
Frontiers in Oncology | www.frontiersin.org

Edited by:
Maryam Mehrpour,
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Iron is an essential trace element for the human body, and its deficiency or excess can
induce a variety of biological processes. Plenty of evidences have shown that iron
metabolism is closely related to the occurrence and development of tumors. In
addition, iron plays an important role in cell death, which is very important for the
development of potential strategies for tumor treatment. Here, we reviewed the latest
research about iron metabolism disorders in various types of tumors, the functions and
properties of iron in ferroptosis and ferritinophagy, and new opportunities for iron-based
on treatment methods for tumors, providing more information regarding the prevention
and treatment of tumors.
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INTRODUCTION

Iron (Fe) is one of the most abundant elements in the earth’s crust (1). The oxidation-reduction
reaction mainly involves electron transfer between two chemicals. Iron, as a transition-metal, can
exhibit a wide range of oxidation states, which makes it a multifunctional participant in redox
reactions. Therefore, iron is an indispensable trace element to maintain life (2). This element plays a
vital role in various cellular processes, such as cellular respiration (e.g., cytochrome c oxidase,
ferredoxin, cytochrome, and Rieske protein), energy metabolism (e.g., aconitase, citrate synthase,
succinate dehydrogenase, and isocitrate dehydrogenase), DNA replication, DNA synthesis and
nucleic acid repair (e.g., the catalytic subunit of replicative DNA polymerases, DNA helicase and
ribonucleotide reductase), and iron-dependent signaling (3, 4). Iron is also used in the synthesis of
heme and iron–sulfur clusters (ISC), which are incorporated into proteins that carry out the citric
acid cycle, oxidative phosphorylation, and many other essential functions (5, 6). However, although
Abbreviations: DCYTB, duodenal cytochrome B; DMT1, divalent metal transporter 1; HO-1, heme oxygenase-1; FPN1,
ferroportin; HEPH, hephaestin; TF, transferrin; TFR1, transferrin receptor; STEAP3, six-transmembrane prostate epithelial
antigen 3; LIP, labile iron pool; IRPs, iron-responsive element binding proteins; IRE, iron responsive element; mRNA,
messenger RNA; BMP6, bone morphogenetic protein; ROS, reactive oxygen species; DFO, Desferoxamine; IREB2, Iron
responsive element binding protein 2 gene; ISC, iron-sulfur cluster; GSSG, glutathione disulphide; GSH, glutathione; L-OHs,
lipid alcohols; L-OOHs, lipid hydroperoxides; PUFA, polyunsaturated fatty acids; GPX4, glutathione peroxidase 4; NCOA4,
nuclear receptor coactivator 4; FTH1, ferritin heavy chain 1; FTL, ferritin light chain.
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iron is essential for the normal physiological function of the
human body, it may also be toxic in that it generates a large
number of free radicals in the presence of hydrogen peroxide (7).
For example, in the well-known Fenton reaction, ferrous iron
(Fe2+) reacts with hydrogen peroxide to be oxidized to ferric iron
(Fe3+) while generating hydroxyl radicals. When superoxide is
present, the Fe3+ produced by the Fenton reaction can be
reduced to Fe2+, and then the Fenton reaction will proceed
again, which called Haber-Weiss reaction (8). Both the Fenton
reaction and Haber-Weiss reaction can produce a large number
of hydroxyl radicals. Hydroxyl radical is one of the most
important oxidant found in human body, which can lead to
peroxidation and apoptosis by attacking protein, lipids, nucleic
acids, and carbohydrates (9, 10). In addition, excessive free
radicals in the human body can lead to cell and tissue organ
damage, and these processes are closely related to tumorigenesis.

Therefore, iron is not only an essential nutrient element, but
also potentially toxic. Both aspects play important roles in the
occurrence and development of tumors. This article mainly
discusses iron metabolism disorders in tumors, ferroptosis,
ferritinophagy, and the role of iron in tumor treatment.
PHYSIOLOGICAL MECHANISMS OF IRON
REGULATION

Homeostasis of iron metabolism is a physiological process that
needs to be strictly controlled. Iron is mainly present in the
oxidized state (Fe3+) and is divided into dietary iron and
environmental iron. Dietary iron primarily exists as either
nonheme bound iron or heme (11). Heme iron has a higher
absorption rather than nonheme bound iron. Iron in the diet is
mainly reduced to Fe2+ in the duodenum by duodenal
cytochrome B (DCYTB) and absorbed into intestinal epithelial
cells under the synergistic effect of divalent metal transporter 1
(DMT1) (1). Heme iron is also absorbed by intestinal cells
through an unknown mechanism and is metabolized by heme
oxygenase-1 (HO-1) to release Fe2+. Heme iron is absorbed by
intestinal cells through an unknown mechanism and degraded
by heme oxygenase-1 (HO-1), releasing Fe2+, which is
transported out of the cells by the iron efflux pump ferroportin
(FPN1) on the basal side of the intestinal epithelial cells, and
consequently oxidized into Fe3+ by hephaestin (HEPH) (1); then
Fe3+ binds to transferrin (TF) and enters the circulation through
the portal vein. Each transferrin in blood can bind two Fe3+ to
form TF- [Fe3+]2 complex, which binds to transferrin receptor
(TFR1) on the cell surface and is absorbed into cells to form
endosome (12). Subsequently, it is reduced to Fe2+ by six-
transmembrane prostate epithelial antigen 3 (STEAP3), which
is then transported into cytoplasm by DMT1 to exert
physiological functions or constitute the cytoplasmic labile iron
pool (LIP) (1, 13). LIP can be taken up by non-hematopoietic
cells causing parenchymal iron deposition which can result in
free radical damage (14) (Figure 1).

Intracellular iron homeostasis is mainly regulated through an
iron-dependent protein network including iron-responsive
Frontiers in Oncology | www.frontiersin.org 2
element binding proteins (IRPs), in which both IRP1 and IRP2
are important components (15). It is noteworthy that
thioredoxin family proteins are important mediators in iron
metabolism since these proteins regulate the expression of IRPs
(5). To ensure iron homeostasis, IRP binds to the corresponding
iron responsive element (IRE) on the untranslated region of
messenger RNA encoding the protein essential for cellular iron
regulation (TFR1, DMT1), thereby participating in iron uptake
(TFR1), storage (FT), redistribution, and efflux (FPN1) (2). In
the absence of intracellular iron, IRP can inhibit the translation
of FPN1 and FT, but increase the protein synthesis of TFR1. In
contrast, when the intracellular iron is abundant, the synthesis of
FPN1 and FT is increased due to the instability of IRP, while the
degradation of TFR1 is promoted (16). IRP1/2 are key iron
regulators for the maintenance of cellular iron homeostasis. IRP1
is cytosolic aconitase, an enzyme containing a [4Fe-4S] cluster.
When absence of intracellular iron, there is insufficient iron for
Fe-S biogenesis leaving an incomplete [3Fe-4S] cluster. The
enzymatic activity of aconitase is lost and this protein then
initiates its IRP activity, as IRP1. When the protein contains
the [3Fe-4S] cluster it can bind to IREs (17, 18). Through these
mechanisms, IRP can not only meet the metabolic needs of
cellular iron, but also minimize the toxic effects of excessive
iron (Figure 2).

The excess iron is mainly stored in liver, which also acts as an
iron-sensing organ and controls systemic iron through the
secretion of the peptide hormone hepcidin (19). Hepcidin is a
25-amino acid short peptide produced by the liver and encoded
by the HAMP (20). FPN1, which is mainly expressed in the cell
membrane and cytoplasm, is the only known 571-amino acid
transmembrane protein in vertebrates that transports iron from
intracellular to extracellular (21). When the intracellular or
circulating iron level is relatively high, Hepcidin is generated
from hepatocytes and secreted into the circulation system
through a bone morphogenetic protein (BMP6) - mediated
pathway (1, 22). Hepcidin can trigger the internalization and
subsequent lysosomal degradation of FPN1 via binding to the
basal side of the intestinal epithelium and to the FPN1 on the
macrophage surface, preventing iron absorption from the
digestive tract and iron circulation from the body, respectively
(23). Conversely, the reduction of iron modulators causes FPN1
FIGURE 1 | Iron metabolism.
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to absorb iron and increases systemic iron levels (24) (Figure 1).
Therefore, FPN1 and ferritin are essential for maintaining iron
homeostasis in the body.
IRON METABOLISM IN CANCER

A large number of studies have shown that abnormal iron
homeostasis is one of the markers of cancer (Table 1). As the
metabolism and proliferation rate of tumor cells are generally
higher than that of normal cells, so their demand for iron is also
significantly higher than that of normal cells, this leading to the
exceeding oxidative stress; however, tumor cells can exert a
concomitant upregulation of antioxidant defenses for survival,
such as activating antioxidant transcription factors and
promoting the expression of various antioxidant genes (57).
Conversely, since tumor cells are strongly dependent on iron
for their growth/proliferation, they are more sensitive to iron
depletion than normal cells. This imbalance in cancer is mainly
manifested as increased iron metabolism, iron affinity, iron
input, and inhibition of its output, thereby completing
iron accumulation.

Iron Uptake
TFR1
As early as 1980, studies have shown that TFR1 is significantly
up-regulated in breast cancer (27). Subsequent studies have
confirmed that TFR1 is highly expressed in various cancers
such as glioma, leukemia, breast cancer, and ovarian cancer
(25, 26, 28, 29). Recent studies have shown that Beclin 1 inhibits
the proliferation of breast cancer cells by regulating the
endocytosis transport and degradation of EGFR and TFR1
(58). Bajbouj et al. found that estrogen inhibited the synthesis
Frontiers in Oncology | www.frontiersin.org 3
of ferritin and enhanced the efflux of intracellular iron.
Meanwhile, combining with doxorubicin, estrogen significantly
reduced TFR1 expression and enhanced the sensitivity of breast
cancer cells to doxorubicin (59). Using Gene Expression
Profiling Interactive Analysis (GEPIA) database analysis, Xiao
et al. found that TFR1 was significantly up-regulated in
hepatocellular carcinoma tissues and hepatocellular carcinoma
stem cells (31), and knocking down TFR1 reduced iron
accumulation, reactive oxygen species (ROS) accumulation
induced by erastin, and maintained mitochondrial function,
thereby inhibiting tumor development (31). Additionally, a
higher expression of TFR1 is closely related to the activation of
ERK signaling pathway in thyroid cancer, leading to the disorder
of genes involved in abnormal accumulation of intracellular free
iron and drug resistance (33).

Other studies have shown that targeting TFR1 can suppress
tumor progression, such as MiR-107 can inhibit the
proliferation, migration, and invasion of SW620 cells by
targeting TFR1 (34); MiR-148a could reduce the proliferation
of liver cancer cells by targeting TFR1 (32); EGFR regulates
cellular iron homeostasis by regulating the redistribution of
TFR1, and promotes the development of non-small cell lung
cancer (60). Similarly, knock-down of ST6GALNACIII can
down-regulate TFR1 and delay A549 cell proliferation (61).
And Hui et al. found that TFR1 level was significantly up-
regulated in non-small-cell lung cancer (NSCLC) by
Fusaricide, which is a novel iron chelating agent and can
efficiently inhibit the proliferation of a variety of human
NSCLC cell lines (62). In addition, TFR1 is highly expressed in
activated lymphocytes and malignant cells, and TFR1 antibody
ch128.1/IgG1 effectively inhibits the activation, growth, and
immortalization of EBV+ human B cells as well as the
development of these cells into lymphoma-like tumors in
immunodeficient mice (63). Chlorogenic acid inhibits the
growth of pancreatic ductal adenocarcinoma cells by targeting
the c-Myc-TFR1 axis, perhaps chlorogenic acid is a promising
compound for pancreatic ductal adenocarcinoma therapy (64).
However, although TFR1 is highly expressed in colorectal cancer
tissues, the authors demonstrated that down-regulation of TFR1
promoted rectal cell migration and invasion through the JAK/
STAT pathway (35). These results demonstrate that TFR1 might
hold tumor-specific roles.

DMT1
DMT1 is highly expressed in various cancers, such as colorectal
cancer and ovarian cancer (30, 38). Q. Wang et al. found that
DMT1, TFR1, and ferritin were highly expressed in ovarian
cancer cell spheres, and overexpression of DMT1 promoted the
progression of ovarian tumor (30). In SDHB-Mutated
Pheochromocytoma, iron accumulation caused by significant
up-regulation of iron transport-related proteins, such as
DMT1, TF, TFR2, can increase oxidative stress to some extent
(37). In colorectal cancer, DMT1 can be induced through
hypoxia-inducible factor 2a-dependent transcription (38).
However, in hepatocellular carcinoma, patients with a lower
expression of DMT1 displayed a worse disease-free survival, this
effect was more significant in patients with advanced
FIGURE 2 | Cellular iron metabolism. (A) When the 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
DMT1 mRNA and increase TFR1 protein synthesis. These two effects can
increase intracellular iron. (B) When the cellular iron levels are high, IRP1
converts to cytosolic aconitase and IRP2 is degraded, preventing IRP1 and
IRP2 from binding to the IREs of these mRNAs. This permits unimpeded
translation of FPN1 and FT and fosters degradation of DMT1 and TFR1
mRNA, leading to decreased cytosolic iron.
November 2021 | Volume 11 | Article 778492
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hepatocellular carcinoma (65). Notably, the carcinogenic activity
of DMT1 is tightly correlated with its iron-transport activity,
which is characterized by the evidence that tumor in DMT1-
knocked out mice was weakened when being fed with a high-iron
diet. Additionally, Desferoxamine (DFO) increases iron
concentration by up-regulating the expression of DMT1 and
TFR1, thereby promoting the migration of breast cancer cells
(66). Similarly, the latest research by Chen et al. has revealed that
the up-regulation of DMT1 and TFR1 is related to the activation
of the IL-6/PI3K/AKT signaling pathway in triple-negative
breast cancer cells, and enhance iron absorption (67).
Consistently, targeting DMT1 can be used to potentially
suppress tumor progression. For example, DMT1 inhibitors
can selectively target stem cells in primary cancer cells and
circulating tumor cells to inhibit the occurrence and
development of tumors (68); Propofol, which is widely used in
clinical practice for intraoperative general anesthesia and
postoperative sedation, regulates DMT1 expression by
modify ing Ca2+-permeable a-amino-3-hydroxyl-5-
methylisoxazole-4-propionic acid receptors (CPARs), thereby
inhibiting tumor oxidative stress and glioma tumor growth (69).

STEAPs
The expression STEAPs also exhibits an upregulation in tumors
and they can promote tumor cell proliferation as well as suppress
apoptosis (70–73), for example, STEAP3 promotes glioma cell
proliferation, invasion, and spheroid formation by inducing
Frontiers in Oncology | www.frontiersin.org 4
mesenchymal transformation, promoting TFR1 expression, and
activating the STAT3-FoxM1 axis (39); In colorectal cancer,
STEAP3 expression is significantly higher in tumor than that
in colonic mucosa (74). However, they recently found that
silencing lncRNA STEAP3-AS1(the antisense transcript of
STEAP3) inhibited the proliferation, migration, and arrested
colon cancer cells at the G0–G1 phase cancer cells through
upregulation STEAP3 (75). Additionally, Z. Wang et al. found
that among Burkitt’s lymphoma, the rarely studied iron
reductase CYB561A3 was essential for Burkitt proliferation,
but lymphoblastoid B cells with the EBV latency III program
depended on STEAP3 iron reductase instead (76). Similarly,
STEAP2 accelerates prostate cancer progression by promoting
proliferation, migration, and invasion by regulating the
transcriptional profiles of some genes involved in metastasis.
And Burnell et al. proved that reducing the expression of
STEAP2 inhibited the proliferation, migration, and invasion in
prostate cancer cells (77).

Intracellular Iron Regulation
IRP1 or IRP2 can increase intracellular iron and abnormal
activation of them is closely related to many cancers.
Compared with normal colonic mucosa, IRP2 is overexpressed
in colorectal cancer, and is positively correlated with TFR1
expression. In addition, the expression of IRP2 is associated
with mutations of BRAF, which primarily occur in the early
stages of colorectal cancer and are often associated with poor
TABLE 1 | Iron regulators in cancer.

Altered Player Cancer Regulation Ref.

TFR1 glioblastoma up (25)
TFR1 leukemia up (26)
TFR1 breast cancer up (27,28)
TFR1 ovarian cancer up (29,30)
TFR1 hepatic carcinoma up (31,32)
TFR1 thyroid cancer up (33)
TFR1 colorectal cancer up (34–36)
DMT1 ovarian cancer up (30)
DMT1 pheochromocytoma up (37)
DMT1 colorectal cancer up (38)
STEAP3 glioblastoma up (39)
STEAP3 kidney renal clear cell carcinoma up (39)
STEAP3 Liver Hepatocellular Carcinoma down (28)
IRP2 colorectal cancer up (36)
IREB2 lung cancer up (40,41)
FPN pancreatic cancer down (42)
FPN multiple myeloma down (43)
FPN thyroid cancer down (44)
Hepcidin breast cancer up (45)
Hepcidin colorectal cancer up (46)
Hepcidin prostate cancer up (47,48)
Hepcidin thyroid cancer up (44)
Hepcidin breast cancer up (49)
Hepcidin multiple myeloma up (50,51)
Hepcidin non-Hodgkin’s lymphoma up (52)
Hepcidin UUTUC up (53)
Hepcidin Renal Cell Carcinoma up (53)
Hepcidin hepatocellular carcinoma down (54)
HAMP hepatocellular carcinoma down (55)
HAMP cholangiocarcinoma down (56)
November 2021 | Volume 11 | Article
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prognosis (36). IRP1 and IRP2 are strictly regulated in tumors,
and preferably modulate tumor progression in an iron-engaged
signaling pathways, such as IRP2 is regulated by ubiquitin ligase
FBXL5, which mediated IRP2 ubiquitination and degradation
under the condition of sufficient iron; Dysregulation of FBXL5
has been associated with a poor prognosis of human
hepatocellular carcinoma (78); A recent study demonstrated
that FBXL5 is stabilized and increases iron levels when iron is
at low levels, facilitating the production of [2Fe2S] cluster, which
can serve as an FBXL5 cofactor, and by incorporating into the C-
terminal LRR domain of FBXL5, and only when oxygen level is
high enough to maintain the [2Fe2S] cluster in its oxidized
[2Fe2S]2+ state could the SCFFBXL5 E3 ligase recruits IRP2 as a
substrate for polyubiquination and degradation. This IRP2-
FBXL5 interaction might help release IRP2 from IREs to alter
the translation of iron metabolism genes (79). IRP2 is also
regulated by the deubiquitinating enzyme OTUD1, which
promotes TFR1-mediated iron transport via deubiquitinating
and stabilizing IRP2, leading to increased ROS production, and
the downregulation of OTUD1 has been found to be highly
correlated with poor prognosis of colorectal cancer (80); A study
linking a clinical trial of JBR.10 (n = 131) with a sample of
patients from the University of Toronto Health Network (n =
181) indicated that the effect of the 15q25 mutation on lung
cancer risk was associated with increased expression of IREB2
(40); Another large-scale case-control study confirmed that the
miRNA binding site SNP rs1062980 in the IREB2 3’ UTR might
potentially alter IREB2 expression to reduce the risk of lung
cancer by regulating the binding of miR-29a (41). Additionally,
the specific cause of dysregulation of IRP1/2 may be related to
inhibition of TAp63 and activation of MDM2 (81, 82).Notably,
chemotherapy and targeted-therapy may work together to
disrupt IRP-mediated iron regulation, like Horniblow et al.
found that the MEK inhibitor trimetinib consistently inhibited
IRP2 expression in four colorectal cell lines, resulting in
decreased TFR1 expression and increased ferritin expression
(83); Miyazawa et al. found that cisplatin bound to Cys512 and
Cys516 of human IRP2 and destroyed its function, based on
which DFO combined with cisplatin resulted in increased iron
consumption and reduced tumor growth in a mouse xenograft
model of colonic adenocarcinoma (84); Yao et al. confirmed that
erastin and RSL3 increased the expression of IRP1 and IRP2,
knockdown of which conversely inhibited erastin- or RSL3-
induce cell death, and IRP2 could enhance the promoting
effect of IRP1 in melanoma cells (85).

Iron Efflux in Cancer
Ferroportin
FPN1, the only iron export protein, is involved in the regulation
of intracellular iron concentration, and its abnormal
downregulation is also observed in most tumors (29, 47, 86,
87). The suppressive roles of FPN1 have been established in
tumors, such as in prostate cancer cell lines, a low FPN1 level
caused by up-regulation of ferritin promoted proliferation,
migration, and apoptotic resistance, and overexpression of
FPN1 induced p53 and autophagy, and reduced tumor growth
in vivo (42); Overexpression of FPN1 decreased proliferation,
Frontiers in Oncology | www.frontiersin.org 5
colony formation, and tumor growth, as well as liver metastasis
in breast cancer (88). In consistent, various studies have
indicated that FPN1 regulates tumor progression via
destroying iron homeostasis, as a study demonstrated that
cadmium (Cd)-induced MDA-MB-231 cell proliferation, EMT,
and migration were caused by inhibiting FPN1 expression and
associated with destruction of iron homeostasis (89), and
hepcidin secreted by thyroid cancer cells could decrease FPN1
and retain intracellular iron, thereby promoting cancer
proliferation (44); another study showed that FPN1-mediated
iron metabolism might play a role in chemosensitivity and
treatment outcome of acute myeloid leukemia (90); Similarly,
overexpression of ZNF217 promoted prostate cancer growth by
inhibiting FPN1-conducted iron efflux (91); Xue et al. found that
Nrf2, a transcription factor of FPN1, inhibited the proliferation
and metastasis of prostate cancer cells by up-regulating FPN1,
which was also related to the reduction of intracellular ferritin
content (92), and Nrf2 was able to inhibit myeloma cell
proliferation by promoting FPN1 transcription (43).
Additionally, Geng et al. demonstrated that knockdown of
FPN1 acce l e ra ted eras t in- induced suppress ion of
neuroblastoma by increasing the accumulation of iron-
dependent lipid ROS, and FPN1 inhibitors might provide a
new approach for the chemosensitization of neuroblastoma
(93); Tang et al. verified that USP35 could maintain the
stability of its protein by deubiquitinating FPN1, and reduce
the iron disorder triggered by erastin/RSL3, thereby promoting
lung cancer cell growth and tumor progression. Meanwhile,
knockdown of USP35 enhanced the sensitivity of lung cancer
cells to cisplatin and paclitaxel by targeting FPN1 in lung cancer
(94). However, a study showed that matrix/macrophage
expression of Lcn-2 was associated with tumor onset, lung
metastasis, and recurrence, whereas FPN1 was not by
analyzing the expression profiles of lipocalin-2 (Lcn-2) and
FPN1 through a model of T-oncogene (PyMT) breast cancer in
spontaneous polymerases and mining publicly available TCGA
and GEO database from gene expression synthesis (95).
Macrophages provide iron for the microenvironment of breast
tumors via forcing secretion of Lcn-2-bound iron and increasing
expression of FPN1 (95). Nevertheless, the reason why the
matrix/macrophage expression of FPN1 is not associated with
tumor onset, lung metastasis, and recurrence requires
further investigation.

Hepcidin
Disorders of iron modulators in cancer cause changes in iron
homeostasis. Hepcidin, a negative regulator of FPN1, is
significantly up-regulated in various tumors, such as breast,
colorectal, and prostate cancer (45–47). And numerous studies
have shown the promoting effects of hepcidin on tumor
progression, for example, Schwartz et al. found that compared
with wild-type littermates, mice lacking hepcidin in colonic
tumor epithelium significantly reduced the number, tumor
burden and size in the sporadic model of colorectal cancer,
whereas lacking of FPN1 led to intracellular iron accumulation
and promoted tumor occurrence (96); Lopes et al. found that
acute myeloid leukemia had a unique iron component,
November 2021 | Volume 11 | Article 778492
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mainly manifested as a low expression of transferrin, and
high expression of ferritin and hepcidin; notably, these
characteristics were not related to inflammation or blood
transfusion (50); Zhao et al. confirmed that hepcidin enhanced
the proliferation, migration, and anti-apoptotic capabilities of
prostate cancer cells by reducing the expression of FPN1 and
increasing intracellular iron level (48); Additionally, Zhou et al.
identified that the synthesis of hepcidin is regulated by
SOSTDC1, the BMP4/7 antagonist, providing a new
mechanism for cellular iron dysfunction via the E4BP4/G9a/
SOSTDC1/hepcidin pathway in the thyroid gland, which can
inhibit the secretion of hepcidin and proliferation of thyroid
cancer cells (44).

In addition to the iron modulators synthesized by cancer
cells, systemic iron disorders in cancer patients can also be
observed (88, 97, 98). Serum hepcidin is elevated in many
cancer patients, including prostate cancer, breast cancer,
multiple myeloma, and non-Hodgkin’s lymphoma (48, 49, 51,
52).A study of 456 cases of primary gastric adenocarcinoma
and 900 matched controls with an average of 11 years of follow-
up showed a significant negative correlation between gastric
cancer risk and serum hepcidin level, which was mainly caused
by ferritin level (99). Additionally, treatment with morotinib
was found to decrease serum hepcidin and improve iron
metabolism and erythropoiesis in a Phase 2 clinical trial of
morotinib for bone marrow fibrosis (100). Similarly, a
retrospective study, including 38 patients suffering from
upper urinary tract urothelial carcinoma (UUTUC), 94
patients Suffering from Renal Cell Carcinoma (RCC), and 21
patients without infections or cancer, showed that serum
hepcidin level was significant increased compared to sera of
controls in patients with UUTUC and RCC, and high serum
hepcidin was associated with cancer recurrence and
metastasis (53).

Interestingly, liver cancers showed a drastic reduction of
hepcidin expression compared to benign liver tissues (101,
102). Furthermore, in patients of the White race with no
history of alcohol consumption, down-regulation of hepcidin is
associated with rapid cancer progression and poor disease-
specific survival. Hepcidin expression is positively correlated
with BMP6/interleukin -6 (IL6) cytokines and cytotoxic
immune infiltration in liver cancer tissues (54). In addition,
Frontiers in Oncology | www.frontiersin.org 6
blocking hepcidin with its antagonist furthiomine could
moderately reduce sorafenib-induced apoptosis in HepG2 and
Huh7 cells (54). In consistent, HAMP, the coding gene for
hepcidin is mainly expressed in benign liver tissues but
significantly reduced in hepatocellular carcinoma tissues
(54, 55). Similarly, Z. Wang et al. found that HAMP was
decreased and associated with the chemokine CCL16 in
Cholangiocarcinoma (CHOL), the second common malignant
tumor in the liver, indicating that HAMP may contribute to the
immune activation in CHOL microenvironment (56).

Heme has been indicated to promote cell proliferation in
leukemia and lung cancer, and increase HO-1 activity promotes
invasion and migration of breast cancer cells (103–105). Up-
regulation of BMP, which induces cancer cells to secrete
hepcidin, has also been observed in various tumors, including
breast, prostate, and bladder cancers (47, 106, 107).

In conclusion, cancer cells usually increase the input of iron
and inhibit its output, thereby achieving iron accumulation.
However, it is not entirely clear how they respond to the
increased instability.
IRON AND CELL DEATH

Iron and Ferroptosis
In recent years, non-apoptotic cell death has attracted a
widespread attention in tumor therapy, among which
ferroptosis is defined as iron-dependent regulatory necrosis
caused by membrane damage mediated by massive lipid
peroxidation (108–110) (Figure 3). Upon being experienced
ferroptosis, cells show unique signs such as cell membrane
rupture, cytoplasmic swelling, cytoplasmic organelle swelling,
mitochondrial membrane density increase, mitochondrial cristae
reduction/disappearance, mitochondrial outer membrane
rupture, etc. Ferroptosis can occur through two main
pathways: the external or transporter-dependent pathway, and
the internal or enzyme-regulated pathway (111). Ferroptosis is
caused by the redox imbalance between the production of
oxidants and antioxidants, which is driven by the abnormal
expression and activity of numerous redox active enzymes that
produce or detoxify free radicals and lipid oxidation products
(109, 111).
FIGURE 3 | Ferroptosis.
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As the center of metabolism, mitochondria are an important
source of ROS in most mammalian cells. Earlier studies showed
that mitochondrial-mediated ROS production was not necessary
for ferroptosis (108). However, recent studies have shown that
mitochondrial-mediated ROS production, DNA stress, and
metabolic reprogramming are necessary for lipid peroxidation
and induction of ferroptosis (112–114). Readers can obtain a
more comprehensive understanding of ferroptosis by referring to
other relevant documents (111, 115–118). Here we focus on
recent research, aiming to clarify the possible novel mechanisms
of ferroptosis in cancer.

The previous study suggested that the stability of IRP2
protein was mainly regulated by E3 ubiquitin ligase FBXL5
(78), while Terzi et al. confirmed a new regulatory mechanism
of IRP2, which senses the absence of ISC synthesis, and ISC
defects could enhance the binding of IRP2 to target mRNA
ignoring the changes in IRP1, IRP2, and FBXL5 protein levels.
ISC are made up of iron and sulfur ions to form [1Fe-0S], [2Fe-
2S], [3Fe-4S] and [4Fe-4S] clusters (6, 119). Suppressing ISC
synthesis can activate IRP2 and promote ferroptosis sensitivity
(120); in line with this finding, insufficient ISC maintenance has
been shown to robustly activate the iron-starvation response and
trigger ferroptosis (121). Notably, inorganic sulfur is first
produced from the cysteine by the cysteine desulfurase NFS1
and ISC is formed on the ISC assembly enzyme (ISCU) with the
help of frataxin (FXN) (122),Which was indicated to be localized
in the mitochondrial matrix and participated in the biosynthesis
of ISC and FXN deficiency accelerates erastin-activated
ferroptosis (123). Furthermore, overexpression of ISCU
significantly attenuated Dihydroartemisinin-induced ferroptosis
by regulating iron metabolism, rescuing the mitochondrial
function and increasing the level of GSH (124). Additionally,
FXN could activate NFS1 and accelerate a rate-limiting sulfur
transfer step of ISC assembly, and suppression of NFS1 make
cancer cell be sensitive to ferroptosis (121, 125). Besides, Chafe
et al. identified a novel synthetic lethal interaction between
carbonic anhydrase IX (CAIX) and NFS1 by elucidating the
important role of CAIX in redox homeostasis and the prevention
of ferroptosis through pH regulation, which may facilitate
researchers to develop new strategies for the treatment of solid
tumors (126).

The latest research provides more possibilities that targeting
ferroptosis may be a new strategy for tumor treatment. For
example, Mao et al. identified a ferroptosis-defensive mechanism
mediated by Dihydroorotate dehydrogenase (DHODH) in the
mitochondria, which works with mitochondrial glutathione
peroxidase 4 (GPX4) to reduce ubiquinone to panthenol,
thereby inhibiting ferroptosis in mitochondrial inner
membrane, while Brequinar (a DHODH inhibitor) selectively
inhibits the proliferation of tumor cells with low GPX4
expression by inducing ferroptosis, thus it can occur
synergistically to induce ferroptosis and inhibit the growth of
tumor cells with high GPX4 expression by the combined use of
Brequinar and sulfasalazine (ferroptosis inducers) (127);
Subsequently, Ding et al. demonstrated that DMOCPTL
induced ferroptosis and apoptosis primarily through GPX4
Frontiers in Oncology | www.frontiersin.org 7
ubiquitination in triple-negative breast cancer cells (128);
Additionally, D. Chen et al. confirmed that IPLA2b inhibited
ferroptosis by cleaving through lipid peroxide for detoxify
without depending on GPX4, and that the absence of iPLA2b
had no significant effect on the normal development or cell
viability of normal tissues, thus, iPLA2b may become a new
target for ferroptosis-targeted therapy for tumor (129);
Furthermore, X. Wang et al. demonstrated that SOX2
promoted SLC7A11 transcription by binding to SLC7A11
promoter, and oxidation at Cys265 of SOX2 inhibited its
activity and decreased the self-renewal capacity of lung cancer
stem cell-like cells. This suggests that oxidation of SOX2 could be
a potential target for ferroptosis-targeted treatment for cancer
(130). Moreover, as cell density-dependent E-cadherin and
Merlin/Neurofibromin (NF2) loss can induce ferroptosis, Bao
et al. found that NF2-inactivated meningioma cells were sensitive
to Erastin-induced ferroptosis by analyzing 35 meningioma
samples (10 NF2 loss and 25 NF2 wildtype), and further
confirmed that myoenhancer factor 2C (MEF2C) acted as a
promoter of NF2 and CDH1, thereby inhibiting ferroptosis-
related lipid peroxidation and meningioma cell death
(131). Notably, Kremer et al. indicated that aspartate
aminotransferase (GOT1) could damage mitochondrial
oxidative phosphorylation and promote catabolism, resulting
in the increase of unstable iron pool and susceptibility to
ferroptosis, this effect suggests that inhibiting GOT1 could
destroy the redox balance and proliferation in pancreatic
ductal carcinoma, and establishes a biochemical link between
GOT1 and ferroptosis (132). Few studies reported the direct
crosstalk between ferroptosis and antitumor immunity, until
Wang et al. reported that CD8+ T cells induce ferroptosis in
tumor cells, which is the direct evidence of the connection
between ferroptosis and antitumor immunity (133). They
found that interferon gamma (IFNg) released from CD8+ T
cells downregulated the expression of SLC3A2 and SLC7A11,
impaired the uptake of cystine by tumour cells, and promoted
ferroptosis. Thus, T cell-promoted tumour ferroptosis is an anti-
tumour mechanism, and targeting this pathway in combination
with checkpoint blockade is a potential therapeutic approach.

Furthermore, studies also demonstrated that activating
ferroptosis and apoptosis immensely increased chemotherapy
sensitivity, which might provide strategies for the combination
therapy for cancers. For example, Ye et al. found that the synergy
of apoptotic activator and ferroptosis inducer could significantly
enhance the cytotoxic effect of gemcitabine in pancreatic cancer,
providing a new strategy for pancreatic cancer treatment (134);
Hong et al. unveiled a novel treatment strategy for ovarian cancer
through a combined use of Poly (ADP-ribose) polymerase S
(PARP) inhibitor and ferroptosis inducer (135); Sun et al.
identified that QSOX1 (Quiescin sulfhydryl oxidase 1)
enhanced sorafenib-induced ferroptosis by promoting the
ubiquitination degradation of EGFR and inhibiting EGFR
activation and thus inhibiting NRF2, providing QSOX1 as a
new candidate target for a sorafenib-based combination therapy
in advanced hepatocellular carcinoma or EGFR-dependent
tumor types (136).
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There are also some new discoveries focusing on the
relationship between lipid peroxidation and ferroptosis. Tan
et al. found a hypoxia-inducible factor-dependent adipokine
chemerin, which could prevent fatty acid oxidation and lead to
escape from ferroptosis, and targeting chemerin reduced lipid
storage and tumor growth (137); Lang et al. demonstrated that
supplementing unsaturated fatty acids while inhibiting the
biogenesis of lipid droplets could induce ferroptosis in acidic
cancer cells (138); Additionally, Dierge et al. found that a diet
rich in n-3 long-chain unsaturated fatty acids significantly
inh ib i t ed tumor growth in mice , ind ica t ing tha t
supplementation of dietary unsaturated fatty acids can serve as
a selective adjuvant anti-tumor approach (139); Furthermore,
supplementation of dietary unsaturated fatty acids may serve as a
selective adjuvant anti-tumor approach. W. Liu et al. verified that
dyslipidemia affected the occurrence and development of tumors
by selectively resisting ferroptosis, which primarily due to the
continued expression of GPX4 in the metabolism of 27-
hydroxycholesterol-resistant cells (140); In consistent, Beatty
et al. identified conjugated linoleic acids, including a-
eleostearic acid (aESA), acted as inducers of ferroptosisby acyl
coenzyme a synthetase long-chain isomer 1 and interfering with
the biosynthesis of triglycerides inhibited aESA-induced
ferroptosis, but not GPX4-inhibited ferroptosis (141).

Notably, many extracts from plants and herbs also exhibit
anti-tumor effects by inducing ferroptosis. Z.X.Wang et al. found
that quercetin could promote the degradation of lysosomal-
dependent ferritin and the release of free iron, this effect and
quercetin-induced ROS production synergistically led to lipid
peroxidation and ferroptosis (142). C.Y. Wu et al. found that
Dihydroisotanshinone I (Radix Salviae Miltiorrhizae extract)
could induce ferroptosis in lung cancer cells by blocking the
expression of GPX4 protein (143). AndWen et al. confirmed that
18-b-glycyrrhetinic acid could promote the production of ROS
and RNS by activating NADPH oxidase and iNOS, and reducing
GSH and GPX activities in triple-negative breast cancer cells,
thereby accelerating lipid peroxidation and leading to
ferroptosis (144).

Iron and Ferritinophagy
Ferritinophagy is a type of cell selective autophagy, in which the
ferritin (mainly ferritin heavy chain 1) is degraded in
autophagosomes mediated by nuclear receptor coactivator 4
(NCOA4), leading to the ferritin-bound iron to be released as
free iron (145, 146) (Figure 4). Ferritinophagy contributes to the
initiation of ferroptosis through degradation of ferritin, which
triggers labile iron overload (IO), lipid peroxidation, membrane
damage, and cell death (147), and plays a certain role
in tumorigenesis.

Ferritin is a complex that can hold 4,500 Fe3+ and is widely
present in mammalian cells. The ferritin complex is assembled
by the heavy chain (ferritin heavy chain 1, FTH1) and the light
chain (ferritin light chain, FTL) (148). FTH1 has a ferrous oxidase
activity and can catalyze the oxidation of Fe2+ to Fe3+, thereby
reducing a large number of Fe2+-produced free radicals
participating in the Fenton reaction, and the damage of free
radicals to tissues and organs (149, 150). Iron combines with
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each other through ferritin iron pores and Fe2+ is further
oxidized to Fe3+ by FTH1 in the ferritin cage, resulting in the
inert deposition of Fe3+, which cannot use or generate ROS in
cells (151).The main way of ferritin to release iron is selective
autophagy mediated by NCOA4, which binds to ferritin and is
transported to lysosomes, where ferritin is degraded and iron is
released for cell use (145). NCOA4 selectively interacts with
FTH1 subunit of ferritin through its conserved C-terminal
domain and key residues on FTH1 (152). Notably, NCOA4 is
regulated by HECT and the RLD domain containing E3
ubiquitin protein ligase2 (HERC2) (153).

Mechanistically, when cellular iron level is high, NCOA4 and
HERC2 have an iron-dependent effect, resulting in the
degradation of NCOA4 through ubiquitin proteasome system,
thereby reducing the release of iron and facilitating the storage of
ferritin. On the contrary, under low cellular iron conditions, the
interaction between NCOA4 and HERC2 is reduced, leading to
an increase of NCOA4 level, which increases the degradation of
ferritin and iron autophagy flux to supplement cellular iron (154,
155). Thus, a proper amount of ferritinophagy can maintain the
balance of iron in cells. However, an excessive activation of
ferritinophagy can lead to disease induced by iron overload.
Importantly, studies have found that there is a close link between
iron release caused by ferritinophagy and ROS damage in
ferroptosis (115, 156, 157). Under certain conditions, iron
release caused by ferritinophagy is a component of ferroptosis,
and may be a direct driving factor of ferroptosis (115, 156, 157).
The role of ferritinophagy-related genes in cancer progression
has been confirmed (158–164). Here, we focus on clarifying the
new discovers of NCOA4 and FTH1 in cancer.

The expression of NCOA4 is lower in Clear cell renal cell
carcinoma (ccRCC) tissues compared with normal tissues, and
low NCOA4 expression is closely related to high-grade
malignant tumors and advanced TNM staging (165, 166).
Some studies have indicated the critical role of NCOA4-
mediated ferritinophagy in tumor progression, such as
knockdown of COPZ1 leads to an increase in NCOA4,
resulting in the degradation of ferritin, and ultimately
ferroptosis in glioblastoma (167); Vara-Pérez et al. found that
FIGURE 4 | Ferritinophagy.
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melanoma cells lacking BNIP3 showed increased intracellular
iron levels caused by NCOA4-mediated increase in
ferritinophagy (168). Nevertheless, NCOA4-mediated
ferritinophagy is not effective in all tumors as Hasan et al.
found that the destruction of ferritinophagy by NCOA4
knockout resulted in minor differences in growth under basal
and iron-restricted conditions in colon cancer cells; Additionally,
NCOA4 does not engage in cell death induced by 5-fluorouracil
and erastin (169).

Furthermore, FTH1 is also another important gene involved
in ferritinophagy. Hayashima et al. demonstrated that in
glioblastoma cells, cystine deprivation rather than L-buthionine
sulfoximine treatment caused ferroptosis, although they both
lead to depletion of cellular GSH, and NCOA4-mediated
degradation of FTH1 was observed in cystine-deprived cells
but not in L-buthionine sulfoximine -treated cells. Besides,
inhibit ion of FTH1 degradation suppressed cystine
deprivation-induced ferroptosis. This suggests that cystine
deprivation-induced ferroptosis required not only GSH
depletion, but also intracellular iron accumulation, and
ferritinophagy plays an essential role in cystine deprivation-
induced ferroptosis (170). Notably, due to insufficient FTH1,
Erastin or RSL3 induces ferroptosis in neuroblastoma N2A cells,
but fails to induce normal nerve cell death, indicating that
ferroptosis may be a promising therapeutic target for
neuroblastoma (171).
IRON IN CANCER THERAPEUTICS

Iron in Cancer Prognosis
Because iron is essential at all stages of tumor development,
survival, proliferation, and metastasis, we analyzed the
prognostic value of iron and iron regulatory genes. It has
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shown that serum ferritin has prognostic value in various
cancers, and elevated serum FT levels are associated with poor
prognosis (46, 172–175). However, the increase of serum ferritin
are not necessarily associated with upregulated iron level in the
body, this means that iron level is regulated by other stimuli,
such as inflammation (2). Therefore, we hereby summarize the
association between factors related to iron metabolism and
prognosis (Table 2).

In view of the important role of TFR1 in iron uptake, TFR1 has
been identified as a prognostic marker for many tumors, such as
TFR1 expression in ER- tissue was significantly higher than that in
ER+ tissue (188); Compared with adjacent non-cancer tissues, the
mRNA expression level of TFR1 in hepatocellular carcinoma
tissues is remarkably increased, and the expression of TFR1 and
TFR2 is negatively correlated with tumor differentiation (176,
177); Furthermore, patients with a high TFR1 expression have a
high risk of recurrence and death after hepatectomy (177);
Similarly, TFR1 is significantly overexpressed in ovarian cancer
and glioblastoma, and TFR1 expression may be related to tumor
staging, progression or the short survival time (29, 180).
Additionally, the activation of EGFR induces cell redistribution
of TFR1, and the highly expressed TFR1 is closely related to the
progression of lung cancer (178). The assessment of 178 gastric
cancer tissues revealed a negative correlation between TFR1
expression and patient prognosis, and the TFR1 positive sorting
cells showed a strong proliferative capacity; however, the TFR1-
negative cells showed a more aggressive tumor features (179). In
contrast, although TFR2 is also significantly up-regulated in
glioblastoma, but its up-regulation predicts a good prognosis for
glioblastoma (181). Notably, in colorectal cancer, patients with a
low expression of TFR1 have a shorter survival compared with
patients with positive TFR1 expression (182). These results suggest
that the roles of TFR1/2 in tumor prognosis might be
tumor-specific.
TABLE 2 | Iron regulators in cancer prognosis.

Altered Player Cancer Regulation prognosis Ref.

TFR1 hepatic carcinoma up poor (176,177)
TFR1 ovarian cancer up poor (29)
TFR1 lung cancer up poor (178)
TFR1 gastric cancer up poor (179)
TFR1 glioblastoma up poor (180)
TFR2 glioblastoma up good (181)
TFR1 colorectal cancer up good (182)
FPN1 breast cancer down poor (45)
FPN1 lung cancer down poor (178)
FPN1 adrenocortical carcinoma down poor (183)
FPN1 multiple myeloma down poor (43)
FPN1 clear cell renal cell carcinoma down poor (184)
STEAP3 glioblastoma up poor (39)
STEAP1 breast cancer up good (185)
STEAP2 breast cancer up good (185)
STEAP4 breast cancer up good (185)
Hepcidin breast cancer up poor (186)
FTL ovarian cancer up poor (187)
DMT1 ovarian cancer up poor (187)
HAMP ovarian cancer up poor (187)
DMT1 hepatocellular carcinoma low poor (65)
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Similarly, FPN1 has been identified as a favorable prognostic
marker for many tumors (189). In a gene expression profile of
approximately 800 breast cancer patients, it was reported that
decreased FPN1 expression was significantly associated with
reduced metastasis-free and disease-free survival (45). And
FPN1 mRNA and protein expression are significantly down-
regulated, and patients with a low FPN1 expression have a poor
prognosis in lung cancer and adrenocortical carcinoma (ACC)
(178, 183). Additionally, a similar effect was observed in multiple
myeloma and ccRCC (43, 184). Furthermore, STEAP3 is highly
expressed in glioblastoma and is closely related to the decreased
overall survival rate (39); however, a survival analysis showed
that breast cancer patients with high levels of STEAP1, STEAP2,
and STEAP4 had an overall good prognosis (185).

Higher hepcidin is also reported to be associated with a
shorter recurrence time of distant breast cancer, and hepcidin
may be associated with a poor prognosis for breast cancer in
obese women (186). Survival analysis showed that ovarian cancer
patients with a high expression of FTL, DMT1 and HAMP
showed a poor overall survival rate (190). IL-6 and BMP
control hepcidin secretion in cancer and IL-6 level is elevated
in lung cancer patients with poor prognosis (187).

The progression of breast cancer is negatively correlated with
hemoglobin (Hb) and positively correlated with ferritin levels
(191). Compared with the high-DMT1 group, liver cancer
patients with a low DMT1 expression have a worse disease-free
survival rate, which is particularly obvious in patients with
advanced liver cancer (65).

Iron in Cancer Therapy
Many approaches have been constructed to treat cancer against
intracellular iron metabolism disorders: one strategy is to deplete
iron of tumor cells, such as iron chelator; another important one
is to generate cytotoxic level of ROS or ferroptosis through excess
iron in tumor cells (Table 3).

Iron Depletion
Iron chelators can change the metabolism of tumor cells by
reducing the intake of iron. It has also been demonstrated that
iron chelators inhibit ribonucleotide reductase activity and play
important roles in various signaling pathways associated with
tumor progression and metastasis (212, 213). In a study of
patients with advanced hepatocellular carcinoma, 20% of
patients responded to treatment with DFO (194); In another
study of nine patients with neuroblastoma, seven patients had
reduced bone marrow infiltration after DFO treatment (195).
However, iron chelators appear to be effective only in specific
tumors. Other studies have shown that DFO is ineffective in the
treatment of hormone-reducing refractory prostate cancer and
recurrent neuroblastoma (214, 215). Notably, other chelating
agents, such as Triapine and Dp44mT, have entered clinical
experiments (216, 217). After receiving Triapine treatment, 76%
of patients with advanced hematological malignancies had a 50%
reduction in white blood cell count (196). However, Triapine
only showed the smallest overall response rate in metastatic renal
cell carcinoma and recurrent and metastatic head and neck
squamous cell carcinoma (218, 219). Additionally, Hui et al.
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confirmed that Fusaricide, a novel iron chelating agent, could
induce apoptosis by activating Caspase-3 (62). Furthermore, iron
chelators have been shown to alter macrophage polarization, and
immune signaling. Prill et al. showed that DFO administration
led to high iron efflux by decreasing ferritin expression in the
tumor-associated macrophages (220). EC1 (a thiosemicarbazone
chelator) treatment reversed the positive effect of macrophage-
conditioned media on the proliferation and migration of cancer
cells (221). Moreover, the safety and efficacy of iron chelators as
cancer therapeutics have been tested in clinical trials,
gastrointestinal symptoms and fatigue appear to be the most
prevalent toxicities (194, 219, 222, 223).

The use of iron chelators in combination therapy has also
been partially investigated. DFO was combined with many
different chemotherapeutic drugs, such as cyclophosphamide,
etoposide, cisplatin, carboplatin, and thiotepa (190, 224, 225). In
a cohort of patients with advanced neuroblastoma and primitive
neuroectodermal tumors, DFO was effective in combination with
cyclophosphamide, etoposide, carboplatin, and thiotepa (224). In
another study of 37 patients with accelerated myeloproliferative
tumors and secondary acute myeloid leukemia, the combination
of Triapine and fludarabine (a DNA synthesis inhibitor) showed
49% overall response rate and 24% complete response rate (226).

Gallium salts, which belong to the group IIIa metals and have
common chemical properties with iron, are variants of the iron
depletion strategy in tumor therapy. Therefore, gallium (Ga) is
used to disrupt iron metabolism to mimic the behavior of iron.
Gallium can be incorporated into protein and enzymes that use
iron as a cofactor, such as ribonucleotide reductase, which
inactivates enzymes that require iron to function and lead to
an increase in mitochondrial reactive oxygen species (197). Thus,
the gallium-based compound exhibits antitumor activity by
disrupting iron-dependent tumor metabolism. The spectrum
antineoplastic activity of gallium nitrate in the clinic was
evaluated in Phase II clinical trials. Among a number of
cancers examined, gallium nitrate displayed promising
TABLE 3 | Iron in Cancer Therapy.

Name Mechanism Ref.

Cyst(e)inase degrading cysteine (133,192,193)
DFO iron depletion (194)
DFO iron depletion (195)
Triapine iron depletion (196)
Dp44mT iron depletion
Fusaricide iron depletion (62)
Ga iron depletion (197)
Tris (8-quinolinolato) Gallium (III) (KP46) iron depletion (198)
Gallium Mallotate iron depletion (198)
Ferrocene derivatives elevated iron levels (199)
Ferumoxytol elevated iron levels (200)
ascorbic acid ferroptosis (201–205)
salinomycin derivatives ferroptosis inducers (206)
DMT1 inhibitor target DMT1 (68)
HFn-PTX target TFR1 (207)
DOX-FTH target TFR1 (179,208)
miR-375 target SLC7A11 (209)
miR-148a targeting TFR1 (32)
miR-184 targeting HAMP (210)
miR-200b targeting ferritin (211)
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antineoplastic activity in patients with nonHodgkin’s lymphoma
and bladder cancer (198, 227–229).The anti-cancer activity of
newer gallium-ligands have been developed and are being
undergone clinical evaluation, such as Tris (8-quinolinolato)
Gallium (III) (KP46) and Gallium Mallotate, which may be
more effective than the nitrate salt used in the original clinical
formulation of gallium (198, 230).

Elevated Iron Levels
The strategy in contrast to iron depletion is to supply cells with
excess iron. Excess iron combines with high levels of unstable
iron in tumor cells to produce large amounts of ROS to eliminate
tumor cells. For example, the metal-containing drugs Ferrocene
derivatives are stable and exhibit favorable redox properties,
inhibiting proliferative activity of tumor cell lines (199).
Additionally, Ferumoxytol is an iron oxide nanoparticle
approved by the FDA for the treatment of clinical iron
deficiency, and studies have shown that ferumoxytol can
produce excessive amounts of free iron, the reactive oxygen
species produced by which can cause cell death, increase
oxidative stress, and reduce tumor burden cells in mouse
leukemia models and patients (200).

What’s more, ascorbic acid therapy is a variant of cancer
treatment strategy by affecting the oxidation state of iron and
increasing LIP levels, which is indicated for various tumors (201–
203). Multiple clinical trials of this therapy are currently being
pursued. Such as NCT02344355, NCT02420314, NCT02905578,
NCT02905591 , NCT03508726 , NCT03602235 , and
NCT03799094 (https://clinicaltrials.gov/) (204, 205). However,
it must be noted that if a large amount of divalent iron is oxidized
to trivalent iron, you will suffer from methemoglobinemia.
Furthermore, high levels of iron in the blood reduce our
healthy years of life, and keeping these levels in check could
prevent age-related damage (231).

Ferroptosis Inducers
The ferroptosis inducers can target the treatment of tumor by
increasing the iron level of the tumor cells. Conversely, targeting
ferroptosis inhibitors also have been shown to suppress tumor
progression, for example, depletion of cystine or cystine by cyst
(e)inase (an engineered enzyme that degrades both cystine and
cysteine) in combination with checkpoint blockade
synergistically enhances T cell-mediated anti-tumour immunity
and induces ferroptosis in tumor cells (133); Cyst(e)inase also
can synergize with thioredoxin reductase inhibition for
suppression of pancreatic tumor growth (192); Additionally,
administration of cyst(e)inase induces tumor-selective
ferroptosis and inhibited pancreatic tumor growth (193). IFN-g
derived from immunotherapy-activated CD8+ T cells synergizing
with radiotherapy-activated ataxia-telangiectasia mutated
(ATM) suppresses SLC7A11, to induce cystine uptake, enhance
tumor lipid oxidation and ferroptosis in human fibrosarcoma
and melanoma cells (232). Notably, as we and others previously
showed that that ferroptosis inducers target tumor stem cells to
inhibit tumor proliferation and reduce metastasis (205, 233, 234).
Several US Food and Drug Administration (FDA)-approved
drugs have been shown to induce ferroptosis in tumor cells in
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preclinical models, but the clinical utility of these ferroptosis
inducers require further investigation (2). Another study has
shown that salinomycin derivatives can trigger the ferroptosis
pathway in cancer stem cells (206). Furthermore, Andreea L
Turcu et al. developed a DMT1 inhibitor that selectively targets
cancer stem cells by blocking lysosomal iron translocation,
leading to lysosomal iron accumulation, ROS production, and
ferroptosis (68). However, it must be noted that ferroptosis
inducers have potentially harmful side effects, mainly
manifested as DNA damage and cell death in normal bone
marrow cells and various tissues (235, 236).

In addition to the above two strategies, another strategy is to
directly target proteins related to iron homeostasis disorders.
Such as methods that target TFR1, which is commonly
overexpressed in tumor cell species. W. Liu et al. developed
endogenous human ferritin heavy-chain nanocages (HFn) to
serve as the carrier of paclitaxel (PTX), which can specifically
bind to blood-brain barrier and TFR1 widely overexpressed in
glioma cells, and showed that HFn-PTX showed the best anti-
tumor effect, and the median survival time was significantly
longer than that of free PTX (207); additionally, doxorubicin-
loaded ferritin heavy chain (DOX-FTH) can be taken up and
induce apoptosis of cancer cells overexpressing TFR1 (208); and
Cheng et al. indicated that HFn-Dox treatment could
significantly improve the therapeutic effect of doxorubicin on
gastric cancer, and increase overall survival rate of tumor-
bearing mice (179).

Another possible new treatment strategy is to target miRNAs
that regulate iron metabolism or to use miRNA in combination
with chemotherapeutic drugs. Such as, our laboratory observed
that miR-375 can trigger the ferroptosis through targeting
SLC7A11, which is essential for miR-375-mediated inhibition
on gastric cancer cell stemness (209); Overexpression of miR-
148a can inhibit the proliferation of liver cancer cells by targeting
TFR1 (32); MiR-184 can inhibit the occurrence and development
of liver cancer by regulating the expression of HAMP (210); And
overexpression of miR-200b can reduce ferritin levels in vitro
and increase the sensitivity of cancer cells to doxorubicin (211).
PERSPECTIVES AND FUTURE
DIRECTIONS

Iron is necessary for normal cell metabolism, while as a redox active
metal, iron can also produce active oxygen, which is a potentially
toxic substance. In recent years, there has been an exPLoSive growth
in the research of iron homeostasis in normal cells and iron
metabolism disorders in cancer. In most tumors, cancer cells
retain iron metabolism pathways similar to those of normal cells,
but the levels of many proteins and enzyme activities are changed,
which indicates that reprogramming of iron metabolism is an
important aspect of tumor cell survival. The increase of iron levels
in cancer cells promotes the activity of iron-dependent proteins,
while avoids the damage caused by iron overload and achieves the
“adjusted iron homeostasis” in line with tumor metabolism.
However, the specific mechanism is not yet fully understood,
such as is the iron metabolism of different types of tumor cells
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consistent? How to quantify the level of iron so as to specifically
target tumor cells without harming normal cells?

It may be helpful to solve these problems by developing
powerful quantitative methods to measure the metabolizable
iron in the cytoplasm and organelles, as well as developing
iron chelating agents for organelles. Additionally, currently, the
main treatment is to trigger the apoptotic death of tumor cells
with anticancer drugs. However, due to the intrinsic and
acquired resistance of tumor cells to apoptosis, the therapeutic
effect is limited, and drug resistance is still the main limiting
factor for the cure of tumor patients. Therefore, using other
forms of non-apoptotic cell death provides a new therapeutic
strategy. Importantly, abnormal lipid metabolism, ROS
accumulation, and iron addiction are the physiological
differences between malignant tumor cells and normal cells,
and these differences happen to be the key regulatory factors of
ferroptosis. Therefore, compared with normal cells, tumor cells
are more sensitive to ferroptosis. From our own perspectives,
ferroptosis inducers could have a worthwhile therapeutic index.
However, based on different metabolic states and expression
levels of key regulatory proteins, different tumor cells might have
different sensitivity and response to ferroptosis. Notably,
increasing evidences showed that combined use of ferroptosis
inducer and other treatments, such as chemotherapy,
radiotherapy, and immunotherapy, is a good treatment
strategy, especially for cancer stem cells and drug-resistant
cells. Thus, it is expected that cancer cell iron addiction will be
successfully used as an effective cancer treatment in the next few
Frontiers in Oncology | www.frontiersin.org 12
years, such as: introducing drugs that induce ferroptosis into the
clinic, transforming the unique iron metabolism characteristics
of cancer stem cells into therapeutic advantages, and developing
more targeted and effective anti-cancer iron chelating agents.
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63. Martıńez LE, Daniels-Wells TR, Guo Y, Magpantay LI, Candelaria PV,
Penichet ML, et al. Targeting TfR1 With the Ch128.1/IgG1 Antibody
Inhibits EBV-Driven Lymphomagenesis in Immunosuppressed Mice
Bearing EBV(+) Human Primary B-Cells. Mol Cancer Ther (2021) 20
(9):1592–602. doi: 10.1158/1535-7163.MCT-21-0074

64. Yang H, Said AM, Huang H, Papa APD, Jin G, Wu S, et al. Chlorogenic Acid
Depresses Cellular Bioenergetics to Suppress Pancreatic Carcinoma
Through Modulating C-Myc-TFR1 Axis. Phytother Res PTR (2021) 35
(4):2200–10. doi: 10.1002/ptr.6971

65. Hoki T, Katsuta E, Yan L, Takabe K, Ito F. Low DMT1 Expression Associates
With Increased Oxidative Phosphorylation and Early Recurrence in
Hepatocellular Carcinoma. J Surg Res (2019) 234:343–52. doi: 10.1016/
j.jss.2018.11.008

66. Chen C, Wang S, Liu P. Deferoxamine Enhanced Mitochondrial Iron
Accumulation and Promoted Cell Migration in Triple-Negative MDA-
MB-231 Breast Cancer Cells Via a ROS-Dependent Mechanism. Int J Mol
Sci (2019) 20(19):4952. doi: 10.3390/ijms20194952

67. Chen C, Liu P, Duan X, Cheng M, Xu LX. Deferoxamine-Induced High
Expression of TfR1 and DMT1 Enhanced Iron Uptake in Triple-Negative
Breast Cancer Cells by Activating IL-6/PI3K/AKT Pathway. OncoTargets
Ther (2019) 12:4359–77. doi: 10.2147/OTT.S193507

68. Turcu AL, Versini A, Khene N, Gaillet C, Cañeque T, Müller S, et al. DMT1
Inhibitors Kill Cancer Stem Cells by Blocking Lysosomal Iron Translocation.
Chem (Weinheim an der Bergstrasse Germany) (2020) 26(33):7369–73.
doi: 10.1002/chem.202000159

69. Yang C, Xia Z, Li T, Chen Y, Zhao M, Sun Y, et al. Antioxidant Effect of
Propofol in Gliomas and Its Association With Divalent Metal Transporter 1.
Front Oncol (2020) 10:590931. doi: 10.3389/fonc.2020.590931

70. Grunewald TG, Bach H, Cossarizza A, Matsumoto I. The STEAP Protein
Family: Versatile Oxidoreductases and Targets for Cancer Immunotherapy
With Overlapping and Distinct Cellular Functions. Biol Cell (2012) 104
(11):641–57. doi: 10.1111/boc.201200027

71. Chen H, Xu C, Yu Q, Zhong C, Peng Y, Chen J, et al. Comprehensive
Landscape of STEAP Family Functions and Prognostic Prediction Value in
Glioblastoma. J Cell Physiol (2021) 236(4):2988–3000. doi: 10.1002/jcp.30060

72. Burnell SEA, Spencer-Harty S, Howarth S, Bodger O, Kynaston H, Morgan
C, et al. Utilisation of the STEAP Protein Family in a Diagnostic Setting may
Provide a More Comprehensive Prognosis of Prostate Cancer. PLoS One
(2019) 14(8):e0220456. doi: 10.1371/journal.pone.0220456

73. Valenti MT, Dalle Carbonare L, Donatelli L, Bertoldo F, Giovanazzi B,
Caliari F, et al. STEAP mRNA Detection in Serum of Patients With Solid
Tumours. Cancer Lett (2009) 273(1):122–6. doi: 10.1016/j.canlet.2008.07.037

74. Isobe T, Baba E, Arita S, Komoda M, Tamura S, Shirakawa T, et al. Human
STEAP3 Maintains Tumor Growth Under Hypoferric Condition. Exp Cell
Res (2011) 317(18):2582–91. doi: 10.1016/j.yexcr.2011.07.022

75. Na H, Li X, Zhang X, Xu Y, Sun Y, Cui J, et al. lncRNA STEAP3-AS1
Modulates Cell Cycle Progression via Affecting CDKN1C Expression
Through STEAP3 in Colon Cancer. Mol Ther Nucleic Acids (2020)
21:480–91. doi: 10.1016/j.omtn.2020.06.011

76. Wang Z, Guo R, Trudeau SJ, Wolinsky E, Ast T, Liang JH, et al. CYB561A3
Is the Key Lysosomal Iron Reductase Required for Burkitt B-Cell Growth
and Survival. Blood (2021) 2021011079. doi: 10.1182/blood.2021011079

77. Burnell SEA, Spencer-Harty S, Howarth S, Bodger O, Kynaston H, Morgan
C, et al. STEAP2 Knockdown Reduces the Invasive Potential of Prostate
Cancer Cells. Sci Rep (2018) 8(1):6252. doi: 10.1038/s41598-018-24655-x

78. Jiao Q, Du X, Wei J, Li Y, Jiang H. Oxidative Stress Regulated Iron
Regulatory Protein IRP2 Through FBXL5-Mediated Ubiquitination-
Frontiers in Oncology | www.frontiersin.org 14
Proteasome Way in SH-SY5Y Cells. Front Neurosci (2019) 13:20.
doi: 10.3389/fnins.2019.00020

79. Wang H, Shi H, Rajan M, Canarie ER, Hong S, Simoneschi D, et al. FBXL5
Regulates IRP2 Stability in Iron Homeostasis via an Oxygen-Responsive [2fe2s]
Cluster. Mol Cell (2020) 78(1):31–41.e5. doi: 10.1016/j.molcel.2020.02.011

80. Song J, Liu T, Yin Y, Zhao W, Lin Z, Yin Y, et al. The Deubiquitinase
OTUD1 Enhances Iron Transport and Potentiates Host Antitumor
Immunity. EMBO Rep (2021) 22(2):e51162. doi: 10.15252/embr.202051162

81. Zhang Y, Feng X, Zhang J, Chen X. Iron Regulatory Protein 2 Exerts Its
Oncogenic Activities by Suppressing TAp63 Expression. Mol Cancer Res
MCR (2020) 18(7):1039–49. doi: 10.1158/1541-7786.MCR-19-1104

82. Zhang J, Kong X, Zhang Y, Sun W, Xu E, Chen X. Mdm2 is a Target and
Mediator of IRP2 in Cell Growth Control. FASEB J (2020) 34(2):2301–11.
doi: 10.1096/fj.201902278RR

83. Horniblow RD, Bedford M, Hollingworth R, Evans S, Sutton E, Lal N, et al.
BRAF Mutations Are Associated With Increased Iron Regulatory Protein-2
Expression in Colorectal Tumorigenesis. Cancer Sci (2017) 108(6):1135–43.
doi: 10.1111/cas.13234

84. Miyazawa M, Bogdan AR, Tsuji Y. Perturbation of Iron Metabolism by
Cisplatin Through Inhibition of Iron Regulatory Protein 2. Cell Chem Biol
(2019) 26(1):85–97.e4. doi: 10.1016/j.chembiol.2018.10.009

85. Yao F, Cui X, Zhang Y, Bei Z, Wang H, Zhao D, et al. Iron Regulatory
Protein 1 Promotes Ferroptosis by Sustaining Cellular Iron Homeostasis in
Melanoma. Oncol Lett (2021) 22(3):657. doi: 10.3892/ol.2021.12918

86. Pan X, Lu Y, Cheng X, Wang J. Hepcidin and Ferroportin Expression in
Breast Cancer Tissue and Serum and Their Relationship With Anemia. Curr
Oncol (Toronto Ont) (2016) 23(1):e24–6. doi: 10.3747/co.23.2840

87. Babu KR, Muckenthaler MU. miR-20a Regulates Expression of the Iron
Exporter Ferroportin in Lung Cancer. J Mol Med (Berlin Germany) (2016) 94
(3):347–59. doi: 10.1007/s00109-015-1362-3

88. Guo W, Zhang S, Chen Y, Zhang D, Yuan L, Cong H, et al. An Important
Role of the Hepcidin-Ferroportin Signaling in Affecting Tumor Growth and
Metastasis. Acta Biochim Biophys Sin (2015) 47(9):703–15. doi: 10.1093/
abbs/gmv063

89. Shan Z, Wei Z, Shaikh ZA. Suppression of Ferroportin Expression by
Cadmium Stimulates Proliferation, EMT, and Migration in Triple-
Negative Breast Cancer Cells. Toxicol Appl Pharmacol (2018) 356:36–43.
doi: 10.1016/j.taap.2018.07.017

90. Gasparetto M, Pei S, Minhajuddin M, Stevens B, Smith CA, Seligman P. Low
Ferroportin Expression in AML Is Correlated With Good Risk Cytogenetics,
Improved Outcomes and Increased Sensitivity to Chemotherapy. Leukemia
Res (2019) 80:1–10. doi: 10.1016/j.leukres.2019.02.011

91. Jiang X, Zhang C, Qi S, Guo S, Chen Y, Du E, et al. Elevated Expression of
ZNF217 Promotes Prostate Cancer Growth by Restraining Ferroportin-
Conducted Iron Egress. Oncotarget (2016) 7(51):84893–906. doi: 10.18632/
oncotarget.12753

92. Xue D, Zhou C, Shi Y, Lu H, Xu R, He X. Nuclear Transcription Factor Nrf2
Suppresses Prostate Cancer Cells Growth and Migration Through
Upregulating Ferroportin. Oncotarget (2016) 7(48):78804–12. doi: 10.18632/
oncotarget.12860

93. Geng N, Shi BJ, Li SL, Zhong ZY, Li YC, Xua WL, et al. Knockdown of
Ferroportin Accelerates Erastin-Induced Ferroptosis in Neuroblastoma
Cells. Eur Rev Med Pharmacol Sci (2018) 22(12):3826–36. doi: 10.26355/
eurrev_201806_15267

94. Tang Z, Jiang W, Mao M, Zhao J, Chen J, Cheng N. Deubiquitinase USP35
Modulates Ferroptosis in Lung Cancer via Targeting Ferroportin. Clin Trans
Med (2021) 11(4):e390. doi: 10.1002/ctm2.390

95. Mertens C, Schnetz M, Rehwald C, Grein S, Elwakeel E, Weigert A, et al.
Iron-Bound Lipocalin-2 From Tumor-Associated Macrophages Drives
Breast Cancer Progression Independent of Ferroportin. Metabolites (2021)
11(3):108. doi: 10.3390/metabo11030180

96. Schwartz AJ, Goyert JW, Solanki S, Kerk SA, Chen B, Castillo C, et al.
Hepcidin Sequesters Iron to Sustain Nucleotide Metabolism and
Mitochondrial Function in Colorectal Cancer Epithelial Cells. Nat Metab
(2021) 3(7):969–82. doi: 10.1038/s42255-021-00406-7

97. Abdel-Razeq H, Hashem H. Recent Update in the Pathogenesis and
Treatment of Chemotherapy and Cancer Induced Anemia. Crit Rev
Oncol/Hematol (2020) 145:102837. doi: 10.1016/j.critrevonc.2019.102837
November 2021 | Volume 11 | Article 778492

https://doi.org/10.1016/j.canlet.2016.08.006
https://doi.org/10.1016/j.canlet.2016.08.006
https://doi.org/10.1016/j.bbrc.2021.08.055
https://doi.org/10.1021/acs.jnatprod.0c01322
https://doi.org/10.1021/acs.jnatprod.0c01322
https://doi.org/10.1158/1535-7163.MCT-21-0074
https://doi.org/10.1002/ptr.6971
https://doi.org/10.1016/j.jss.2018.11.008
https://doi.org/10.1016/j.jss.2018.11.008
https://doi.org/10.3390/ijms20194952
https://doi.org/10.2147/OTT.S193507
https://doi.org/10.1002/chem.202000159
https://doi.org/10.3389/fonc.2020.590931
https://doi.org/10.1111/boc.201200027
https://doi.org/10.1002/jcp.30060
https://doi.org/10.1371/journal.pone.0220456
https://doi.org/10.1016/j.canlet.2008.07.037
https://doi.org/10.1016/j.yexcr.2011.07.022
https://doi.org/10.1016/j.omtn.2020.06.011
https://doi.org/10.1182/blood.2021011079
https://doi.org/10.1038/s41598-018-24655-x
https://doi.org/10.3389/fnins.2019.00020
https://doi.org/10.1016/j.molcel.2020.02.011
https://doi.org/10.15252/embr.202051162
https://doi.org/10.1158/1541-7786.MCR-19-1104
https://doi.org/10.1096/fj.201902278RR
https://doi.org/10.1111/cas.13234
https://doi.org/10.1016/j.chembiol.2018.10.009
https://doi.org/10.3892/ol.2021.12918
https://doi.org/10.3747/co.23.2840
https://doi.org/10.1007/s00109-015-1362-3
https://doi.org/10.1093/abbs/gmv063
https://doi.org/10.1093/abbs/gmv063
https://doi.org/10.1016/j.taap.2018.07.017
https://doi.org/10.1016/j.leukres.2019.02.011
https://doi.org/10.18632/oncotarget.12753
https://doi.org/10.18632/oncotarget.12753
https://doi.org/10.18632/oncotarget.12860
https://doi.org/10.18632/oncotarget.12860
https://doi.org/10.26355/eurrev_201806_15267
https://doi.org/10.26355/eurrev_201806_15267
https://doi.org/10.1002/ctm2.390
https://doi.org/10.3390/metabo11030180
https://doi.org/10.1038/s42255-021-00406-7
https://doi.org/10.1016/j.critrevonc.2019.102837
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Guo et al. Iron and Cancer Progression
98. Manz DH, Blanchette NL, Paul BT, Torti FM, Torti SV. Iron and Cancer: Recent
Insights. Ann New York Acad Sci (2016) 1368(1):149–61. doi: 10.1111/nyas.13008

99. Jakszyn P, Fonseca-Nunes A, Lujan-Barroso L, Aranda N, Tous M, Arija V,
et al. Hepcidin Levels and Gastric Cancer Risk in the EPIC-EurGast Study.
Int J Cancer (2017) 141(5):945–51. doi: 10.1002/ijc.30797

100. Oh ST, Talpaz M, Gerds AT, Gupta V, Verstovsek S, Mesa R, et al. ACVR1/
JAK1/JAK2 Inhibitor Momelotinib Reverses Transfusion Dependency and
Suppresses Hepcidin in Myelofibrosis Phase 2 Trial. Blood Adv (2020) 4
(18):4282–91. doi: 10.1182/bloodadvances.2020002662

101. Tseng HH, Chang JG, Hwang YH, Yeh KT, Chen YL, Yu HS. Expression of
Hepcidin and Other Iron-Regulatory Genes in Human Hepatocellular
Carcinoma and Its Clinical Implications. J Cancer Res Clin Oncol (2009)
135(10):1413–20. doi: 10.1007/s00432-009-0585-5

102. Kijima H, Sawada T, Tomosugi N, Kubota K. Expression of Hepcidin mRNA
Is Uniformly Suppressed in Hepatocellular Carcinoma. BMC Cancer (2008)
8:167. doi: 10.1186/1471-2407-8-167

103. Tsiftsoglou AS, Tsamadou AI, Papadopoulou LC. Heme as Key Regulator of
Major Mammalian Cellular Functions: Molecular, Cellular, and
Pharmacological Aspects. Pharmacol Ther (2006) 111(2):327–45.
doi: 10.1016/j.pharmthera.2005.10.017

104. Kalainayakan SP, FitzGerald KE, Konduri PC, Vidal C, Zhang L. Essential
Roles of Mitochondrial and Heme Function in Lung Cancer Bioenergetics
and Tumorigenesis. Cell Biosci (2018) 8:56. doi: 10.1186/s13578-018-0257-8

105. Tracey N, Creedon H, Kemp AJ, Culley J, Muir M, Klinowska T, et al. HO-1
Drives Autophagy as a Mechanism of Resistance Against HER2-Targeted
Therapies. Breast Cancer Res Treat (2020) 179(3):543–55. doi: 10.1007/
s10549-019-05489-1

106. Zhang S, Chen Y, Guo W, Yuan L, Zhang D, Xu Y, et al. Disordered
Hepcidin-Ferroportin Signaling Promotes Breast Cancer Growth. Cell Signal
(2014) 26(11):2539–50. doi: 10.1016/j.cellsig.2014.07.029
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