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Abstract 

Iron is a critical component of many cellular functions including DNA replication and repair, and it is 
essential for cell vitality. As an essential element, iron is critical for maintaining human health. However, 
excess iron can be highly toxic, resulting in oxidative DNA damage. Many studies have observed 
significant associations between iron and cancer, and the association appears to be more than just 
coincidental. The chief characteristic of cancers, hyper-proliferation, makes them even more dependent 
on iron than normal cells. Cancer therapeutics are becoming as diverse as the disease itself. Targeting 
iron metabolism in cancer cells is an emerging, formidable field of therapeutics. It is a strategy that is highly 
diverse with regard to specific targets and the various ways to reach them. This review will discuss the 
importance of iron metabolism in cancer and highlight the ways in which it is being explored as the 
medicine of tomorrow. 
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Introduction 
Iron is essential for cell vitality. It is found in 

proteins that perform a variety of functions including 
biomolecule synthesis, oxygen transport and 
homeostasis, and respiration [1]. Iron is a critical 
component of many proteins involved in nucleic acid 
metabolism and repair, as well as cell cycle 
progression [2]. Because iron is an integral component 
of anatomy and physiology and its bioavailability is 
scarce, iron stores are tightly regulated within the 
body in order to ensure conservation and mitigate 
toxicity [3]. 

The oxidation-reduction (redox) ability of iron is 
at the heart of its importance as a handler of oxygen 
and electrons, but it is in this same role that it harbors 
its dangers [4]. Iron is able to easily interconvert 
between the ferrous state (Iron [II]) and ferric state 
(Iron [III]) and may exist in a wider range of oxidation 
states [4]. In cellular metabolism, iron largely draws 
its negative effects from the reduction of oxygen. Due 
to oxygen’s atomic nature, its reduction must proceed 
in a stepwise fashion of individual electron additions 
and reactive intermediates [5]. During this process, 
the Fenton reaction can occur between ferrous iron 

and hydrogen peroxide to generate the highly reactive 
hydroxyl radical [5]. Oxygen reduction intermediates 
are known as reactive oxygen species (ROS) and have 
been linked to lipid, protein, nucleic acid, and various 
signaling pathway damage [6]. As such, iron has 
become a key target of interest in the progression and 
treatment of diseases including cancer. This review 
will discuss aspects of the therapeutic potential of iron 
metabolism for cancer. First, we will present a brief 
overview of the role of iron in the body and discuss 
aspects of the therapeutic potential of iron for the 
treatment of cancer. 

Cellular Metabolism of Iron 
Iron Absorption and Recycling:  

In a standard diet, inorganic iron (Fe3+) from 
plant origin accounts for 80–90%, whereas the 
remaining 10% is heme iron (Fe2+) associated with 
meat intake [7]. Ingested inorganic iron must first be 
reduced to its ferrous form for solubility and 
absorption by enterocytes. Reduction of iron is 
achieved through ferrireductases, specifically 
duodenal cytochrome B (DcytB), and potentially in 
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combination with other ferrireductases [8] (Figure 1). 
Ferrous iron is imported into enterocytes through 
divalent metal transporter 1 (DMT1) on the apical 
membrane [9]. Heme iron and ferritin are also 
absorbed by enterocytes, but they require a slightly 
different path from inorganic iron absorption in order 
to release iron from their organic containers. 
Nevertheless, heme, ferritin, and inorganic iron are all 
able to be effectively incorporated into cells [8]. In 
fact, heme iron can be more effectively absorbed and 
incorporated into the body than non-heme iron and 
may contribute up to 50% of the iron absorption from 
diet [10]. Once in the cell, iron can be used for a 
number of functions depending on the cellular and 
systemic conditions at hand, which we will present.  

Within enterocytes, redox-active iron is 
transiently collected in the labile iron pool as it passes 
from its entry stage into the greater cell metabolism 
[11]. Chaperone proteins including Poly(rC)-binding 
proteins (PCBPs) and glutaredoxin-BolA-like protein 
complexes direct iron to various sites in the cell [12]. 
Due to its redox capabilities, iron is utilized in the 
mitochondria for various processes as a part of 
prosthetic groups such as iron-sulfur clusters and 
porphyrin bound iron, or as an ion. Within these 
groups, iron functions in various electron transfer 
reactions such as within the tri-carboxylic acid/citric 
acid/Krebs cycle, the mitochondrial respiratory chain, 
molecular biosynthesis, and signaling [13]. Within the 
nucleus of cells, iron modulates the regulation and 
function of various proteins involved in the 
replication and repair of DNA, including DNA 
helicase and the various polymerases [14]. Iron is also 
critical for the synthesis of deoxyribonucleotides as a 
part of the redox chemistry-heavy ribonucleotide 
reductase [15]. The general trend of cellular iron 
utilization by various proteins and reactions leverages 
the role of iron as a potent facilitator of electron 
transfer.  

 When not incorporated into functional 
purposes, iron can be safely stored within the cell. 
Ferritin is a protein that both oxidizes ferrous iron and 
retains the ferric form for stable storage [16]. 
Depending on the iron needs of the cell and larger 
systems, iron may be released through ferroportin 
(FPN), the highly regulated and sole known exporter 
of iron in cells [17]. Iron in systemic circulation may be 
picked up by other cells through the use of the iron 
transport protein transferrin (Tf) [18]. The process of 
erythropoiesis is heavily dependent on systemic iron 
circulation due to the synthesis of hemoglobin in the 
red blood cells and functions in accordance with 
several homeostatic regulators that will be discussed 
later [19]. Iron is also known to play an important role 
across the immune system in both myeloid and 

lymphoid cells. Iron can be used to generate 
anti-pathogenic compounds such as in neutrophils 
and eosinophils, and it can also be used to direct the 
development, differentiation, and polarization of 
T-cells and macrophages [20].  

When ferrous iron leaves the intestinal epithelial 
cell via FPN, it is readily oxidized to its ferric form by 
the ferroxidase hephaestin (HEPH) [21] (Figure 1). In 
the circulation, two ferric ions load to the “empty” 
apo-Tf to form Holo-Tf, which carries the redox 
inactive iron to a transferrin receptor (TfR1) on a 
target cell in order to initiate receptor mediated 
endocytosis [18]. In tissue cells, ferric iron is 
dependent on ferrireductase six transmembrane 
epithelial antigen of the prostate (STEAP) proteins to 
form ferrous iron. The ferrous iron is then exported 
out of the endosome and into the cytosol of the cell via 
DMT1 [18, 22]. This process is dependent on the 
controlled acidity of the endolysosomes, which must 
remain in a state of low (acidic) pH in order to release 
iron; disruption of this acidity can prevent the release 
of vital iron into the cytosol [23]. 

As a form of conservation, iron is recycled from 
the breakdown of old proteins in order to be 
repurposed. Most of the iron that is repurposed comes 
from senescent red blood cells, which are degraded by 
macrophages. Iron from the degraded hemoglobin is 
eventually detached and either stored within the 
macrophage or released through FPN [24]. No 
regulated form of excretion is known, but iron 
turnover occurs regularly through blood loss and 
epithelial exfoliation [25]. Iron turnover rates are not 
universal but vary by person, with annual rates 
ranging from as low as 2% to as high as 95% [26]. 
Pre-menopausal women commonly have higher rates 
of iron loss due to menstruation [26]. 

Iron Homeostasis:  
 To mitigate iron toxicity from overaccumulation, 

cells and organs must carefully coordinate the 
regulation of iron. This can occur at the level of 
transcription, translation, or post-translation of 
functional proteins [27]. The regulation of iron 
homeostasis is centered on the control of iron 
circulation and involves FPN and its chief regulator, 
hepcidin [28] (Figure 2A). This peptide hormone is 
responsible for preventing iron overload in the body 
by inhibiting iron transport through binding to the 
exporter FPN, ultimately leading to FPN degradation 
[29]. Hepcidin itself is regulated by several other 
molecules that either increase or decrease its 
production [29]. In addition to high iron levels, 
inflammatory signaling molecules such as 
interleukin-6 (IL-6) will increase the production of 
hepcidin, while conditions of anemia and hypoxia, 
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increased erythropoiesis and testosterone will inhibit 
the pathway [29]. One way to summarize the role of 
hepcidin is that it prevents systemic iron overload by 
keeping iron within cells. Another way of looking at 
the function of hepcidin is that it increases the amount 
of iron in cells by preventing its escape.  

In addition to hepcidin, hypoxia is critical for 
regulating the transcription of many other iron 
metabolic genes including DMT1, TfR1 and FPN 
(Figure 2B). In general, the condition of hypoxia is a 
more overarching control, for it has a more expansive 
genetic effector domain that it exerts control over 
through the use of a group of transcription factors 
known as hypoxia-inducible factors (HIFs) [30]. 
Among the many downstream targets of HIFs are 
genes for glycolysis, angiogenesis, cell proliferation, 
and cell migration [31]. HIFs exert potent inhibitory 
control over hepcidin levels, even more so than the 
upregulating effect of inflammation [32]. HIF-1α and 
HIF-2α are the two most critical HIF isoforms 
regulating cellular metabolism. While there exists a 
degree of overlap between targets of the two major 
isoforms, HIF-1α appears to exert a stronger effect 
during the earlier stages of hypoxia and tends to 

target genes that shift cellular metabolism towards 
glycolysis. On the other hand, HIF-2α appears to be 
the more dominantly active isoform during a 
prolonged hypoxic response [33-35]. The majority of 
HIF-2a target genes are involved in modulation of 
tumor cells and the microenvironment resulting in a 
shift toward long term growth. HIF targets include 
several genes affecting iron metabolism. The 
significance of these functions will be discussed 
further in the following sections. In summary, HIFs 
ultimately work to increase a cell or system’s capacity 
for sustained metabolism.  

 Iron response proteins (IRPs) are another 
component of iron homeostasis, acting on the iron 
response elements (IREs) of messenger-RNA (mRNA) 
untranslated regions (UTRs) [36] (Figure 2C). As 
suggested by their names, their function changes 
based on the levels of iron, which they are able to 
sense. First studied for their effects on ferritin and 
TfR1, IRP-IRE interactions may either stabilize or 
destabilize mRNA transcripts depending on the 
binding site, and the effects vary by genes and depend 
on the iron needs of the cell [37]. 

 
 

 
Figure 1. Iron absorption and recycling. Non-heme iron is absorbed into enterocytes by DMT-1 after reduction from Fe (III) to Fe(II) by DcytB. Iron is carried by 
chaperones such as PCBPs to sites for storage in ferritin or for functional usage in cellular proteins and metabolism. Iron can be exported through FPN and subsequently 
re-oxidized by HEPH to Fe (III). Most circulating iron is carried by Tf and delivered to various tissues via its receptor TfR1 through receptor-mediated endocytosis. Tf and ferric 
iron dissociate in the endosome, after which the ferric iron is reduced to ferrous iron by STEAP proteins and enters the cytosol. Circulating iron is mainly derived from 
phagocytosis in senescent red blood cells, a process mediated by macrophages. Iron loss from the body occurs regularly through tissue loss such as epithelial shedding and blood 
loss. DMT-1: divalent metal transporter 1; DcytB: duodenal cytochrome B; PCBP: poly(rC)-binding protein; FPN: ferroportin; HEPH: hephaestin; STEAP: six transmembrane 
epithelial antigen of the prostate; Tf: transferrin; TfR1: transferrin receptor 1. Created with BioRender.com 
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Figure 2: Major regulators of iron homeostasis include hepcidin, HIFs and IRP/IRE systems. [A] Hepcidin naturally limits the amount of iron efflux from cells and is 
inhibited by conditions such as anemia, hypoxia, increased testosterone, and increased erythropoiesis, while being upregulated by systemic iron overload and inflammation. [B] 
HIFs respond to low oxygen and iron levels and transcribe genes to help cells adapt to perceived environmental deficiencies for a more sustainable metabolism and long-term 
survival; this results in short- and long-term changes including increases in glycolysis, angiogenesis, iron supplies, and ultimately cell vitality. [C] IRPs control gene translation 
through binding of IREs on mRNA transcripts for iron metabolism-related proteins, either promoting translation through 3’ UTR binding-dependent stabilization (e.g., TfR1, 
DMT1), or inhibiting translation through 5’ UTR binding that results in eventual degradation (e.g., Ferritin, FPN). HIF: hypoxia-inducible factor; IRP: iron response protein; IRE: 
iron response element; mRNA: messenger RNA; UTR: untranslated region. Created with BioRender.com 

 

Iron and Cancer  
As previously mentioned, there is an 

indisputable need for iron in the body. However, 
excess iron accumulation can be highly toxic. 
Dysregulated iron homeostasis due to hereditary and 
lifestyle factors may lead to increased risk of cancer. 
Cancer cells are characterized by rapid proliferation, 
which consequently demands a greater amount of 
iron and results in dysregulated levels of key proteins 
involved in iron metabolism [38, 39]. Here we will 
describe these two aspects in details below.  

Hereditary and Lifestyle Risks 
 Excessive iron intake is associated with various 

cancers to differing degrees; some cancers show 
strong association while others may only have a 
potential link [40]. According to a meta-analysis by 
Fonseca-Nunes et al., the body of epidemiological 
data surrounding the risk for colorectal cancer from 
dietary iron overload appears to carry the strongest 
implications with regard to iron consumption and 
cancer, while studies of other cancers such as breast, 
esophageal, gastric, and lung report a range of 
association from moderately suggestive to 

inconclusive due to varying results of association and 
statistical significance [40].  

Heme iron from meat consumption appears to 
be a more specific culprit in the association between 
dietary iron and various cancers, as shown through an 
enhanced risk for gastrointestinal cancers in the Iowa 
Women’s Health Study [41]. Another noteworthy 
component of the Iowa Women’s Health Study is the 
negative association between gastrointestinal tract 
cancers and zinc, a metal that was believed to be an 
antioxidant [41]. In a more recent study, dietary iron 
consumption was shown to be associated with a 
higher risk for breast cancer in women; however, 
when antioxidant supplements were given in a 
SU.VI.MAX (from the French “Supplémentation en 
Vitamines et Minéraux Antioxydants”) trial, the 
association was no longer significant [42]. Both of 
these studies suggest that the pro-oxidant activity of 
iron may be involved in cancer development.  

Cancer in the colon and rectum is particularly 
associated with the consumption of red and processed 
meat. An analysis by Etemadi et al. found that total 
red meat and processed meat were strongly 
associated with colorectal cancer in all sites of the 
colon and rectum. Both meats had a greater associated 
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risk than fish and poultry substitutes [43]. 
Consumption of red meat is known to introduce other 
carcinogenic compounds to the body such as 
polycyclic aromatic hydrocarbons, heterocyclic 
amines (HCAs), N-nitroso compounds, and 
secondary bile acids, all of which are generated at 
various stages in the process of producing and 
cooking meat [44]. Because these association-based 
studies could not account for other carcinogens as 
confounding factors, the mechanisms of red meat 
consumption in carcinogenesis have been harder to 
confirm. In the case of the Etemadi et al. analysis, red 
and processed meat are known to have more iron, but 
they are generally also known to have more total fat 
and saturated fat, which can cause changes in the gut 
microbiome and inflammatory status, placing people 
at a higher risk of cancer [45].  

Bastide et al. demonstrated the effects of 
carcinogenic compounds from red meat in vivo and 
indicated heme iron as the most significant factor in 
tumor development as opposed to other potentially 
carcinogenic compounds from the meat [46]. The 
group further identified a potential metabolic 
mechanism behind the observed effects. Their results 
indicate that the development of reactive aldehydes 
from heme iron metabolism may be a driving factor in 
tumor development. In the aforementioned study, 
HCAs presented at levels toxic to humans exhibited a 
surprisingly low effect on initiating intestinal 
carcinogenesis in rodents, an observation that the 
authors suggest may be related to differences in the 
xenobiotic metabolism of such compounds between 
the rodent models and the known effects on humans 
[46]. Despite the study’s limitation on identifying the 
intersecting effects of HCAs and heme on 
carcinogenesis, the more specific effects of heme iron 
alone suggest it to be a contributor to colorectal cancer 
development. 

Diseases such as beta-thalassemia and hemo-
chromatosis predispose individuals to developing 
cancer and other diseases later in life [47-50]. 
Hereditary hemochromatosis is a genetic disorder 
that results in mutation-induced dysfunction of genes 
working as gatekeepers of iron circulation including 
hepcidin, its upstream regulator hemojuvelin, the 
iron-sensing transferrin receptor 2, and FPN. 
Hemochromatosis leads to an imbalance in iron 
homeostasis that results in iron overload and a range 
of other symptoms affecting various organs and 
systems [51]. A study by Elmberg et al. reported that 
individuals with hereditary hemochromatosis exhibit 
an increased risk for developing cancer, particularly 
in the liver and primarily hepatocellular carcinoma as 
opposed to biliary tract related cancer [52]. A 
significantly elevated risk to developing other cancers 

was not observed, likely due to the liver being one of 
the most affected tissues of iron overloading along 
with cardiac tissue and endocrine glands [53].  

Beta-thalassemia is a group of genetic diseases 
marked by the common feature of improper beta 
chain synthesis in the hemoglobin protein of the 
blood. The featuring clinical presentation in 
thalassemia is anemia. The disease can range from 
major to minor classification, which corresponds with 
severe to asymptomatic or mild symptoms, 
respectively [54]. The molecular physiology of 
beta-thalassemia presents an interesting case of both 
iron overload and iron deficiency, a phenomenon 
centered on hepcidin regulation [55]. As previously 
discussed, hepcidin can prevent iron overload by 
cutting off recycling of iron. However, conditions of 
hypoxia and anemia can inhibit hepcidin in order to 
restore oxidation capacity (Figure 2A). 

Patients with hemoglobin E beta-thalassemia, a 
severe form of the disease, were found to have 
impaired hepcidin function and higher TfR1 levels as 
a result of an increased erythropoietic drive stemming 
from the continuously failing erythropoiesis that is 
caused by improper hemoglobin production [56]. 
Previously, the consequences of beta-thalassemia 
were life threatening, but as new treatments continue 
to extend the lifespans of these patients, the increased 
risk of cancer development has emerged, suggesting 
that the physiological connection may have been 
masked by early mortality. The iron overloading that 
occurs in individuals with beta-thalassemia, like with 
hemochromatosis, appears to be a risk factor for 
certain types of cancer, especially hepatocellular 
carcinoma [57].  

Cigarette smoke is a known risk factor in the 
development of cancer, however a recent report 
indicates that smoking cigarettes may promote the 
development of lung cancer and other related 
pulmonary diseases through dysregulated iron 
metabolism, including iron deposition [58]. Although 
cigarettes are known to contain many carcinogens, 
some even shared with red and processed meat, 
evidence suggests that changes in iron metabolism 
may precede the lung diseases [58, 59].  

Metabolic changes in iron-mediated 
carcinogenesis  

Metabolic profiling of cancer cells enables 
scientists to better understand the implications of iron 
metabolism in cancer. An analysis of the metabolic 
profile of cholangiocarcinoma cells noted a strong 
shift towards iron retention in the cells, in agreement 
with the concept of iron dependence in cancer cells 
[60]. The shift in cell metabolism towards iron 
accumulation also appears to play a role in the 
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development of leukemia. Widespread dysregulation 
of iron metabolism in leukemia involves increased 
cellular iron import caused by overexpressed TfR1 
and decreased iron export due to reduced expression 
of FPN [61]. A study by Marques et al. noted a 
phenomenon of both iron acceptance by breast cancer 
cells, as well as iron donation by immune cells in the 
local tumor environment [62]. One study shows that 
increased systemic hepcidin levels occurring as a 
result of a dysregulated hepcidin-FPN axis promotes 
breast cancer growth [63]. Recently we found that 
ectopic hepcidin expression in colorectal cancer 
tissues is essential for maintaining cell proliferation 
due to the role of iron in both nucleotide synthesis 
and mitochondrial metabolism [64]. Further 
implications of hepcidin-FPN axis regulation in 
cancer will be discussed later as a therapeutic avenue 
against cancer. 

STEAP proteins can be overexpressed in a 
variety of cancers, including prostate, colon, ovarian, 
bladder, and pancreatic cancers [65]. Despite the 
relevance of STEAP proteins in the progression of 
certain tumors, their effect is not universal. STEAP1 is 
overexpressed in gastric cancer cells and increases cell 
proliferation, migration, invasion and tumor growth 
[66]. STEAP2 works inversely with breast cancer cell 
malignancy [67]. When STEAP2 is overexpressed, it 
exhibits an inhibitory effect on proliferative pathways 
[67]. STEAP3 overexpression helps cancer cells build 
caches of iron, leading to higher ferritin levels [68]. 
This change in metabolism proved valuable for cell 
survival in the face of iron withdrawal [68]. We found 
that intestine-specific overexpression of STEAP4, 
which is highly increased in colorectal cancer, 
increases mitochondrial iron accumulation, oxidative 
stress and susceptibility to colon tumors [69].  

The altered iron homeostasis may be affected, in 
part, by IRPs, which exert post-transcriptional control 
over mRNAs, as evidenced by discrepancies between 
transcript levels and protein levels [70]. IRP1 
inhibition mediated reduced TfR1 expression is 
critical for the tumor suppressive role of Sirtuin 3 in 
pancreatic cancer cells [71]. IRP2 was found to be 
responsible for changes in prostate cancer cells that 
resulted in greater cellular iron import, as well as 
having control over progression of the cell cycle [72]. 
Moreover, IRP2 affects breast cancer growth through 
control of TfR1 and ferritin, with increased TfR1 
resulting in an influx of cellular iron and an increase 
in the labile iron pool through ferritin downregulation 
[73].  

In addition to IRPs, which affect mRNA 
transcripts, hypoxia signaling through the HIFs has 
been shown to exert control over gene transcription. 
HIF-2α is the major HIF isoform and regulates the 

expression of genes involved in iron metabolism. 
Moreover, HIF-2α appears to be overexpressed in 
colorectal and breast tumor cells and is associated 
with poorer prognosis [74, 75]. In breast cancer, 
human epidermal growth factor receptor 2 augments 
HIF-2α expression [74]. In colon tumors, HIF-2α is 
responsible for upregulating DMT-1 expression, 
resulting in a dysregulation of iron homeostasis 
thereby promoting cancer progression [76]. HIF-2α 
may also be involved in the development of colon 
cancer in individuals with inflammatory bowel 
diseases by promoting the previously mentioned 
change in mitochondrial iron metabolism through 
direct upregulation of STEAP4 [69]. 

With the pattern of iron loading in mind, the 
question moves its focus towards what the cells do 
with the extra iron. As mentioned before, iron is 
essential for various cellular functions including the 
processes necessary for energy production and 
replication [See Iron Absorption and Recycling]. 
Accumulating intracellular iron affects the cell cycle; 
we and others have seen that iron likely binds to 
cyclin dependent kinase 1 (CDK1), a major mitotic 
component, and activates it to trigger 
pro-proliferative downstream signaling [77, 78]. 
CDK1 is overexpressed in colorectal cancer and 
predicts poor prognosis [79]. Taken together, the body 
of studies on iron controlled CDK1 presents insight 
into one way that iron can manipulate the excessive 
growth characteristic of tumors. Furthermore, 
dysregulation of ribonucleotide reductase activity, 
essential for DNA synthesis, was found to result in 
carcinogenesis in vivo with particular concern on the 
M2 subunit overexpression being an accelerator of the 
malignant process [80].  

Ni et al. reported that iron accumulated in the 
mitochondria through the upregulation of 
mitochondrial iron import proteins mitoferrin 1 and 2, 
and promoted a transformation of the cellular 
metabolism towards glycolysis known as the 
Warburg effect [81]. The Warburg effect was 
discovered in the early 20th century and is thought to 
be an adaptation that simplifies energy production in 
exchange for fast-tracking synthesis of various 
biomolecules [82]. An iron chelator prevented the 
Warburg effect, indicating the bona fide role of iron in 
cellular metabolic reprogramming [81]. Mitochondrial 
iron can be repurposed through the process of 
mitophagy, a selective form of autophagy that 
removes damaged mitochondria. This process can 
help tumor cells survive and adapt, but it may not be 
entirely beneficial to cancer cells either. For example, 
we have recently shown that PTEN-induced kinase 
1-dependent mitophagy is essential for suppressing 
colon tumor growth [83]. This is consistent with a 
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previous report showing that increases in degradation 
of iron-rich mitochondria by mitophagy in intestinal 
epithelial cells cause an excess of iron buildup in 
lysosomes, resulting in increases in ROS produced by 
the Fenton reaction [84]. Subsequent addition of the 
lysosomal membrane permeabilization inducer 
chloroquine raises the pH of the lysosomes and 
compromises the integrity of the lysosomal 
membrane, resulting in an increased leakage of 
cathepsins, a group of proteases, into the cytosol and 
alters cellular antigen presentation to elicit cytotoxic 
T-cell immune responses [84]. Thus, lysosomal iron 
accumulation can be exploited to induce anti-tumor 
immunity and restrict tumor growth. 

In relation to oxidative stress, the accumulation 
of iron in cancer cells does bring the great dangers to 
the cells in addition to its benefits. In other words, 
cancer cells are no exception to the rules of iron; 
however, they develop ways to stay ahead. The 
glutamate-cystine antiporter, also known as system 
Xc-, plays a vital role in the antioxidant defense 
system of cells by supplying cystine to the cell [85]; 
the amino acid regenerates glutathione, which 
terminates ROS through glutathione peroxidase 4 
(GPX4) [86]. The system Xc- component xCT (light 
chain) encoded by the gene SLC7A11 is overexpressed 
in non-small cell lung cancer cells [87]. High 
expression of SLC7A11 is associated with poorer 
outcomes and may contribute to metabolic 
reprogramming in tumors [87]. In our lab, we found 
that hemin, a heme derivative containing a 
porphyrin-bound iron, may promote colorectal tumor 
cell survival and growth through induction of 
sestrin2, a protein that counters oxidative stress [88]. 
Sestrin2 overexpression noticeably prevented 
regulated cell death processes and resulted in larger 
tumors when accompanied with increased iron via 
hemin, whereas sestrin2 overexpression without 
excessive iron maintains its tumor suppressive 
properties [88]. This conditional duality of sestrin2 
highlights the importance of iron homeostasis in 
cancer by demonstrating a mechanism of action in 
which heme iron dysregulation actively promotes 
tumor development.  

In summary, iron dysregulation may come in 
many forms through different sources, and cancer 
cells undergo alterations in their gene expressions to 
favor the import and retention of iron leading to 
larger supplies to sustain their rapid growth 
characteristics. These transformations may be 
regulated at various points and affect the biosynthetic 
and proliferative statuses of the cell. In order to avoid 
cellular damage from iron toxicity, cancer cells take 
advantage of antioxidant systems. Understanding 
iron toxicity, iron-dependency and addiction, and 

homeostatic disruption, including the various 
upstream controls and downstream effectors of the 
process, has become an increasingly popular area of 
study in terms of cancer treatment. The following 
section discusses the potential of targeting iron 
metabolism for therapeutic purposes in further detail. 

Potential Cancer Therapeutic Targets and 
Biochemical Treatments  

Due to the critical role of iron in cancer, targeting 
iron metabolism emerges as a novel therapeutic 
strategy in the treatment of cancer. Here we have 
chosen to highlight and discuss several promising 
strategies that are currently being explored in the 
world of cancer therapeutics (Figure 3).  

Iron Chelation:  
 Iron chelation is a developing strategy aimed at 

sequestering iron from usage in tumor cells (Figure 
3A). Iron chelators had been used extensively to treat 
disorders of iron-overload in order to help patients 
evade the effects of iron toxicity [89]. Deferoxamine 
(DFO), deferiprione (DFP), and deferasirox (DFX) are 
three chelators commonly used in clinical settings. 
However, there are varying degrees of toxicity with 
them as well [90]. DFO treatment of breast cancer cell 
lines MCF-7 and MDA-MB-231 resulted in significant 
reduction of the intracellular iron supply and 
decreased cellular regeneration and survival [91]. 
Another study of DFO using breast cancer cell lines 
showed strong results in combining chelation with 
radiation treatment, which resulted in increased 
tumor cell death [92]. DFP also exhibits strength as a 
chelator with an ability to limit tumor growth, 
migration, and metabolism [93]. DFP was found to 
inhibit overall cellular respiration capacity 
corresponding positively with the increase of dosage 
while generating ROS in the same pattern [94]. DFX 
was shown to inhibit cell cycle progression, while 
downregulating proliferative pathways in gastric 
cancer cells [95].  

In addition to DFO and its derivatives, other 
compounds with chelating abilities have gained 
attention with regard to cancer treatment. Shang et al. 
demonstrated that the chelators ciclopirox olamine 
and Di-2-pyridylketone-4,4-dimethyl-3-thiosemi-
carbazone (Dp44mT) could effectively permeate 
cancer cells and inhibit proliferative signaling through 
the mammalian target of rapamycin pathway [96]. 
Dp44mT is a newer chelator that has also been studied 
against a number of cancer cell types in controlled 
experimental trials. Using Dp44mT against 
osteosarcoma cells in vitro and in vivo, Li et al showed 
that the chelator was able to inhibit cancer cell vitality 
and proliferation likely through caspase-dependent 
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apoptosis [97]. In vivo xenograft transplantation 
resulted in an average decrease in tumor mass of 
62.22% in Dp44mT treated mice at the 30-day sacrifice 
point [97]. Moreover, Krishan et al. found that 
Dp44mT was able to disrupt metabolic processes in 
order to drain ATP levels to the point of 
AMP-activated protein kinase activation, which 
eventually leads to autophagy/catabolism [98]. 

Two novel chelators, known as the 
super-polyphenols 6 and 10, were observed by Ohara 
et al. to have anticancer properties comparable to 
DFO and DFX as evidenced by induced apoptotic 
activity [99]. Notably, these beneficial effects came 
without the associated additional toxicity of DFO and 
DFX [99]. More studies using the novel 
super-polyphenol chelators are needed to reinforce 
the results from Ohara et al., but the study appears to 
be in line with established anticancer properties of 
chelation. Curcumin has also been reported to have 
iron-chelating properties and was used in a recent 
study to determine its effects on caspase-dependent 
apoptosis. Results indicated that curcumin was 
indeed effective at chelating iron and inducing 
apoptosis as evidenced by the expression of apoptosis 
markers caspase-3 and caspase-9. However, there 

were also protective actions taken by the cells in order 
to counter the effects of curcumin [100].  

A potential drawback in chelation therapy may 
be the unabated attempts of cancer cells to restore iron 
homeostasis. Chen et al. reported that the usage of 
DFO against breast cancer cells resulted in increased 
expression of the iron import proteins DMT1 and 
TfR1, leading to an overall increase of intracellular 
iron concentrations [101]. This phenomenon was only 
observed in aggressive triple-negative breast cancer 
(TNBC) cell lines, while the estrogen receptor+ 
non-aggressive cell lines did not experience the same 
phenomenon of iron accumulation. Activation of the 
IL-6/phosphatidylinositol-3 kinase (PI3K)/ protein 
kinase B (PKB, also known as Akt) pathway was 
observed in DFO treated cells from the aggressive 
TNBC groups in contrast to the estrogen receptor+ 
positive groups [101]. The IL-6/PI3K/Akt pathway is 
an inflammatory pathway that promotes cancer cell 
survival [102]. IL-6/PI3K/Akt pathway regulated 
iron uptake protein expression is suspected to be 
responsible for iron accumulation in TNBC cell lines 
[101]; however, the underlying reason for the 
exclusivity to TNBC cells is not clear.  

 

 
Figure 3: Potential therapeutic pathways in cancer targeting abnormal iron metabolism. [A] Iron chelators limit the available amount of iron in tumor cells. 
Chelators and other drugs can be delivered through a TfR1-mediated drug delivery. [B] Inhibiting TfR1 by antibodies and gene silencing can lower iron import, depriving the cell 
of its desired iron content. [C] Inhibition of HIFs and their target genes can ultimately limit the amount of iron available for cells and hinder the ability of cancer cells to proliferate. 
[D] Inhibition of hepcidin-FPN axis can increase cellular iron export depriving the cell of iron. [E] Inhibition of cellular antioxidant defenses such as system xC- and GPX4 renders 
the cell prone to ROS accumulation from iron metabolism, leading to lipid peroxidation and ferroptosis. TfR1: transferrin receptor; HIFs: hypoxia-inducible factors; FPN: 
ferroportin; xC-: cystine-glutamate antiporter; GPX4: glutathione peroxidase 4; ROS: reactive oxygen species. Created with BioRender.com 
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In a study by Liu et al., DFO promoted cell 
viability through a different mechanism, HIF-1α, 
which is likely to have arisen as a consequence of an 
iron deficient state [103]. Although these studies were 
performed in vitro, they present possible concerns 
over the potential side effects of a more general 
treatment such as the sequestration of iron as opposed 
to more specific pathway targeting methods. The 
ability of cells to adapt to their environment poses 
particular challenges for anticancer treatments. A 
possible counter to this may be through the use of 
combined chelation and other therapies. In an in vivo 
study by Lang et al. involving administration of the 
chelator DFO and a HIF-1α inhibitor known as 
Lificiguat (YC1), anticancer efficacy was compared 
between pancreatic cancer cells treated with and 
without YC1. Compared to chelation treatment alone, 
use of DFO with YC1 was more effective in destroying 
cells and inhibiting their ability to overcome the lack 
of iron [104]. Resistance to therapy is not exclusive to 
chelators. The common chemotherapy agent cisplatin 
is met with resistance that can actually be overcome 
with the help of chelators [95, 105]. In addition to 
countering HIF-mediated resistance, combining 
chelators with other conventional chemotherapeutics 
has gained attention for studies in both basic science 
and clinical investigation to counter other forms of 
resistance and amplifying the effects of other drugs 
(Table 1). 

Iron chelators DFO and DFX have been reported 
to synergize with the pyrimidine analog 
5-Fluorouracil (5-FU), a classic chemotherapy drug 
that disrupts DNA synthesis, to diminish esophageal 
cancer growth in vitro and in vivo [105]. DFP and 
Dp44mT can synergize with 5-FU to treat 
glioblastoma [106] and breast cancer [107], 
respectively. DFO was reported to synergize with 
platinum-based chemotherapy drugs in different 
cancer types including ovarian cancer [108], 
neuroblastoma [109], cervical cancer [110]. DFX, 
Triapine and Dp44mT were able to synergize with 
cisplatin to treat TNBC [111], advanced-stage solid 
tumor malignancies [112] and cisplatin acquired 
resistant lung cancer [113], respectively.  

Chelation has been shown to synergize with 
inhibitors of topoisomerases [114-118], which are 
involved in DNA strand opening during replication, 
as well as inhibitors of poly-ADP-ribose polymerase 
(PARP) [116], which is involved in DNA repair. The 
chelator triapine was able to suppress the growth of 
BReast CAncer gene-wild type and PARP 
inhibitor-resistant ovarian cancer cells [119]. DFP 
enhanced the anti-cancer efficacy of the alkylating 

agent temozolomide that damages DNA [120]. Tury et 
al. demonstrated that DFX can work successfully in 
combination with the alkylating agent cyclophos-
phamide against TNBCs in mouse models [111]. Iron 
chelation has also displayed synergistic activity with 
the intercalating agent doxorubicin in both leukemia 
[121] and solid tumors [107, 111, 122].  

Combining chelators with radiation therapy has 
been shown to amplify the anti-cancer effects of 
radiation therapy [123-126]. The mechanism of action 
has been suggested to result from an inability to 
recover from radiation damage due to a lack of iron 
[123, 125]. In several studies Kunos and colleagues 
investigated and discussed clinical applications of 
triapine in combination with radiochemotherapy for 
the treatment of gynecological cancers, namely 
cervical and vaginal cancers [127-130]. One study 
showed that triapine in addition to 
radiochemotherapy produced a progression-free 
survival rate at 18 months of 67% as opposed to 25% 
without triapine [128]. Another study observed a 
3-year disease free survival rate of 80 percent, and an 
overall survival rate of 82 percent in cervical cancer 
patients [127]. Comparing patients who received 
triapine in addition to cisplatin-radiotherapy as 
opposed to the radiochemotherapy without triapine 
showed a 15 percent difference in a 3-year estimated 
survival rate (92 vs 77, respectively) [130]. 

In the aforementioned cases, the chelator or the 
complementary drug appears to make up where the 
other comes up short. The delivery design previously 
discussed in the study by Lang et al. also took 
advantage of another characteristic of cancer [104], 
TfR1 overexpression, which leads to the next section. 

TfR1: 
Targeting TfR1 is developing into a promising 

avenue of cancer treatment (Figure 3B). This is rooted 
in the elevation of TfR1 expression in tumor cells as 
compared to normal cells [131]. Though there are 
greater levels of TfR1 in cancer cells, there are 
differences in TfR1 expression in normal cells 
depending on the tissue and cell type. For example, 
normal kidney, adrenal gland, and liver cells express 
TfR1 in greater amounts [132]. As such, TfR1 targeted 
cancer therapeutics could potentially cause adverse 
side effects in healthy tissues and possibly larger 
organ systems. Nevertheless, increased TfR1 
expression is associated with the progression of 
disease in differing types of cancer cells, including 
renal cell carcinoma (RCC) and esophageal squamous 
cell carcinoma, making it a strong target for treatment 
[132, 133].  
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Table 1. Iron chelation and conventional chemo-/radio-therapeutics 

 Deferoxamine Deferiprone Deferasirox Triapine Dp44mT 
Antimetabolites 5-FU 5-FU 5-FU No report 5-FU 
 two oesophageal 

adenocarcinoma 
cell lines, OE33 
and OE19, and 
the squamous 
oesophageal cell 
line, OE21 [105]. 

 
glioblastoma 
[106] 

 two oesophageal 
adenocarcinoma 
cell lines, OE33 
and OE19, and 
the squamous 
oesophageal cell 
line, OE21 [105] 

  
MCF-7 breast 
cancer cells 
[107] 

  
  
  
  
  
  
      
Platinum Cisplatin, 

Carboplatin, 
Oxaliplatin 

No report Cisplatin, 
Carboplatin 

Cisplatin Cisplatin 

 ovarian cancer 
[108], 
neuroblastoma 
[109], human 
cervical cancer 
cells [110] 

 triple-negative 
breast cancers 
[111] 

advanced- 
stage solid 
tumor 
malignancies [112] 

cisplatin 
sensitive and 
acquired 
resistant lung 
cancer cell lines 
[113] 

  
  
  
  
  
      
Topoisomerase Etoposide, 

Irinotecan 
No report No report Etoposide, 

Irinotecan 
Etoposide 

inhibitor 
 human 

neuroblastoma 
(NB) cell lines 
[114], human 
slice cultures of 
gastric cancer 
[115] 

  epithelial 
ovarian 
cancer 
[116], 
patients 
with 
refractory 
solid tumors 
[117] 

three pediatric 
tumor cell- 
types, namely 
osteosarcoma 
(Saos-2), 
medulloblastoma (Daoy) 
and 
neuroblastoma 
(SH-SY5Y) 
[118] 

   
   
   
   
   
   
   
   
      
PAPR inhibitor No report No report No report Olaparib  

 
ovarian 
cancer [116, 
119] 

No report 
     
     

      
Alkylating agent CP TMZ CP No report TMZ, CP 
 Neuroblastoma [109] 

 
Glioblastoma [120] 
 

triple-negative 
breast cancers [111] 
 

 Pediatric tumors [118], 
MCF-7 breast cancer cells 
[107] 
 

Intercalating agent Dox No report Dox Dox Dox 
 Transformed cells from a murine 

PTEN-deficient T-cell lymphoma model 
and from T-cell acute lymphoblastic 
leukemia/ lymphoma (T-ALL/T-LL) cell 
lines [121] 

 triple-negative 
breast cancers [111] 

patients with advanced solid 
tumors [122] 

MCF-7 breast cancer cells 
[107] 

      
Radiation human hepatoma cell lines (HepG2 and 

PLC/PRF/5) [123] 
Chinese hamster 
V79 cells, human 
lung cancer cells 
[124] 

No report three human tumor cell lines were 
evaluated: U251 (glioma), PSN1 
(pancreatic carcinoma), and DU145 
(prostate carcinoma) [125] 

a chemo- and 
radio-resistant cell line 
(PC-3) of prostatic cancer 
origin [126] 

      
Radiochemotherapy No report No report No report Patients with Stage IB2-IIIB 

Cervical Cancer, Advanced- 
Stage Cervical and Vaginal 
Cancers 
[127-130] 

No report 

      

5-FU: 5-Fluorouracil; CP: Cyclophosphamide; Dox: Doxorubicin; TMZ: Temozolomide. 
 

A clearer understanding of the upstream 
mediators regulating TfR1 will be important for 
finding treatments centered around it, so as to avoid 
unwanted secondary effects. The oncogene c-Myc is 
known to be a potent regulator of proteins involved in 
proliferation and was previously determined to affect 
the expression of TfR1 [134]. Expression of c-Myc is 
dependent on circadian fluctuations [135]. This 
fluctuation affects the internalization of antitumor 

drugs that rely on TfR1 for entry into the cell. A paper 
by Okazaki et al. noted that the effects of a 
platinum-containing antitumor drug were strongest 
when administered around times when c-Myc and 
TfR1 were at higher levels as evidenced by greater 
tumor reduction [135]. Furthermore, IRP2 may play a 
role in the circadian pattern of TfR1 protein 
expression [136]. Findings from these studies suggest 
that time may be a factor in determining the outcomes 
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of TfR1-involved cancer treatments, however 
additional studies are needed regarding the circadian 
clock effect and anticancer therapeutics.  

 TfR1 has also been shown to be an effective 
binding site for the delivery of H-ferritin nanocarrier, 
which can be loaded with anticancer drugs. This 
method of drug delivery yielded favorable results in 
gastric cancer and may be able to take advantage of 
the overexpression of TfR1 in other types of cancers 
for a more accurate delivery of drugs [137]. Targeted 
degradation of TfR1 may also be a potential avenue of 
therapy. A test of anti-TfR1 monoclonal antibodies 
demonstrated a method of accurately targeting the 
receptor in cancer cells [138]. While this is one 
possible method of exploiting TfR1, there are noted 
risks of adverse immune reactions in general with the 
usage of monoclonal antibodies [139]. Using 
short-interfering RNA (siRNA) to silence TfR1 was 
demonstrated to be effective in both silencing TfR1 
gene expression and in promoting apoptotic cell death 
[140]. Use of siRNAs for anticancer therapeutics is 
mostly in a developing stage and has specificity 
advantages over both antibodies and drugs, but it also 
has the potential for drawbacks such as interference of 
other genes and enzymatic degradation [141]. More 
studies are needed for both monoclonal antibodies 
and gene silencing, but they exist as possibilities in 
cancer treatment. Along with receptor targeted 
delivery of drugs, monoclonal antibodies and 
siRNA-based therapeutics keep the door open to 
either exploit or inhibit the effects of the TfR1-cancer 
association.  

HIF: 
 HIFs exist to counteract the environmental 

changes in a cell that result in a perceived state of 
hypoxia [142] (Figure 3C). In addition to the 
previously discussed increases in cellular iron content 
mediated by HIF-2α [See Metabolic changes in 
iron-mediated carcinogenesis], their power over cellular 
transformation extends further, which makes them a 
valuable target. HIF-2α may play a role in immune 
system evasion by tumors through the upregulation 
of cyclooxygenase-2 (COX2), resulting in a 
downstream increased production of prostaglandin 
E2 (PGE2), a molecule with immunosuppressive 
activities in the COX2/microsomal prostaglandin E 
synthase-1/PGE2 pathway [143, 144]. As previously 
mentioned, activation of the HIF pathways is a crucial 
adaptation mechanism for the continued survival of 
tumor cells and may arise as an obstacle in chelation 
treatment if unaccounted for. Therefore, research into 
methods of inhibiting HIF activation constitute an 
important area in developing treatments for cancer.  

A number of drugs are currently being studied 

for their ability to inhibit the HIF pathways. These 
drugs use a variety of mechanisms including 
transcriptional and translational inhibition, inhibition 
of quaternary structure formation, and promotion of 
degradation [145]. A review of tested HIF inhibitors 
identifies and summarizes the observed effects of 
HIF-1α and/or HIF-2α inhibitors and details their 
mechanisms of action [146]. One of the inhibitors from 
this review was YC-1, which was used in a chelation 
therapy study as a means of inhibiting HIF-1α activity 
and enhancing iron chelation [104]. This was one of 
several mentioned inhibitors that targeted 
transcriptional activity. Several other inhibitors 
reviewed were reported to target molecular 
chaperones such as heat shock protein 90, a process 
that can negatively impact HIF-1α and HIF-2α 
stability [146]. Usage of the HIF inhibitor 
TAT-ODD-procaspase 3 (TOP3) was also shown to 
yield success in murine models of pancreatic cancer 
when combined with gemcitabine or TS-1, extending 
survival rates from 0 to 25% after 100 and 50 days for 
TOP3-gemcitabine and TOP3-TS-1 combinations, 
respectively [147].  

The search for other potential inhibitors of HIF 
and its effective pathway can open more doors for 
therapeutics as well. The gene Parkin, known for its 
role in Parkinson’s Disease, has been reported to have 
tumor suppressing capabilities, and increases in 
Parkin expression in mice models resulted in 
degradation of HIF-1α and resultant inhibition of 
tumor progression, possibly through a 
ubiquitination-degradation mechanism [148]. 
Delivery of a modified, soluble therapeutic form of 
the protein into Parkinson’s Disease model rodents 
successfully protected against advancement of 
Parkinson’s disease [149]. This may suggest that the 
protein could have therapeutic potential if it can 
maintain function with modifications for drug 
delivery.  

With regard to downstream targets of HIF, 
HIF-2α was found to indirectly regulate 
Yes-associated protein 1 (YAP1), a key mediator of the 
Hippo pathway, which is known to regulate the 
growth and regeneration processes of several organs, 
including the intestines [150, 151]. The exact 
mechanism by which HIF-2α regulates YAP1 needs 
further investigation, but it is one way that HIF 
activity can promote the growth of tumors [150]. 
Vascular endothelial growth factor-A (VEGF-A) is 
another downstream target of HIF and the major 
driver of angiogenesis [152]. A study by Lu et al. 
demonstrated that micro-RNA miR-140-5p exerts an 
inhibitory control over VEGF-A expression [153]. 
Further studies on nucleic acid-based inhibition as a 
whole could shed light on a potential field of gene 
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therapy targeted at VEGF. Bevacizumab, a 
humanized anti-VEGF monoclonal antibody is a 
first-line treatment for metastatic colorectal cancer in 
combination with chemotherapy [154]. Several other 
anti-VEGF molecular inhibitors have been developed 
and studied, demonstrating an ability to maintain 
tumor specific effects [155].  

Overall, the network of HIF proteins is complex, 
but it is a critical part of cancer development. 
HIF-based therapy can either target the proteins 
themselves or key points in the signaling pathways. 
The above-mentioned papers have demonstrated the 
therapeutic efficacy of targeting HIF at various points 
in associated signaling pathways, thus this field of 
study has recently gained the interest of a number of 
researchers. 

Hepcidin-FPN: 
Targeting the hepcidin-FPN system stands out as 

a possible option in mitigating the effects of iron 
overload on tumor progression (Figure 3D). As 
previously mentioned, hepcidin promotes cellular 
retention of iron by acting as an inhibitor of FPN (see 
Iron Homeostasis). Decreased FPN and increased 
intracellular iron results in greater proliferation of 
cancer cells as evidenced in myeloma studies [156, 
157]. Serum levels of hepcidin may also serve as a 
prognosis indicator in cancer cases [156, 157]. Traeger 
et al. observed a positive correlation between 
hepcidin and growth/differentiation factor-15, a 
proliferative indicator in upper urinary tract 
urothelial carcinoma and RCC. The authors observed 
elevated levels of hepcidin in cohort subjects with 
metastatic upper urinary tract urothelial carcinoma 
and RCC relative to their non-metastatic counterparts, 
as well as non-cancer bearing control subjects [158]. 
However, there was a multicenter epidemiological 
study showing an inverse relationship between 
hepcidin and gastric cancer [159]. In this study, the 
authors propose that the observed lower levels of 
hepcidin may be due to systemic blood loss in earlier 
stages of the disease [159]. It must be noted that not all 
cancers elicit the same changes in serum hepcidin. A 
comprehensive review on hepcidin regulation 
highlights the observed differences in hepcidin 
expression in various cancerous tissue types [160]. 
Most cancers exhibited the expected hepcidin 
production pattern, with elevated levels of local and 
systemic hepcidin, while liver carcinoma went against 
the grain with decreases in both local and systemic 
hepcidin [160]. The exact mechanism of this 
phenomenon is unclear, but it has been proposed that 
the suppression of hepcidin expression in liver cancer 
may be the body’s attempt to ultimately increase the 
total amount of available iron by allowing increased 

efflux from duodenal enterocytes [161]. Further 
studies are needed to determine if this is the case and 
to delineate the downstream effects of abrogated 
hepcidin production. 

As the general consensus points towards 
increased hepcidin being linked with progression of 
disease state, various ways to inhibit hepcidin are 
being studied. Angelica Sinensis Polysaccharide, used 
in East Asian medicine and food, has the ability to 
inhibit hepcidin and reduce intracellular iron 
concentrations, including in tumor cells [162]. 
Angelica Sinensis Polysaccharide decreased levels of 
hepcidin by 54.55% in 4T1 breast tumor bearing mice 
and 47.29% in H22 hepatocellular carcinoma bearing 
mice [162]. Another paper investigating the role of 
hepcidin by Vadan-Raj et al. studied the efficacy of 
hepcidin monoclonal antibody LY2787106 in human 
patients with cancer-associated anemia. The results 
from this study indicated a successful effect of the 
monoclonal antibody LY2787106, as evidenced by 
increased serum iron levels. Another outcome in favor 
of monoclonal antibody LY2787106 was the relative 
tolerability by the patients. The major drawback of the 
treatment was that the results were short lived with 
serum iron levels returning to pre-treatment levels 
within 8 days for reasons that are still only speculated 
[163]. The authors suggest that the neutralization of 
hepcidin may not be sufficient on its own. In another 
study, Torti et al. employed an anti-hemojuvelin 
antibody complex in order to inhibit hepcidin 
synthesis. This method was effective at decreasing 
hepcidin synthesis and lowering iron in the liver, but 
it failed to successfully lower iron in liver tumors 
[164]. The authors propose that this phenomenon may 
be explained by the resulting increase of systemic iron 
in the circulation. It is possible that inhibition of 
hepcidin is not a standalone option for treating 
cancers, but due to its important role in iron 
homeostasis, it should not be ignored in the 
discussion of integrated treatments. 

Ferroptosis:  
 Regulated cell death can proceed through 

several avenues, including a recently identified 
mechanism known as ferroptosis (Figure 3E). The 
field of ferroptosis therapeutics has gained more 
interest in recent years since its official notation in 
2012 [165]. Understanding the pathways and 
mechanisms involved in ferroptosis is key to 
developing it as a reliable area of treatment. 
Independent of the common mechanisms found in the 
caspase-dependent forms of cell death, ferroptosis 
proceeds through an iron-dependent process 
involving ROS overload that leads to membrane lipid 
peroxidation and compromised structural integrity of 
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the cell [166]. Given the well-established connections 
between iron and cancer, it is a useful and somewhat 
paradoxical strategy to use iron to treat cancerous 
cells. Iron oxide nanoparticles such as ferumoxytol 
[Feraheme®] have been approved by the FDA. Their 
potential use for diagnosis and treatment of cancer is 
very attractive. A recent study showed that cisplatin 
loaded iron oxide nanoparticles can induce 
ferroptosis via accelerated Fenton reaction to inhibit 
orthotopic brain tumor growth [167]. Iron oxide 
nanoparticles can also synergize with heat stress to 
produce overwhelming levels of lipid peroxides, and 
consequently sensitize the tumor to ferroptosis [168]. 

Cellular antioxidant defense systems appear to 
make up a central point in understanding and 
developing the potential of ferroptosis. T-cells may 
naturally induce ferroptosis in tumors through the 
use of the cytokine interferon gamma to disrupt the 
cystine import system [169]. Erastin, the drug used in 
the 2012 study that led to the official notion of 
ferroptosis, is known to disrupt system Xc- [162]. 
However, erastin is not suitable for in vivo use due to 
undesired pharmacological properties [170]. 
Moreover, Nedd4 has been shown to be a potential 
counter to erastin-induced ferroptosis as it leads to the 
degradation of the mitochondrial voltage dependent 
anion channels 2 and 3, on which erastin treatment is 
dependent [171]. Efficacy of erastin may be recovered 
through the use of Nedd4 inhibitors, however further 
studies are needed to determine clinical applicability 
in overcoming drug-resistance in tumors [172]. 

Targeting cellular antioxidant defense through 
the use of siRNA to silence SLC7A11 expression 
needed for cysteine import resulted in decreased 
cancer cell vitality in vitro and in vivo [173]. It has been 
found that transcription factors Ets proto-oncogene 1 
(Ets-1) and activation transcription factor 4 may work 
in tandem to enhance transcription of SLC7A11 in 
response to oxidative stress [174]. On the other hand, 
activation transcription factor 3 was found to inhibit 
transcription of SLC7A11 independent of the tumor 
suppressor gene p53 [175]. These controls could serve 
as a way forward in gene-based therapy for either 
inhibition or activation. So far, no study has examined 
the effects of such actions on these genes in regard to 
ferroptosis. Sulfasalazine, an anti-inflammatory and 
anti-rheumatic drug, has an inhibitory effect on xCT 
and was shown to cause a reduction in oxidative 
stress damage repair [176].  

Treatment of cells with Ras-selective-lethal 3 was 
shown to enhance ferroptosis through GPX4 
inhibition and subsequent increase in iron intake via 
transferrin [177]. In the event of drug resistance, 
silencing the nuclear factor erythroid 2-related 2 gene, 
which is a part of a ferroptosis resistance pathway, 

can restore the efficacy of Ras-selective-lethal 3 [178]. 
GPX4 can also be inhibited by small molecules such as 
ML-210, which works through a strong covalent 
binding of a selenocysteine residue in the protein 
[179]. Ferritinophagy, a process of autophagic 
degradation of ferritin mediated by nuclear receptor 
coactivator 4 [180], can also induce ferroptosis in 
cancer cells [181]. The generation of ROS by erastin 
treatment has been shown to achieve the autophagy 
necessary to degrade the iron-containing proteins like 
ferritin in order to achieve the intracellular overload 
of iron that helps lead to ferroptosis [182]. 

Prominin2 can also drive ferroptosis resistance in 
breast cancer cell lines through the exocytotic removal 
of cellular iron and alleviation of oxidative stress 
[183]. Results from this study showed that ferritin 
co-localized with prominin 2 and congregated in the 
exosomes. Interestingly, MDA-MB-231 cells, 
previously discussed in the chelation section for their 
affinity for iron in the face of pharmacological 
adversity, exhibited higher sensitivity to GPX4 
inhibition-induced oxidative stress and ferroptosis as 
a result of lower prominin 2 levels. Supplementation 
of prominin 2 to cells generated resistance to GPX4 
inhibition [183]. The previously discussed FPN has its 
own implications in the context of ferroptosis 
sensitivity and resistance. Geng et al. demonstrated 
that siRNA knockdown of FPN increased the 
sensitivity of neuroblastoma cells to erastin-induced 
ferroptosis compared to erastin treatment alone [184]. 
Lipid peroxidation measured by flow cytometry was 
significantly higher in FPN knockdown cells than 
control cells after erastin treatment. Furthermore, the 
incubation of cells with the FPN inducer ponasterone 
resulted in enhanced viability of cells co-treated with 
erastin, and enhanced viability was diminished when 
cells were transfected with FPN siRNA [184]. 

In addition to antioxidant and iron related 
metabolism, ferroptosis is also dependent on the 
metabolism of lipids. Lipid metabolism may also 
provide a potential avenue for targeting ferroptosis. 
Acyl-CoA Synthetase Long Chain Family Member 4 
(ACSL4) used in phospholipid synthesis, has been 
implicated as favorable to ferroptosis. Both knockout 
and pharmacological inhibition of its activity are able 
to impede ferroptosis [185]. In a study by Doll et al., it 
was suggested that ACSL4 activity promotes 
ferroptosis as a result of the preference for long 
poly-unsaturated fatty acids (PUFAs) as a substrate, 
in particular omega-6 fatty acids. This was based on 
the exogenous supplementation of omega-6 present-
ing greater vulnerability to ferroptosis than omega-3 
[185]. In contrast to PUFAs, monounsaturated fatty 
acids (MUFAs) present a lower susceptibility to 
ferroptosis. Magtanong et al. demonstrated that 
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supplementation of MUFAs in cells led to a 
restructuring of plasma membrane lipid composition 
that supplanted pre-existing PUFAs with MUFAs and 
lowered sensitivity of cells to ferroptosis [186]. The 
MUFAs did not display the susceptibility to oxidation 
at the 11th carbon, a marker of ferroptotic lipid 
peroxidation, allowing membrane integrity to be 
preserved [186].  

 Many of the treatment concepts related to 
ferroptosis are still in a relatively nascent stage, and 
more studies are needed to eventually translate them 
into effective clinical application. Ferroptosis remains 
a promising field of anticancer therapeutics with 
multiple avenues for success as evidenced by the 
results in studies targeting system Xc-, GPX4, and 
ferritinophagy, as well as ROS overloading. One of 
the key challenges in targeting iron for cancer 
therapeutics is that iron is tightly regulated and an 
essential component to cellular function. Attempts to 
manipulate iron levels in the cell have manifested in 
various forms of cellular resistance to ferroptosis and 
thus uncontrolled cellular proliferation. Additional 
studies on the pathways surrounding iron 
metabolism, antioxidants, and lipid metabolism are 
essential to better harness the potential of this 
emerging and challenging frontier in cancer 
therapeutics.  

Summary and Conclusion 
Given the complexity of cancer, it is beneficial to 

find patterns within it in order to both prevent and 
treat the disease. Patterns of iron dependence in 
cancers open the door to a field of therapeutics that 
aims to target cancer cells with a greater specificity in 
order to both maximize therapeutic efficacy and avoid 
harm to healthy cells. Furthermore, understanding 
iron’s nature as a pro-oxidant and its potential role as 
a collaborator in carcinogenesis may help to provide 
easy, beneficial preventative measures against cancer. 
While there are a number of studies discussed in this 
review that illustrate a connection between iron and 
cancer, there has yet to be a definitive mechanism of 
action elucidated. It is possible that there may not be a 
single route towards disease when it comes to iron 
and cancer. The links between consumption of certain 
meats and the development of cancer highlight this 
point: although the risk of cancer increases with 
consumption of more iron-heavy meat (e.g., red and 
processed meat), the meat also harbors many other 
known carcinogens, making the details of the 
connection often unclear. In carcinogenesis, iron may 
lead to oxidative stress with its redox reactivity and 
fuel the cancer stem cells with proliferative supplies, 
which has been illustrated in a recent review [187]. 
This could serve as the basis of future studies in the 

matter.  
Cellular iron metabolism has many individual 

components that make up a very delicate system that 
ensures vitality by providing the essential nutrients 
and, inadvertently, potential toxicity. Understanding 
these pathways has enabled scientific knowledge to 
advance to the point of identifying the extent of 
metabolic modification and dysregulation that occur 
in cancer and knowing how to use it. Targeting TfR1 
can be useful as increasing levels of the receptor 
enhances cellular import of iron or other TfR1 
ligand-conjugated anticancer drugs. Increased 
hepcidin levels resulting in greater intracellular iron 
concentrations is the basis for hepcidin based 
treatment that could inhibit or degrade hepcidin and 
relieve the iron accumulation. Studies on hepcidin 
inhibition show potential, but they also suggest that it 
may not be a standalone option. Sequestering iron by 
use of chelators is a more heavily tested method of 
targeting iron in general by depriving cancer cells of 
the iron that they need for their rapid growth. Cells 
may counteract the lack of iron through induction of 
HIFs. HIF inhibition may be an effective complement 
to iron chelation and other methods of therapeutics by 
severing a useful lifeline in iron and/or oxygen 
lacking cells, but further studies of treatment 
combinations are needed to better illustrate the effects 
of various methods on cancer cells. Regulated cell 
death by means of ferroptosis is a promising way of 
using iron against cancer cells [188]. Unlike chelation 
and other treatments that decrease the level of iron in 
cells, ferroptosis needs iron in the cells to unleash its 
toxicity. Therapeutic methods that can induce this 
phenomenon may target the vital antioxidant 
defenses of the cell, which then gives way to the 
ROS-led destructive processes. A recent review has 
summarized the currently available pharmacological 
agents targeting iron metabolism [189]. Keeping an 
eye on naturally occurring activation and inhibition 
mechanisms from transcription to post-translation can 
help shape and guide future strategies. In vivo testing 
and clinical trials will be necessary to generate a 
clearer image of the true potential of these treatments.  

Abbreviations 
5-FU: 5-Fluorouracil; ACSL4: Acyl-CoA 

Synthetase Long Chain Family Member 4; CDK1: 
cyclin dependent kinase 1; COX2: cyclooxygenase-2; 
CP: Cyclophosphamide; DcytB: duodenal cytochrome 
B; DFO: Deferoxamine; DFP: deferiprione; DFX: 
deferasirox; DMT-1: divalent metal transporter 1; 
Dox: Doxorubicin; Dp44mT: Di-2-pyridylketone-4,4- 
dimethyl-3-thiosemicarbazone; FPN: ferroportin; 
GPX4: glutathione peroxidase 4; HEPH: hephaestin; 
HCAs: heterocyclic amines; HIF: hypoxia-inducible 



Theranostics 2021, Vol. 11, Issue 17 
 

 
http://www.thno.org 

8426 

factor; IL-6: interleukin-6; IRE: iron response element; 
IRP: iron response protein; mRNA: messenger RNA; 
MUFAs: monounsaturated fatty acids; PARP: 
poly-ADP-ribose polymerase; PCBP: poly-r[C]- 
binding protein; PGE2: prostaglandin E2; PI3K: 
phosphatidylinositol-3 kinase; PUFAs: poly- 
unsaturated fatty acids; RCC: renal cell carcinoma; 
ROS: reactive oxygen species; siRNA: 
short-interfering RNA; STEAP: six transmembrane 
epithelial antigen of the prostate; Tf: transferrin; TfR1: 
transferrin receptor 1; TMZ: Temozolomide; TNBC: 
triple-negative breast cancer; TOP3: TAT-ODD- 
procaspase 3; UTR: untranslated region; VEGF-A: 
vascular endothelial growth factor-A; xC-: 
cystine-glutamate antiporter; YAP1: Yes-associated 
protein 1. 

Acknowledgments 
This work was supported in part by the National 

Institutes of Health [P20 GM130422] and a Research 
Scholar Grant from the American Cancer Society 
[RSG-18-050-01-NEC]. We thank Dr. Jesse L Denson 
Hesch from Hesch Consulting LLC for editing the 
manuscript. Due to the reference number limit, we 
apologize that many excellent works from our 
colleagues could not be cited in this manuscript.  

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Dlouhy AC, Outten CE. The iron metallome in eukaryotic organisms. Met Ions 

Life Sci. 2013; 12: 241-78. 
2. Zhang C. Essential functions of iron-requiring proteins in DNA replication, 

repair and cell cycle control. Protein Cell. 2014; 5(10): 750-60.  
3. Dev S, Babitt JL. Overview of iron metabolism in health and disease. Hemodial 

Int. 2017; 21 Suppl 1: S6-S20. 
4. Eid R, Arab NT, Greenwood MT. Iron mediated toxicity and programmed cell 

death: A review and a re-examination of existing paradigms. Biochim Biophys 
Acta Mol Cell Res. 2017; 1864(2): 399-430. 

5. Fridovich I. Oxygen: how do we stand it? Med Princ Pract. 2013; 22(2): 131-7. 
6. Kehrer JP. The Haber-Weiss reaction and mechanisms of toxicity. Toxicology. 

2000; 149(1): 43-50. 
7. Anderson GJ, Frazer DM, McKie AT, Vulpe CD, Smith A. Mechanisms of 

haem and non-haem iron absorption: lessons from inherited disorders of iron 
metabolism. Biometals. 2005; 18: 339–48. 

8. Fuqua BK, Vulpe CD, Anderson GJ. Intestinal iron absorption. J Trace Elem 
Med Biol. 2012; 26(2-3):115-9. 

9. Knutson MD. Iron transport proteins: Gateways of cellular and systemic iron 
homeostasis. J Biol Chem. 2017; 292(31): 12735-12743. 

10. Young I, Parker HM, Rangan A, Prvan T, Cook RL, Donges CE, et al. 
Association between haem and non-haem iron intake and serum ferritin in 
healthy young women. Nutrients. 2018; 10(1): 81. 

11. Kakhlon O, Cabantchik ZI. The labile iron pool: characterization, 
measurement, and participation in cellular processes (1). Free Radic Biol Med. 
2002; 33(8): 1037-46.  

12. Philpott CC, Ryu MS, Frey A, Patel S. Cytosolic iron chaperones: proteins 
delivering iron cofactors in the cytosol of mammalian cells. J Biol Chem. 2017; 
292(31): 12764-12771. 

13. Paul BT, Manz DH, Torti FM, Torti SV. Mitochondria and iron: current 
questions. Expert Rev Hematol. 2017; 10(1): 65-79. 

14. Puig S, Ramos-Alonso L, Romero AM, Martínez-Pastor MT. The elemental 
role of iron in DNA synthesis and repair. Metallomics. 2017; 9(11): 1483-1500. 

15. Zhang C. Essential functions of iron-requiring proteins in DNA replication, 
repair and cell cycle control. Protein Cell. 2014; 5(10): 750-60.  

16. Knovich MA, Storey JA, Coffman LG, Torti SV, Torti FM. Ferritin for the 
clinician. Blood Rev. 2009; 23(3): 95-104.  

17. Ward DM, Kaplan J. Ferroportin-mediated iron transport: expression and 
regulation. Biochim Biophys Acta. 2012; 1823(9): 1426-33. 

18. Wang J, Pantopoulos K. Regulation of cellular iron metabolism. Biochem J. 
2011; 434(3): 365-81. 

19. Camaschella C, Pagani A, Nai A, Silvestri L. The mutual control of iron and 
erythropoiesis. Int J Lab Hematol. 2016; 38 Suppl 1: 20-6.  

20. Cronin SJF, Woolf CJ, Weiss G, Penninger JM. The role of iron regulation in 
immunometabolism and immune-related disease. Front Mol Biosci. 2019; 6: 
116.  

21. Gulec S, Anderson GJ, Collins JF. Mechanistic and regulatory aspects of 
intestinal iron absorption. Am J Physiol Gastrointest Liver Physiol. 2014; 
307(4): G397-409. 

22. Ohgami RS, Campagna DR, McDonald A, Fleming MD. The Steap proteins are 
metalloreductases. Blood. 2006; 108(4): 1388-94.  

23. Weber RA, Yen FS, Nicholson SPV, Alwaseen H, Bayraktar EC, Alam M, et al. 
Maintaining iron homeostasis is the key role of lysosomal acidity for cell 
proliferation. Mol Cell. 2020; 77(3): 645-655.e7 

24. Korolnek T, Hamza I. Macrophages and iron trafficking at the birth and death 
of red cells. Blood. 2015; 125(19): 2893-7. 

25. Abbaspour N, Hurrell R, Kelishadi R. Review on iron and its importance for 
human health. J Res Med Sci. 2014; 19(2): 164-74. 

26. Hunt JR, Zito CA, Johnson LK. Body iron excretion by healthy men and 
women. Am J Clin Nutr. 2009; 89(6): 1792-8. 

27. Wallace DF. The regulation of iron absorption and homeostasis. Clin Biochem 
Rev. 2016; 37(2): 51-62. 

28. Nemeth E. Targeting the hepcidin-ferroportin axis in the diagnosis and 
treatment of anemias. Adv Hematol. 2010; 2010: 750643. 

29. Camaschella C, Nai A, Silvestri L. Iron metabolism and iron disorders 
revisited in the hepcidin era. Haematologica. 2020; 105(2): 260-272.  

30. Shah YM, Xie L. Hypoxia-inducible factors link iron homeostasis and 
erythropoiesis. Gastroenterology. 2014; 146(3): 630-42. 

31. Masoud GN, Li W. HIF-1α pathway: role, regulation and intervention for 
cancer therapy. Acta Pharm Sin B. 2015; 5(5):378-89. 

32. Peyssonnaux C, Zinkernagel AS, Schuepbach RA, Rankin E, Vaulont S, Haase 
VH, et al.. Regulation of iron homeostasis by the hypoxia-inducible 
transcription factors (HIFs). J Clin Invest. 2007; 117(7): 1926-32. 

33. Dengler VL, Galbraith M, Espinosa JM. Transcriptional regulation by hypoxia 
inducible factors. Crit Rev Biochem Mol Biol. 2014; 49(1): 1-15.  

34. Song IS, Wang AG, Yoon SY, Kim JM, Kim JH, Lee DS, et al. Regulation of 
glucose metabolism-related genes and VEGF by HIF-1alpha and HIF-1beta, 
but not HIF-2alpha, in gastric cancer. Exp Mol Med. 2009; 41(1): 51-8.  

35. Keith B, Johnson RS, Simon MC. HIF1α and HIF2α: sibling rivalry in hypoxic 
tumour growth and progression. Nat Rev Cancer. 2011; 12(1): 9-22. 

36. Anderson CP, Shen M, Eisenstein RS, Leibold EA. Mammalian iron 
metabolism and its control by iron regulatory proteins. Biochim Biophys Acta. 
2012; 1823(9): 1468-83.  

37. Wilkinson N, Pantopoulos K. The IRP/IRE system in vivo: insights from 
mouse models. Front Pharmacol. 2014; 5: 176.  

38. Manz DH, Blanchette NL, Paul BT, Torti FM, Torti SV. Iron and cancer: recent 
insights. Ann N Y Acad Sci. 2016; 1368(1): 149-61.  

39. Jung M, Mertens C, Tomat E, Brüne B. Iron as a central player and promising 
target in cancer progression. Int J Mol Sci. 2019; 20(2): 273.  

40. Fonseca-Nunes A, Jakszyn P, Agudo A. Iron and cancer risk--a systematic 
review and meta-analysis of the epidemiological evidence. Cancer Epidemiol 
Biomarkers Prev. 2014; 23(1): 12-31.  

41. Lee DH, Anderson KE, Folsom AR, Jacobs DR Jr. Heme iron, zinc and upper 
digestive tract cancer: the Iowa women's health study. Int J Cancer. 2005; 
117(4): 643-7.  

42. Diallo A, Deschasaux M, Partula V, Latino-Martel P, Srour B, Hercberg S, et al. 
Dietary iron intake and breast cancer risk: modulation by an antioxidant 
supplementation. Oncotarget. 2016; 7(48): 79008-79016.  

43. Etemadi A, Abnet CC, Graubard BI, Beane-Freeman L, Freedman ND, Liao L, 
et al. Anatomical subsite can modify the association between meat and meat 
compounds and risk of colorectal adenocarcinoma: Findings from three large 
US cohorts. Int J Cancer. 2018; 143(9): 2261-2270.  

44. Santarelli RL, Pierre F, Corpet DE. Processed meat and colorectal cancer: a 
review of epidemiologic and experimental evidence. Nutr Cancer. 2008; 60(2): 
131-44.  

45. Bojková B, Winklewski PJ, Wszedybyl-Winklewska M. Dietary fat and 
cancer-which is good, which is bad, and the body of evidence. Int J Mol Sci. 
2020; 21(11): 4114.  

46. Bastide NM, Chenni F, Audebert M, Santarelli RL, Taché S, Naud N, et al. A 
central role for heme iron in colon carcinogenesis associated with red meat 
intake. Cancer Res. 2015; 75(5): 870-9.  

47. Leecharoenkiat K, Lithanatudom P, Sornjai W, Smith DR. Iron dysregulation 
in beta-thalassemia. Asian Pac J Trop Med. 2016; 9(11): 1035-1043.  

48. Papanikolaou G, Tzilianos M, Christakis JI, Bogdanos D, Tsimirika K, 
MacFarlane J, et al. Hepcidin in iron overload disorders. Blood. 2005; 105(10): 
4103-5.  

49. Taher AT, Weatherall DJ, Cappellini MD. Thalassaemia. Lancet. 2018; 
391(10116): 155-167.  

50. Crownover BK, Covey CJ. Hereditary hemochromatosis. Am Fam Physician. 
2013; 87(3): 183-90.  



Theranostics 2021, Vol. 11, Issue 17 
 

 
http://www.thno.org 

8427 

51. Kawabata H. The mechanisms of systemic iron homeostasis and etiology, 
diagnosis, and treatment of hereditary hemochromatosis. Int J Hematol. 2018; 
107(1): 31-43.  

52. Elmberg M, Hultcrantz R, Ekbom A, Brandt L, Olsson S, Olsson R, et al. 
Cancer risk in patients with hereditary hemochromatosis and in their 
first-degree relatives. Gastroenterology. 2003; 125(6): 1733-41.  

53. Pietrangelo A. Hereditary hemochromatosis: pathogenesis, diagnosis, and 
treatment. Gastroenterology. 2010; 139(2): 393-408, 408.e1-2.  

54. Galanello R, Origa R. Beta-thalassemia. Orphanet J Rare Dis. 2010; 5: 11.  
55. Gardenghi S, Ramos P, Follenzi A, Rao N, Rachmilewitz EA, Giardina PJ, et al. 

Hepcidin and Hfe in iron overload in beta-thalassemia. Ann N Y Acad Sci. 
2010; 1202: 221-5.  

56. Jones E, Pasricha SR, Allen A, Evans P, Fisher CA, Wray K, et al. Hepcidin is 
suppressed by erythropoiesis in hemoglobin E β-thalassemia and 
β-thalassemia trait. Blood. 2015; 125(5): 873-80.  

57. Finianos A, Matar CF, Taher A. Hepatocellular carcinoma in β-thalassemia 
patients: review of the literature with molecular insight into liver 
carcinogenesis. Int J Mol Sci. 2018; 19(12): 4070.  

58. Zhang WZ, Butler JJ, Cloonan SM. Smoking-induced iron dysregulation in the 
lung. Free Radic Biol Med. 2019; 133: 238-247.  

59. Singhavi H, Ahluwalia JS, Stepanov I, Gupta PC, Gota V, Chaturvedi P, et al. 
Tobacco carcinogen research to aid understanding of cancer risk and influence 
policy. Laryngoscope Investig Otolaryngol. 2018; 3(5): 372-376.  

60. Raggi C, Gammella E, Correnti M, Buratti P, Forti E, Andersen JB, et al. 
Dysregulation of iron metabolism in cholangiocarcinoma stem-like cells. Sci 
Rep. 2017; 7(1): 17667.  

61. Wang F, Lv H, Zhao B, Zhou L, Wang S, Luo J, et al. Iron and leukemia: new 
insights for future treatments. J Exp Clin Cancer Res. 2019; 38(1): 406.  

62. Marques O, Porto G, Rêma A, Faria F, Cruz Paula A, Gomez-Lazaro M, et al. 
Local iron homeostasis in the breast ductal carcinoma microenvironment. 
BMC Cancer. 2016; 16: 187.  

63. Zhang S, Chen Y, Guo W, Yuan L, Zhang D, Xu Y, et al. Disordered 
hepcidin-ferroportin signaling promotes breast cancer growth. Cell Signal. 
2014; 26(11): 2539-50.  

64. Schwartz AJ, Goyert JW, Solanki S, Kerk SA, Chen B, Castillo C, et al. Hepcidin 
sequesters iron to sustain nucleotide metabolism and mitochondrial function 
in colorectal cancer epithelial cells. Nat Metab. 2021; 
10.1038/s42255-021-00406-7.  

65. Hubert RS, Vivanco I, Chen E, Rastegar S, Leong K, Mitchell SC, et al. STEAP: 
a prostate-specific cell-surface antigen highly expressed in human prostate 
tumors. Proc Natl Acad Sci U S A. 1999; 96(25): 14523-8.  

66. Zhang Z, Hou WB, Zhang C, Tan YE, Zhang DD, An W, et al. A research of 
STEAP1 regulated gastric cancer cell proliferation, migration and invasion in 
vitro and in vivos. J Cell Mol Med. 2020; 24(24): 14217-14230.  

67. Yang Q, Ji G, Li J. STEAP2 is down-regulated in breast cancer tissue and 
suppresses PI3K/AKT signaling and breast cancer cell invasion in vitro and in 
vivo. Cancer Biol Ther. 2020; 21(3): 278-291.  

68. Isobe T, Baba E, Arita S, Komoda M, Tamura S, Shirakawa T, et al. Human 
STEAP3 maintains tumor growth under hypoferric condition. Exp Cell Res. 
2011; 317(18): 2582-91.  

69. Xue X, Bredell BX, Anderson ER, Martin A, Mays C, Nagao-Kitamoto H, et al. 
Quantitative proteomics identifies STEAP4 as a critical regulator of 
mitochondrial dysfunction linking inflammation and colon cancer. Proc Natl 
Acad Sci U S A. 2017; 114(45): E9608-E9617.  

70. Hamara K, Bielecka-Kowalska A, Przybylowska-Sygut K, Sygut A, Dziki A, 
Szemraj J. Alterations in expression profile of iron-related genes in colorectal 
cancer. Mol Biol Rep. 2013; 40(10): 5573-85.  

71. Jeong SM, Lee J, Finley LW, Schmidt PJ, Fleming MD, Haigis MC. SIRT3 
regulates cellular iron metabolism and cancer growth by repressing iron 
regulatory protein 1. Oncogene. 2015; 34(16): 2115-24.  

72. Deng Z, Manz DH, Torti SV, Torti FM. Iron-responsive element-binding 
protein 2 plays an essential role in regulating prostate cancer cell growth. 
Oncotarget. 2017; 8(47): 82231-82243.  

73. Wang W, Deng Z, Hatcher H, Miller LD, Di X, Tesfay L, et al. IRP2 regulates 
breast tumor growth. Cancer Res. 2014; 74(2): 497-507.  

74. Jarman EJ, Ward C, Turnbull AK, Martinez-Perez C, Meehan J, Xintaropoulou 
C, et al. HER2 regulates HIF-2α and drives an increased hypoxic response in 
breast cancer. Breast Cancer Res. 2019; 21(1): 10.  

75. Han S, Huang T, Li W, Liu S, Yang W, Shi Q, et al. Association between 
hypoxia-inducible factor-2α (HIF-2α) expression and colorectal cancer and its 
prognostic role: a systematic analysis. Cell Physiol Biochem. 2018; 48(2): 
516-527.  

76. Xue X, Taylor M, Anderson E, Hao C, Qu A, Greenson JK, et al. 
Hypoxia-inducible factor-2α activation promotes colorectal cancer progression 
by dysregulating iron homeostasis. Cancer Res. 2012; 72(9): 2285-93.  

77. Kuang Y, Guo W, Ling J, Xu D, Liao Y, Zhao H, et al. Iron-dependent CDK1 
activity promotes lung carcinogenesis via activation of the GP130/STAT3 
signaling pathway. Cell Death Dis. 2019; 10(4): 297.  

78. Xue X, Ramakrishnan SK, Weisz K, Triner D, Xie L, Attili D, et al. Iron uptake 
via DMT1 integrates cell cycle with JAK-STAT3 signaling to promote 
colorectal tumorigenesis. Cell Metab. 2016; 24(3): 447-461.  

79. Li J, Wang Y, Wang X, Yang Q. CDK1 and CDC20 overexpression in patients 
with colorectal cancer are associated with poor prognosis: evidence from 
integrated bioinformatics analysis. World J Surg Oncol. 2020; 18(1): 50.  

80. Xu X, Page JL, Surtees JA, Liu H, Lagedrost S, Lu Y, et al. Broad 
overexpression of ribonucleotide reductase genes in mice specifically induces 
lung neoplasms. Cancer Res. 2008; 68(8): 2652-60.  

81. Ni S, Kuang Y, Yuan Y, Yu B. Mitochondrion-mediated iron accumulation 
promotes carcinogenesis and Warburg effect through reactive oxygen species 
in osteosarcoma. Cancer Cell Int. 2020; 20: 399.  

82. Liberti MV, Locasale JW. The Warburg effect: how does it benefit cancer cells? 
Trends Biochem Sci. 2016; 41(3): 211-218.  

83. Yin K, Lee J, Liu Z, Kim H, Martin DR, Liu M, et al. Mitophagy protein PINK1 
suppresses colon tumor growth by metabolic reprogramming via p53 
activation and reducing acetyl-CoA production. Cell Death Differ. 2021; 
10.1038/s41418-021-00760-9 

84. Ziegler PK, Bollrath J, Pallangyo CK, Matsutani T, Canli O, De Oliviera T, et al. 
Mitophagy in intestinal epithelial cells triggers adaptive immunity during 
tumorigenesis. Cell. 2018; 174(1): 88-101.e16.  

85. Lewerenz J, Hewett SJ, Huang Y, Lambros M, Gout PW, Kalivas PW, et al. The 
cystine/glutamate antiporter system x(c)(-) in health and disease: from 
molecular mechanisms to novel therapeutic opportunities. Antioxid Redox 
Signal. 2013; 18: 522–55.  

86. Koppula P, Zhang Y, Zhuang L, Gan B. Amino acid transporter SLC7A11/xCT 
at the crossroads of regulating redox homeostasis and nutrient dependency of 
cancer. Cancer Commun (Lond). 2018; 38(1): 12.  

87. Ji X, Qian J, Rahman SMJ, Siska PJ, Zou Y, Harris BK, et al. xCT 
(SLC7A11)-mediated metabolic reprogramming promotes non-small cell lung 
cancer progression. Oncogene. 2018; 37(36): 5007-5019.  

88. Kim H, Yin K, Falcon DM, Xue X. The interaction of hemin and sestrin2 
modulates oxidative stress and colon tumor growth. Toxicol Appl Pharmacol. 
2019; 374: 77-85.  

89. Chaston TB, Richardson DR. Iron chelators for the treatment of iron overload 
disease: relationship between structure, redox activity, and toxicity. Am J 
Hematol. 2003; 73(3): 200-10.  

90. Mobarra N, Shanaki M, Ehteram H, Nasiri H, Sahmani M, Saeidi M, et al. A 
review on iron chelators in treatment of iron overload syndromes. Int J 
Hematol Oncol Stem Cell Res. 2016; 10(4): 239-247.  

91. Bajbouj K, Shafarin J, Hamad M. High-dose deferoxamine treatment disrupts 
intracellular iron homeostasis, reduces growth, and induces apoptosis in 
metastatic and nonmetastatic breast cancer cell lines. Technol Cancer Res 
Treat. 2018; 17: 1533033818764470.  

92. Lynn JV, Urlaub KM, Ranganathan K, Donneys A, Nelson NS, Subramanian 
C, et al. The role of deferoxamine in irradiated breast reconstruction: a study of 
oncologic safety. Plast Reconstr Surg. 2019; 143(6): 1666-1676.  

93. Simões RV, Veeraperumal S, Serganova IS, Kruchevsky N, Varshavsky J, 
Blasberg RG, et al. Inhibition of prostate cancer proliferation by deferiprone. 
NMR Biomed. 2017; 30(6): 10.1002/nbm.3712.  

94. Fiorillo M, Tóth F, Brindisi M, Sotgia F, Lisanti MP. Deferiprone (DFP) targets 
cancer stem cell (CSC) propagation by inhibiting mitochondrial metabolism 
and inducing ROS production. Cells. 2020; 9(6): 1529.  

95. Choi JH, Kim JS, Won YW, Uhm J, Park BB, Lee YY. The potential of 
deferasirox as a novel therapeutic modality in gastric cancer. World J Surg 
Oncol. 2016; 14: 77.  

96. Shang C, Zhou H, Liu W, Shen T, Luo Y, Huang S. Iron chelation inhibits 
mTORC1 signaling involving activation of AMPK and REDD1/Bnip3 
pathways. Oncogene. 2020; 39(29): 5201-5213.  

97. Li P, Zheng X, Shou K, Niu Y, Jian C, Zhao Y, et al. The iron chelator Dp44mT 
suppresses osteosarcoma's proliferation, invasion and migration: in vitro and 
in vivo. Am J Transl Res. 2016; 8(12): 5370-5385.  

98. Krishan S, Richardson DR, Sahni S. The anticancer agent, di-2-pyridylketone 
4,4-dimethyl-3-thiosemicarbazone (Dp44mT), up-regulates the 
AMPK-dependent energy homeostasis pathway in cancer cells. Biochim 
Biophys Acta. 2016; 1863(12): 2916-2933.  

99. Ohara T, Tomono Y, Boyi X, Yingfu S, Omori K, Matsukawa A. A novel, 
nontoxic iron chelator, super-polyphenol, effectively induces apoptosis in 
human cancer cell lines. Oncotarget. 2018; 9(67): 32751-32760.  

100. Yang C, Ma X, Wang Z, Zeng X, Hu Z, Ye Z, et al. Curcumin induces apoptosis 
and protective autophagy in castration-resistant prostate cancer cells through 
iron chelation. Drug Des Devel Ther. 2017; 11: 431-439.  

101. Chen C, Liu P, Duan X, Cheng M, Xu LX. Deferoxamine-induced high 
expression of TfR1 and DMT1 enhanced iron uptake in triple-negative breast 
cancer cells by activating IL-6/PI3K/AKT pathway. Onco Targets Ther. 2019; 
12: 4359-4377.  

102. Wegiel B, Bjartell A, Culig Z, Persson JL. Interleukin-6 activates PI3K/Akt 
pathway and regulates cyclin A1 to promote prostate cancer cell survival. Int J 
Cancer. 2008; 122(7): 1521-9.  

103. Liu Y, Cui Y, Shi M, Zhang Q, Wang Q, Chen X. Deferoxamine promotes 
MDA-MB-231 cell migration and invasion through increased ROS-dependent 
HIF-1α accumulation. Cell Physiol Biochem. 2014; 33(4): 1036-46.  

104. Lang J, Zhao X, Wang X, Zhao Y, Li Y, Zhao R, et al. Targeted co-delivery of 
the iron chelator deferoxamine and a HIF1α inhibitor impairs pancreatic 
tumor growth. ACS Nano. 2019; 13(2): 2176-2189.  

105. Ford SJ, Obeidy P, Lovejoy DB, Bedford M, Nichols L, Chadwick C, et al. 
Deferasirox (ICL670A) effectively inhibits oesophageal cancer growth in vitro 
and in vivo. Br J Pharmacol. 2013; 168(6): 1316-28.  

106. Kast RE, Skuli N, Sardi I, Capanni F, Hessling M, Frosina G, et al. 
Augmentation of 5-aminolevulinic acid treatment of glioblastoma by adding 



Theranostics 2021, Vol. 11, Issue 17 
 

 
http://www.thno.org 

8428 

ciprofloxacin, deferiprone, 5-fluorouracil and febuxostat: the CAALA 
regimen. Brain Sci. 2018; 8: 203.  

107. Potuckova E, Jansova H, Machacek M, Vavrova A, Haskova P, Tichotova L, et 
al. Quantitative analysis of the anti-proliferative activity of combinations of 
selected iron-chelating agents and clinically used anti-neoplastic drugs. PLoS 
One. 2014; 9(2): e88754.  

108. Wang L, Li X, Mu Y, Lu C, Tang S, Lu K, et al. The iron chelator 
desferrioxamine synergizes with chemotherapy for cancer treatment. J Trace 
Elem Med Biol. 2019; 56: 131–8.  

109. Donfrancesco A, De Bernardi B, Carli M, Mancini A, Nigro M, De Sio L, et al. 
Deferoxamine followed by cyclophosphamide, etoposide, carboplatin, 
thiotepa, induction regimen in advanced neuroblastoma: Preliminary results. 
Eur J Cancer. 1995; 31: 612–5. 

110. Chen S-J, Kuo C-C, Pan H-Y, Tsou T-C, Yeh S-C, Chang J-Y. Desferal regulates 
hCtr1 and transferrin receptor expression through Sp1 and exhibits synergistic 
cytotoxicity with platinum drugs in oxaliplatin-resistant human cervical 
cancer cells in vitro and in vivo. Oncotarget. 2016; 7: 49310–21. 

111. Tury S, Assayag F, Bonin F, Chateau-Joubert S, Servely JL, Vacher S, et al. The 
iron chelator deferasirox synergises with chemotherapy to treat triple-negative 
breast cancers. J Pathol. 2018; 246(1): 103-114.  

112. Kunos CA, Chu E, Beumer JH, Sznol M, Ivy SP. Phase I trial of daily triapine in 
combination with cisplatin chemotherapy for advanced-stage malignancies. 
Cancer Chemother Pharmacol. 2017; 79: 201–7. 

113. Ding F, Zhang L, Chen H, Song H, Chen S, Xiao H. Enhancing the 
chemotherapeutic efficacy of platinum prodrug nanoparticles and inhibiting 
cancer metastasis by targeting iron homeostasis. Nanoscale Horiz. 2020; 5(6): 
999-1015.  

114. Valle P, Timeus F, Piglione M, Rosso P, di Montezemolo LC, Crescenzio N, et 
al. Effect of different exposures to desferrioxamine on neuroblastoma cell 
lines. Pediatr Hematol Oncol. 1995; 12: 439–46.  

115. Prill S, Rebstock J, Tennemann A, Korfer J, Sonnichsen R, Thieme R, et al. 
Tumor-associated macrophages and individual chemo-susceptibility are 
influenced by iron chelation in human slice cultures of gastric cancer. 
Oncotarget. 2019; 10: 4731–42.  

116. Lin ZP, Ratner ES, Whicker ME, Lee Y, Sartorelli AC. Triapine disrupts 
CtIP-mediated homologous recombination repair and sensitizes ovarian 
cancer cells to PARP and topoisomerase inhibitors. Mol Cancer Res. 2014; 
12(3): 381-393.  

117. Choi BS, Alberti DB, Schelman WR, Kolesar JM, Thomas JP, Marnocha R, et al. 
The maximum tolerated dose and biologic effects of 
3-aminopyridine-2-carboxaldehyde thiosemicarbazone (3-AP) in combination 
with irinotecan for patients with refractory solid tumors. Cancer Chemother 
Pharmacol. 2010; 66: 973–80.  

118. Paukovcekova S, Skoda J, Neradil J, Mikulenkova E, Chlapek P, Sterba J, et al. 
Novel thiosemicarbazones sensitize pediatric solid tumor cell-types to 
conventional chemotherapeutics through multiple molecular mechanisms. 
Cancers (Basel). 2020; 12(12): 3781.  

119. Lin ZP, Zhu YL, Lo YC, Moscarelli J, Xiong A, Korayem Y, et al. Combination 
of triapine, olaparib, and cediranib suppresses progression of BRCA-wild type 
and PARP inhibitor-resistant epithelial ovarian cancer. PLoS One. 2018; 13(11): 
e0207399.  

120. Alexiou GA, Gerogianni P, Vartholomatos E, Kyritsis AP. Deferiprone 
enhances temozolomide cytotoxicity in glioma cells. Cancer Invest. 2016; 34: 
489–95. 

121. Benadiba J, Rosilio C, Nebout M, Heimeroth V, Neffati Z, Popa A, et al. Iron 
chelation: an adjuvant therapy to target metabolism, growth and survival of 
murine PTEN-deficient T lymphoma and human T lymphoblastic 
leukemia/lymphoma. Leuk Lymphoma. 2017; 58: 1433–45.  

122. Schelman WR, Morgan-Meadows S, Marnocha R, Lee F, Eickhoff J, Huang W, 
et al. A phase I study of Triapine in combination with doxorubicin in patients 
with advanced solid tumors. Cancer Chemother Pharmacol. 2009; 63: 1147–56.  

123. Kim WH, Chon CY, Moon YM, Kang JK, Park IS, Choi HJ. Effect of anticancer 
drugs and desferrioxamine in combination with radiation on hepatoma cell 
lines. Yonsei Med J. 1993; 34(1): 45-56.  

124. Cook J. Radiation sensitization of mammalian cells by metal chelators. Radiat 
Res. 2001; 155(2): 304-10.  

125. Barker CA, Burgan WE, Carter DJ, Cerna D, Gius D, Hollingshead MG, et al. 
In vitro and in vivo radiosensitization induced by the ribonucleotide reductase 
inhibitor Triapine (3-aminopyridine-2-carboxaldehyde-thiosemicarbazone). 
Clin Cancer Res. 2006; 12(9): 2912-8.  

126. Tian J, Peehl DM, Zheng W, Knox SJ. Anti-tumor and radiosensitization 
activities of the iron chelator HDp44mT are mediated by effects on 
intracellular redox status. Cancer Lett. 2010 Dec 8;298(2):231-7.  

127. Kunos CA, Sherertz TM. Long-term disease control with triapine-based 
radiochemotherapy for patients with stage IB2-IIIB cervical cancer. Front 
Oncol. 2014; 4: 184.  

128. Kunos CA, Radivoyevitch T, Waggoner S, Debernardo R, Zanotti K, Resnick 
K, et al. Radiochemotherapy plus 3-aminopyridine-2-carboxaldehyde 
thiosemicarbazone (3-AP, NSC #663249) in advanced-stage cervical and 
vaginal cancers. Gynecol Oncol. 2013; 130(1): 75-80.  

129. Kunos CA, Andrews SJ, Moore KN, Chon HS, Ivy SP. Randomized phase II 
trial of triapine-cisplatin-radiotherapy for locally advanced stage uterine 
cervix or vaginal cancers. Front Oncol. 2019; 9: 1067.  

130. Kunos CA, Ivy SP. Triapine radiochemotherapy in advancedsStage cervical 
cancer. Front Oncol. 2018; 8: 149.  

131. Daniels TR, Bernabeu E, Rodríguez JA, Patel S, Kozman M, Chiappetta DA, et 
al. The transferrin receptor and the targeted delivery of therapeutic agents 
against cancer. Biochim Biophys Acta. 2012; 1820(3): 291-317.  

132. Greene CJ, Attwood K, Sharma NJ, Gross KW, Smith GJ, Xu B, et al. 
Transferrin receptor 1 upregulation in primary tumor and downregulation in 
benign kidney is associated with progression and mortality in renal cell 
carcinoma patients. Oncotarget. 2017; 8(63): 107052-107075.  

133. Chan KT, Choi MY, Lai KK, Tan W, Tung LN, Lam HY, et al. Overexpression 
of transferrin receptor CD71 and its tumorigenic properties in esophageal 
squamous cell carcinoma. Oncol Rep. 2014; 31(3): 1296-304.  

134. O'Donnell KA, Yu D, Zeller KI, Kim JW, Racke F, Thomas-Tikhonenko A, et al. 
Activation of transferrin receptor 1 by c-Myc enhances cellular proliferation 
and tumorigenesis. Mol Cell Biol. 2006; 26(6): 2373-86.  

135. Okazaki F, Matsunaga N, Okazaki H, Utoguchi N, Suzuki R, Maruyama K, et 
al. Circadian rhythm of transferrin receptor 1 gene expression controlled by 
c-Myc in colon cancer-bearing mice. Cancer Res. 2010; 70(15): 6238-46.  

136. Okazaki F, Matsunaga N, Okazaki H, Azuma H, Hamamura K, Tsuruta A, et 
al. Circadian clock in a mouse colon tumor regulates intracellular iron levels to 
promote tumor progression. J Biol Chem. 2016; 291(13): 7017-28.  

137. Cheng X, Fan K, Wang L, Ying X, Sanders AJ, Guo T, et al. TfR1 binding with 
H-ferritin nanocarrier achieves prognostic diagnosis and enhances the 
therapeutic efficacy in clinical gastric cancer. Cell Death Dis. 2020; 11(2): 92.  

138. Neiveyans M, Melhem R, Arnoult C, Bourquard T, Jarlier M, Busson M, et al. 
A recycling anti-transferrin receptor-1 monoclonal antibody as an efficient 
therapy for erythroleukemia through target up-regulation and 
antibody-dependent cytotoxic effector functions. MAbs. 2019; 11(3): 593-605.  

139. Hansel TT, Kropshofer H, Singer T, Mitchell JA, George AJ. The safety and 
side effects of monoclonal antibodies. Nat Rev Drug Discov. 2010; 9(4): 325-38.  

140. Campisi A, Bonfanti R, Raciti G, Bonaventura G, Legnani L, Magro G, et al. 
Gene silencing of transferrin-1 receptor as a potential therapeutic target for 
human follicular and anaplastic thyroid cancer. Mol Ther Oncolytics. 2020; 16: 
197-206.  

141. Hu B, Zhong L, Weng Y, Peng L, Huang Y, Zhao Y, et al. Therapeutic siRNA: 
state of the art. Signal Transduct Target Ther. 2020; 5(1): 101.  

142. Ratcliffe PJ. HIF-1 and HIF-2: working alone or together in hypoxia? J Clin 
Invest. 2007; 117(4): 862-5.  

143. Xue X, Shah YM. Hypoxia-inducible factor-2α is essential in activating the 
COX2/mPGES-1/PGE2 signaling axis in colon cancer. Carcinogenesis. 2013; 
34(1): 163-9.  

144. Wang D, DuBois RN. The role of prostaglandin E(2) in tumor-associated 
immunosuppression. Trends Mol Med. 2016; 22(1): 1-3.  

145. Albadari N, Deng S, Li W. The transcriptional factors HIF-1 and HIF-2 and 
their novel inhibitors in cancer therapy. Expert Opin Drug Discov. 2019; 14(7): 
667-682.  

146. Yu T, Tang B, Sun X. Development of inhibitors targeting hypoxia-inducible 
factor 1 and 2 for cancer therapy. Yonsei Med J. 2017; 58(3): 489-496.  

147. Hoang NT, Kadonosono T, Kuchimaru T, Kizaka-Kondoh S. 
Hypoxia-inducible factor-targeting prodrug TOP3 combined with gemcitabine 
or TS-1 improves pancreatic cancer survival in an orthotopic model. Cancer 
Sci. 2016; 107(8): 1151-8.  

148. Liu J, Zhang C, Zhao Y, Yue X, Wu H, Huang S, et al. Parkin targets HIF-1α for 
ubiquitination and degradation to inhibit breast tumor progression. Nat 
Commun. 2017; 8(1): 1823.  

149. Chung E, Choi Y, Park J, Nah W, Park J, Jung Y, et al. Intracellular delivery of 
Parkin rescues neurons from accumulation of damaged mitochondria and 
pathological α-synuclein. Sci Adv. 2020; 6(18): eaba1193.  

150. Ma X, Zhang H, Xue X, Shah YM. Hypoxia-inducible factor 2α (HIF-2α) 
promotes colon cancer growth by potentiating Yes-associated protein 1 
(YAP1) activity. J Biol Chem. 2017; 292(41): 17046-17056.  

151. Wang Y, Yu A, Yu FX. The Hippo pathway in tissue homeostasis and 
regeneration. Protein Cell. 2017; 8(5): 349-359.  

152. Melincovici CS, Boşca AB, Şuşman S, Mărginean M, Mihu C, Istrate M, et al. 
Vascular endothelial growth factor (VEGF) - key factor in normal and 
pathological angiogenesis. Rom J Morphol Embryol. 2018; 59(2): 455-467.  

153. Lu Y, Qin T, Li J, Wang L, Zhang Q, Jiang Z, et al. MicroRNA-140-5p inhibits 
invasion and angiogenesis through targeting VEGF-A in breast cancer. Cancer 
Gene Ther. 2017; 24(9): 386-392.  

154. Ferrara N, Hillan KJ, Gerber HP, Novotny W. Discovery and development of 
bevacizumab, an anti-VEGF antibody for treating cancer. Nat Rev Drug 
Discov. 2004; 3(5): 391-400.  

155. Meadows KL, Hurwitz HI. Anti-VEGF therapies in the clinic. Cold Spring 
Harb Perspect Med. 2012; 2(10): a006577.  

156. Gu Z, Wang H, Xia J, Yang Y, Jin Z, Xu H, et al. Decreased ferroportin 
promotes myeloma cell growth and osteoclast differentiation. Cancer Res. 
2015; 75(11): 2211-21.  

157. Kong Y, Hu L, Lu K, Wang Y, Xie Y, Gao L, et al. Ferroportin downregulation 
promotes cell proliferation by modulating the Nrf2-miR-17-5p axis in multiple 
myeloma. Cell Death Dis. 2019; 10(9): 624.  

158. Traeger L, Ellermann I, Wiethoff H, Ihbe J, Gallitz I, Eveslage M, et al. Serum 
Hepcidin and GDF-15 levels as prognostic markers in urothelial carcinoma of 
the upper urinary tract and renal cell carcinoma. BMC Cancer. 2019; 19(1): 74.  

159. Jakszyn P, Fonseca-Nunes A, Lujan-Barroso L, Aranda N, Tous M, Arija V, et 
al. Hepcidin levels and gastric cancer risk in the EPIC-EurGast study. Int J 
Cancer. 2017; 141(5): 945-951.  



Theranostics 2021, Vol. 11, Issue 17 
 

 
http://www.thno.org 

8429 

160. Vela D, Vela-Gaxha Z. Differential regulation of hepcidin in cancer and 
non-cancer tissues and its clinical implications. Exp Mol Med. 2018; 50(2): 
e436.  

161. Kijima H, Sawada T, Tomosugi N, Kubota K. Expression of hepcidin mRNA is 
uniformly suppressed in hepatocellular carcinoma. BMC Cancer. 2008; 8: 167.  

162. Ren F, Li J, Wang Y, Wang Y, Feng S, Yuan Z, et al. The effects of angelica 
sinensis polysaccharide on tumor growth and iron metabolism by regulating 
hepcidin in tumor-bearing mice. Cell Physiol Biochem. 2018; 47(3): 1084-1094.  

163. Vadhan-Raj S, Abonour R, Goldman JW, Smith DA, Slapak CA, Ilaria RL Jr, et 
al. A first-in-human phase 1 study of a hepcidin monoclonal antibody, 
LY2787106, in cancer-associated anemia. J Hematol Oncol. 2017; 10(1): 73.  

164. Torti SV, Lemler E, Mueller BK, Popp A, Torti FM. Effects of anti-repulsive 
guidance molecule C (RGMc/Hemojuvelin) antibody on hepcidin and iron in 
mouse liver and tumor xenografts. Clin Exp Pharmacol. 2016; 6(6): 223.  

165. Stockwell BR, Jiang X, Gu W. Emerging mechanisms and disease relevance of 
ferroptosis. Trends Cell Biol. 2020; 30(6): 478-490.  

166. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, et 
al. Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell. 2012; 
149(5): 1060-72.  

167. Shen Z, Liu T, Li Y, Lau J, Yang Z, Fan W, et al. Fenton-reaction-acceleratable 
magnetic nanoparticles for ferroptosis therapy of orthotopic brain tumors. 
ACS Nano. 2018; 12(11): 11355-11365.  

168. Xie S, Sun W, Zhang C, Dong B, Yang J, Hou M, et al. Metabolic control by heat 
stress determining cell fate to ferroptosis for effective cancer therapy. ACS 
Nano. 2021; 15(4): 7179-7194.  

169. Wang W, Green M, Choi JE, Gijón M, Kennedy PD, Johnson JK, et al. CD8+ T 
cells regulate tumour ferroptosis during cancer immunotherapy. Nature. 2019; 
569(7755): 270-274.  

170. Yi J, Minikes AM, Jiang X. Aiming at cancer in vivo: ferroptosis-inducer 
delivered by nanoparticles. Cell Chem Biol. 2019; 26: 621–2.  

171. Yang Y, Luo M, Zhang K, Zhang J, Gao T, Connell DO, et al. Nedd4 
ubiquitylates VDAC2/3 to suppress erastin-induced ferroptosis in melanoma. 
Nat Commun. 2020; 11(1): 433.  

172. Kathman SG, Span I, Smith AT, Xu Z, Zhan J, Rosenzweig AC, et al. A small 
molecule that switches a ubiquitin ligase from a processive to a distributive 
enzymatic mechanism. J Am Chem Soc. 2015; 137(39): 12442-5.  

173. Hu K, Li K, Lv J, Feng J, Chen J, Wu H, et al. Suppression of the 
SLC7A11/glutathione axis causes synthetic lethality in KRAS-mutant lung 
adenocarcinoma. J Clin Invest. 2020; 130(4): 1752-1766.  

174. Lim JKM, Delaidelli A, Minaker SW, Zhang HF, Colovic M, Yang H, et al. 
Cystine/glutamate antiporter xCT (SLC7A11) facilitates oncogenic RAS 
transformation by preserving intracellular redox balance. Proc Natl Acad Sci 
U S A. 2019; 116(19): 9433-9442.  

175. Wang L, Liu Y, Du T, Yang H, Lei L, Guo M, et al. ATF3 promotes 
erastin-induced ferroptosis by suppressing system Xc. Cell Death Differ. 2020; 
27(2): 662-675.  

176. Nagane M, Kanai E, Shibata Y, Shimizu T, Yoshioka C, Maruo T, et al. 
Sulfasalazine, an inhibitor of the cystine-glutamate antiporter, reduces DNA 
damage repair and enhances radiosensitivity in murine B16F10 melanoma. 
PLoS One. 2018; 13(4): e0195151.  

177. Sui X, Zhang R, Liu S, Duan T, Zhai L, Zhang M, et al. RSL3 drives ferroptosis 
through GPX4 inactivation and ROS production in colorectal cancer. Front 
Pharmacol. 2018; 9: 1371.  

178. Shin D, Kim EH, Lee J, Roh JL. Nrf2 inhibition reverses resistance to GPX4 
inhibitor-induced ferroptosis in head and neck cancer. Free Radic Biol Med. 
2018; 129: 454-462.  

179. Eaton JK, Furst L, Ruberto RA, Moosmayer D, Hilpmann A, Ryan MJ, et al. 
Selective covalent targeting of GPX4 using masked nitrile-oxide electrophiles. 
Nat Chem Biol. 2020; 16(5): 497-506.  

180. Mancias JD, Wang X, Gygi SP, Harper JW, Kimmelman AC. Quantitative 
proteomics identifies NCOA4 as the cargo receptor mediating ferritinophagy. 
Nature. 2014; 509: 105–9.  

181. Hou W, Xie Y, Song X, Sun X, Lotze MT, Zeh HJ 3rd, et al. Autophagy 
promotes ferroptosis by degradation of ferritin. Autophagy. 2016; 12(8): 
1425-8.  

182. Park E, Chung SW. ROS-mediated autophagy increases intracellular iron 
levels and ferroptosis by ferritin and transferrin receptor regulation. Cell 
Death Dis. 2019; 10(11): 822.  

183. Brown CW, Amante JJ, Chhoy P, Elaimy AL, Liu H, Zhu LJ, et al. Prominin2 
drives ferroptosis resistance by stimulating iron export. Dev Cell. 2019; 51(5): 
575-586.e4.  

184. Geng N, Shi BJ, Li SL, Zhong ZY, Li YC, Xua WL, et al. Knockdown of 
ferroportin accelerates erastin-induced ferroptosis in neuroblastoma cells. Eur 
Rev Med Pharmacol Sci. 2018; 22(12): 3826-3836.  

185. Doll S, Proneth B, Tyurina YY, Panzilius E, Kobayashi S, Ingold I, et al. ACSL4 
dictates ferroptosis sensitivity by shaping cellular lipid composition. Nat 
Chem Biol. 2017; 13(1): 91-98.  

186. Magtanong L, Ko PJ, To M, Cao JY, Forcina GC, Tarangelo A, et al. Exogenous 
monounsaturated fatty acids promote a ferroptosis-resistant cell state. Cell 
Chem Biol. 2019; 26(3): 420-432.e9.  

187. El Hout M, Dos Santos L, Hamaï A, Mehrpour M. A promising new approach 
to cancer therapy: Targeting iron metabolism in cancer stem cells. Semin 
Cancer Biol. 2018; 53: 125–38. 

188. Jiang X, Stockwell BR, Conrad M. Ferroptosis: mechanisms, biology and role 
in disease. Nat Rev Mol Cell Biol. 2021/01/25. 2021; 22: 266–82. 

189. Roemhild K, von Maltzahn F, Weiskirchen R, Knüchel R, von Stillfried S, 
Lammers T. Iron metabolism: pathophysiology and pharmacology. Trends 
Pharmacol Sci. 2021; 10.1016/j.tips.2021.05.001 

 


