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Not all aspects of the disruption of iron homeostasis in cancer have been fully elucidated. Iron accumulation in cancer cells is
frequent for many solid tumours, and this is often accompanied by the contemporary rise of two key iron regulators, HIF2α and
Hepcidin. This scenario is different from what happens under physiological conditions, where Hepcidin parallels systemic iron
concentrations while HIF2α levels are inversely associated to Hepcidin. The present review highlights the increasing body of
evidence for the pro-tumoral effect of HIF2α and Hepcidin, discusses the possible imbalance in HIF2α, Hepcidin and iron
homeostasis during cancer, and explores therapeutic options relying on these pathways as anticancer strategies.
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INTRODUCTION
In recent years, the relevant role of iron pathways in cancer
development and progression has been increasingly recognised
[1]. Data exist that demonstrate that iron is capable of enhancing
cancer cell proliferation and metastatisation and also, in specific
experimental models, of initiating cancer development [2]. In
clinical studies, increased circulating and tissue iron concentra-
tions have been associated to the inferior prognosis of cancer
patients [3].
Iron is a vital micronutrient with key roles in oxygen distribution

and enzymatic redox reactions occurring in many biological
processes. Under normal conditions, iron homeostasis is princi-
pally regulated by the action of liver Hepcidin and intestinal and
renal hypoxia-inducible factor-2-alpha (HIF2α) [4]. Systemic iron
levels parallel systemic Hepcidin levels as Hepcidin is the major
sensor of iron concentrations, while HIF2α is inversely associated
to iron concentrations.
With reduced iron availability, enhanced expression of HIF2α is

observed in the duodenum, where it increases intestinal
absorption of iron, and in the kidneys, where it stimulates
erythropoietin (EPO) synthesis, which ultimately induces erythro-
poiesis and inhibits liver Hepcidin [5]. Downregulation of
Hepcidin is essential to mobilise body iron storage into
circulation. In the case of iron abundance, inhibition of HIF2α
and upregulation of Hepcidin are both induced. This favours the
influx of iron into cells for storage or metabolic use since Hepcidin
inhibits the only known mammalian iron cellular exporter,
ferroportin (FPN) [6] (Fig. 1).

HIF2α and Hepcidin are also associated with cancer progression
independently of iron. They both cover a number of physiological
and pathological functions; nonetheless, iron homeostasis could
represent the common pathway linking the two mediators and
the disruption of the HIF2α/Hepcidin-mediated pro-tumoral effect
may represent a promising anticancer therapeutic strategy [7].
The present review has the aim of disentangling the tumour-

promoting effect of HIF2α and Hepcidin and the crosstalk
between the two mediators as a possible mechanism granting
growth advantage to cancer cells in both an iron-dependent and
iron-independent manner.

PHYSIOLOGY AND PERTURBATION OF IRON HOMEOSTASIS.
ROLE OF HIF2α AND HEPCIDIN
Iron is a vital micronutrient for human beings, and controlling
mechanisms have been evolutionary selected in order to
guarantee iron homeostasis, with HIF2α and Hepcidin being the
two mediators at the extremities of the ‘iron chain’.
HIF2α is a key protein of hypoxia-Inducible pathways activated

by the reduced oxygen supply in the tissue [8]. Upregulation of
two subunits, HIF-α (labile) and HIF-β (more stable), is induced by
hypoxia. Three alternative α-subunits exist (HIF1α, HIF2α, and
HIF3α) with distinct biological properties [9]. HIF2α and HIFβ
heterodimerize to form a direct transcription factor that regulates
over 1000 genes with the coordinated aim of adapting cells to
poor oxygen availability [10]. This consists of metabolic repro-
gramming, neoangiogenesis, cell plasticity and migration, all
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landmark features also of cancer [11]. HIF2α has long been known
as an important mediator in cancer development. It is synthesised
under the hypoxic condition that occurs during cancer and
orchestrates multiple processes such as neoangiogenesis,
epithelial-to-mesenchymal transition and metastatic spread. HIF2α
has also the function of enhancing intestinal iron absorption from
food. This is explained, from an evolutionary point of view, by the
need of iron to increase iron-haem and haemoglobin synthesis to
counteract hypoxia. Moreover, HIF2a is the key regulator of
erythropoietin (EPO) in the kidneys.
In conditions of hypoxia or hypoferremia, HIF2α increment is

generated in the duodenum and in the kidney via inhibition of its
degrading enzymes prolyl hydroxylases (PHs). PHs require both
iron and oxygen to catalyse HIF2α, and decreased intracellular iron
content or oxygen tension result in enzymatic inhibition and
stabilisation of HIF2α [12].
In the duodenum, HIF2α induces the expression of transporters

favouring the absorption of iron from food. In particular, HIF2α
stabilisation in enterocytes activates the translation of the gene of
an apical iron importer, the divalent metal transporter 1 (DMT1,
also known as SLC11A2). Once iron is introduced into the
enterocytes via DMT1, it is then effluxed into the circulation
through the exporter Ferroportin (FPN) expressed in the
basolateral membrane (Fig. 2) [13].
In the kidney, HIF2α directly induces the translation of the EPO

gene. EPO is a master signal for erythropoiesis expansion which is
strictly dependent on iron availability in the bone marrow. It is

produced by the interstitial fibroblasts of the medulla of the
kidneys (renal EPO-producing cells, REP cells) upon HIF2α
upregulation if functional hypoxia is sensed, such as in case of
acute blood loss, anaemia, low oxygen tension due to altitude,
pulmonary diseases or other conditions [14]. Erythropoietic stimuli
need to ultimately result in liver Hepcidin inhibition in order to
increase circulating iron availability. Nonetheless, EPO has been
found not to directly regulate liver Hepcidin [15]. EPO activates in
the erythroblasts of the bone marrow the synthesis of erythro-
ferrone (ERFE), a recently discovered intermediary hormone with
major inhibitory effect on liver Hepcidin [16].
Hepcidin is a liver-derived hormone with a fundamental role in

systemic iron concentrations and has lately been identified as
possible promoter of cancer growth. It mainly acts by inhibiting
the iron efflux from the intracellular compartment of iron-storing
cells to the plasma via the induction of internalisation and
degradation of Ferroportin (FPN), the only known transmembrane
iron exporter. FPN is expressed on cells committed to maintaining
iron storage in the body, such as hepatocytes and macrophages in
the spleen, or on the basolateral membrane of cells at the
interface of possible iron-replete external environment such as
enterocytes or cells of the distal renal tubules [17]. Iron
mobilisation induced by Hepcidin decrement is paramount for
haem and haemoglobin production.
Circulating iron participates with a feedback mechanism to

Hepcidin regulation. Hepcidin synthesis in the liver is regulated by
the bone morphogenetic protein (BMP) pathway, and specifically
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Fig. 1 Schematic representation of liver Hepcidin regulation. When transferrin saturation by circulating iron and/or high intracellular iron in
the liver occurs, BMP6 are secreted from liver sinusoidal endothelial cells. These proteins, by binding its receptors and co-receptors (i.e.,
Hemojuvelin and Neogenin) on hepatocytes' surface, promote SMAD complex activation. Once activated, SMAD complex translocates to the
nucleus for the synthesis of Hepcidin, encoded by the gene HAMP. HIF2α, synthesised under hypoxic conditions, is able to suppress Hepcidin
synthesis directly or by means of renal EPO and erythroid ERFE. Inflammation-derived IL-6 is able to trigger the BMP-SMAD pathway, further
increasing Hepcidin levels. Once released, Hepcidin inhibits iron export through ferroportin from macrophages, enterocytes and hepatocytes.
BMP bone morphogenetic protein, HAMP hepcidin antimicrobial peptide gene, hep Hepcidin, HJV hemojuvelin, N Neogenin, HIF2α hypoxia-
inducible factor-2-alpha, IL-6 interleukin-6, SMAD small mothers against decapentaplegic, CV cardiovascular, EPO erythropoietin, ERFE
erythroferrone, IL-6R IL-6 receptor, JAK Janus kinase, STAT signal transducer and activator of transcription.
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it is stimulated upon binding of iron-induced BMP2/6 proteins to
the BMP receptor expressed on the hepatocyte cell surface [18].
Activated BMP receptor cooperates with two transmembrane co-
receptors, Hemojuvelin (HJV) and Neogenin (N), to transmit
downstream signalling [19] (Fig. 1).
The so-formed BMP receptor complex leads to intracellular

Smad1/5/8 activation and ultimately to Hepcidin synthesis and
release from the liver [20]. ERFE has been found to sequester
extracellular BMP2/6 produced by sinusoidal endothelial cells thus
down-regulating Hepcidin expression [21].
Other two important signals may induce liver Hepcidin

production. Iron is carried in the bloodstream by protein
transferrin. In the case of circulating iron abundance, iron-
saturated transferrin binds to the transferrin receptor (TfR)
expressed on hepatocytes and the activated transferrin/TfR
complex interacts with the hemochromatosis protein (HFE) that
acquires the ability of enhancing the signalling of the BMP
complex, thus inducing Hepcidin production [22].
The other Hepcidin-stimulating signal is that driven by

inflammatory mediators. A number of substances associated to
conditions with enhanced systemic inflammation are able to
induce liver Hepcidin synthesis. LPS released during bacterial
infection [23], leptin produced in obese subjects [24] and acute-
phase proteins released in chronic illnesses such as cancer and
cardiovascular diseases [25] were all found to trigger liver
Hepcidin synthesis. The main mediator responsible for inflamma-
tory Hepcidin overproduction is IL-6, which is capable to directly
induce Hepcidin synthesis in the hepatocytes by binding relevant
receptor that converges to the JAK/STAT intracellular transduction
signal [26]. JAK/STAT is an activator of downstream Hepcidin gene
translation.
In Fig. 1 are summarised the main factors influencing the iron

homeostasis in human beings.
HIF2α and Hepcidin are both over-expressed in many cancer

types and both have been linked to cancer development and

progression. Iron is a potent activator of cell proliferation [27]. Iron
increase in cancer cells and the resulting proliferative stimulus
have been identified as key oncogenic mechanisms for HIF2α and
Hepcidin, however also iron-independent effects have been
documented. Role of HIF2α and Hepcidin in cancer pathogenesis
will be discussed in the following sections.

HIF2α IN CANCER
The HIF (hypoxia-inducible factor) is a heterodimer protein
constituted of a common stable beta subunit (HIFβ, usually
HIF1β also called ARNT) and three possible subtypes of
unstable alpha unit (HIF1α, HIF2α, HIF3α) [28]. It is a hallmark
of hypoxic state virtually in all tissues and is upregulated
following hypoxia-induced inhibition of its degrading enzymes,
prolyl hydroxylases (PHs). Under normal oxygen tension, PHs
hydroxylate one of two conserved prolyl residues of the HIFα.
Hydroxylated HIFα subunits become substrate of pVHL
(product of the Von Hippel–Lindau gene) which mediates their
proteosomal degradation [29]. HIFs are transcription factors
that orchestrate a number of processes to counteract hypoxic
stress by directly translating hundreds of target genes. These
processes include neoangiogenesis (in particular by activating
the VEGF and PDGF pathways) [30–32], inflammatory/immune
response [33, 34], metabolic reprogramming (such as induction
of the glucose or glutamine transporters and lipid accumula-
tion) [35–37], iron availability [38] and erythropoiesis (by
directly regulating the translation of the erythropoietin gene
EPO in the kidneys) [39]. Furthermore, upregulation of growth
factors and cell-cycle genes, such as cyclin D1, EGFR, TGFα, has
been observed [40]. Hypoxia is a key feature of solid
malignancies as the cancer grows and the centre of the
tumour invariably suffers of reduced oxygen tension [41]. HIFs
upregulation is frequently observed in many cancer types and
activation of hypoxia-inducible genes is exploited by the
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tumour to mediate neoangiogenesis, cell infiltration and
metastatic spread [42].
A description of cancer types that are more frequently linked to

HIF2α dysregulation follows.

HIF2α in renal cell carcinoma
The role of HIF2α in renal cell carcinoma has been extensively
investigated. In clear cell renal cell carcinoma (ccRCC), HIF2α
increases because of the genetic alteration of the physiological
HIF2α degrading machinery that is led by the von Hippel–Lindau
(VHL) protein (pVHL). This may occur in normoxic conditions
(sometimes called ‘pseudohypoxic state’). In particular, pVHL
deficiency has been observed in up to 90% of renal cell carcinoma
[43]. It is mostly due to inactivating gene mutations but also
hypermethylation or post-transcriptional deregulation have been
documented. The inheritance of inactivating mutation of VHL
gives rise to the von Hippel–Lindau syndrome (VHL disease) which
is characterised by the development of multiple paragangliomas,
ccRCCs, hemangioblastomas and paraneoplastic erythrocytosis
[44]. In VHL disease, an acquired alteration also of the normal VHL
allele is required for kidney cancer development to take place.
When this happens a parallel rise in HIF2α is observed that is a
clear risk factor for preneoplastic lesions to transform to overt
cancer [45]. A number of lines of evidence have confirmed the
importance of HIF2α in renal cancer progression. Renal cancer
cells with VHL−/− status hyperexpress HIF2α and this seems to be
both necessary and sufficient to maintain the malignant
phenotype [46]. Suppression of HIF2α in VHL−/− cells inhibits
their ability to form tumours when implanted in nude mice
[47, 48]. Moreover, experimental induction of HIF2α overexpres-
sion may fully mimic cancer models of VHL deletion [49].
HIF2α acts as a transcription factor by binding the beta subunit

hypoxia-inducible factor-1β (also known as aryl hydrocarbon
receptor nuclear translocator, ARNT) and activating a number of
target genes harbouring ‘hypoxia response elements’ (HRE),
collectively called hypoxia response genes that orchestrate
tumour progression. In renal cancer, four HRE-carrying genes
seem to be crucial for progression: VEGFα, PDGFβ, TGFα and
Cyclin D1.
Renal cancer is probably the most VEGFα overexpressing

cancer, while other solid tumours may activate pathways
alternative to VEGFα [50]. Indeed, this relative VEGFα dependency
seems to rely on the privileged transcriptional activation by HIF2α.
VEGFα therapeutic inhibition has proven consistently effective in
renal cancer treatment [51]. Many anti-VEGFα agents have
received regulatory approval and represent standard options in
the therapeutic algorithm [52].
PDGFβ supports renal cancer neoangiogensis, since it guaran-

tees the proliferation and differentiation of pericytes that ensure
proper functionality of neo-vessels [53].
TGFα has been found to contribute as a direct cancer growth

factor in renal cancer, since it binds and activates the growth
factor receptor EGFR [54]. However, selective inhibition of EGFR
has failed to demonstrate meaningful clinical benefit [55],
conceivably because downstream signals, such as c-MET, are also
independently enhanced [56].
Cyclin D1 is an important positive regulator of the cell cycle. In

renal cancer it is upregulated by HIF2α and this is also
accompanied by the downregulation of a natural Cyclin D1
inhibitor, the Dachshund (DACH1) product [57].
Targeted inhibitors have been developed that bind to the

HIF1β/HIF2α dimerisation pocket and induce conformational
changes. Initial HIF2α inhibitors were proven effective in suppres-
sing hypoxia-inducible genes in ccRCC cultures and mouse
xenografts with resulting reduced cancer growth [58]. More
recently, inhibitors with superior potency and selectivity have
been developed [59]. In a Phase 1 trial, treatment with the new-
generation HIF2α inhibitor belzutifan (MK-6482/PT2977) achieved

25% of confirmed objective response rate in patients with ccRCC
[60]. Encouraging results have also been obtained with the use of
belzutifan in ccRCC patients with inherited VHL disease [61].
Dysregulation of HIF2α and iron is present in ccRCC, with the

coexistence of HIF2α overexpression and intracellular iron
sequestration. It has been demonstrated that activation of HIF
pathways in renal cancer cells results in the expression of iron
importers, and this might be coupled with inhibition of iron
efflux [62].
The involvement of iron and iron-induced reactive oxygen

species in ccRCC tumorigenesis has been documented in previous
studies [63]. Higher lifelong exposure to iron such as in cases of
occupational pollution, or chronic iron overload observed in cases
of thalassaemia, have been associated to ccRCC risk [64, 65].
Moreover, risk factors highly associated to ccRCC, such as tobacco
use, have also been found to predispose to iron overload [66].
Last, several groups have demonstrated that administration of
ferric compounds in rat models are able to produce subacute
renal tubular toxicity and induce renal carcinoma [67, 68]. Greene
et al. have investigated differences in iron content and iron-
related pathways between renal cancer and normal kidney cell
lines [69]. Baseline free iron levels were significantly higher in 4
different ccRCC lines than in normal renal proximal tubule
epithelial cells and renal cortical epithelial cells. Moreover, iron
depletion using iron chelators (deferasirox and deferoxamine)
induced a growth suppression in >90% of cancer cell lines, while
growth arrest was modest for normal cell lines, implicating an
iron-dependency for cancer cell survival. Intriguingly, it was
observed that the anticancer effect of iron chelation was due to
HIF2α suppression and induction of apoptosis, thus suggesting
also a possible feedback by which iron further sustains HIF2α
expression in ccRCC with chelation of iron being able to reduce
HIF2α levels [69]. VHL restoration in these cells prevented the
anticancer activity of iron chelators. It has also been documented
that the therapeutic effect of HIF2α inhibition partly depends on
intracellular iron availability since compounds that deplete HIF2α
in ccRCC eventually induce apoptosis by means of iron-dependent
phospholipid peroxidation, a programmed cell death called
‘ferroptosis' [70].

HIF2α in colorectal cancer
HIF2α fuels colorectal cancer growth in many ways [71]. HIF2α
generated under hypoxia favours cancer cell survival and
metastatic seeding. It is also implicated in the first steps of
colorectal carcinogenesis, and mediates iron influx via the HIF2α-
induced iron transporter Divalent Metal Transporter 1 (DMT1), that
is vital for cancer cell energetic [72]. HIF2α is more often expressed
in KRAS-mutated colon cancer where it regulates cardiolipin-
based mitochondrial metabolism, maximises ATP production and
minimises reactive oxygen species generation, thus favouring
cancer cell survival and replication [73].
In a cohort of 87 curatively resected colorectal cancer

patients, histological expression of HIF2α was observed in 30%
of cases and was associated with adverse features, such as
increased microvessel density, neoangiogenesis and short
survival [74]. HIF2α has also been associated to resistance to
standard chemotherapy, radiotherapy or other forms of local
treatment [75]. For decades fluorouracil has been the mainstay
in the chemotherapy armamentarium against colorectal cancer.
The drug is catabolized by the enzyme dihydropyrimidine
dehydrogenase (DPD). It has recently been found that cancer
hypoxia induces the expression of DPD in tumour-associated
macrophages (TAMs) via HIF2α, with consequent acquisition of
chemoresistance to standard dose fluorouracil [76]. It has been
suggested that metronomic (i.e., low dose) chemotherapy,
rather than standard-dose chemotherapy, would reduce synth-
esis of HIF2α and thus be preferable in tumours with HIF2α
upregulation [77].
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HIF2α-overexpressing colorectal cancer presents molecular
vulnerabilities that can be pharmacologically exploited to induce
synthetic lethality. In particular, HIF2α seems to sensitise cells to
apoptosis using iron to generate toxic lipid peroxides (ferroptosis).
In particular, HIF2α-positive CRC cells are highly sensitive to the
known ferroptosis inducers Erastin and RSL3 [78, 79].

HIF2α in breast cancer
In breast cancer, HIF2α generated in hypoxic microenvironment
has been associated to reprogramming towards a cancer stem
cell-like phenotype. Breast cancer stemness is characterised by
more aggressive behaviour and chemoresistance. Research by Yan
et al. has demonstrated that HIF2α, but not HIF1α, activates an
endoplasmic reticulum response that eventually converts chemo-
sensitive breast cancer cells to chemoresistant cells with stem cell-
like phenotype [80]. This conversion is abrogated by HIF2α
inhibitors. In another experiment by Fu et al., HIF2α was found to
mediate also the development of resistance to endocrine therapy
in oestrogen receptor-positive breast cancer cells. It has recently
been demonstrated that amplification or other forms of over-
expression of the transcription regulator Forkhead box A1 (FOXA1)
is associated to poor outcome and resistance to hormone therapy
in oestrogen receptor-positive breast cancer [81]. Fu et al. have
demonstrated that the top target of the FOXA1-mediated
transcriptional reprogramming leading to endocrine therapy
resistance and aggressive behaviour is HIF2α. FOXA1-induced
HIF2α upregulation was associated to the activation of multiple
oncogenic pathways including those associated with extracellular
matrix remodelling (TNC, SERPINE1, FN1), reduced focal adhesion
(CD44, ANXA1, PLAUR) and induced angiogenesis (VEGFA, EPAS1,
KLF5) [82]. Inhibition of HIF2α determined a reduction in
clonogenicity, migration, and invasion of FOXA1-positive breast
cancer cells.
Intracellular iron availability seems to support HIF2α activity in

breast cancer cells, since agents known to be iron chelators, such
as curcumin, induce a lowering in HIF2α concentration with
impaired cell survival [83].

HIF2α in pancreatic cancer
Pancreatic cancer is featured by excessive desmoplastic tissue
deposition and consequent low oxygen tension in the interstitium
[84]. This pathologic hypoxic milieu is thought to be responsible
for many unfavourable peculiarities that are observed in
pancreatic cancer, such as reduced drug delivery, treatment
resistance, immune escape and infiltrative growth [85, 86].
In particular, HIF2α has been found to mediate the immuno-

suppressive properties of pancreatic cancer-associated stromal
tissue which is mainly produced by cancer-associated fibroblasts
(CAFs). In a study by Garcia Garcia et al., selective deletion of HIF2α
in CAFs of a mouse model of spontaneous pancreatic cancer was
associated with slower cancer growth and improved survival.
Interestingly, CAF HIF2α deletion determined only a minor
reduction in fibrosis, while it induced a marked reduction in
intratumoural M2 macrophages and regulatory T cells which are
recognised to have remarkable immunosuppressive functions.
Treatment with immunotherapeutic agents targeting PD-1 and
CTLA4 in combination with the HIF2α inhibitor PT2399 was
associated with enhanced tumour shrinkage [87].
Gemcitabine is a mainstay drug in the cure of pancreatic

cancer, however resistance inevitably develops after a few
months. It has been shown that HIF2α contributes to ATP and
glutathione synthesis in pancreatic cancer cells and this results in
tumour-favourable energetic reprogramming and gemcitabine
resistance. HIF2α determines overexpression of the SLC1A5
variant, a protein that localises to mitochondria where it functions
as glutamine transporter. Enhanced glutamine use in pancreatic
cancer cells provides metabolic advantage since it guarantees
adequate ATP production. Moreover glutamine is crucial for

glutathione synthesis which is a known antidote against
gemcitabine [88, 89].
Finally, HIF2α in pancreatic cancer has been found to activate

Wnt/β-catenin and E-cadherin signalling which induces epithelial-
mesenchymal transition, stroma deposition, neoangiogenesis and
a stem cell-like phenotype, all features associated to poor
prognosis [90, 91].

HIF2α in hepatocellular carcinoma
HIFs have been strongly associated to HCC development and
prognosis. In a recent meta-analysis by Méndez-Blanco et al.,
immunohistochemistry (IHC) expression of HIF1α and HIF2α in the
surgical specimens of radically resected HCC patients was
analysed for the association with recurrence and survival out-
comes [92]. After selecting 32 publications including nearly 4000
HCC patients, high IHC expression of both HIF1α and HIF2α was
found to be associated with shorter overall and disease-free
survival. Moreover, it was associated to clinicopathological
features of aggressiveness, such as Barcelona Clinic Liver Cancer
(BCLC) advanced stage, capsule infiltration and vascular invasion.
Chronic liver diseases characterised by enhanced inflammatory

response (e.g., viral hepatitis, non-alcoholic fatty liver disease
(NAFLD) and hereditary hemochromatosis) are all invariably
associated to increased risk of developing HCC [93, 94]. NAFLD
has been associated to HCC both following and independently of
cirrhosis [95]. Recently, Foglia et al., by using conditional deletion
of hepatocyte genes in mouse models, have unequivocally
demonstrated that HIF2α has a crucial role in NAFLD-associated
carcinogenesis. Hepatocyte HIF2α−/− mice developed less and
smaller HCC lesions in experiments of NAFLD carcinogenesis as
compared to HIF2α competent littermates. HIF2α deletion was
associated to lower Ki67 proliferation index and downregulation
of the Hippo/Yes-associated protein (YAP)/c-Myc oncogenic path-
way [96].
YTH domain family 2A (YTHDF2) is a key regulator of

transcription in hepatocytes. It is an important player in cell
epigenetic adaptation, since it works as a reader of N6-
methyladenosine (m6A) sites in mRNAs and distributes m6A-
containing mRNAs to degrading machineries. HIF2α has been
found to strongly downregulate YTHDF2 in HCC thus increasing at
the post-transcriptional level the stabilisation of a number of
tumour-promoting mRNAs. In particular mRNAs with potent
effects on inflammation, cancer cell survival and vascular
formation, such as IL-11 and Serpin E2 mRNAs, are over-
stabilised [97]. Inhibitors of HIF2α restored YTHDF2 activity,
repressed IL-11 and Serpin E2 and eventually lead to liver cancer
inhibition. HIF2α was also found to favour resistance to commonly
used anticancer agents in HCC [98].

HEPCIDIN IN CANCER
Hepcidin, encoded by the Hepcidin antimicrobial peptide (HAMP)
gene located on chromosome 13, is a 25-amino acid protein
initially identified as antimicrobial peptide [99]. It was soon found
crucial for iron homeostasis and is now considered the master iron
regulator [100]. Hepcidin binds to the only known iron exporter,
ferroportin, and induces its degradation in the cytoplasmic side of
iron-storing cells thus preventing iron mobilisation into the
circulation.
Hepcidin was initially thought to be produced only in the liver,

but subsequent studies have shown that it is also synthesised in a
number of extra-hepatic tissues, such as the kidney, heart and
adipose tissue [101].
Iron and iron-regulating proteins have recently been recognised

as crucial tumour promoters [102]. Tumour cells can themselves
synthesise hepcidin, and this is associated with increased
intracellular iron trapping and activation of iron-based energetic
and metabolic pathways that favour a malignant phenotype and
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cell proliferation [103]. It is possible that specific subtypes of
cancer are particular dependent on iron-based axes for their
survival. Some tumours seem to use the degradation of the iron-
storing protein ferritin (ferritinophagy) to mobilise iron for cellular
functions and induce synthesis of iron–sulphur cluster proteins
that are needed for mitochondrial activities [104]. Disrupting the
cancer iron biology might represent a potential therapeutic
approach.
In the following section, we will be discussing the evidence on

the possible role of Hepcidin across different tumour types [105].

Hepcidin in colorectal cancer
It has long been known that colorectal cancer consistently
sequesters massive iron quantity. Conditions characterised by
systemic iron overloads such as hemochromatosis and excessive
dietary intake of red meat are associated with high risk of
developing colorectal cancer [106]. Conversely, experimental
models where iron uptake into colonic cells is inhibited are
resistant to tumorigenesis [107].
Brookes et al. have demonstrated that the iron exporter

ferroportin can be over-expressed in colon cancer cell lines
[108]. Its localisation in cancer cells, though, is chiefly in the
cytoplasm where it is not operational and thus not determining
the intracellular iron-lowering effect that is obtained when
ferroportin is expressed on cell surface.
Schwartz et al. have recently demonstrated that the main

mechanism by which ferroportin is internalised in colorectal
cancer is the intestinal ectopic production of hepcidin [109]. In
patient-derived three-dimensional colorectal enteroid models, it
was demonstrated that colorectal cancer cells produced hepcidin
that, in turn, determined an increase in inner iron storage by
localising ferroportin in the intracellular compartment. In a mouse
model of colorectal cancer, iron was fundamental for cell
energetic homeostasis at the mitochondrial level, nucleotide
synthesis and DNA replication. Genetic deletion of hepcidin
reduced the iron content with consequent reduced cell prolifera-
tion and tumour growth. The antitumor effect of iron depletion
was rescued by exogenous nucleoside implementation, thus
demonstrating that the main metabolic role of iron in these cells is
to contribute to nucleotide synthesis.

Hepcidin in breast cancer
Pinnix et al. have demonstrated that ferroportin downregulation is
a peculiar feature of malignant cells as compared to the normal
counterpart in breast tissue [110]. This seems to be modulated by
an increase in Hepcidin mRNA expression in breast cancer cells
[111].
Systemic dysregulation of Hepcidin and ferritin has been

suggested as a hallmark of breast cancer development, and the
plasmatic increase of the two proteins has been proposed as a
non-invasive tool for the early diagnosis of breast cancer [112].
Studies with experimental breast cancer spheroids demon-

strated that overproduction of tumour-derived Hepcidin directly
correlated with higher tumour stage. In later stages, synthesis of
tumour Hepcidin seems to be sustained by fibroblast-derived
Interleukin-6 (IL-6) produced in the microenvironment [113]. IL-6
and other key systemic inflammatory mediators are known to
stimulate Hepcidin even under normal or low iron conditions. This
constitutes one of the mechanisms responsible of the anaemia of
inflammation frequently observed in metastatic breast cancer
patients [114].

Hepcidin in prostate cancer
Also in prostate cancer an autocrine loop of Hepcidin/Ferroportin
has been demonstrated, with increased intracellular iron retention
being essential for cancer survival.
In in vitro studies, prostate cancer-derived Hepcidin was able to

increase intracellular iron concentrations in three different

prostate cancer cell lines (LNCap, PC3 and DU145) and this was
associated to enhanced cell proliferation, migratory capacities and
anti-apoptotic properties [115].
In prostate cancer a peculiar mechanism of Hepcidin upregula-

tion has been found that implicates the hypermethylation and
silencing of the gene encoding for a natural BMP antagonist, the
sclerostin domain containing 1 protein (SOSTDC1) [116].
SOSTDC1 silencing was associated to rapid progression in patients
with prostate cancer.
Patients with bone metastasis from prostate cancer have

particularly increased circulating levels of Hepcidin as compared
to non-metastatic patients. This increase seems to be related to a
switch in cytokine synthesis towards IL-6 production [117].

Hepcidin in kidney cancer
Given the importance of intracellular iron sequestration for cancer
cell proliferation and metastatic spread and that cancer cell-
derived Hepcidin might work as autocrine loop to guarantee high
iron content also in the kidney and the genitourinary tract [103],
Wang et al. have interrogated The Cancer Genome Atlas (TCGA)
and Clinical Proteomic Tumour Analysis Consortium (CPTAC)
databases for the expression and correlative analyses of Hepcidin
in clear cell renal cell carcinoma (ccRCC) [118]. Hepcidin mRNA
was significantly higher in ccRCC tissue than in the normal tissue
counterpart and there was also a direct correlation with increasing
tumour stage (higher Hepcidin mRNA in Stage IV vs Stage I
tumours). Moreover, high Hepcidin was associated with worse
survival outcomes (hazard ratio 1.52 and 1.44, for overall and
progression-free survival, respectively, both P < 0.001), and with
increased expression of immune-checkpoint markers such as PD-
L1 and CTLA4, which suggests a possible contribution of Hepcidin
to immune escape mechanisms.

Hepcidin in lung cancer
Hepcidin expression is significantly higher in lung cancer tissue as
compared to the normal counterpart. Moreover, it is associated
with the presence of metastasis and shorter survival in lung cancer
patients [119]. Hepcidin upregulation in lung cancer seems to be
associated with enhanced immune infiltrates in the tumour
microenvironment, indicating a possible mechanism of immune
escape, which is being evaluated as predictive factor of response
in clinical trials of immunotherapeutic agents.
Dysfunctional immune response has been observed in lungs

with excessive iron retention. It has been demonstrated that high
Hepcidin and IL-6 levels are present in lung tissue of chronic
obstructive pulmonary disease (COPD) patients and this deter-
mines the accumulation of iron-rich macrophages. Iron-loaded
macrophages are less capable of clearing lung infections and
other pathogens with a resulting immune response dysfunction
[120]. Subjects with increased Hepcidin blood concentrations are
less responsive to vaccination against lung pathogens [121].
Dysregulation of Hepcidin and iron metabolism has been put
forward to explain the development of cancer in COPD patients in
an observational study including more than 100 subjects [122].

Hepcidin in HCC
Iron metabolism strongly influences most liver diseases, including
hepatocellular carcinoma (HCC). Liver is the major source of
hepcidin and it has been demonstrated that HCC is typically
featured by dysregulated iron sensing mechanisms [123].
Hepatocellular carcinoma appears distinct from other malig-

nancies in that low levels of serum Hepcidin have been observed
in HCC patients. In humans, reduced hepcidin has also been found
in HCC tissues as compared to adjacent non-cancerous liver
tissues. Moreover, animal models of HCC and HCC cell lines are
characterised by low hepcidin [124]. Kijima et al., by analysing
multiple HCC tumours, reported that Hepcidin expression was low
independently of the grade of histological differentiation, number
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of cancer foci or vessel invasion [125]. Low Hepcidin concentra-
tions can be also found in many hepatic diseases, including HCV-
and HBV-related hepatitis, hereditary hemochromatosis, and non-
alcoholic steatohepatitis/fatty liver disease (NASH/NAFLD), that are
all potential precursors of HCC [126].
Several mechanisms seem to underlie the peculiarity of low

Hepcidin expression observed in HCC. When plasma iron
concentration is high, iron binds to the iron transporter transferrin
(TF) that then binds to its receptor TFR2 on the hepatocyte
surface, thus triggering the liver synthesis and release of Hepcidin
[127]. Liver-derived Hepcidin downregulates ferroportin protein
expression on enterocyte and macrophage surfaces, stopping the
iron efflux from cells into plasma. A lower expression of TFR2 has
been observed in HCC as compared to normal tissue [128],
resulting in ‘transferrin-resistance’ and persistently low levels of
Hepcidin despite iron overload [129]. Another mechanism of high
iron and low Hepcidin observed in HCC involves the bone
morphogenetic protein 6—small mother against decapentaplegic
(BMP6-SMAD) pathway, that is the signal physiologically respon-
sible for hepatic Hepcidin synthesis in response to iron excess
[130]. As part of this pathway, BMP6 ligand, whose activity is
mediated by the transcription factor RUNX3, is the major
contributor of Hepcidin release by binding its receptors and co-
receptors (i.e., Hemojuvelin) on hepatocytes surface [131]. In HCC,
it has been demonstrated that the BMP-SMAD pathway could be
suppressed because of gene hypermethylation of BMP6 and/or
RUNX3 as well as because of reduced expression on hepatocyte
surface of Hemojuvelin, thus determining unresponsiveness to
iron excess [132, 133].
The HAMP gene, encoding hepcidin, can itself be silenced by

the methylation of its promoter in some HCC models. Moreover,
HAMP transcription can be induced by p53. Inactivating TP53
mutations, frequently found in HCC, could be responsible of
Hepcidin decrease in some HCCs [134].
Abnormal low Hepcidin levels and resulting high circulating

iron concentrations cause hepatocellular oxidative stress and
increase in the profibrogenic transforming growth factor β1
(TGFβ1) from hepatic stellate cells [135]. Hepatic stellate cell-
driven fibrogenesis seems to be a key step in HCC carcinogenesis
[136].
Hepcidin downregulation in HCC is associated with increased

cancer proliferation and a more aggressive cancer behaviour, and
this renders Hepcidin downregulation a predictor of poor
prognosis. Shen et al., by revising more than 350 liver tumour
tissue samples, confirmed that HAMP expression is significantly
suppressed in HCC as compared to normal tissue and that
Hepcidin reduction paralleled the extent of metastasis. Moreover,
low HAMP expression was demonstrated to affect both in vivo and
in vitro cell-cycle checkpoints by increasing the proportion of cells
in the S phase of the cell cycle, via activation of the cyclin-
dependent kinases 1/signal transducer and activator of transcrip-
tion 3 (CDK1/STAT3) pathway, thus enhancing HCC proliferation
and aggressiveness [137]. In another study by Abd Elmonem et al.
liver biopsies were obtained from 36 HCC patients, 30 patients
with chronic hepatitis C and 20 healthy donors. Hepcidin mRNA
expression was the lowest in HCC, intermediate in chronic
hepatitis C and the highest in healthy liver [138]. Moreover,
Hepcidin levels were significantly lower in patients with many
tumour lesions than in patients with few lesions. Hepcidin mRNA
content was also inversely correlated with serum ferritin
concentrations and grade of liver fibrosis.

Hepcidin in brain tumours
Blood–brain barrier constitutes a filter for excessive iron entry in
the central nervous system (CNS) [139]. Due to its protected
anatomical condition, brain regulates all the genes involved in
iron metabolism, including the Hepcidin gene, at a local level, and
this has been proven in murine models [140] as well as in human

specimens with the cortex and the thalamus being the main sites
of regulation of iron pathway-related genes [141].
Recently, Dong et al. have explored the role of Hepcidin in

primary brain tumours, specifically in glioblastoma mutitiforme, by
using the CGGA, TCGA, Rembrandt and Gravendeel glioma
databases [142]. Hepcidin was demonstrated to be over-
expressed in glioma cells as compared to normal brain tissue.
Moreover, tumour Hepcidin levels were independently associated
to shorter overall survival. Furthermore, Hepcidin was found to
influence tumour immune microenvironment, with increased
tumour infiltration of B cells, CD4+ T cells, macrophages,
neutrophils, and dendritic cells. A positive relationship was also
demonstrated between Hepcidin and mutational tumour burden
and expression of immune-checkpoint markers such as PD-1, PD-
L1 and CTLA4. This was associated to reduced sensitivity to
anticancer drugs such as temozolomide, nevertheless, it could
represent a potential target for immunotherapeutic agents.

Hepcidin in haematologic cancers
In haematologic cancers, Hepcidin was found to play a major role
in the pathogenesis of anaemia typically observed in leukaemias,
lymphomas and myelomas. In particular in Hodgkin’s lymphoma
(HL) patients, significantly higher plasma Hepcidin concentrations,
lower levels of iron and lower total iron-binding capacity were
found in anaemic patients as compared to non-anaemic patients
[143].
In Hodgkin’s lymphoma, diffuse large B-cell non-Hodgkin

lymphoma and multiple myeloma (MM) patients, high Hepcidin
levels have been correlated to upregulation of IL-6 and BMP2,
both representative of background inflammation and acute-phase
reaction [143–145]. In preclinical models, targeted inhibition of
BMP2 demonstrated potential efficacy against Hepcidin-driven
anaemia [146].
On the other hand, in adults and children with myeloid

leukaemia, high Hepcidin levels induced by repeated blood
transfusions, given as part of the therapeutic management, were
found to be protective against iron overload during allogenic
transplant [147]. Accordingly, in the post-transplant phase, a
reduction in Hepcidin was observed thus restoring efficient
erythropoiesis [148].
Hepcidin was found to correlate with more aggressive disease

in Hodginkin’s lymphoma. Plasma Hepcidin concentrations were
higher in stage IV disease, in lymphomas with B symptoms and
lymphomas with poor prognostic scores [143]. In MM patients,
Hepcidin was inversely correlated with treatment response rate
and duration of response [149].

Hepcidin in other cancers
Evidence exists indicating that Hepcidin might play a role also in
pancreatic, gastric and thyroid cancer. SNPs of genes involved in
HAMP regulation (such as BMP2, BMP6, Hemojuvelin and
transferrin receptor genes) have been correlated to pancreatic
cancer risk [150], and tumour expression of Hepcidin was
associated with shorter overall survival in pancreatic cancer
patients [151]. In a study by Zuo et al., Hepcidin was over-
expressed in gastric cancer tissue as compared to the adjacent
normal tissue, and this correlated with enhancement in JAK/
STAT3 signalling and STAT3 affinity to the promoter of Hepcidin
gene. In thyroid cancer, Hepcidin upregulation was found to be
essential for cell proliferation and regulated by the protein E4BP4
[152].

Local tumour synthesis vs systemic increase of hepcidin in
cancer patients
Initial investigations on Hepcidin in cancer were focused on the
circulating increment of the liver-derived hormone associated
with enhanced systemic inflammation and iron-restricted anaemia
usually accompanying tumour progression.
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More recently, Hepcidin synthesis has been documented in
cancer cells of different origin and a number of local modulating
effects have been suggested.
An increase in serum Hepcidin levels has been consistently

detected across different tumour types. The increase seems to be
chiefly correlated with the enhanced tumour production of the
inflammatory cytokine IL-6, which is a recognised activator of
Hepcidin synthesis in the liver [153, 154]. The clinical effect is the
so-called anaemia of inflammation with hypoferremia, restricted
iron availability in the active erythropoietic tissue and iron
sequestration in the reticuloendothelial system of liver and spleen.
High serum Hepcidin and cancer-related anaemia are poor
prognostic factors but are more felt as indicator of higher tumour
burden than bioactive inducers of cancer progression. In many
studies no clear correlation was found between circulating
Hepcidin and Hepcidin expression in cancer tissue, thus reinfor-
cing that the main source of circulating Hepcidin in cancer
patients is not the tumour itself [155]. In solid cancers where
obesity may play a mechanistic role in disease development and
progression, adipose tissue was found to be another potential
source of circulating Hepcidin [156, 157].
On the other hand, a clear implication in cancerogenesis and

acquisition of malignant phenotype was demonstrated for local
iron dysregulation and local synthesis of Hepcidin in cancer cells.
HAMP, the gene encoding for Hepcidin, has been found over-
expressed in many cancer cell lines, including renal cell carcinoma,
breast cancer, prostate cancer and colorectal cancer
[109, 116, 158, 159]. In studies of human tumour biopsies its
overexpression correlates with increasing tumour stage, poor
histological features and lymph node metastasis, with little or no
expression in the normal cell counterpart [115, 159–163].The
increased gene translation seems to be related to the hypomethi-
lation of its promoter [164] and it is further enhanced upon local
signalling of IL-6 released by fibroblasts of the tumour micro-
environment [113]. From a mechanistic point of view, local
Hepcidin upregulation guarantees abundance of intracellular iron
in cancer cells which is paramount for cell proliferation [165].
Moreover, it was found that paracrine Hepcidin modulates the
expression of many immunosuppressive markers in tumour
infiltrating lymphocytes (TILs) thus favouring immune escape
[118, 119, 166].

Clinical studies of serum hepcidin levels in cancer patients
Harmonised tests for the measurement of plasma Hepcidin
concentration have lately been developed and a number of
clinical studies on the diagnostic and prognostic value of
circulating Hepcidin levels have been conducted [167]. In general,
high Hepcidin levels indicate enhanced cancer-induced systemic
inflammation which is associated with poor prognosis especially
when other risk factors are present. In a study by Jerkaz et al.,
plasma Hepcidin was measured with a validated ELISA test in 518
women with early breast cancer enrolled in a prospective trial
investigating diet and lifestyle factors after surgery of the primary
tumour [168]. Blood samples were drawn 4 to 12 weeks after
primary removal and before any adjuvant treatment start. Patients’
characteristics were in line with the expected features of radically
resected breast cancer population: half of the patients in pre-
menopause, about 70% of patients with hormone-positive breast
cancer and about 30% node-positive [156].
Hepcidin levels ranged from 5 to 191 ng/mL, with the median

being 16 ng/mL, and the 75th percentile being 28 ng/mL (non-
normal distribution). Association of Hepcidin with reduced
relapse-free or overall survival was observed in the primary
analysis, but this was not statistically significant. However, when
the analysis was conducted in obese patients (BMI > 30), the
association became more remarkable and statistically significant
(Hazard Ratio of about 1.8–1.9 for the highest vs lowest quartile of
Hepcidin), and it was maintained in a multivariable model, thus

indicating the particularly adverse effect for the concomitant
exposure to high systemic Hepcidin levels and high BMI.
Also in another study by Traeger et al., an association between

circulating levels of Hepcidin and cancer relapse and metastasis
was demonstrated for 38 patients with upper urinary tract
urothelial carcinoma and 94 patients with renal cell carcinoma
[169].
Another field of research is the diagnostic role of plasma

Hepcidin in distinguishing between benign and malignant lesions.
Orlandi et al. utilised comprehensive plasma proteomic profiling
by means of mass spectrometry to identify proteomic peaks
differentially displayed between breast cancer patients, patients
with benign breast lesions and healthy volunteers. The peak
corresponding to Hepcidin was found to be the one more
differentially expressed, together with Ferritin light chain, in 65
breast cancer patients as compared to 88 individuals with benign
lesions and 121 healthy controls [112]. The diagnostic power was
estimated to be >80% as measured by the Area Under the Curve
(AUC). Among breast cancer patients, Hepcidin was particularly
high in patients having HER2-positive tumour.
Similar results were found in another series by El-Mahdy et al.

including 57 patients with early-stage breast cancer, 16 individuals
with benign disease and 30 healthy controls [170].
Circulating Hepcidin levels can be also of potential utility in

predicting the risk of developing anaemia with standard
oncological treatments, such as chemotherapy or surgery
[155, 171, 172].

HIF2α AND HEPCIDIN CROSSTALK
HIF2α and Hepcidin crosstalk is well-known in physiological
processes aiming at maintaining iron homeostasis, however, they
also cooperate in a number of pathological conditions, including
cancer. There are four important processes where the link
between HIF2α and Hepcidin has been documented:

1. Hepatic Hepcidin has an inhibitory effect on intestinal HIF2α
via a so-called ‘hetero-tissue’ crosstalk.

2. Renal HIF2α increases during hypoxia and anaemia and
stimulates renal EPO that ultimately inhibits liver Hepcidin.
Another stimulus that increases renal HIF2α to eventually
mobilise iron is the thermogenesis that takes place in the
adipose tissue. Experimental models characterised by
accumulation of renal HIF2alpha, such as IRP1 knockout
mice, display pathologically high EPO levels and low
Hepcidin levels.

3. Also the liver can generate HIF2α. Liver HIF2α may directly
suppress liver Hepcidin in an autocrine loop. Selective
deletion in the liver of the VHL gene, the protein that drives
the degradation of HIF2α, induces HAMP promoter suppres-
sion in hepatocytes. HCV-infected hepatocytes are char-
acterised by increase of intracellular HIF2α due to HCV-
induced ROS (reactive oxygen species, known HIF2α
stabilisers). High liver HIF2α during HCV infection causes
Hepcidin suppression and the iron overload observed in this
disease.

4. In cancer, the contemporary increase of Hepcidin and HIF2α
is often observed. It is possible that a shift from a negative
to a positive control of HIF2α on Hepcidin expression comes
along with malignant transformation.

Schwartz et al. have demonstrated that hepatic Hepcidin
inhibits intestinal HIF2α [173]. The direct control of hepatic
Hepcidin on intestinal HIF2α was unknown in the past, since it was
thought that intestinal HIF2α only responded to systemic iron
levels and hypoxia [174]. Physiologically, liver responds to iron
overload by synthesising hepcidin, which is required to degrade
the iron exporter ferroportin in iron-storing cells, thus limiting iron
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mobilisation into the circulation [175]. Liver Hepcidin acts as an
inhibitory regulator also of intestinal HIF2α. It has been demon-
strated that Hepcidin-induced ferroportin internalisation in
intestinal cells is a regulatory mechanism that enhances HIF2α
catabolism thus leading to HIF2α decrement [173]. The suppres-
sion of ferroportin in intestinal cells causes intracellular iron
accumulation which activates the iron-sensitive prolyl hydroxylase
domain of the PH enzymes. The enzymes are responsible of HIF2α
degradation. This mechanism prevents further intestinal absorp-
tion of iron. Conversely, deletion of the liver hepcidin gene in
mouse models induced a stabilisation of ferroportin on the
basolateral membrane of enterocytes and iron efflux from
intestinal cells into circulation with a drop in intracellular iron
concentrations. This leads to PH inhibition and consequent HIF2α
increase in enterocytes. Increased HIF2α mechanistically favours
iron absorption from the intestinal lumen by activating a number
of iron apical transporters, such as the DMT1 [176]. In the
experimental recapitulation of human hemochromatosis, such as
mice knockout for Hepcidin, where Hepcidin secretion is
suppressed and iron overload is present, the selective deletion
of HIF2α at the intestinal level is associated with an attenuation of
iron hyperabsorption and tissue iron intoxication with improved
hemochromatosis [177, 178]. HIF1α does not have a role in the
intestinal absorption of iron [179, 180]. Also in certain types of
anaemia, suppression of intestinal HIF2α has been demonstrated
with reduced absorption of iron from the intestine. In this setting,
pharmacological interventions aimed at increasing HIF2α avail-
ability, such as inhibitors of the PH degrading enzymes, are able to
revert anaemia by increasing dietary iron intake [181].
It has recently been clarified that the main mechanism by which

hypoxia induces Hepcidin suppression is not via a direct HIF-
mediated inhibition, but by means of the induction of renal EPO
and erythropoiesis mainly driven by an increase in HIF2α in the
kidney [182]. In other physiological processes, evidence exists that
renal HIF2α induces Hepcidin suppression in the liver. In
experiments of adaptive thermogenesis where iron is necessary
to perform thermogenesis in adipose tissue, the activation of
thermogenic fat with the use of adrenoreceptor agonists
determined a rapid increase of renal HIF2α which, in turn, induced
erythropoietin synthesis in kidney, inhibition of hepatic hepcidin
and, eventually, iron mobilisation in the circulation for adipose
tissue thermogenesis [183]. In a research by Wilkinson et al., a
mouse model of polycythemia with constitutive overexpression of
renal HIF2α was generated by deleting IRP1 gene (IRP1–/– mice).
Under normal conditions, IRP1 represses HIF2α mRNA, and its
deletion determines HIF2α upregulation. Renal HIF2α was the
major source of HIF2α overexpression in IRP1−/− mice, and this
was associated with significant increase in circulating erythro-
poietin concentrations, reticulocytosis, polycythemia, and inhibi-
tion of Hepcidin mRNA in the liver [184]. Similarly, knockout
models of the enzymes degrading HIF2α, PHs, are associated with
increased levels of renal HIF2α and erythropoietin and reduced
levels of Hepcidin [185]. Also in human settings, inherited
conditions with constitutive elevation of HIF1α and HIF2α, such
as individuals homozygotes for the loss-of-function VHL(R200W)
mutation, an upregulation of renal HIF2α and erythropoietin,
increase in red cell mass and haemoglobin and a downregulation
of liver Hepcidin have been documented [186]. Pharmacological
modulation of HIF2α is now possible, with a number of PH
inhibitors, also known as HIF stabilisers, such as daprodustat,
vadadustat and roxadustat [187–189]. PH inhibitors exploit the
adaptive response to hypoxia driven by the upsurge of HIF1α and
HIF2α. PH inhibitors induce HIFs upregulation primarily in the
kidneys, where they determine an increase in the endogenous
production of Erythropoietin, downregulation of liver Hepcidin
and improvement in iron absorption. Beneficial effects in terms
also of renal and myocardial protection and resolution of chronic
disease-associated anaemia have been demonstrated with these

drugs [190–192]. Conversely, artificial induction of renal damage,
such as that induced by cisplatin, is associated with a decrease in
renal HIF2α and erythropoietin and an increase in Hepcidin [193].
Liver HIF2α acts as a negative regulator of Hepcidin in HCV

infection. Patients with chronic HCV have enhanced iron
accumulation in the liver which contributes to the toxic effect of
HCV infection. Iron accumulation is guided by HCV-induced
upregulation of liver HIF1α and HIF2α. These two mediators
directly downregulate Hepcidin expression in the liver [194]. Low
Hepcidin expression occurring despite iron overload is a condition
that determines iron intoxication similar to that seen in
hemochromatosis. This happens when liver remains unresponsive
to iron increase because of persistent inhibitory signalling to
Hepcidin secretion.
In cancer, as well as in other diseases that imply enhanced

systemic inflammation, both hypoxic signals leading to a HIF2α
increase, and inflammatory cytokines such as IL-6 that simulate
Hepcidin synthesis, coexist. It is therefore not infrequent to
observe the contemporary increase in HIF2α and Hepcidin in
many solid cancers. Furthermore, a control of HIF2α on hepcidin
with direction opposite to what happens in normal processes
has been recently documented in cancer at a local level. A
peripheral autocrine loop of cancer-derived Hepcidin as
tumour-promoting pathway has been correlated to HIF2α
expression in colorectal cancer models. Opposite to what is
observed for liver-derived hepcidin, tumour-derived Hepcidin is
upregulated by local HIF2α, since deletion of HIF2α gene causes
a marked reduction of hepcidin expression in cancer cells [109].
Tumour Hepcidin induces an abundance of intracellular iron
levels which is required for active cell proliferation. HIF2α,
however, seemed to be necessary but not sufficient to drive
Hepcidin expression in this model, since activators of HIF2α
alone did not trigger hepcidin overexpression [195]. Further,
necessary clues of Hepcidin upregulation in this model are
currently unknown (Fig. 2). It is possible that tumour-generated
HIF2α may have also systemic effect with induction of renal EPO
and polycythemia. If an inflammation-induced liver Hepcidin
upregulation is present, an anaemia refractory to treatment
with exogenous EPO can occur. This has been observed in a
breast cancer model [196]. Hepatocellular carcinoma seems to
represent a unique condition, in this regard, since it is the only
known solid cancer where HIF2α increase is accompanied by a
decrease in Hepcidin with mechanisms similar to those
observed in hemochromatosis. In HCC, systemic iron intoxica-
tion and iron-derived reactive oxygen species seems to play a
key role in carcinogenesis and little is known about the
influence of intracellular iron levels in hepatocytes. How the
difference between HCC and the other solid cancers can be
exploited from a therapeutic point of view is still to be
investigated.
Table 1 reports the evidence of HIF2α and Hepcidin crosstalk

and dynamics of key iron regulators in normal and pathological
conditions.
Remarkable evidence now exists that HIF2α and Hepcidin are

tightly interconnected for iron regulation in humans and that this
might be key for the growth of certain cancers. Overall, HIF2α
induces the expression cellular iron importers while Hepcidin
suppresses the iron exporter FPN. The contemporary upregulation
of HIF2α and Hepcidin determines a powerful synergism whereby
iron is trapped into the cell and this sustains cancer cell
proliferation. Since pharmacological modulators of both HIF2α
and Hepcidin have been developed, there would be a strong
rationale to combine them in clinical trials of patients with ‘HIF2α/
Hepcidin/iron-dependent’ cancer, and also the use of iron
chelators can be taken into consideration. Moreover, given the
effect that this network can have on anti-tumour immune
response, also combination regimens with immunotherapeutic
agents can be considered.
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CLINICAL APPLICATIONS OF HIF2α AND HEPCIDIN
MODULATORS
Agonists and antagonists of HIF2α and Hepcidin have been
developed with potential utility in the treatment of cancer
patients. Moreover, iron chelators have long been tested for
cancer treatment with alternate results.
Hepcidin antagonists may have a role in treating anaemia of

inflammation observed in cancer patients. LY2787106 is a
monoclonal antibody binding hepcidin and preventing its
interaction with ferroportin. In a Phase I study, 33 cancer patients
(mainly MM patients) with hepcidin levels ≥5 ng/mL and an
overall mean Haemoglobin of 9 g/dL were treated with
LY2787106. All patients experienced an increase in iron concen-
trations and transferrin saturation, and 4 out of 33 patients
experienced a ≥ 0.5 g/dL increase in haemoglobin at week 12
[197].
The direct antitumor effect of inhibiting the local activity of

tumour-derived hepcidin is yet to be investigated in human
subjects. However, preclinical evidence in colorectal cancer
suggests that hepcidin inhibition may reduce cancer growth [109].
Cancers that are crucially driven by HIF2α, such as those

associated to the VHL disease, renal cell carcinomas, paraganglio-
mas and neuroendocrine tumours, have recently been found to be
highly responsive to specific HIF2α inhibitors.
Belzutifan (also known PT2977 or MK-6482), a first-in-class HIF2α

inhibitor, has demonstrated a clinical benefit rate (tumour
response plus disease stabilisation) as high as 95% in early phase
studies of patients with VHL disease [61]. As expected, anaemia
was a side effect occurring in a high percentage of treated

patients, almost 90%, and it was usually reversed by erythropoie-
tin (EPO) administration. Future studies are including pretreatment
with EPO before HIF2α commencement. Interestingly, the
contribution of iron deficiency following reduced iron absorption
due to HIF2α inhibition in the small intestine has not been
investigated in these patients.
In sporadic ccRCC, early HIF2α inhibitors demonstrated a 14%

response rate [198]. Their pharmacokinetics, however, was
suboptimal as compared to the next-generation drug belzutifan.
In the Phase I trial of belzutifan, a 25% response rate was
demonstrated [60], and in a Phase II trial of belzutifan in
combination with the multi-tyrosin kinase inhibitor cabozantinib,
31% of response was observed [199].
A report has been published on the use of belzutifan in a

heavily pretreated 43-year-old woman with metastatic pancreatic
neuroendocrine cancer and VHL disease. The patient experienced
a radiographic partial response within 1 month of belzutifan
commencement [200].
In another genetic disease characterised by hyper-activation of

HIF2α and multiple paragangliomas, the Pacak-Zhuang syndrome,
belzutifan yielded rapid and prolonged tumour response in most
of the visible lesions [201].
Belzutifan has now obtained FDA approval for the treatment of

von Hippel–Lindau disease-associated tumours [202] and is also
being tested in association with the antiangiogenic tyrosin kinase
inhibitor lenvatinib in Phase III trials of ccRCC patients after failure
of immunotherapy, the LITESPARK-011 trial (NCT04586231) [203].
Moreover, Phase III trials are ongoing in association with
immunotherapy (pembrolizumab), both in the first-line setting

Table 1. Summary of evidence on HIF2α/Hepcidin crosstalk.

Setting Evidence of crosstalk Reference

Liver Hepcidin regulation of
intestinal HIF2α

Liver Hepcidin acts as an inhibitory regulator of intestinal HIF2α. Under iron deficiency
conditions a parallel lowering of liver-derived circulating Hepcidin is observed. At the
intestinal level this determines an increase of membrane expression of ferroportin with
sustained iron extracellular efflux. Ferroportin expression in outer membrane and
intracellular iron reduction in the intestinal epithelial cells are major stimulating cues of
intestinal HIF2α which mechanistically favours enhanced iron absorption from the lumen
by activating a number of luminal iron transporters such as DMT1.

[173]

Mouse models of hemochromatosis In mice knockout for Hepcidin, where hepcidin synthesis is abrogated and iron overload
is present, the selective deletion of HIF2α at the intestinal level is associated to an
attenuation of iron hyperabsorption and limited iron tissue accumulation with improved
hemochromatosis.

[177]

Colorectal cancer In colorectal cancer intestinal HIF2α stimulates the ectopic expression of Hepcidin. In
human enteoroid models of colorectal cancer, deletion of the HIF2α gene was associated
with a significant reduction of colorectal Hepcidin expression and reduced cancer
growth. Tumour Hepcidin induces an abundance of intracellular iron levels which are
required for active cell proliferation.

[109]

Adaptive thermogenesis Iron is necessary to perform thermogenesis in adipose tissue. The activation of
thermogenic fat with the use of adrenoreceptor agonists determines a rapid increase of
renal HIF2α which induces erythropoietin synthesis, inhibition of hepatic Hepcidin and,
eventually, iron mobilisation in the circulation to favour adipose tissue thermogenesis.

[183]

Polycythaemia Genetic models of polycythemia can be generated with knockout of the IRP1 gene.
Constitutive overexpression of HIF2α is observed in IRP1 -/- mice. Under normal
conditions, IRP1 represses HIF2α mRNA, and its deletion determines HIF2α upregulation.
Renal HIF2α is the major source of HIF2α overexpression in IRP1 -/- mice, and this is
associated with significant increase in circulating erythropoietin concentrations,
reticulocytosis, polycythemia, and inhibition of Hepcidin mRNA in the liver.

[184]

VHL loss of function In inherited conditions with constitutive elevation of HIF1α and HIF2α, such as
individuals homozygotes for the loss-of-function VHL(R200W) mutation, an upregulation
of erythropoietin, red cell mass and haemoglobin, and a downregulation of ferritin and
Hepcidin are documented

[186]

HCV infection Patients with chronic hepatitis C have enhanced iron accumulation in the liver which
contributes to the toxic effect of HCV infection. Iron accumulation is guided by HCV-
induced reactive oxygen species (ROS) which upregulate liver HIF1α and HIF2α. These
two mediators negatively regulate Hepcidin expression in the liver, thus incrementing
iron trapping in the hepatocytes

[194]
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(NCT04736706) and in the adjuvant setting after nephrectomy
(NCT05239728).
DFF332 is another HIF2α inhibitor that is being tested in Phase I

trials in combination with immunotherapy, namely the immune-
checkpoint inhibitor anti-PD-1 spartalizumab (NCT04895748).
Iron chelators have a long history of investigation in cancer

trials, however results have been largely disappointing [204].
Novel chelators, such as triapine, have improved pharmacokinetics
and produced encouraging results in Phase II trials [205].
There is a strong rationale for combining anti-HIF2α and anti-

hepcidin agents in disease settings, such as colorectal cancer,
where HIF2α and Hepcidin may play a synergistic pathogenetic
role. Also inclusion of iron chelators can be taken into
consideration.
HIF2α inducers have been developed (PH inhibitors). A number

of studies in patients with kidney disease and anaemia due to
suppression of renal HIF2α and EPO have demonstrated the
efficacy of PH inhibitors to resolve anaemia. It is possible that
some cancer patients will suffer from anaemia of inflammation
due to inflammatory induction of hepcidin and suppression of
intestinal HIF2α. In this case stabilisation of HIF2alpha with PH
inhibitors might be of some benefit, however, the detrimental
effect of the HIF2alpha increase must first be ruled out. It is
conceivable that cancer types not dependent on HIF2α-related
pathways for their growth and with anaemia of inflammation
might be candidates to trials with these agents.

DISCUSSION AND CONCLUSION
Perturbations of iron homeostasis may consist of deleterious
Hepcidin inactivation and intestinal HIF2α induction in the
presence of iron load, such as in hemochromatosis, or of
inappropriate renal HIF2α suppression and Hepcidin overexpres-
sion followed by reduced iron availability and anaemia, such as
that observed during kidney disease. A third possible perturba-
tion exists, with an increased inflammatory response that
determines a contemporary rise in both Hepcidin and HIF2α
and reduced iron availability. This scenario is typical of some solid
tumours (Fig. 2).
The latter case is also known as anaemia due to systemic

inflammation (anaemia of inflammation) and positive regulators
other than iron are able to increase Hepcidin secretion despite low
systemic iron levels. In the meanwhile, inflammation and cancer
growth are also associated with hypoxia and increase in HIF
mediators; thus a contemporary increase of Hepcidin and HIF2α
might coexist. Furthermore, in some cancers, such as colorectal
cancer, an unexpected direct induction of ectopic hepcidin
synthesis driven by HIF2α has been described.
In the present article, we attempted to review the available

evidence on the role of HIF2α and Hepcidin in cancer progression
and possible evidence for their interaction. There are consistent
data demonstrating that HIF2α and Hepcidin are tightly linked in
order to guarantee iron homeostasis with a prominent hetero-
tissue crosstalk between the liver and intestine. However, the
reciprocal regulation of the two mediators seems to work in an
opposite fashion during cancer (Fig. 2). Since they have been both
separately proven as tumour-promoting factors, and since
pharmacological agents acting on their pathways are now
available, it would be interesting to study the degree of synergism
between the two signals in specific cancer settings and the
potential for treatment combinations targeting both mediators.
Apart from iron homeostasis, which is known to be necessary for
cancer cell survival, other mechanisms, such induction of
immunosuppressive environment, neoangiogenesis stimulation,
and desmoplastic reaction might be involved in cancer patients
with dysregulated HIF2α and Hepcidin signalling. Studies focused
on the integrated analysis of the two pathways are highly
warranted in oncology.
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