Figure 7) [161]. PHDs are iron-dependent enzymes that require iron 

and oxygen for their activity [162]. Under normoxia or high cellular iron concentrations, PHDs 

hydroxylate HIF-1α subunits on two proline residues, namely Pro402 and 564 [163, 164]. 
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Hydroxylated HIF-1α interacts with the von Hippel-Lindau (vHL) protein, which is a tumor 

suppressor that mediates the degradation of HIF-1α through the ubiquitin-proteosome pathway 

(Figure 7) [162]. Therefore, down-regulation of HIF-1α is observed in cells with high intracellular 

iron levels [161].  

In contrast, depletion of iron after treatment with iron chelators inhibits the activity of PHDs due to 

the requirement of these enzymes for iron in their active site [163]. Hence, hydroxylation of HIF-1α 

is inhibited after iron depletion, preventing degradation of HIF-1α  as vHL can no longer interact 

with non-hydroxylated HIF-1α (Figure 7) [163]. These events stabilize the HIF-1α subunit, leading 

to dimerization with HIF-1β and up-regulation of the HIF-1 transcription factor, which 

transactivates NDRG1 [162]. It has been demonstrated that NDRG1 has hypoxia-response elements 

(HREs) located upstream of the promoter region [159]. The binding of the HIF-1 transcription 

factor to these HREs is responsible for the HIF-1-dependent up-regulation of NDRG1 expression 

[159]. A similar effect can be observed under hypoxic conditions [159] due to the essential oxygen 

requirements of the PHD enzymes [162].  

Iron depletion can also induce HIF-1α independent up-regulation of NDRG1 [159, 160], the 

mechanism involved being via eukaryotic initiation factor 3a (eIF3a), which prioritizes translation 

of NDRG1 mRNA through the formation of stress granules that occur during stress produced by 

iron depletion or hypoxia [159, 160]. A third mechanism involved in the up-regulation of NDRG1 

after iron chelation probably occurs through the pronounced down-regulation of N-myc [125] 

(described above in Section 1.3.1). In fact, it is known that N-myc acts as a repressor of NDRG1 

transcription [165, 166], and thus, its down-regulation after iron chelation should result in the up-

regulation of NDRG1. However, this hypothesis remains to be experimentally verified. 
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In terms of how iron-binding ligands inhibit metastasis via NDRG1, the mechanism involved 

appears complex and multi-faceted. However, the ability of NDRG1 to inhibit the transforming 

growth factor-β (TGF-β)-induced epithelial-mesenchymal transition (EMT) appears to be a 

significant factor [167] (Figure 8). The EMT is a crucial step in cancer cell migration, invasion, and 

metastasis, and is stimulated by TGF-β that is a regulator of this process [167]. Therefore, inhibiting 

the EMT via NDRG1 over-expression plays a significant role in suppressing metastasis, which 

indicates the importance of NDRG1 as a key molecular target of iron chelators.   

It has also been demonstrated that up-regulation of NDRG1 inhibits metastasis by suppressing other 

crucial oncogenic pathways, such as the WNT, PI3K/AKT, and ROCK1/pMLC2 signaling (Figure 

8). Oncogenic signaling via the WNT pathway is known to stabilize and promote the nuclear 

translocation of β-catenin, which is known to co-activate the transcription of genes such as c-Myc 

and cyclin D1, which regulate cell proliferation, differentiation, and apoptosis [168]. The up-

regulation of NDRG1 by iron-binding ligands suppresses the WNT signaling pathway, inhibiting 

the nuclear translocation of β-catenin [169, 170]. In addition, NDRG1 promotes the localization of 

β-catenin in the plasma membrane where it binds with E-cadherin forming the adherens junction 

leading to the inhibition of the EMT [167]. Collectively, these mechanisms mediated by NDRG1 

results in the inhibition of metastasis [171].  

Considering the PI3K/AKT signaling pathway, it is well known to inhibit apoptosis and promote 

cancer cell survival, growth, proliferation, metastasis, and insensitivity to anti-proliferative signals 

[172]. The phosphorylation of PIP2 to PIP3 by activated PIK3 results in the phosphorylation and 

activation of AKT, which facilitates many pro-oncogenic pathways [173]. The tumor suppressor, 

phosphatase and tensin homolog deleted on chromosome 10 (PTEN), is known to dephosphorylate 

PIP3 to PIP2, inhibiting the activity of AKT [174]. Interestingly, the overexpression of PTEN has 

demonstrated the ability to up-regulate NDRG1 [175]. Further, the up-regulation of NDRG1 
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significantly increases PTEN levels, suggesting a positive feedback mechanism between the two 

proteins [176].  Hence, the overexpression of NDRG1 by iron chelation inhibits the activity of 

AKT, decreasing the above-mentioned oncogenic effects on this pathway [168]. 

The formation of stress fibers is known to have an essential role in cancer cell migration and 

metastasis, and the phosphorylation of myosin light chain 2 (pMLC2) by Rho-associated, coiled-

coil- containing protein kinase 1 (ROCK1) facilitates the formation of these fibers [177, 178]. Iron 

chelation mediated up-regulation of NDRG1 has been demonstrated to inhibit the ROCK1/pMLC2 

pathway, which leads to inhibition of tumor cell migration that is necessary for metastasis [177].  

In summary, the ability of iron-binding ligands to up-regulate NDRG1 expression results in potent 

anti-oncogenic activity by depressing the activity of multiple signaling pathways that are essential 

for proliferation, growth, and metastasis. 

1.3.4.3 Ribonuclease reductase 

The iron-containing enzyme, RR, catalyzes the rate-limiting step in DNA synthesis involved in the 

conversion of ribonucleotides to deoxyribonucleotides and is susceptible to the activity of iron-

binding ligands [159, 179, 180]. The two RR subunits, R1 and R2, are non-identical homodimers 

[179]. The R1 subunit contains the active site, which facilitates the binding of the ribonucleotides, 

while the R2 subunit contains a tyrosyl radical, which depends on iron for its stability [159, 179]. 

Therefore, depletion of iron inactivates the R1 subunit due to the inadequate supply of R2, which 

inhibits DNA synthesis that is required for cancer cell proliferation [159]. 

1.3.4.4 c-Myc 

c-Myc is a proto-oncogene overexpressed in many cancer types as it promotes cellular proliferation,

differentiation, and apoptosis [181]. Studies have demonstrated that iron chelation in tumor cells 
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decreases c-Myc expression [42, 182]. It is known that increased c-Myc expression down-regulates 

the H-subunit of ferritin and promotes the direct transcriptional activation of IRP-2 [74]. 

Specifically, the decreased ferritin-H expression could reduce cellular iron storage, while the up-

regulation of IRP-2 may stabilize TfR1 mRNA and increase TfR1 protein levels, which may 

facilitate iron uptake from transferrin and promote cellular proliferation. Considering this effect, the 

known down-regulation of c-Myc expression by iron-depletion [182] could disrupt these processes 

that facilitate iron-mediated proliferation [42]. 

 1.3.4.5 Cyclin D1 

The five phases of the cell cycle, G0, G1, S, G2, and M, are known to be facilitated by cyclins and 

cyclin-dependent kinases (CDKs) [42]. Cyclin D1 binds with CDK4 or CDK6 to form active 

complexes, which are involved in the progression of the cell cycle from G1 to S phase by 

phosphorylating the retinoblastoma protein [44].  Over-expression of cyclin D1 can be observed in 

neoplastic cells and is related to rapid tumor cell proliferation [183]. Studies have demonstrated that 

chelator-mediated iron depletion of tumor cells markedly decreases cyclin D1 expression [130, 

184].  This decrease in cyclin D1 facilitates G1/S arrest of the cell cycle, inhibiting tumor growth, 

which makes cyclin D1 an important molecular target of iron chelators [130, 184].  

1.3.4.5 p53 

The p53 protein is a tumor suppressor protein that acts as a transcription factor inducing DNA 

repair, cell-cycle arrest, and/or apoptosis, where it is activated by cellular stresses such as DNA 

damage [159, 185]. This protein has demonstrated anti-tumor activity via various downstream 

targets, including p21 and GADD45, which are involved in G1/S arrest of the cell cycle and DNA 

damage repair, respectively [186]. On the other hand, p53 displays loss of function mutations in 

approximately 50% of cancers, with mutant p53 demonstrating oncogenic properties [187, 188]. 

Iron chelators have been demonstrated to up-regulate p53 expression in tumor cells, which also 
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leads to an increase in its DNA-binding activity and the transactivation of its downstream targets 

[185, 186]. Increased p53 expression is known to up-regulate the mRNA levels of WAF1 that 

encodes p21, which then induces cell cycle arrest by inhibiting the CDKs [185]. However, the 

transactivation of WAF1 gene after iron chelation has been observed in tumor cell-types with or 

without p53 expression, suggesting a p53-independent pathway that leads to the inhibition of cell 

cycle progression of cancer cells [185].  Hence, iron depletion can suppress tumor growth by 

stimulating cell-cycle arrest in a p53-dependent and independent manner in neoplastic cells [189].  

1.4 Summary 

The sensitive relationship between iron and cancer cell growth has given rise to iron chelation 

therapy to treat cancer. The classical iron chelator used for iron overload diseases, DFO, has 

demonstrated efficient anti-cancer properties on a number of cancer-types, especially 

neuroblastoma, which is a common and highly aggressive extra-cranial tumor found in pediatric 

patients.  DFO demonstrated the avid ability to down-regulate N-myc expression, a potent oncogene 

that correlates with poor prognosis and advanced stages of neuroblastoma cases. Moreover, DFO 

markedly up-regulated NDRG1, which is a metastasis suppressor that inhibits the metastasis of 

tumors by modulating a variety of oncogenic signaling pathways, such as TGF- β, WNT/ β-catenin, 

PI3K/AKT, and ROCK1/pMLC2. Considering the multiple mechanisms involved, it can be 

speculated that because N-myc represses NDRG1 transcription [165, 166, 190], the ability of iron 

chelators to markedly inhibit neuroblastoma growth could be mediated, at least in part, via the 

effect of these agents on down-regulating N-myc. Indeed, it is known that iron chelators also up-

regulate NDRG1 directly via their ability to increase HIF-1α expression that leads to increased HIF-

1 mediated transcription of NDRG1. 

Due to the drawbacks of DFO such as its short plasma half-life (5-10 min) [114], its requirement for 

long subcutaneous infusion, and its hydrophilicity that suppresses membrane permeability, studies 
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have progressed to specifically develop more effective iron-binding ligands for the treatment of 

cancers such as neuroblastoma. After decades of research, our laboratory developed the DpT series 

of metal-binding ligands, which demonstrated anti-cancer properties through a unique mechanism 

called the ―double punch‖ mechanism. The leading agent of the first generation of DpT series, 

namely Dp44mT, demonstrated exceptional anti-proliferative activity in vitro and in vivo that was 

much greater than DFO.  

Unfortunately, Dp44mT caused cardiotoxicity in mice after intense treatment regimens at higher 

dosages, leading to the development of the second generation of agents. The lead compound of the 

second generation, DpC, demonstrated superior anti-cancer activity and did not induce 

cardiotoxicity. A significant finding was that DpC demonstrated broad anti-cancer activity against a 

variety of tumors, including neuroblastoma. This latter agent progressed to clinical trials in early 

2016 due to these advantages [142].  Further studies in our laboratory are ongoing to develop even 

more effective ligands for cancer treatment, especially neuroblastoma. This latter disease is of 

particular interest, especially considering the vital role of N-myc in its pathogenesis and its ability 

to be markedly down-regulated by cellular iron depletion. 
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List of Figures  

Figure 1: Schematic of a generalized model of intracellular iron metabolism in cells. Iron bound to 

transferrin enters the cell by the binding of transferrin to transferrin receptor 1 (TfR1), which is then 

internalized into an endosome by receptor-mediated endocytosis. Within the endosome, ferric iron 

is then released from transferrin by a decrease in intravesicular pH (to ~ pH 5). The released ferric 

ion is reduced by the ferrireductase, six-transmembrane epithelial antigen of prostate 3 (STEAP3), 

and then transported across the endosomal membrane by divalent metal ion transporter 1 (DMT1). 

The iron subsequently enters the intracellular labile iron pool (LIP) that supplies iron for organelles, 
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such as mitochondria, or is stored in ferritin. The iron export protein, ferroportin 1 (Fpn1), 

transports iron out of the cell. 

Figure 2: Regulation of intracellular iron metabolism binding of iron regulatory proteins-1 and -2 

(IRP-1 and -2) to the iron-responsive elements (IRE) in 3ꞌ- and 5ꞌ-untranslated regions (UTRs) of 

transferrin receptor 1 (TfR1) mRNA and ferritin mRNA, respectively. Of note, the RNA-binding 

activity of IRP-1 and IRP-2 are regulated differently. For IRP-1, its RNA-binding activity is ablated 

by the formation of a [4Fe-4S] cluster in the presence of high cellular iron, while for IRP-2, it is 

degraded by the proteasome when iron levels are high [1]. At high cellular iron concentrations, 

IRPs cannot bind to the 3ꞌ-IREs of the TfR1 mRNA, with the mRNA being degraded by 

endonucleases. In contrast, under iron deprivation conditions, IRP-1 and -2 bind to the 3ꞌ-IREs of 

TfR1 mRNA, with this interaction stabilizing the mRNA, protecting it from endonucleases, enabling 

TfR1 translation. In the presence of high concentrations of iron, IRPs cannot bind to the 5ꞌ IRE of 

ferritin mRNA that promotes its translation. In the absence of iron, IRP-1 and -2 bind the 5ꞌ-IRE of 

ferritin mRNA, which sterically blocks its translation on the ribosome. 
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Figure 3: Schematic of copper metabolism in normal cells. Copper ions enter cells by several 

mechanisms.  Cuprous ions (Cu
+2

) can be transported into the cell by divalent metal ion transporter

1 (DMT1) that also transports ferrous iron (see Figure 1). Bioavailable copper as Cu
+2 

can be

reduced by membrane-bound reductases such as STEAP 2, 3, 4, and DCYTB to the cupric state 

(Cu
+
), which can then be transported by Ctr1, and this process constitutes the major mechanism of

copper uptake by cells. Once internalized, copper in its cupric state (Cu
+
) is then transported to the

Golgi bodies, mitochondria, and SOD1 by the copper chaperones, COX17, ATOX1, and CCS, 

respectively. Superfluous cuprous ions are safely sequestered by the metallothioneins 1 and 2 (MT1 

and MT2), which store excess copper. Elevated copper levels induce MT1 and MT2 expression, 

with this being mediated by the transcription factors, MTF1 and Nrf2. Cuproproteins (CuPrs) 

assembled in the Golgi compartment can be secreted out of the cell, or sorted into specific 

organelles. In enterocytes or hepatocytes, ATP7A and ATP7B translocate to the plasma membrane 

to transport Cu
+
 into the blood or bile, respectively. The cytochrome c oxidase assembly protein,

COX19, is involved in the transduction of a SCO1-dependent mitochondrial redox signal for 

regulating ATP7A-mediated copper efflux to maintain intracellular copper. 
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Figure 4: Line drawings of the chemical structures of: (a) Desferrioxamine (DFO); (b) pyridoxal 

isonicotinoyl hydrazone (PIH); (c) 2-hydroxy-1-naphthylaldehyde isonicotinoyl hydrazone (311); 

(d) 2-pyridylcarboxaldehyde isonicotinoyl hydrazone (PCIH); (e) di-2-pyridylketone isonicotinoyl

hydrazone (PKIH); (f) 2-hydroxy-1-naphthylaldehyde-4,4-dimethyl-3-thiosemicarbazone (N44mT); 

(g) 3-aminopyridine-2-carboxaldehyde thiosemicarbazone (Triapine
®

); (h) di-2-pyridylketone-4,4-

dimethyl-3-thiosemicarbazone (Dp44mT); and (i) di-2-pyridylketone-4-cyclohexyl-4-methyl-3-

thiosemicarbazone (DpC). 

Figure 5: Cellular mechanism of action of DpT series of ligands and their targeting of the 

lysosome. Upon permeation of Dp44mT into lysosomes, the compound becomes charged at the 

acidic pH (pH 5) of the organelle. This change in charge results in the sequestration of the ligand in 

the lysosome, enabling it to bind iron and copper ions released from protein degradation during 

autophagy. The so-formed iron and copper complexes are redox-active and generate cytotoxic 

reactive oxygen species (ROS) that induce lysosomal membrane permeabilization. This process 
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results in the liberation of lysosomal cathepsins into the cytosol resulting in the cleavage of pro-

apoptotic Bid that leads to cell death [116].  

Figure 6: The mechanism of P-glycoprotein (Pgp)-mediated lysosomal targeting by the DpT series 

of agents, such as Dp44mT and DpC.  As shown in Figure 5, DpT ligands target the lysosome. In 

drug-resistant tumor cells expressing Pgp, it was demonstrated that lysosomes express Pgp due to 

its internalization from the plasma membrane by the process of receptor-mediated endocytosis. Due 

to this process of Pgp internalization, this pump transports substrates such as Dp44mT or DpC into 

lysosomes. This mechanism enables facilitated access of these metal-binding ligands to lysosomal 

copper, leading to markedly increased generation of cytotoxic, redox-active metal complexes. As 

such, this promotes lysosomal damage and the death of the highly resistant Pgp expressing cancer 

cells. 

Figure 7:  Regulation of the transcription factor, hypoxia-inducible factor-1α (HIF-1α) by iron-

dependent prolyl hydroxylase enzymes (PHDs) under high iron and low iron concentrations. In the 

presence of iron and oxygen, PHDs hydroxylate, HIF-1α, enabling its interaction with the von 
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Hippel-Lindau (vHL) protein, which mediates its degradation via ubiquitination and the 

proteasome. In the absence of iron, PHDs are inactive, preventing HIF-1α degradation and enabling 

its association with HIF-1β. This process results in formation of a transcriptionally active HIF-1 

heterodimer that can transactivate its targets, such as N-myc downstream-regulated gene-1 

(NDRG1). 

Figure 8: Inhibition of metastasis pathways by iron chelators via up-regulation of NDRG1. In 

neuroblastoma cells, there could be at least three mechanisms that lead to this effect. The first 

mechanism relates to the ability of iron chelators to increase HIF-1α expression (see Figure 7), 

which leads to increased HIF-1-mediated transcription of NDRG1. The second mechanism involves 

a HIF-1α-independent process of up-regulating NDRG1 mediated by the eukaryotic initiation factor 

3a (eIF3a; see text for details). The third mechanism still requires experimental validation, but 

relates to the ability of iron depletion to down-regulate the N-myc oncogene [125] that is known to 

suppress NDRG1 expression [165, 166, 190], with the resulting effect being NDRG1 up-regulation. 

Together, these mechanisms bolster NDRG1 expression, resulting in the suppression of multiple 

pro-oncogenic pathways. These pathways include TGF-β, WNT, PI3K/AKT, and ROCK1/pMLC2 

signaling that inhibit the epithelial-mesenchymal transition (EMT) and metastasis. 
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