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Abstract: Experimental and clinical data strongly support that iron is an essential element
which plays a big role in cancer biology. Thus, hepcidin (Hp) and ferroportin (Fpn) are
molecules that regulate and maintain the metabolism of iron. A peptide hormone hepcidin
limits recycled and stored iron fluxes in macrophage and hepatic hepatocyte, respectively, to
the blood stream by promoting degradation of the only iron exporter, Fpn, in the target cells.
Moreover, the inflammatory microenvironment of breast cancer and altered hepcidin/ferro-
portin pathway is intimately linked. Breast cancer exhibits an iron seeking phenotype that is
accomplished by tumor-associated macrophage (TAM). Because macrophages contribute to
breast cancer growth and progression, this review will discuss TAM with an emphasis on
describing how TAM (M2® phenotypic) interacts with their surrounding microenvironment
and results in dysregulated Hp/Fpn and pathologic accumulation of iron as a hallmark of its
malignant condition. Moreover, the underlying stroma or tumor microenvironment releases
significant inflammatory cytokines like IL-6 and bone morphogenetic proteins like BMP-2
and 6 leading in aberrant Hp/Fpn pathways in breast cancer. Inflammation is primarily
associated with the high intracellular iron levels, deregulated hepcidin/ferroportin pathway,
and its upstream signaling in breast cancer. Subsequently, scholars have been reported that
reducing iron level and manipulating the signaling molecules involved in iron metabolism
can be used as a promising strategy of tumor chemotherapy. Here, we review the key
molecular aspects of iron metabolism and its regulatory mechanisms of the hepcidin/ferro-
portin pathways and its current therapeutic strategies in breast cancer.
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Introduction

Breast cancer (BC) is the most common term for a set of breast tumor subtypes with
distinct molecular and cellular origins and clinical behavior. Most of them are the
origin of ductal or lobular epithelial tumors. Globally, it is the most common
malignant diseases of women’s diagnosed every year. It accounts for about 30% of
the mortality of women ages of 40-49 years, followed by lung cancer, with an
estimated 1.67 million cases worldwide each year worldwide.! Approximately
12.5% of women in the United States have been affected by invasive breast cancer
during their lifetime.>™ It is also the second most common prevalent cancerous
disease among women living in sub-Saharan Africa (SSA) with increasing over

1,5,6

time'*>*° and the survival rate of affected people are poor in this region.” The incidence
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rates differ considerably across African countries; for exam-
ple, 64.2 new cases and 18.8 mortality per 100 000 women
per year in Mauritius compared with 41.8 cases and 23
mortality rate per 100 000 women per year in Ethiopia.®
There are many risk factors associated with the diagnosis of
breast cancer some of them include BC susceptibility gene 1
(BRCA1) mutation, hormonal factor, obesity, alcohol
intake, cigarettes smoking, infection, low-dose of irradiation
and nutrition and dietary factor.” Taking this step further,
functional iron is an essential nutrient that is involved for
many cellular processes, including electron transport chain
(ETC), citric acid cycle, heme synthesis, the cofactor of
DNA Polymerase, cell cycle phase transitioning (G1/S),”
1011 Extra-

metabolic iron is stored in the form of ferritin and hemosi-

and other macromolecule metabolisms.
derin in the reticuloendothelial system mainly in the liver
and macrophage of the spleen.'? In order to maintain suffi-
cient and healthy iron level in the body, cells require the
coordination of a wide range of genetic activities, which are
tightly regulated by both intracellular (via iron response
element (IRE)/iron regulatory protein (IRP) regulatory path-
way) and systemic iron metabolism (Hp/FPN).'"!?
However, reprogrammed iron metabolism has been identi-
fied as being one of the key metabolic hallmarks of cancer. It
can potentially produce reactive oxygen species (ROS) and
well as

lipid peroxidation as mutagenic aldehyde

Fe2‘+02

Fe*+ 0, - 12H"

Fe*+H,0,

Histone proteins

%15 through Fenton or Haber—Weiss reaction

product
(Figure 1).'®!” Therefore, an increased number of oxidative
DNA that

facilitates tumor formation.'® In addition, from numerous

lesion and an inflammatory condition

microenvironment components of the tumor, tumor-
associated macrophage (TAM) takes 50% of the population.
Tumor-associated macrophage is a major player in the con-
nection between inflammation and dysregulated iron meta-
bolism mainly Hp/FPN pathways of the cancer cell.'>?° It is
Macrophage 2 (M2) phenotype oriented towards promoting
tumor growth and angiogenesis, tissue remodelling and
suppressing adaptive immunity.'®?' Therefore, this d-block
transition metal consistently linked to carcinogenesis, either
through persistent failure in the redox balance or due to its
critical role in cellular proliferation.'® Several research
reports elaborate that cellular, and systemic dysregulation
in iron trafficking and storage, may lead to the development
of to breast cancer.>'®?? In this review article, we provided
the current epidemiological, experimental and clinical find-
ing regarding on the systemic iron trafficking, and its reg-
ulation through Hp/Fpn pathway in a normal cell, and
dysregulated Hp/Fpn signaling secondary to inflammatory
cytokine (IL-6) derived from exuberant malignancy, and
bone morphogenic protein (BMP) mediated activation of
JAK2-STAT3 and BMP-SMAD signaling, respectively,
within the breast cancer cell. In addition, this review
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Figure | The Fenton/Haber—Weiss reaction. Iron is the most driving force for the generation of ROS and the malignant transformation of cells by directly damaging DNA,
eventually leading to mutagenic transformation, resulting more aggressive tumor behavior.

submit your manuscript

166

Dove

Breast Cancer: Targets and Therapy 2020:12


http://www.dovepress.com
http://www.dovepress.com

Dove

Shibabaw et al

summarizes the current therapeutic approach for breast can-
cer by targeting the upstream signaling and Hp/Fpn
pathway.

Systemic lron Trafficking and Its

Physiological Mechanism

Iron trafficking is controlled very carefully at the site of
import and export.> Iron is a double face molecule; in one
side, it has great physiological importance for metabolism;
on the other hand, it is potentially toxic when it becomes
excess in the body and widely associated with the develop-
ment and progression of several diseases, such as liver
disease, heart failure, diabetes and cancers.”* Human iron
through two  different

mechanisms.”® The first one is systemic balance iron via

metabolism is  regulated
controlling at the site of dietary iron absorption (entero-
cyte), storage of excess iron (hepatocyte), and recycling of
iron from senescent erythrocytes (reticuloendothelial
macrophage) mediated by Hp/Fpn pathway (Figure 2).

The second important mode of iron homeostasis is through

Nonheme Fe

the IRP/IRE system at the cellular level. Dietary iron is
taken-up by the duodenal enterocyte and exported into the
circulation through the iron exporting ferroportin (Fpn,
Iregl, MTP1, and SLC40A1). The released iron in the
circulation is in charge of carrier protein transferrin (Tf).
To be absorbed, in the duodenal lining of enterocyte iron in
the non-heme dietary source must be changed into ferrous
(Fe*") form. In the brush border, ferric reductase enzyme or
to Fe*"
associated with heme-containing b-type cytochrome.

due to its
2526

cytochrome B (Dcytb) reduces ferric Fe®*

Divalent metal transporter 1 (DMT]1 also called Nramp2,
SLC11A2, DCT1) is the main transporter involved in cel-
lular non-heme iron uptake. Divalent metal transporter 1
(568 amino acids) transports iron into and out of the duo-
denal cytosol and into the hepatocyte and macrophages.?’
Divalent metal transporter | is active in a low-pH environ-
ment for efficient metal transport as H+/Fe2+ symporter.*
Similarly, dietary heme can also be transported across the
apical membrane by a yet unknown mechanism or hypothe-

tically using heme carrier protein 1 (HCP1) and

D
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Figure 2 Intestinal iron uptake and its distribution to the reticuloendothelial system. Dietary iron can be either in the form of heme or non-heme. DMTI is a ferrous ion

(Fe**) transporter; hence, Fe*" is reduced to Fe?*
exporter transporter to the circulation.

by apical membrane ferrireductases enzyme, Dcytb. IREGI (Iron-regulated transporter-1) also known as Fpn is an iron

Abbreviations: TfRI, transferrin receptor |; FPN, ferroportin; DMTI, divalent metal transporter |; HEPH, hephaestin; LIP, labile iron pool; STEAP3, six-membrane

epithelial antigen of the prostate 3; HCPI, heme carrier protein |.
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subsequently metabolized in the enterocytes by heme oxy-
genase 1 (HO-1) to liberate (Fe*").10-22:2528 This process is
more efficient than the absorption of inorganic iron and is
independent of duodenal pH. It is thus not influenced by
inhibitors such as phytate and polyphenols. Consequently,
red meats high in hemoglobin are excellent nutrient sources
of iron.?’ Alternative to DMTI, iron can enter the cell
directly via plasma membrane divalent cation (zinc, iron,
and manganese) importers known as Zrt-Irt-like protein 14
(ZIP14 also known as SLLC39A14), ZIP8 (also known as
SLC39A8) or ZIP11°°3? Interestingly research study
showed that in breast cancer tissue significantly have higher
zinc levels than normal breast tissue.*® Basal breast cancer
tumors expressed higher levels of ZIP4 and ZIP14 genes
and lower levels of ZIP6, ZIP9 and ZIP11.*® The absorbed
enterocyte iron can be either stored as ferritin®® or trans-
ported across the basolateral membrane of the enterocyte
into the circulation.* Besides to basolateral membranes of
enterocyte, FPN is also expressed in various types of cells
with a high level of expression in macrophages, liver kupf-
fer cells, periportal hepatocytes, splenic red pulp macro-
phage, and placental syncytiotrophoblast. As far as our
current understanding, it is the only known iron exporter
in mammalian cells.**>® Similar to DMTI, Ferroportin
mediated efflux of Fe** is coupled with three multi-copper
ferroxidase with distinct expression patterns such as ceru-
loplasmin (CP), hephaestin (HEPH), and zyklopen.*”*®
Exported iron in the form of Fe*" must be oxidized into
Fe*" for loading on top of transferrin (Tf) protein in the
circulation.”>?’°  Under normal circumstances, 80-kD
serum Tf has two high-affinity iron-binding sites and carries
almost all serum iron, which solubilizes iron and dampens
its reactivity.”> Transferrin bound iron is taken up by most
cells, but it is especially important in erythroid precursors
where it is the primary source of iron for heme synthesis. In
erythroid cells, more than 90% of transferrin-derived iron
from endosomes enters into mitochondria ferrochelatase till
no clear. However, study on one hand stated mysteriously as
its way into mitochondria through passive diffusion, other
study hypothesis that the highly efficient transport of iron
toward ferrochelatase in erythroid cells requires a direct and
transit interaction between transferrin-endosomes and mito-
chondria (the“kiss-and-run” hypothesis). There are three
key support of this hypothesis: 1) iron, delivered to mito-
chondria via the Tf-TfR pathway, is unavailable to cyto-
plasmic chelators 2) Tf-containing endosomes move to and
contact mitochondria in erythroid cell, and 3) endosomal
movement is required for iron delivery to mitochondria.*’

Transferrin-Fe** binds with specific and 30-fold higher
affinity dimeric Tf receptor (TfR1, CD71, 760 amino
acids) than transferrin receptor 2 (TfR2) allows for iron
uptake.'**'*> The complex is clathrin-mediated endocy-
tosed, and the acidic pH of the endosomal lumen induces
a conformational change in Tf that accompanies iron
release.*? Moreover, the acidic environment of the endo-
some cause the release Fe*” from Tf- Fe’" -TfR1 complex,
the six-membrane epithelial antigen of the prostate 3
(STEAP3) then reduces Fe** to Fe*" before it is released
to the cytosol via DMTI1.'**** Tron taken up by cells
enters a cytosolic pool called labile iron pool (LIP). The
LIP is destined for storage in the form of ferritin, export via
Fpn, or metabolic utilization such as cellular energy meta-
bolism, DNA synthesis, and RBC formation (erythroblast to
normoblast to reticulocyte to matured RBC) (Figure 2).38

Physiological Mechanism of
Hepcidin/Ferroportin-Mediated

Systemic lron Homeostasis

Hepcidin (Hp) is the main regulatory molecule of plasma
iron concentration. It was originally thought to be func-
tioned solely as an antimicrobial peptide or Liver
Expressed Antimicrobial Peptide (LEAP) such as it is up-
regulated under inflammatory conditions and considered to
be a type two acute-phase reactant due to its regulation via
interleukin 6 (IL-6).*° Hepcidin with its gene located on
chromosome 19q13.1 is normally synthesized by hepato-
cyte in a regulated manner for appropriate iron
homeostasis.*”*® Thus, iron, inflammation, and erythro-
poiesis are the major factors for the regulation of Hp at
the transcription level. Acute or chronic inflammation and
iron increase Hp gene expression (positive regulators),
whereas erythropoiesis and hypoxia suppress the expres-
sion of the gene (negative regulators).***7**>% It is known
that Hepcidin expression is predominantly regulated at the
transcriptional level. Two families of cytokines are known
to be major positive regulators of hepcidin: the IL-6-like
family and the bone morphogenetic protein (BMP)

family.!

Among more than 20 BMP related ligands,
even though BMP2 and 6 are commonly recognized in
Hp regulation but BMP 4, 5, 7 and 9 have been shown to
induce hepcidin expression in isolated murine primary
hepatocytes.”>* High iron induces the production of
BMP-6 in liver sinusoidal endothelial cells. Bone morpho-
genic protein 6 and 2 acts on the hepatocyte as paracrine

fashion to BMP receptor with hemojuvelin (HJV) as
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a coreceptor.”*> Following its binding, the cytoplasmic
domain transduces the signaling via phosphorylation of
S-mothers against decapentaplegic (SMAD) 1, 5, and 8
(also known as SMAD9 or R-SMAD)® heterodimerize
with common mediator called SMAD4. In turn, the
R-SMAD-SMAD4 complex translocates to the nucleus
and binds with the BMP response element (BMP-RE)
and initiate Hp expression.*>3>-° Taking this step further,
hepcidin promoter contains two BMP-responsive elements
(BRE1 and BRE2) that are recognized by the SMADs
(sometimes also abbreviated as BMP-RE1 and BMP-
RE2).’” The wild type hepcidin promoter spans 3 kb
upstream of the transcription start site and contains
a proximal STAT-binding site (STATBS), a nearby BMP-
responsive element located at positions —84/-79 (BRE1),
and a distal BMP-responsive element located at positions
—2,255/-2,250 (BRE2)*"*® of HAMP-1 gene are essential
for both basal hepcidin mRNA expression and the hepci-
din response to BMP-2 and BMP-6."* Since iron is not
only critical for life but toxic in excess because of iron-
catalyzed formation of pro-oxidants that cause tissue
damage in a range of disorders. By responding to toxic
insults and controlling the expression of detoxification and
antioxidant enzymes, the transcription factor nuclear factor
erythroid 2-related factor 2 (Nrf2) maintains cellular
health in the face of intracellular and environmental stres-
ses.Nrf2 ultimately increasing the activity of antioxidant
enzymes, including catalase, glutathione reductase, and
glutathione peroxidase.’”®® As BMP signaling cascade,
Hp gene expression is also enhanced by pro-
inflammatory cytokine, in particular, interleukin 6 (IL-6)
through Janus kinase 2 (JAK2)/signal transducer and acti-
vator of transcription 3 (STAT3) signaling pathway.”’49 In
support of this, a study was done on mice with hepatocyte-
specific deletion of IL-6 signal transducing gp130 recep-
tor, with gp130 receptor lacking the essential region for
the STAT-1 and —3 activation reported that Hp is expressed
after IL-6 stimulation when gp130-STAT-3 signaling was
intact both in vivo as well as in vitro.*”*¢ Therefore, IL-6/
IL6R interaction activates STAT3 via phosphorylation. In
turn, upon translocation of activated STAT3 to the nucleus,
it binds with the STAT3 binding motif (STAT3-RE)
located at position —64/-72 of the Hp promoter is also
required for its transcriptional upregulation.’*®' In agree-
ment, Hp is stimulated with lipopolysaccharide (LPS) or
turpentine oil-injected mice and in vitro. Hepcidin inhibits
iron absorption from the enterocyte, iron efflux from red

pulp macrophage of the spleen, iron efflux from

hepatocyte via its physical binding to hepcidin receptor
domain of Fpn.(’2 Hp-Fpn complex activating intracellular
Janus kinase 2 (Jak2), which results in the internalization
and degradation of iron exporter IREG1 or FPN®** via
ubiquitination proteasome and lysosomal proteolytic
mechanism (Figure 3).°%°*% Therefore, this loss of FPN
from the cell membrane prevents cellular iron export and
increase iron sequestration. In the contrary, Hp gene
expressions are negatively regulated by the erythropoietic
or hypoxic conditions. Iron is an essential functional unit
of heme within the quaternary structure of haemoglobin
and is required for the development of matured red blood
1°%6¢ Under

a decrease in circulating O,, erythropoietin (EPO) tran-

cells from an erythropoietic stem cel
scription is augmented in peritubular fibroblasts of the
renal cortex by binding of heterodimeric (o/fB) hypoxia-
inducible transcription factors (predominantly HIF-2a) to
hypoxia-responsive elements (HRE) of the EPO gene and
in turn secret the hormone EPO.****%7 Erythropoietin is
a glycoprotein growth factor that stimulates erythropoiesis
by promoting the terminal differentiation of CFU-E into
normoblasts and matures to erythrocytes. Therefore, it acts
on the erythropoietin receptor (EPOR) causes JAK2/
STATS5 phosphorylation leading to the production of ery-
throferrone (ERFE) in early erythroblasts.®*® This signal-
ing induces Hp negative regulator, ERFE, produced by
erythroblast and bone marrow (in mice) and results from
the differentiation and proliferation of erythroid cell.** The
mechanism action of ERFE on suppression of Hp produc-
tion via suppressed SMAD1/5 phosphorylation in primary
murine hepatocytes and Hep3B cell line of mouse
model 47-56:64

During the developments of red blood cell, the iron
absorption increases mobilization of stored iron and facilitate
iron delivery to the marrow through decreasing blood Hp
levels.® This leads to increased Fpn expression and
increased iron availability of the circulation for RBC
maturation.®® Ferroportin plays a key role in the systemic
iron homeostasis by delivering iron from the enterocyte to
transferrin. In addition, it can also mediate the efflux of iron
from red pulp macrophages of the spleen following catabo-
lism of effete or old RBC and from hepatocyte ferritin
(Figure 3).°” Moreover, in iron-deprived condition, liver
transmembrane serine protease matriptase 2, encoded by
transmembrane protease, serine 6 gene (TMPRSS6), down-
regulate Hp expression via proteolytic cleavage of the BMP6
coreceptor hemojuvelin, and terminating BMP6-SMAD1/5/
8 signaling pathway.>>**® Transmembrane protease, serine
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Figure 3 Positive and negative regulation of Hp (HAMP) transcription and systemic iron homeostasis through the Hp/Fpn signaling pathway. Hepatocyte production of Hp is
affected by available iron from the store and demand. Under iron overload (sensed by liver sinusoidal endothelial cells), increased Hp in hepatocytes is release. Increased Hp
binds to FPN and inhibits FPN-mediated iron export into the circulation to reduce Tf saturation. Conversely, when circulating iron is low and then Hp is low and increase
iron release via Fpn into the circulation from liver, macrophage and intestine. Basal expression depends on regulation via BMPR and its downstream R-SMAD (SMAD1/5/8
signaling intermediates, which interact with common mediator SMAD (SMAD4) and translocate to the nucleus to activate HAMP transcription. Under inflammatory
conditions, IL-6 is produced, which activates the STAT3 signaling pathway to promote transcription of Hp. Conversely, Hp expression is decrease under hypoxic or iron-
deficient condition by stimulating kidney for expression of EPO through hypoxia-inducible factor (HIFla/f) pathway as a transcription factor. Hp, which binds to ferroportin,
causing the complex to be internalized and degraded, preventing iron export.

Abbreviations: BMP6, bone morphogenetic protein 6; BMPRI, bone morphogenetic protein receptors; HJV, hemojuvelin;, HAMP, Hp antimicrobial peptide; EPO,
erythropoietin; EPOR, EPO receptor; HIF, hypoxia-inducible factor; R-SMAD, regulated small mothers against decapentaplegic; R-SMAD/4, R-SMAD/SMAD4 complex;
IL6, interleukin-6; IL6R, interleukin-6 receptor; JAK2, Janus kinase 2; STAT3, signal transducer and activator of transcription 3.

6 encoding matriptase-2 (MTP-2), a transmembrane serine A berration of Hepcidin[ Ferroportin

Signaling in Breast Cancer Cell
Dysregulated iron metabolism has a great role in breast

protease produced by the liver, identified to play a crucial
role in regulating hepcidin expression, iron homeostasis and

normal erythropoiesis.71’72 In both humans and mice, muta- ) .
) i . ) cancer cells. An exuberant free radical generation can
tions in the TMPRSS6 gene lead to a strong increase in

o . . . . cause gene mutation which can accelerate tumor
hepcidin expression, resulting in a dramatic decrease in fer-

roportin expression, and severe iron deficiency anemia.” initiation.®” Taking this step further, Metabolic/oxidative
Indeed, TMPRSS6 mRNA expression has been demon-

strated to be induced by erythropoietin (EPO), hypoxia and

stress generated by H,O, promote the transition of low

ROS quiescent breast cancer stem cells (BCSCs) to high

by acute iron deprivation.”* In vitro, treatment with BMP6
stimulates TMPRSS6 expression at the mRNA and protein
levels and leads to an increase in matriptase-2 activity.”*
Taken together TMPRSS6 is regulated by both iron depriva-
tion, hypoxia or EPO and high iron or BMP6.

ROS of proliferative epithelial-like (E) states.”* Secondly,
iron is an essential element for its proliferation and DNA
synthesis (iron-dependent ribonucleotide reductase) during
S-phase of cell cycles.®””> Accordingly, increased intra-

cellular iron accumulation in BC cells is necessary to
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promote growth and its proliferation. Hepcidin is exces-
sively detected in the serum of the patient presents
with BC, which implies that it is not only originated
from liver hepatocyte but also in the breast cancer
cells.”®"” Clinically, the breast is often divided into four
quadrants (upper-outer quadrant (UOQ), upper-inner quad-
rant (UIQ), lower-outer quadrant (LOQ), and lower-inner
quadrant (LIQ)) based on horizontal and vertical lines
crossing at the nipple. Breast cancers are most frequently
arising from the UOQ of glandular tissues of the breast
area.”® Moreover, breast cancer can also classified into
four groups based on Immunohistochemistry (IHC) profile
estrogen receptor (ER)/progesterone receptor (PR) and
human epidermal growth factor receptor 2 (Her2/neu)
expression, positive (+) and/or negative (-) such as ER/
PR+ ,Her2+, ER/PR+,Her2-, ER/PR-,Her2+, and ER/PR-,
Her2-.” About more than 70% of BCs are ER-positive
and tamoxifen is the most common and effective therapy
for patients with ER-positive breast cancer.®
A retrospective study conducted in China revealed that
serum Hp level has significantly correlated with the pro-
inflammatory cytokine (IL-6) level in a patient present
with breast cancer metastases to bone, and is considered
as an independent risk factor for the breast cancer and its
metastasis.®’ Moreover, another similar study stated that
Hp has a high diagnostic clinical value and potential
prognostic marker than BMP6 and IL-6. Furthermore,
Sun et al (2017) explored that, inflammatory cytokines
such as IL-8, IL-6, and TNFa were higher with different
stages of breast cancer and the highest is in stage IV.*
Recently, several research studies have reported on the
hypothesis of “seed and soil”; the importance of tumor
microenvironment (TME) as a (soil) for optimal growth
and aggressive behavior of breast cancer as the (seed).®
From all cell types of TME, TAM is a major component of
breast cancer.® It is associated with poor prognosis of BC
by promoting tumor survival, proliferation, invasion, and
dissemination.*>*® In breast cancer, unlike other compo-
nents of TME; TAM particularly invasive macrophage
secrets matrix metalloproteinases (MMP-9), cysteine
cathepsins and serine proteases (for degradation of the
extracellular matrix and basement membranes), and angio-
genic macrophages®’ secrets proangiogenic factors such as
VEGF (promoting tumor angiogenesis), IL-17, for devel-
opments of the new blood vessel and initiation of its
metastasis.*****  Recruitment of monocyte mediated
with monocyte chemoattractant protein-1 (MCP-1) and
certain breast cancer produces CSF-1, CCL2, STAT3 and

STAT6 that promotes macrophage infiltration as well as
polarizing TAMs towards the M2 phenotype.®
Interleukin-6 is also a multifunctional pro-inflammatory
biomarker produced locally in the microenvironment of
breast cancer such as lymphocytes, monocytes, endothelial
cells, fibroblasts and many components of a breast cancer
cell that can influence its proliferation’® and regulates
erythropoiesis process.®! Among many activators, IL-10
switches the infiltrative monocytes into of M2-polarized
and iron-donating phenotype in most types of malignan-
cies and are contributing to their tumor-promoting
properties.”’ There are several stimuli that can induce
further M2 polarization into M2a, M2b, M2c, and M2d.
Of these, M2b and M2d mainly secrets anti or proinflam-
matory cytokines, such as IL1 and IL6.*” Similarly,
a study done in Italy showed that high serum levels of
IL-6 correlate with poor outcomes of patients with BC.”?
Interestingly, a recent study explored that breast cancer-
derived exosomes recognized as a means of communica-
tion between breast cancer and the immune cell of the
microenvironment. Subsequently, it leads a capable of
inducing IL-6 secretion and a pro-survival phenotype in
macrophages, partially through gp130/STAT3 signaling.”
In vivo and in vitro, STAT3 is the key transcription factor
responsible for IL-6 induced Hp (HAMP) gene expression
in the liver hepatocyte.’®** Therefore, IL-6 and Hp have
a direct correlation with iron homeostasis via IL6/IL6R/
JAK2/STAT3 signaling and likely contribute to the dysre-
gulated Hp/Fpn signaling in breast cancer.”® IL-6 also
increases the resistance of breast cancer cells to che-
motherapeutic treatment” and elevated serum IL-6 levels
are a marker of poor prognosis in breast cancer.’® In
addition, cancer cell and its inflammatory microenviron-
ment manipulate hepcidin expression for their own meta-
bolic needs.”” In breast cancer, BMPs are also linked with
increased expression of hepcidin. In early breast cancer,
there is no correlation of hepcidin with IL-6, erythropoie-
tin and ERFE.”” Overexpressed BMP7 may be involved in
hepcidin overexpression in early breast cancer and is
linked with cancer metastasis.”® Understanding the differ-
ences in hepcidin regulation between non-cancerous and
cancerous cells are important for our knowledge of tumor
cell survival, proliferation and metastasis and can help us
find new strategies to fight cancer. Collectively, a high
level of Hp and followed post-translational regulation of
Fpn with subsequent of its degradation are mainly due to
malignancy-driven inflammation resulting in reduce iron
export and increased retention in breast cancer.”” Consider
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unclear discrepancy, BMP7 is overexpressed in breast
cancer tissue and is associated with cancer metastasis,
while BMP7 administration has shown that it can recover
Hp expression in BMP6 knockout mice.”” However, the
liver is an important source of increased Hp levels in
breast cancer, and this increase is related to BMP6
expression.®® Taking this step further, a recent study
explored that BMP6 is very important mediators for Hp
synthesis in BC cell derived from MCF-7 and MCF-10a
cell lines studied in 2D and 3D cell culture system.*
Similar with prostate cancer and ovarian cancer, Fpn
expression is reduced in breast cancer along with increased
levels of the labile iron pool, TfR1, TfR2 and
STEAP3.2***¢7 In contrast, Hp (a negative regulator of
FPN) was found to be increased in the patients present
with BC as compared with health control.®”'®® Moreover,
high Hp expressions are positively correlated with poor
prognosis as observed in a patient with low breast cancer
Fpn expression.”* Similarly, miRNAs are also involved in
the dysregulation of iron metabolism in different cancer
cells through gene silencing at the post-transcription level.
For example, miR-20a and miR-485-3p overexpression
can repress Fpn expression and give rise to elevated intra-
cellular LIP content in lung cancer in particular non-small
cell lung cancer (NSCLC).”*!"!

Further analysis of iron gene expression in breast can-
cer revealed that an iron import dyad TfR1 and an iron
export dyad SLC40A1 (FPN) were complementary prog-
nostic factors in predicting distant metastasis-free survival
in a cohort of estrogen receptor-positive (ER+) patients
treated with tamoxifen.'"® Epigenetic modifications, such
as DNA methylation, histone deacetylation (HDAC), and
some transcriptional factors can control iron metabolism-
related gene expression. For example, nuclear factor ery-
throid 2-like 2 (NRF2) and myeloid zinc finger-1 (MZF-1)
could impact cancer cell growth by transcriptionally reg-
ulating Fpn and FTH/L expression in breast cancer.”*'*?
SLC40A1 transcription is inhabited by transcription factor
BACHI1 (Btb and Cnc Homology 1) and activated by
NRF2. Deacetylase SIRT2 can deacetylate and repress
NRF2 nuclear localization, reducing Fpn expression and
iron export thus keeps an increased iron level of cancer
cell.®' NAD-dependent Deacetylase sirtuin-3 (SIRT3)
and TfR1 expression are negatively correlated in many
human cancers such as breast cancer and pancreatic can-
cer. SIRT3 acts as a negative regulator of TfR1 expression
via inhibiting IRP1 activity and prevent the growth of
tumor cells (Figure 4). Research evidence showed that

SIRT3 is significantly deleted in about 20% of all human
cancer; in particular, its frequency of deletion increases by
up to 40% in breast and ovarian cancer.'®> SIRT3 loss
increases ROS production, bringing about elevated IRP1
binding to IREs and increased TfR-1 expression as a -
consequence.'” However, SIRT3 may exhibit tumor-
promoting capacity depending upon the type of cancer
and probably, the context of intracellular signal
pathways.'%® This is exemplified by oesophageal cancer,
in which high expression of SIRT3 is associated with
a poor outcome; indeed, the level of SIRT3 expression is
an independent predictor for cancer prognosis. High
SIRT3 expression is also associated with poor prognosis
in patients with grade 3 and tamoxifen or cisplatin-
resistant breast cancer.'®'°” In the other study, SIRT3
expression is markedly lower in breast cancer cells than
in paired normal breast epithelium, and lower SIRT3
expression is associated with shorter locoregional relapse-
free survival.'”® A related study showed that the HEPH
(Fe*" to Fe’") is also epigenetically repressed by G9a,
a H3K9 methyltransferase, which forms a complex with
transcription factor YY1 and HDACI leading to cellular
LIP increase and promoting breast cancer proliferation.'®
In turn, it is very clear that complete or partial deletion of
SIRT3 results in the accumulation of iron in cancer cells
due to the loss of the TFR1 expression. Poor prognosis
was conferred by gene expression favoring increased cel-
lular iron levels by upregulated import, TfR1 in 16/22
breast cancer patients® and downregulated iron export,
FPN (SLC40A1), or high HAMP, consistent with the role
of TfR1 as a marker of poor response to tamoxifen and
shortened breast cancer-specific survival.'' Conversely,
research scholars explored that elevated Fpn and low Hp
levels were associated with a more favorable prognosis.®*

Interestingly, recent research evidence meticulously
showed that TAM express lipocalin 2 (LCN2) also
known as Lipocalin 24p3, iron releasing phenotype and
promotes tumor progression and metastasis (via activa-
tion of MMP9) of human cancer such as breast cancer,
ovarian cancer, thyroid cancer, lung cancer, colon cancer,
and pancreatic cancer.'''™"'® Numerous studies have indi-
cated that LCN2 is also associated with high-grade
malignancy, metastasis, and poor prognosis in breast

cancer. i

The polarization of macrophage from iron
sequestration (FT™€" FPN1'"™ Ml-like macrophages) to
iron-donor phenotype (FT %, FPN1 Meh M2-like
subtype)” is mediated by sphingosine-1-phosphate

(S1P) released from dying MCF-7 breast cancer cell
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Figure 4 Altered iron homeostasis in breast Cancer Cells and the contribution of their microenvironment. Breast cancer cells usually have elevated expression of Tfrl,
LCN2 and Hp, and low Fpn expression. Taken together, this breast cancer cell can decrease the level of iron efflux and increase the intracellular iron level to keep the highest

demand for iron.

Abbreviations: BACHI, Btb and Cnc homology I; SIRT, NAD-dependent deacetylase sirtuin; LCN2, lipocalin 2; IRP, iron regulatory protein; TfR1I, transferrin receptor |;
LIP, labile iron pool; HJV, hemojuvelin; SMAD, S-mothers against decapentaplegic; STAT3, signal transducer and activator of transcription 3; MI, inflammatory macrophage,
M2, anti-inflammatory macrophage FT, BMP6, bone morphogenetic protein 6; JAK2, Janus kinase 2; UOQ, upper outer quadrate, S|P, sphingosine- | -phosphate; CAF, cancer

associated fibroblast.

interacts with S1P receptor (S1PR1) that allows up-
LCN2 in the
macrophages.''*!'"* Tron exporting role of LCN2, not by

regulation  of membrane  of
direct binding with iron rather it depends on its associa-
tion with mammalian siderophores. The iron-chelating
biomolecule siderophores were first reported in bacteria
as competitive with transferrin and lactoferrin. LCN2, an
alternative form of iron exporting transport system in BC
microenvironment correlates with increase invasiveness
and poor prognosis.''® For example, LCN2 in non-
invasive human MCF-7 BC cell promotes the activity
of MMP9, a protease, and elicits tumor metastasis via
binding with and forming MMP9-LCN2 complex protect-

U718 and  cancer cell

ing MMP9 auto-degradation,
proliferation.''® In addition to this, overexpression of
LCN2 can also regulate HIF-1 via signal-regulated kinase

ERK or MAPK, and vascular endothelial growth factor

(VEGF). This causes the induction of angiogenesis in the
tumor microenvironment of MCF7 breast cancer cells.''®
The iron storage protein ferritin (FT) facilitates increased
iron storage while limiting increased ROS generation.
Ferritin is upregulated in a number of cancers including
breast cancer, glioblastoma, Hodgkin’s lymphoma, and
pancreatic cancer.”” Taken together, due to the unregu-
lated expression of BMP6 and IL6 by the microenviron-
ment, breast cancer displayed exuberant Hp and TfR1
expression and downregulation of Fpn. In particular,
iron release phenotype macrophage expresses an alterna-
tive iron exporter LCN2. Furthermore, systemic BMP6 is
upregulated and acts in the liver hepatocyte contribute to
the increased serum level of Hp. In turn, it contributes to
an increase in iron uptake and reduced iron export, both
of which play iron sequestration to maintain growth,

proliferation, and metastasis of breast cancer (Figure 4).
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Therapeutic Modulation of lron

Related Protein in Breast Cancer

As described earlier, the deregulation of iron metabolism
may lead to abnormal elevation of cellular iron, which may
in turn cause the progression of tumorigenesis. In support of
this, studies have been reported that decreasing iron level and
manipulating the proteins involved in iron metabolism can be
used as efficient strategies in tumor chemotherapy.'*''® This
is due to the fact that decreasing cellular iron import by
blocking TF and increasing cellular iron export through
Fpn overexpression reduces the growth of tumor.** In agree-
ment with this, another study explored that reducing the
intracellular iron content (anti-import: TfR1 or pro-export:
SLC40A1 (Fpn) (High)y HAMP (Low)) were associated with

a more favorable prognosis (P<0.005).'*

Moreover, target-
ing of Hp expression could be another option for control of
tumorigenesis.''® In addition, BMP6/Smad4 as well as
hemojuvelin (HJV), a BMP co-receptor is also essential for
Hp expression.'?° Collectively, Hp sequestration agents like
Fpn stabilizer, TfR1, LCN2, BMP/SMAD and IL6/IL6R/
STAT3 signaling inhibitors are considered as a promising

therapeutic strategy against breast cancer.>*>%¢!

Iron Chelators and Anti-TfRI as
Therapeutics Option of Breast

Cancer

The question would be: what is the Achilles’ heel behind
the aggressive behavior of breast cancer? Cancer cells have
an excessive demand for iron to retain their capacity to
proliferate. Interfering of iron metabolism at the gene
level or using chelators can be used as breast cancer ther-
apy. Indeed, iron depletion by numerous natural and derived
from bacterial siderophore iron chelators, such as desfer-
rioxamine (DFO, Desferal), thiosemicarbazone Triapine,'*
deferiprone (DFP, Ferriprox), deferasirox (DFX, Exjade)
and tachpyridine were used as a preclinical or clinical
inhibitory effect on tumor growth through starving it for
iron and reducing its ability to proliferate.®>’® Taking this
step further, DFO is the most common iron-chelating agent,

246165118 oo ag

61

relatively strong and non-toxic
a therapeutic option for cancers, including breast cancer.
In the circulation and tissues, DFO binds iron and the iron-
bound forms are excreted efficiently in the urine and bile.
As discussed earlier, breast cancer display TfR1 ™&" and
Fpn '°%. Thus, available anti-cancer drugs like anti-TfR1
antibodies (HB21, 454A12, B3/25, OKT9, 7D3, 7579, and

42/6) were targeted TfR1.'"®

Therapeutic Options of Breast Cancer
Through Hepcidin Modulation

Exacerbated expression and increments of Hp level due to
malignancy-derived inflammation, and genetic mutation of
the HAMP gene (gain function) are currently treated by
a combination of erythropoiesis-stimulating agents (ESAs),
and RBC
transfusions.*’ However, their use has been become contro-

such as epoetin-a and darbepoetin-a
versial due to their side effects linking with excessive throm-
boembolic events, inferior survival, and worse cancer
outcomes. Hepcidin antagonist’s agents that either decrease
Hp expression or prevent interaction with Fpn would be
expected to relieve Hp/Fpn-mediated iron sequestration
resulting release of more iron for -erythropoiesis.
Humanized monoclonal antibodies (mAb) (LY2787106 on
Phase I clinical trial, 12B9m, and Ab2.7) have been devel-
oped that display a high affinity towards Hp leading to its
premature degradation and neutralization of Hp.'*''** In
addition, NOX-H94, an RNA-like oligonucleotides spiegel-
mers with L-stereochemistry also neutralizes human
Hp.*”'** Thus, currently, NOX-H94 is under Phase II clin-
ical trial to examine its efficacy in patient with anemia of
cancer (AOC)."*'?! To interior with Hp interaction with
Fpn, because it depends on the extracellular loop of Fpn anti-
Fpn mADb (LY2928057) was developed against this section
of Fpn adjacent to the Hp receptor.'*® Another study con-
ducted by Ross et al stated that anti-Hp antibody (38G6 and
38C8) that pre-incubated with Hek-RExXTMFPN-V5/BLA
cells demonstrated a marginal ability to inhibit Hp induced
internalization of Fpn.'”” In addition to EPO and ESA,
agents like prolyl hydroxylase inhibitors and HIF stabilizers
may also reduce Hp expression by increasing the activity of
HIF followed by synthesis of EPO and ERFE proposed as

a negative regulator of Hp transcription.”'?*

Suppressing Hepcidin by Anti-1L6/
IL6R/STAT3 Strategy

Malignancy-derived inflammation induces the exuberant
secretion of IL6 and results in activation of Hp via IL-
6-mediated JAK2/STAT3. As discussed earlier, from several
cancer cell types: TAM, T helper cell, myeloid-derived
suppressor cells (MDSCs), and TAF are considered as the
primary source of IL-6 in the TME.”® The responsiveness of
breast cancer cells to IL-6 intimately depends on the expres-
sion of estrogen and progesterone receptors (ER and PR).
Taking this step further, IL-6 can also increase levels of
estrogen in the circulation and tumor sites by activating the
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enzymes that produce, including aromatase, estrone sulfa-
tase, and 17p-hydroxysteroid dehydrogenase.'? They con-
vert androstenedione (A) to estrone (E1), estrone sulfate
(E1-S) to El; and E1 to the biologically active estrogen,
estradiol (E2), respectively. Thus, targeting against IL-6
signaling cascade has been investigated as therapeutic stra-
tegies to inhibit Hp as well as aromatase expression in breast
cancer and could be a therapeutic option for the AOC.”*
Various therapeutic agents, such as anti- [L-6/IL-6R or anti-
SIL-6R mAb and specific inhibitors of STAT3 have been
developed. The most commonly known anti-IL-6 mAb are
siltuximab, sirukumab, olokizumab, clazakizumab, and
MEDI5117. The anti-cancer effect of tocilizumab and sar-
ilumab that target IL-6R has been demonstrated in breast

cancer. 3

6130 Even though they are unlikely to be selective,
microRNAs, such as miR-218 and miR-34a are also inhibit-
ing IL6R expression. The second-generation STAT3 anti-

sense oligonucleotide AZD9150 binds to and causes the

degradation of STAT3 mRNA, thus its

expression.”*! STAT3 expression is inhibited by miR-17-

decreasing

5p, miR-20a, and miR-124, whereas Small-molecules of
tyrosine kinase inhibitor (TKI) targets JAK such as tofaciti-
nib (inhibits JAK1/3),"*? ruxolitinib (inhibits JAK1/2)"'3%34
prevents phosphorylation and activation of STAT3. Taken
together, STAT3-RE of Hp gene promoter free of activation
and remained in a repressed state (Figure 5).

Suppressing Hepcidin by Anti-BMP/

SMAD Strategy

One of the most important positive regulators of Hp tran-
scription is a BMP-SMAD signaling.** Heparin, also known
as unfractionated heparin (UFH) and low molecular weight
heparin (LMWH) is used primarily to treat or prevent throm-
boembolic disease and naturally occurring glycosaminogly-
can family of carbohydrate.”® Anticoagulant activity of

mAb:
Rituximab,
» Heparin
F—— sirukumab, RO-68 | [ BMp6
olokizumab 2 —
RO-82
mAb: miRNA mlR.\-:\
130 |,_ Tocilizumab miR-218 miR122
gpls Sarilumab
IL-6R _l_ miR-34a J. BMPR V THJ\
IL-6R mRNA BMP-6 mRNA
Enoxaparin and
P B : | R-SMADs
= Ruxolitinib STAT-3 A Fondaparinux
| AZD9150 l
miR-17-5p, miR-20a,
miR-124 MAD
STAT-3 SMADS
Cytosol Epoetin-a. ,
Darbepoetin-o. l
l Nucleus B
— LU R-SMAD/
—_— _ - -— o p
JAK2/STAT3 et ool Desferal . HAMP SMAD4
Ferriprox
Iron — Exjade

anti-TfR1 antibodies
HB21, 454A12,
B3/25, OKT9, 7D3,
7579 and 42/6

e

e

Free of hepcidin inhibition

Figure 5 Summary for Inhibitors of the upstream hepcidin signaling: IL-6/IL6R/JAK/STAT3 and BMP/SMAD pathway. MicroRNAs (miRNAs) are a class of small non-coding
RNAs or untranslated RNA types that function as guide molecules in post-transcriptional RNA silencing. In miRNA 5’ ends are usually the site of interaction with target

mRNA.
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Heparin is as a result of high-affinity binding to antithrom-
bin. The Hp lowering effects of LMWH (enoxaparin and
fondaparinux) were through sequestration of BMP and
blocking SMAD phosphorylation, which then reduces Hp
mRNA in HepG2 cell"*® and in patients present with venous
thrombosis.'*> Taking this step further, the BMPs signaling
interference capacity of heparins may be unrelated to antic-
oagulant activity, and with little or no anticoagulant activity.
Glycol-split variants of heparins (RO-68 and RO-82) have
both been shown to lack anti-thrombin binding while
remaining potent Hp inhibitors or full suppression of Hp
expression'*® useful for the treatment of disorders with Hp
Antibodies (anti-BMP6 antibodies), miRNA
(miR122), SMAD?7 as well as small molecules (dorsomor-
phin and LDN-1913189) also target BMP/SMAD signaling

or BMP co-receptor, HIV and leading to decrease Hp
38,70,120,121

€XCEeSS.

expression.

Conclusion

The alteration and aberrantly hyperactivated Hp/Fpn path-
ways of iron metabolism are a key hallmark for breast
cancer. The diversified contribution of the tumor micro-
environment, particularly plasticity of TAM and TAF on
the exuberant expression of Hp secondary to malignancy-
derived inflammatory cytokine (IL-6) suggests the funda-
mental role of iron in breast cancer malignancy and
therapeutic resistance. Taking this step further, TAM is
frequently polarized and hijacked towards the iron-donor
phenotype via expressing LCN2 as an alternative form of
Fpn. These are evidence of its contribution to the aggres-
sive subtypes of breast cancer and metastasis.
Furthermore, activated IL6/JAK-STAT3 and BMP-SMAD
pathways that target Hp gene transcription and possible
therapeutic targets for many human cancers, including
breast cancer. Thus, strategies targeting Hp/FPN, its
upstream signaling cascade, and iron chelation are the
promising choices for breast cancer therapy. Regardless
of the current knowledge on iron modulating signaling
pathways; meticulous understanding of the mechanism
epigenetic modification and the cross-talk between tumor
microenvironment and the cancer stem cell involved in
iron metabolic reprogramming in breast cancer develop-

ment needs further study.
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