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Differential regulation of hepcidin in cancer and non-
cancer tissues and its clinical implications

Driton Vela1 and Zana Vela-Gaxha2

Hepcidin is a crucial peptide for regulating cellular iron efflux. Because iron is essential for cell survival, especially for highly

active cells, such as tumor cells, it is imperative to understand how tumor cells manipulate hepcidin expression for their own

metabolic needs. Studies suggest that hepcidin expression and regulation in tumor cells show important differences in

comparison with those in non-tumorous cells. These differences should be investigated to develop new strategies to fight cancer

cells. Manipulating hepcidin expression to starve cancer cells for iron may prove to be a new therapy in the anticancer arsenal.
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INTRODUCTION

Cancer cells are highly active cells in terms of their metabolic
needs. Their survival and proliferation depend on the supply of
important micro- and macronutrients. One of these crucial
micronutrients is iron. Iron is important for DNA synthesis,
which is one of the reasons why iron depletion causes cell cycle
arrest.1 When cancer cells are fed chronic subtoxic levels of
iron, they transform into a more aggressive phenotype that is
prone to metastasis.2 On the other hand, starving cancer cells
with the use of iron-sequestering drugs inhibits tumor growth.2

This increased need for iron forces cancer cells to adapt to their
metabolic needs by changing the expression of proteins involved
in iron supply and iron export from cells.3 In terms of
regulation of iron transport, hepcidin manipulation by cancer
cells is of great interest to scientists since a hepcidin disturbance
can significantly affect iron export and cause iron sequestration
in tumor cells.4 Therefore, understanding the differences in
hepcidin regulation between non-cancerous and cancerous cells
is important for our knowledge of tumor cell survival and
proliferation and can help us find new strategies to fight cancer.

HEPCIDIN REGULATION AND ACTION IN NON-

CANCEROUS CELLS

Hepcidin is a small peptide produced by the liver.4 Although it
is classified as an antimicrobial peptide, it has been a focus of
studies because of its crucial role in iron metabolism. Hepcidin
importance in iron metabolism stems from its ability to control
iron export from cells. This action of hepcidin is realized

through the actions of ferroportin (FPN), which is known to be
the main iron export protein.4 Hepcidin induces FPN degrada-
tion; therefore, it blocks iron export from cells such as
macrophages and enterocytes.4

The levels of hepcidin are strictly controlled by different
stimuli. Iron status is the prime controller of hepcidin
expression under basal conditions.5 It is believed that iron
status induces production of bone morphogenetic protein 6
(BMP6) from liver sinusoidal endothelial cells (LSEC) through
an as yet unknown mechanism.6 BMP6 acts in a paracrine
manner through the BMP receptor (BMPR) in hepatocytes. In
this way, BMP6 activates the intracellular S-mothers against
decapentaplegic (SMAD) pathway, which then induces the
HAMP promoter to produce hepcidin.4 BMPR action is
controlled by its coreceptor hemojuvelin (HJV).4 Loss of HJV
causes significant iron overload because of impaired hepcidin
expression.7 HJV is the substrate for matriptase 2 (MT2),
which cleaves HJV.8 It is believed that the actions of MT2, HJV
and BMPR are stabilized by neogenin, which serves as the
‘backbone’ structure for assembly of the BMPR, HJV and MT2
complex.9,10 These observations demonstrate how hepcidin
expression is controlled in a balanced manner by different
regulatory mechanisms.

Transferrin receptor 2 and hemochromatosis protein (HFE)
are other iron-sensing proteins in hepatocytes.4 They induce
hepcidin through as yet unresolved pathways, with transferrin
receptor 2 being more potent than HFE in this respect.11

Inflammatory stimuli are also important upregulators of
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hepcidin expression. Cytokines produced during inflammation,
such as interleukin-6 (IL-6), activate the janus kinase 2-signal
transducer and activator of transcription 3 pathway, which
increases hepcidin expression (Figure 1).12

Hepcidin is also negatively regulated by erythropoietic
signaling. Precursors of erythrocytes produce erythroferrone
(ERFE) in response to erythropoietin. ERFE then mediates
hepcidin downregulation in hepatocytes through as yet
unknown pathways.13 Other factors can also control liver
hepcidin expression, such as hormones, growth factors and
heparins.14–16 Although hepcidin is mainly produced by the
liver, other organs are capable of expressing local hepcidin.
Data suggest that local hepcidins are produced by the heart,
prostate, lungs, kidneys and other organs.17 Still, local hepci-
dins have not been studied as extensively as liver hepcidin;
therefore, their exact regulation and role in organ homeostasis
are still not clear.

HEPCIDIN REGULATION IN CANCER

Different BMPs control hepcidin expression in tumor tissues
BMPs are the main and most powerful stimulators of hepcidin
expression. Although BMP6 stands out as the prime BMP

molecule that controls hepcidin expression, other BMP mole-
cules have the ability to induce hepcidin expression, often more
potently than inflammatory stimuli.18 This ability of different
BMPs to control hepcidin expression explains reports from
studies of different tumors in which BMP6 does not seem to be
the only BMP molecule to control hepcidin expression. For
example, in prostate cancer, local BMP4 and especially BMP7
are linked with prostatic hepcidin expression, although the
same cannot be said about local BMP6.19 Still, local BMP6 is an
important factor in high-grade prostate cancer and is linked to
tumor survival during androgen depletion.20,21 Local BMP6 in
prostate cancer can be produced through signaling from bone
stromal cells.22

High BMP7 levels are linked with hepcidin overexpression in
prostate cancer, especially in metastatic cancer, irrespective of
androgen suppression therapy, implicating prostatic hepcidin
as a factor that promotes cancer cell survival.19 The role of local
BMP7 in metastatic prostate cancer has been documented;
therefore, its control of hepcidin expression is an important
additional strategy of prostate neoplastic cells to promote
survival and tumor progression.23,24 However, many questions

Figure 1 Hepcidin regulation and action in non-cancerous tissue. The major regulators of hepcidin expression in hepatocytes are iron
status, inflammatory signals and erythropoietic drive. Iron status is sensed by bone morphogenetic protein 6 (BMP6), transferrin receptor 2
(TFR2) and hemochromatosis protein (HFE). BMP6 is produced by non-parenchymal liver cells (LSEC). BMP6 binds with BMP receptor
(BMPR), which activates the SMAD pathway. Phosphorylated SMAD molecules induce HAMP (hepcidin antimicrobial peptide) expression.
Inflammation induces hepcidin expression by activating the janus kinase 2-signal transducer and activator of transcription 3 (JAK2/STAT3)
pathway. Erythropoietic drive is a negative hepcidin regulator that acts by suppressing hepcidin expression through newly discovered
erythroferrone (ERFE). Hepcidin mode of action is realized through induction of ferroportin (FPN) degradation in target cells, which causes
sequestration of iron in cells.
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remain to be answered, such as the reason why local BMP7 is
able to induce hepcidin expression, while local BMP6 is not
involved in hepcidin regulation in prostate cancer. Future
studies should resolve this mystery.

BMPs seem to be important inducers of hepcidin expression
in lung cancer as well, as the serum hepcidin levels in these
patients are related to the serum BMP2 levels.25 BMP2 has
been shown to induce hepcidin expression.26 Furthermore,
studies have shown that BMP2 is upregulated in lung cancer.27

BMP2 is a more potent stimulator of hepcidin than IL-6,
making it an important controller of hepcidin expression.18

We still do not know the exact mechanisms of BMP2
regulation in lung cancer and its relationship with other BMPs,
such as BMP7, which is also linked to progression of lung
cancer.28 Another important issue that arises is the source of
BMP2 in lung cancer since, in addition to lung tumor cells,
pulmonary endothelial cells and LSEC also express
BMP2.18,29,30 Moreover, blocking local BMP2 can reduce
tumor growth in lung cancer.30 Unfortunately, local BMP2
expression in tumor cells has not been evaluated in studies that
have reported locally elevated levels of hepcidin in lung
cancer.25

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, erythropoietin and ERFE.31

BMP7 may be involved in hepcidin overexpression in early
breast cancer. BMP7 is overexpressed in breast cancer tissue
and is linked with cancer metastasis, while BMP7 administra-
tion has shown that it can recover hepcidin expression in
BMP6 knockout mice.32,33 In a recent study on breast cancer
patients, the levels of BMP6 were lower in cancer tissue
compared with noncancerous tissue, making local BMP6 an
unlikely inducer of hepcidin expression.34 Since BMP6 can
show antiproliferative and antimetastatic potential in breast
cancer, it is not a surprise that BMP6 inhibition favors cancer
cell survival.34 A similar protective role of BMP6 has also been
suggested in prostate cancer.35

However, hepcidin production in breast cancer does not
only originate from cancer tissue. The liver is an important
source of increased hepcidin levels in breast cancer, and this
increase is related to BMP6 expression.36 It seems that the iron
load is responsible for increasing BMP6 levels in the liver of
breast cancer patients.36 Further studies are needed to examine
the correlation between different BMPs and hepcidin in breast
cancer.

One of the main negative controllers of hepcidin expression,
MT2, is downregulated in breast cancer, which can additionally
cause hepcidin overexpression in breast cancer.37 However, we
still do not know the role of local MT2 in breast tissue,
especially with respect to hepcidin expression.

In multiple myeloma (MM), hepcidin expression is related
to BMP2, but the cellular origin of BMP2 in MM is unclear.38

FPN downregulation in MM patients is significantly associated
with poor prognosis, indicating FPN downregulation as a
factor in promoting the aggressive behavior of tumor cells.39

The use of cellular iron chelators in MM suppresses tumor

growth, which shows the importance of iron metabolism for
tumor survival.39 However, the increase in serum hepcidin
levels in MM is associated with low hepcidin expression in
myeloma cells, which suggests that the rise in hepcidin levels in
MM originates from the liver.40 Additionally, low hepcidin in
myeloma cells shows that in MM compared with other cancers,
local FPN downregulation is not dependent on local hepcidin
action. Consequently, manipulating liver hepcidin or local FPN
rather than local hepcidin could be the best option to suppress
tumor growth in MM.

BMPs are also suspected to be inducers of hepcidin
expression in non-Hodgkin lymphoma (NHL) because of the
strong correlation between hepcidin and ferritin observed in
this cancer.41 Studies have shown that ferritin can increase the
levels of BMP6 and hepcidin in the liver.42 This would make
BMP6 a potential cause of high hepcidin levels in NHL,
although other BMPs should be taken into account. Interest-
ingly, the results from the molecular profiling of tumor
samples in patients with NHL have shown increased expression
of BMP6 in cancer tissue.43 Unfortunately, studies in this
cancer have not evaluated the relation of local BMPs with
systemic and tumor hepcidin expression.

In colon cancer, local hepcidin expression is generally low,
but iron accumulation is more prominent in cancer cells than
normal cells.44,45 Although iron accumulation in colorectal
cancer is not uniform, when present, it is associated with
higher levels of hepcidin.44 Higher local hepcidin expression in
this cancer does not seem to be dependent on IL-6.44 On the
other hand, it is not known which BMPs are responsible for
hepcidin expression in this cancer. BMP7 has been linked with
the metastatic capacity of colon cancer, while BMP2 has been
linked with tumor suppression; therefore, BMP2 does not seem
to be a part of tumor proliferation strategy.46–48 It is interesting
to note that SMAD4 is downregulated in colon cancer, while
the BMP7 ability to promote the invasive behavior of colon
cancer cells is independent of SMAD4 molecules.49–51 BMP7 is
not the only BMP to be linked with tumor proliferation in
colon cancer. BMP4 has also been linked with metastatic forms
of colon cancer.52 Furthermore, the role of BMP4 in inducing
the invasive properties of colon cancer is related to reduced
SMAD4 signaling.53 Future studies should resolve the roles of
BMP4 and BMP7 in inducing local hepcidin expression in
colon cancer.

Hepcidin is increased in renal carcinoma as well and is
associated with the metastatic potential of this cancer.54

Although local expression of hepcidin in renal cancer is low
compared with adjacent normal cells, the levels of hepcidin are
higher in metastatic cancer and are related to poor survival.54

Unfortunately, these studies have not been complemented with
an examination of the role of BMPs in inducing hepcidin
expression.

It is interesting to note that hepcidin overexpression by
BMPs fits the overall strategy of cancer cells in preserving
survival and expansion. Overexpression of hepcidin by certain
BMPs appears to be part of the metastatic invasion strategy of
cancer cells. BMPs can promote metastasis through lymphatic
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and blood vessels, while blocking BMP signaling reduces the
metastatic capacity of cancer cells.55,56

Role of inflammatory stimuli in controlling hepcidin
expression in cancer
The levels of IL-6 are frequently increased in cancer and are
related to the hepcidin levels, especially in established disease.57

However, in the early stages of breast cancer, there is no
correlation between inflammatory stimuli and hepcidin
increase.31 This is in line with studies that correlate the high
levels of IL-6 in cancer with aggressive tumor behavior,
unfavorable histologic grade and metastatic potential.58 These
observations are further confirmed by studies of breast cancer
patients with metastasis, where serum IL-6 is significantly
related to serum hepcidin.59 Similar observations have been
found in renal carcinoma,54 while in prostatic cancer, sig-
nificant serum hepcidin elevations have been observed in a
subset of patients with bone metastasis, which are probably
caused by increased levels of IL-6.60 IL-6 can directly stimulate
cancer cells to produce local hepcidin. This action has been
observed in prostate cancer and can be reversed with the use of
anti-IL-6 antibodies.19,61

IL-6 is not consistently elevated in cancer and can be caused
by different tumor histologies as well as by differences in
inflammatory activities between early and established cancer;
inflammatory cells are significantly increased in established
cancer compared with early stages of disease.62 In MM, IL-6
has been clearly linked with tumor progression and survival of
myeloma cells.63 The significant rise of IL-6 in MM is seen in
later stages of the disease, which is in line with observations
that have shown increased levels of hepcidin in the later stages
of MM.40,63 Even in MM, hepcidin expression appears to be
related to BMP molecules, such as BMP2.38 Although data
suggest that the higher hepcidin levels in MM are due to
increased IL-6 and BMP2, BMP2 seems to be a more potent
inducer of hepcidin than IL-6.38,40 In NHL serum, hepcidin is
also associated with IL-6, but this association is weak, which
means that IL-6 alone cannot account for increased hepcidin
production.41 Although MM studies have not evaluated local
hepcidin expression, in another type of lymphoma named
Waldenstrom’s macroglobulinemia, lymphoplasmacytic tumor
cells have been shown to be a source of hepcidin expression.64

Hepcidin expression in patients with acute leukemia is
dependent on the activity of the disease; during increased
production of blast cells, the levels of serum hepcidin are
elevated and related to IL-6 and only decrease during remis-
sion, probably due to erythropoietic signaling.65 Similar
observations have been found in different types of myelodys-
plastic syndromes, with lower levels of hepcidin observed in
myelodysplastic syndrome patients without excess blasts com-
pared to those with excess blasts.66 Blast cells in acute leukemia
are an important source of cytokines, such as IL-6, which
would make the increased numbers of blast cells the ‘culprits’
behind the increased hepcidin levels.67

In lung cancer, IL-6 is negatively correlated with hepcidin,
which makes IL-6 an unimportant inducer of serum hepcidin
elevation in this cancer.25

Other factors that control hepcidin expression in cancer
Erythropoietic signaling through ERFE is not important for
hepcidin expression in breast cancer, at least in the early stages
of the disease.31 In acute leukemia remission and myelodys-
plastic syndromes without excess blasts, erythropoietic signals
inhibit hepcidin expression due to the increased need for iron
of erythrocyte precursors.65,66 The increased need for iron due
to the erythropoietic drive in myelodysplastic syndromes can
cause an insufficient hepcidin increase in response to the
cellular iron load, which is reflected by the low hepcidin/
ferritin ratio observed in these patients.68 This means that
anemia and hypoxia could be important regulators of hepcidin
expression in these patients. How these changes in hepcidin
levels are related to tumor progression is unclear, although iron
deprivation has been shown to induce antiproliferative effects
in leukemia cells.69

SOSTDC1, an important new actor in inducing local
hepcidin expression
In prostate cancer, hepcidin is not induced by identical stimuli
compared with the liver or systemic hepcidin. Although local
IL-6 has similar effects on hepcidin expression in prostatic
tissue compared with liver tissue, the local BMPs responsible
for hepcidin expression are different.19 Additionally, studies
suggest that the Wnt pathway is a novel regulator of hepcidin
expression in prostatic tissue, which has not been observed in
the liver.19 This is important because Wnt pathway dysregula-
tion is involved in prostatic tumorigenesis. Increased cellular
iron sequestration has been linked with increased Wnt signal-
ing, which promotes tumorigenesis.19 Blocking the Wnt path-
way and BMP pathway with sclerostin domain-containing
protein 1 (SOSTDC1) markedly reverses hepcidin expression
(Figure 2).19

SOSTDC1 is expressed in different organs, especially the
kidneys.70 SOSTDC1 is downregulated in the prostate, breast,
non-small cell lung carcinoma and renal cancer.19,71–73 This
downregulation can cause local overexpression of hepcidin,
which can result in iron sequestration in cells through hepcidin
effects on FPN. On the other hand, the role of SOSTDC1 as a
tumor suppressor has been observed in in vivo studies with
SOSTDC1 overexpression.72

Because SOSTDC1 can affect local hepcidin production, it
would be interesting to examine whether SOSTDC1 inhibition
affects iron depots in cells and whether this is the reason for
excessive Wnt signaling in cancer.

In renal carcinoma, SOSTDC1 is downregulated and has
antitumor properties.73 Another interesting observation from
renal tissue shows that SOSTDC1 is localized closely to BMP7.
The actions of SOSTDC1 include suppression of BMP7 and the
Wnt pathway, which means that SOSTDC1 inhibition in renal
carcinoma might elevate hepcidin levels in a similar manner to
prostate cancer.19,70 SOSTDC1 appears to be downregulated in
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less prevalent tumors, such as thyroid tumors.74 Further studies
should examine the intriguing idea that SOSTDC1 inhibition
could be a universal pathway through which different cancers
regulate hepcidin expression.

HEPCIDIN DISTURBANCE IN CANCER: A ROLE FOR

LOCAL AND SYSTEMIC (LIVER) ISOFORMS

Subtle regulatory differences in tumors with increased levels
of hepcidin
An increase in hepcidin levels has been reported in lung cancer,
breast cancer, renal carcinoma, prostate cancer and other
cancers. Although in many cancers local FPN downregulation
is related to high local hepcidin expression, there are subtle
differences between different cancers. In colorectal cancer,
hepcidin expression is significantly increased compared with
the nearly non-existent expression of local hepcidin in normal
tissue.44 Local hepcidin in colon cancer can induce FPN
downregulation, but the protein levels of FPN in this cancer are
increased.44,75 FPN in colon cancer is located in the cytoplasm
and not in the basolateral membrane, which means that FPN
cannot induce iron export in colon cancer cells, rendering it
ineffective as an iron exporter.75 The reduced iron export in
colon cancer might be due to disturbances of another protein
called hephaestin. Hephaestin interacts with FPN to promote
iron export from cells, but its levels are downregulated in colon

cancer.75,76 Loss of hephaestin is known to cause iron overload
in enterocytes and reduced iron delivery to plasma.77 All of
these observations show that iron export from tumor cells is
reduced in colon cancer as well, but the culprit behind this
disturbance is not entirely related to the action hepcidin.

In lung cancer, the existence of a correlation between the
serum hepcidin levels and metastatic potential of tumors is
accompanied by a lack of correlation between mRNA of local
hepcidin and the metastatic potential of the tumor.25 This
means that the aggressive behavior of lung cancer is dependent
on the systemic levels of hepcidin. This association of tumor
behavior with serum hepcidin levels might be a result of the
beneficial effect of the addition of liver hepcidin in a tumor
environment for survival and proliferation of neoplastic cells.25

Increased levels of hepcidin: part of the tumor strategy to
increase cellular iron
The pattern of increased serum hepcidin levels in cancer is
accompanied with increased local mRNA expression of hepci-
din. Increased local hepcidin causes FPN degradation, which
prevents iron export from cells and increases the iron labile
pool in tumor cells, helping them to survive and proliferate.19

Local hepcidin production is not only observed in tumor
epithelial cells but has also been observed in activated macro-
phages and leukocytes of the tumor milieu.76 It is interesting to

Figure 2 Hepcidin regulation in cancer tissue. Hepcidin in cancer tissue is produced by local tumor cells and liver. Hepcidin
overexpression in tumor tissue is related to different bone morphogenetic protein (BMP) molecules (such as BMP7) as well as to
inflammatory stimuli, such as interleukin-6 (IL-6). Studies suggest the existence of new regulators of hepcidin in cancer tissue such as
sclerostin domain-containing protein 1 (SOSTDC1) (which is downregulated in cancer through epigenetic silencing) and the Wnt pathway
(which is upregulated in cancer). Increased hepcidin in the tumor milieu induces iron sequestration in tumor cells through its actions on
ferroportin (FPN). Hepcidin increase is accompanied by tumor transferrin receptor 1 (TFR1) upregulation, which increases iron supply into
tumor cells. Increased iron depots in tumor cells help them survive and proliferate.
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note the increased FPN expression observed in these cells.78

Increased FPN expression might secure a larger iron supply for
tumor cells, in which FPN is frequently downregulated.
Increased FPN expression in adjacent normal cells can also
serve tumor cells in a similar manner, by which strategy tumor
cells would ‘hack’ the iron metabolism of neighboring cells for
their own survival. The increased iron accumulation in cancer
cells is partly dependent on hepcidin activity through its effect
on FPN. Increased iron supply through TFR1 is another crucial
strategy for cancer cells, which is why TFR1 is often over-
expressed in cancer cells.79 The increase in local breast TFR1
mRNA correlates with the increase of iron depots and
metastatic potential of tumors.80 However, inhibition of
TFR1 might be hindered by other potential pathways that are
supposed to serve as alternative routes of iron entry into
cells.81,82

In the liver, carcinoma hepcidin levels are low compared
with other cancers
In hepatocellular carcinoma (HCC), hepcidin levels are lower
compared with controls, which differs from the paradigm of
high levels of serum hepcidin found in other cancers
(Table 1).83 This downregulation is observed even in the early
stages of HCC.83 IL-6 is known to be overactivated in HCC;
therefore, low hepcidin levels in HCC are not related to an IL-6
disturbance.84 On the other hand, studies suggest that the low
levels of BMP6 in HCC are due to DNA hypermethylation.85

Because BMP6 is the main regulator of hepcidin expression,
this might affect the hepcidin levels in HCC. One of the main
regulators of hepcidin expression is HJV, and its activity is
downregulated in HCC as well, which also accounts for the
lower expression of hepcidin observed in HCC.86 One of the
most mutated genes in HCC is tumor suppressor gene p53.87

p53 can activate the HAMP promoter, and its loss is associated
with lower hepcidin expression.88 However, there are observa-
tions that suggest a modest regulatory role of p53 in inducing
hepcidin expression, which does not significantly affect its
serum levels.89

Many factors that increase the risk of cancer, such as
hepatitis virus C and alcohol, cause low levels of
hepcidin.90,91 Studies that have evaluated the expression
of iron regulatory genes in HCC reveal an interesting model
of iron disturbance. The iron load in HCC is observed in
adjacent non-cancerous cells, while iron depletion is observed
in cancerous cells.92 Expression of iron regulatory genes in
cancer cells shows a pattern of low hepcidin, but high TFR1
expression, while adjacent non-cancerous cells show increased
levels of hepcidin and FPN.92,93 Increased levels of hepcidin
may serve to counteract the increased iron supply from
enterocytes and macrophages, while increased FPN activity
serves to protect normal cells from iron overload. The protein
levels of FPN in HCC are not correlated with increased mRNA
of FPN1 and are similar to the FPN levels in normal cells.92

This might be caused by reduced expression of ceruloplasmin
in cancerous cells.92,93 Ceruloplasmin post-translationally
affects FPN similarly to hepcidin, although not as potently.94

The questions then arises, why are low liver hepcidin levels
found in HCC compared with increased hepcidin levels in
other cancers? Increasing local hepcidin sequesters iron in
tumor cells and increases the proliferative properties of the
tumor. In the liver, hepcidin produced by hepatocytes is also
the main reservoir of systemic hepcidin; therefore, if liver
tumor cells are able to secure the much-needed iron supply as
do other tumor cells, they would have to manipulate liver
hepcidin expression. By lowering liver hepcidin levels, liver
tumor cells are able to secure abundant iron from the main
suppliers of iron, such as enterocytes and macrophages. This
iron would preferentially be used by cancerous cells because of
the higher TFR1 levels observed in tumor cells. If liver hepcidin
increases, then iron is sequestered in macrophages and
enterocytes and liver tumor cells are iron starved. Additionally,
the retained hepcidin expression from non-cancerous liver cells
secures additional iron sequestration by inducing FPN degra-
dation and increases the iron labile pool in cancer cells. Recent
data also suggest that hepcidin has other protective properties
in liver tissue outside of iron metabolism. Hepcidin signaling
can secure the quiescent state of hepatic stellate cells.95 Since
activated hepatic stellate cells are the hallmark of liver cirrhosis,
this action would make hepcidin an important peptide that
protects the liver from cirrhosis and possibly liver cancer. In
any case, it is still too early to associate hepcidin activity outside
its iron metabolism-related actions. More studies are needed to
confirm this potential of hepcidin.

Complex regulation of hepcidin in brain cancers
Characteristic regulation of hepcidin has also been observed in
brain tumor cells. The levels of local hepcidin are low in some
tumors, while in others, he hepcidin levels are comparable to
those of normal brain tissue.96 It is interesting to note that HJV
is not expressed in brain tissue, while neogenin is present but
downregulated in many brain tumors.96 Iron metabolism in
the brain is under differential regulation by specific cell types.
For example, in glioblastoma, tumor stem cells extract iron
from the tumor environment more effectively than other
tumor cells.97 The important role of glial cells and pericytes
in hepcidin regulation in brain tissue might explain the specific
hepcidin regulation in brain tumors.98 In any case, hepcidin in
brain tissue can downregulate FPN, similar to other
tissues.98–100 Furthermore, this effect of hepcidin in neurons
and vascular endothelial cells has been shown to be related to
the downregulation of TFR1 and reduction of transferrin-
bound iron from the periphery into the brain.99,100 The
interesting downregulation of TFR1 by hepcidin has been
observed in astrocytes as well.101 This is important because
TFR1 upregulation helps brain cancer cells survive. It is still not
clear how these actions of hepcidin might help in manipulating
iron metabolism in the brain since there are conflicting studies
in terms of hepcidin’s role in reducing the iron load in brain
cells.100,102 The iron accumulation in neurons and microglia
observed by Urrutia et al.102 is likely caused by specific actions
induced by inflammatory signaling, but not directly by
hepcidin. The action of hepcidin on iron metabolism of brain
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tumors is important because research has shown that cutting
the iron supply to brain tumor cells can have important
antineoplastic effects.103,104

CLINICAL RELEVANCE OF HEPCIDIN MANIPULATION
IN CANCER
We have to be careful when examining hepcidin levels in
cancer patients. The absolute levels of serum hepcidin might
not be as important as the dynamics between local and
systemic hepcidin levels. In cancer tissues, most models
indicate that there is higher hepcidin and lower FPN expression
compared with normal adjacent tissue.19,36,38,39 A high hepci-
din/low FPN model accompanied by high TFR1
expression36,79,97 further strengthens the idea that in cancer
tissue, increased iron supply is the norm, promoting cellular
proliferation in cancer tissues. Suppressing liver hepcidin
inhibits cancer cell proliferation, and the same result can be
realized through knockout of tumor hepcidin.36 A similar
result can be achieved by blocking hepcidin expression through
anti-HJV antibodies.105

A local anti-hepcidin strategy could involve blocking the
action of local hepcidin with anti-hepcidin antibodies. In
prostate cancer, the use of anti-hepcidin antibodies restores
FPN expression and prevents cancer proliferation.19 Another
strategy could involve blocking the action of local hepcidin on
FPN in cancer cells. This could be done by mutating the FPN
gene in cancer cells, which would produce an FPN mutant that
is resistant to the action of hepcidin.

The use of hepcidin as a therapeutic target has already been
accompanied by the production of liver hepcidin agonists and
antagonists. One method to antagonize hepcidin is to use
molecules that cause RNA interference, such as small interfer-
ing RNA.106,107 Small interfering RNA have been shown to
block liver expression of hepcidin, but a specific hepcidin small
interfering RNA with proven beneficial properties in human
trials has yet to be developed.106,107 Another method is to use
molecules with specific affinity to hepcidin. These experimental
drugs have already been developed, such as NOX-H94 (also
known as an anti-hepcidin spiegelmer), which can significantly
increase serum iron and hemoglobin levels in human patients
with anemia due to inflammation and anemia due to cancer,
but not in erythropoiesis-stimulating agent-hyporesponsive
anemia in dialysis patients.106–108 On the other hand, specific
hepcidin antibodies, such as LY2787106, have already been
incorporated in human clinical trials to treat anemia due to
cancer. Although the first results suggested good patient
tolerance, the observed efficacy of this drug was unfortunately
short-lived, probably due to homeostatic compensatory pro-
duction of hepcidin, which should be taken into account when
blocking liver hepcidin with specific antibodies.109 Hepcidin
antagonism also includes interfering with the action of
regulators of hepcidin expression, such as BMP molecules,
including BMPR, HJV and MT2.107

In cases in which liver hepcidin expression has to be restored
(like in liver cancer), the strategy could include the use of
hepcidin agonists that mimic hepcidin action and areT
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chemically remodeled to improve their pharmacokinetic prop-
erties. These so-called mini-hepcidins have already shown
beneficial results in reducing the iron load in animal models
with
β-thalasemia, polycythaemia vera and hemochromatosis.107

Furthermore, the experimental drug LJPC-401, a hepcidin
agonist, is being studied in human clinical trials.107 The results
from a phase I study show that this drug significantly reduces
serum iron in acute and long-term settings without
toxicities.110 The pharmaceutical company that developed this
drug intends to use it in clinical trials with β-thalasemia
patients in mid-2017.110

Until now, the only established indication for the use of
hepcidin therapeutics in cancer has been anemia
of cancer.106,107 This condition is characterized by high levels
of serum hepcidin, which cause low levels of serum iron and
hemoglobin. High levels of hepcidin cause downregulation of
FPN and resultant cellular iron sequestration in enterocytes
and macrophages, which are the major iron suppliers of
plasma.38,40,41,64,105,109 It remains to be seen whether local or
systemic hepcidin therapy can affect cancer cell proliferation
as well.

Manipulation of hepcidin can also be performed with
pharmacotherapeutic agents. The anticancer properties of
drugs, such as sorafenib, were shown to be enhanced by
iron-chelation therapy.111 It is interesting to note that sorafenib
can induce hepcidin expression through inhibition of the Ras/
MAPK pathway, but whether this means that the prohepcidin
action of sorafenib adds to its anticancer properties in HCC is
still unclear.112

Heparins are strong suppressors of hepcidin expression
through their actions on the BMP/SMAD pathway,16,106. More
importantly, heparins can bind different BMPs, which is why
heparins can suppress hepcidin, even in BMP6 knockout
models.16,106,113 Chemically modified heparins with non-
anticoagulant properties, such as SST0001, have already shown
promise in MM and sarcoma models by reducing tumor
growth alone or in combination with standard
chemotherapy.114,115 However, the mechanisms behind the
antitumor properties of SST001 are extensive, and it is still not
clear if they are related to hepcidin suppression.

CONCLUSION

Hepcidin is an important peptide for cellular iron homeostasis.
This is important since the level of iron load affects the cellular
redox status.3 Oxidative damage is a pathogenic factor that is
related to different conditions.107 Therefore, it is not much of a
surprise that hepcidin disbalance has already been linked to
conditions such as diabetes, liver cirrhosis and heart
dysfunction.116–118

Although the role of hepcidin in cancer has been studied less
extensively, accumulating data suggest that a hepcidin disba-
lance is prevalent in cancer as well. In most cancers, the
hepcidin levels are increased, except in HCC and some brain
tumors, in which the hepcidin levels are low. A hepcidin
disbalance in cancer is important because it provides tumors

with the necessary iron for their survival. The strategy that
cancer cells use to achieve this is by increasing cellular iron
import through upregulation of TFR1 and by downregulating
cellular iron export, which is realized through the actions of
hepcidin on FPN.107

This review discussed the regulation of hepcidin in cancer by
different BMP molecules and inflammatory stimuli, such as
IL-6. Data suggest that BMP molecules are more potent
regulators of hepcidin expression than IL-6 in cancer. BMP6
does not seem to be the main inducer of hepcidin expression in
neoplastic tissue. This role in cancer is attributed to BMP2,
BMP4 and BMP7. Cancer cells use noncanonical pathways to
induce hepcidin expression such as the Wnt pathway. This is
important because Wnt pathway disturbances are frequently
dysregulated in cancer. Wnt and BMPs are both regulated by
SOSTDC1. SOSTDC1 is downregulated in cancer cells, which
causes Wnt and BMP overexpression. Studies suggest that
SOTDC1 inhibition might be a common route through which
cancer cells increase hepcidin levels, although this hypothesis
remains to be confirmed by future studies.

Although some of the actors involved in hepcidin expression
in cancer have been revealed, important questions remain to be
answered. First, we still do not know the exact mechanism of
regulating hepcidin expression in cancer cells by BMPs. This
can be determined by studies that examine associations
between local hepcidin expression and suspected regulators of
hepcidin. This has been done in studies with prostatic cancer,
while data from other cancers are partial or lacking. On the
other hand, we still do not know the exact cellular origin of
BMPs in all cancers. BMPs can be produced by endothelial
cells, stromal cells and tumor cells.

We also need to develop a better understanding of the
dynamic between local hepcidin expression and liver expres-
sion of hepcidin as well as its relation to FPN expression in
different stages of cancer. This will help us explain the exact
role of local and systemic (liver) hepcidin in cancer. Data
suggest that this interaction is complex and characterized by
specific subtleties. For example, the levels of cancer hepcidin
production are up to eight times higher in prostate cancer cell
lines than in normal cell lines,19 whereas serum hepcidin levels
rise only in patients with bone metastasis.60 In lung cancer,
serum and local hepcidin expression are both high, with results
from cell lines suggesting that local elevation of hepcidin is not
as prominent as in prostate cancer.25 Interestingly, the serum
levels of hepcidin in lung cancer are consistently higher than in
prostate cancer and seem to contribute to the total levels of
hepcidin in the tumor microenvironment.25 In breast cancer,
the serum hepcidin levels are high, with tumor hepcidin
expression only marginally increased.36 On the other hand,
suppression of liver hepcidin and knockdown of tumor
hepcidin by in vitro and in vivo experiments inhibits tumor
proliferation in breast cancer.36 This might indicate that both
sources of hepcidin, liver and local, help in promoting tumor
progression. In MM, the local levels of hepcidin are low, while
the serum levels of hepcidin are high and correlate with IL-6
and BMP2. Low levels of hepcidin and the inability of IL-6 to
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induce hepcidin expression in MM cells indicates that most
hepcidin in MM comes from the liver.40

In addition, data from lung cancer studies show that the
hepcidin serum levels are related to the metastatic potential and
clinical stage of the tumor.25 Local expression of hepcidin in
prostate cancer has also been linked with the metastatic
potential of the cancer.19 Similarly, serum hepcidin as well as
local hepcidin expression in renal cancer are related to the
metastatic potential of the cancer.54 Furthermore, local tumor
expression of hepcidin in renal carcinoma is an independent
prognostic factor related to shorter overall survival.54 In NHL,
the serum hepcidin levels are related to the disease activity and
international prognostic index score, which is a clinical
parameter that predicts long-term survival in NHL.41

In any case, more studies (especially in vivo studies) need to
address the specific contribution of liver and local hepcidin to
the total hepcidin levels in the tumor milieu of different
cancers.

Studies focused on hepcidin disturbances in cancer will have
to address the issue of the exact interactions between activated
leukocytes and tumor cells in terms of the iron metabolism
dynamics in the cancer environment. Finally, studies should
also reveal the exact ‘iron-hacking’ strategies of cancerous cells
towards non-cancerous cells through manipulation of hepcidin
expression and other iron proteins.

Blocking local hepcidin action in certain cancers can inhibit
tumor progression. In other cancers, such as breast cancer,
blocking liver hepcidin (in addition to local hepcidin suppres-
sion) has also been shown to suppress tumor proliferation.
Blocking hepcidin in MM with anti-IL-6 antibodies has shown
mixed results, indicating that hepcidin suppression in MM
would be more successful by direct actions on hepcidin.
Although these data are rather encouraging, similar studies
from other cancers will further enhance our knowledge of the
role of hepcidin therapy in cancer. We must be careful when
blocking liver hepcidin because this action might cause side
effects that should be taken into account.

In other cancers, such as HCC, the hepcidin levels are low;
therefore, the aim of the antitumor strategy is to restore the
hepcidin levels. In brain cancer, the situation is more compli-
cated; the hepcidin levels in many tumors of the brain are low,
although this observation does not extend to all brain tumors.
Additionally, different brain cell types show differential regula-
tion of hepcidin expression. The low levels of hepcidin
observed in brain tumors seem to be in agreement with
observations that suggest a protective role of hepcidin therapy
in brain tissue.99,100,119 Still, the question remains whether
hepcidin manipulation can help inhibit brain tumor growth.
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