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Abstract

This review explores the multifaceted role that iron has in cancer biology.
Epidemiological studies have demonstrated an association between excess
iron and increased cancer incidence and risk, while experimental studies
have implicated iron in cancer initiation, tumor growth, and metastasis. The
roles of iron in proliferation, metabolism, and metastasis underpin the asso-
ciation of iron with tumor growth and progression. Cancer cells exhibit an
iron-seeking phenotype achieved through dysregulation of iron metabolic
proteins. These changes are mediated, at least in part, by oncogenes and tu-
mor suppressors. The dependence of cancer cells on iron has implications in
a number of cell death pathways, including ferroptosis, an iron-dependent
form of cell death. Uniquely, both iron excess and iron depletion can be
utilized in anticancer therapies. Investigating the efficacy of these therapeu-
tic approaches is an area of active research that promises substantial clinical
impact.
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1. IRON AS A METAL: AN ESSENTIAL BUT POTENTIALLY
TOXIC NUTRIENT

Trace elements are micronutrients that are necessary to sustain life. Iron is an important trace
element required for the activity of proteins and enzymes that carry out a broad range of functions.
For example, iron-containing proteins are required for cell respiration (e.g., cytochrome c oxi-
dase, cytochromes, ferredoxins, and Rieske proteins), oxygen sensing, oxygen transport, oxygen
metabolism (e.g., hemoglobin, peroxidase and catalase, and cytochrome P450), energy metabolism
(e.g., citrate synthase, aconitase, isocitrate dehydrogenase, and succinate dehydrogenase), DNA
synthesis and repair (e.g., ribonucleotide reductase and DNA helicases), and signaling (e.g., nitric
oxide synthase, hydroxylases, and oxidoreductases) (39).

The biological versatility of iron results directly from its capacity to undergo oxidation–
reduction (redox) reactions. A redox reaction involves the transfer of electrons between two
chemical species. As a transition metal, iron possesses unpaired electrons that make it a versa-
tile participant in redox reactions. Iron can exhibit a wide range of oxidation states, from −2 to
+6, although iron is primarily limited to ferrous (+2), ferric (+3), and ferryl (+4) states in biolog-
ical systems. Flexibility in oxidation states permits iron to be bound by a large variety of ligands.
These attributes, combined with the abundance of iron on Earth, have led to the widespread use
of iron in biological systems.

The same chemical properties, however, also enable iron to participate in harmful, unwanted
reactions, such as the generation of reactive oxygen species (ROS). The Fenton reaction is a
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chemical reaction between ferrous iron and hydrogen peroxide that produces a hydroxyl radical:

Fe2+ + H2O2 → Fe3+ + HO− + HO•. 1.

In the presence of superoxide, a by-product of cellular respiration, ferric iron generated by the
Fenton reaction can be reduced back to ferrous iron, which is then capable of undergoing further
Fenton reactions. This cycle, known as the Haber–Weiss reaction, can produce large amounts of
hydroxyl radicals, one of the most reactive ROS:

Fe2+ + H2O2 → Fe3+ + HO− + HO•,

Fe3+ + O2
•− → Fe+2 + O2, 2.

with the net Haber–Weiss reaction as

O2
•− + H2O2

Fe2+/Fe3+
−−−−−−→ O2 + HO− + HO•. 3.

Iron can also catalyze the formation of lipid ROS:

ROOH + Fe2+ → RO• + HO− + Fe3+,

ROOH + Fe3+ → ROO• + H+ + Fe2+. 4.

ROS generation is intimately linked to carcinogenesis through the induction of damage to cellular
components, including lipids, proteins, and principally DNA (161).

2. EPIDEMIOLOGICAL STUDIES OF IRON AND CANCER

Numerous epidemiological studies have investigated the association between body iron levels
and cancer. These studies rely on biomarkers to assess body iron levels: circulating iron-binding
proteins [transferrin (TF) and ferritin (FT)] and transferrin saturation (i.e., the extent to which the
iron-binding sites of TF are occupied by iron) (65, 80). A thorough discussion of these proteins
is provided in Section 4.1 (Figure 1). Using these markers, epidemiological studies collectively
support a positive association between increased body iron levels and cancer.

One of the initial clinical cohort studies demonstrating an association between body iron levels
and cancer was performed by Stevens et al. (150) on a cohort of 14,000 US National Health and
Nutrition Examination Survey participants. A major finding from this study was that participants
with higher TF saturation levels were at higher risk of cancer than participants with lower TF
saturation levels (150), a finding supported by subsequent studies (188).

Further support for an association between increased body iron levels and increased incidence
of cancer comes from studies of iron metabolic diseases. Hereditary hemochromatosis, the proto-
typical disease of excessive iron overload, can arise from mutations in a variety of genes involved
in regulating systemic iron uptake, including the hemochromatosis gene itself (HFE), hepcidin
(HAMP), hemojuvelin (HFE2), ferroportin (SLC40A1), and transferrin receptor 2 (TFR2) (132).
The result of these mutations is markedly elevated body iron (3, 59).

Hemochromatosis patients are at an increased risk of developing several cancers, including
liver, colon, rectal, prostate, and breast cancers. The risk of liver cancer is particularly high, 20
to 200 times higher than in the general population, due to the importance of the liver in iron
metabolism (Figure 1) (57, 59). Another disease of iron overload, homozygous β-thalassemia, is
also associated with an increased risk of hepatocellular carcinoma (124).

To understand the cause and effect relationship between body iron levels and cancer risk, in-
vestigators have examined cohorts of individuals undergoing blood donation or blood transfusion.
Blood donation, which reduces body iron, is associated with a lower cancer risk (120, 195), and
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Figure 1 (Figure appears on preceding page)

Iron homeostasis and cancer. (a) Dietary iron is absorbed as inorganic iron or heme by enterocytes of the intestine. Dietary ferric iron
(Fe3+) is reduced to ferrous iron (Fe2+) by duodenal cytochrome B (DcytB) and imported into the enterocyte by divalent metal
transporter 1 (DMT1). Heme is absorbed by an unidentified heme transporter and subsequently degraded by heme oxygenase 1
(HO-1), present on the endoplasmic reticulum, liberating iron. Ferrous iron is transported out of the enterocyte by ferroportin (FPN),
where it is oxidized by hephaestin (HEPH) and loaded onto transferrin (TF) for systemic circulation. A large percentage of iron is
delivered to the bone marrow for the production of hemoglobin and red blood cells. Iron is recycled from senescent red blood cells
through endocytosis by macrophages, reentering circulation via FPN. Alternatively, iron can be transported to the liver for storage.
The liver acts as an iron-sensing organ and regulates the absorption, recycling, and tissue levels of iron by secreting hepcidin (HP), a
negative regulator of FPN. Iron is imported into the cells of peripheral tissues by binding of TF to its receptor, transferrin receptor
1 (TFR1). The complex is endocytosed, and within the endosome ferric iron is released from TF, reduced by six-transmembrane
epithelial antigen of prostate (STEAP) proteins, and exported to the cytosol by DMT1. Newly imported iron enters the metabolically
active labile iron pool (LIP), where it can be utilized in processes including DNA synthesis and repair, cellular respiration, and energy
metabolism. Iron can also be stored in ferritin or exported back into circulation by FPN, oxidized by ceruloplasmin (CP), and loaded
onto TF for further rounds of iron delivery. Peripheral tissue cells also secrete HP, which, unlike HP secreted by the liver, is thought to
primarily act locally. (b) As a consequence of inflammation, HP secretion by the liver is increased, thereby reducing FPN expression
throughout the body. Cancer-induced HP secretion impairs iron absorption and iron recycling, restricting circulating iron levels and
leading to reduced erythropoiesis and anemia. Cancer cells generally exhibit an iron-seeking phenotype, with increased levels of TFR1,
STEAPs, DMT1, and HP, and decreased FPN as compared with normal cells of the same tissue. The change in direction of iron
metabolic proteins in cancer is shown by red arrows.

blood transfusion, which increases body iron, is associated with an increased cancer risk (85).
Further, a multicenter, randomized controlled study in patients with advanced peripheral arterial
diseases demonstrated that iron reduction by phlebotomy lowered cancer risk and mortality by
37% at 5 years’ follow-up (195). These studies suggest not only that increased iron is associated
with increased cancer risk but also that increased iron promotes increased cancer risk.

3. IRON SOURCES AND CANCER

The main sources of iron in humans are dietary iron and environmental iron. Dietary iron primarily
exists as either inorganic iron or heme, an iron-containing prosthetic group found in many proteins,
including hemoglobin and myoglobin. Inorganic iron is commonly found in plant material and
iron supplements, whereas heme iron is commonly found in foods of animal origin. Red meat is the
major source of heme and contains 10-fold higher concentrations of heme than white meat. Major
sources of inorganic and heme dietary iron are listed in Table 1 (40). Iron from the environment,
primarily from the air and water, serves as another potential source of exposure to iron. Several
epidemiological studies have attempted to understand the contribution of specific sources of iron

Table 1 Sources of dietary iron

Nonheme iron Heme

Cereals (fortified) Beef

Breads (fortified) Liver (beef, chicken)

Pasta (fortified) Oyster

Lentils Turkey

Tofu Chicken (dark meat)

White beans Clams

Kidney beans Sardines

Dark chocolate Eggs

Certain spices (e.g., thyme, marjoram, spearmint, turmeric, bay leaf ) Shrimp
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to cancer risk. Although the results of these studies are quite consistent, they use the consumption
of various foods, particularly red meat, as a proxy for iron intake, and do not directly measure iron
itself.

3.1. Epidemiology of Dietary Iron and Cancer

Perhaps the largest epidemiological studies designed to understand the potential link between
dietary iron uptake and cancer risk have been performed on cohort consortiums developed by
the US National Cancer Institute. The NIH–AARP (National Institutes of Health–American
Association of Retired Persons) Diet and Health Study is a cohort consortium developed with the
aim of improving understanding of the relationship between diet and health. The NIH–AARP
cohort consists of half a million retirees, between 50 and 71 years of age, recruited between 1995
and 1996 (42). Another epidemiological study cohort initiated by the National Cancer Institute
is the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial (PLCO). This cohort
comprises nearly 148,000 men and women aged 55–74 years with no prior history of prostate,
lung, colorectal, or ovarian cancer (200).

In an initial NIH–AARP study, the association between iron intake and the incidence of differ-
ent cancer types was assessed in approximately 500,000 participants at 8 years’ follow-up (42). A
124-item food frequency questionnaire (FFQ) was used to assess dietary iron intake. In this study,
individuals in the highest quintile of red meat intake, compared with those in the lowest, exhibited
a statistically significant elevated risk of several malignancies, including esophageal cancer [hazard
ratio (HR), 1.51; 95% confidence interval (CI), 1.09–2.08], colorectal cancer (HR, 1.24; 95% CI,
1.12–1.36), liver cancer (HR, 1.61; 95% CI, 1.12–2.31), and lung cancer (HR, 1.20; 95% CI,
1.10–1.31), and there was borderline statistical significance for laryngeal cancer (HR, 1.43; 95%
CI, 0.99–2.07). Red meat intake was positively associated with pancreatic cancer incidence only
among men (HR, 1.43; 95% CI, 1.11–1.83). No association was found between increased intake
of red meat and the incidence of breast, gastric, or bladder cancer, or leukemia, lymphoma, or
melanoma.

In addition to large studies aimed at understanding the correlation between heme iron intake
and the risk of multiple cancers, many studies have investigated the association between dietary
iron and individual cancer types (Table 2). Colorectal cancer is the most extensively studied
malignancy in which the association between dietary iron intake and cancer incidence has been
assessed. A large, prospective study of 300,948 men and women with 2,719 cases of colorectal
cancer demonstrated a positive association between colorectal cancer and red meat intake (HR,
1.24; 95% CI, 1.09–1.42) as well as processed meat intake (HR, 1.16; 95% CI, 1.01–1.32), and
it concluded that increased heme iron was a likely contributor to the association between meat
intake and colorectal cancer (41). In this study, the total iron intake by individuals was estimated
using FFQs (41). The rationale for including processed meat intake was that heme iron, apart
from being a pro-oxidant, can also catalyze the generation of N-nitroso compounds from nitrate
and nitrite added to meat during processing (43). Nitroso compounds are potential carcinogens
and exacerbate the risk of colon cancer (41). For example, in a combined study of two large co-
horts of US health professionals [the Nurses’ Health Study (n = 87,108 women; 1980–2010) and
the Health Professionals Follow-up Study (n = 47,389 men; 1986–2010)], processed meat intake
was positively associated with an increased risk of colorectal cancer (HR, 1.15; 95% CI, 1.01–
1.32) (19). In addition to these large single studies, two meta-analyses of 34 and 23 prospective
studies demonstrated a positive association between heme iron and colorectal cancer, with a rel-
ative risk (RR) of 1.12 (95% CI, 1.04–1.21) and RR of 1.11 (95% CI, 1.01–1.22), respectively
(8, 30). Similarly, a meta-analysis of 13 case–control studies in the Japanese population showed
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Table 2 Epidemiological studies of iron and cancer

Reference Number and type of studies

Summary relative risk or odds ratio (95%
confidence interval) for cancer incidence with

increased heme iron or red meat intake

Colorectal cancer

Alexander et al. (8) 34 prospective studies 1.12 (1.04−1.21)

Aune et al. (11) 7 prospective studies 1.20 (1.06−1.36)

19 case–control studies 1.34 (1.12−1.59)

Pham et al. (131) 6 cohort and 13 case–control studies 1.16 (1.001−1.34)

Carr et al. (30) 23 prospective studies 1.11 (1.01−1.22)

Fonseca-Nunes et al. (65) 21 prospective studies 1.08 (1.00−1.17)
Breast cancer

Guo et al. (77) 14 prospective studies 1.10 (1.02−1.19)

Alexander et al. (7) 8 cohort studies 1.02 (0.98−1.07)

Wu et al. (186) 46 prospective studies 1.07 (1.01−1.14)

Fonseca-Nunes et al. (65) 5 prospective and 5 case–control studies 1.03 (0.97−1.09)
Esophagus cancer

Zhu et al. (201) 7 cohort and 28 case–control studies 1.33 (1.04−1.69)
Prostate cancer

Alexander et al. (6) 15 prospective studies 1.01 (0.94−1.09)

Bylsma et al. (25) 19 prospective cohort studies 1.02 (0.92−1.12)
Pancreatic cancer

Paluszkiewicz et al. (129) 11 case–control studies 1.48 (1.25−1.76)

Larsson & Wolk (105) 11 prospective studies 1.29 (1.08−1.53)
Lung cancer

Yang et al. (194) 23 case–control and 11 cohort studies 1.34 (1.18−1.52)

Xue et al. (191) 6 cohort and 28 case–control studies 1.44 (1.29−1.61)

Gnagnarella et al. (71) 14 prospective studies 1.24 (1.01−1.51)

Fonseca-Nunes et al. (65) 1 case–control and 3 prospective studies 1.12 (0.98−1.29)

an association between meat consumption and an increased risk of colorectal cancer (RR, 1.34;
95% CI, 1.12–1.59) (131). Based on the overwhelming epidemiological evidence, current rec-
ommendations by the World Cancer Research Fund International for reducing colorectal cancer
incidence include reducing the consumption of red and processed meat to less than 500 g per week
(166).

Epidemiological studies show possible correlations between gastroesophageal cancer subtypes
and iron intake. For esophageal cancer, different histological types of esophageal cancer exhibited
different correlations between cancer incidence and meat type consumed (201): An increased
intake of red meat and a low intake of poultry were associated with esophageal squamous cell
carcinoma, whereas an increased intake of processed meat was associated with an increased risk
of adenocarcinoma of the esophagus (201). Similarly, a prospective study of 120,852 individuals
aged between 55 and 69 years and followed for 16.3 years showed a positive association between
increased red meat intake and a higher incidence of esophageal squamous cell carcinoma. No
association was found between red meat intake and esophageal adenocarcinoma or gastric cancer
subtypes (adenocarcinoma of the cardia and noncardia types). Neither study found any association
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for women between the incidence of esophageal cancer and dietary heme intake for any of the
four subtypes (99). Further, in a large meta-analysis of the association between iron and cancer,
two of five esophageal cancer studies demonstrated a positive correlation between esophageal
adenocarcinoma and heme iron [RR, 3.04 (95% CI, 1.20–7.71) and RR, 3.11 (95% CI, 1.46–6.61)],
and three studies showed opposite results (65). In a multi-institutional study performed by the
Gastric and Esophageal Working Group of the European Prospective Investigation into Cancer
and Nutrition (EURGAST-EPIC), a positive association was found between heme iron intake and
gastric cancer incidence. The cohort included 481,419 individuals with 444 cases of gastric cancer
in 8.7 years of follow-up. The dietary intake of heme was assessed by FFQs. Participants in the
highest quartile of heme ingestion had a 70% higher risk of developing gastric cancer than those
in the lowest quartile (93). However, a nested case–control study that investigated the relationship
between body iron status and gastric cancer risk showed a decreased risk of gastric cancer with
increased serum iron and FT (64). Given these variable findings, a relationship between iron and
gastroesophageal cancer remains controversial.

In pancreatic cancer, however, the evidence for a relationship between iron and cancer de-
velopment is more consistent. In an NIH–AARP cohort of 322,846 participants, a total of 1,471
pancreatic cancer cases was found during a 10-year follow-up study. Pancreatic cancer risk sig-
nificantly increased with total intake of meat (HR, 1.20; 95% CI, 1.02–1.42) and red meat (HR,
1.22; 95% CI, 1.01–1.48). These associations remained significant in men but not women (154).
Two meta-analyses of 5 case–control studies and 11 prospective cohort studies found positive
associations between red meat and pancreatic cancer (105, 129).

A large NIH–AARP cohort study of men (n = 278,380) and women (n = 189,596) found that
increased heme iron intake elevated the risk of lung carcinoma in both men (HR, 1.25; 95%
CI, 1.07–1.45) and women (HR, 1.18; 95% CI, 0.99–1.42) (153). In addition to dietary heme
iron, the cooking method, extent of cooking (“doneness”), and intake of specific meat muta-
gens were also found to influence the risk for lung carcinoma. The association between the
method of cooking of red and processed meat and lung carcinoma was due to the formation
of endogenous mutagens during high-temperature cooking (149). Similarly, three different meta-
analyses of 34, 33, and 14 observational studies demonstrated a positive correlation between lung
cancer and red meat intake (71, 191, 194). However, a recent study on the association of di-
etary mineral intake and lung cancer in 5,435 participants aged 55 years and older found that
an increased intake of iron reduced the risk of lung cancer at 22 years’ follow-up (HR, 0.58;
95% CI, 0.37–0.92) (123). Thus, although epidemiological studies generally tend to show a pos-
itive correlation between iron and lung cancer, more studies will be required to generate a firm
conclusion.

For women with breast cancer, the NIH–AARP Diet and Health Study of 193,742 post-
menopausal women with 9,305 cases of breast cancer showed a positive association between
heme iron intake and breast carcinoma incidence (91). In another large epidemiological study
(the PLCO) of approximately 100,000 men and women (55–74 years of age), the effect of meat
type, meat cooking preferences, meat mutagens, and heme iron on cancer incidence was investi-
gated. In this study, there was a positive association between the consumption of red meat (HR,
1.23; 95% CI, 1.00–1.51) and dietary iron (HR, 1.25; 95% CI, 1.02–1.52) and breast cancer in
postmenopausal women (62). Similarly, a study of a cohort of 1,205 women with invasive breast
cancer showed a significant association between breast cancer and dietary iron (RR, 1.25%; 95%
CI, 1.02–1.52), with heme iron intake estimated using an FFQ (62). Further, one meta-analysis of
14 prospective studies of red meat and 12 prospective studies of processed meat showed a positive
association between both red and processed meat and breast carcinoma (77).
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3.2. Epidemiology of Environmental Iron Exposures and Cancer

Airborne iron levels vary by location, with urban sites having higher iron levels than remote
areas (approximately 1.3 μg/m3 versus 50–90 ng/m3) (182). Areas in the vicinity of iron- or steel-
producing plants may have particularly high levels of iron in the air (up to 12 μg/m3). Environ-
mental exposure to iron dust has been associated with increased incidences of lung and stomach
cancer (89). An exposure–response relationship study among Finnish men (N = 30,137) with a
history of occupational exposure to iron fumes or dust and welding fumes found that the relative
risk for lung cancer (squamous cell carcinoma) increased as the cumulative exposure to iron dust
and welding fumes increased (147). Many cases have been reported of iron inhalation and acute
bronchial damage, presumably due to the ability of inhaled iron to catalyze the formation of ROS
(89). The ingestion of iron-containing beverages has also been linked to the increased incidence
of cancer in areas of sub-Saharan Africa (97). In this case, a custom of brewing fermented bever-
ages in iron-containing pots produces a beverage with an unusually high iron content. Combined
with the prevalence of a polymorphic variant of a gene that predisposes to hemochromatosis [the
Q248H allele of ferroportin (FPN)] (73), this dietary exposure is thought to underlie the increased
risk for hepatocellular carcinoma in this population (66).

4. CHANGES IN IRON METABOLISM IN CANCER

Despite being the most abundant element by mass on Earth, iron availability is often regarded
as a growth-limiting factor for organisms (1); iron is principally limited by the formation of
nonbioavailable soluble iron oxides (4). Considering its poor bioavailability, it is not surprising
that humans have no major mechanism of iron excretion. Instead, iron is principally regulated at
the levels of systemic absorption and distribution and cellular utilization. Despite strict regulation
of normal iron metabolism, cancers exert profound effects that alter this regulation, at both the
systemic and cellular levels (Figure 1).

4.1. Systemic Iron in Cancer

Normal mechanisms of iron handling are altered in cancer in what has been termed an iron
withholding response—that is, an attempt by the organism to limit the availability of this essential
nutrient to the tumor, a response similar to that induced by a bacterial infection (176). Although the
phenomenon of iron withholding was described decades ago, the fundamental mechanisms that un-
derlie the decrease in systemic iron in malignant disease have only recently begun to be uncovered.

4.1.1. Physiological mechanisms of systemic iron regulation. In humans, dietary iron is
absorbed mainly through intestinal absorptive cells, enterocytes, in the duodenum and upper
jejunum (171). The efficiency of iron absorption is relatively low and depends on oxygen state and
form; heme is more bioavailable and is absorbed at a significantly higher rate (two- to sevenfold
higher) than iron from nonheme sources (178). At normal physiological pH, ferrous iron (Fe2+)
is readily oxidized to the insoluble ferric (Fe3+) form (1). Fe3+ is reduced back to Fe2+ by the
ferric reductase duodenal cytochrome B (DcytB) and transported across the apical membrane
of enterocytes by divalent metal transporter 1 (DMT1) (Figure 1) (12). Alternatively, heme is
imported into the enterocytes through an unknown mechanism, where it is degraded by heme
oxygenase 1 (HO-1), liberating Fe2+. Fe2+ from heme and nonheme sources is then transported to
the basal surface of the enterocyte, reoxidized to Fe3+ by hephaestin (HEPH), exported through
the iron exporter FPN (119), and loaded onto the circulating iron transport protein TF for systemic
delivery (Figure 1).
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Peripheral tissues require iron for essential cellular processes that include DNA synthesis, cell
cycle progression, energy generation, heme synthesis, and iron–sulfur (Fe–S) cluster biogenesis.
However, the majority of systemic iron is utilized in the bone marrow for hemoglobin and red
blood cell synthesis. Iron is recycled from senescent erythrocytes by macrophages, which export
recycled iron back into circulation via FPN (Figure 1) (14).

Excess systemic iron that is not utilized by the bone marrow or peripheral tissues is stored
in the liver. The liver also acts as an iron-sensing organ and controls systemic iron through the
secretion of the peptide hormone hepcidin, a master regulator of organismal iron homeostasis.
When systemic levels of iron are high, hepcidin is produced by the liver and secreted into the
circulation (Figure 1). Hepcidin binds to FPN and triggers its degradation (127, 134). This re-
sults in decreased iron efflux into the systemic circulation from enterocytes and macrophages, and
restores systemic iron to normal levels. Conversely, when systemic iron levels are low, hepcidin
production is reduced, allowing FPN to efflux iron from enterocytes and macrophages and in-
crease systemic iron levels. Thus, FPN and hepcidin function as an essential regulatory axis for
maintaining systemic iron homeostasis.

4.1.2. Dysregulation of systemic iron metabolism in cancer. Dysregulation of systemic iron
homeostasis is commonly seen in cancer patients and is manifested as a decreased red blood cell
count, or anemia. Cancer-induced anemia is generally considered an anemia of inflammation
(also known as anemia of chronic disease). It is characterized by reduced erythropoiesis and iron
restriction (Figure 1) (125). The cause of cancer-induced anemia is multifactorial, including the
presence of comorbidities and the location and extent of the disease. Mechanistically, cancer-
induced anemia is mediated by the secretion of inflammatory factors, such as tumor necrosis
factor-α (TNFα) and interleukin-6 (IL-6). TNFα is instrumental in inhibiting erythropoiesis (24),
while IL-6 drives iron restriction through upregulation of hepcidin (24). Therapy-induced anemia
is distinct and can be induced by cytotoxic agents and other therapies that impair hematopoiesis
(76). Treatment options include blood transfusions, erythropoiesis-stimulating agents, and iron
supplementation.

4.2. Cellular Iron Metabolism in Cancer

The fundamental mechanisms through which iron is absorbed, stored, and effluxed from cells have
largely been studied in nonmalignant cells. Cancer cells retain these basic pathways; however, in
many instances cancer cells exhibit a trend toward enhanced iron acquisition and retention.

4.2.1. Physiological mechanisms of cellular iron regulation. TF-bound iron destined for pe-
ripheral cells binds to transferrin receptor 1 (TFR1), a receptor present on the surface of most cells,
with the exception of mature red blood cells (118) (Figure 1). Binding triggers endocytosis of the
holo–TF–TFR1 complex, release of Fe3+, and subsequent reduction to Fe2+ by six-transmembrane
epithelial antigen of prostate (STEAP)-family reductases. Fe2+ is then transported out of the en-
dosome into the cytosol by DMT1, where it becomes part of the metabolically active labile iron
pool (LIP). Excess iron that is not utilized by the cell either is stored in the iron storage protein
FT and can later be accessed via autophagy (known as ferritinophagy) (52) or is exported out of
the cell by FPN, where it is reloaded onto TF for further circulation. Locally produced hepcidin
degrades FPN on nearby cells and decreases iron export (Figure 1) (135, 157, 198).

Cellular iron homeostasis is controlled by a posttranscriptional system involving the iron-
responsive element-binding proteins (IRPs) IRP1 and IRP2 and corresponding iron-responsive
elements (IREs) on untranslated regions of messenger RNAs (mRNAs) encoding proteins
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important to cellular iron regulation (159). In response to iron levels, cytosolic IRPs bind to
stem-loop IREs present in either the 5′ or 3′ untranslated region of these mRNAs to control
the synthesis of proteins involved in iron import (TFR1, DMT1), iron storage (FT), or iron ex-
port (FPN1). For example, when cellular iron levels are low, IRPs bind to the 5′ IREs of FPN1
and FT mRNA, resulting in translation repression. Additionally, IRPs bind to 3′ IREs in TFR1
mRNA to stabilize the mRNA and increase TFR1 protein synthesis. Ultimately, these changes
result in increased intracellular iron. In contrast, surplus intracellular iron leads to IRP desta-
bilization, preventing IRP1 and IRP2 from binding to the IREs of these mRNAs. This permits
unimpeded translation of FPN1 and FT and fosters degradation of TFR1 mRNA, leading to
decreased cytosolic iron. IRPs, therefore, act as the master regulators that maintain intracellular
iron homeostasis.

4.2.2. Dysregulation of cellular iron metabolism in cancer. Cancer cells frequently shift
intracellular iron metabolism in ways that favor iron accumulation: toward increased iron uptake
and storage, decreased iron export, or both (Figure 1). Interestingly, increased iron accumulation
is also characteristic of tumor-initiating cells (18) and cancer stem cells (142). Thus, the iron
exporter FPN is downregulated in breast (135), prostate (157), and ovarian cancers (18), while its
negative regulator, hepcidin, is upregulated (135, 157). IRP2 is also upregulated in prostate cancer
(46), resulting in an increase in TF receptor and a decrease in FT and FPN. In several cancers, the
iron import protein TFR1 (18, 86) is increased and correlates with poor prognosis (79). STEAPs
are also upregulated in several cancers (72), as is DMT1 in colon cancer (23).

Lipocalin 2 (LCN2) is a secreted protein that mediates an alternative form of iron transport
and is upregulated in some tumors (107). LCN2 binds siderophores, iron-binding ligands of
low molecular weight that are produced by pathogens (63), as well as siderophore-like catechols
of mammalian origin (14). Knockdown of LCN2 suppresses prostate cancer cell growth, while
overexpression promotes growth (165). Further, depending on the iron saturation of the LCN2-
bound ligand, LCN2 can mediate either iron import or iron export from cells and subsequently
support cell survival and growth (60, 158) or induce apoptosis (47), respectively. The iron storage
protein FT facilitates increased iron storage while limiting increased ROS generation. FT is
upregulated in a number of cancers including breast cancer (116), glioblastoma (142), Hodgkin’s
lymphoma (58), and pancreatic cancer (116). Although it has not been studied, ferritinophagy
may also contribute to an increased LIP in cancer, since autophagy is upregulated in cancer and
contributes to tumor growth and aggressiveness (180).

4.3. Dysregulation of Iron by Oncogenes and Tumor Suppressors

Subversion of normal iron metabolism in cancer cells is achieved through the regulation of iron
metabolism by oncogenes and tumor suppressors (Figure 2). C-Myc, a proto-oncogene and tran-
scription factor, induces IRP2 (187), which subsequently induces TFR1 (136) and inhibits FT,
thus increasing the metabolically available LIP. In colorectal cancer, activating BRAF mutations,
important oncogenic drivers, are associated with increased IRP2 levels (88). BRAF has an im-
portant role in promoting MEK (mitogen-activated protein kinase kinase) activation, and the
inhibition of MEK signaling by trametinib suppressed IRP2 and TFR1, and reduced intracellular
iron. Iron metabolism is also regulated by SIRT3, a multifunctional protein in cancer (9), through
ROS-mediated regulation of IRP1 (94). Similarly, the oncogenic driver epidermal growth factor
receptor (EGFR) increases iron import by promoting cell surface expression of TFR1 (172), and
the adenoviral oncogene E1A suppresses FT to decrease iron storage and increase intracellular iron
availability (164). Bone morphogenetic protein (BMP) signaling, IL-6, and Wnt signaling induce
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Figure 2
Regulation of cellular iron metabolism in cancer. Dysregulated iron metabolism in cancer cells is driven by
oncogenes and tumor suppressors. The localization of TFR1 to the cell surface, and therefore its ability to
bind TF and import iron, is promoted by EGF. Iron storage is altered by the suppression of ferritin by E1A
and its induction by p53 and nuclear factor Nrf2. Iron export through FPN is promoted by MZF-1, but
inhibited by increased hepcidin expression, driven by BMPs, IL-6, and Wnt signaling. Some factors (c-Myc,
mutated BRAF, and SIRT3) dysregulate multiple phases of cellular iron metabolism (import, storage, and
export) by targeting IRPs. Abbreviations: BMPs, bone morphogenetic proteins; CP, ceruloplasmin; EGF,
epidermal growth factor; EGFR, epidermal growth factor receptor; FPN, ferroportin; IL-6, interleukin-6;
IRPs, iron regulatory proteins; LIP, labile iron pool; MZF-1, myeloid zinc finger 1; Nrf2, erythroid
2-related factor 2; STEAP, six-transmembrane epithelial antigen of prostate; TF, transferrin; TFR1,
transferrin receptor 1.

hepcidin production in prostate cancer (157), contributing to an increase in intracellular iron by
reducing iron efflux. Wnt is also activated in an iron-dependent manner in colon cancer, with muta-
tions in adenomatous polyposis coli (APC), a tumor suppressor (22, 136). Tumor suppressors exert
an opposing effect: The tumor suppressor p53 induces FT (197), as does NRF2 (nuclear factor ery-
throid 2-related factor 2) (133). In prostate cancer cells, the transcription factor myeloid zinc finger
1 (MZF-1) functions as a tumor suppressor, in part by promoting FPN-mediated iron export (34).

5. DIVERSE ROLES OF IRON IN CANCER

As discussed above, the subversion of iron metabolism in cancer cells leads to increased intracellular
iron. Increased intracellular iron in turn has diverse roles in the initiation, growth, and metastasis
of cancer cells.
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5.1. Role of Iron as a Tumor Initiator

The role of iron in carcinogenesis was initially reported in 1959 by Richmond (138). Richmond
showed that repeated intramuscular injection of iron dextran complex induced sarcoma in rats.
Subsequently, numerous animal models have demonstrated the ability of iron to induce cancer.
Fenton chemistry, the generation of ROS, and subsequent DNA damage are believed to be the
main underlying mechanisms by which iron is carcinogenic (161). A particularly compelling series
of studies demonstrated that ferric nitrilotriacetate is sufficient to induce kidney tumors in rats.
DNA isolated from these tumors exhibits oxidized bases, consistent with oxidative stress–induced
DNA damage, as well as a pattern of genetic alterations remarkably reminiscent of human kidney
cancer (5).

Additional mechanistic details explaining the link between dietary iron and cancer have been
investigated. In the 1980s, Graf & Eaton (74) proposed that phytic acid compounds in dietary fiber
reduced the risk of colorectal cancer by chelation of dietary iron. Rats fed red meat exhibited in-
creased colonic epithelium proliferation and the formation of cytotoxic agents in colonic mucosa
(145, 146). Further, long-term administration of an iron compound in drinking water induced
and enhanced ulcerative colitis and significantly increased colorectal tumor incidence. In a mouse
model, dietary heme induced gut dysbiosis, lipid peroxidation, and aggravated colitis, thereby po-
tentiating the development of adenoma (16). Three major mechanisms are proposed to explain the
association between red meat and colorectal cancer. First, the iron present in heme generates oxida-
tive cytotoxic agents that can promote colorectal cancer (17). Second, carcinogenic N-nitroso com-
pounds can form in the intestinal tract in the presence of iron by N-nitrosation of peptide-derived
amines or by nitrosylation, yielding S-nitrosothiols and nitrosyl iron (20). Third, meat cooked
at high temperatures generates mutagenic heterocyclic amines, such as 2-amino-1-methyl-6-
phenylimidazo(4,5-b)pyridine and 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline (149). These
results highlight the role of the heme iron present in red meat in promoting colon cancer.

5.2. Role of Iron as a Tumor Growth Factor

Iron excess fosters tumor growth (83, 84, 136). Conversely, iron depletion mediated by reduced
dietary intake (83) or iron chelators (111, 199) inhibits tumor growth. Tumor growth can also be
modulated by manipulating the proteins of iron metabolism. Thus, decreasing cellular iron import
by blocking TF decreases tumor growth (181), as does increasing cellular iron export through FPN
overexpression (45, 135). Disrupting IRPs can also reduce tumor growth (46, 114, 174).

Iron’s function as a tumor growth factor can be understood in the context of its cellular roles.
Iron and iron-containing cofactors (heme, Fe–S) are integral to DNA metabolism, the cell cycle,
and cellular energy generation. DNA replication requires the synthesis of new deoxyribonu-
cleotides. The rate-limiting step in DNA synthesis is catalyzed by the iron-dependent protein
ribonucleotide reductase (55). Increased intracellular iron in cancer is therefore essential to fa-
cilitate the enhanced rate of cellular proliferation and DNA replication. Indeed, iron depletion
by iron chelators (111), FPN overexpression (18, 45, 135), and IRP2 knockdown (46) exerts its
inhibitory effect on tumor growth by reducing cancer cell proliferation. DMT1 knockdown also
inhibits proliferation in colorectal cancer (190). Reduced proliferation in the presence of iron de-
pletion is mediated by both a G1/G0 cell cycle arrest and, in some cases, induction of cell death (see
Section 6). The tumor suppressor p53, which is induced following iron depletion, is a key mediator
of cell cycle inhibition and cell death following iron depletion (45, 108). However, iron depletion
also induces p53-independent mechanisms of cell cycle inhibition, including the regulation of
cyclins and cyclin-dependent kinases (45, 108). It has also been proposed that iron may contribute
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to tumor growth by promoting mitochondrial oxygen consumption and adenosine triphosphate
(ATP) generation through oxidative phosphorylation and citric acid cycling (26), pathways that
have a role in cancer progression.

5.3. Role of Iron in Metastasis

A role for iron in metastasis is relatively unexplored. Iron depletion by iron chelation (173)
and FPN overexpression (78) has been shown to inhibit metastasis. Mechanistically, iron de-
pletion appears to inhibit cancer cell motility (152), invasion (18), and the transforming growth
factor-β-induced epithelial-to-mesenchymal transition (35). The metastasis suppressor N-Myc
downstream-regulated gene 1 (NDRG1) (35, 152, 173), as well as IL-6 (18), appear to mediate
these effects, in part by regulating matrix metalloproteinases (18, 32).

6. ROLE OF IRON IN CELL DEATH

Considering the importance of iron in the growth and progression of cancer, it is not surprising
that iron plays a prominent part in multiple cell death pathways, including apoptosis, necroptosis,
ascorbate-mediated death, and ferroptosis (Figure 3). While these cell death pathways play various
parts in other pathologies and in normal development, they also have important roles in the context
of cancer. In particular, both the depletion and repletion of iron can be used to foster cancer cell
death, identifying a role for iron manipulation in the armamentarium of anticancer strategies.

6.1. Apoptosis

Apoptosis is a form of programmed cell death characterized by several factors: loss of adhesion,
cell shrinkage, membrane blebbing, and the fragmentation and condensation of the nucleus (kary-
orrhexis and pyknosis) (155). Apoptosis can be induced by cell-intrinsic or extrinsic factors (90).

6.1.1. Iron and intrinsic apoptosis. The intrinsic apoptotic pathway can be initiated by cellular
stresses, including prolonged nutrient deprivation, endoplasmic reticulum stress, and DNA dam-
age (90). These stressors initiate apoptosis by triggering permeabilization of the mitochondrial
outer membrane, release of cytochrome c, and induction of caspase activity. Interestingly, both
iron depletion and iron overload can induce intrinsic apoptosis, demonstrating the importance of
maintaining strict iron homeostasis.

The induction of apoptosis by iron depletion was demonstrated following treatment with iron
chelators (75, 148) or the widespread disruption of iron homeostasis by IRP2 knockdown (46).
While FPN overexpression in prostate cancer cells induced endoplasmic reticulum stress and
DNA damage (45), two established inducers of apoptosis, no increase in apoptosis was observed.
Therefore, the induction of apoptosis by iron depletion likely depends on the extent and duration
of iron depletion. Apoptosis induced by iron depletion occurs by both p53-dependent (183) and
p53-independent (2) mechanisms. Iron depletion has further been shown to augment apoptosis
induced by the deprivation of other factors, such as IL-3 (47).

Elevated iron levels also induce apoptosis (175) and enhance apoptosis induced by other agents
(168). Iron is involved not only in initiating apoptosis but also in its execution through the gen-
eration of ROS (Figure 3). ROS-mediated oxidation of cardiolipin, a mitochondrial inner mem-
brane lipid that sequesters cytochrome c, is thought to contribute to the release of cytochrome
c in response to apoptotic stimuli (95). Further, caspase activation induces mitochondrial ROS gen-
eration through the cleavage of the Fe–S containing protein NADH:ubiquinone oxidoreductase
core subunit S1 (NDUFS1), which amplifies apoptotic signaling (137).
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6.1.2. Iron and extrinsic apoptosis. The extrinsic apoptotic pathway is initiated by the binding
of a ligand to a death receptor (90). Fas (CD95), which is bound by Fas ligand (FASL; CD95L),
is a death receptor regulated by iron. Alternative splicing of Fas mRNA results in the expression
of multiple Fas proteins (31). One Fas protein remains membrane bound and is proapoptotic,
while another, generated by deletion of exon 6, is soluble and antiapoptotic (36). A genomewide
screen of small interfering RNA (siRNA) knockdowns identified 200 regulators of Fas alternative
splicing (156). While a majority of the identified regulators were known to be involved in RNA
processing, four genes involved in iron metabolism were also identified: ACO1 (iron-responsive
element-binding protein 1), FTL (ferritin light chain), B2M (beta-2-microglobulin), and PCBP2
[poly(rC) binding protein 2]. SiRNA knockdown of ACO1, as well as the use of iron chelators
(deferoxamine and ciclopirox), resulted in iron depletion and favored the production of the soluble,
antiapoptotic form of FAS. Conversely, siRNA knockdown of FTL, as well as hemin treatment,
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Figure 3 (Figure appears on preceding page)

Role of iron in cell death. (a) Iron depletion disrupts cellular processes, while iron excess causes cellular damage through the generation
of reactive oxygen species (ROS). If excessive, these processes initiate the intrinsic apoptosis pathway and trigger permeabilization of
the outer mitochondrial membrane and the release of cytochrome c. Through the generation of ROS, excess iron may promote the
release of cytochrome c through the oxidation of cardiolipin. Cytochrome c release leads to the activation of caspases and apoptotic cell
death. Caspase activation further contributes to mitochondrial ROS generation through cleavage of the iron–sulfur cluster-containing
protein NADH:ubiquinone oxidoreductase core subunit S1 (NDUFS1). (b) Excess iron can promote extrinsic apoptosis or necrosis, or
both, through regulating the death receptor FAS. Alternative splicing (AS) results in a soluble, decoy FAS and a membrane-bound Fas
capable of initiating cell death. Excess iron promotes the production of membrane-bound FAS by interfering with messenger RNA
binding of serine- and arginine-rich splicing factor 7 (SRSF7). The binding of FAS ligand (FasL) to membrane-bound FAS can initiate
either caspase activation and apoptosis or necroptosis in a receptor-interacting protein kinase-1 and -3 (RIPK1 and RIPK3)-dependent
manner. RIPK1 and RIPK3 induce necroptosis, in part, by initiating the generation of ROS in the mitochondria. (c) Ascorbate (AscH−)
is oxidized to dehydroascorbic acid (DHA) in the presence of iron (Fe) and oxygen (O2) to generate hydrogen peroxide (H2O2).
Through Fenton chemistry, H2O2 generates hydroxyl radicals (HO.), which can cause oxidative damage to cellular components
(including DNA, protein, and lipids) and induce cell death. H2O2 can also inhibit the activity of iron–sulfur (Fe–S)-containing proteins,
including cytosolic aconitase, increasing transferrin receptor 1 (TFR1) expression and the labile iron pool (LIP). As the LIP is
predominately ferrous iron (Fe2+), increased LIP further promotes HO. production via Fenton chemistry. (d ) Ferroptosis is a form of
cell death caused by the iron-mediated generation of lipid peroxides. The reduction of intracellular iron, through iron chelation and
knockdown of iron-responsive element-binding protein 2 (IRP2), protects against ferroptosis. Conversely, several methods to increase
intracellular iron promote ferroptotic cell death: iron treatment with holo-transferrin (holo-TF), ferric ammonium citrate (FAC), and
iron chloride hexahydrate (FeCl3); ferritinophagy; and knockdown of FBXL5, an inhibitor of IRP2. Furthermore, ferroptosis inducers
(such as erastin and RSL3) have been reported to directly increase LIP. Increased iron is thought to promote ferroptosis through an
increase in ROS, particularly lipid ROS, and a reduction in glutathione, an antioxidant important in reducing lipid peroxides. Fenton
chemistry, nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOX), and lipoxygenases (LOX) contribute to ROS
generation, lipid peroxidation, and ferroptotic cell death.

resulted in iron accumulation and favored the production of the membrane-bound, proapoptotic
form of FAS. Consistent with the effects of iron levels on Fas alternative splicing, iron depletion
protected T lymphocytes from Fas-induced apoptosis while iron excess enhanced it.

Using a functional splicing network model (130), serine- and arginine-rich splicing factor 7
(SRSF7) was identified as the mediator of the iron-dependent alternative splicing of Fas. SRSF7
activity promotes production of the soluble, antiapoptotic form of FAS. Elevated iron levels disrupt
the RNA binding properties and activity of SRSF7 by interfering with the zinc knuckle domain.
Considering the elevated iron levels in cancer compared with normal tissue, this study suggests an
iron-dependent mechanism by which cancer cells may be more susceptible to apoptosis-inducing
agents.

6.2. Iron and Necroptosis

Necroptosis is a type of programmed cell death characterized by cellular swelling, plasma mem-
brane rupture, and a dependence on receptor-interacting protein kinase 3 (RIPK3) (109). Iron
overload can induce necroptosis in vitro (44, 189). Although necroptosis is distinct from apoptosis,
they are similar in that either can be induced by Fas–FasL binding (87). Therefore, iron-mediated
regulation of Fas (described in Section 6.1.2) regulates the initiation not only of extrinsic apopto-
sis but also of necroptosis. Apoptosis may be the preferred mechanism of Fas-induced cell death
over necroptosis (167), although this is likely context dependent. There is also some evidence that
mitochondrial ROS may have a role in necroptosis (15). Necroptosis-inducing agents offer an
opportunity for novel iron-mediated cancer therapies, particularly for treating apoptosis-resistant
forms of cancer.

6.3. Iron and Ascorbate-Mediated Cell Death

Pharmacological doses of ascorbate induce cell death selectively in cancer cells and increase sensi-
tivity to chemotherapeutic agents (113). Ascorbate has shown promise as an anticancer therapy in
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preliminary clinical trials in patients with metastatic pancreatic cancer (177), as well as in patients
with glioblastoma and non-small-cell lung cancer (141). Ascorbate toxicity depends on H2O2 gen-
eration (33), which reacts with the increased LIP in cancer cells via Fenton chemistry (Equation 1)
(141) to cause cellular damage, including DNA damage (Figure 3) (113). Interestingly, through
disruption of Fe–S cluster proteins, ascorbate-generated H2O2 induces additional increases in the
LIP, further contributing to the increased toxicity of ascorbate in cancer cells versus normal cells
(141). Although the mechanism of ascorbate-mediated cell death is becoming clearer, there is no
consensus as to the exact type of resulting cell death. Different groups have reported apoptotic (29)
and nonapoptotic cell death (169), with the specific mechanism possibly dependent on ascorbate
concentrations (33). Independent of the specific mechanism of cell death, the use of ascorbate as
an anticancer therapy represents a way to leverage the elevated levels of iron in cancer cells to
selectively promote cell death.

6.4. Ferroptosis

The appreciation of the role of iron in cell death has expanded dramatically with the recent
discovery of ferroptosis, an iron-dependent programmed cell death (48, 193). Ferroptotic cell death
is independent from other known mechanisms of cell death, including apoptosis and necroptosis
(115). Instead, cell death is executed by the iron-dependent generation of lethal lipid peroxides.

Ferroptosis was discovered during a search for novel anticancer agents (193). Many ferroptosis
sensitizers and inhibitors have been identified, with actions that are iron dependent or iron inde-
pendent (151). In initial studies, ferroptosis was suppressed by the depletion of intracellular iron
by the iron chelators deferoxamine and compound 311 (193). Conversely, increasing intracellular
iron with either ferric ammonium citrate, iron chloride hexahydrate, or iron-bound TF increased
sensitivity to ferroptosis (48, 68). Short hairpin RNA (shRNA) knockdown of IRP2, the master
regulator of cellular iron homeostasis, protected cells from ferroptosis, while shRNA knockdown
of IRP2’s negative regulator FBXL5 sensitized cells to ferroptosis (48). Increases in the LIP, me-
diated by ferritinophagy, occur in a time-dependent manner during ferroptosis and contribute to
lipid peroxidation and eventual cell death (67).

The exact function of iron in facilitating ferroptosis has not been established. It has been
suggested that iron contributes to lipid peroxidation through the generation of ROS (Figure 3;
Equation 4). While this is likely to occur, increased ROS generation by other mechanisms, such
as hydrogen peroxide treatment, does not induce ferroptosis (48). Therefore, it is likely that iron
plays additional parts in promoting ferroptosis.

The observation that cobalt chloride treatment can inhibit ferroptosis (184) suggests that iron-
containing proteins may be integral to ferroptosis, as cobalt is known to displace iron from some
active sites (10). Indeed, some iron-containing proteins have been shown to promote ferroptosis.
Nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOX) are heme-containing
proteins that catalyze the production of ROS in a regulated manner (104). GKT137831, an in-
hibitor specific to NOX1 and NOX4, partially inhibited the induction of ferroptosis (48). Lipoxy-
genases (LOX) are a family of nonheme, iron-containing enzymes that catalyze the conversion of
polyunsaturated fatty acids into conjugated hydroperoxides. 15-LOX has recently been shown to
generate ferroptotic lipid death signals [doubly and triply oxygenated (15-hydroperoxy)-diacylated
PE species]. It is unclear whether these proteins—NOX1, NOX4, and 15-LOX—are solely re-
sponsible for the role of iron in ferroptosis or if additional iron-containing proteins are involved.
Whatever the mechanism, cells with increased intracellular iron levels become more sensitive to
ferroptosis. Given that cancer cells subvert normal iron metabolism to increase intracellular iron
(Figure 1), ferroptosis may be a promising new therapeutic target. In this regard, it is of particular
interest that ferroptosis inducers target tumor-initiating cells (18).
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7. CLINICAL IMPORTANCE OF IRON

7.1. Iron in Cancer Prognosis

Because iron initiates, fosters growth, and alters the survival of cancer cells, the prognostic value
of iron and iron regulatory genes has been investigated. Serum FT levels have demonstrated
prognostic value in several cancers, including oral squamous cell carcinoma (100), cervical cancer
(92), Hodgkin’s lymphoma (82), metastatic colorectal cancer (106), breast cancer (117), lung
cancer (61, 140), renal cell carcinoma (101), stage III and IV neuroblastomas (81), and peripheral
T cell lymphoma (103). Each of these studies associates increased serum FT levels with poor
prognosis. This association is surprising considering the prevalence of anemia in cancer (see
Section 4.1.2); anemia itself is an adverse prognostic factor for some cancers (28). It is important
to note that increased serum FT does not necessarily correlate with increased body iron levels,
and serum FT may be altered in response to other stimuli, such as inflammation (98). Therefore,
alternative markers of iron status, such as TF saturation (37), may have better discriminative value
as prognostic indicators.

Given the complex interplay between systemic iron and intratumoral iron, identifying iron
regulatory genes in cancer cells and tissues may present a better opportunity to identify iron-
dependent prognostic factors. In breast cancer patients, the expression of iron regulatory genes
was evaluated for its prognostic ability (121). Almost half of 61 iron regulatory genes analyzed
were found to be associated with survival for breast cancer patients. A subset of 16 genes contained
most of the prognostic information, and this subset was termed the iron regulatory gene signature
(IRGS). In a multivariate analysis, the IRGS added prognostic value even when the patient’s age,
tumor size, histological grade, and nodal and estrogen receptor status were taken into account. The
IRGS was also able to stratify homogeneously treated lymph node–positive patients into groups
with significantly different prognoses. Interestingly, an independent group using the same 61 iron
regulatory genes identified an IRGS in diffuse infiltrating gliomas (179). This study identified
eight genes that predicted the median survival of patients with grade II and III gliomas; however,
only two of these genes overlapped with the breast cancer IRGS, suggesting that the specific iron
regulatory genes that are altered may be different in different cancer types.

Further analysis of iron gene expression in breast cancer revealed that an iron import dyad
[TFRC and HFE (transferrin receptor 1 and hemochromatosis)] and an iron export dyad [SLC40A1
and HAMP (FPN and hepcidin)] were complementary prognostic factors in predicting distant
metastasis-free survival in a cohort of estrogen receptor–positive patients treated with tamoxifen
(121). Poor prognosis was conferred by gene expression favoring increased cellular iron levels
by both dyads (import dyad: high TFRC, low HFE; export dyad: low SLC40A1, high HAMP),
consistent with the role of iron as a tumor and metastasis promoter. The prognostic value of
TFRC in breast cancer was confirmed in an independent study (79). The prognostic value of the
export dyad, FPN and hepcidin (SLC40A1 and HAMP), had previously been demonstrated (135).
Importantly, this study provided evidence to suggest that measuring the expression of FPN and
hepcidin may be useful in planning treatment for patients with estrogen receptor–positive breast
cancer.

7.2. Iron in Cancer Therapy

Numerous approaches have been taken to capitalize on the iron dependence of cancer cells (which
we have termed iron addiction) for therapeutic benefit. These range from designing strategies to
deprive cancer cells of iron to the polar opposite: deliberately utilizing the excess iron in cancer
cells to selectively deliver cytotoxic levels of ROS.
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7.2.1. Iron chelators. In preclinical studies, several iron chelators, differing in structure and
pharmacology, have demonstrated antitumor activity through the depletion of iron (Section 5.2).
Iron chelators that bind iron and permit redox cycling, thus acting through a mechanism separate
from iron depletion, have also shown promise as antitumor agents (96). As a result, the safety
and efficacy of iron chelators as cancer therapeutics have been tested in clinical trials. Safety
concerns were found to be mild to moderate for most iron chelators [ciclopirox (122), deferasirox
(69), deferiprone (38), deferitazole (126), desferoxamine (DFO) (192), and triapine (102, 128)];
gastrointestinal symptoms (diarrhea, nausea, vomiting) and fatigue appear to be the most prevalent
toxicities. Trials assessing the safety of additional iron chelators, such as DpC (Dp4cycH4mT)
(https://ClinicalTrials.gov/show/NCT02688101) and VLX600 (https://ClinicalTrials.gov/
show/NCT02222363), are ongoing.

Initial studies in cancer patients focused on DFO due to its safety record in the clinical treat-
ment of iron overload. DFO treatment had a 20% overall response rate (ORR; the percentage
of patients with a predefined reduction in tumor size for a certain duration) in a cohort of 10
patients with advanced hepatocellular carcinoma (192). DFO was also effective in reducing bone
marrow infiltrate in seven of nine patients with neuroblastoma (51). A second study found that
DFO administration was ineffective in treating patients with recurrent neuroblastoma (21). DFO
was also ineffective in reducing the progression of hormone-refractory prostate cancer (53). More
recently, other chelators have been investigated. In 70% of patients with advanced leukemia, triap-
ine reduced white blood cell counts by more than 50% (70). In a follow-up study, 76% of patients
with advanced hematological malignancies demonstrated a 50% reduction in white blood cell
counts following triapine treatment. Hematological parameters were also improved in patients
with advanced hematological malignancies treated with ciclopirox (122) and deferasirox (110).
However, triapine showed only a minimal ORR in metastatic renal cell carcinoma (7%) (102) and
in recurrent and metastatic head and neck squamous cell carcinoma (128).

Iron chelators have also been investigated as part of combination therapies. DFO was effective in
combination with cyclophosphamide, etoposide, carboplatin, and thiotepa (D-CECaT) in a cohort
of patients with advanced neuroblastoma and primitive neuroectodermal tumors (50). Triapine
used in combination with fludarabine, a DNA synthesis inhibitor, demonstrated an ORR of 49%
and a complete remission rate of 24% in a cohort of 37 patients with accelerated myeloproliferative
neoplasms and secondary acute myeloid leukemia (196). However, in a cohort of 12 patients with
advanced non-small-cell lung cancer, triapine was ineffective in initial combination with (162), or
resensitization (112) to, gemcitabine, a nucleoside analog inhibitor of DNA synthesis.

Thus far, the clinical data suggest that hematological malignancies may be more responsive
to iron chelator therapy than other malignancies. This observation may relate to limited phar-
macokinetic access of iron chelators to solid tumors, or, alternatively, may indicate an increased
dependence of hematological malignancies on iron.

7.2.2. Targeting elevated cancer iron levels. As an alternative to iron chelator therapy, several
approaches attempt to leverage increased iron levels to treat cancer. Pharmacological ascorbate
therapy is currently the most clinically relevant example of this approach. Ascorbate therapy
specifically targets cancer cells via an iron-dependent mechanism (see Section 6.3) and is clini-
cally effective as a single agent (27) and in combination therapy (113, 177). Alternatively, several
ferroptosis inducers have been identified and offer the opportunity to selectively target cancer via
increased tumor iron levels (151). The best-studied ferroptosis inducers, erastin and RSL3, are
poor candidates for therapeutic use due to their pharmacological properties, and efforts to iden-
tify or synthesize new ferroptosis inducers with better pharmacokinetics are ongoing. Currently,
several US Food and Drug Administration (FDA)-approved drugs have been demonstrated in
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preclinical models to induce ferroptosis in cancer cells. The first is sorafenib, which is used for
cancer therapy and has been shown to induce multiple forms of cell death (49). The second is sul-
fasalazine (143), which in limited studies has not proven to be an effective therapy (139). A third is
artesunate (54), an antimalarial therapy, whose efficacy as an anticancer agent is being tested (170).
Further, altretamine, the FDA-approved agent for ovarian cancer, likely induces ferroptosis, based
on the observation that it inhibits the activity of the ferroptotic suppressor glutathione peroxidase
4 (185). Haloperidol, a σ-receptor 1 agonist, was also shown to sensitize cells to erastin-induced
ferroptosis (13). The clinical utility of these FDA-approved ferroptosis-inducing agents requires
further examination.

Therapies targeting the TF receptor have also been investigated. The most straightforward
approach, using TF-targeted antibodies, was effective in reducing tumor growth in preclinical
models (163). An alternative approach has been the development of TF-conjugated chemother-
apeutic agents to increase the specificity of drug delivery (160). TF is an excellent conjugation
partner for chemotherapies due to its enhanced expression in cancer cells and the high efficiency
of binding to its receptor. Further, TF can efficiently traverse the blood–brain barrier, enhancing
the ability to target neurological malignancies. These factors have led to a number of different
classes of TF-conjugation partners, including chemotherapeutic drugs (56), nucleotides (144),
and others, that have shown varying levels of clinical efficacy. An expanded understanding of the
mechanisms of iron metabolism has allowed the identification of new pathways that may repre-
sent additional opportunities for exploiting iron metabolism for drug delivery in the future. These
include CD163, LRP1, HRG1, SCARA5, and FLVCR2 (40).

8. PERSPECTIVES AND FUTURE DIRECTIONS

The understanding of the role of iron in cancer has advanced considerably in recent years. It has
become apparent that iron contributes not only to carcinogenesis but also to tumor progression
and metastasis. Through interfaces with oncogenes and tumor suppressors, iron metabolism is
intimately knit into the fabric of cancer biology.

The profound role of iron in cancer renders the expression of iron regulatory genes and
gene sets of prognostic value, and it has the potential to contribute to clinical decision-making.
Interestingly, the prognostic value of iron regulatory genes may vary among cancer types, possibly
due to underlying variations in iron dysregulation among cancers. Considering recent findings
linking iron to metastasis, it will be particularly interesting to evaluate the prognostic value of iron
regulatory genes in metastatic disease.

The dysregulation of iron is observed early in the transition to malignant growth, and it is
already evident in tumor-initiating cancer stem cells. These cells are believed to contribute to
metastatic spread and treatment resistance. Thus, an exciting possibility is that the dependence of
cancer cells on iron represents a metabolic vulnerability that can be used not only to target bulk
cancer, but, by targeting tumor-initiating cells, to prevent or reduce disease recurrence.

The iron-seeking phenotype that characterizes most tumors can be exploited in two ways:
One is to restrict iron availability, thus starving these cells of a critical nutrient on which they
exhibit enhanced dependence, and the second is to use the redox properties of excess iron to
preferentially foster cytotoxic oxidative stress in cancer cells. Both strategies are being actively
explored. In addition, strategies designed to use pathways of iron uptake to preferentially deliver
anticancer drugs into cells are being developed.

In the same light, the recent discovery of ferroptosis provides a new avenue for designing iron-
targeted cancer therapies. The selective killing of cancer cells, including tumor-initiating cells, by
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ferroptosis may emerge as an attractive anticancer strategy. Further understanding of the exact
role of iron in ferroptosis will aid in the development of clinically useful ferroptotic agents.
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