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Abstract

Cancer metabolism is a well-known target
of cancer therapeutics. Classically, cancer
metabolism has been studied in terms of
the dependence of cancer cells on crucial
metabolites, such as glucose and glutamine.
But, the accumulating data show that iron
metabolism in tumor microenvironment is
also an important factor in preserving the
survival of cancer cells. Cancer cells have
a distinct phenotype of iron metabolism,
which secures the much-needed iron for these
metabolically active cells. In order to use this
iron efficiently, cancer cells need to increase
their iron supply and decrease iron loss. As
recent research suggests, this is not only done
by modifying the expression of iron-related
proteins in cancer cells, but also by interaction
of cancer cells with other cells from the tumor
milieu. Tumor microenvironment is a dynamic
environment characterized with intricate
relationship between cancer cells, tumor-
associated macrophages, fibroblasts, and other
cells. Some of the mechanistic aspects of this
relationship have been elucidated, while others
are yet to be identified. In any case, identifying
the details of the iron phenotype of the cells in
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tumor microenvironment presents with a new
therapeutic opportunity to treat this deadly
disease.
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Introduction
Tumor cells are highly adaptive cells. They need
this plasticity considering the unfavorable con-
ditions that they are exposed to (lactic acido-
sis, hypoxia, and lack of sufficient nutrients) [1].
The adaptability of cancer cells is partly genetic
in nature, but it also depends on the cellular
origin of the tumor and its microenvironment
[1]. One of the aspects of this adaptability in-
cludes specific changes in tumor metabolism; it
is well known that cancer cells are able to in-
crease the uptake of glucose and glutamine for
their metabolic needs [1]. But, there are many
other nutrients that are crucial for cancer cell sur-
vival. An increasing amount of research suggests
that iron is one of the most fundamental metals
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needed for cancer proliferation. This finding is
based on a wide array of changes found in the
iron metabolism of different cancers [2]. What
is more, recent evidence suggests that rewiring
of the iron metabolism does not include only
tumor cells but other cells in the tumor microen-
vironment, such as cancer stem cells, neighboring
normal cells, stromal cells, leukocytes, and even
senescent cells [3, 4]. Also, it seems that tumor
cells have the ability to affect the iron turnover
in tumor microenvironment in order to facilitate
their proliferation [2].

The importance of iron for cancer cells should
not come as a surprise. It is one of the most
abundant metals in human body, while its favor-
able chemical properties make it an ideal metal
to be used by living cells as a transporter of elec-
trons in crucial biochemical reactions [5]. This is
why iron is involved in some of the most impor-
tant biochemical reactions in the cellular milieu,
namely, DNA synthesis, cellular respiration, and
oxygen metabolism [2]. Experimental evidence
shows that manipulating tumor iron supply can
have dramatic effects in tumor’s ability to prolif-
erate [6–9].

Iron dysmetabolism in tumor microenviron-
ment is characterized with differential regula-
tion of cellular iron import and export proteins,
changes in the activity of intracellular proteins
involved in the regulation of ironmetabolism, and
an overall propensity towards increased accumu-
lation of cellular iron. These changes seem to
be independent from the homeostasis of systemic
iron metabolism, which has implications for the
treatment of cancer via iron therapeutics.

3.1 Iron homeostasis
in physiological conditions

Systemic iron metabolism is mostly controlled
through iron absorption in intestines due to lack
of a specific excretory mechanism. In duodenum,
iron is first reduced and then enters into intestinal
cells via divalent metal transporter 1 (DMT1). Its
export is mediated via ferroportin (FPN), which
is the main target protein of hepcidin, known as
the major regulator of systemic iron metabolism
[2]. Hepcidin is produced in liver hepatocytes

through a series of intricate pathways influenced
by iron levels, hypoxia, and inflammation [10].
After being released from intestinal cells, iron
is oxidized and is bound to transferrin [2]. This
complex is named transferrin-bound iron (TBI).
TBI travels in plasma until it binds to its target
protein, which is transferrin receptor 1 (TFR1),
found in different cells such as macrophages,
erythrocyte precursors, and hepatocytes [2]. This
binding induces endocytosis and creation of an
endosome, in which iron is released from its com-
plex with transferrin and TFR1 via proton pumps
such as V-ATPase, and then reduced via metal-
loreductases [2, 11, 12]. Finally, iron is released
in cytoplasm through DMT1 [2]. The fate of the
released iron is manifold: it can be transported to
ferritin, which serves as a cellular iron depot, it
can be part of free cellular iron (also called labile
iron pool), or it can be exported out of the cell via
FPN [2]. The main regulators of intracellular iron
metabolism are iron-responsive element-binding
proteins (IRPs). Their activity is influenced by
cellular iron availability, which means that in
iron-replete conditions, IRPs increase iron import
and reduce iron export and vice versa [2].

As it can be seen, most of the time iron is
bound to different proteins in our body. Iron se-
questration via proteins not only serves as a pro-
tective measure against the production of reactive
oxygen species, but also prevents the “hijacking”
of iron frommicroorganisms [5]. In physiological
conditions, most of the iron is in TBI form, but in
some cases (such as in iron overload) a significant
amount of iron is in the form of non-TBI (NTBI).
This type of iron enters the cells via DMT1 and
zinc transporter proteins (Zip) [13].

3.2 IronMetabolism in Cancer
Cells

Iron import in cancer cells Iron import in
cancer cells is directed by different proteins
expressed in cell membranes. Most of the TBI
enters through TFR1, while other means of
iron entry including NTBI are realized through
proteins such as DMT1, Zip proteins, and
probably through other as yet unidentified ways
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[13, 14]. In many cancers, TFR1 is upregulated,
which helps cancer cells to increase their iron
supply. In some tumors, there is evidence that
TFR1 is not only subject of changes in its
expression, but also it is differentially distributed
inside cells after endocytosis compared to normal
cells [15–18]. Nevertheless, blocking TFR1
action has been shown to be an effective way
to suppress tumor growth [15, 16, 18, 19]. On
the other hand, blocking DMT1 in colorectal
cancer has been shown to have similar effects
in terms of cancer progression [20]. This occurs
due to DMT1 serving as the main gateway for
iron entry in epithelial cells of intestines. But the
release of iron inside cancer cells is an important
process as well, since in many tumors one finds
overexpression of metalloreductases such as six-
transmembrane epithelial antigen of prostate
(STEAP) proteins. The expression of STEAP
proteins is in direct correlation with tumor
proliferation [21, 22]. Other proteins involved
in intracellular iron release from endosomes
also seem to play a role in cancer cells, such as
vacuolar ATPase (V-ATPase). The link between
V-ATPase inhibition and cellular iron metabolism
has been observed in different cancer cells
[23]. An unexplained issue remains the role of
cellular iron chaperons called poly(C)-binding
proteins (PCBPs), which have been shown to be
upregulated in different cancers [24–26], though
the link between PCBPs and iron dyshomeostasis
in cancer has not been elucidated. What is more,
PCPBs are known to have different physiological

functions independent from iron metabolism
[24–26].

Cellular iron regulators in cancer cells IRPs
are known as major regulators of cellular iron
homeostasis [2]. They bind to iron-responsive
elements present in different mRNAs of iron-
related proteins [2]. In this way, IRPs influence
the translation of FPN, TFR1, andDMT1 depend-
ing on the cellular iron availability [2].

IRPs have been studied in cancer cells as well,
especially IRP2. It has been found upregulated
in different cancers, where it is involved in tu-
mor proliferation [27–29]. In some tumors, IRP2
expression has been observed as an early sign of
iron dyshomeostasis, which correlates with tumor
stage [15]. Also, IRP suppression has been used
as a therapeutic modality to reduce tumor growth
in cultured mediums [15, 27–29].

Iron export in cancer cells FPN and hepcidin
are two major players controlling iron export in
human cells. FPN is controlled translationally
by IRPs, but also by transcriptional factors, and
postranslationally through degradation via hep-
cidin binding [30]. Since FPN is the only protein
involved in cellular iron export, it has been the
subject of study in different cancer cells. In ma-
jority of cancers, FPN is downregulated or does
not realize its function properly as a cellular iron
exporter [31–34] (Table 3.1). Furthermore, FPN
overactivation has been shown to reduce tumor
growth and even metastasis [31–34]. Similarly to

Table 3.1 Major changes of iron metabolism in tumor microenvironment

Type of protein Function Expression/activity Type of cell References

TFR1 Iron import ↑ Cancer cells, CSCs [15–19, 55, 57]

STEAP Ferrireductase ↑ Cancer cells [22]

V-ATPase Proton pump ↑ Cancer cells [23]

IRP1 Intracellular regulator of iron metabolism ↑ CSCs [59]

IRP2 Intracellular regulator of iron metabolism ↑ Cancer cells [15, 27–29]

FPN Iron export ↓ Cancer cells [31–34]

Hepcidin Inhibition of iron export ↑ Cancer cells [10]

Ferritin Iron-binding protein ↑ Cancer cells, CSCs [27, 28, 55–57]

Lcn2 Iron-sequestering protein ↑ M2 macrophages [49]

Abbreviations: CSC cancer stem cell, FPN ferroportin, IRP iron-responsive element-binding protein, Lcn2 lipocalin 2,
STEAP six-transmembrane epithelial antigen of prostate, TFR1 transferrin receptor 1, V-ATPase vacuolar ATPase
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FPN, hepcidin expression has also been related to
tumor proliferation. It has been frequently found
to be overexpressed in cancer, which is mostly
related with its ability to suppress iron export via
FPN endocytosis [10]. In some cancers, aggres-
sive behavior of tumors is related not only to local
hepcidin expression but also to plasma (systemic)
levels of hepcidin [10].

Role of mitochondria in cancer There is am-
ple evidence through which mitochondria have
been “exposed” as promoters of tumor progres-
sion [35]. These cellular powerhouses are attrac-
tive target organelles in cancer therapy. Mito-
chondria have their own set of iron-related pro-
teins which regulate the iron flux in mitochondria
[36].Mitochondrial iron homeostasis is important
for the proper functioning of mitochondria due to
the dependence of crucial mitochondrial enzymes
on using iron as a co-factor [36]. Surprisingly,
there is not much research relating mitochondrial
iron metabolism and cancer. The rationale exists,
since some relatively specific mitochondrial iron
chelators can inhibit tumor growth by disturbing
mitochondrial functional parameters [37]. Some
recent data even suggest an impressive potency of
specific mitochondrial iron chelators compared to
their classical nonspecific counterparts [38]. Still,
the exact role of mitochondrial iron homeostasis
in cancer awaits confirmation by future studies.

Cause of iron dyshomeostasis in cancer cells
Tumors are heterogenous diseases characterized
with a complex pathophysiology and a dynamic
microenvironment. Changes in iron metabolism
are just one piece of this puzzle, but which re-
quire further examination. Culprits for changes
in iron metabolism in cancer are heterogeneous
in nature. For example, mutations in oncogenes
such as C-myc and BRAF are responsible for
IRP2 upregulation, while adenoviral oncogene
E1A is responsible for increasing labile iron pool
[29, 39, 40]. Interestingly, the transcription fac-
tor p53 has opposite effects on labile iron pool
[8]. p53 gene is known as a tumor suppressor
gene which undergoes loss-of-function mutation
in many cancers [41]. These observations suggest
that the asymmetry between tumor oncogenes and
suppressors found in different tumors might be

an important instigator of iron dyshomeostasis in
cancer cells.

Other molecules are also responsible for
changes of iron metabolism in cancer. One
such factor is epidermal growth factor receptor
(EGFR), which is a growth factor known for
its oncogenic properties. It increases cellular
iron pool by promoting TFR1 activity [18].
On the other hand, reduction in cellular
iron export in cancer has been shown to be
mediated via sclerostin domain containing 1
(SOSTDC1), wingless and int (Wnt) pathway,
bone morphogenetic protein (BMP) pathway,
inflammatory cytokines such as interleukin 6
(IL6), and transcriptional factor zinc-figure
protein 217 (ZNF217) [10, 42]. Another level
of complexity involved in the control of iron
metabolism in cancer cells is realized through
epigenetic mechanisms. Epigenetic mechanisms
have been shown to exert control in the activity
of different iron-related proteins in cancer. In
any case, the extent of epigenetic control of iron
metabolism in cancer is yet to be revealed [13].

It has to be mentioned that although iron
dyshomeostasis is a product of an overall cancer
pathophysiology, iron may contribute directly
to the initiation of the disease. Iron can cause
damage to DNA structure through increases in
production of reactive oxygen species (ROS) [7].
This is the reason why repeated intraperitoneal
or intramuscular injections with concentrated
iron cause cancer in rodents [6, 7, 43]. Many
epidemiological data have examined the role of
iron intake and cancer prevalence [2]. Results are
contradictory and not uniform across different
types of cancers. One must not forget that
our cells have developed homeostatic control
mechanisms to protect themselves from global
changes in iron metabolism. This means that only
in extreme cases of global iron load our cells will
not be able to control their iron depots, in which
case cancer rates will increase progressively,
especially in older adults [44].

Role of tumor associated leukocytes in can-
cer Tumor microenvironment is abundant
with different types of leukocytes, of which
macrophages dominate. Their migration into
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tumor environment is caused by different
chemical substances such as interleukins, an-
giogenic factors like vascular endothelial growth
factor A (VEGF-A), or chemokines like C-C
motif ligand 2 (CCL2) [45]. Activated tumor-
associated macrophages or TAMs are responsible
for tumor growth, immunosuppression, and
angiogenesis [45]. Furthermore, the density of
TAMs is correlated with poor prognosis and
high tumor grade [46]. These TAMs are so-
called M2 phenotype macrophages compared
to M1 phenotype macrophages found in the early
stages of cancer, which generally have antitumor
properties [45]. M1 macrophages show iron-
accumulating properties, while M2 macrophages
show iron-releasing properties [47]. This means
that iron release from TAM M2 macrophages
can potentially exacerbate iron dyshomeostasis
in cancer cells. There are different strategies
through which M2 macrophages achieve this
effect; first by exporting high amounts of iron
through FPN and second by increasing the
production of iron-related proteins (Fig. 3.1).
The candidate for the latter is lipocalin 2 (Lcn2).
It is frequently upregulated in cancer locally
but also in different body fluids [48]. Data
from tumor microenvironment studies suggest
that most of Lcn2 comes from tumor stroma
(that is, macrophages) and not from tumor
cells [49]. In cultured medium, macrophages do
not change their iron-releasing phenotype even
when FPN is blocked [49]. But, iron-releasing
phenotype of tumor macrophages is reversed
when Lcn2 is blocked [49]. Furthermore, Lcn2
suppression reverses tumor proliferation in this
setting [49]. It is believed that Lcn2 production
in M2 macrophages occurs from their interaction
with apoptotic tumor cells via sphingosine-1-
phosphate/signal transducer and activator of
transcription 3 (S1P-STAT3) pathway [50].

Iron metabolism in M2 macrophages is a
potential therapeutic possibility in suppressing
tumor growth. Iron chelators have already been
used in in vitro studies to prevent iron release
from M2 macrophages by sequestering iron and
by reversing their polarization from an iron-
releasing phenotype to an iron-sequestering

one [51]. In recent ex vivo experiments,
which reflect more faithfully the in vivo tumor
microenvironment, iron chelation was confirmed
as a therapeutic tool which can reverse the iron-
releasing phenotype of M2 macrophages [52].
In addition, iron chelation did not increase the
population of M2 macrophages compared to
chemotherapeutic agents, which means that
iron chelation can be used with traditional
chemotherapy to exert additional anticancer
effects [52]. Finally, level of iron load in M2
macrophages is an important feature of the tumor
microenvironment, since it is correlated with the
success of iron chelation therapy in cancer [53].
In conclusion, the iron flux of M2 macrophages
is a crucial therapeutic knot, further corroborated
by the findings that show TAMs are some of the
most abundant cells in tumor microenvironment,
which can affect the metabolism of cancer cells.

Iron and cancer stem cells (CSCs) CSCs are
a small fraction of cells in the tumor milieu,
but their renewal ability makes them ideal cells
to promote malignancy, metastasis, tumor recur-
rence, and resistance to chemotherapy in differ-
ent cancers [54]. These highly active cells need
to “fuel” their metabolism by securing the nec-
essary nutrients. In recent years, studies have
revealed that iron is important for the proper
survival of CSCs [54]. This means that similar
to cancer cells, CSCs interact dynamically with
their microenvironment. In this respect, CSCs
have evolved mechanisms to secure the proper
amount of iron for their metabolic needs. Indeed,
studies have shown that CSCs are much more
efficient in increasing their iron uptake compared
to non-CSCs and even compared to macrophages
[55–57]. Strategies used by CSCs to secure the
much-needed iron are manifold: they are able
to secrete high amounts of TF (through which
they scavenge free iron), they increase TFR ex-
pression (to increase iron import), increase fer-
ritin depots, downregulate FPN (to decrease iron
export) [55–57]. The dependence of CSCs on
iron is observed when these cells are exposed to
iron chelation therapy, but also when their ferritin
depots are depleted, or when iron is forced out
of cells; in these cases, proliferation rate and
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Fig. 3.1 Dysregulation of iron metabolism in tumor
microenvironment. Normal cells express different iron-
related proteins in the membrane, cytoplasm, and mito-
chondria as seen in the upper part of this figure. Iron bound
with transferrin enters via TFR1 in cells. This is accom-
panied with endocytosis and creation of an endosome.
Iron is released from endosome via DMT1 after being
reduced by STEAP metalloreductases. In cytoplasm, iron
is bound with PCBs, which transport iron to ferritin, FPN,
or transport it to enrich LIP. Some of this iron enters
mitochondria via mitochondrial iron import proteins such
as MCU and Mfn2. Mitochondria have their own ferritin
and their iron export proteins (such asABCB8). Themajor
exporter of iron out of cells is FPNwhich is under negative
regulatory control from hepcidin. Many of these proteins
are differentially expressed in tumor microenvironment.
For example, the iron import protein TFR1 is often up-
regulated in cancer cells, as well as STEAP proteins. Also
the major regulator of cellular iron metabolism (IRP2) is
overexpressed in cancer cells, which causes increased iron
entry into cells. IRP2 is under regulatory control of dif-
ferent genes involved in tumorigenesis (such as C-myc or
BRAF). Another important protein that is overexpressed
in cancer is hepcidin. By increasing hepcidin production,
cancer cells reduce iron export. Wnt and BMPs are some
of the pathways involved in increased hepcidin secretion

in cancer cells. But, hepcidin production in cancer cells
is increased via IL6 produced by CAFs as well. An-
other strategy used by cancer cells to secure more iron
for their metabolic needs is by using the iron-releasing
phenotype of M2 macrophages either through increased
iron supply from overactive FPN in M2 macrophages or
through increased production of Lcn2. Another important
player in the iron metabolism of the tumor microenvi-
ronment is CSC. They have voracious appetite for iron,
which is secured through increase in TFR1 expression,
but also through increased production of transferrin which
serves as an iron scavenger. CSCs are important cells in
this environment because they secure the replenishment
of cancer cells, promote metastasis, and are responsible
for resistance to chemotherapy. Abbreviations: ABCB8
ATP-binding cassette subfamily B member 8, BMP7
bone morphogenetic protein 7, CAF cancer-associated
fibroblast, CSC cancer stem cell, DMT1 divalent metal
transporter 1, Fer ferritin, FPN ferroportin, Hepc hep-
cidin, IL6 interleukin 6, IRP2 iron-responsive element-
binding protein, LIP labile iron pool, Lcn2 lipocalin 2,
Lcn2R Lcn2 receptor, Mfn2 mitoferrin 2, MCUmitochon-
drial calcium uniporter, PCB poly(C)-binding protein 2,
STEAP six-transmembrane epithelial antigen of prostate,
TFR1 transferrin receptor 1, Wnt wingless and int
pathway
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metastatic potential of CSCs drop significantly
[55–57]. Increased intracellular iron in CSCs is
linked with an overactive IL6/STAT3 pathway
which promotes the invasive potential of CSCs
[55, 57]. It is interesting to notice that iron chela-
tion inhibits the expression of stemness markers
in CSCs, which effect has not been observed with
standard chemotherapy [58]. This is an important
finding with therapeutic implications considering
that stemness markers are related directly with
malignant potential of CSCs [54]. Another inter-
esting phenomenon has been observed in CSCs
of breast and prostate cancer lines. IRP2 in these
cells seems to be under the regulatory feedback
of cellular iron depots, which is not the case
with cancer cells [59]. This finding needs to be
confirmed by other studies in order to evaluate its
importance in tumor pathophysiology.

The activity of CSCs in cancer is one part
of the complex picture that unfolds during one
of the most important processes which occurs
in cancer, that is, epithelial-to-mesenchymal
(EMT) transition. EMT is a process which
helps tumor mass to expand, proliferate, and
metastasize, but also helps tumors to resist
chemotherapeutic treatment [54]. Besides being
responsible for transformation of CSCs, EMT
enables phenotypic transformations of tumor
cells, which increases their mobility and eventual
metastasis [54]. This transformation is realized
by making tumor cells more mesenchymal-like
cells. It is interesting that many biochemical
pathways involved in regulation of EMT are also
involved in regulation of cellular iron metabolism
such as transforming growth factor beta (TGF-
β) and Wnt pathway [60, 61]. One of the most
known inhibitors of EMT is N-myc downstream-
regulated gene 1 (NDRG1) [60]. Its activity is
dependent on iron availability, which has been
used in experimental setting to reverse EMT via
iron chelation [60]. NDRG1 is able to suppress
Wnt pathway, which is known to be hyperactive
in different tumors [62]. Wnt pathway inhibition
has been shown to reduce cancer cell iron pool by
reducing hepcidin production [10]. These results
are in line with the observation that suppression

of FPN (main target of hepcidin) via activation of
TGF-β enhances markers of EMT [63].

Iron and cancer-associated fibroblasts (CAFs)
in tumor microenvironment The complex
tumor environment is exposed to different modes
of signaling from different cells. Along with
macrophages, fibroblasts are some of the most
abundant cells in tumor milieu [64]. Their
heterogeneous phenotype makes them a difficult
cellular target for cancer therapy. Our current
understanding of CAFs reveals at least three
distinct populations: one group promotes tumor
growth, another one retards tumor growth, while
other populations are neutral in terms of their
effect on tumor growth [64]. Tumor-promoting
CAFs have multiple roles in promoting tumor
growth. CAFs produce different chemical signals
through which they affect the stemness of CSCs,
transformation of TAMs into M2 macrophages,
migration of tumor cells, extracellular matrix
remodeling, formation of new blood vessels,
and immunosuppression [64]. CAFs which
express tumor-promoting markers are present
in high numbers in tumor with high density of
stroma and in invasive margins of the tumor
[64, 65]. Furthermore, CAFs can “donate” their
mitochondria for metabolic needs of cancer cells,
while their secretome can promote cancer cell
metabolism [64, 66]. CAFs have been shown to
promote tumor growth via pathways which are
known to be involved in iron dyshomeostasis
in tumor microenvironment. Although the
importance of iron metabolism in the activity
of CAFs and tumor growth has just recently been
studied, it has unveiled some interesting results.
For example, in breast cancer, IL6 produced
by CAFs has been shown to increase hepcidin
production in cancer cells, which can be reduced
significantly with anti-IL6 antibodies [67]. The
elegant study done by Blanchette-Farra et al.
shows that hepcidin production is affected by
the spatial organization of the tumor cell milieu,
which has been shown by comparing 2D with 3D
models of cultured cells [67].
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Senescent cells in tumor microenvironment
Cellular senescence is a process through which
cells suffer cell cycle arrest which cannot
be reversed with mitogens [68]. The state
of senescence can be induced by mutations,
chemotherapy, and oxidative stress [68].
These cells are believed to contribute to the
tumor microenvironment by their senescence-
associated secretory phenotype (SASP) and
by their ability for neoplastic transformation
during chronic senescence [68]. But, senescent
cells exhibit a continuum of phenotypes, from
the initial tumor-suppressing one to a tumor-
promoting one, which should be taken into
account when trying to eliminate senescent cells
as part of an antitumor strategy [68]. This means
that a two-hit strategy might be the best option
for dealing with these cells: the first hit turns
cancer cells into senescent cells, and the second
hit is used to destroy the senescent cells so
they would not be able to undergo neoplastic
retransformation. In fact, low dose curcumin
in combination with knockdown of specific
long noncoding RNAs has already been used
to induce senescence and then apoptosis [69].
This is important since curcumin is known for
its iron-chelating properties and its effect on
iron metabolism [70]. Iron dyshomeostasis has
been observed recently in senescent cells as well.
It is characterized by increased cellular iron
flux [4]. This occurs in response to impaired
ferritinophagy, which disrupts the ability of
senescent cells to detect true levels of cellular iron
[4]. Iron dyshomeostasis in senescent cells can be
reversed by promoting ferritinophagy [4]. On the
other hand, FPN overactivation in prostate cancer
is accompanied with SASP perturbations [32].
Still, the role of iron metabolism in senescent
cells during cancer has not been elucidated
properly and more studies are needed to address
this issue.

Ferritinophagy, ferroptosis and their role
in tumor microenvironment Ferroptosis is a
recently observed form of programmed cellular
death with distinct features. It does not involve
chromatin margination or caspase activation as
seen in apoptosis or non-apoptotic cell death

[71]. In order for ferroptosis to occur, there are
some conditions which should be met; first,
there needs to be a substrate for peroxidation
(phospholipids), then iron is needed as the
main instigator of peroxidation, and finally
these changes should be accompanied with the
inability of the cell to eliminate the products
of lipid peroxidation [71]. Although we still
do not know the role of ferroptosis in human
physiology, its importance has been observed in
different pathophysiological states, including
cancer. The rationale to study ferroptosis in
cancer is based on the ability of cancer cells
to resist classical apoptosis [71]. Also, different
cells of the tumor microenvironment seem to be
more sensitive to ferroptosis than normal cells
[72]. This includes mesenchymal type cells,
detached cells, and CSCs. But, cancer cells
need activity; therefore, using iron to induce
ferroptosis might be a double-edged sword in
fighting cancer. For example, downregulation
of TFR reduces the extent of ferroptosis in
cancer cells [73]. Similarly, knockdown of
FPN accelerates ferroptosis [74]. Still, there are
ways to circumvent this scenario. Redistributing
iron from cytosol to lysosomes is one possible
approach. It causes peroxidation of liposomal
membranes and resultant ferroptosis [75].
Another approach would be to induce the process
of ferritinophagy in cancer cells, which is
accompanied with increased levels of ROS inside
the cells. This can induce ferroptosis, as it has
been observed in breast cancer cells [76]. It is
interesting to note that iron chelators can be used
to reverse the process of EMT through induction
of ferritinophagy [77].

3.3 Iron therapeutics in cancer

Iron therapy is not a recent idea in the manage-
ment of cancer. Considering that excessive iron
deficiency/overload is detrimental for cancer cell
survival, it is expected that stimulating these con-
ditions can affect tumor growth, especially when
one takes into account that iron dysmetabolism is
a feature of different cells in the tumor microen-
vironment.
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Iron chelators have the ability to bind iron and
cause cellular iron deficiency [2]. These agents
are able to have synergistic effects when com-
bined with traditional chemotherapy [78]. Thus,
they have been used in experimental studies to
destroy cancer cells, but they have not shown to
be an effective therapeutic strategy for patients
with cancer [2, 44]. This probably occurs due
to their inefficient accumulation in cancer cells,
their ability to cause reactive intracellular iron
flux, and also because they can have side effects
in normal tissue. Other options used to treat can-
cer by manipulating iron metabolism of cancer
cells involve increasing/decreasing the activity
of iron-related proteins. Genetic studies in can-
cer patients show that low TFR expression and
high FPN/low hepcidin combination are markers
of favorable outcomes in cancer [31, 79, 80].
Therefore, blocking TFR, increasing FPN activ-
ity, and downregulating hepcidin can be used as
a useful strategy to prevent tumor growth and
metastasis [2, 10] (Table 3.2). Other proteins in-
volved in iron import, iron release, or control of
cellular iron metabolism in tumor cells are also
potential targets in cancer therapy. Up till now,
these targets have been studied mostly in in vitro
conditions by using antibodies, small interfer-
ing RNAs (siRNAs), or naturally occurring com-
pounds which can modulate iron-related proteins.
Hepcidin therapy is being used in clinical trials in
the treatment of anemia of cancer, but there is no

trial which has considered the effects of hepcidin
therapy in tumor growth [10]. The problem with
this approach is that blocking systemic hepcidin
does not necessary translate into a clinical success
in treating cancer. In many tumors, hepcidin is
produced locally, while in others, systemic hep-
cidin also contributes in the hepcidin pool of the
tumor milieu [10]. The complicated example of
hepcidin shows that in order for the antitumor
strategy to work, the treatment regimen should
be focused in delivering compounds in specific
targets in cancer cells, without affecting normal
cells. Using nanotechnology is one of the options
to secure this specificity of action. Nanomedicine
is based on the principle of the so-called “s-
mart delivery” of drugs [81]. It is a new field
in the treatment of patients with cancer that has
been evolving progressively in the last decade.
Nanomedicine can be used not only to manipulate
more efficiently the iron metabolism in tumor
microenvironment, but also it can be useful in
targeting cancer cells with different antitumor
strategies by using the characteristic iron pheno-
type of the tumor milieu. For example, liposomal
nanoparticles have been used to deliver specific
genes in pancreatic cancer via TFR binding [82,
83]. Using TFR as an entry point in cancer cells is
reasonable, since it is highly expressed in tumor
cells compared to normal cells.

Table 3.2 Iron therapeutics in cancer

Compound Mechanism of action Clinical applicability References

Iron chelators Iron chelation Modest results from clinical trials [44]

Anti-TFR antibodies Reduction of iron import Potential use in combined regimens
with iron chelators

[44]

Hepcidin inhibitors Increase of iron export Only tested in experimental setting [10]

Curcumin Iron chelation Awaiting results from further trials [70]

V-ATPase inhibitors Disruption of iron uptake and cellular
iron release via inhibition of
endosomal acidification

Only tested in experimental setting [23]

FPN cDNA clone Increase of iron export Only tested in experimental setting [32]

IRP2 inhibitors Cellular iron deficiency Only tested in experimental setting [15, 27–29]

Lp2 siRNA Cellular iron deficiency Only tested in experimental setting [49]

Inductors of ferritinophagyFerroptosis Only tested in experimental setting [76, 77]

Abbreviations: EMT epithelial-mesenchymal transition, FPN ferroportin, IRP2 iron-responsive element-binding pro-
tein, Lp2 lipocalin 2, siRNA small interfering RNA, TFR transferrin receptor, V-ATPase vacuolar ATPase
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3.4 Conclusion and Future
Perspectives

It is evident that iron dysmetabolism is prevalent
in many tumors. It results from the ability of tu-
mor cells to secure the much-needed iron for their
metabolic needs. Iron dysmetabolism can initiate
tumorigenesis, enhance tumor growth, promote
metastasis, and is even the main instigating factor
of ferroptosis, which is a specific form of cellu-
lar death. Most of the time iron dysmetabolism
is caused by local pathophysiological processes
in tumor microenvironment, which means that
systemic iron dyshomeostasis is not needed for
these processes to occur. This does not mean that
global changes of iron metabolism cannot worsen
iron dyshomeostasis in tumor milieu. For exam-
ple, systemic hepcidin can contribute in the total
levels of this iron-related peptide in the tumor
milieu. Other issues regarding the role of other
proteins in cancer iron metabolism include the
elucidation of the role of PCBs as intracellular
iron chaperons, role of proteins involved in non-
TFR iron transport, etc.

Increasing evidence suggests that iron dys-
metabolism is related to the dysfunction of some
of the most important genes and biochemical
pathways involved in tumorigenesis. This means
that iron dysmetabolism observed in tumor mi-
croenvironment is directly related to the patho-
physiology of cancer. This is further corroborated
by the existence of iron dysmetabolism in CSCs
as well, known also as tumor-initiating cells. On
the other hand, the density of CSCs is not uniform
in all tumor types, which should be taken into
account in the treatment of cancer.

Tumor milieu is a dynamic environment
with different types of cells. Some of the most
abundant ones are TAMs. A subtype of TAMs
known as M2 macrophages are frequently linked
with the aggressive phenotype of tumors. M2
macrophages can supply excess iron needed
for cancer cells. One way which this occurs is
through increased production of Lcn2, though
it is still not clear if Lcn2 serves as direct iron
supplying molecule for cancer cells. The ability
of cancer cells to “manipulate” surrounding

TAMs by using their iron flux for their metabolic
needs may not be the only way how cancer
cells secure increased amount of iron from
their surroundings. But, most of the studies
relating to TAMs are based on in vitro models
which are not ideal replications of the in vivo
tumor microenvironment. There is evidence that
hijacking mechanisms of cancer cells might be
directed towards normal cells localized in the
vicinity of tumor cells, as it has been observed
in PCa, though the details of this process are not
known [44]. Recently, other cells, such as CAFs,
have been suggested as important contributors in
increasing intracellular iron in cancer cells. But
whether CAFs can also be directed by cancer
cells to secure more iron is still not known.
Furthermore, specific markers of CAFs have
still not been elucidated properly. Even less is
known about the role of senescent cells in tumor
microenvironment, although their SASP includes
many substances which are able to modulate
cancer cell metabolism.

One recent factor related to iron metabolism
in cancer cells is the process of ferroptosis. This
type of cellular death occurs in the presence of
ironwhichmeans that iron can also be detrimental
for cancer cell survival. One way to do this is
to unleash the sequestered iron from intracellu-
lar proteins or from intracellular compartments
where iron might be stored. Although ferroptosis
is a promising therapeutic target in cancer, it
is still a relatively unknown process. In some
studies, ferroptosis was known to induce rather
than destroy cancer. Therefore, differentiating the
mechanistic peculiarities between these two types
of ferroptosis is important before considering this
form of cellular death as a viable anticancer ther-
apy. On the other hand, the use of iron chelators,
antibodies against TFR, or blockers of hepcidin
has been met with modest therapeutic success.
The problemwith this approach is that these com-
pounds are not target specific and often do not
have favorable pharmacokinetic properties. The
solution to this could be nanomedicine, which
is a new branch of medicine with a potential to
increase the specificity of anticancer drugs. Still,
its actual limitations will have to be resolved
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before being considered as a therapeutic solution
for patients with cancer.

It must be mentioned that the specific iron
phenotype of cancer cells and its microenviron-
ment can be used for diagnostic and prognostic
purposes in cancer. In many cancers, iron pheno-
type determines the specificity of the cells of the
tumor microenvironment (such as abundance of
TFRs in cancer cells or iron-releasing phenotype
of M2 macrophages), their aggressiveness (e.g.,
hepcidin/FPN activity in cancer cells), and even
their reaction to chemotherapy. Future studies
should evaluate this aspect of iron metabolism in
tumor microenvironment in in vivo conditions.
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