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Simple Summary: Iron is the more abundant metal ion in humans. It is essential for life as it has a 

role in various cellular processes involved, for instance, in cell metabolism and DNA synthesis. 

These functions are crucial for cell proliferation, and it is therefore not surprising that iron is 

accumulated in tumors. In this review, we describe normal and altered iron homeostasis 

mechanisms. We also provide a vision of iron-related proteins with altered expression in cancers 

and discuss their potential as diagnostic and/or prognostic biomarkers. Finally, we give an overview 

of therapeutic strategies acting on iron metabolism to fight against cancers. 

Abstract: Iron (Fe) is a trace element that plays essential roles in various biological processes such 

as DNA synthesis and repair, as well as cellular energy production and oxygen transport, and it is 

currently widely recognized that iron homeostasis is dysregulated in many cancers. Indeed, several 

iron homeostasis proteins may be responsible for malignant tumor initiation, proliferation, and for 

the metastatic spread of tumors. A large number of studies demonstrated the potential clinical value 

of utilizing these deregulated proteins as prognostic and/or predictive biomarkers of malignancy 

and/or response to anticancer treatments. Additionally, the iron present in cancer cells and the 

importance of iron in ferroptosis cell death signaling pathways prompted the development of 

therapeutic strategies against advanced stage or resistant cancers. In this review, we select relevant 

and promising studies in the field of iron metabolism in cancer research and clinical oncology. 

Besides this, we discuss some co-existing discrepant findings. We also present and discuss the latest 

lines of research related to targeting iron, or its regulatory pathways, as potential promising 

anticancer strategies for human therapy. Iron chelators, such as deferoxamine or iron-oxide-based 

nanoparticles, which are already tested in clinical trials, alone or in combination with chemotherapy, 

are also reported. 
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1. Introduction 

Iron (Fe) is one of the most important trace elements for eukaryotic cells, with countless cellular 

roles. It is a co-factor of many ferro-dependent enzymes such as the enzyme involved in DNA 
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synthesis and repair, as well as cellular energy production and oxygen transport. It is also present in 

many hemoproteins, such as hemoglobin or myoglobin. Functional Fe protects cells from the 

formation of free radicals through its involvement in catalases and peroxidases. Iron cellular 

homeostasis is highly regulated because both deficiency and excess of Fe have deleterious cellular 

effects. 

In cancer cells, these biological processes are also central for the acquisition of malignant 

phenotypes, and the dysregulation of Fe-related proteins actively participates in oncogenesis. Some 

studies have also revealed that these dysregulations could be of clinical interest as prognostic and/or 

predictive biomarkers of response to treatment. Accordingly, several therapeutic strategies targeting 

or using trace elements have been developed. In view of this rich literature, we present some of the 

most significant studies with results and cell mechanisms relating to Fe homeostasis dysregulation 

and cancer. This review is also an opportunity to present the discrepant results on this subject. Finally, 

in this work, we review the main therapeutic strategies targeting Fe or using Fe as a central player 

for cancer treatment. 

Numerous studies have shown that Fe contributes to carcinogenesis and metastatic processes. 

Altered Fe metabolism and cancer patients’ prognoses are linked. The use of these biomarkers could 

therefore contribute to clinical decision-making. Finally, understanding the dysregulation of iron 

metabolism in tumors allows better patient care as well as the implementation of new therapeutic 

strategies. 

2. Iron Normal Metabolism 

Iron is a trace element essential for mammals. This trace element is determinant for the transport 

of oxygen in the blood as well as energy production in the mitochondria, muscle function, and 

hematopoiesis [1,2]. In addition, Fe is a co-factor for many enzymes involved in mitosis or in 

detoxifying mechanisms, for instance. The systemic Fe homeostasis is mainly maintained through the 

recycling of senescent erythrocytes by macrophages and Fe is stored in hepatocytes. These 

mechanisms contribute to 90% of the needs, the remaining being absorbed from the diet to 

counterbalance iron losses [3]. Three to four grams of Fe are present in the human body, while Fe 

plasma concentration is between 10 and 30 µM, so that the iron in plasma represents only around 6 

mg of iron on average, a tiny percentage of total iron. Dysregulation of iron homeostasis provokes 

either cellular dysfunction, leading to anemia if there is a negative Fe regulation, or to tissue injury 

in the case of positive Fe regulation [4]. These damages come from the capacity of iron to undergo 

cyclic oxidation and reduction. The redox activity of Fe generates free radicals and other oxidizing 

species through a variety of mechanisms such as the Fenton reaction. This reaction rapidly changes 

free Fe in the form of Fe3+ to Fe2+ by a reduction reaction with hydrogen peroxide. In addition, this 

reaction leads to the production of hydroxyl radicals that can cause biological damage [5,6]. Iron is 

an essential trace element that can be toxic for cells and organisms; consequently, several mechanisms 

are implemented to regulate precisely Fe absorption, transport, and storage. 

Humans absorb Fe either complexed with heme or under free form. This assimilation 

predominantly occurs in the small intestine. Furthermore, Fe absorption is higher in the duodenum 

and jejunum, with a continuous decrease from proximal to distal [7]. The reduction of Fe3+ into Fe2+ 

is a mandatory first step for Fe absorption by duodenal enterocytes (Figure 1A). This reduction 

reaction is triggered by the duodenal cytochrome b (DCYTB) transmembrane ferric reductase and 

mediated by intracellular ascorbate. The DCYTB could have an important role in iron homeostasis 

owing to various factors affecting gene regulation. After the reduction step, Fe enters the duodenal 

enterocyte by divalent metal transporter 1 (DMT1) [2]. The transport of iron by DMT1 is proton-

coupled and thus requires a pH gradient. 
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Figure 1. (A): The enterocyte: absorption site of dietary heme and non-heme iron. The Fe in the diet 

is mainly in the form of ferric Fe (Fe3+). Before its absorption into the enterocyte, Fe is reduced by the 

action of a reductase, such as duodenal cytochrome b (DCYTB). The ferrous Fe (Fe2+) subsequently 

enters the cell via the divalent metal transporter 1 (DMT1). Heme Fe is absorbed by the action of the 

heme carrier protein 1 (HCP1). The heme is degraded by the action of heme oxygenase and then 

ferrous Fe is released. The Fe contained in the cell may be stored in ferritin-bound form or it may be 

delivered to the circulation by the action of ferroportin, also known as iron-regulated transporter 1 

(IREG1). Before joining the systemic circulation, the Fe is oxidized by hephaestin; then, Fe binds to 

transferrin (Tf), which can bind two ferric atoms (Fe3+). apo-Tf, apotransferrin; holo-Tf, 

holotransferrin. (B): The hepatocytes: principal storage site of iron. In blood, transferrin-bound Fe 

binds to transferrin receptor 1 (Tfr1) at the plasma membrane. The transferrin receptor 2 (Tfr2) protein 

plays the role of an Fe sensor and contributes to Fe homeostasis. For the release of Fe into the cell, the 

complex transferrin–Fe and Tfr1 are endocytosed. In the endosome, ferric Fe is released from 

transferrin (Tf) and reduced to ferrous Fe (Fe2+) via the six-transmembrane epithelial antigen of 

prostate 3 (STEAP3) protein. The transferrin–Tfr1 complex joins the plasma membrane and transferrin 

can participate in further cycles of Fe absorption. The Fe2+ is transported out of the endosome by 

DMT1. This Fe is part of the active labile Fe pool (LIP) and participates in cellular metabolism. In the 

cell, Fe can also be stored in the ferritin. Iron can exit hepatocytes via ferroportin, also known as iron-

regulated transporter 1 (IREG1). In blood, Fe2+ is reoxidized by plasma ferroxidase, known as 

ceruloplasmin, to allow loading onto the Tf. Ceruloplasmin is a copper-dependent ferroxidase, a 

major protein of copper homeostasis. Hepatocytes are regulators of Fe homeostasis via the secretion 

of the peptide hormone hepcidin. High levels of Fe cause the production and secretion of hepcidin in 

the blood. Hepcidin binds to ferroportin and this triggers its degradation. apo-Tf, apotransferrin; 

holo-Tf, holotransferrin. 

A 

B 
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The DMT1 mRNA contains an iron responsive element (IRE) in its 3′-untranslated region (UTR) 

[8]. This IRE/IRP (iron regulatory protein) system regulates the translation of mRNAs containing an 

IRE pattern. Importantly, the IRE motif is present in most of the mRNA encoding for proteins 

involved in Fe and energy metabolisms. In this system, the activity of IRP1 and IRP2 is regulated by 

independent post-transcriptional mechanisms controlled by cellular Fe levels [9]. According to many 

studies, the DMT1 transporter is an essential regulator of duodenal Fe uptake. The genetic knockout 

of DMT1 has shown that it is a fundamental element for human life and that DMT1 mutations induce 

defective intestinal Fe use, resulting in severe microcytic anemia at birth [10].  

The absorption mechanisms of heme iron remain unclear. However, a certain number of heme 

transport proteins have been identified within the enterocytes, such as proton-coupled folate 

transporter/heme carrier protein 1 (PCFT/HCP1), cellular receptor 1 (FLVCR1), heme responsive gene 

1 (HRG-1), and finally the breast cancer resistance protein (ABCG2). In addition, hemes present in 

the blood can be absorbed by multiple cell types, such as erythroid cells or hepatocytes for producing 

hemoproteins. Heme iron from the diet enters the enterocytes via the HCP1 protein. The intracellular 

heme is subsequently degraded by the action of heme oxygenase (Figure 1A). Iron released from the 

heme will join the absorbed Fe pool as inorganic non-heme Fe [11]. Iron will reach the bloodstream 

via the membrane protein ferroportin (IREG1), which is the only export protein currently known for 

non-heme Fe (Figure 1A) [12]. IREG1 is thus an essential component of systemic Fe homeostasis [13], 

with an IRE domain in its mRNA at the 5’-UTR level [14] and this protein has many levels of 

regulation. The ferroportin directly interacts with the hormone peptide hepcidin (Figure 1A). 

Hepcidin has a regulatory action on ferroportin through internalization and degradation of this 

membrane protein [4]. In addition, hepcidin is the hormone regulating Fe homeostasis at the level of 

the organism. Hepcidin is secreted by the liver, and its regulation can be modulated by different 

conditions such as anemia, inflammation, or conditions such as Fe levels in the liver and transferrin 

saturation [15]. 

The membrane protein hephaestin and the plasma protein ceruloplasmin (Cp) oxidize cellular 

Fe2+ into Fe3+ [2]. Ceruloplasmin is also a copper protein [16]. In the bloodstream, Fe could be bound 

to transferrin (Tf) for its delivery to different cell types (Figure 1A,B). Fe3+ is charged onto 

apotransferrin (Apo-Tf) to form the Fe-associated holotransferrin (holo-Tf). The holo-Tf is captured 

by transferrin receptors (TfR1). Transferrin is mainly produced in the liver and is 30–35% iron-

saturated in physiological conditions. Transferrin can bind to different metals but it has a higher 

affinity for Fe3+ and does not bind Fe2+. Moreover, Fe3+ binding is reversible and pH-dependent [2]. 

The absorption of iron-bound transferrin by the cells occurs through Tfr1 and Tfr2 receptors 

(Figure 1B). Tfr1 is located at the surface of proliferating cells because Fe is a central element for the 

cell cycle, while Tfr2 receptors are expressed on hepatocytes. These receptors are the main pathway 

for internalizing Fe in different cells [17]. The endocytosis of the Tfr–Tf complexes results in the intra-

endolysosomal release of Fe upon endosome acidification [17]. The released ferric iron is reduced in 

the endosome to the ferrous form by members of the metalloreductase family STEAP, the protein 

STEAP3 (six-transmembrane epithelial antigen of prostate protein family, member 3) [18]. The 

members of the STEAP family differ in their tissue expression profiles but all STEAP proteins are 

localized to the plasma membrane and/or endosomes. Nevertheless, STEAP3 is the main intracellular 

ferrireductase identified [19,20]. It was discovered that STEAP2, STEAP3, and STEAP4 have not only 

a ferroreductase function but also a cupric reductase activity that increases the absorption of cellular 

iron and copper [19]. In addition to playing a central role in Fe metabolism, STEAP proteins are also 

involved in the cellular regulation of copper (Cu). Ferrous iron leaves the endosome through the 

action of DMT1 and can be stored in a ferritin-bound form in both hepatocytes and enterocytes 

(Figure 1A,B), once oxidized by the ferritin’s H subunit [2]. Ferritin is an iron-binding protein that is 

highly conserved through evolution and whose primary function is the sequestration of iron. This 

protein also has a ferroxidase function, allowing the conversion of Fe2+ into Fe3+ during its 

internalization and sequestration. Ferritin has two subunits, H and L, in the cytosol, which assemble 

to form apoferritin. In addition, the ratio between these two subunits can vary considerably according 

to many parameters such as tissue type or cellular conditions. Besides this, many factors, such as 
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cytokines and oncogenes, in addition to proteins regulating iron homeostasis, regulate ferritin [21]. 

The receptor–transferrin complexes are recycled at the surface of the hepatocyte [18]. Once in the 

bloodstream, Fe reaches the liver, which is the main storage site for iron. Finally, the regulation of 

iron homeostasis is also controlled by another mechanism: miRNAs which participate in the silencing 

of certain RNA and have a direct effect on the post-transcriptional regulation of the genes involved 

in the regulation of iron metabolism [22,23]. 

3. Iron and Fe Proteins as Cancer Biomarkers 

Iron plays an important role in many processes in cancerogenesis. However, iron can also be an 

important mediator of cell death via ferropotosis, which is a form of programmed cell death [24]. 

Therefore, iron may have a tumor suppressor action. Indeed, iron’s ability to alternate between 

oxidized and reduced forms contributes to the formation of free radicals that will accelerate tumor 

initiation [25]. Ferroptosis is a cell death pathway that appears to occur as a result of two processes 

affecting the cell: the disruption of the cell’s antioxidant capacity and the increase in the amount of 

intracellular iron [24]. Moreover, iron plays a role in metastasis formation and angiogenesis via iron 

metalloproteases. Iron possesses the ability to modulate the microenvironment via iron matrix 

degradation and cancer metastasis [26,27]. Finally, iron can also promote the proliferation of tumor 

cells. Indeed, cancer cells have higher iron requirements due to higher rates of proliferation and DNA 

synthesis [28]. Consequently, remodeling of the iron metabolism pathways in cancer cells has been 

observed. Iron could also contribute to the progression of cancers through changes at the gene and at 

the epigenetic level. Actually, cancers are both genetic and epigenetic diseases, and iron participates 

in the regulation of both the genome and epigenome. Effectively, and as seen previously, iron 

regulates the transcription of various proteins directly or indirectly related to iron homeostasis via 

the IRE/IRP system. It should also be noted that, in addition to the IRE/IRP system, iron is involved 

in epigenetic modulation via Fe-S clusters. Indeed, Fe-S clusters are essential for the formation of 

stable and active complexes such as DNA polymerases and enzymes involved in processes of DNA 

repair [28]. Furthermore, it has been shown that Fe-S aggregates are also essential in the modulation 

of histone and tubulin acetylation [29]. Therefore, the alteration of Fe-S clusters’ biogenesis and/or 

iron homeostasis in cancers promote modifications at the genome and the epigenome levels [30,31]. 

Iron is involved in several mechanisms frequently altered in cancer cells, such as tumor cell 

survival or reprogramming of the tumor microenvironment. The loss of Fe homeostasis can occur at 

different stages of carcinogenesis, i.e., tumor initiation, progression, and metastasis. In cancer, some 

mRNA or protein dysregulations of key Fe metabolic players have been reported [32]. These 

variations could be relevant diagnostic or prognostic biomarkers in cancer (Table 1). Consequently, 

their use as routine clinical tests could upgrade the current medical management of cancer, ultimately 

leading to improvements in patients’ care. 

Table 1. Fe regulators and their roles in cancer (+: upregulated; −: downregulated). 

Cancer 
Altered 

Player 
Regulation Sample Prognostic Ref. 

Prostate Adenocarcinoma Hepcidin + Tissue poor [33] 

Prostate Adenocarcinoma Hepcidin + 
Systemic (liver) 

hepcidin expression 
 [34] 

Prostate Adenocarcinoma Ferroportin − Tissue poor [35] 

Prostate Adenocarcinoma STEAP1 + Tissue poor [36] 

Prostate Adenocarcinoma STEAP2 + Tissue poor [37,38] 

Prostate Adenocarcinoma HFE − Tissue  [39] 

Breast Invasive Carcinoma Hepcidin + Tissue poor [40] 
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Breast Invasive Carcinoma Hepcidin + 
Systemic (liver) 

hepcidin expression 
 [41] 

Breast Invasive Carcinoma Ferroportin − Tissue poor [40] 

Breast Invasive Carcinoma Ferritin + Tissue poor [42,43] 

Breast Invasive Carcinoma Ferritin + Serum poor [44] 

Breast Invasive Carcinoma Tfr1 + Tissue poor [45] 

Breast Invasive Carcinoma STEAP1 − Tissue  [46] 

Breast Invasive Carcinoma STEAP2 − Tissue  [46] 

Breast Invasive Carcinoma LTF − Tissue  [46] 

Breast Invasive Carcinoma CYBRD1 − Tissue  [46] 

Breast Invasive Carcinoma Lipocalin 2 + Tissue poor [47–49] 

Breast Invasive Carcinoma ERFE + Tissue  [39] 

Breast Invasive Carcinoma FLVCR1 + Tissue  [39] 

Breast Invasive Carcinoma Tf − Tissue  [39] 

Breast Invasive Carcinoma Tfr2 + Tissue  [39] 

Breast Invasive Carcinoma Tfr1 + Tissue  [39] 

Non-Small-Cell Lung 

Carcinoma 
Hepcidin + Tissue poor [50] 

Non-Small-Cell Lung 

Carcinoma 
Hepcidin + 

Systemic (liver) 

hepcidin expression 
poor [50] 

Lung Adenocarcinoma/Lung 

Squamous Cell Carcinoma 
Ferroportin − Tissue poor [51] 

Lung/Non-Small-Cell Lung 

Cancer 
Ferritin + Tissue poor [52,53] 

Lung/Non-Small Cell Lung 

Cancer 
Ferritin + Serum poor [54,55] 

Non-Small Cell Lung Cancer Tfr1 + Tissue  [53] 

Lung Squamous Cell 

Carcinoma 
Tfr1 + Tissue  [39] 

Oral Squamous Cell 

Carcinoma/Non-Small Cell 

Lung Cancer 

Lipocalin 2 + Tissue poor [56,57] 

Lung Adenocarcinoma ERFE + Tissue  [39] 

Lung Squamous Cell 

Carcinoma 
 + Tissue  [39] 

Lung Adenocarcinoma FLVCR1 + Tissue  [39] 

Lung Adenocarcinoma Cp + Tissue  [39] 

Lung Adenocarcinoma Tfr2 + Tissue  [39] 

Lung Squamous Cell 

Carcinoma 
Tfr2 + Tissue  [39] 

Lung Squamous Cell 

Carcinoma 
STEAP4 − Tissue  [39] 

Lung Adenocarcinoma STEAP3 + Tissue  [39] 
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Lung Adenocarcinoma STEAP1 + Tissue  [39] 

Lung Squamous Cell 

Carcinoma 
 + Tissue  [39] 

Lung Adenocarcinoma CYBRD1 − Tissue  [39] 

Lung Squamous Cell 

Carcinoma 
 − Tissue  [39] 

Liver Hepatocellular Carcinoma Hepcidin − Tissue  [58] 

Liver Hepatocellular Carcinoma Hepcidin − Tissue  [59] 

Liver Hepatocellular Carcinoma Hepcidin − 
Systemic (liver) 

hepcidin expression 
 [59] 

Liver Hepatocellular Carcinoma Tfr1 + Tissue  [60] 

Liver Hepatocellular Carcinoma FLVCR1 + Tissue  [60] 

Liver Hepatocellular Carcinoma HMOX1 − Tissue  [60] 

Liver Hepatocellular Carcinoma SLC25A37 − Tissue  [60] 

Liver Hepatocellular Carcinoma SLC25A38 − Tissue poor [60] 

Liver Hepatocellular Carcinoma FTH1 + Tissue  [60] 

Liver Hepatocellular Carcinoma FTL +/− Tissue poor/good [60] 

Liver Hepatocellular Carcinoma ERFE + Tissue  [39] 

Liver Hepatocellular Carcinoma FLVCR1 + Tissue  [39] 

Liver Hepatocellular Carcinoma STEAP3 − Tissue  [39] 

Liver Hepatocellular Carcinoma STEAP4 − Tissue  [39] 

Hepatocellular Cancer Lipocalin 2 + Tissue  [61] 

Renal Carcinoma Hepcidin + Tissue poor [62] 

Renal Carcinoma Ferritin + Serum poor [63] 

Kidney Renal Clear Cell 

Carcinoma 
Lipocalin 2 + Tissue poor [64] 

Kidney Chromophobe Cp − Tissue  [39] 

Kidney Renal Clear Cell 

Carcinoma 
Cp + Tissue  [39] 

Kidney Renal Papillary Cell 

Carcinoma 
Tfr2 + Tissue  [39] 

Kidney Renal Clear Cell 

Carcinoma 
Tfr2 + Tissue  [39] 

Kidney Chromophobe FTH1 + Tissue  [39] 

Kidney Renal Papillary Cell 

Carcinoma 
HAMP + Tissue  [39] 

Kidney Renal Clear Cell 

Carcinoma 
HAMP + Tissue  [39] 

Kidney Renal Clear Cell 

Carcinoma 
STEAP3 + Tissue  [39] 

Bladder Cancer Tfr1 + Tissue poor [65] 

Adrenocortical Carcinoma Ferroportin − Tissue poor [66] 

Pancreatic Cancer Hepcidin Variable Tissue  [67] 
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Pancreatic Cancer Ferroportin − Tissue poor [67] 

Pancreatic Cancer Ferritin + Tissue  [68] 

Pancreatic Adenocarcinoma Tfr1 + Tissue poor [69] 

Pancreatic Adenocarcinoma Lipocalin 2 + Tissue 
Discrepanci

es 
[70–74] 

Colorectal Cancer Ferritin + Tissue  [75] 

Colon Adenocarcinoma Ferritin + Tissue  [76] 

Colorectal Cancer Ferritin + Serum poor [77] 

Colorectal Cancer Lipocalin 2 + Tissue poor [78,79] 

Colorectal Cancer Tfr1 + Tissue good [80] 

Colon Adenocarcinoma ERFE + Tissue  [39] 

Colon Adenocarcinoma Cp − Tissue  [39] 

Colon Adenocarcinoma Tfr2 + Tissue  [39] 

Colon Adenocarcinoma CYBRD1 − Tissue  [39] 

Rectum Adenocarcinoma Lipocalin 2 + Tissue poor [81] 

Hodgkin’s Lymphoma Hepcidin + Tissue  [82] 

Hodgkin’s Lymphoma Ferritin + Tissue  [83] 

Hodgkin’s Lymphoma Ferritin + Serum poor [84] 

Non Hodgkin’s Lymphoma Tfr1 + Tissue poor [85] 

Non Hodgkin’s Lymphoma Hepcidin + Tissue  [86] 

Non Hodgkin’s Lymphoma Hepcidin + 
Systemic (liver) 

hepcidin expression 
 [86] 

Ovarian Cancer Ferroportin − Tissue poor [87] 

Ovarian Cancer Ferritin + Tissue poor [87] 

Ovarian Cancer Tfr1 + Tissue poor [87] 

Ovarian Lipocalin 2 + Tissue poor [88–90] 

Uterine Corpus Endometrial 

Carcinoma 
ERFE + Tissue  [39] 

Uterine Corpus Endometrial 

Carcinoma 
FLVCR1 + Tissue  [39] 

Uterine Corpus Endometrial 

Carcinoma 
Tfr2 + Tissue  [39] 

Uterine Corpus Endometrial 

Carcinoma 
CYBRD1 − Tissue  [39] 

Uterine Corpus Endometrial 

Carcinoma 
STEAP4 − Tissue  [39] 

Endometrium Lipocalin 2 + Tissue good [91,92] 

Cervical Cancer Ferritin + Serum poor [93] 

Brain Hepcidin − Tissue  [94] 

Brain Lipocalin 2 + Tissue poor [95] 

Glioblastoma Ferritin + Tissue  [96] 

Glioma Tfr1 + Tissue poor [97] 
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Glioblastoma STEAP3 + Tissue poor [98] 

Gliobastoma Tfr2 + Tissue good [99] 

Neuroblastoma Ferritin + Serum poor [100] 

Lymphoma T-cell Ferritin + Serum poor [101] 

Head and Neck squamous Cell 

Carcinoma 
Tf − Tissue  [39] 

Head And Neck Squamous Cell 

Carcinoma 
Tfr1 + Tissue  [39] 

Multiple Myeloma Hepcidin − Tissue  [102] 

Multiple Myeloma Hepcidin + 
Systemic (liver) 

hepcidin expression 
 [103] 

Myeloma Ferroportin − Tissue poor [104] 

Thyroid Carcinoma Lipocalin 2 + Tissue good [105] 

Thyroid Carcinoma Hepcidin + Tissue  [106] 

Leukaemia Hepcidin + 
Systemic (liver) 

hepcidin expression 
 [107] 

Chronic Myelogenous 

Leukemia 
Lipocalin 2 + Tissue poor [108] 

Chronic Lymphocytic Leukemia Tfr1 + Tissue poor [109] 

Oral Squamous Carcinoma Ferritin + Serum poor [110] 

Oesophageal Cell Carcinoma Lipocalin 2 + Tissue poor [111] 

Stomach Adenocarcinoma CYBRD1 − Tissue  [39] 

Stomach Adenocarcinoma Lipocalin 2 + Tissue poor [108,112] 

Testicular Seminoma Ferritin + Tissue  [113] 

Hepcidin is an essential hormone for the regulation of Fe efflux and it contributes to the 

proliferation of cancer cells. Moreover, the expression and regulation of this hormone are variable 

within cancer tissues [114]. The concentration of hepcidin increases in many cancers such as 

myeloma, Hodgkin’s disease, breast, prostate, thyroid, and non-small-cell lung cancers (NSCLC), but 

also in other solid tumors [33,40,82,103,106,115]. Contrariwise, hepcidin concentrations are decreased 

in brain cancers, hepatocellular and renal cell carcinoma, and hepatocellular carcinoma [58,62,94,114]. 

Numerous studies have shown that the high expression of the hepcidin mRNA predicts poor 

prognosis and is associated with a metastatic profile [115]. 

The epigenetic regulation of hepcidin actively contributes to Fe dysregulation in cancers. In a 

DNA-methylation-dependent mechanism, the epigenetic silencing of SOSTDC1 (a protein 

controlling hepcidin synthesis) induced prostate cancer progression [33]. Another epigenetic 

regulation of the E4BP4/G9a/SOSTDC1/hepcidin pathway induced the repression of hepcidin and 

thyroid cancer proliferation [106]. 

Iron homeostasis and inflammation are tightly linked. In the serum of multiple myeloma 

patients with inflammation (patients with plasma C-reactive protein > 10 mg/dL), hepcidin is 

abnormally increased, together with interleukin-6 (IL-6) [116,117]. IL-6 is a cytokine involved in the 

acute phase of inflammation, which stimulates the production of hepcidin via a transcriptional 

control depending on STAT3 interactions. This control is due to the presence of a STAT3 binding 

element in the hepcidin promoter [118]. 

It has been described that IL-6 and bone morphogenetic proteins (BMPs) control hepcidin 

secretion in different cancers such as breast and prostate cancers [33,119] and IL-6 levels were 
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increased in lung cancer patients with poor prognosis [120]. In breast cancer, a study revealed that 

the architecture of the tumor and its microenvironment affect hepcidin regulatory pathways [121]. 

Hepcidin can bind to the extracellular loop of ferroportin, leading to the internalization of 

ferroportin in clathrin-coated wells and subsequent destruction in the lysosome [122]. In pancreatic 

cancer, increased hepcidin levels were correlated with tumor stage, with vascular invasion, and with 

poorer overall survival [67]. 

In a prostate cancer cell model, hepcidin contributed to cancer proliferation since it reduced the 

expression of ferroportin, thus resulting in increased Fe levels [35]. Both the hepcidin upregulation 

and ferroportin downregulation represent a reliable prognostic-independent biomarker in breast 

cancers [40]. The hepcidin–ferroportin axis plays a role in the development of cancers, particularly in 

the growth of tumors and metastases [123]. Decreased levels of ferroportin were also reported in 

prostate cancer, ovarian cancer, and myeloma [87,104,124]. The low level of ferroportin was a 

prognostic biomarker associated with a poor clinical outcome for myeloma patients [104]. Similarly, 

for prostate tissue, patients with benign prostatic hyperplasia had increased levels of ferroportin 

expression. On the contrary, decreased cytoplasmic ferroportin expression was correlated with an 

increase in the degree of malignancy as well as a decrease in the differentiation of prostate cancer 

cells. Hence, this suggests that the variation of protein expression levels is associated with the process 

of prostate cancer cell development [124]. Similarly, in adrenocortical carcinoma, a decrease in the 

expression of both ferroportin and ceruloplasmin was correlated with poor prognosis [66]. 

Lastly, ferroportin is an essential protein in cancer biology owing to numerous studies that have 

shown that genetic upregulation of ferroportin expression is sufficient to reduce the rate of 

proliferation in various cancers [125]. In conclusion, a decrease in ferroportin expression levels results 

in an increase in intracellular free Fe, thus increasing tumor cell aggressiveness [40,67,124]. 

Increased levels of ferritin, the main iron storage protein, are correlated with poor prognosis in 

high-grade serous ovarian cancers [87]. Increased ferritin is also found in testicular seminoma, 

glioblastoma, Hodgkin’s lymphoma, lung, colorectal, pancreatic, and breast cancers, which are also 

affected by this increase [21,42,53,68,75,76,83,96,113]. This ferritin increase is a reliable prognostic 

biomarker for ovary, lung, and breast cancers [43,52,87]. 

Several studies attempted to determine associations between variations in serum ferritin 

concentrations and cancer; however, discrepant results were obtained. On the one hand, increased 

serum ferritin concentrations were associated with shorter survival time and poor prognosis 

[44,54,55,62,63,77,84,93,100,101,110]. On the other hand, other studies failed to demonstrate any 

association between serum ferritin levels and cancer prognosis [126,127]. Such opposite results could 

be explained by the difficulty to standardize pre-analytical conditions, control specimens, or 

measurement procedures before serum ferritin quantitation. The L-chain of ferritin is predominant 

in serum (L-ferritin); however, an increase in the expression of H-ferritin mRNA has been observed 

in cancer cells [128]. Hence, H-ferritin could be a potential diagnostic biomarker for cancer detection 

[21]. 

As discussed previously, Fe is complexed with Tf in the blood, and it enters cells by binding to 

Tfr1. The expression levels of Tfr1 are increased in several cancer types, including glioma, lung, 

colorectal, pancreatic, breast, bladder, and ovarian cancers, but also hematological malignancies such 

as non-Hodgkin’s lymphoma and chronic lymphoid leukemia [45,53,65,69,80,85,87,97,109,129]. 

Moreover, Tfr1 expression may be correlated with tumor stage or cancer progression [129]. 

In lung cancer, the activation of EGFR induced the cellular redistribution of Tfr1 [130]. In 

colorectal cancer, the JAK/STAT pathway was involved in the downregulation of Tfr1, which 

promoted cancer progression. In this study, patients with decreased Tfr1 expression had decreased 

survival rate in contrast to patients with positive Tfr1 expression [80]. The increase in Tfr1 may be 

related to various oncogenes, such as c-myc, FBXL5 or the upregulation of IRP2 or HIF1 [18,125]. 

Tfr2 is upregulated in cancer cells and glioblastoma [131]. Such an increased expression level 

represents a favorable prognostic in glioblastoma [99]. Moreover, it is important to note that increased 

transferrin saturation is not only a risk factor for cancer initiation [125] but also a bad prognostic 

marker associated with increased mortality [126,132,133]. 
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Aside from the canonical transferrin source of Fe, cells can also obtain Fe via a secondary and 

less studied lipocalin-based pathway. Lipocalin-2 (LCN2) forms a complex with Fe that is 

internalized after specific interaction with cell surface receptors. The LCN2 protein also participates 

in the immune system because it catches Fe complexed with bacterial siderophores. Therefore, it 

prevents bacteria from acquiring the Fe necessary for their growth [134]. Lipocalin-2 can be either 

increased or decreased in different cancers [135], affecting the final prognosis [64,135]. 

Lipocalin is upregulated in different cancers, such as lung cancer. In the lung, increased levels 

of lipocalin are associated with radio-responsiveness and this protein could serve as an early-stage 

biomarker [56,57]. Direct measurements of serum Fe concentration were evaluated for possible 

association with cancer; however, results were not always consistent between studies [136–139]. 

The risk of developing cancer was greater when serum Fe concentrations were outside reference 

intervals, i.e., below 60 or over 120 µg/dL [140]. In a contradictory study, the increase in serum Fe 

concentration reduced the risk for cancer [141]. Importantly, since inflammation disturbs the normal 

Fe homeostatic mechanisms and induces the redistribution of Fe, studies aiming at determining the 

link between serum Fe levels and cancer disease should take into account the presence of potential 

and concomitant inflammatory reactions in cancer patients [142]. 

Several studies attempted to find correlations between Fe homeostasis gene signatures and the 

prognosis of cancers. In breast cancer, four Fe homeostasis genes (namely CYBRD1/DCYTB, LTF, 

STEAP1, and STEAP2) had significantly reduced expression levels in metastasis compared to 

primary tumors [46]. 

Among genes from Fe-related metabolism, a specific gene signature was able to discriminate 

between liver cancer and adjacent non-tumor tissues. Effectively, in HCC tumors, the increased 

expression levels of Fe-related FLVCR1 and TFRC genes were associated with various factors leading 

to poor prognosis such as vascular invasion and the histological grade of the tumor for FLVCR1. In 

fact, TFRC encodes transferrin receptor 1, and feline leukemia virus subgroup C receptor 1 (encoded 

by FLVCR1) is a protein that helps in preventing oxidative damage due to excess iron [60]. 

In silico mining of proteomic and epigenetic data from The Cancer Genome Atlas (TCGA) 

database allowed the identification of iron-related gene alterations in 14 cancers. The expression of 

Cp was increased in six types of cancer, while Cp was decreased in three types of cancer. These 

dysregulations also affected other actors in iron homeostasis such as Tfr2, LCN2, TFRC, and 

CYBRD1/DCYTB, sometimes being associated with patient survival [39]. 

The expression levels of the STEAP family of metalloreductases are also altered in some cancers 

[143]. 

STEAP3 protein is a p53 inducible protein [144] which induces apoptotic cell death via a caspase-

3 dependent pathway [145]. In prostate cancer, STEAP1 and STEAP2 proteins are upregulated. The 

increase in STEAP2 and its localization is associated with the aggressiveness of the tumor. This 

suggests that STEAP2 and possibly STEAP1 could serve as prognostic biomarkers in oncology [36–

38]. Increased STEAP3 expression levels were also observed in glioblastoma and this pattern was 

associated with reduced overall survival [98]. In addition, cancerous colorectal tissue had higher 

STEAP3 mRNA expression and Fe storage compared to healthy colon tissue. In this study, it was 

suggested that STEAP3 had a role not only in Fe storage in cancer cells but also in tumor proliferation 

under hypoferric conditions [146]. 

DMT1 may also contribute to colorectal cancer progression and the increased expression of 

DCYTB and DMT1 was correlated with advanced tumor stages [147,148]. Similarly, in breast cancer, 

increased levels of DCYTB were associated with prolonged survival and response to treatment [149]. 

Finally, miRNAs are frequently dysregulated in cancers [150]. In different cancers, the altered 

expression levels of miRNAs impacted the iron intake and/or its metabolism [23]. In hepatocellular 

carcinoma (HCC), decreased miR-148a levels were associated with Tfr1 mRNA levels [151] and the 

downregulation of miR-152 may induce increases in Tfr1 levels [152]. Similarly, in lung 

adenocarcinoma and lung squamous cell carcinoma, the increased expression of miR-20 induced a 

decrease in ferroportin mRNA expression levels, which resulted in Fe retention and increased 

proliferation [51]. In breast cancer patients, miR-320 expression was decreased in plasma and tumor 
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tissue [153]. In addition, an increased level of miR-320 may repress the expression of Tfr1 and lead to 

inhibition of cell proliferation [154]. In multiple myeloma, miR-17-5p was identified as a regulator of 

ferroportin in vitro and in vivo, leading to increased cell proliferation and inhibition of apoptosis 

[155]. 

4. Iron as a Target or a Bullet for Cancer Treatment 

There is a strong rationale for targeting Fe and its metabolism to fight against cancer 

proliferation. Several therapeutic strategies are currently being investigated, such as the use of 

chelators to limit the availability of Fe to cancer cells, or strategies exploiting the redox properties of 

excess Fe, or the intense oxidative stress of ferroptosis. In this section, we will review the four main 

anticancer therapeutic approaches targeting Fe metabolism. 

4.1. Fe Chelators 

The first Fe chelators were developed in the 1990s. This 30-year-old strategy is based on the 

strong dependence of cancer cells on Fe, which is, indeed, an essential element for cell proliferation 

and DNA replication in cancer cells [156]. Iron chelators reduce Fe intake, which alters the 

metabolism of cancer cells. Iron chelators also inhibit ribonucleotide reductase activity and act on 

multiple signaling pathways related to tumor progression and metastatic development [157,158]. 

The application of chelating agents seems to be effective only on specific cancers. Deferoxamine 

(DFO) chelator is effective in hepatocellular carcinoma, whereas it is ineffective in recurrent 

neuroblastoma [159,160]. Iron chelators that act on the redox cycle are considered promising 

antitumor agents [161]. Currently, DFO and triapine are chelators that are already tested for human 

cancers in clinical trials (NCT02466971) [162]. 

Numerous synthetic Fe chelators were developed to increase their efficacy while reducing side 

effects and unwanted toxicity, and also for developing the per os route of administration [163,164]. 

Chelators are frequently used in combination with other therapies. As an example, DFO was 

associated with many different chemotherapeutic drugs such as cyclophosphamide, thiotepa, 

etoposide, carboplatin, and cisplatin [165–167]. However, some cancers are resistant to Fe chelators, 

probably because of their low membrane permeability properties [163]. Despite these limitations, the 

interest in DFO and Fe chelators in general has not disappeared in view of the ongoing clinical trials 

and research efforts focusing on the optimization of their vectorization [168]. 

4.2. Fe-Containing Molecules 

Another therapeutic strategy targeting Fe metabolism is based on the use of metal-containing 

drugs, also named bio-organometallic molecules. Organometallic Fe compounds such as ferrocene 

are a very large group of substances, interesting for the design of biologically active molecules. 

Ferrocene derivatives have anti-proliferative activity against several cancer cell lines [169]. In 

addition, they are stable in aqueous solution and display advantageous redox properties with low 

toxicity [170,171]. 

4.3. Fe Metabolism Disruptors 

The third strategy is to directly target the proteins involved in dysregulated Fe metabolism or to 

exploit their physicochemical properties to develop new therapeutics. 

Gallium is a group IIIa metal with shared chemical characteristics with iron. It is therefore 

possible to mimic the properties of Fe by using gallium (Ga) to disrupt Fe metabolism. Gallium is 

bound into Fe active pockets of ribonucleotide reductase, which blocks enzymatic reactions and leads 

to increased reactive mitochondrial oxygen species in cells. Gallium-based compounds disrupt iron-

dependent tumor metabolism and have antineoplastic activity [172]. 

In the aim of targeting Fe proteins, strategies against Tfr1 receptor appear promising since the 

ligand–receptor interface can be targeted by antibodies mimicking transferrin. This interaction will 

reduce the amount of Fe entering the cell via Tfr1. The Tfr1 protein can also be used as a vector to 
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deliver cytotoxic antitumor agents inside cells [129]. Transferrin is an excellent conjugation partner 

for chemotherapy due to its high affinity for Tfr1 membrane receptor, which is frequently 

overexpressed in cancer cells. Some drugs target the hepcidin–ferroportin axis that allows Fe efflux 

from cells, thus disrupting the Fe metabolism of cancer cells. Other parallel techniques are currently 

being studied, such as disruption of the BMP/HJV/SMAD pathway, the use of microRNA, and 

disruption of the hepcidin–ferroportin interaction [173]. 

Ferritin is a major iron storage protein that can easily be synthesized and mineralized for the 

production of nanoparticles (NPs) such as magnetoferritin. This nano-object has theranostic 

properties, i.e., it can be used as an imaging probe to visualize the tumor and it is also an active 

compound that targets it. For therapeutic drug delivery purposes, ferritin NPs have also been 

designed to encapsulate chemical drugs [128]. 

Interestingly, the use of miRNAs alone or in combination with drugs as tools and/or targets is 

an emerging therapeutic strategy for cancer [174,175]. The transfection of miR-200b decreased the 

levels of ferritin in vitro and increased the sensitivity of cancer cells to the chemotherapeutic agent 

doxorubicin [176]. 

4.4. Ferroptosis Inducers 

Especially developed for fighting against the emergence of resistance mechanisms [177], the 

fourth strategy is aimed at inducing ferroptosis, which is a type of programmed cell death dependent 

on iron. The intracellular Fe concentration and the lipid peroxidation are two critical biochemical 

parameters for autophagy-dependent ferroptosis. Ferroptosis differs from other controlled cell death 

processes such as apoptosis, especially by cell morphology and the underlying genetic and 

biochemical mechanisms. RAS oncogene is known to be an inducer of ferroptosis, and TP53 tumor 

suppressor gene may also participate in this cell death mechanism [178,179]. Epigenetic regulatory 

elements can modulate the induction mechanisms of ferroptosis and oncogenesis [180,181].  

Various inducers of ferroptosis have been discovered. These compounds alter membrane 

permeability and cause major perturbations of cellular redox metabolism, leading to altered cell 

viability. Recently, the intracellular impact of salinomycin derivatives has been characterized [182]. 

In fact, these molecules sequester Fe in lysosomes, leading to Fe cytosolic depletion and lysosomal 

membrane permeabilization. This iron homeostasis disruption thus triggers ferroptosis cell death in 

a very efficient way, since it is able to kill cancer stem cells, which are generally considered refractory 

to conventional anticancer treatments.  

Another example is the use of Fe oxide NPs to induce ferroptosis in cancer cells by increasing 

iron levels and ROS production, and the American Food and Drug Administration has already given 

approval for the clinical use of ferroptosis-inducing compounds, which are deemed promising 

molecules in the treatment of resistant cancers [180]. 

5. Conclusions about Iron and Cancer 

Iron metabolism is disrupted in a number of diseases, including cancer. Cancer cells have 

increased Fe requirements and alterations of Fe homeostasis allow cancer cells to maintain a high 

proliferation rate. However, this dependence on Fe also represents an Achilles’ heel for cancer cells, 

and targeting Fe metabolism is a relevant and promising anticancer strategy. According to cancer 

types, the increased or decreased levels of different actors in Fe metabolism may serve as promising 

predictive or prognostic biomarkers. Improved knowledge of Fe dysregulation pathways prompted 

the development of therapeutic strategies targeting Fe. Some of the most advanced agents are even 

prescribed to cancer patients within clinical trials. Ideally, the combination of Fe-targeting drugs with 

chemotherapeutic molecules should be preferred, since it may result in cumulative or synergistic 

anti-proliferative effects. 
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