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Abstract
Systemic iron homeostasis is regulated by the interaction of the peptide hormone, hepcidin and the
iron exporter, ferroportin. Mutations in FPN1, the gene that encodes ferroportin, result in iron-
overload disease that shows dominant inheritance and variation in phenotype. The inheritance of
ferroportin-linked disorders can be explained by the finding that ferroportin is a multimer and the
product of the mutant allele participates in multimer formation. The nature of the ferroportin
mutant can explain the variation in phenotype, which is due to either decreased iron export activity
or decreased ability to be downregulated by hepcidin. Iron export through ferroportin is
determined by the concentration of ferroportin in plasma membrane, which is the result of both
synthetic and degradation events. Ferroportin degradation can occur by hepcidin-dependent and
hepcidin-independent internalization. Ferroportin expression is regulated transcriptionally and
posttranslationally.
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Iron is an essential element due to its ability to easily gain and lose electrons and to bind
oxygen. Iron is required for a wide range of oxidation/reduction reactions and as a substrate
for heme. Heme in the form of hemoglobin is the essential oxygen-carrying molecule in
vertebrates. Heme bound to proteins such as P450 is required for the metabolism of both
endogenous and exogenous substrates. Both iron deficiency and iron excess may result in
disease. Insufficient iron results in developmental defects, failure to thrive, and a deficit in
hemoglobinization leading to anemia. Iron excess may lead to tissue pathology resulting in
hepatic fibrosis, diabetes, and adrenal insufficiency. All eukaryotes tightly regulate iron
acquisition and iron storage. Regulation of iron acquisition is the predominant method for
maintaining iron homeostasis, as eukaryotes do not have regulated mechanisms for iron
excretion. Single-cell eukaryotes such as yeast and multicellular organisms such as humans
face the same issues of coordinating iron acquisition with iron utilization. The confounding
issue for multicellular organisms is that iron acquisition and iron utilization occur in
different cell types and tissues. Dietary iron enters the body through absorptive intestinal
mucosal cells, which mediate net iron accumulation. Most of the iron that enters plasma,
however, is exported from macrophages that recycle iron from senescent or damaged
erythrocytes. Iron that enters plasma from macrophages or the gut is bound to plasma
transferrin and delivered to cells through the interaction of diferric transferrin and cell-
surface transferrin receptors. Under conditions in which iron entry into plasma exceeds the
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iron-binding capacity of transferrin, iron is rapidly removed from plasma and deposited in
parenchymal tissues such as hepatocytes and islet cells of the pancreas.

The coordination between iron entry into plasma, iron utilization, and iron storage is
accomplished by the interaction of the peptide hormone hepcidin and the iron transporter,
ferroportin (FPN) encoded by FPN1 (SLC40A1). Hepcidin is a member of the defensin
family of antimicrobial peptides. Hepcidin is an amphipathic peptide of 25 amino acids,
which contains six cysteine residues resulting in a highly disulfide-bonded structure. It is
synthesized as a prepropeptide, which is cleaved to the mature 25 amino acid molecule.
Hepcidin is highly conserved in all vertebrates, although there are differences in the amino
terminal of hepcidin from cold-blooded versus warm-blooded vertebrates. The iron-related
function of hepcidin was identified through a deletion of the gene HAMP1, which encodes
hepcidin. A targeted gene deletion in mice resulted in massive iron overload of parenchymal
tissues.1 In contrast, mice that overexpress hepcidin as a transgene exhibited the opposite
phenotype, severe iron limitation.2 These results showed that hepcidin is a negative
regulator of iron acquisition; high hepcidin levels give rise to decreased iron uptake and
conversely low hepcidin levels result in increased iron uptake. The recessive genetic
disorders resulting in hereditary hemochromatosis are due to decreased expression of
hepcidin. Conversely, the acquired disorder anemia of chronic inflammation3,4 and the
genetic disorder iron-refractory iron resistant anemia are due to increased levels of
hepcidin.5 Studies elsewhere in this issue describe how hepcidin expression is regulated.

The mechanism of how hepcidin regulates iron acquisition was clarified by showing that
hepcidin binds to and induces the degradation of the iron exporter, FPN.6 FPN is the only
known vertebrate iron exporter and is a membrane protein with a predicted 10 to 12
transmembrane domains.7 FPN was identified by three groups, each using a different
approach. One group identified FPN through analysis of a mutant gene that resulted in
decreased iron-dependent hemoglobinization in zebrafish;8 the second group identified
FPN1 as a transcript highly expressed in duodenal mucosa in iron deficiency9 and the third
group identified FPN1 as an iron-responsive element (IRE)-containing mRNA.10 Mutation
of FPN1 in zebrafish or targeted deletion of FPN1 in mice resulted in an inability to absorb
iron from the intestine and to recycle iron from macrophages.8,11 These biochemical and
genetic studies were confirmed by studies in humans, which demonstrated that FPN
mutations gave rise to iron-linked disorders.12,13 Recently, it was shown that deletion or
mutations in FPN1 in mice led to severe developmental abnormalities including decreased
neural tube closure,14 demonstrating the importance of FPN and iron in development.

THE ROLE OF FPN IN MAMMALIAN IRON METABOLISM
The importance of FPN in human iron homeostasis was demonstrated by the finding that
mutations in FPN led to human iron-overload diseases. An important defining feature of
FPN-linked iron disease is that it shows dominant inheritance12. The dominant transmission
of FPN-linked hemochromatosis is in marked contrast to the genetically recessive
transmission of iron-overload disorders due to mutations in HFE, TFR2, hemojuvelin (HJV),
or HAMP1. Those disorders all result from decreased levels of hepcidin, whereas hepcidin
levels in FPN-linked disorders are either normal or above normal. Patients with FPN-linked
iron disorders show two distinct sets of symptoms. One class of patients presents with high
serum ferritin, low transferrin saturation, and iron accumulation in Kupffer cells. These
patients may have a normal hematocrit, but when phlebotomized show a decreased
hematocrit and reduced transferrin saturation.15 The second presentation is indistinguishable
from classic hereditary hemochromatosis. Patients have an elevated hematocrit, high serum
ferritin, high transferrin saturation, and accumulate iron in hepatocytes. The symptoms
associated with this class of FPN-linked iron disorder improve upon phlebotomy.
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Studies in cultured cells, Xenopus oocytes or zebrafish have provided an explanation for the
different phenotypes associated with FPN-linked iron disorders. The macrophage form of
FPN-linked iron disease or “classic” FPN disease is due to FPN mutations that result in an
inability to transport iron.7,16,17 Some of the FPN mutants (e.g., deletion of valine 162) do
not traffic to the cell surface appropriately. Other mutants show normal targeting to the cell
surface, but are unable to transport iron (e.g., asparagine 174 to isoleucine). There are
discrepancies in the behavior of specific FPN mutants, as some studies report that FPN
mutants showed defective trafficking,7,16,17 whereas other reports showed normal
trafficking, but defective iron export.18–20 The difference in results may be due to
expression levels of transfected FPN or to the specific cell type employed. Regardless of
whether the mutant FPN does not traffic well or is transport incompetent, the result is the
same, defective iron export from cells. Decreased iron export explains reduced transferrin
saturation and high serum ferritin, as decreased iron export results in increased iron retention
in the specialized iron exporting cells. The cells most affected are macrophages, which
recycle iron from phagocytosed red blood cells. In contrast, the amount of FPN in the
intestine of a human or mouse fed a standard diet, which is fairly iron rich, is only a fraction
of the total FPN levels. Thus, in intestinal mucosa the effect of a mutation that compromises
iron export might be compensated for by increased expression of FPN. The overall result
would be increased or relatively normal iron absorption from the intestine yet decreased iron
export from macrophages.

The hepatocyte form of FPN-linked hemochromatosis is due to the constitutive expression
of FPN even in the face of high levels of plasma and liver iron. The high levels of FPN
result from decreased FPN degradation in response to the hormone hepcidin.7,16,21 Hepcidin
resistance leads to continued iron export through FPN independent of hepcidin levels.

There are two possible mechanisms that would explain dominant transmission of FPN-
linked iron disorders: haploinsufficiency or gain-of-function. Al-most all human FPN1
mutations are missense mutations. There is a report of a case of FPN-disease due to a
mutation in the promoter region of FPN1, but this mutation leads to a gene product.22 No
nonsense mutations in FPN1 have been identified. Additionally, mice that are heterozygous
for a targeted deletion in the FPN1 gene do not show FPN disease.11 These data argue
against haploinsufficiency. In contrast, there is support for a dominant negative model for
the genetic basis of FPN disease. Most critically, there is evidence that FPN is a dimer and
that the monomers, which are the products of mutant alleles can interact with the wild-type
monomer and affect the behavior of the dimer. Evidence in support of an FPN dimer comes
from biochemical studies including the coprecipitation of different epitope-tagged FPN,
crosslinking studies and the observations that FPN mutants that do not traffic appropriately
can affect the trafficking of wild-type FPN.16,23,24 The conclusion that FPN is a dimer has
been the subject of some controversy as there are studies that indicate that FPN is a
monomer.18,25–27 Strong support for a dimer structure for FPN came from studies in which
an N-ethyl-N-nitrosourea-generated mouse mutant exhibited “classical” FPN disease with
low transferrin saturation, high serum ferritin and iron accumulation in Kupffer cells and not
hepatocytes.28 The mutation was identified as a missense mutation in FPN (H32R). The
flatiron (ffe/+) mouse was heterozygous for the H32R mutation resulted in defective
trafficking of the mutant FPN, which in turn affected the trafficking of wild-type FPN to the
cell surface. This flatiron mouse showed mild anemia and iron accumulation in Kupffer
cells. An equally compelling result came from studies in which fertilized zebrafish eggs
were injected with plasmids containing GFP-tagged wild-type or mutant FPN.29,30 The
FPN-GFP was expressed throughout the developing embryo. Expression of either a known
human FPN mutant construct that results in FPN disease or the H32R FPN cloned from the
flatiron mouse led to a defect in hemoglobinization of developing red blood cells in the
developing embryos. In contrast, expression of wild-type human or mouse FPN or human
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FPN mutations that are hepcidin resistant did not lead to iron-limited erythropoiesis. It is
important to note that under these experimental protocols the zebrafish express their
endogenous FPN, therefore, the only explanation for these results is that FPN is a multimer
and FPN mutants interact with wild-type FPN affecting the behavior of the dimer (Fig. 1).
Thus, FPN missense mutants are dominant negative or gain-of function alleles explaining
the dominant transmission of the disorder.

HEPCIDIN-MEDIATED FPN INTERNALIZATION
The effect of hepcidin on FPN internalization was first demonstrated in cultured cells
expressing an FPN-green fluorescent protein (GFP) chimeric protein.6 The presence of FPN-
GFP on the cell surface led to increased iron export as shown by measurement of the level of
the cytosolic iron protein ferritin and by direct export of radioactive iron. Addition of
hepcidin resulted in the clearance of FPN-GFP from the cell surface and its accumulation in
lysosomes where it was degraded. Subsequent studies in mice showed that hepcidin induced
the loss of FPN from intestinal mucosal cells,31 and splenic31 and bone marrow
macrophages32 and hepatocytes.33

Transfection of FPN-expressing plasmids in different cell types has shown that the
degradation of FPN by hepcidin is independent of cell type. The intrinsic nature of hepcidin-
mediated FPN degradation is because hepcidin binds to FPN and that interaction is critical
for degradation.6 The binding of hepcidin to FPN was first shown with crosslinking agents
in which hepcidin crosslinked to FPN could be identified on SDS-polyacrylamide gel
electrophoresis. Subsequently, iodinated or fluorescently labeled hepcidin was shown to
bind to cells in a FPN-dependent manner, but no hepcidin binding was found on cells
expressing a class of FPN mutants that led to hepcidin-resistant FPN disease.34 The
hepcidin-binding site has been localized to an extracellular domain between loops five and
six.35 Further analysis using peptides encompassing this loop have identified amino acids
required for binding. An essential amino acid is cysteine 326, as mutations in this amino
acid gives rise to hepcidin-resistant hemochromatosis.36 This amino acid could provide a
free sulfhydryl residue and alkylation of this residue would prevent hepcidin binding. It has
been speculated that this sulfhydryl residue may react with sulfhydryls on FPN leading to a
mixed disulfide that would stabilize hepcidin FPN interactions.36 The generation of
derivative hepcidins has identified that the first five amino acids are critical for FPN
binding.34 Serial deletion of the first five amino acids led to a progressive loss of activity
such that hepcidin derivatives lacking all five amino acids had only a fraction of binding
activity. The predominant forms of urinary hepcidin are lacking two to five of the amino
terminal amino acids,35 suggesting that there may be an inactivation/processing of hepcidin.
Additionally, poikilotherms such as fish may have multiple hepcidin genes. Only one of the
multiple genes encodes a 25 amino acid form of hepcidin. The other gene products encode
forms of hepcidin lacking some of the amino terminal residues. Truncated and full-length
hepcidins have antimicrobial activity, but only the 25-amino acid form can regulate iron
metabolism. As mentioned above, cold-blooded vertebrates have a different amino terminus
for hepcidin compared with homeotherms. Mammalian hepcidin cannot stably bind to
mammalian FPN at temperatures below 15°C. In contrast, zebrafish hepcidin can bind to
mammalian FPN regardless of temperature. The difference in binding is due to mammalian
hepcidin changing its structure at low temperature while fish hepcidin does not. Hepcidin is
a heavily disulfide crosslinked molecule, but removal of many of the cysteines does not
affect its ability to bind FPN.34 This suggests that the disulfide crosslinks may be important
for its activity in vivo, perhaps increasing hepcidin's circulating half-life or protecting it
from inactivation by plasma proteins.
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The mechanism of hepcidin-mediated FPN internalization has been analyzed in some detail.
Binding of hepcidin to FPN results in the binding of the cytosolic Janus kinase 2 (Jak2) to
FPN.37 FPN is a dimer and each monomer must bind hepcidin for Jak2 to bind. Dimers
comprised of a wild-type FPN and a C326S FPN mutant will not bind Jak2 upon addition of
hepcidin. This result supports the in vivo phenotype that hepcidin resistance of FPN is
transmitted dominantly. Once Jak2 is bound to FPN, the two molecules of Jak2 are
autophosphorylated and phosphorylated Jak2 then phosphorylates FPN on either of two
adjacent tyrosine residues (Y302–303). Phosphorylation of these residues results in the
internalization of the FPN-hepcidin complex via dynamin and epsin-dependent
endocytosis.38 FPN mutants that bind hepcidin, but are not internalized will still export iron.
These results show that hepcidin does not affect the iron transport activity of FPN, but
affects the concentration of cell surface FPN.

Phosphorylation of FPN is a transient event as upon internalization the phosphates are
rapidly removed.38 Internalized FPN is then monoubiquitinated on lysine 253.
Ubiquitination is critical for FPN degradation. A series of cytosolic proteins termed
endosomal sorting complex required for transport (ESCRT) complexes recognize
ubiquitinated FPN permitting FPN to be captured by vesicles that bud into the lumen of
endosomes forming the multivesicular body. The multivesicular body fuses with lysosomes
resulting in the degradation of internalized FPN. Mutation of K253 or reduction in ESCRT
proteins by RNAi result in decreased degradation of internalized FPN.

FPN can also be internalized by hepcidin-independent mechanisms. Studies have shown that
iron entry into plasma requires the activity of a multicopper oxidase to convert Fe(II) to
Fe(III).39–41 Ceruloplasmin (Cp) is a copper-containing enzyme that can be found as a
plasma protein or bound to select cell types through a glycosylphosphatidylinositol
linkage.42 Cp mediates the conversion of Fe(II) to Fe(III) by oxidizing iron atoms and
storing the electrons.43 When four atoms are oxidized the stored electrons reduce oxygen to
water. The oxidation of Fe(II) to Fe(III) can be accomplished without Cp; however, the rate
of oxidation is slow at low oxygen concentrations and the spontaneous oxidation of iron
may give rise to toxic oxygen radicals.44 Cp-mediated iron oxidation is coupled to the
reduction of molecular oxygen, which prevents oxygen radical formation. In the absence of
ferroxidase activity, there is a decrease in the entry of iron into plasma. Studies published
over 50 years ago demonstrated that copper-deficient pigs were anemic.45 Copper deficiency
leads to the absence of active ceruloplasmin. This work was confirmed by a targeted gene
deletion of Cp in mice.46 Cp–/– mice showed an inability to export iron from stores upon
stress. Mammals express another membrane bound homologue of ceruloplasmin termed
hephaestin. Hephaestin is found at the basal lateral membrane of the gut and assists in net
iron absorption in the duodenum. The sex-linked anemia mouse, which has a mutation in
hephaestin, exhibits a microcytic anemia due to defective iron transport by the intestine.47

This genetic data confirm the biochemical data that multicopper oxidase activity is required
for FPN-mediated iron export.

It is thought that the role of multicopper oxidases is to convert Fe(II) to Fe(III), as Fe(III) is
the form of iron that binds to apotransferrin to be distributed to tissues. A curious issue,
however, is that the phenotype of humans with aceruloplasminemia is different than humans
with atransferrinemia. Mutations in Cp result in mild systemic iron accumulation but a
predominant symptom is progressive neurodegeneration of the retina and basal ganglia due
to iron accumulation.48 In contrast, atransferrinemia is characterized by anemia and
hemosiderosis in the heart and liver.49,50 There is no evidence of neurologic symptoms
associated with atransferrinemia. The difference in phenotype between atransferrinemia and
aceruloplasminemia was reconciled by the finding that multicopper oxidase activity is
required to remove iron from FPN and prevent FPN degradation. In the absence of
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multicopper oxidase activity, FPN on the cell surface of macrophages and cultured glial
cells is rapidly internalized and degraded.51 This loss of FPN is independent of hepcidin and
is not Jak2-mediated (Fig. 2). It is dependent, however, on the presence of lysine residue 253
in FPN and ubiquitination. In the absence of multicopper oxidase activity, iron is bound to
FPN but cannot be released into the extracellular media. The presence of bound iron appears
to trap FPN in a conformation that is recognized by an E3-ubiquitin ligase, which
ubiquitinates FPN leading to its internalization and degradation. Mutation of K253 or
mutations that prevent FPN-mediated iron transport will maintain FPN on the cell surface.

The finding of a second mechanism for FPN degradation implies that FPN can be regulated
independent of hepcidin. Loss of hepcidin expression results in severe iron-overload disease
in organs such as the liver, heart, and pancreas. There is, however, no evidence of iron
overload in neural tissues or retina as seen in aceruloplasminemia. This result suggests that
iron homeostasis in tissues separated from the general circulation is regulated differently
than in tissues that are exposed to the circulation.

REGULATION OF FPN SYNTHESIS
The steady state concentration of FPN reflects a balance between FPN synthesis and
degradation. An indication of the importance of FPN in iron homeostasis is that expression
of FPN is regulated at several levels. FPN is most highly expressed on cell types that have a
“professional” role in iron export, however, FPN1 transcription can occur in a wide variety
of cell types in response to different stimuli. FPN1 transcription increases in macrophages in
response to heme or iron.52,53 Heme-induced FPN1 transcription is the result of heme acting
on the transcription factor Bach1.53 Iron can also induce FPN1 transcription, although the
relevant transcription factor has not been identified. It is important to note that there may be
cell type differences in FPN1 expression. FPN1 transcription is increased in J774 cells in
response to copper, but not zinc or manganese.54 In Caco-2 cells and in cultured mouse bone
marrow macrophages, FPN1 mRNA levels increase in response to a wide variety of
transition metals including zinc, copper, manganese, cobalt, and cadmium.55,56 In the
cultured macrophage cell line RAW264.7, heme as well as protoporphyrin IX were shown to
be potent inducers of FPN1 transcription.53 Heme-induced FPN1 transcription in the J774
macrophage cell line, however, was blocked by iron chelation suggesting that it was the iron
in heme that induced FPN1 transcription.57 In bone marrow macrophages, iron salts alone
have been shown to induce FPN1 transcription.58

In addition to iron, other metals can induce FPN1 transcription. Depending on cell type,
manganese, zinc, and copper induce FPN1 transcription. The effect of zinc on FPN1
transcription requires the activity of the zinc sensitive transcription factor MTF1.58 There
are zinc-responsive elements in the promoter of FPN1 and mutation of those elements in
reporter constructs abrogates zinc-sensitive transcription of FPN1, but not iron-sensitive
transcription. An explanation for zinc-dependent transcription of FPN1 arises from the fact
that FPN can also transport zinc. Zinc-induced expression of FPN may be a mechanism
preventing zinc toxicity. Troadec et al suggested that copper-induced FPN1 transcription
was not mediated by MTF1.58 The effect of copper might well be mediated through the Nrf2
transcription factor.53 This transcription factor, which is activated by oxidants and
nucleophilic agents, binds to sites in the FPN promoter. Two independent studies showed
that in cultured macrophages and in macrophage-like cell lines activation of Nrf2 led to
FPN1 transcription.53,59 Increased oxidants are released by macrophages during the
phagocytosis of red blood cells. This may be a signal to increase FPN levels during
macrophage iron recycling.
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FPN levels are also regulated posttranscriptionally. One of the first identifications of FPN
was based on the presence of an IRE in the 5′-untranslated region of FPN mRNA.60 IREs
are stem loop structures in RNA that are capable of binding iron-regulated proteins (IRP).
Under conditions of low cytosolic iron, IRPs occupies the IREs preventing 5′-IRE
containing mRNA from being translated.61 If cytosolic iron rises, the IRP is removed from
the IRE permitting translation (Fig. 3). In the case of FPN, increased cytosolic iron would
result in increased FPN1 translation, which by exporting iron would decrease cytosolic iron.
The involvement of the IRE/IRP system in regulating FPN protein levels was confirmed in
cultured cells through the use of FPN1 reporter constructs containing or lacking the 5′-
IRE.60 The importance of the FPN1 5′-IRE in mammalian iron homeostasis was shown in
the Pcm mouse, which has a radiation-induced 58-base pair microdeletion in the promoter
region of the FPN1 locus.62 This deletion, located four nucleotides upstream of the TATA
box resulted in the absence of the IRE in the 5′ untranslated region of the vast majority of
hepatic FPN1 transcripts in Pcm homozygotes. Pcm mutant mice showed a significant
elevation in FPN protein levels in liver and duodenum, as well as organismal iron overload
during early postnatal development. These results are consistent with increased expression
of FPN due to the absence of the IRE/IRP translation repression control system. Recently,
Rouault and colleagues identified a naturally occurring splice variant of FPN that lacks the
5′-IRE.63 The variant mRNA is expressed primarily in intestinal mucosal cells and
surprisingly erythroblasts. The authors suggest that the presence of this transcript may
permit FPN-mediated iron transport that is not regulated by cytosolic iron.

Studies in the last decade using genetics, model organisms, and biochemical analyses have
advanced our understanding of systemic iron homeostasis and the roles of hepcidin and FPN
in iron metabolism. We can now describe the genetics and pathophysiology of iron-overload
diseases and or iron-linked anemias in molecular terms. It is expected that this information
in the next decade will lead to improved therapies that will alleviate the morbidity and
mortality associated with these disorders.
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Figure 1.
Effects of FPN mutation on iron homeostasis. FPN disease is a dominantly inherited
disorder caused by mutations in the SLC40A1/FPN1 gene. Patients present with either of
two phenotypes. Some subjects have low transferrin saturation, high serum iron, and iron
loading in Kupffer cells. These phenotypes are due to mutations in FPN that impair its
localization at the plasma membrane or its ability to transport iron. Other patients have a
presentation indistinguishable from classic hereditary hemochromatosis: high transferrin
saturation, serum iron, and hepatocyte iron loading. These phenotypes are due to FPN
mutants that do not bind hepcidin or FPN mutants that bind hepcidin but do not get
internalized. FPN mutant monomers can heterodimerize with wild-type FPN and affect their
localization and/or function.
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Figure 2.
Hepcidin-dependent and independent FPN degradation. Binding of hepcidin to FPN leads to
the binding of the cytosolic protein kinase Jak2 to FPN. Once Jak2 is bound, FPN is
phosphorylated and internalized. Internalized FPN is degraded in lysosomes. In the absence
of hepcidin, the loss of Cp activity will lead to the internalization of FPN. Cell surface FPN
can be ubiquitinated resulting in its internalization and degradation in lysosomes.
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Figure 3.
Transcription and posttranscriptional regulation of FPN. Transcription of FPN can be
regulated by different stimuli acting through a variety of transcription factors. Transcription
of FPN1 can be regulated by transcription factors Nrf2, MTF1, and Bach1. The FPN1
promoter has Nrf2 binding sites and it is hypothesized that Nfr2 can be activated by copper
(Cu). MTF1 and Bach1 are activated by zinc (Zn) and heme, respectively. Iron has also been
shown to affect FPN1 transcription although the transcription factor(s) responsible has not
been identified. Once transcribed, FPN mRNA can be regulated translationally. FPN1
mRNA contains an iron-responsive element in its 5′ untranslated region. Under low iron
conditions, iron-responsive protein (IRP) binds to the 5′ IRE in FPN1 mRNA and blocks
translation. When cytosolic iron levels are high, IRPs are degraded or removed allowing
FPN1 translation.
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