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ABSTRACT

Hereditary hemochromatosis (HH) is the most common inherited disorder in people of Northern European
descent. Over 83% of the cases of HH result from a single mutation of a Cys to Tyr in the HH protein, HFE.
This mutation causes a recessive disease resulting in an accumulation of iron in selected tissues. Iron overload
damages these organs leading to cirrhosis of the liver, diabetes, cardiomyopathy, and arthritis. The
mechanism by which HFE influences iron homeostasis in cells and in the body remains elusive. Lack of
functional HFE in humans produces the opposite effects in different cell types in the body. In the early stages
of the disease, Kupffer cells in the liver and enterocytes in the intestine cells are iron depleted and have low
intracellular ferritin levels, whereas hepatocytes in the liver are iron overloaded and have high intracellular
iron levels. This review gives the background and a model as to possible mechanisms of how HFE could exert
different effects on iron homeostasis in different cell types.
Key terms: hereditary hemochromatosis, HFE, iron overload, iron homeostasis

Hereditary hemochromatosis (HH) is a
disease of iron-overload in specific organs
including the liver, heart, and pancreas.
Early studies demonstrated that iron
absorption in the intestine of these patients is
abnormally elevated (Powell et al., 1970).
Excess iron in affected tissues catalyzes the
production of oxidants, resulting in cirrhosis,
hepatoma, cardiomyopathy, diabetes,
hypogonadotropic hypogonadism, and
arthritis (Bothwell et al., 1995). HH type 1 is
an autosomal recessive disease due to a
mutation in HFE and is the most common
inherited disease in Caucasians (reviewed in
Cox and Walter, 1996). The carrier
frequency in the United States is
approximately 1 in 9 for individuals of
Northern European heritage in the U.S. The
penetrance of the gene is still debated, with
estimates ranging from 1: 400 to 1: 10,000
individuals in this population having clinical
disease (McCune et al., 2003). Although
carrying the HH type 1 mutation could be an
advantage with an iron poor diet, it presents
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a distinct disadvantage when iron is readily
available. The frequency and importance of
HH type 1 has been appreciated only
recently because it is difficult to diagnose.
Iron accumulates gradually, and the effects
of this disease are not usually apparent until
middle age or later. Many of the problems
that result from the damaged organs, such as
liver failure, adult-onset diabetes, and heart
failure, are often attributed to other causes in
this older age group.
The gene for HH type 1 was mapped to
human chromosome 6 almost 30 years ago
(Simon et al., 1975), and a linkage to the
HLA locus was observed. Developments
within the last eight years provide key
insights into the molecular definition of
HH type 1. First, β2-microglobulin
knockout mice were shown to have iron
overload with a phenotype similar to that
of HH type 1 patients (Rothenberg and
Voland, 1996; Santos et al., 1996). β2microglobulin is a subunit of all major
histocompatibility class (MHC) 1
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molecules. Its association with the a
subunit of MHC-1 proteins is required for
the +*transport of the complex to the cell
surface. The finding that β2-microglobulin
knockout mice suffered from iron overload
raised the possibility that the HH type 1
gene product might have a structure
similar to MHC-1 molecules and a similar
requirement for association with β2microglobulin for proper folding and
function. A second important breakthrough
was the mapping and cloning of the human
HFE by Feder and colleagues in the same
year (Feder et al., 1996). The sequence of
HFE is closest in amino acid sequence to
those of MHC-1 molecules, especially
HLA-A2. Thus, the predicted HFE
structure was consistent with the iron
overload found in the β2-microglobulin
knockout mouse (Feder et al., 1996; Santos
et al., 1996). The crystal structure of the
HFE ectodomain confirmed the predicted
similarities in the structures of HFE and
MHC-1 proteins (Lebron et al., 1998).
Unlike MHC-1 molecules, which present
peptides to the T-cell receptor, the pocket
formed by the a1 and α2 domains in HFE
is too narrow to accept peptides. Analysis
of HFE mRNA levels in different tissues
indicates that it is abundant in small
intestine, liver, pancreas, placenta, kidney,
and ovary, while it is present in low
concentrations in colon, leukocytes, brain,
and lung (Feder et al., 1996). These results
are in keeping with the pathogenesis of the
disease; iron transport occurs in the
duodenum and placenta, and iron
accumulation due to a mutation in HFE is
seen in the tissues with high HFE mRNA
levels. Immunohistochemistry confirms
the location of HFE in the intestine and
liver (Parkkila et al., 1997b). These initial
developments gave insight into the
structure and location of HFE.
Although how HFE regulates iron
homeostasis is still unknown, the disease
appears to result from a loss of HFE
function. The mutation in 83% of the cases
of HH is a single base change that converts
Cys 260 to Tyr (C260Y) (Feder et al.,
1996). The mutant HFE fails to associate
with β2-microglobulin and is not
transported to the plasma membrane (Feder

et al., 1997). Other members of the MHC-1like family include the human neonatal Fc
receptor (hFcRn) and HLA-G. They, too,
have four highly conserved Cys residues
that form two disulfide bonds. The disulfide
bonds are critical for the secondary and
tertiary structure (Miyazaki et al., 1986).
Both HFE knockout mice and β2microglobulin knockout mice are similarly
iron overloaded (Santos et al., 1996; Zhou
et al., 1998), confirming that the C260Y
HFE produces a decrease in HFE function.
Control of iron metabolism at the cellular
level: Proteins involved in iron homeostasis
that could be affected by HFE
Almost all cells obtain at least part of their
iron requirements by TfR1 Tf-mediated
iron-uptake, a process that is exquisitely
regulated at the posttranscriptional level
(reviewed in Hentze and Kuhn, 1996;
Klausner et al., 1993; Theil, 1994).
Regulation is achieved via iron regulatory
proteins (IRPs) and mRNA stem loop
structures known as iron responsive
elements (IREs). In the case of TfR1, the 3'
untranslated portion of the TfR1 mRNA
forms IRE stem loop structures in a region
that contains a message-instability element.
Under low iron conditions, IRP1 and IRP2
bind to the stem loop structures and protect
the mRNA from degradation, resulting in
increased TfR1 synthesis. Under high iron
conditions, the IRPs do not bind to the
IREs, exposing the nuclease-sensitive site
and leading to mRNA degradation and
decreased TfR1 expression. Ferritin, an
intracellular iron storage protein is
regulated by IRPs, but in contrast to TfR1,
it is regulated at the level of translation.
Under low intracellular conditions, the IRPs
bind to an IRE stem loop structure upstream
of the translation start site of ferritin mRNA
and block translation. Under high
intracellular iron concentrations, when it is
desirable to synthesize ferritin in order to
sequester iron and prevent iron-catalyzed
oxidative damage to the cell, IRPs no
longer bind to the IRE and ferritin
translation is increased. The role of the
IREs in mRNAs of two iron transporters,
divalent metal transporter 1 (DMT1) and
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ferroportin1 are only beginning to be
understood (Hubert and Hentze, 2002;
Lymboussaki et al., 2003). Other iron
metabolism-related proteins that possess
stem loop structures on the 3' untranslated
portion of their mRNA include: g-amino
levulinic acid synthetase, which is involved
in heme biosynthesis; mitochondrial
aconitase (Gray et al., 1996; Kim et al.,
1996); and the iron-sulfur subunit of
succinate dehydrogenase (Gray et al.,
1996). These proteins are all regulated by
intracellular iron concentrations through the
IRPs.
Lower intracellular iron levels imparted by
HFE expression
Transfection of HFE into in HeLa and
HEK293 cells and the demonstration that
HFE expression lowers iron levels within
these cell lines provide important tools for
determining the basis of HFE’s effects.
Evidence that HFE lowers intracellular iron
levels include: decreased ferritin levels;
increased TfR1 levels; increased levels of
IRPs binding to IREs; and decreased Tfmediated iron-uptake into cells (Corsi et al.,
1999; Gross et al., 1998; Riedel et al.,
1999; Roy et al., 2002; Roy et al., 2000;
Roy et al., 1999). The effect of HFE
expression in HeLa cells thus results in a
lower iron phenotype, because HFE
expression mimics the state of cells that are
iron-deprived.
The molecular mechanism by which
HFE lowers intracellular iron levels when
expressed in these cells remains
controversial. HFE binds to TfR1 (Feder et
al., 1998; Parkkila et al., 1997a) and lowers
the affinity of Tf to the TfR1 (Corsi et al.,
1999; Feder et al., 1998; Gross et al., 1998;
Lebron et al., 1998; Riedel et al., 1999).
Careful analysis of the stoichiometry of the
complex and binding studies using
truncated soluble forms of HFE and TfR1
shows that HFE competes with Tf for
binding to TfR1 (Lebron et al., 1998;
Lebron and Bjorkman, 1999; Lebron et al.,
1999; West et al., 2001). Competition of
HFE with Tf for binding to TfR1 could
result in less Tf-mediated uptake of iron
and provides a superficial explanation for

107

how expression of HFE would lead to lower
intracellular iron. However, binding studies
suggest otherwise. The affinity of HFE for
TfR1 (Kd ~60 nM) is substantially less than
that of Tf for TfR1 (Kd ~1 nM) (West et
al., 2001). The concentration of diferric Tf
in the blood is ~10 µM. Thus one would
expect that HFE would never be associated
with TfR1 in the presence of physiological
concentrations of Tf. Recent studies on
cells transfected with mutant HFE have
confirmed these predictions (Zhang et al.,
2003).
Many different mechanisms have been
proposed to account for the lowered iron
levels in cells expressing HFE. The
expression of human HFE without β2microglobulin in a Chinese hamster cell
line produced lower ferritin levels, but HFE
with human β2-microglobulin resulted in
increased ferritin levels in the same cells
(Waheed et al., 2002). This observation
suggested that the lower intracellular iron
levels originally observed in HeLa cells
might be an artifact due to lack of β2microglobulin expression in human cells
transfected with HFE alone. More recent
observations discounted this hypothesis
(Wang et al., 2003). Transfection of a
human lung carcinoma cell line with
additional β2-microglobulin did not reverse
the low ferritin levels and elevated TfR1
levels resulting from HFE expression.
Furthermore, we demonstrated that in HeLa
cells, which show a lower iron phenotype
upon the induction of HFE, β2microglobulin levels rise in accordance
with HFE levels and are not limiting
(Zhang et al., 2003). Other groups attribute
the lower iron phenotype to a decrease in
the rate of endocytosis of the HFE/TfR1
complex (Schwake et al., 2002) or a change
in the ratio of Tf-mediated and non-Tfmediated iron-uptake (Corsi et al., 1999).
To resolve some of these issues and to
determine the effect of HFE on the
trafficking of the TfR1 and on Tf-mediated
iron-uptake into cells, HeLa cells in which
the expression of HFE can be controlled
by the tet-repressible promoter were used.
The rates of endocytosis, exocytosis, and
Tf-mediated 55Fe uptake were measured.
At saturating levels of Tf (100 nM) –
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levels at which no differences in the
binding of Tf are detected between cells
expressing or not expressing HFE – the
rate of endocytosis of TfR1 is the same.
The rate of exocytosis of the TfR1 is
similarly unaffected by HFE expression.
These results are consistent with the
finding that the distribution of the TfR1
between the cell surface and internal
compartments are unchanged upon the
induction of HFE (Gross et al., 1998; Roy
et al., 1999). In contrast to the 125 I-Tf
experiments, the amount of 55Fe taken up
from 55 Fe-Tf decreases 25-30%. We
speculated that at physiological
concentrations of Tf, HFE would not
inhibit Tf uptake, but rather act to
negatively regulate iron-uptake in the
endosome of HeLa cells either by altering
the release of iron from Tf, changing the
pH of the endosome, interfering with the
ferrireductase activity, or inhibiting the
transporter responsible for iron transport
from inside the endosome to the cytoplasm
(Roy et al., 1999). Thus, with this cell line,
HFE expression reduces the amount of Tfmediated iron uptake without affecting the
rates of Tf uptake or efflux. This data is
consistent with the hypothesis put forth in
this application that HFE directly or
indirectly affects iron uptake via the iron
transporter, DMT1, which is proposed to
be the endosomal transporter.
The higher iron phenotype imparted by
HFE expression
Three reports in the literature show that in
contrast to HeLa and HEK 293 cells, HFE
expression in some cell types results in a
higher iron phenotype, decreased TfR1
levels, increased ferritin levels, and
decreased levels of IRPs binding to IRE
(Cairo et al., 1997; Davies and Enns, 2004;
Drakesmith et al., 2002). In one case, HFE
expression in monocytes isolated from
people with HH type 1 produces a decrease
in the IRP/IRE complex indicating a higher
iron phenotype (Cairo et al., 1997). In
another study, a macrophage cell line,
THP1, infected with an adenovirus
containing HFE showed increased
intracellular ferritin levels (Drakesmith et

al., 2002). The authors further demonstrated
that iron efflux is decreased in the presence
of HFE (Drakesmith et al., 2002). HT29
cells, a human colon carcinoma cell line,
transfected with HFE show accumulation of
intracellular iron and a decrease in ironefflux (Davies and Enns, 2004). The data
from the monocytic and intestinal cell lines
implicates HFE in affecting the function of
the iron transporter, ferroportin1. These
studies combined with the studies on HeLa
and HEK293 cells also raise the question of
how HFE expression can produce different
iron phenotypes in different cell lines.
Iron regulation in animals
In spite of numerous animal studies on iron
absorption, relatively little is known about
the mechanisms by which HFE regulates
iron homeostasis in the intestine and body.
Iron replete individuals take up less iron than
iron deficient ones, implying that the
regulation of iron homeostasis in the
intestine is controlled at the level of ironuptake and that there is a mechanism for
sensing iron levels in the body. Loss of iron
from the body is not apparently regulated
(reviewed in (Bothwell et al., 1995)). Iron is
transported from the lumen of the duodenum
into the body via apical (luminal facing) and
basolateral (blood facing) transporters.
DMT1, the apical transporter, is an integral
membrane protein capable of divalent metal
ion transport and has been identified in
intestinal as well as other cells (Fleming et
al., 1997; Gunshin et al., 1997). Single base
pair mutations in the coding region of this
transporter are associated with low iron
content of enterocytes and severe defects in
intestinal iron absorption in the mk mouse
and Belgrade rat (Fleming et al., 1998;
Fleming et al., 1997) indicating its important
role in the initial stage of iron absorption.
Ferroportin1, another divalent metal
transporter, also is found predominantly in
the duodenum and liver (Abboud and Haile,
2000; Donovan et al., 2000; McKie et al.,
2000) and participates in iron-efflux from
cells.
Dcytb, a duodenal ferrireductase, and
hephaestin, a ferroxidase (Li et al., 2003),
also are implicated in the transport of iron
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across intestinal epithelial cells. Both
ferroportin1 and DMT1 transport the
ferrous (Fe +2 ) form of iron. Dcytb was
cloned from intestinal tissue, and evidence
suggests that it reduces iron from the Fe+3
form found in the lumen of the gut for
transport into the villus cell via DMT1
(McKie et al., 2001). The sla mouse has a
deletion mutation in hephaestin that results
in anemia (Vulpe et al., 1999). The
intestinal epithelia of these mice show
increased levels of iron, which indicates
that hephaestin plays a role in the ironefflux from intestinal villus cells.
The liver plays a central role in iron
homeostasis. It is the major site of the
body’s excess iron storage, which accounts
for approximately 12.5% to 25% (0.5 to 1
g) of total body iron in a normal adult male
(Andrews, 2000). Iron is mainly
sequestered in hepatocytes in the core of
ferritin. Under low iron conditions, the
stored iron can be mobilized actively into
circulation (Kim et al., 1985). Hepatocytes
are also the source of Tf, the iron transport
protein in blood; ceruloplasmin, a serum
multicopper ferroxidase, which plays a role
in the efflux of iron out of the liver; and
hepcidin, a recently discovered peptide
involved in the regulation of iron
absorption from the intestine. Thus,
hepatocytes play a major role in iron
homeostasis in the body. In addition,
Kupffer cells in the liver have an important
role in recycling iron from senescent red
blood cells.
The liver communicates with the
intestine through the ‘body iron stores
regulator’ to control intestinal iron-uptake.
The regulator is most likely hepcidin. Mice
lacking hepcidin suffer from severe iron
overload (Nicolas et al., 2001), and mice
overexpressing it suffer from severe iron
deficiency anemia. Hepcidin expression
increases several fold when mice are iron
loaded with high-iron diets. These
observations indicate that hepcidin
negatively regulates intestinal iron uptake
into the body (Nicolas et al., 2002). The
effect of HFE on hepcidin expression in the
liver is controversial. Increased hepcidin
expression in β2-microglobulin knockout
mice was reported (Pigeon et al., 2001).
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Because these mice do not express β2microglobulin, they do not make functional
HFE and suffer from iron overload similar
to HFE knockout mice. These results are
consistent with hepcidin secretion,
stimulated by iron loading in the liver
producing a negative regulation of iron
uptake from the intestine. In contrast, two
subsequent reports have measured either no
difference in hepcidin levels between
control and HFE knockout mice or lower
amounts of hepcidin expression compared
to control mice with comparable amounts of
iron overload (Ahmad et al., 2002;
Muckenthaler et al., 2003). In one report,
hepcidin expression did not change when
the HFE knockout mice were challenged
with iron (Ahmad et al., 2002). The
disparate results most likely reflect the
different genetic backgrounds of the HFE
knockout mice and the extent of iron
loading due to other contributing factors.
In summary, a growing body of
knowledge raises the question as to how
HFE expression can produce different iron
phenotypes in different cell lines. HFE
appears to affect either iron import or
export depending on the cell type. In
addition, lack of functional HFE leads to a
muted hepcidin response in mouse models
of hereditary hemochromatosis.
REFERENCES
ABBOUD S, HAILE DJ (2000) A novel mammalian ironregulated protein involved in intracellular iron
metabolism. J Biol Chem. 275: 19906-12
AHMAD KA, AHMANN JR, MIGAS MC, WAHEED A,
BRITTON RS, BACON BR, SLY WS, FLEMING RE
(2002) Decreased liver hepcidin expression in the HFE
knockout mouse. Blood Cells Mol. Dis. 29: 361-6
ANDREWS NC (2000) Iron homeostasis: Insights from
genetics and animal models. Nat Rev Genet. 1: 208-17
BOTHWELL TH, CHARLTON RW, MOTULSKY AG
(1995) The metabolic and molecular basis of inherited
disease. In: SCRIVER CR, BEUDET AL, SLY WS,
VALLE D (eds) Hemochromatosis. Vol. II. San
Francisco: McGraw-Hill, Inc. PP: 2237-2269
CAIRO G, RECALCATI S, MONTOSI G, CASTRUSINI
E, CONTE D, PIETRANGELO A (1997)
Inappropriately high iron regulatory protein activity in
monocytes of patients with genetic hemochromatosis.
Blood. 89: 2546-53
CORSI B, LEVI S, COZZI A, CORTI A, ALTIMARE D,
ALBERTINI A, AROSIO P (1999) Overexpression of
the hereditary hemochromatosis protein, HFE, in HeLa
cells induces and iron-deficient phenotype. FEBS Lett.
460: 149-52

110

ENNS Biol Res 39, 2006, 105-111

COX JS, WALTER P (1996) A novel mechanism for
regulating activity of a transcription factor that controls
the unfolded protein response. Cell. 87: 391-404
DAVIES PS, ENNS CA (2004) Expression of the
hereditary hemochromatosis protein HFE increases
ferritin levels by inhibiting iron export in HT29 cells. J
Biol Chem. 279: 25085-92
DONOVAN A, BROWNLIE A, ZHOU Y, SHEPARD J,
PRATT SJ, MOYNIHAN J, PAW BH, DREJER A,
BARUT B, ZAPATA A, LAW TC, BRUGNARA C,
LUX SE, PINKUS GS, PINKUS JL, KINGSLEY PD,
PALIS J, FLEMING MD, ANDREWS NC, ZON LI
(2000) Positional cloning of zebrafish ferroportin1
identifies a conserved vertebrate iron exporter. Nature.
403: 776-81
DRAKESMITH H, SWEETLAND E, SCHIMANSKI L,
EDWARDS J, COWLEY D, ASHRAF M, BASTIN J,
TOWNSEND AR (2002) The hemochromatosis protein
HFE inhibits iron export from macrophages. Proc Natl
Acad Sci USA. 99: 15602-7
FEDER JN, GNIRKE A, THOMAS W, TSUCHIHASHI Z,
RUDDY DA, BASAVA A, DORMISHIAN F,
DOMINGO R JR, ELLIS MC, FULLAN A, HINTON
LM, JONES NL, KIMMEL BE, KRONMAL GS,
LAUER P, LEE VK, LOEB DB, MAPA FA,
MCCLELLAND E, MEYER NC, MINTIER GA,
MOELLER N, MOORE T, MORIKANG E, PRASS
CE, QUINTANA L, STARNES SM, SCHATZMAN
RC, BRUNKE KJ, DRAYNA DT, RISCH NJ, BACON
BR, WOLFF RK (1996) A novel MHC class I-like
gene is mutated in patients with hereditary
haemochromatosis. Nat. Genet. 13: 399-408
FEDER JN, PENNY DM, IRRINKI A, LEE VK, LEBRON
JA, WATSON N, TSUCHIHASHI Z, SIGAL E,
BJORKMAN PJ, SCHATZMAN RC (1998) The
hemochromatosis gene product complexes with the
transferrin receptor and lowers its affinity for ligand
binding. Proc. Natl. Acad. Sci. USA. 95: 1472-7
FEDER JN, TSUCHIHASHI Z, IRRINKI A, LEE VK,
MAPA FA, MORIKANG E, PRASS CE, STARNES
SM, WOLFF RK, PARKKILA S, SLY WS,
SCHATZMAN RC (1997) The hemochromatosis
founder mutation in HLA-H disrupts β2-microglobulin
interaction and cell surface expression. J. Biol. Chem.
272: 14025-14028
FLEMING MD, ROMANO MA, SU MA, GARRICK LM,
GARRICK MD, ANDREWS NC (1998) Nramp2 is
mutated in the anemic Belgrade (b) rat: evidence of a
role for Nramp2 in endosomal iron transport. Proc.
Natl. Acad. Sci. USA. 95: 1148-53
FLEMING MD, TRENOR CC, SU MA, FOERNZLER D,
BEIER DR, DIETRICH WF, ANDREWS NC (1997)
Microcytic anaemia mice have a mutation in nramp2, a
candidate iron transporter gene. Nat. Genet. 16: 383386
GRAY NK, PANTOPOULOUS K, DANDEKAR T,
ACKRELL BA, HENTZE MW (1996) Translational
regulation of mammalian and Drosophila citric acid
cycle enzymes via iron-responsive elements. Proc.
Natl. Acad. Sci. USA. 93: 4925-30
GROSS CN, IRRINKI A, FEDER JN, ENNS CA (1998)
Co-trafficking of HFE, a nonclassical major
histocompatibility complex class I protein, with the
transferrin receptor implies a role in intracellular iron
regulation. J. Biol. Chem. 273: 22068-74
GUNSHIN H, MACKENZIE B, BERGER UV, GUNSHIN
Y, ROMERO MF, BORON WF, NUSSBERGER S,
GOLLAN JL, HEDIGER MA (1997) Cloning and
characterization of a mammalian proton-coupled metalion transporter. Nature. 388: 482-488

HENTZE MW, KUHN LC (1996) Molecular control of
vertebrate iron metabolism: mRNA-based regulatory
circuits operated by iron, nitric oxide, and oxidative
stress. Proc. Natl. Acad. Sci. USA. 93: 8175-82
HUBERT N, HENTZE MW (2002) Previously
uncharacterized isoforms of divalent metal transporter
(DMT)-1: Implications for regulation and cellular
function. Proc Natl Acad Sci U S A. 99: 12345-50
KIM BK, HUEBERS H, PIPPARD MJ, FINCH CA (1985)
Storage iron exchange in the rat as affected by
deferoxamine. J Lab Clin Med. 105: 440-8
KIM HY, LAVAUTE T, IWAI K, KLAUSNER RD,
ROUAULT TA (1996) Identification of a conserved
and functional iron-responsive element in the 5'untranslated region of mammalian mitochondrial
aconitase. J. Biol. Chem. 271: 24226-30
KLAUSNER RD, ROUAULT TA, HARFORD JB (1993)
Regulating the fate of mRNA: The control of cellular
iron metabolism. Cell. 72: 19-28
LEBRON JA, BENNETT MJ, VAUGHN DE, CHIRINO
AJ, SNOW PM, MINTIER GA, FEDER JN,
BJORKMAN PJ (1998) Crystal structure of the
hemochromatosis protein HFE and characterization of
its interaction with transferrin receptor. Cell. 93: 11123
LEBRON JA, BJORKMAN PJ (1999) The transferrin
receptor binding site on HFE, the class I MHC-related
protein mutated in hereditary hemochromatosis. J Mol
Biol. 289: 1109-18
LEBRON JA, WEST AP JR, BJORKMAN PJ (1999) The
hemochromatosis protein HFE competes with
transferrin for binding to the transferrin receptor. J.
Mol. Biol. 294: 239-45
LI L, VULPE CD, KAPLAN J (2003) Functional studies of
hephaestin in yeast: Evidence for multicopper oxidase
activity in the endocytic pathway. Biochem. J. 375:
793-798
LYMBOUSSAKI A, PIGNATTI E, MONTOSI G,
GARUTI C, HAILE DJ, PIETRANGELO A (2003)
The role of the iron responsive element in the control
of ferroportin1/IREG1/MTP1 gene expression. J
Hepatol. 39: 710-5
MCCUNE A, WORWOOD M, AJIOKA RS, KUSHNER JP
(2003) Penetrance in hereditary hemochromatosis.
Blood. 102: 2696
MCKIE AT, BARROW D, LATUNDE-DADA GO, ROLFS
A, SAGER G, MUDALY E, MUDALY M,
RICHARDSON C, BARLOW D, BOMFORD A,
PETERS TJ, RAJA KB, SHIRALI S, HEDIGER MA,
FARZANEH F, SIMPSON RJ (2001) An ironregulated ferric reductase associated with the
absorption of dietary iron. Science. 291: 1755-9
MCKIE AT, MARCIANI P, ROLFS A, BRENNAN K,
WEHR K, BARROW D, MIRET S, BOMFORD A,
PETERS TJ, FARZANEH F, HEDIGER MA, HENTZE
MW, SIMPSON RJ (2000) A novel duodenal ironregulated transporter, IREG1, implicated in the
basolateral transfer of iron to the circulation. Molec.
Cell. 5: 299-309
MIYAZAKI J, APPELLA E, OZATO K (1986)
Intracellular transport blockade caused by disruption of
the disulfide bridge in the third external domain of
major histocompatibility complex class I antigen. Proc.
Natl. Acad. Sci. USA. 83: 757-61
MUCKENTHALER M, ROY CN, CUSTODIO AO,
MINANA B, DEGRAAF J, MONTROSS LK,
ANDREWS NC, HENTZE MW (2003) Regulatory
defects in liver and intestine implicate abnormal
hepcidin and Cybrd1 expression in mouse
hemochromatosis. Nat Genet. 34: 102-7

ENNS Biol Res 39, 2006, 105-111

NICOLAS G, BENNOUN M, DEVAUX I, BEAUMONT C,
GRANDCHAMP B, KAHN A, VAULONT S (2001)
Lack of hepcidin gene expression and severe tissue iron
overload in upstream stimulatory factor 2 (USF2)
knockout mice. Proc Natl Acad Sci USA. 98: 8780-8785
NICOLAS G, BENNOUN M, PORTEU A, MATIVET S,
BEAUMONT C, GRANDCHAMP B, SIRITO M,
SAWADOGO M, KAHN A, VAULONT S (2002)
Severe iron deficiency anemia in transgenic mice
expressing liver hepcidin. Proc Natl Acad Sci USA. 99:
4596-601
PARKKILA S, WAHEED A, BRITTON RS, BACON BR,
ZHOU XY, TOMATSU S, FLEMING RE, SLY WS
(1997a) Association of the transferrin receptor in
human placenta with HFE, the protein defective in
hereditary hemochromatosis. Proc. Natl. Acad. Sci.
USA. 94: 13198-202
PARKKILA S, WAHEED A, BRITTON RS, FEDER JN,
TSUCHIHASHI Z, SCHATZMAN RC, BACON BR,
SLY WS (1997b) Immunohistochemistry of HLA-H,
the protein defective in patients with hereditary
hemochromatosis, reveals unique pattern of expression
in gastrointestinal tract. Proc. Natl. Acad. Sci. USA.
94: 2534-9
PIGEON C, ILYIN G, COURSELAUD B, LEROYER P,
TURLIN B, BRISSOT P, LOREAL O (2001) A new
mouse liver-specific gene, encoding a protein
homologous to human antimicrobial peptide hepcidin,
is overexpressed during iron overload. J Biol Chem.
276: 7811-9
POWELL LW, CAMPBELL CB, WILSON E (1970)
Intestinal mucosal uptake of iron and iron retention in
idiopathic haemochromatosis as evidence for a mucosal
abnormality. Gut. 11: 727-31
RIEDEL HD, MUCKENTHALER MU, GEHRKE SG,
MOHR I, BRENNAN K, HERRMANN T, FITSCHER
BA, HENTZE MW, STREMMEL W (1999) HFE
downregulates iron uptake from transferrin and induces
iron-regulatory protein activity in stably transfected
cells. Blood. 94: 3915-21
ROTHENBERG BE, VOLAND JR (1996) beta2 knockout
mice develop parenchymal iron overload: A putative
role for class I genes of the major histocompatibility
complex in iron metabolism. Proc. Natl. Acad. Sci.
USA. 93: 1529-34
ROY CN, BLEMINGS KP, DECK KM, DAVIES PD,
ANDERSON EL, EISENSTEIN RS, ENNS CA (2002)
Increased IRP1 and IRP2 RNA binding activity
accompanies a reduction of the labile iron pool in HFEexpressing cells. J Cell Physiol. 190: 218-26
ROY CN, CARLSON EJ, ANDERSON EL, BASAVA A,
STARNES SM, FEDER JN, ENNS CA (2000)
Interactions of the ectodomain of HFE with the
transferrin receptor are critical for iron homeostasis in
cells. FEBS Lett. 484: 271-274

111

ROY CN, PENNY DM, FEDER JN, ENNS CA (1999) The
hereditary hemochromatosis protein, HFE, specifically
regulates transferrin-mediated iron uptake in HeLa
cells. J. Biol. Chem. 274: 9022-8
SANTOS M, SCHILHAM MW, RADEMAKERS LH,
MARX JJ, DE SM, CLEVERS H (1996) Defective iron
homeostasis in beta 2-microglobulin knockout mice
recapitulates hereditary hemochromatosis in man. J.
Exp. Med. 184: 1975-85
SCHWAKE L, HENKEL AW, RIEDEL HD, SCHLENKER
T, BOTH M, MIGALA A, HADASCHIK B,
HENFLING N, STREMMEL W (2002) Regulation of
transferrin-induced endocytosis by wild-type and
C282Y-mutant HFE in transfected HeLa cells. Am J
Physiol Cell Physiol. 282: C973-9
SIMON M, PAWLOTSKY Y, BOUREL M, FAUCHET R,
GENETET B (1975) Idiopathic hemochromatosis
associated with HL-A 3 tissular antigen. Nouvelle
Presse Medicale. 4: 1432
THEIL EC (1994) Iron regulatory elements (IREs): A
family of mRNA non-coding sequences. Biochem. J.
304: 1-11
VULPE CD, KUO YM, MURPHY TL, COWLEY L,
ASKWITH C, LIBINA N, GITSCHIER J,
ANDERSON GJ (1999) Hephaestin, a ceruloplasmin
homologue implicated in intestinal iron transport, is
defective in the sla mouse. Nat. Genet. 21: 195-9
WAHEED A, GRUBB JH, ZHOU XY, TOMATSU S,
FLEMING RE, COSTALDI ME, BRITTON RS,
BACON BR, SLY WS (2002) Regulation of
transferrin-mediated iron uptake by HFE, the protein
defective in hereditary hemochromatosis. Proc Natl
Acad Sci USA. 99: 3117-22
WANG J, CHEN G, PANTOPOULOS K (2003) The
haemochromatosis protein HFE induces an apparent
iron-deficient phenotype in H1299 cells that is not
corrected by co-expression of beta 2-microglobulin.
Biochem. J. 370: 891-9
WEST AP JR, GIANNETTI AM, HERR AB, BENNETT
MJ, NANGIANA JS, PIERCE JR, WEINER LP,
SNOW PM, BJORKMAN PJ (2001) Mutational
analysis of the transferrin receptor reveals overlapping
HFE and transferrin binding sites. J Mol Biol. 313:
385-97
ZHANG AS, DAVIES PS, CARLSON HL, ENNS CA
(2003) Mechanisms of HFE-induced regulation of iron
homeostasis: Insights from the W81A HFE mutation.
Proc Natl Acad Sci USA. 100: 9500-5
ZHOU XY, TOMATSU S, FLEMING RE, PARKKILA S,
WAHEED A, JIANG J, FEI Y, BRUNT EM, RUDDY
DA, PRASS CE, SCHATZMAN RC, ONEILL R,
BRITTON RS, BACON BR, SLY WS (1998) HFE
gene knockout produces mouse model of hereditary
hemochromatosis. Proc. Natl. Acad. Sci. USA. 95:
2492-7

