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Abstract

Iron is vital for almost all living organisms by participating in a wide variety of metabolic
processes, including oxygen transport, DNA synthesis, and electron transport. However, iron
concentrations in body tissues must be tightly regulated because excessive iron leads to tissue
damage, as a result of formation of free radicals. Disorders of iron metabolism are among the
most common diseases of humans and encompass a broad spectrum of diseases with diverse
clinical manifestations, ranging from anemia to iron overload and, possibly, to neurodegener-
ative diseases. The molecular understanding of iron regulation in the body is critical in identi-
fying the underlying causes for each disease and in providing proper diagnosis and treatments.
Recent advances in genetics, molecular biology and biochemistry of iron metabolism have as-
sisted in elucidating the molecular mechanisms of iron homeostasis. The coordinate control of
iron uptake and storage is tightly regulated by the feedback system of iron responsive element-
containing gene products and iron regulatory proteins that modulate the expression levels of the
genes involved in iron metabolism. Recent identification and characterization of the hemo-
chromatosis protein HFE, the iron importer Nramp2, the iron exporter ferroportinl, and the
second transferrin-binding and -transport protein transferrin receptor 2, have demonstrated
their important roles in maintaining body’s iron homeostasis. Functional studies of these gene
products have expanded our knowledge at the molecular level about the pathways of iron me-
tabolism and have provided valuable insight into the defects of iron metabolism disorders. In
addition, a variety of animal models have implemented the identification of many genetic defects
that lead to abnormal iron homeostasis and have provided crucial clinical information about the
pathophysiology of iron disorders. In this review, we discuss the latest progress in studies of iron
metabolism and our current understanding of the molecular mechanisms of iron absorption,
transport, utilization, and storage. Finally, we will discuss the clinical presentations of iron
metabolism disorders, including secondary iron disorders that are either associated with or the
result of abnormal iron accumulation. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Iron represents approximately 35 and 45 mg/kg of body weight in adult women
and men, respectively (Andrews, 1999a,b; Bothwell et al., 1995). The majority of
total body iron, about 60-70%, is present in hemoglobin in circulating erythrocytes.
Another 10% of essential body iron is present in the forms of myoglobins, cyto-
chromes, and iron-containing enzymes, amounting to no more than 4-8 mg of iron.
In healthy individual, the remaining 20-30% of surplus iron is stored as ferritins and
hemosiderins in hepatocytes and reticuloendothelial macrophages (Conrad et al.,
1999).

Even though the amount of iron bound to transferrin is less than 1% (approxi-
mately 4 mg) of the total body iron store, it is the most significant iron pool and has
the highest turnover. The turnover of transferrin-bound iron is about 25 mg/day. Of
this transferrin-bound iron, 80% is transported to the bone marrow for hemoglobin
synthesis in developing erythroid cells (Conrad et al., 1999). From these sites, reti-
culocytes are released into the circulation and within a day, they develop into mature
erythrocytes that circulate in the blood for about 120 days. Since erythrocytes have a
high daily requirement of about 20 mg of iron, the majority of iron for the synthesis
of hemoglobin comes from the destruction of red blood cells and from recycled iron
in plasma. Reticuloendothelial macrophages ingest senescent red blood cells and
release heme molecules from hemoglobins into circulation. Iron targeted to mito-
chondria is incorporated into protophorphyrin IX by ferrochelatase to form heme
molecules, thus completing an important cycle of heme biosynthesis (Bottomley
et al., 1995; May et al., 1995). Hence, iron plays a crucial role in oxygen transport.

Being one of the most abundant metals in the human body, iron plays important
roles in cellular processes such as the synthesis of DNA, RNA, and proteins; electron
transport; cellular respiration; cell proliferation and differentiation; and regulation of
gene expression (Andrews et al., 1999; Boldt, 1999; Conrad et al., 1999; Gerlach et al.,
1994; Wessling-Resnick, 1999). Iron metabolism takes place in specialized tissues:
testes, brain, intestines, and placenta, and skeletal muscle. High levels of iron is
found in the liver, brain, red blood cells, and macrophages (Andrews et al., 1999;
Yehuda and Youdim, 1989; Youdim, 1988). Importantly, formation of myelin and
development of neuronal dendritic tree (Ben-Shachar et al., 1991; Youdim et al.,
1990, 1991) require the participation of iron. Therefore, iron homeostasis is critical
for normal brain function, especially in learning and memory (Gerlach et al., 1994;
Youdim et al., 1989, 1990).

By supporting transcription of certain genes, iron affects cell cycling and differ-
entiation (Boldt, 1999). Transcription of three mammalian genes, protein kinase C-p,
type 5 isoenzyme of acid phosphatase or tartrate-resistant acid phosphatase, and p21,
which is a cyclin-dependent kinase inhibitor, are dependent on iron (Boldt, 1999).
The protein kinase C-f, a member of the protein kinase C family of intracellular
signaling pathways, is required for cell cycle progression and differentiation (Mac-
farlane and Manzel, 1994; Tonetti et al., 1994). Iron is required for the expression of
protein kinase C-f§ in many different types of cells, including hematopoietic and
human leukemic cells (Alcantara et al., 1991). The type 5 isoenzyme of acid phos-
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phatase is an iron-containing molecule that is expressed mainly in cells of monocytes
and macrophages (Grimes et al., 1993; Lord et al., 1990). Although the function of
type 5 isoenzyme of acid phosphatase is not defined, it might be encoded by the
uteroferrin gene, which codes for a putative iron-transport molecule in the placenta
(Ling and Roberts, 1993a; Ling and Roberts, 1993b). Sequence analysis reveals that
an iron-responsive transcription activation site and heme responsive elements are
present in the promoter region of the type 5 isoenzyme of acid phosphatase gene
(Reddy et al., 1996, 1998). It is therefore possible that iron and heme impose op-
posite effects on the expression of this gene (Boldt, 1999; Reddy et al., 1996, 1998).
p21 is a member of the cyclin-dependent kinase inhibitor family of cell cycle regu-
latory proteins (Harper et al., 1993). Induction of p21 results in the inhibition of
cyclin-dependent kinase functions that are needed for controlling cell cycling, hence
causing cell cycle arrest at G1 phase (Harper et al., 1993). Indeed, cellular differ-
entiation of monocytes and macrophages requires G1 phase cell cycle arrest, which is
mediated by transcriptional induction of p21 and protein kinase C-f (Boldt, 1999).
Under iron-deficient conditions, p21 mRNA in monocytes and macrophages is not
induced. Cells are not blocked at the G1 phase (Boldt, 1999), but rather arrested at
the S phase of the cell cycle. As a result, monocytes and macrophages undergo ex-
tensive apoptosis (Boldt, 1999). These findings suggest that iron is required for
cellular differentiation, a process that involves the induction of p21 and protein
kinase C-f (Boldt, 1999).

Iron is also the key component of many cellular enzymes, such as oxidases,
catalases, peroxidases, cytochromes, ribonucleotide reductases, aconitases, and nitric
oxide synthases (Boldt, 1999; Conrad et al., 1999; Ponka, 1999). These enzymes are
not only critical in many basic cellular processes, i.e., DNA and RNA synthesis,
electron transport, and cell proliferation, but they also contribute to the develop-
ment of a wide number of diseases, ranging from iron disorders, cancers, neurode-
generative diseases, and aging. Interestingly, in cells loaded with high levels of iron,
mRNA and protein levels of apolipoprotein B100 are decreased by 50%, whereas
mRNA levels of semaphorin ¢d100 and aldose reductase are increased (Barisani
et al., 2000). These studies demonstrate that iron has a significant impact on many
key cellular processes; however, the molecular mechanisms of iron’s effect on these
cellular processes remain to be determined.

Most importantly, iron plays a crucial role in maintaining cellular iron homeo-
stasis by regulating gene expression at the posttranscriptional level (Haile, 1999). In
mammalian cells, synthesis of many of the key molecules involved in iron metabo-
lism is tightly controlled by intracellular iron levels. Iron binds directly to iron
regulatory proteins and interferes with binding of iron regulatory proteins to iron
responsive elements, which in turn, determines the expression levels of iron re-
sponsive element-containing genes. Molecular mechanisms of how iron interacts
with iron regulatory proteins and how iron regulatory proteins affect the expression
of iron responsive element-containing genes are discussed in Section 2. At least five
genes with major functions in iron metabolism contain iron responsive elements that
are located in the untranslated regions of their mRNAs (Table 1). Expression of
these genes is regulated by the levels of iron in cells (Haile, 1999; Kuhn, 1996). As a
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Table 1
Iron responsive element-containing genes in humans®
Gene? IRE location Function
Ferritin light chain s Iron store
Ferritin heavy chain 5 Iron store
Ferroportinl s Iron exporter
TfR1 3 Transferrin-binding and -transport molecule
Nramp2 3 Iron importer
5’'-aminolevulinate 5 Erythroid-specific key enzyme in heme synthesis
synthase
Aconitase 5 Enzyme in citric acid cycle
K-Cl co-transporter 3 Erythroid-specific K-Cl co-transporter
Hexokinase I11 5 Iron transduction signalling pathway?
Aminopeptidase A 3 Degradation of iron-related proteins?
Uracil DNA Glycosylase 5 DNA synthesis
MRP s Multiple drug transporter
Acid phosphatase 5 Iron transduction signalling pathway?

# Abbreviations used are: IRE — iron responsive element; MRP — multi-drug resistance-associated protein;
Nramp?2 — natural resistance-associated macrophage protein 2; TfR1 — transferrin receptor 1.

®Iron responsive element-containing genes with known or potential functions in iron metabolism are
listed. By bioinformatics searches using several public and private sequence databases, at least ~70 novel
genes in human genome has been identified to contain at least one iron responsive element at their 5 or 3’
untranslated regions.

result of changes in the expression levels of these genes, the uptake, transport,
storage, and utilization of intracellular iron are altered accordingly.

The biological importance of iron is in its chemistry. Existing in both ferrous
(Fe*?) and ferric (Fe™?) oxidation state, iron is capable of accepting and donating
electrons. Iron participates in the oxidation-reduction reaction known as the Fenton
reaction (Wessling-Resnick, 1999):

Fe" +:0, — Fe™ +0,; Fe' 4+ H,0, — Fe*’ +-OH + OH~

These redox actions are essential for the biochemical functions of iron that partic-
ipate in many diverse cellular metabolic processes. Iron levels must be well main-
tained within cells, because excess iron is highly toxic. The deleterious effect of iron is
related to its ability to generate reactive oxygen species via the Fenton reaction
(McCord, 1998). Highly reactive oxygen species, such as hydroxyl (OH™) and su-
peroxide radicals ("O,), are highly toxic, owing to their ability to react rapidly with
high affinity with almost every molecule found in living cells (McCord, 1998). The
net effects are DNA damage; impaired synthesis of proteins, membrane lipids, and
carbohydrates; induction of proteases; and altered cell proliferation (Halliwell, 1992;
Halliwell and Gutteridge, 1992; McCord, 1998; Schaich, 1992; Smith et al., 1992). In
addition, free iron can react directly with unsaturated fatty acids and induce lipid
hydroperoxides to form alkoxyl and/or peroxyl radicals and, in turn, severely impair
cellular integrity and cause cell death (Gerlach et al., 1994; McCord, 1998). This
destructive potential of iron has led to the suggestion that iron might play a role in
the multi-step processes of carcinogenesis; pathogenesis of atherosclerosis; or neu-
rodegerative disorders, such as Parkinson’s or Alzheimer’s diseases (Connor et al.,
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1992; Dexter et al., 1991; Jenner, 1991; Sofic et al., 1988; Youdim, 1988). To mini-
mize these potential toxic effects, highly sophisticated mechanisms and specialized
molecules for the acquisition, transport, and storage of iron in soluble, non-toxic
forms have evolved to meet cellular iron requirements and to control the body’s iron
homeostasis.

Physiological iron loss from the body includes excretion of iron in bile, urine iron,
and the daily loss of cells from the skin and gut, which represents about 1 mg/day in
the adult human (Andrews, 1999a,b; Andrews et al., 1999). Because of menses and
childbirth, women usually lose additional iron from hemoglobins that contain high
concentrations of iron. In healthy adults, iron losses due to excretion are balanced by
absorption of sufficient dietary iron, from 1 to 2 mg daily, to maintain a relatively
constant amount of body iron throughout life. Though iron excretion is important in
maintaining iron balance, the absorptive process in the proximal small intestine plays
a more active role in regulating iron homeostasis.

2. Regulation of iron uptake and storage

Since iron is required for a number of diverse cellular functions, a constant bal-
ance between iron uptake, transport, storage, and utilization is required to maintain
iron homeostasis. Due to the fact that excessive iron can lead to the formation of
reactive radicals and cause cell damage, iron imbalance can contribute to the de-
velopment of numerous iron disorders, neurodegenerative diseases, and possibly
some cancers (Smith et al., 1992; Sussman, 1992). In mammalian cells, the expression
of many key molecules that participate in iron metabolism is regulated by the levels
of intracellular iron via a feedback regulatory mechanism that entails specific
mRNA-protein interactions in the cytoplasm (Haile, 1999; Kuhn, 1996). These in-
teractions feature iron regulatory proteins 1 and 2, whose expression and function
are modulated by intracellular iron. In iron deficiency conditions, iron regulatory
proteins bind mRNA that contains stem-loop structures, termed iron responsive
elements, with high affinities and specificities. By increasing mRNA stability or in-
hibiting translation of targeted iron responsive element-containing genes, iron reg-
ulatory proteins control expression of target genes post-transcriptionally. This iron-
mediated feedback regulatory mechanism maintains an appropriate level of intra-
cellular iron that is critical for numerous cellular processes.

2.1. Iron-mediated feedback regulation

The stem-loop structure of iron responsive elements consists of a terminal hexa-
nucleotide loop region and a base-paired stem structure that are interrupted by a
conserved unpair cytosine nucleotide (Fig. 1) (Haile, 1999; Mikulits et al., 1999).
Mutations, deletions, or insertions of nucleotides in the hexa-nucleotide loop as well
as in the position of the bulged cytosine nucleotide significantly alter the binding
affinity of iron regulatory proteins to iron responsive elements (Theil et al., 1994,
1999). Thus, both sequences and structures of iron responsive elements dictate the
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Fig. 1. Sequence and structure of a consensus iron responsive element. The stem loop structure of iron
responsive element (IRE) is consisted of a terminal hexa-nucleotide loop region and a base-paired stem
structure that is interrupted by a conserved un-paired cytosine nucleotide. Iron regulatory proteins bind
iron responsive elements with varied affinities and selectivities, depending on the specific sequence of the
iron responsive element.

binding affinity of iron regulatory proteins to iron responsive elements (Kim et al.,
1996; Rouault et al., 1990; Samaniego et al., 1994).

Iron responsive elements are present in the 5’ untranslated region of many genes,
including mammalian iron store proteins, ferritin heavy and light chains, iron ex-
porter ferroportinl, erythroid-specific S-aminolaevulinate synthase (Cox et al., 1991;
Harigae et al., 1999), mitochondrial aconitase (Gray and Hentze, 1994; Kim et al.,
1996), and Drosophila melanogaster succinate dehydrogenase subunit f§ (Kohler et al.,
1995). On the other hand, transferrin receptor 1 and Nramp2 mRNAs (Theil, 1998)
have iron responsive elements in their 3’ untranslated regions (Table 1). Depending
on the locations of iron responsive elements present in the mRNA, iron responsive
elements act as repressors or enhancers of translation (Ponka et al., 1998; Theil,
1994). Binding of iron regulatory proteins to iron responsive elements either steri-
cally prevents the recruitment of 43S translation preinitiation complexes, thereby
repressing initiation of protein synthesis, or increases mRNA stability, thereby in-
creasing protein synthesis (Fig. 2) (Gray and Hentze, 1994; Melefors and Hentze,
1993; Muckenthaler et al., 1998a). For example, under conditions of iron deficiency,
binding of iron regulatory proteins to iron responsive elements in the 5 untranslated
region of ferritin mRNA blocks translation of ferritin (Rouault et al., 1990). Con-
currently, binding of iron regulatory proteins to iron responsive elements in the 3’
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Fig. 2. Post-transcriptional regulation of iron responsive element-containing gene expression. Intracellular
iron concentration determines binding of iron regulatory proteins (IRP) to iron responsive elements (IRE).
Binding affinity of iron regulatory proteins to iron responsive elements inversely correlates with intra-
cellular iron concentration. For example, a single iron responsive element is located in the 5" untranslated
region of ferritin mRNA, whereas five iron responsive elements are present in the 3’ untranslated region of
transferrin receptor I mRNA. Under conditions of iron deficiency, iron regulatory proteins bind to the
iron responsive element in the 5’ untranslated region of ferritin mRNA. This binding sterically prevents the
recruitment of 43S translation pre-initiation complex and arrests translation of ferritin. On the other hand,
binding of iron regulatory proteins to the iron responsive elements in the 3’ untranslated region of
transferrin receptor 1 mRNA increases mRNA stability and synthesis of transferrin receptor 1. In con-
trasts, under high concentration of intracellular iron, iron regulatory proteins possess aconitase activity
but lack RNA-binding activity. In the absence of binding of iron regulatory proteins to iron responsive
elements, ferritin mRNA is translated efficiently, while transferrin receptor I mRNA is rapidly degraded,
probably by iron responsive element-specific endonucleases.
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untranslated region of transferrin receptor 1 mRNA results in increased stability of
transferrin receptor I mRNA and, thereby, increased expression of transferrin re-
ceptor 1 at the cell surface (Casey et al., 1989; Mullner and Kuhn, 1988). On the
other hand, a high concentration of intracellular iron inhibits binding of iron reg-
ulatory proteins to iron responsive elements, resulting in efficient translation of
ferritin and a decrease in the stability of transferrin receptor I mRNA (Muckenthaler
et al., 1998a,b). Hence, the binding of iron regulatory proteins to iron responsive
elements has opposite effects on the expression of ferritin and transferrin receptor 1.
Conceivably, expression of Nramp?2, ferroportini, and other iron responsive element-
containing genes are regulated in a similar manner. The tight regulation of this
process is necessary to maintain a balance between iron uptake, transport, storage,
and utilization in response to cellular metabolic needs.

2.2. The iron responsive element-binding proteins: iron regulatory proteins

Iron regulatory proteins 1 and 2 bind directly to iron responsive element-con-
taining RNA (Rouault et al., 1990). Iron regulatory protein 1 is present in all tissues
with high expression levels in liver, kidneys, and intestine (Guo et al., 1994; Hen-
derson et al., 1993). Sequence analysis of iron regulatory protein 1 reveals that it is
identical to cytoplasmic aconitases and has a high degree of homology to other
mitochondrial aconitases (Hentze, 1994; Kaptain et al., 1991; Rouault et al., 1991).
Aconitase is an enzyme that functions in the citric acid cycle and catalyzes the
conversion of citrate to isocitrate. Purified iron regulatory protein 1 has aconitase
activity with a specific activity similar to that of mitochondrial aconitase (Haile,
1999). Under conditions of normal iron supplies, iron regulatory protein 1 contains
an iron-sulfur cluster bound to three cysteine residues (Emery-Goodman et al., 1993;
Kaptain et al., 1991). This form of iron regulatory protein 1 possesses aconitase
activity but lacks RNA-binding activity. Under conditions of iron deficiency, iron
regulatory protein 1 cannot mature to function as the holoprotein of aconitase and
instead an apoprotein that lacks an iron-sulfur cluster, accumulates in the cell
(Basilion et al., 1994; Emery-Goodman et al., 1993). This apoprotein form of iron
regulatory protein 1 does not have aconitase activity but is capable of binding iron
responsive elements with high affinity (Haile et al., 1992; Rouault et al., 1992).
Therefore, the iron responsive element-binding activity and the aconitase activity of
iron regulatory protein 1 are reciprocally regulated, depending on the presence or
absence of the iron-sulfur cluster.

A second iron responsive element-binding protein, termed iron regulatory protein
2, has greater than 50% amino acid homology with iron regulatory protein 1 and
binds to iron responsive elements with similar affinity (Guo et al., 1994; Henderson
et al., 1993). Iron regulatory protein 2 is expressed in all tissues but in most cells has
less abundant expression than iron regulatory protein 1 (Guo et al., 1994; Henderson
et al., 1993). In vivo, under conditions of iron deficiency, the iron responsive ele-
ment-binding activity of iron regulatory protein 2 is increased in a manner similar to
iron regulatory protein 1. Whereas, binding of iron regulatory protein 2 to iron
responsive elements is decreased when intracellular iron is in excess (Guo et al., 1994;
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Samaniego et al., 1994). In vitro, iron regulatory protein 2 is able to inhibit ferritin
translation (Pantopoulos et al., 1995). In general, binding of iron regulatory protein
2 to iron responsive elements in response to changes in cellular iron levels is similar
to the characteristics of iron regulatory protein 1.

However, the mechanisms responsible for the changes in iron responsive element-
binding activity between iron regulatory protein 1 and iron regulatory protein 2 are
distinct. The main difference is that iron regulatory protein 2 is degraded rapidly in
high iron conditions (Guo et al., 1995; Pantopoulos et al., 1995). Though the
mechanism for the degradation of iron regulatory protein 2 is unclear, a unique
region of 70 amino acid residues in iron regulatory protein 2 is responsible for its
degradation in response to iron (DeRusso et al., 1995). Degradation of iron regu-
latory protein 2 is inhibited by specific proteasome inhibitors, indicating that ubiq-
uitination and degradation by the proteasome (Yang et al., 1992) are involved in this
regulation (DeRusso et al., 1995; Guo et al., 1995). Although iron regulatory pro-
teins 1 and 2 bind the typical iron responsive elements with similar affinities, their
binding specificities to distinct sequences of iron responsive elements differ signifi-
cantly (Guo et al., 1994; Henderson et al., 1993). For example, unlike iron regulatory
protein 1, iron regulatory protein 2 is able to bind the iron responsive elements in
transferrin receptor 1 during rat liver regeneration (Cairo and Pietrangelo, 1994). In
addition, iron regulatory protein 2 is missing some of the amino acid residues that
are critical for the aconitase activity of iron regulatory protein 1. As a result, iron
regulatory protein 2 lacks the aconitase activity found in iron regulatory protein 1
(Phillips et al., 1996; Samaniego et al., 1994). Even though iron regulatory protein 2
contains a number of conserved cysteine residues that are required for the formation
of the iron—sulfur cluster, its RNA binding activity has not been reported to be
regulated by iron—sulfur clusters (Guo et al., 1994). Together with the fact that re-
sponses of the iron regulatory proteins to reactive oxygen species are different for
each, these differences between iron regulatory proteins 1 and 2 suggest that in re-
sponse to cellular iron status, they perform distinct functions, probably by acting on
different target genes. However, iron regulatory protein 1-deficient mice show no
abnormalities in iron metabolism (Rouault and Klausner, 1997). It seems likely that
iron regulatory protein 2 is able to compensate for a deficiency in iron regulatory
protein 1 function.

2.3. Regulation of iron regulatory proteins by oxidative stress

A distinct role in modulating the function of iron regulatory proteins by iron-
independent pathways has been reported for reactive oxygen intermediates, such as
nitric oxide and hydrogen peroxide (Domachowske, 1997; Drapier et al., 1993).
Induction of nitric oxide synthesis by interferon or bacterial endotoxin in macro-
phages results in an increase in the binding of iron regulatory protein 1 to iron re-
sponsive elements and a functional loss of cytoplasmic aconitase activity (Henry
et al., 1993; Lancaster and Hibbs, 1990). In addition, induction of nitric oxide by the
gene coding for the inducible form of nitric oxide synthase or the treatment of cells
with nitric oxide-releasing compounds results in activating the binding of iron
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responsive elements by iron regulatory proteins 1 and 2 (Drapier et al., 1993; Pan-
topoulos and Hentze, 1995b). As a result of activation of iron regulatory protein 1
binding by nitric oxide, expression of ferritin or transferrin receptor 1 is reduced or
increased, respectively, leading to increased intracellular iron availability (Panto-
poulos and Hentze, 1995a; Phillips et al., 1996). Thus, nitric oxide seems to regulate
the binding of iron regulatory protein 1 by disassembling iron—sulfur clusters or by
acting as a cytoplasmic iron chelator that results in a loss of aconitase activity
(Drapier et al., 1993; Gardner et al., 1995).

Hydrogen peroxide also activates iron regulatory protein 1 and induces its binding
to iron responsive elements, thereby resulting in a decrease or an increase in the
expression levels of ferritin or transferrin receptor 1, respectively (Martins et al.,
1995; Pantopoulos and Hentze, 1995b). Activation of iron regulatory protein 1 by
hydrogen peroxide is more rapid than activation by nitric oxide and can be blocked
by okadaic acid, a type I/Ila protein phosphatase inhibitor, suggesting an involve-
ment of protein phosphatase (Pantopoulos and Hentze, 1995b). Treatment of cells
with phorbol-12-myristate-13-acetate results in phosphorylation and binding of iron
regulatory protein 1 to iron responsive elements. Because iron regulatory protein 1 is
a substrate for phosphorylation at serine residues, phosphorylation might influence
its RNA binding activity (Eisenstein and Blemings, 1998). These findings suggest
that specific kinase and/or phosphatase signal transduction pathways might be in-
volved in the iron regulatory protein-mediated iron homeostasis (Pantopoulos and
Hentze, 1995a). In contrast to nitric oxide, hydrogen peroxide has no effect on the
activation of iron regulatory protein 2 (Pantopoulos and Hentze, 1995b). The mo-
lecular mechanisms of how these reactive oxygen intermediates affect the binding
activity of iron regulatory proteins to iron responsive elements and the functional
link between iron metabolism and reactive oxygen intermediates are still not entirely
understood.

2.4. The iron store proteins: ferritin heavy and light chains

In most cells, the source of stored intracellular iron is ferritin, an important
detoxification machinery that prevents free iron from forming reactive oxygen spe-
cies. Ferritin exists in two subunits, heavy and light chains that form a protein shell
that can store up to 4500 molecules of iron (Theil, 1998). Synthesis of ferritin is
induced when iron is available, whereas in conditions of iron deficiency, ferritin
synthesis is repressed (Gdaniec et al., 1998; Ke et al., 1998; Zahringer et al., 1976).
Sequence analysis reveals that the 5’ untranslated regions of the heavy and light
chains of ferritin mRNAs are necessary and sufficient to permit this iron-mediated
regulation (Aziz and Munro, 1987). The regulatory RNA sequences that determine
the fate of the mRNAs for the heavy and light chains of ferritin are iron responsive
elements (Casey et al., 1988). In addition, a cis-acting element, termed the acute box,
is present in the 5’ untranslated region downstream of the iron responsive elements of
the heavy and light chains of ferritin mRNAs. The acute box regulates ferritin
synthesis independently of iron regulatory protein-mediated pathways (Rogers et al.,
1994). A trans-acting RNA binding protein in hepatic cells is known to bind to the
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acute box (Thomson et al., 1999). Mutations of this acute box appear to alter
binding affinity of the RNA binding protein to the acute box and interferes with
formation of the preintiation complex, hence reduces the level of ferritin synthesis
(Rouault et al., 1987). Therefore, regulation of ferritin synthesis is likely to involve at
least two cis-acting mRNA elements and two sets of RNA binding proteins that act
together or independently in response to different stimuli. Interestingly, translation
of ferritin in hepatic and endothelial cells is also mediated by interleukin 1 (Rogers et
al., 1994), which is the major inflammatory cytokine that lowers levels of blood
serum iron by increasing ferritin synthesis (Gordeuk et al., 1992a,b). A clinical as-
sociation between serum iron levels, serum ferritin levels, intracellular ferritin, and
cytokine-induced inflammation has been established (Rogers et al., 1994). Elevated
serum ferritin levels commonly serve as a diagnostic indicator for detecting inflam-
mation and other diseases (Thomson et al., 1999).

2.5. Iron regulatory proteins and neurological diseases

Iron plays an important role in the biosynthesis of neurotransmitters and myelin
in the brain (Beard et al., 1993a,b; Hill et al., 1985). Increased iron levels have been
reported in many common neurological diseases, including Alzheimer’s disease and
Parkinson’s disease (Beard et al., 1993a,b; Dexter et al., 1991; Riederer et al., 1989).
In patients with Alzheimer’s disease, iron accumulates in certain regions of the brain,
such as the cerebral cortex and hippocampus, without a concomitant increase in
ferritin (Beard et al., 1993a,b; Riederer et al., 1988). Interactions between iron reg-
ulatory proteins and iron responsive elements differ significantly in the brains be-
tween Alzheimer’s disease patients and normal controls (Pinero et al., 2000a,b). In
the patients, the complexes of iron responsive elements and iron regulatory proteins
are more stable than complexes in the normal brain (Pinero et al., 2000a,b). As a
consequence of this altered stability, cellular iron uptake might be excessively in-
creased without increasing ferritin synthesis in the brain of Alzheimer’s patients
(Pinero et al., 2000a,b). Interestingly, expression patterns of iron regulatory protein 2
is strikingly different between Alzheimer’s disease-afflicted brains and normal brains
(Bouton et al., 1998). Iron regulatory protein 2 is mainly expressed in intraneuronal
lesions, neurofibrillary tangles, and senile plaques, consistent with the histopatho-
logical changes that occur in Alzheimer’s disease patients. It is conceivable that iron
regulatory proteins play a pathophysiological role in the development of a number of
neurological diseases, including Alzheimer’s disease.

2.6. Iron responsive element-associated diseases

Patients with the hereditary hyperferritinemia—cataract syndrome, an autosomal
dominant disorder, suffer from early onset bilateral cataracts and eventually become
visually impaired. In these patients, a single point mutation in the light chain of the
ferritin gene on chromosome 19q13.1 has been identified and characterized (Beau-
mont et al., 1995). Because this single nucleotide A to G change takes place in the
highly conserved hexa-nucleotide loop region of the iron responsive element in the
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ferritin light chain, the affinity of iron regulatory proteins for this mutant iron re-
sponsive element is dramatically reduced. This reduced affinity results in overpro-
duction of the ferritin light chain under conditions of iron deficiency (Beaumont et al.,
1995; Bonneau et al., 1995). High levels of serum ferritin are evident in patients with
hereditary hyperferritinemia-cataract syndrome, however, they have normal serum
iron levels and transferrin saturation (Dandekar and Hentze, 1995). Other mutations
in the iron responsive elements of the ferritin light chain also affect binding of iron
regulatory proteins to a certain extent, leading to variable degrees of hyperferritin-
emia, irrespective of cellular iron status (Cazzola et al., 1997; Mumford et al., 1998).

3. Dietary iron absorption

The intestine is the major site of iron regulation in controlling the uptake of di-
etary iron across the brush border and the release of absorbed iron across the ba-
solateral membrane to the circulation (Fig. 3). In the intestinal lumen, iron exists in
the forms of ferrous and ferric iron salts. Because ferric iron becomes insoluble at pH
values above 3, ferric irons must be reduced or chelated by amino acids or sugars to
be efficiently absorbed (Conrad et al., 1999). Most ferrous iron remains soluble even
at pH 7 (Conrad et al., 1999); hence, absorption of ferrous iron salts is more efficient
than absorption of ferric iron salts (Conrad et al., 1966). However, most dietary
inorganic iron is in the form of ferric iron (Conrad et al., 1999). Reduction of ferric
irons becomes necessary for efficient dietary iron absorption and is mediated by a
mucosal ferrireductase that is present in the intestines (Ekmekcioglu et al., 1996;
Riedel et al., 1995). Inhibition of ferrireductase activity in intestinal cells reduces iron
absorption (Han et al., 1995; Nunez et al., 1994), demonstrating the importance of
ferric iron reduction in dietary iron import. Alternatively, uptake of ferric irons
might be mediated by the paraferritin pathway, though less efficiently.

3.1. Non-heme iron uptake

Nutritional absorption of both heme and non-heme iron occurs predominantly in
the proximal small intestine, specifically in the crypt cells of the duodenum and je-
junum (Conrad et al., 1987, Wood and Han, 1998). Enterocytes located on the in-
testinal villus are highly specialized, polarized absorptive cells that control the
passage of dietary iron in the lumen of the gut and the transfer of iron into the
body’s circulation (Wood and Han, 1998). To enter the body’s circulation, dietary
iron must cross three cellular barriers: iron absorption across the apical membrane,
intracellular iron translocation across the cytosol, and iron export across the baso-
lateral membrane and into the circulation. Unlike other nucleated cells in the body,
the luminal surface of absorptive enterocytes contain no transferrin receptors (Pi-
etrangelo et al., 1992). Thus, iron must enter these cells via a mechanism that is
different from the classical transferrin—transferrin receptor pathway. Absorption of
iron across the apical membrane of the enterocytes is mediated by a divalent cation
transporter, termed Nramp2 (or DCT1 or DMT1) (Fig. 3) (Fleming et al., 1997,
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Fig. 3. Pathways of heme and non-heme iron uptake and transport in the intestine. Most dietary iron in
the ferric state is reduced to ferrous iron (Fe*?) or solubilized by mucin, ascorbate, or other reducing
agents. Ferric iron (Fe™) in the gut lumen is reduced by ferrireductase or in the cytoplasm, by flavin
mono-oxygenase. Majority of ferrous iron is transported into the cell by an apical cell surface iron
transporter, Nramp2. Ferric and ferrous iron can also enter absorptive enterocytes via a pathway mediated
by paraferritin complex, consisting of f integrin, mobilferrin, and flavin mono-oxygenase. Heme is pro-
cessed in the gut lumen and enters enterocytes as an intact metalloporphyrin (H). Mechanism of heme iron
transport is not well defined, probably mediated by an endocytic pathway. Once inside the cytoplasm,
heme is degraded by heme oxygenase to release inorganic iron. Intracellular iron is either stored as ferritin
or transported across the basolateral membrane by ferroportinl into plasma. Hephaestin appears to fa-
cilitate iron export in concert with ferroportinl. Ferroportinl might also load iron onto transferrin with
assistance from a soluble plasma ferroxidase, ceruloplasmin.

Gunshin et al., 1997). The name Nramp is abbreviated from the phrase ‘“natural
resistance-associated macrophage protein”, because Nramp?2 is highly homologous
to Nrampl, a molecule that plays an important role in host defense against pathogen
infection (Gruenheid et al., 1995; Vidal et al., 1993). Nramp?2 is most likely to be
responsible for iron transport from the duodenum lumen into the cytoplasm of
epithelial cells.

3.2. The iron importer: Nramp2

The Nramp2 gene in humans encompasses more than 36 Kb (Lee et al., 1998) and
encodes at least two different spliced forms of mRNA (Fleming et al., 1998; Lee et al.,
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1998). The 3’ untranslated region in the Nramp2 isoform I contains an iron re-
sponsive element, which is similar to the iron responsive elements present in the 3’
untranslated region of the mRNA of transferrin receptor 1 (Fleming et al., 1998;
Tandy et al., 2000). In contrast, the Nramp?2 isoform II lacks the iron responsive
element. Consequently, expression of Nramp2 isoform I is up-regulated in iron-de-
ficient animals and human intestinal cells, whereas expression of NrampZ2 isoform II
is not (Fleet, 1998; Fleming et al., 1999). The presence of a functional iron responsive
element in the Nramp2 isoform I suggests that its expression, unlike the expression of
isoform 11, is controlled post-transcriptionally by intracellular iron concentration.

Nramp?2 is expressed in many different tissues, with high expression levels at the
duodenum brush border, which is consistent with its role in intestinal iron absorp-
tion (Canonne-Hergaux et al., 1999; Gruenheid et al., 1995; Gunshin et al., 1997). At
subcellular levels, Nramp?2 is located on the plasma membrane as well as on sub-
cellular vesicular compartments characterized as late endosomes or lysosomes
(Gruenheid et al., 1999; Su et al., 1998; Tabuchi et al., 2000). The Nramp2 protein is
predicted to consist of 12 transmembrane domains with potential glycosylation sites
between transmembrane domains 7 and 8 (Andrews, 1999a,b). Functional studies
demonstrate that Nramp2 acts as a proton-coupled divalent cation transporter
(Gunshin et al., 1997). Nramp2 is capable of transporting not only ferrous iron, but
also a broad range of divalent cations: Zn*?, Mn*2, Co*?, Cd*?, Cu*?, Ni*2, and
Pb*? (Gunshin et al., 1997). In addition, Nramp2 function is pH dependent, optimal
at low pH (pH < 6) (Gunshin et al., 1997). Microcytic anemic mk/mk mice and
Belgrade (b/b) rats are defective in intestinal iron absorption and hemoglobin pro-
duction, resulting from a missense mutation (G185R) in transmembrane domain 4 of
Nramp?2 that interferes with Nramp2 function (Fleming et al., 1997, 1998; Gunshin
et al., 1997). In addition, Belgrade (b/b) rats have a defect in iron transport within
endocytic vesicles in reticulocytes (Bowen and Morgan, 1987; Edwards et al., 1986).
Because Nramp? is subcellularly colocalized with transferrin, a role for Nramp2 in
transporting transferrin-bound iron across the membrane of endosomes into the
cytoplasm is suggested (Gruenheid et al., 1999; Su et al., 1998).

3.3. Heme iron uptake

Hemoglobin iron from food is absorbed more efficiently than inorganic iron
(Majuri and Grasbeck, 1987; Parmley et al., 1981a,b). The absorption of iron from
myoglobin and hemoglobin differs from that of inorganic iron (Conrad et al., 1999).
Initially, hemoglobin iron is enzymatically digested in the intestinal lumen, and the
heme molecule enters the absorptive cell as an intact metalloporphyrin (Majuri and
Grasbeck, 1987; Parmley et al., 1981a,b). It has been suggested that heme molecule
enters the cell via a heme receptor-mediated internalization process (Mills and
Payne, 1995). Within the enterocyte, heme is degraded by heme oxygenase and re-
leases inorganic iron, which is either stored as ferritin or transported across the
basolateral membrane to enter the body’s circulation (Fig. 3). As the enterocyte
completes its life cycle, iron that remains in the form of ferritin will be sloughed with
the senescent cells and will leave the body through the gastrointestinal tract. Since
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humans have a limited means of eliminating iron, this process represents an im-
portant mechanism of iron loss.

3.4. Paraferritin-mediated iron uptake

Although ferrous iron is more efficiently transported by Nramp2, ferrous and
ferric iron can also enter enterocytes via different pathways (Conrad et al., 1999;
Umbreit et al., 1998). A 520-kDa membrane complex called paraferritin, which
contains f-integrin, mobilferrin (a calreticulin homologue), and flavin mono-ox-
genase, participates in the mucin-mediated iron uptake in the gut lumen (Fig. 3)
(Umbreit et al., 1998). Factors bound to mobilferrin interact with integrins at the
surface of erythroleukemia cells (Conrad et al., 1994a,b). Treatment of erythroleu-
kemia cells with an anti-f,-integrin monoclonal antibody blocks 90% of ferric citrate
uptake but has little effect on the uptake of ferrous iron (Conrad et al., 1999). Thus,
ferric iron is seemingly absorbed via the paraferritin-mediated pathway. Although
the exact mechanism is still undefined, it is postulated that ferric iron is solubilized
by mucin in the gut lumen, transferred to the mobilferrin- and S-integrin-containing
paraferritin complexes, and then internalized (Conrad et al., 1999). Following in-
ternalization, flavin mono-oxygenase becomes associated with the complexes, and
ferric iron is reduced to ferrous iron in concert with the activity of NADPH. In-
terestingly, the f-integrin- and mobilferrin-containing paraferritin complex also in-
teracts with f2 microglobulin. Mobilferrin and 2 microglobulin have been
demonstrated to play critical roles in the development of iron overload in hemo-
chromatosis animals (Rothenberg and Voland, 1996; Sadasivan et al., 1996).

3.5. The iron exporter: ferroportinl

By positional gene cloning, a novel iron transporter gene named ferroportinl,
which is responsible for hypochromic anemia in zebrafish (Donovan et al., 2000), has
recently been identified. Sequence analysis of both mouse and human ferroportinl
reveals the presence of a stem-loop structure, typical of iron responsive elements, in
the 5" untranslated region of ferroportinl (Donovan et al., 2000; McKie et al., 2000).
Binding of this iron responsive element to iron regulatory proteins 1 and 2 has been
demonstrated (McKie et al., 2000), indicating that expression of ferroportinl is
regulated by intracellular iron levels. The human ferroportinl has a predicted open
reading frame of 562 amino acids (Donovan et al., 2000). Functional studies of
ferroportinl demonstrate that ferroportinl mediates iron efflux across membranes
by a mechanism that requires an auxiliary ferroxidase activity (Donovan et al., 2000;
McKie et al., 2000). Ferroportinl is expressed highly in the placenta, liver, spleen,
macrophages, and kidneys (Donovan et al., 2000). Subcellularly, ferroportinl is
located on the basolateral membrane of duodenal enterocytes (McKie et al., 2000),
strongly suggesting that ferroportinl is likely to function as an iron exporter in the
enterocytes (Fig. 3). Because ferroportinl is located on the basal surface of placental
syncytiotrophoblasts, a role for ferroportinl in iron transport into the embryonic
circulation is also suggested (Donovan et al., 2000).
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Ferroportinl is thought to function in concert with the membrane-resident fer-
roxidase hephaestin and serum ceruloplasmin (McKie et al., 2000). Hephaestin is
highly similar to ceruloplasmin, which is a multi-copper oxidase with ferroxidase
activity that is required for the release of iron into blood and the binding to trans-
ferrin (Harris et al., 1998). Like ceruloplasmin, hephaestin is not a transporter, but it
facilitates the transport of iron from enterocyte into the body’s circulation (Harris et
al., 1998; McKie et al., 2000). In mice with sex-linked anemia, hephaestin is defective
(Vulpe et al., 1999). The sex-linked anemic mice display normal dietary iron ab-
sorption into the enterocytes but suffer from a defect in transport of iron from du-
odenum to the blood (Vulpe et al.,, 1999). As a consequence of the defective
hephaestin, iron export from enterocytes to the circulation is severely impaired, re-
sulting in microcytic anemia in animals. The mechanisms by which ferroportinl
mediates the passage of iron across the basolateral membrane and by which it
interacts with other factors, such as hephaestin and ceruloplasmin, remain to be
defined.

3.6. Regulation of dietary iron absorption

Iron absorption by enterocytes in the lining of the gastroduodenal junction is
regulated in several ways. First, it can be modulated by the amount of iron recently
consumed in the diet, a mechanism referred to as the “dietary regulator’” (Andrews,
1999a,b). For several days, after the consumption of dietary iron, absorptive en-
terocytes are resistant to acquiring additional iron. This phenomenon is called
“mucosal block™ (Andrews, 1999a,b). This blocking action probably results from the
accumulation of intracellular iron that has met the iron requirements of the body. A
second regulatory mechanism senses the body-stored iron levels rather than the
status of dietary iron. This mechanism is termed the ‘stores regulator” (Finch,
1994). The stores regulator can influence the amount of iron uptake by about two to
three factors in iron-deficient conditions (Finch, 1994). It is likely that dietary iron
absorption is indirectly influenced by the saturation of plasma transferrin with iron.
However, the exact molecular details of the activity of the stores regulator are
presently not known. The third regulatory mechanism, known as the “erythropoietic
regulator”, has a greater capacity to increase iron absorption than the stores regu-
lator. The erythropoietic regulator does not respond to the cellular iron levels at all
(Finch, 1994), but rather modulates iron absorption in response to the requirements
for erythropoiesis. It is possible that the erythropoietic regulator requires a soluble
signal that is carried by plasma from the bone marrow to the intestine. Further
studies are needed to expand our understanding of the molecular mechanisms of
intestinal iron absorption.

4. Transferrin receptor-mediated iron uptake

Within the body, between sites of absorption, storage, and utilization, iron is
transported in the plasma by a plasma protein, called transferrin, which has high
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affinity for ferric iron. The majority of non-intestinal cells acquire iron from trans-
ferrin. Cellular iron uptake from transferrin first involves the binding of transferrin
to transferrin receptors, which are the key surface receptors that mediate transferrin-
bound iron uptake. Although transferrin receptors do not interact directly with iron,
they control iron uptake and storage by most cells in the organism. There are at least
two types of transferrin receptors, each has its own distinct cell- and tissue-specific
expression pattern. Transferrin receptor 1 is a cell membrane glycoprotein that is
expressed in all cells, except for mature erythrocytes. Transferrin receptor 2, a ho-
mologue of transferrin receptor 1, is specifically expressed in the liver, particularly in
the hepatocytes. Following binding, complexes of transferrin receptor—transferrin-
iron are internalized via the classical endocytic pathway, and iron is released from
transferrin within the acidic endosomal compartments. Iron then passes through the
endosomal membrane and enters the intracellular labile pool. Intracellular iron can
then be utilized for the synthesis of heme- and non-heme-containing proteins or
stored within ferritin, the iron store protein. The transferrin receptor-bound trans-
ferrin is recycled back to the cell surface for reuse, completing a cycle of highly
specific and efficient cellular iron uptake.

4.1. The iron-binding and -transport protein: transferrin

Transferrin is one of the major serum proteins in eukaryotes and plays a critical
role in binding and transporting iron (Hoefkens et al., 1996), hence reducing the
toxic side effects of iron. Transferrin is a single polypeptide chain of 80-kDa gly-
coprotein, consisting of two globular domains. Each domain contains a high-affinity
binding site for one iron molecule (Yang et al., 1984). Affinity of transferrin for iron
is pH dependent, in which iron is released from transferrin as the pH is lowered
below pH 6.5. In addition to iron, transferrin might be involved in the transport of a
number of metals, such as aluminum, manganese (Davidsson et al., 1989a,b), cop-
per, and cadmium (Moos et al., 2000). However, iron has the highest affinity to
transferrin and will displace other metals.

Transferrin is synthesized primarily in the liver (Morgan, 1983) but significant
amounts are also produced in the brain, testis, lactating mammary gland, and in
some fetal tissues during development (Dickson et al., 1985; Takeda et al., 1998).
Transferrin exists as a mixture of iron-free (apotransferrin), one iron (monoferric
transferrin), and two irons (diferric transferrin) forms of the molecule. The relative
abundance of each form depends on the concentration of iron and transferrin pre-
sent in blood plasma. Under normal conditions, most of the iron molecules in blood
plasma are bound to transferrin, and iron-transferrin complexes enter cells via a
transferrin receptor-mediated endocytic pathway. The primary function of trans-
ferrin is to accept iron from plasma and to transport iron to various cells and tissues.

4.2. The transferrin-binding and -transport protein: transferrin receptor 1

Transferrin receptor 1 is a transmembrane homo-dimer that consists of two
identical subunits. With a molecular weight of approximately 90 kDa, each mono-
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mer is joined by two disulfide bonds at cysteines residue 89 and 98 (Jing and
Trowbridge, 1987) and consists of three domains: a 61-residue amino-terminal do-
main, a 28-residue transmembrane region that helps to anchor the receptor into the
membrane, and a large extracellular carboxyl-terminus of 671 amino acid residues
(Fig. 4) (McClelland et al., 1984; Schneider et al., 1984). As a type II membrane
protein, the carboxyl-terminal ectodomain of the transferrin receptor 1 is critical for
transferrin binding. Indeed, replacement of the carboxyl-terminal, 192 amino acid

MEMBRANE

Fig. 4. Crystal structure of the transferrin receptor 1. A ribbon diagram of the dimeric ectodomains of the
human transferrin receptor 1 reveals a three-domain subunit. The transferrin receptor 1 monomer contains
three distinct domains, organized in a butterfly-like shape. The first, protease-like domain in red is closely
related to carboxy- or amino-peptidases. The second, apical domain in green resembles a § sandwich in
which the two sheets are splayed apart, with a helix running along the open edge, and is related to the
domain 4 of aconitase. One principal function of the third, helical domain in yellow appears to be
transferrin receptor dimerization. The monomer on the left is colored according to domain, and the other
is blue. The cytoplasmic domain is black, and the stalk is purple. The stalk region is connected to the
putative membrane-spanning helices (kindly provided by Dr. Stephen C. Harrison of Harvard Medical
School, Massachusetts, USA).
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residues of the human transferrin receptor 1 with the corresponding region of the
chicken transferrin receptor, dramatically reduces or completely abolishes its binding
affinity for transferrin (Buchegger et al., 1996). Because each ectodomain contains a
binding site for the transferrin molecule, a homodimer of transferrin receptor 1 can
bind up to two molecules of transferrin simultaneously.

Transferrin receptor 1 is synthesized in the endoplasmic reticulum and undergoes
a number of post-translational modifications. The extracellular domain contains
three N-linked glycosylation sites and one O-linked glycosylation site (Omary and
Trowbridge, 1981). The N-linked glycosylation sites of transferrin receptor 1 are
vital for its correct folding; mutations at these glycosylation sites impair transferrin-
binding activity. Elimination of the O-linked glycosylation at threonine 104 enhances
the cleavage of transferrin receptor 1 and promotes the release of its ectodomain
(Rutledge and Enns, 1996; Williams and Enns, 1991). The transmembrane segment
of transferrin receptor 1, which consists of 18 hydrophobic amino acids, is also
subjected to post-translational modifications. The hydrophobic transmembrane
segment is covalently bound to fatty acids and undergoes acylation with palmitate,
which presumably helps to anchor the receptor to the plasma membrane (Omary and
Trowbridge, 1981; Schneider et al., 1984).

The cytoplasmic portion of transferrin receptor 1 is required for the clustering of
the receptor into the coated pits of plasma membrane and, subsequently, for end-
ocytosis (Iacopetta et al., 1988; Rothenberger et al., 1987). Interestingly, the rate of
endocytosis of the human transferrin receptor 1 is much higher than that of the
hamster transferrin receptor (Alvarez et al., 1990). This difference is due to a single
amino acid variation in the primary sequence of the cytoplasmic portions of the
human and hamster transferrin receptor 1 (Alvarez et al., 1990). A tyrosine residue
at position 20 is found in the human transferrin receptor 1, whereas a cysteine res-
idue is in the hamster transferrin receptor. Replacement of the tyrosine with the
cysteine residue results in a dramatic decrease in the rates of endocytosis and appears
to account for the different rates of endocytosis between the human and hamster
transferrin receptors 1 (Alvarez et al., 1990). Further functional characterization
demonstrates that a conserved internalization signal (YTRF) within the 61 amino
acid residues of the cytoplasmic portion of transferrin receptor 1 is critical for high-
efficient endocytosis of the receptor (Collawn et al., 1990, 1993). Phosphorylation
and dephosphorylation had been proposed as potential signals for internalization of
transferrin receptor 1 (Salter-Cid et al., 2000a). Indeed, transferrin receptor 1 un-
dergoes phosphorylation at the serine 24 residue (Kuhn, 1996; Schneider et al.,
1982). Replacement of the seine 24 residue by an alanine in a mutant transferrin
receptor 1 seemed not to affect receptor distribution (Zerial et al., 1987), nor was the
internalization rate of the mutant transferrin receptor 1 significantly altered (Ro-
thenberger et al., 1987). These results seemed to suggest that phosphorylation at
Serine 24 residue did not affect the recycling kinetics of transferrin receptor 1.
However, in cells treated with protein phosphatase inhibitors, the uptake of trans-
ferrin is inhibited by more than 85% (Beauchamp and Woodman, 1994). Protein
phosphatase inhibitors (Beauchamp and Woodman, 1994) also affect recycling of
transferrin to the cell surface from intracellular compartments. Because transferrin
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receptor 1 contains several potential phosphorylation sites in its cytoplasmic portion
in addition to the serine 24 residue, phosphorylation at other sites on transferrin
receptor 1 might interfere with the function of transferrin receptor 1 (Beauchamp
and Woodman, 1994). Indeed, our recent study demonstrates that phosphorylation
of transferrin receptor 1 appears to interfere with the functions of transferrin re-
ceptor 1 in iron—transferrin binding, transferrin-receptor internalization, and prob-
ably, transferrin recycling (Salter-Cid et al., 2000a). Therefore, the functional
significance of the phosphorylation of transferrin receptor 1 requires further inves-
tigation.

Crystallographic studies of human transferrin receptor 1 reveal that it is a tightly
associated homo-dimer (Fig. 4). Each transferrin receptor 1 monomer consists of
three distinct globular domains, organized in a butterfly-like shape (Lawrence et al.,
1999). These domains, identified as the protease-like, apical, and helical domains,
form a lateral cleft, which is most likely to be in contact with the docked transferrin
molecule (Lawrence et al., 1999). The overall shape of the homo-dimer suggests that
transferrin could bind to either side with no contact between the two transferrin
molecules. The ectodomain of transferrin receptor 1 is separated from the membrane
by a stalk, which presumably includes residues involved in disulfide bond formation
and O-linked glycosylation (Fuchs et al., 1998). Amino acid sequences of all three of
these globular ectodomains show significant similarity (approximately 28%) to the
sequence of membrane glutamate carboxypeptidase II, which hydrolyzes N-acetyl-a-
L-aspartyl-L-glutamate, the most prevalent mammalian neuropeptide (Lawrence et
al., 1999). Because membrane glutamate carboxypeptidases are similar to amino-
peptidases, transferrin receptor 1 might have evolved from a peptidase that is related
to membrane glutamate carboxypeptidases (Bzdega et al., 1997). However, as re-
vealed by its crystal structure, transferrin receptor 1 lacks peptidase activity, showing
that the catalytic site is covered by the apical domain (Bzdega et al., 1997; Lawrence
et al., 1999).

4.3. Expression of transferrin receptor 1

With exceptions of mature erythrocytes and other terminally differentiated cells,
transferrin receptor 1 is expressed in all cells but differs in levels of expression
(Davies et al., 1981; Enns et al., 1982). Transferrin receptor 1 is expressed on rapidly
dividing cells, with 10,000 to 100,000 molecules per cell commonly found on tumor
cells or cell lines in culture (Inoue et al., 1993). In contrast, in non-proliferating cells,
expression of transferrin receptor 1 is low or frequently undetectable. A possible link
between the high expression levels of transferrin receptors and cell proliferation is the
enzyme, ribonucleotide reductase. By producing the four deoxyribonucleotides from
the corresponding ribonucleotides (Jordan and Reichard, 1998), ribonucleotide re-
ductase is the rate-limiting factor in DNA synthesis. Nevertheless, studies have not
yet shown that this enzyme is the major factor in consuming high levels of intra-
cellular iron in rapidly dividing cells.

A basal level of transferrin receptor 1 is expressed in epithelial cells of various
organs, including tongue, esophagus, cervix, kidneys, stomach, endocrine pancreas,
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hepatocytes, testes, pituitary gland, and breast (Gatter et al., 1983). Cells and tissues
that express the highest levels of transferrin receptor 1 are immature erythrocytes,
placental tissue, the liver, and rapidly dividing cells (Ponka, 1999). Erythroid cells
require high amounts of iron for hemoglobin synthesis and for cellular division via a
transferrin receptor-dependent pathway. Similarly, placental syncytiotrophoblasts
require large amounts of iron for transporting to the developing fetus. Within the
brain, transferrin receptor 1 is expressed in capillary endothelial cells (Kalaria et al.,
1992), choroid plexus epithelial cells (Giometto et al., 1990), and neurons (Broadwell
et al., 1996; Moos and Morgan, 2000). Expression levels of transferrin receptor 1 on
brain cells change with the stages of development and iron status (Moos et al., 2000).
For example, in capillary endothelial cells, the numbers of transferrin receptor 1 are
greatest at the time of the most rapid brain growth, during replication of endothelial
cells, as well as under conditions of iron deficiency (Taylor et al., 1991; Taylor and
Morgan, 1991). Iron transport into the brain is regulated primarily by the expression
of transferrin receptor 1 at the blood-brain and the blood-cerebral spinal fluid
barriers (Moos, 1996). The transport of iron across these barriers is most likely the
result of receptor-mediated endocytosis of transferrin-bound iron by capillary en-
dothelial cells and choroid plexus epithelial cells (Moos et al., 2000). The function of
transferrin receptor 1 is thought to reflect the need for iron in neurons with a high
respiratory rate that coupled to the oxidative respiratory chain in the mitochondria
(Morris et al., 1995; Morris and Edwardson, 1994).

Human transferrin receptor 1 is encoded by a single gene that extends over an
entire 32-Kb region on chromosome 3 (Enns et al., 1982). Interestingly, chromosome
3 also encodes genes responsible for synthesis of plasma transferrin and a cell sur-
face-resident transferrin-like molecule, paratransferrin (Brown et al., 1982). The
transferrin receptor 1 gene gives rise to a major 5-Kb mRNA species, containing an
unusually large 3’ untranslated region (Casey et al., 1989; Schneider et al., 1984).
Nucleotide sequence analysis of the transferrin receptor 1 gene reveals a moderate
degree of similarity with the sequence of prostate-specific membrane antigen, a
transmembrane glycoprotein that is expressed by normal and neoplastic prostate
cells (Evans and Kemp, 1997; Israeli et al., 1993). Nonetheless, the biological sig-
nificance between these homologies remains to be investigated.

Sequence analysis of the transferrin receptor 1 promoter reveals that a region of
about 100 bp upstream from the transcriptional start site is required for basal and
activated transcription in proliferating, non-erythroid cells (Miskimins et al., 1986).
A number of regulatory elements have been identified, including the AP1/CRE-like
(cyclic AMP-responsive element) element, SP1/GC-rich sequences, and the recently
identified hypoxia-response element (Lok and Ponka, 1999; Tacchini et al., 1999).
Mutational analysis demonstrates that the AP1-like sequence (GTGACGCA, -73 to
-86) is critical for the promoter activity of transferrin receptor 1. The AP1/CREB-
like factors and the Ku autoantigen, a DNA-binding protein that binds non-spe-
cifically to DNA ends, bind to the AP1 binding site of transferrin receptor 1 (Roberts
and Griswold, 1990; Roberts et al., 1989). However, the functional roles of these
factors in regulating expression of transferrin receptor 1 have not been demon-
strated.
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Expression of transferrin receptor 1 in non-erythroid cells is regulated at the post-
transcriptional level by interactions of iron regulatory proteins and iron responsive
elements in the 3’ untranslated region of transferrin receptor | mRNA. Transferrin
receptor | mRNA has an usually large 3’ untranslated region of about 2500 nucle-
otides (Klausner et al., 1993; Theil et al., 1994), which contains five stem-loop
structures of the iron responsive elements that are essential for iron-regulated
mRNA degradation. Iron modulates the stability of mRNA by binding directly to
iron regulatory proteins, which recognize and bind to iron responsive elements.
Under low intracellular iron conditions, each of these iron responsive elements can
be bound by one cytoplasmic iron regulatory protein, resulting in the stabilization of
transferrin receptor | mRNA (Fig. 2) (Hentze and Kuhn, 1996; Klausner et al.,
1993). Binding of iron regulatory proteins presumably blocks an endonucleolytic
cleavage site found within the vicinity of the iron responsive elements from being
recognized by an unidentified endonuclease (Kuhn, 1996; Thomson et al., 1999). As
a result of stabilizing transferrin receptor 1 mRNAs, synthesis and cell surface ex-
pression of transferrin receptor 1 molecules are increased. The net effect is a higher
level of iron uptake into the cell. On the other hand, when intracellular iron levels are
high, iron regulatory proteins are unable to bind to iron responsive elements
(Thomson et al., 1999). In the absence of binding, the endonuclease site is exposed
and recognized by endonuclease, resulting in a decrease in the half-life of transferrin
receptor | mRNAs (Hentze, 1996; Thomson et al., 1999). A decrease in transferrin
receptors at the cell surface leads to a reduction in cellular iron uptake. It can be
concluded that a critical function of iron is its role in regulating the expression of the
transferrin receptor and ferritin at the post-transcriptional level (Ponka et al., 1998;
Testa et al., 1993). The feedback mechanism of regulation of ferritin biosynthesis by
iron regulatory proteins is opposite to the regulation of transferrin receptor 1 bio-
synthesis. Hence, the tight regulation of this process is essential in maintaining the
balance between the levels of intracellular iron needed by the cells and in preventing
the formation of deleterious radicals due to excess iron. The interactions between
iron, iron regulatory proteins, and iron responsive elements reveal a fascinating
system for controlling iron uptake, storage, and utilization in maintaining iron ho-
meostasis in mammalian cells.

In contrast to non-erythroid cells, intracellular iron levels do not have a major
effect on the expression of transferrin receptor 1 mRNA in erythroid cells. Rather,
transferrin receptor 1 expression is up-regulated at the transcriptional level during
erythroid differentiation, and the iron responsive element and iron regulatory protein
feedback mechanism is not involved (Chan et al., 1994). Two specific motifs, the Ets-
binding site and CRE-like motifs, are critical for the transcriptional activation of
transferrin receptor 1 expression in non-proliferating, hemoglobin-producing murine
erythroleukemia cells (Lok and Ponka, 2000). Clearly, regulation of the gene ex-
pression of transferrin receptor 1 differs significantly between erythroid and non-
erythroid cells.

Serum or mitogenic stimulants also up- or down-regulate expression of transferrin
receptor 1 transcriptionally (Hirsch et al., 1996; Miskimins et al., 1997). Whereas
expression of transferrin receptor I mRNA is transcriptionally up-regulated during T
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and B lymphocyte activation (Seiser et al., 1993) and during erythroid differentiation
(Busfield et al., 1997; Chan et al., 1994), its expression is down-regulated during
terminal differentiation of myeloid and lymphoid leukemic cell lines (Alcantara et al.,
1989). The mitogenic activation of the transferrin receptor 1 gene is linked to the
activity of a phosphatidylinositol 3-kinase, a tyrosine kinase that is activated by the
stimulation of growth factors in quiescent cells and is important for the induction of
DNA synthesis (Miskimins et al., 1997). It can be concluded that expression of the
transferrin receptor 1 gene is regulated at both transcriptional and posttranscrip-
tional levels.

4.4. Function of transferrin receptor 1

The well-defined function of transferrin receptor 1 is to mediate cellular uptake of
iron from plasma transferrin. The current model of iron uptake from transferrin via
receptor-mediated endocytosis in mammalian cells is shown in Fig. 5. The first step
involves the binding of transferrin to the transferrin receptor 1 on the cell surface by
a physical interaction that does not require temperature or energy (Ciechanover et
al., 1983; Ponka et al., 1998). The iron status of transferrin affects the affinity of
transferrin for its receptor: diferric transferrin has the highest affinity, followed by
monoferric transferrin, and apotransferrin has the lowest affinity (Young et al.,
1984). The transferrin receptor 1 have high affinity for diferric transferrin with an
estimated dissociation constant of 2-7 nM (Feder et al., 1998; Ponka et al., 1998).
Since the concentration of plasma diferric transferrin is about 5 uM under physio-
logical conditions, most surface transferrin receptors become saturated with trans-
ferrin (Feder et al., 1998; Ponka et al., 1998). Each transferrin receptor can bind to
two molecules of transferrin, and thus, the homo-dimeric transferrin receptor can
mediate a maximum uptake of four atoms of iron at a time.

The transferrin receptor—transferrin-iron complexes interact with adaptor pro-
teins within the clathrin-coated pit, and are then internalized by the cells via a re-
ceptor-mediated endocytic pathway (Odorizzi and Trowbridge, 1997). The tyrosine
internalization motifs located on the cytoplasmic portions of transferrin receptors
are required to mediate high-affinity binding to the adaptor protein complexes on the
plasma membrane (Richardson and Ponka, 1997). This process is temperature and
energy dependent (Ponka, 1999). Once within the endosome, a yet unidentified
ATPase proton pump mediates acidification of the endosome and results in the re-
lease of iron from transferrin. The iron-free transferrins remain attached to the
transferrin receptors and return to the cell surface, where the apotransferrin is re-
leased from the cells. The binding between transferrin and the transferrin receptor is
pH dependent, which is critical to both membrane uptake and the release of
transferrin. Dissociation of apotransferrin from its receptor takes place at neutral
pH at the cell surface, making both the ligand and receptor available for further
rounds of iron absorption. After iron is released from transferrin, iron passes
through the endosomal membrane via the iron transporter, Nramp2, also known as
the divalent cation transporter DCT1 (Fleming et al., 1998), into the cytoplasm. Iron
that enters the cell can be utilized in the synthesis of heme or incorporated in iron-
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Fig. 5. Cycle of transferrin receptor- and transferrin-mediated cellular iron uptake. In plasma, iron is
sequestered by transferrin (Tf), which can bind up to two molecules of iron (Fe*?). In most cells, differic
transferrin binds to transferrin receptor (TfR) on the cell surface. The complex, consisting of iron,
transferrins, and transferrin receptors, is internalized via a classic receptor-mediated endocytic pathway.
By binding to transferrin receptor, HFE, the hemochromatosis protein, appears to inhibit transferrin
receptor endocytosis. A proton pump decreases the pH within the endosomes, resulting in the release of
iron from transferrin. Iron is then transported across the endosome membrane into the cytoplasm by the
iron transporter, Nramp2. Apo-transferrin and transferrin receptor complexes are recycled to the cell
surface for another cycle of iron uptake. In erythroid cells, intracellular iron is transported into the mi-
tochondria and incorporated into heme. In non-erythroid cells, iron is either stored as ferritin or targeted
to iron containing molecules, such as iron regulatory proteins (IRPs).

containing molecules. Intracellular iron can also be stored in the ferritin complexes
or can modulate the activity of iron regulatory proteins (Fig. 5).

Since the identification of the gene for transferrin receptor 1, much has been
learned about its functions. Yet, its functional significance in the biological process
was not demonstrated until the recent studies of transgenic mice that lack one or
both functional copies of the transferrin receptor 1 gene (Levy et al., 2000). Mice
heterozygous for the disrupted transferrin receptor 1 gene show abnormalities in
erythropoiesis and iron homeostasis. They develop microcytic, hypochromic ery-
throcytes, a typical symptom of iron deficiency (Levy et al., 2000). The transferrin
receptor 1-deficient mice with homozygous disruption of the transferrin receptor 1
gene die in utero. As expected, these mice have defective erythropoiesis and neuro-
logical development (Levy et al., 1999). These findings clearly demonstrate a sig-
nificant role of transferrin receptor 1 in regulating iron homeostasis. The



P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87 27

neurological defect observed in transferrin receptor 1-deficient mice raises questions
as to whether the neurological defect is caused by the lack of iron or by the lack of
transferrin receptors that have some additional, yet unidentified, functions that are
not related to iron. In this regard, transferrin has been shown to be required for the
normal completion of neurulation in the mouse embryo (Copp et al., 1992).

4.5. Second transferrin-binding and -transport protein: transferrin receptor 2

The homologue to transferrin receptor 1, termed transferrin receptor 2, has re-
cently been identified. The transferrin receptor 2 gene is located on chromosome 7q22
(Kawabata et al., 1999) and gives rise, presumably by alternative splicing, to two
transcripts of approximately 2.9 and 2.5 Kb in length (Kawabata et al., 1999).
Amino acid sequence analysis reveals that like transferrin receptor 1, transferrin
receptor 2 is a type Il transmembrane glycoprotein that shares 66% similarity in its
extracellular domain with transferrin receptor 1 (Kawabata et al., 1999). Although
the cytoplasmic portion is highly divergent from transferrin receptor 1, transferrin
receptor 2 also contains an internalization motif, YQRYV, which is similar to the
YTRF motif in transferrin receptor 1. Sequence analysis of the transferrin receptor 2
coding and non-coding region reveals that transferrin receptor 2 does not possess
iron responsive elements (Kawabata et al., 1999). It is most likely that expression of
transferrin receptor 2 is not regulated by the iron regulatory protein-mediated
feedback regulatory mechanism in response to cellular iron status.

In sharp contrast to the ubiquitous expression pattern of transferrin receptor 1,
transferrin receptor 2 is predominantly expressed in the liver, where expression of
transferrin receptor 1 is relatively low. Transferrin receptor 2 is expressed at high
levels in the hematopoietic cell line, K562, which can be induced to synthesize he-
moglobin, and in HepG?2 cells, a hepatoblastoma cell line (Kawabata et al., 1999).
Upon transfection of the transferrin receptor 2 gene in Chinese hamster ovary cells,
which lack transferrin receptor 1, transferrin binding and iron uptake are increased,
suggesting that transferrin receptor 2 is able to bind transferrin and plays a role in
cellular iron uptake (Kawabata et al., 1999). Like transferrin receptor 1, binding of
transferrin receptor 2 to transferrin is also pH dependent. The binding of apo-
transferrin to transferrin receptors 1 and 2 only takes place at acidic pH (Kawabata
et al., 1999). Expression levels of both transferrin receptors 1 and 2 also correlate
with the stages of cell cycle, which is related to the requirement for iron during DNA
synthesis (Kawabata et al., 2000). Nevertheless, transferrin receptor 2 differs from
transferrin receptor 1 in its binding properties with transferrin and regulation of
expression. Holotransferrin has lower affinity for transferrin receptor 2 than for
transferrin receptor 1 (Kawabata et al., 2000; West and Bjorkman, 2000). Expression
of transferrin receptor 2 is not regulated by cellular iron status. In cells treated with
ferric nitrate (iron loading) or desferrioxamine (an iron chelator), expression of
transferrin receptor | mRNA is increased in the presence of desferrioxamine and
decreased with ferric nitrate (Kawabata et al., 2000). In contrast, neither ferric ni-
trate nor desferrioxamine has any affect on expression of transferrin receptor 2
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mRNA. This difference seems to be due to the fact that transferrin receptor 2 mRNA
lacks iron responsive elements (Kawabata et al., 2000).

Transferrin receptors 1 and 2 are likely to not only be regulated through distinct
pathways but also to mediate iron uptake and storage by a different, yet undefined,
mechanism. Transferrin receptor 1 seems to play a general role in cellular iron up-
take. On the other hand, transferrin receptor 2 appears to play a specific role in iron
uptake and storage in the liver, due to its high expression in hepatocytes. It has been
reported that in vitro, soluble, recombinant protein of transferrin receptor 2 fails to
interact with soluble, recombinant HFE protein, the hemochromatosis protein
(Kawabata et al., 2000). However, in vivo, transferrin receptor 2 is able to associate
with HFE in a manner similar to that of transferrin receptor 1 (Y. Yang, unpub-
lished results). In addition, transferrin receptor 2 is capable of forming a heterodimer
with transferrin receptor 1 (Y. Yang, unpublished results). These results indicate a
complex iron—transferrin function that is mediated by transferrin receptors 1 and 2.
Further studies are required to distinguish the respective functional roles of trans-
ferrin receptors 1 and 2 in iron uptake and iron stores in tissues, such as the liver and
intestines.

In mice, the transferrin receptor 2 is abundantly expressed in the liver (Fleming
et al., 2000). Like human transferrin receptor 2, expression of murine transferrin
receptor 2 is not regulated by the status of iron, which is in agreement with the
finding that iron responsive elements are absent in murine transferrin receptor 2
mRNA (Fleming et al., 2000). In both normal and hepatic iron-overload mice, levels
of mRNA for murine transferrin receptor 2 are higher than levels of mRNA for
murine transferrin receptor 1 (Fleming et al., 2000). Consequently, transferrin re-
ceptor 2 might contribute to iron overloading by mediating the uptake of transferrin-
bound iron in hepatocytes, despite the high levels of iron that would have already
down-regulated the expression of transferrin receptor 1 (Fleming et al., 2000). The
observation that transferrin receptor 1-deficient mice led to embryonic lethal dem-
onstrates that transferrin receptor 1 is not redundant and that the presence of
transferrin receptor 2 can not compensate for the functional loss of transferrin
receptor 1 (Levy et al., 1999).

4.6. Transferrin receptors in disease development

Transferrin exerts a proliferative effect on cells by supplying iron for key synthesis
processes required for cell growth, hence, it plays an essential role in stimulating the
growth of lung-metastasizing tumor cells, prostastic carcinomas, and a number of
human carcinoma cell lines (Cavanaugh and Nicolson, 1990; Inoue et al., 1993). As
expected, in many cell types, expression of transferrin receptors is frequently asso-
ciated with cellular proliferative activity (Inoue et al., 1993; van Muijen et al., 1990).
Quiescent lymphocytes have a low dependence on iron and low numbers of trans-
ferrin receptor molecules, but when stimulated to proliferate, the number of trans-
ferrin receptor molecules increases markedly (Seiser et al., 1993; Testa et al., 1991).
Consistent with this observation is the finding that anti-transferrin receptor 1 anti-
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bodies are able to block the activation of lymphocytes and suppress the proliferation
of tumor cells (Kemp et al., 1987; Taetle et al., 1983). Expression of the transferrin
receptor 1 and the proliferative response to transferrin correlate well with the met-
astatic capability of breast cancer cells (Cavanaugh et al., 1999). Indeed, expression
of human transferrin receptor 1 in a poorly metastatic rat mammary adenocarci-
noma cell line, which expresses low endogenous levels of rat transferrin receptor 1,
results in a significant proliferative response. In contrast, the control cells show no
proliferative activity (Cavanaugh et al., 1999). Moreover, the transferrin receptor-
transfected cell line forms larger lesions and lung metastases in vivo than the control
cells (Cavanaugh et al., 1999). Thus, expression of transferrin receptor 1 in tumor
cells appears to affect their growth response to transferrin in vitro and their ability to
grow at a secondary site in vivo. It is noted that on the membranes of the human
malignant melanoma cell line, SK-MEL-28, high concentrations of the transferrin
homologue, p97, or melanotransferrin, and transferrin receptor 1 are expressed
(Hedley et al., 1985; Seligman et al., 1979). The melanotransferrin gene is located on
chromosome 3, the same chromosome as the transferrin and transferrin receptor
genes. The melanotransferrin protein has approximately 38% sequence homology
with human serum transferrin (Richardson and Baker, 1990); nevertheless, its
functional significance in iron transport in melanoma cells remains to be demon-
strated (Richardson and Baker, 1990).

The biological significance of transferrin receptor 2 is evident in humans with a
homozygous non-sense mutation in the transferrin receptor 2 gene. These patients
develop a non-Hfe-linked form of hemochromatosis (Camaschella et al., 2000a,b).
Functional studies of transferrin receptor 2 from transferrin receptor 2-deficient mice
and compound mutant mice will shed light on the precise biological role of trans-
ferrin receptor 2 in maintaining iron homeostasis and will potentially identify ad-
ditional factors that regulate the expression and function of transferrin receptor 2.

5. The hemochromatosis protein HFE in iron metabolism

Hereditary hemochromatosis is an inherited disorder that results from an accu-
mulation of excess iron in many organs, which is manifested by liver cirrhosis,
cardiomyopathy, diabetes mellitus, hypogonadism, arthritis, skin pigmentation, and
if left untreated, death (Andrews and Levy, 1998; Bacon and Schilsky, 1999). The
gene responsible for hereditary hemochromatosis is closely linked to the locus for the
human leukocyte antigens and has been identified as a major histocompatibility
complex-encoded class I-like HFE (Feder et al., 1996; Salter-Cid et al., 2000a). This
discovery allows geneticists to track the genetic trait within families with hereditary
hemochromatosis. Many genetic studies have subsequently characterized hereditary
hemochromatosis as a common autosomal recessive disorder that is found mainly in
people of Northern European descent (Feder et al., 1996; Merryweather-Clarke et
al., 1997). An estimated 10% of the population is heterozygous for the gene, with 1 in
400 having the condition (Bradley et al., 1996; Edwards et al., 1988; Phatak et al.,
1998).
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Hereditary hemochromatosis is more prevalent than other inherited diseases, such
as cystic fibrosis, sickle cell anemia, phenylketonuria, and Tay-Sachs disease (Fo-
dinger and Sunder-Plassmann, 1999; Olynyk et al., 1999). Individuals who are ho-
mozygous for hereditary hemochromatosis absorb three to four times (3—4 mg) more
iron per day than normal individuals (Fodinger and Sunder-Plassmann, 1999). Be-
cause the human body has very limited means of excreting iron, increased absorption
leads to the buildup of iron stores in various organs, predominantly in the liver,
pancreas, pituitary, synovium, and heart and others (Crawford et al., 1998; Powell et
al., 1998). Although manifestations of the disease occur in later years of life, an
excess accumulation of free iron can contribute to intracellular redox reactions,
generating toxic reactive oxygen species that can cause damage or death to cells and
organs.

5.1. The hemochromatosis gene: Hfe

The first clue that Hfe is involved in iron metabolism came from studies using /2
microglobulin-deficient mice, which develop iron-overload syndromes with charac-
teristics similar to those seen in humans with hereditary hemochromatosis (De Sousa
et al.,, 1994; Rothenberg and Voland, 1996). The fact that 2 microglobulin is
physically associated with major histocompatibility complex-encoded class I mole-
cules (Bjorkman and Parham, 1990; Lawlor et al., 1990; Rammensee et al., 1993;
Salter-Cid et al., 2000a) indicates a functional role for 2 microglobulin and/or for a
f2 microglobulin-associated molecule in iron homeostasis and the pathogenesis of
the disease. Indeed, positional gene cloning demonstrates a linkage between the gene
responsible for hereditary hemochromatosis to the ‘HLA-A3’ locus on chromosome
6q21.3 (Simon et al., 1976; Simon and Brissot, 1988). In 1996, a strong correlation
between the mutation of a novel gene encoding a major histocompatibility complex
class I-like molecule (Salter-Cid et al., 2000a) and the occurrence of hereditary he-
mochromatosis was reported (Feder et al., 1996). The identified gene was initially
termed HLA-H and since renamed Hfe. More than 80% of the hereditary hemo-
chromatosis patients that were examined contained mutations in Hfe (Beutler, 1997,
Feder et al., 1996; Jazwinska et al., 1996; Jouanolle et al., 1996). Particularly, genetic
analyses shows that most patients are homozygous, with a missense mutation at
nucleotide position 845 by a G-to-A transition, resulting in a cysteine-to-tyrosine
substitution at residue 282 (C282Y) (Feder et al., 1996, 1997). A second missense
mutation in Hfe is in the coding sequence of the gene, with a C-to-G transition at
nucleotide 187, changing a histidine at position 63 to aspartic acid (H63D) (Fig. 6)
(Feder et al., 1996, 1997). Patients with hereditary hemochromatosis who are het-
erozygous for C282Y are frequently found to be heterozygous for H63D (Feder et
al., 1996, 1997). Although the H63D mutation is less prevalent, its presence in in-
dividuals heterozygous for C282Y is strongly associated with the development of
hereditary hemochromatosis (Beutler and Gelbart, 1997). In addition to the C282Y
or H63D mutations, three other mutations (S65C), (I1105T), and (G93R) have been
detected in Hfe (Barton et al., 1999). These mutations in Hfe are also associated with



P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87 31

Fig. 6. Crystal structure of the hemochromatosis protein HFE. A ribbon diagram of the HFE structure.
HFE functions as a heterodimer of a heavy chain and a non-covalently-bound light chain, 2 micro-
globulin (2 m). The heavy chain consists of three extracellular domains a1, 22, and «3, a transmembrane
region, and a cytoplasmic tail. The locations of the C282Y and H63D mutations, commonly found in the
Hfe gene of hereditory hemochromatosis patients, are indicated (kindly provided by Dr. P.J. Bjorkman of
California Institute of Technology, California, USA).

the development of iron overload, especially in individuals who are heterozygous for
C282Y or H63D (Barton et al., 1999).

Direct evidence that the Hfe gene is involved in regulating iron metabolism came
from studies of the defective Hfe gene in mice (Zhou et al., 1998). Hfe-deficient mice
exhibit high levels of saturated serum transferrin and excessive iron accumulation in
the liver (Zhou et al., 1998). Similar to human hereditary hemochromatosis, high
iron levels are also found in the hepatocytes of Hfe-deficient mice (Cox, 1996). The
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biochemical abnormalities and histopathology of Hfe-deficient mice are almost
identical to those observed in human hereditary hemochromatosis. Thus, loss of Hfe
function results in the development of hereditary hemochromatosis. These findings
strongly suggest that HFE is a hemochromatosis molecule that is responsible for
regulating iron homeostasis.

5.2. The hemochromatosis protein: HFE

The Hfe gene encodes a 343-amino-acid protein and belongs to the non-classical
major histocompatibility complex class I family (Fourie and Yang, 1998; Salter-Cid
et al.,, 2000a; Yang et al.,, 1996). The heavy chain of major histocompatibility
complex class I molecules consists of three extracellular domains (1, «2, and «3), a
transmembrane region, and a short cytoplasmic tail (Bjorkman and Parham, 1990;
Fourie and Yang, 1998). Major histocompatibility complex class I molecules are
known to bind short antigenic peptides and function in antigen presentation to T
cells (Fourie and Yang, 1998; Garcia et al., 1999). Like most major histocompati-
bility complex class I molecules, HFE is a heterodimer, consisting of a heavy chain
encoded by the Hfe gene and a non-covalently bound light chain encoded by the 52
microglobulin gene (Fig. 6) (Bjorkman and Parham, 1990; Lawlor et al., 1990;
Rammensee et al., 1993; Salter-Cid et al., 2000a). Crystallographic studies have
shown that the HFE molecule resembles major histocompatibility complex class I
molecules (Feder et al., 1997; Fourie and Yang, 1998; Lebron et al., 1998). However,
the structure of HFE does not possess a functional peptide-binding groove (Feder et
al., 1997; Lebron et al., 1998) because the position of the HFE extracellular
domainforms a narrow groove that prevents peptide binding (Feder et al., 1996;
Lebron et al., 1998). Therefore, HFE is unlikely to play a role in antigenic peptide
presentation to T cells.

One of the most conserved features of major histocompatibility complex class |
molecules is the four cysteine residues in the o2 and «3 domains that are required for
the development of intra-molecular disulfide bonds (Bjorkman and Parham, 1990;
Fourie and Yang, 1998). Mutation at amino acid 282, in the «3 domain, with the
substitution of a tyrosine at the conserved cysteine, disrupts the non-covalent in-
teraction with 2 microglobulin (Bjorkman and Parham, 1990; Feder et al., 1996).
Consequently, the C282Y mutant HFE is not properly processed and is retained in
the endoplasmic reticulum and Golgi compartments (Feder et al., 1997; Waheed et
al., 1997). The C282Y mutant HFE is also degraded more rapidly than wild-type
HFE (Waheed et al., 1997); mutation at this residue seems to disrupt the integrity of
the structure of HFE and abolish cell-surface expression of the HFE molecules
(Feder et al., 1997, Waheed et al., 1997). These results are consistent with the study
of the 2 microglobulin-deficient mice, in which the absence of 2 microglobulin
alters the expression and function of HFE, and mice develop iron overload. The
H63D mutation in HFE shows no detectable changes in the interaction between 2
microglobulinand HFE heavy chains and/or in intracellular processing. The
pathophysiological roles of the H63D, S65C, 1105T, and G93R mutations in iron
metabolism remains to be determined (Feder et al., 1996, 1997).
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5.3. Regulation of HFE

Hfe is widely expressed in all tissues but at a low level, with no expression detected
in the brain. The highest expression of Hfe is found in the liver and small intestine
(Feder et al., 1996), indicating a potential role for HFE in intestinal iron absorption
and transport as well as in iron storagein the liver. At the cellular level, HFE is
expressed at the cell surface of epithelial cells throughout the gastrointestinal tract,
but such expression is varied among cell types (Parkkila et al., 1997a,b). HFE is
highly expressed in crypt cells, suggesting that HFE may respond to the iron status
of the body and regulate according to the amount of dietary iron absorbed. At the
subcellular level, HFE is localized to the basolateral surface of the epithelial cells in
the stomach and colon. However, in crypt cells of the small intestine, expression of
HFE is intracellular and perinuclear (Parkkila et al., 1997a; Waheed et al., 1999),
indicating that HFE might be in compartments destined for degradation or for re-
cycling of transferrin—transferrin receptor complexes. HFE is also expressed on the
apical plasma membrane of the syncytiotrophoblasts, suggesting another role of
HFE in regulating iron transport from maternal blood to the fetus (Parkkila et al.,
1997a). Interestingly, induction of HFE expression in HeLa cells results in activating
iron regulatory proteins (Riedel et al., 1999). Increased activities of iron regulatory
proteins are accompanied by decreased ferritin biosynthesis and up-regulation of the
expression of transferrin receptor 1 (Corsi et al., 1999; Riedel et al., 1999). Expres-
sion of HFE also has a reciprocal effect on expression of Nramp2, another key
regulator of intracellular iron homeostasis. Thus, HFE expression can up- and
down-regulate expression of iron responsive element-containing molecules, and, in
turn, affect iron metabolism.

5.4. Physical association of HFE and transferrin receptor 1

The molecular mechanism of the role of HFE in iron metabolism was addressed
when HFE was found to physically associate with transferrin receptor 1 (Feder et al.,
1998; Parkkila et al., 1997a; Salter-Cid et al., 1999, 2000a). Physical association
between HFE and transferrin receptor 1 is demonstrated in cultured human em-
bryonic kidney 293 cells and HeLa cells as well as in syncytiotrophoblasts (Parkkila
et al., 1997a; Salter-Cid et al., 1999, 2000a). HFE also binds to transferrin receptor 1
in duodenal crypt enterocytes (Bacon et al., 1999; Parkkila et al., 1997a; Waheed et
al., 1999), further supporting a role for HFE in regulating the absorption of dietary
iron in the intestines. Upon forming an association complex in the endoplasmic
reticulum, HFE co-trafficks with transferrin receptor 1 through the Golgi reticulum
network to reach the cell surface, where they remain firmly associated (Gross et al.,
1998; Roy et al., 1999; Salter-Cid et al., 1999, 2000a). In vitro, HFE and transferrin
receptor 1 can associate in different ratios; At a ratio of 2:1, a transferrin receptor 1
homodimer with one HFE molecule (Lebron et al., 1998); at a 2:2 stoichiometry, one
HFE molecule contacts each polypeptide chain of the transferrin receptor 1 ho-
modimer on the same membrane (Bennett et al., 2000). In vivo, all three molecules,
diferric iron—transferrin, transferrin receptor 1, and HFE can co-immunoprecipitate
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in a 1:2:1 ratio, indicating that all three molecules can interact simultaneously to
form a ternary complex consisting of one iron—transferrin, one transferrin receptor 1
homodimer, and one HFE heterodimer (Gross et al., 1998; Lebron et al., 1998;
Lebron and Bjorkman, 1999; Salter-Cid et al., 2000a). Turnover of non-transferrin
receptor 1-bound HFE is more rapid than turnover of transferrin receptor 1-bound
HFE (Gross et al., 1998). Therefore, binding of HFE to transferrin receptor 1 ap-
pears to be required for the intracellular transport, stabilization, and surface ex-
pression of HFE (Gross et al., 1998; Salter-Cid et al., 1999, 2000a). While wild-type
HFE molecules firmly associate with transferrin receptor 1, the C282Y mutant HFE
failed to associate with transferrin receptor 1 (Feder et al., 1998). The fact that a
mutation in HFE abolishes its interaction with binding partners suggests that pa-
tients with HFE mutations might have pathological iron regulation, possibly via an
altered transferrin receptor 1-dependent iron metabolic pathway. In most cells, the
major route for iron uptake from plasma to cells is by the transferrin receptor 1-
mediated internalization in the form of diferric iron—transferrin. A physical inter-
action between HFE and transferrin receptor 1 provides an important functional
link in studying how HFE influences the function of transferrin receptor 1 and
regulates transferrin receptor 1-dependent iron uptake (Salter-Cid et al., 2000a,b).
The interaction between HFE and transferrin receptor 1 appears to be pH dependent
(Feder et al., 1997; Lebron et al., 1998). At pH 7.5, HFE binds transferrin receptor 1
with high affinity, whereas very weak binding or no binding at all is observed at pH
6.0 (Feder et al., 1997; Lebron et al., 1998). The results that neutral pH at the cell
surface favors the association of HFE and transferrin receptor 1, and that HFE is
most likely not associated with transferrin receptor 1 in acidic endosomal com-
partments, strongly suggest that the primary action site for HFE is on the plasma
membrane, where HFE affects transferrin receptor 1 functions.

Crystallographic studies of transferrin, HFE, and transferrin receptor 1 com-
plexes also reveal that HFE does not interact with transferrin and that HFE binding
to transferrin receptor 1 is independent of transferrin binding (Bennett et al., 2000;
Feder et al., 1998). Most importantly, upon HFE binding, conformational changes
of transferrin receptor 1 are induced (Salter-Cid et al., 2000a), as revealed by the
crystal structural study of transferrin receptor 1 and HFE complexes (Fig. 7)
(Bennett et al., 2000). By inducing conformational changes of transferrin receptor 1,
binding of iron—transferrin and HFE to transferrin receptor 1 homo-dimer possibly
alters the symmetric structure of transferrin receptor 1 and creates only a single
HFE-binding site on transferrin receptor 1.

>

Fig. 7. Crystal structure of the HFE-transferrin receptor 1 complex. A ribbon diagram of a HFE-
transferrin receptor 1 complex between the ectodomains of human HFE and transferrin receptor 1 shows
two HFE molecules which grasp each side of a transferrin receptor 1 homo-dimer on the same membrane.
The complex has two-fold symmetry with a 2:2 stoichiometry, revealing one HFE molecule contacts each
polypeptide chain of the transferrin receptor 1 homo-dimer. Conformational changes in transferrin re-
ceptor 1 induced by HFE binding appear to influence transferrin receptor 1 function in binding transferrin
and in inhibiting transferrin receptor internalization, thus altering cellular iron homeostasis. The mem-
brane bilayer is represented by a gray box on the bottom (kindly provided by Dr. P.J. Bjorkman of
California Institute of Technology, California, USA).
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5.5. Consequence of the HFE-transferrin receptor 1 interaction

Both iron-bound transferrin and HFE can bind to transferrin receptor 1 simul-
taneously to form a ternary complex, indicating that HFE and iron-transferrin
complexes are not competing for the same site on transferrin receptor 1 (Feder et al.,
1998; Gross et al., 1998; Lebron et al., 1998, 1999). Interaction of HFE with
transferrin receptor 1 appears to decrease the binding affinity of transferrin receptor
1 to transferrin by 5- to 10-fold, whereas the mutant C282Y HFE fails to exert such
an effect (Feder et al., 1998; Gross et al., 1998). The dissociation constant of
transferrin receptor 1 to iron-bound transferrin is approximately 5 nM in the absence
of HFE and 12-75 nM in the presence of HFE (Feder et al., 1998). However, these
results are not consistent with the fact that under physiological conditions, the
concentration of transferrin in plasma is in the micromolar range, approximately 5
pM (Salter-Cid et al., 1999). Consequently, the binding of diferric transferrin to its
receptor is saturated even in the presence of HFE. Together with the fact that
transferrin receptor 1-bound transferrin complexes undergo rapid recycling (Salter-
Cid et al., 1999), decreasing transferrin receptor 1 affinity to transferrin by HFE is
not an efficient means for inhibiting iron uptake and is not a principal effect imposed
by HFE on transferrin receptor 1.

Overexpression of HFE has been found to alter the rate of transferrin recycling
from the endosome to the cell surface in hepatoma cells. It is not clear whether this
action is direct or indirect, because HFE dissociates from the receptor at acidic pH
(Lebron et al., 1998). If these results are confirmed, HFE might function to block
release of iron from the transferrin—transferrin receptor 1 complex within the en-
dosomal compartments. On the other hand, it has been reported that HFE binding
does not alter transferrin receptor 1 endocytosis or recycling (Roy et al., 1999).
However, detailed analyses of rate constants of internalization and externalization of
transferrin receptor 1-bound transferrin demonstrates that HFE expression impairs
transferrin receptor 1-transferrin internalization but has no effect on recycling rates
(Salter-Cid et al., 1999, 2000a). The relative amount of transferrin that remains on
the surface HFE-expressing cells is higher than those that do not express HFE, and
the uptake of iron-bound transferrin is slower in cells expressing HFE (Salter-Cid et
al., 2000a). In HFE-expressing cells, cell surfaced-expressed transferrin receptor 1 is
increased by 40%, due to the accumulation of non-functional transferrin receptor 1
by HFE (Salter-Cid et al., 1999). As a consequence, the uptake of transferrin-bound
iron by cells and the accumulation of intracellular iron are reduced in the presence of
HFE.

Transferrin receptor 1 possesses an internalization domain at the cytoplasmic N-
terminus, which contains a conserved tyrosine-based internalization signal (YTRF)
(Collawn et al., 1990, 1993) and several conserved serine residues. Phosphorylation
of transferrin receptor 1 can take place at serine residues (Castagnola et al., 1987;
Davis et al., 1986; Johnstone et al., 1984a,b; May and Cuatrecasas, 1985). In cells
expressing HFE, the intensity of phosphorylated serine on transferrin receptor 1 is at
least two times higher than those without HFE expression (Salter-Cid et al., 2000a).
The rate of intracellular uptake of transferrin is reduced when cells are treated with



P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87 37

phosphatase inhibitors and/or when HFE expression is induced (Salter-Cid et al.,
2000a). Thus, HFE-induced phosphorylation of transferrin receptor 1 appears to
inhibit endocytosis of transferrin receptor 1. Consequently, non-functional trans-
ferrin receptor 1 accumulates at the cell surface.

Unlike many other diseases, hereditary hemochromatosis is a treatable, chronic
iron-disorder disease. If detected early with accurate diagnosis, individuals with this
potentially fatal disorder can experience a normal life expectancy. Therefore, iden-
tifying the Hfe gene is important for implementing a molecular diagnostic screening
for individuals who have the disease and for predicting family members who are
likely to be at risk for developing iron overload. In addition, analysis of the function
of HFE might provide some insights into the processes controlling the regulation of
transferrin receptor-dependent iron metabolism. The observations that HFE is ex-
pressed in the crypt enterocytes of the duodenum and is physically associated with
transferrin receptor 1 suggest that the HFE protein might participate in regulating
intestinal iron absorption (Waheed et al., 1999). In hereditary hemochromatosis
patients, increased intestinal iron absorption results in the massive overload in other
tissues, suggesting that interactions between HFE and transferrin receptor 1 must
regulate iron homeostasis at the level of dietary iron uptake by the enterocytes.
Mutations in Hfe disrupt this function, impair iron uptake by the crypt cells, and
lead to iron accumulation; however, the mechanisms of HFE interaction and its
effect on the function of transferrin receptor 1 is still not defined and requires further
investigation.

It is puzzling that enterocytes of hereditary hemochromatosis patients are iron
deficient. Yet, the loss of HFE function in cells promotes iron uptake via the
transferrin—transferrin receptor 1 pathway. How the opposite effect might be elicited
in intestinal cells to regulate dietary iron absorption remains to be investigated.
Nevertheless, much has been learned about different factors that are involved in
regulating iron metabolism since the identification of the Hfe gene 4 years ago. Many
questions are still unanswered: Is HFE an iron “sensor?” How do crypt cells, which
uptake the transferrin-bound iron from plasma, communicate and regulate villus
cells to absorb dietary iron in response to the body’s iron status? Are there additional
molecules involved in iron homeostasis? One can imagine that the near-completed
effort of sequencing the human genome will aid in finding additional novel factors
involved in iron homeostasis and that many of these questions will be answered in
the near future.

6. Additional factors involved in iron metabolism

The balance required to maintain appropriate levels of iron in cells and tissues has
led to the evolution of multiple mechanisms to precisely regulate iron uptake from
transferrin and low-molecular-weight iron chelates. Beyond current knowledge as
described in this review, the complexity of the iron metabolic pathways is signifi-
cantly greater than is presently appreciated. For example, iron metabolism has been
functionally linked to copper metabolism and possibly to the metabolism of other
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metals. Several molecules, such as ceruloplasmin and the stimulator of iron transport
protein, appear to be indirectly involved in copper and iron metabolic pathways, but
the molecular mechanism for this type of involvement remains to be elucidated.

6.1. The multi-copper oxidase: ceruloplasmin

Ceruloplasmin is a multi-copper oxidase that contains more than 95% of the
copper found in plasma. Although each molecule can bind up to six atoms of copper,
ceruloplasmin does not play a role in copper transport (Gitlin, 1998). Rather, cer-
uloplasmin catalyzes the conversion of ferrous to ferric iron and assists the incor-
poration of ferric iron onto transferrin. A role for ceruloplasmin in mammalian iron
metabolism is suggested by its potent ferroxidase activity in catalyzing the conver-
sion of ferrous iron to ferric iron. Knowledge of this activity has been gained
through the identification of yeast copper oxidases homologous to ceruloplasmin
that facilitate high affinity iron uptake and studies of aceruloplasminemic animals
who have extensive iron deposits in multiple tissues (Mukhopadhyay and Fox, 1998).
In human adults, the primary site of ceruloplasmin synthesis is the liver, but it is also
synthesized by cells of monocytic origin. Under iron deficiency conditions in human
cells, ceruloplasmin mRNA expression and protein synthesis increase significantly.
The increase in ceruloplasmin mRNA is due to an increased rate of transcription.
Interestingly, in monocytic cells, interferon induces the synthesis of ceruloplasmin
mRNA and protein. Induced synthesis of ceruloplasmin is terminated by a mecha-
nism involving transcript-specific translational repression. The inhibitory factor
bound to the 3’ untranslated region of ceruloplasmin mRNA is required for complex
formation as well as for silencing translation. This translational silencing of ceru-
loplasmin transcripts following cytokine activation provides another example of the
interplay between iron metabolism and immune function.

In addition to the ferroxidase activity, ceruloplasmin is also an acute-phase
protein with amine oxidase, and pro- and antioxidant activities. Functional studies
have shown that the principal function of ceruloplasmin is its serum ferroxidase
activity (Mukhopadhyay et al., 1998). In individuals afflicted with hereditary ceru-
loplasmin deficiency, high levels of iron accumulate in most tissues, reflecting the
requirement of ceruloplasmin for the mobilization of iron from tissues and the in-
corporation of iron into ferric transferrin (Gitlin, 1998). Thus, ceruloplasmin is in-
volved in iron metabolism, although its exact role in the cellular iron process is
unclear. Using anti-transferrin receptor 1 antibodies that block the binding of
transferrin to its receptor and inhibit transferrin-mediated iron uptake in intact
ceruloplasmin-expressing cells, studies have suggested that ceruloplasmin stimulates
iron uptake by a transferrin-independent pathway (Gitlin, 1998). However, the
discovery of transferrin receptor 2 and, especially, the discovery of cells used in
experiments express high levels of transferrin receptor 2 cast serious doubt on this
conclusion. Transcriptional induction of ceruloplasmin or of regulated transporters
is possible, because actinomycin D and cycloheximide block the induction of ceru-
loplasmin-stimulated iron uptake. Ceruloplasmin-stimulated iron uptake is com-
pletely blocked by unlabeled ferric iron and by other trivalent cations, including
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A+, Ga’*, and Cr’**, but is not blocked by divalent cations. These results indicate
that ceruloplasmin might utilize a trivalent cation-specific transporter.

6.2. The hypoxia responsive element-binding protein: hypoxia-inducible factor-1

Plasma ceruloplasmin increases markedly in several conditions of anemia, for
example, iron deficiency, hemorrhage, renal failure, sickle cell disease, pregnancy,
and inflammation. However, little is known about the cellular and molecular
mechanisms that are involved in ceruloplasmin increases. Sequence analysis has
revealed that the 5’ flanking region of the ceruloplasmin gene contains three pairs of
consensus hypoxia responsive elements. Deletion and mutation analysis shows that a
single hypoxia responsive element is necessary and sufficient for activating the cer-
uloplasmin gene. The hypoxia-inducible factor-1 o« and f subunits are able to bind the
hypoxia responsive elements in the ceruloplasmin promoter in vitro. Because iron
deficiency and hypoxia do not activate expression of the ceruloplasmin gene in cells
that are deficient in hypoxia-inducible factor-1 o and because iron deficiency in-
creases plasma ceruloplasmin in vivo, hypoxia-inducible factor-1 plays an important
role in regulating ceruloplasmin expression and function in iron metabolism.

Interestingly, sequence analysis of the promoter region of transferrin receptor 1
has also identified a functional hypoxia response element that contains a binding site
for hypoxia-inducible factor-1. A motif with multipartite organization that is similar
to the hypoxia response element of a number of hypoxia-inducible genes, such as
erythropoietin, is present within a 100-base pair sequence upstream of the tran-
scriptional start site of the transferrin receptor 1 gene. Exposure of cells to hypoxia
results in a two- to three-fold increase in the expression of transferrin receptor 1
mRNA. Mutations in this motif attenuate the hypoxic response by 80%. Transient
co-expression of the hypoxia-inducible factor-1 o and f§ enhances the activity of the
wild-type transferrin receptor 1 promoter, but promoters with a mutated hypoxia
response clement yield no such response. Because hypoxia-inducible factor-1 is
stimulated and bound to the hypoxia response element of the transferrin receptor 1
upon hypoxic challenge, the gene that encodes the transferrin receptor 1 is also a
target for hypoxia-inducible factor-1.

6.3. The Friedreich’s ataxia protein: frataxin

Frataxin is a small, nuclear-encoded mitochondrial protein that appears to be
involved in mitochondrial iron homeostasis (Gibson et al., 1996; Koutnikova et al.,
1997). Frataxin deficiency is the result of hyper-expansion of a polymorphic GAA
trinucleotide repeat, which severely inhibits transcription and results in decreased
levels of mature frataxin mRNA (Campuzano et al., 1996; Durr et al., 1996). As a
consequence of frataxin deficiency, patients develop Friedreich’s ataxia, which is
characterized by a progressive neurodegenerative disorder and cardiomyopathy that
leads to premature death (Askwith and Kaplan, 1998; Machkhas et al., 1998). Re-
cent studies in cultured cells from patients with Friedreich’s ataxia have shown that
frataxin deficiency results in accumulation of mitochondrial iron with increased



40 P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87

oxidant stress and respiratory insufficiency, which are ultimately responsible for the
neuronal and cardiac cell damage of the disorder.

6.4. The transferrin-like iron-binding protein: melanotransferrin

Melanotransferrin is a membrane-bound protein that shows high homology to
transferrin (Richardson and Baker, 1994) and is capable of binding iron. Melano-
transferrin mRNA is widely expressed in many tissues and is expressed at highest
levels in the salivary gland (Richardson, 2000). It is also expressed at high levels in
malignant melanoma cells. Levels of melanotransferrin mRNA do not change in the
presence or absence of an iron chelator or iron source. Thus, unlike transferrin re-
ceptor 1 and transferrin, expression of melanotransferrin mRNA is not regulated
according to cellular iron levels (Richardson, 2000). Functional studies have shown
that melanotransferrin transports iron from iron-citrate complexes but not from
iron—transferrin complexes (Richardson, 2000). Because depletion of melanotrans-
ferrin from HeLa cell membranes has little effect on iron uptake from iron-citrate
complexes (Kriegerbeckova and Kovar, 2000), melanotransferrin appears to play a
minor role in iron uptake. In contrast to transferrin and transferrin receptors,
melanotransferrin expression is not altered in the liver of iron-overload disordered
animals (Sciot et al., 1989). In addition, the distribution of melanotransferin mRNA
differs from the distribution of transferrin or transferrin receptor 1 mRNAs (Rich-
ardson, 2000). Additionally, melanotransferrin is reported to be expressed in amy-
loid plaques in brains of patients with Alzheimer’s disease (Kennard et al., 1996;
Rothenberger et al., 1996). Defining the role of melanotransferrin in the human
brain will require additional studies. Although melanotransferrin does not play a
major role in iron uptake, it might have roles in iron metabolism that are yet to be
defined.

6.5. The stimulator of iron transport protein

Stimulator of iron transport is a transmembrane protein that enhances uptake of
both transferrin-bound and non-transferrin-bound iron in cultured cells (Gutierrez
et al., 1997). Stimulator of iron transport requires copper for its full activity (Yu et
al., 1998). The nature of stimulator of iron transport-mediated uptake is different
from the iron uptake mechanisms associated with Nramp2 activity. Stimulator of
iron transport stimulates both ferric and ferrous iron at neutral pH, whereas
Nramp?2 prefers ferrous iron at low pH (<6) (Gunshin et al., 1997). Expression of
stimulator of iron transport seems to be inversely regulated by cellular iron levels. At
low cellular iron levels, stimulator of iron transport is highly expressed (Yu et al.,
1998); in the liver of patients with hemochromatosis, this protein is up-regulated (Yu
et al., 1998). Though stimulator of iron transport is most likely an integral com-
ponent of the cellular iron-transport pathway, its exact role in iron metabolism and
its function in relation to HFE, transferrin receptors, Nramp2, ferroportinl, and
other iron-regulated proteins remain unclear.
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6.6. The Menkes” and Wilson’s disease proteins: ATPase 74 and 7B

Copper, an essential transition metal that permits the facile transfer of electrons in
a series of critical biochemical pathways, is a heavy metal ion required for the ac-
tivity of a variety of enzymes in the body. In excess, copper is a very toxic ion;
therefore, efficient regulation of its metabolism is required. Copper-mediated human
diseases include the genetic disorders of X-linked Menkes’syndrome and autosomal
recessive Wilson’s disease. Both Menkes’ and Wilson’s causative genes encode ho-
mologous cation copper-transporting P-type ATPase proteins. The Menkes’ protein
ATPase 7A is expressed in most tissues, except liver. In contrast, the Wilson’s
protein ATPase 7B is abundantly expressed in liver tissues. Intracellular localization
of those proteins was investigated. Both ATPase 7A and 7B are localized in the
trans-Golgi network and post-Golgi vesicular compartment in cells. This intracel-
lular localization is altered by the copper content and, possibly, the iron content in
the cell. ATPase 7A is an inner mitochondrial protein involved in energy-dependent
transport of a wide variety of substrates across cell membranes. ATPase 7A is highly
homologous with the gene in Saccharomyces cerevisiae that is thought to be involved
in heme transport (Shimada et al., 1998). Mutations in the ATPase 7 gene are
functionally linked to the development of an inherited form of X- linked siderob-
lastic anemia with ataxia (Shani et al., 1997). Patients with this disease show an
accumulation of mitochondrial iron, which seems to be responsible for the cellular
damage that causes impaired neuronal and erythroid functions in this iron disorder
(Allikmets et al., 1999; Shimada et al., 1998). Definitive functions of ATPase 7A and
7B are yet to be determined. ATPase 7A and 7B are hypothesized to be involved in
cellular copper transport and play an indirect role in iron metabolism.

Despite striking differences in the clinical presentation between iron- and copper-
mediated diseases, in the iron and copper metabolic pathways, participation of
molecules, such as ceruloplasmin and stimulator of iron transport, indicates a
functional link between iron and copper metabolism. Elucidation of the basic defect
in copper-disordered diseases has also provided a valuable heuristic paradigm for
understanding the mechanisms of cellular iron homeostasis. Like iron, copper par-
ticipates in the pathogenesis of neuronal injury in Alzheimer’s disease and the prion-
mediated encephalopathies. Further elucidation of the mechanisms of iron and
copper trafficking and their metabolism within the nervous system will be of direct
relevance to our understanding of the pathophysiology and treatment of neurode-
generative diseases.

The use of differential gene display and DNA microarray technologies to evaluate
the effects of iron deficiency and overload on gene expression has uncovered a
number of genes whose expression is affected by cellular iron levels (Y. Yang, un-
published results) (Barisani et al., 2000). These genes, not previously known to be
involved in iron metabolism, might play significant roles in this process. In addition,
by employing a computer algorithm for detecting the presence of the consensus iron
responsive element in the human genome with the use of the near completed human
genome sequence database and other public and private sequence databases, we have
also uncovered at least 70 novel genes that contain iron responsive elements
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(Y. Yang, unpublished results). Expression of these iron responsive element-con-
taining genes is thought to be modulated by the feedback regulatory mechanism of
iron regulatory proteins in response to the body’s iron status; however, the direct or
indirect involvement of these molecules in iron metabolism is presently unknown.
Interestingly, several novel iron transporter genes have been identified in human
genome by extensive bioinformatics searches. (P.T. Lieu, Y. Yang, unpublished re-
sults). It remains to be seen whether these gene products are actively expressed,
whether they express in a tissue- and cell-type-specific fashion, and whether they
participate in iron metabolism. The applications of bioinformatics, DNA microar-
ray, and proteomics technologies to study deficiency and overload conditions of iron
and copper will ultimately reveal the functional roles these molecules play in iron
metabolic pathways.

7. Iron metabolism disorders in animals

Despite the clinical prevalence of iron metabolism disorders in humans, the
mechanisms by which dietary iron is absorbed into the body and by which cellular
iron homeostasis is controlled are still poorly understood. Important insights into
the molecular modulators of iron absorption, transport, and storage are being
provided by genetic mapping to identify gene mutations in animals with phenotypic
abnormalities in iron metabolism and by altering genes involved in the iron meta-
bolic pathways of animals. Thus, iron metabolism-disordered animals are ideal
models for investigating these poorly understood, yet clinically important, iron
metabolic processes. Here, a list of animals with abnormalities in iron metabolism is
shown in Table 2, and the characteristics in the phenotypic changes of the respective
animals are discussed.

7.1. Transferrin receptor 1-deficient mice

Circulating plasma iron is bound to transferrin, which solubilizes ferric iron and
attenuates its reactivity. Diferric transferrin interacts with cell-surface transferrin
receptors to undergo receptor-mediated endocytosis into specialized endosomes.
Endosomal acidification leads to iron release, and iron is transported out of the
endosome by the iron transporter Nramp2. Transferrin and transferrin receptors
then return to the cell surface for reuse, completing a highly efficient cycle (Fig. 5)
(Ponka and Lok, 1999). The transferrin cycle seems to be the general mechanism for
cellular iron uptake. Disruption of the transferrin receptor 1 gene in mice eliminates
the transferrin cycle, but leaves other transferrin functions intact (Levy et al., 1999).
In addition, mice lacking the transferrin receptor 1 gene have defects in both ery-
thropoiesis and neurological development, thus displaying a more severe phenotype
than the hypotransferrinemic Trf"”/*” mice (Trenor et al., 2000). However, hap-
loinsufficiency for transferrin receptor 1 in mice results in impaired erythroid de-
velopment and abnormal iron homeostasis. Thus, the transferrin cycle is necessary
for the development of erythrocytes and the nervous system.



P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87 43

Table 2
Phenotypic changes of iron metabolism-disordered animals®
Name Defect Symptom
Trf oe/hes Transferrin hypotransferrinemia iron overload in all non-hemato-
poietic tissues
Hfe —/— HFE hemochromatosis
TfRI —/- TfR1 impaired erythropoiesis and neurologic development
abnormal iron homeostasis
mklmk Nramp2 microcytic anemia, defects in intestinal iron transport
erythroid iron utilization
p45 NF-E2 decreased globin production and iron deficiency
Belgrade (b/b) rat Nramp2 hypochromic, microcytic anemia
slalsla hephaestin hypochromic, microcytic anemia
Ceruloplasmin —/— ceruloplasmin aceruloplasminemia; abnormal iron compartmentation
p-thalassemia p1/p2 globin iron overload; homozygous mice die perinatally
o-thalassemia o-hemoglobin iron overload due to iron absorption defects
p2 m—/- f2 m iron overload
TCR 6 —/- TCR ¢ iron accumulation in the liver
RAGI —/- RAGI no mature lymphocytes; iron accumulation in the liver

@ Abbreviations used are: 2 m — 2 microglobulin; mk — microcytic anemia; Nramp — natural resistance-
associated macrophage protein; RAGI — recombination-activating gene 1; sla — sex-linked anemia; TCR —
T-cell receptor; TfR1 — transferrin receptor 1; Trf — transferrin.

7.2. Hypotransferrinemic Trf" /" mice

The hypotransferrinemic Trf"”/"” mouse is a mutant strain exhibiting transferrin
deficiency, marked anemia, hyper-absorption of iron, and elevated hepatic iron
stores (Bernstein, 1987). Hypotransferrinemic Trf””/"”* mice have a severe deficiency
in serum transferrin as the result of a spontaneous mutation linked to the murine
transferrin locus. The gene defective in Trf"”/"”* mice was mapped to the hpx locus
on chromosome 9. Further studies show that the transferrin gene in the Apx allele of
Trf"”/*"* mice contains a single point mutation, altering an invariable nucleotide in
the splice donor site after exon 16 (Trenor et al., 2000). As a consequence, normal
transferrin mRNA is not made from the Apx allele of Trf"”/"” mice. Mice with
hypotransferrinemia have little or no plasma transferrin. Trf"”/""* mice have massive
tissue iron overload in all non-hematopoietic tissues, while they continue to have
severe iron-deficiency anemia, indicating that the transferrin cycle is essential for iron
uptake by erythroid cells. Other tissues, however, are generally normal, and there is a
paradoxical increase in intestinal iron absorption and iron storage.

Despite their severe transferrin deficiency, Trf"”/"”* mice that are initially treated
with exogenous transferrin injections or red blood cell transfusions can survive after
weaning without any further treatment. Transfusion of erythrocytes obtained from
littermate controls is able to increase hemoglobin levels and reduce reticulocyte
counts in recipient mice (Trenor et al., 2000). Iron absorption in homozygotes, in
contrast to littermate controls, is not reduced by hyperoxia. Transferrin injections, in
the short term, increase delivery of iron to the marrow and raise hemoglobin lev-
els.While mucosal iron transfer and total iron uptake are reduced at the higher
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transferrin doses, total uptake is still higher than in controls. Daily injections of
transferrin for 3 weeks from weaning normalize hemoglobin values and markedly
reduce liver iron and intestinal iron absorption values in Trf"”/""* mice. When daily-
injected mice are untreated for a week to allow transferrin clearance, iron absorption
values are significantly enhanced; in contrast, hemoglobin or hepatic iron levels are
not significantly altered. Thus, hyper-absorption of iron in Trf””/"” mice is not
solely because of the anemia. Transferrin levels per se do affect iron absorption,
possibly via a direct effect on the intestinal mucosa.

The liver iron burden in Trf””/*” mice is 100-fold greater than that of normal
wild-type mice and 15- to 20-fold greater than the liver iron burden of mice lacking
the hemochromatosis gene, Hfe (Trenor et al., 2000). Because the amount of tissue
iron in Trf"/" mice greatly exceeds that found in mice defective in the Hfe gene, it
is clear that in the absence of HFE, some regulation of intestinal iron absorption
must exist. Interestingly, unlike human iron-overload disorders, the tissues of
Trf"/*”* mice do not develop cirrhosis and pancreatic fibrosis. One explanation for
the lack of tissue damage is that such changes might require long-standing iron
deposition. Therefore, Trf"”/"” mice provide an animal model with a defined mo-
lecular defect for studying genetic disorders of iron metabolism.

7.3. Microcytic anemic mklmk mice

Microcytic anemic mk/mk mice, displaying a phenotypic abnormality in iron
metabolism, have inherited defects in intestinal iron transport and erythroid iron
utilization that result in severe iron-deficiency anemia (Fleming et al., 1997; Su et al.,
1998; Wood and Han, 1998). These mk/mk mice and mice with hypoplastic anemias
(WIWhv, SIISld, anlan) have mild-to-moderate increases in the expression levels of 5'-
aminolevulinate dehydratase, uroporphyrinogen-I synthase, and protoporphyrin IX
in erythrocytes. Elevated enzyme activities and protoporphyrin IX correlate well
with the number of reticulocytes and probably reflect increased frequency of young
red cells that are still active in heme biosynthesis. Because all mice with anemias
possess elevated levels of 5'-aminolevulinate dehydratase, uroporphyrinogen-I syn-
thase, and protoporphyrin IX, independent of differences in their genotypes, the
increase in these parameters is not likely to be the result of a specific gene defect.

Positional gene cloning in mk/mk mice identifies that hypochromic, microcytic
anemia is a consequence of a missense (G185R) mutation in the Nramp2 gene (Su et
al., 1998). The G185R mutation causes almost total loss of Nramp2 function that
cannot be fully explained by a decreased amount of protein, indicating that G185R
disrupts iron transport by altering Nramp?2 function. Functional studies characterize
Nramp?2 as an iron-regulated, proton-coupled divalent cation transporter. Nramp2
is likely to be the iron transporter that controls iron absorption across the apical
membrane of intestinal epithelial cells and the iron transporter (Fig. 3) that functions
to transport the endosomal, free ferrous iron into the cytoplasm in the transferrin
cycle (Fig. 5).

In addition, mk/mk mice also carry a missense mutation that causes substitution
of valine to alanine at amino acid 173 of the p45 NF-E2 molecule (Peters et al.,
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1993). NF-E2, a nuclear DNA-binding protein, functions as an erythroid-specific
transcription factor and is thought to mediate the erythroid enhancer activity of
the o- and p-globin locus control regions and participates in controlling the ac-
tivities of genes that encode two enzymes of heme biosynthesis (porphobilinogen
deaminase and ferrochelatase). P45 NF-E2, a major component of NF-E2, is a 45-
kDa protein that is specifically expressed in hematopoietic progenitor cells and
differentiated cells of the erythroid, megakaryocyte, and mast cell lineages (An-
drews et al., 1994). Interestingly, expression of p45 NF-E2 is detected in the du-
odenum of normal and severely anemic f-thalassemic (Hbbd-th3/Hbbd-th3) mice.
The gene encoding p45 NF-E2 has been mapped to mouse chromosome 15.
Mutations in p45 NF-E2 result in an impaired form of NF-E2 that seems to fail to
regulate both globin production and iron metabolism, resulting in the iron defi-
ciency and anemia of mk/mk mice.

7.4. Belgrade (blb) anemic rat

The Belgrade (b/b) rat has an autosomal recessively inherited, microcytic, hypo-
chromic anemia that is associated with abnormal reticulocyte iron uptake and gas-
trointestinal iron absorption (Fleming et al., 1998). The b/b reticulocyte defect
appears to be failure of iron transport out of endosomes within the transferrin cycle.
The phenotypic characteristics indicate that the gene defective in the b/b rat is es-
sential both for normal intestinal iron absorption and for transport of iron out of the
transferrin cycle endosome. Aspects of this phenotype are similar to those reported
for the microcytic anemia mutation in the mk/mk mouse. Genetic mapping of the
phenotype of the b/b rat shows a linkage to the centromeric portion of rat chro-
mosome 7, which exhibits synteny to the chromosomal location of Nramp2 in the
mouse (Fleming et al., 1998). Indeed, a glycine-to-arginine missense mutation
(G185R) is found in the b/b Nramp2 gene, but not in the normal allele (Su et al.,
1998). This amino acid alteration is the same as the alteration seen in the mk/mk
mouse. Functional studies of the protein that is encoded by the b allele of rat Nramp2
demonstrate that the mutation disrupts iron transport. Thus, Nramp2 is the gene
defective in the b/b rat. Expression of HFE and Nramp?2 are reciprocally regulated
by cellular iron status in intestinal cells, and these molecules might work in concert
to regulate intestinal iron absorption.

7.5. Sex-linked anemic (slalsla) mice

The sex-linked anemic (sla/sla) mouse carries an anemia that results from an
inherited defect of intestinal iron absorption (Anderson et al., 1998; Vulpe et al.,
1999). Although these mice take up iron from the intestinal lumen into mature
epithelial cells normally, the subsequent exit of iron into the circulation is dimin-
ished. As a result, iron accumulates in enterocytes and is lost during turnover of
the intestinal epithelium. Because sla/sla mice have a block in intestinal iron
transport, they develop moderate-to-severe microcytic hypochromic anemia. The
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sla locus is mapped to the central region of the X chromosome. Within this sla
locus, a gene named hephaestin, which encodes a transmembrane-bound cerulo-
plasmin homologue, is mutated in the sla/sla mice (Vulpe et al., 1999). Hephaestin
is highly expressed in intestines and a loss of hephaestin function results in the sla
phenotype. The hephaestin protein appears to function as a multicopper ferroxi-
dase that is necessary for iron egress from intestinal enterocytes into the circula-
tion. The identification of mutant hephaestin as the gene responsible for the sex-
linked anemia in sla/sla mice provides an important link between copper and iron
metabolisms in mammals.

7.6. p-thalassemic Hbbd(th3)/Hbbd(th3) mice

Maintenance of iron homeostasis must balance the demand for iron due to
heme synthesis, which is driven by hematopoiesis and the restricted intestinal
uptake of iron that otherwise limit absorption of this toxic element. The conse-
quences of perturbed iron homeostasis are witnessed in inherited forms of fS-tha-
lassemia in which erythroid hyperplasia results in enhanced intestinal iron
absorption despite tissue iron overload (Van Wyck et al., 1987). A mouse model of
p-thalassemia has both the f1 and S 2 globin genes deleted (Yang et al., 1995).
Mice homozygous for this Hbbd(th3)/Hbbd(th3) deletion die perinatally, similar
to the most severe form of Cooley’s anemia in humans. Homozygous f-thalasse-
mic mice show many of the features seen in human f-thalassemia, such as de-
creased hemoglobin and hematocrit values, decreased red blood cell count, as well
as increased reticulocyte count (Garrick et al., 1989; Yang et al., 1995). They also
exhibit splenomegaly and decreased osmotic fragility of red cells. Accumulation of
iron occurs in the spleen, liver, and kidneys but not in the heart. An increase in
tissue iron occurs primarily in the spleen, even before weaning, despite the low iron
content of milk. Iron accumulation in the absence of blood transfusion is of in-
terest because iron overload is the major cause of death in human f-thalassemia.
Mice heterozygous for the deletion appear normal, but their hematological indexes
show characteristics typical of severe thalassemia, including dramatically decreased
hematocrit, hemoglobin, and red blood cell counts; decreased mean corpuscular
volume and mean corpuscular hemoglobin concentration; and dramatically in-
creased reticulocyte counts, serum bilirubin concentration, and red cell distribution
widths. Tissue and organ damage typical of f-thalassemia, such as bone defor-
mities and splenic enlargement due to increased hematopoiesis, are also seen in the
heterozygous animals, as is spontancous iron overload in the spleen, liver, and
kidneys. Several intestinal factors are induced when iron homeostasis is disrupted
in f-thalassemic Hbbd(th3)/Hbbd(th3) mice. One induced factor is sucraseiso-
maltase. Expression of this intestinal hydrolase is increased in response to iron
overload. This f-thalassemia mouse model should be of great value in developing
therapies for the treatment of thalassemias in utero. The heterozygous mice will be
useful for studying the pathophysiology of thalassemias and have the potential of
generating a model of sickle cell anemia when mated with appropriate transgenic
animals.
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7.7. a-thalassemic mice

Mice with hereditary o-thalassemia are also a good model for studying clinical
disorders of spontaneous iron overload (Van Wyck et al., 1984). As in the human
condition, mice heterozygous for a radiation-induced o-hemoglobin gene deletion
exhibit a mild hemolytic anemia, with microcytosis, reticulocytosis, splenomegaly,
and chemical evidence of defective a-hemoglobin synthesis. Total iron content in the
spleen, liver, and kidneys, but not in the heart or lungs, of adult a-thalassemic mice is
greater than that in unaffected littermates. Iron concentration is also increased in the
liver, spleen, kidneys, and heart; in general, the greater the iron concentration in the
liver, the greater the iron concentration in the spleen, kidneys, and heart. In mice
examined 8§ months postoperatively, splenectomy, as compared to a sham operation,
significantly raises iron content in extrasplenic tissues, but does not affect total body
iron. At 10-11 weeks of age a-thalassemic mice show higher rates of iron absorption
than age-matched controls; this effect is no longer present at 12-14 weeks. Thus, o-
thalassemic mice display an early occurring iron-absorption defect, leading to a
modest, sustained, non-progressive iron overload, and thereby represent a valuable
model for exploring disorders of iron homeostasis.

7.8. Aceruloplasminemic ceruloplasmin-deficient mice

Aceruloplasminemia is an autosomal recessive disorder of iron metabolism. Af-
fected individuals evidence iron accumulation in tissue parenchyma in association
with absent serum ceruloplasmin (Harris et al., 1998, 1999). Genetic studies of such
patients reveal inherited mutations in the ceruloplasmin gene (Vulpe et al., 1999). In
an animal model of aceruloplasminemia, ceruloplasmin-deficient mice are normal at
birth, but accumulate iron progressively such that by one year of age, all cerulo-
plasmin-deficient mice have a prominent elevation in serum ferritin and a three- to
six-fold increase in the iron content of the liver and spleen. Iron stores within re-
ticuloendothelial cells and hepatocytes are also evident. Ceruloplasmin-deficient mice
show no abnormalities in cellular iron uptake but a striking impairment in the
movement of iron out of reticuloendothelial cells and hepatocytes. Compared to
normal wild-type mice, ceruloplasmin-deficient mice have equivalent rates of iron
absorption and plasma iron turnover, suggesting that iron accumulation is caused by
an altered compartmentalization within the iron cycle. Thus, ceruloplasmin plays an
essential physiological role in controlling the rate of iron efflux from cells with
mobilizable iron stores.

7.9. B2 microglobulin-deficient mice

Hereditary hemochromatosis is an inherited disorder of iron absorption, mapping
to the non-classical class I Hfe gene within the human major histocompatibility
complex region (Fourie and Yang, 1998; Salter-Cid et al., 2000a; Yang et al., 1996).
Because 2 microglobulin is an essential component of a functional HFE molecule
(Salter-Cid et al., 1999), it is not surprising to learn that in mice, mutations in the 2
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microglobulin gene causes hepatic iron overload that recapitulates hereditary he-
mochromatosis in man. Due to increased iron absorption, the 2 microglobulin-de-
ficient mouse, a first mouse model of hereditary hemochromatosis, has high levels of
circulating iron and abnormally high transferrin saturation (Rothenberg and Vo-
land, 1996; Santos et al., 1996). Pathological iron depositions occur predominantly
in liver parenchymal cells. Reconstitution with normal hematopoietic cells redis-
tributes the iron from parenchymal to Kupffer cells, but does not correct the mucosal
defect. Mucosal uptake of ferric iron, but not of ferrous iron, by (2 microglobulin-
deficient mice is significantly higher when compared with control wild-type mice.
Mucosal transfer of iron into the plasma in 2 microglobulin-deficient mice is higher,
independent of the iron form tested. No significant differences are found in iron
absorption between control and 2 microglobulin-deficient mice when anemia is in-
duced either by repetitive bleeding or by hemolysis through phenylhydrazine treat-
ment. However, iron absorption in mice made anemic by dietary deprivation of iron
is significantly higher in 2 microglobulin-deficient mice. The 2 microglobulin-de-
ficient mice manifest an impaired capacity to down-modulate iron absorption when
dietary or parenterally iron-loaded. The higher iron absorption capacity in 2 mi-
croglobulin-deficient mice might involve the initial step of mucosal uptake of ferric
iron and the subsequent step of mucosal transfer of iron to the plasma. The 52
microglobulin-deficient mice fail to limit the transfer of iron from mucosal cells into
the plasma. Thus, iron metabolism is defective in the gut mucosa as well as the liver
of B2 microglobulin-deficient mice, providing functional support for a causative role
of Hfe mutations in hereditary hemochromatosis.

7.10. Hemochromatosis Hfe-deficient mice

Hereditary hemochromatosis is a prevalent human disease caused by a defective
Hfe, which encodes a non-classical major histocompatibility complex class I mole-
cule involved in the regulation of intestinal iron absorption (Salter-Cid et al., 2000a).
The Hfe-deficient mice with a disrupted Hfe gene show profound differences in pa-
rameters of iron homeostasis (Bahram et al., 1999; Zhou et al., 1998). By 10 weeks of
age, the fasting transferrin saturation of Hfe-deficient mice is significantly elevated
compared with normal wild-type littermates, and hepatic iron concentration is eight-
fold higher than that of normal wild-type littermates. Hepatic iron in the Hfe-defi-
cient mice is predominantly in hepatocytes in a periportal distribution. In the spleen,
heart, and kidneys, iron concentration is not significantly different. Erythroid pa-
rameters are normal, indicating that the anemia does not contribute to the increased
iron storage. Positional gene cloning in humans with hereditary hemochromatosis
has identified several mutations in the Hfe gene. Mice carrying mutations in the
murine hemochromatosis gene Hfe locus are also made available. The first mutation
deletes a large portion of the coding sequence, generating a null allele. The second
mutation introduces a missense mutation (C282Y) into the Hfe locus, but otherwise
leaves the gene intact. This C282Y mutation is identical to the disease-causing
mutation in humans with hereditary hemochromatosis. Homozygosity for either
mutation results in postnatal iron loading. The effects of the null mutation are more
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severe than the effects of the C282Y mutation. Mice heterozygous for either muta-
tion accumulate more iron than normal wild-type controls. Interestingly, although
liver iron stores are greatly increased, splenic iron is decreased. Thus, Hfe-deficient
mice lacking Hfe expression faithfully mimic human hemochromatosis.

Hereditary hemochromatosis in humans is characterized by excess absorption of
dietary iron and progressive iron deposition in liver and several tissues. Liver disease
resulting from iron toxicity is the major cause of death in patients with hereditary
hemochromatosis. Hepatic iron loading in hereditary hemochromatosis is progres-
sive, despite down-regulation of the classical transferrin receptor 1. In normal mice
and murine models of dietary iron overload, dietary iron deficiency, and hereditary
hemochromatosis (Hfe-deficient), studies on the expression of transferrin receptor 1
and of transferrin receptor 2, which is a recently identified transferrin receptor 1
homologue that binds holotransferrin and mediates cellular uptake of transferrin-
bound iron, have provided some clues on the potential role for transferrin receptor 2
in iron uptake by liver tissues. Transferrin receptor 2 is expressed highly in the liver
where transferrin receptor 1 expression is low. In particular, expression of transferrin
receptor 2 is abundant in hepatocytes. In contrast to transferrin receptor 1, trans-
ferrin receptor 2 expression in the liver is not increased in iron deficiency. Hepatic
expression of transferrin receptor 2 is not down-regulated with dietary iron loading
or in the Hfe-deficient mice (Fleming et al., 2000). Transferrin receptor 2 appears to
allow continued uptake of transferrin-bound iron by hepatocytes even after trans-
ferrin receptor 1 has been down-regulated by iron overload. This transferrin receptor
2-mediated iron uptake might contribute to the susceptibility of liver to iron loading
in hereditary hemochromatosis.

In duodenal crypt cells, because HFE physically interacts with transferrin receptor
1 but interacts weakly with transferrin receptor 2, mutations in Hfe might attenuate
the uptake of transferrin-bound iron from plasma by duodenal crypt cells, which
would lead to up-regulation of iron transporters for dietary iron. The iron importer
Nramp?2 expresses as two classes of transcripts in the duodenum: one containing an
iron responsive element, called Nramp2 (IRE) and one containing no iron responsive
elements, called Nramp2 (non-IRE). Expression of duodenal Nramp2 (IRE) is up-
regulated under conditions of dietary iron deficiency. In Hfe-deficient mice, duo-
denal Nramp2 (IRE) mRNA is increased approximately 7.7-fold, despite their ele-
vated transferrin saturation and hepatic iron content. Duodenal expression of
Nramp2 (non-IRE) is not increased, nor is hepatic expression of Nramp2 increased
(Fleming et al., 2000). Thus, Hfe mutations appear to lead to inappropriately low
crypt cell iron, with resultant stabilization of Nramp2 (IRE) mRNA, up-regulation
of Nramp2, and increased absorption of dietary iron. Thus, the primary defect in
Hfe-deficient mice could, indeed, be traced to an augmented duodenal iron ab-
sorption.

In parallel, measurement of the gut mucosal iron content as well as iron regula-
tory proteins allows a more informed evaluation of various hypotheses regarding the
precise role of HFE in iron homeostasis. Future studies on the expression of the iron
exporter ferroportinl in this mutant mouse model of hereditary hemochromatosis
will facilitate investigation into the pathogenesis of increased iron accumulation in
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hereditary hemochromatosis and provide opportunities to evaluate therapeutic
strategies for prevention or correction of iron overload.

7.11. T-cell receptor o-deficient mice

The functional linkage between genetic hemochromatosis and immune function
became evident when the major histocompatibility complex-encoded, hemochroma-
tosis protein, HFE, was identified (Salter-Cid et al., 2000a). HFE performs an un-
usual, yet essential, function in iron metabolism; however, our understanding of
HFE function in the immune system remains elusive (Salter-Cid et al., 2000a). A
recent study on the immune function in Hfe-deficient mice had suggested that there
was no evidence for a function of HFE in immune responses (Bahram et al., 1999).
Yet, some of the data presented seem to support the notion that, at least at the level
of the intestine, HFE plays a role in influencing the T cell repertoire (Bahram et al.,
1999).

As mutations in the Hfe gene per se are insufficient to explain the physiopa-
thology of hereditary hemochromatosis, other genetic and environmental factors
must play a role in modulating iron metabolism. The first clue that iron metabo-
lism plays a role in influencing the immune function came from the observation
that lymphocyte populations in the lymphocytic compartments of patients with
hereditary hemochromatosis are abnormal (Elshof et al., 1999; Salter-Cid et al.,
2000a). It has been known that growth of intestinal epithelial cells is dependent on
the differentiation on intraepithelial lymphocytes expressing the y/J T-cell receptor.
Liver iron loading correlates inversely with the ability of the mice to generate a
tumor necrosis factor o response by intraepithelial lymphocytes. In T-cell receptor
o-deficient mice, the level of liver iron is high, compared to 7T-cell receptor o-defi-
cient mice, whose iron levels do not differ from the levels of normal wild-type
control mice (Elshof et al., 1999). These findings suggest a potential role for y/d+
intraepithelial lymphocytes in the regulation of iron absorption. Iron loading in
intestinal epithelial cells is possibly communicated to intraepithelial lymphocytes
via the HFE molecule, resulting in a release of tumor necrosis factor o by y/d+
intraepithelial lymphocytes. Tumor necrosis factor o in turn up-regulates ferritin
expression in intestinal epithelial cells.

7.12. Recombination-activating gene I-deficient mice

Under conditions of high dietary iron levels, recombination-activating gene 1-de-
ficient mice that lack mature lymphocytes have been reported to accumulate iron in
their liver in a pattern similar to that seen in 2 microglobulin-deficient mice (De
Sousa et al., 1994). Moreover, in comparison to 2 microglobulin-deficient mice, 2
microglobulin and recombination-activating gene 1 double-deficient mice develop a
more severe phenotype and display increased iron absorption and accumulation in
the liver, heart, and pancreas (Salter-Cid et al., 2000a). These findings suggest that
lymphocytes might influence cellular iron storage and iron-mediated cellular dam-
age.



P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87 51

7.13. Compound mutant mice

Crossbred Hfe-deficient mice carrying other mutations that impair normal iron
metabolism have also provided insights into the pathogenesis of iron metabolism
disorders (Levy et al., 2000). Compound mutant mice that lack both Hfe and f2
microglobulin have more iron deposited in tissues than mice lacking Hfe only,
strongly suggesting that another 2 microglobulin-interacting molecule(s) might be
involved in iron regulation. It is possible that major histocompatbility complex-en-
coded class I molecules might have a role in iron metabolism (Salter-Cid et al.,
2000a). Consistent with the findings from T-cell receptor é-deficient mice, a recent
review discussing the interplay between the immune function and iron metabolism
hypothesizes that cytokines from T cells play a functional role in regulating ex-
pression of Hfe and transferrin and in modulating iron status through intestinal iron
absorption and transport. Because Hfe-deficient mice that carry mutations in the
iron transporter Nramp2 fail to load iron, hemochromatosis appears to involve
Nramp2-mediated iron flux. Similarly, compound mutants deficient in both Hfe and
hephaestin show less iron loading than do Hfe-deficient mice, indicating that iron
absorption in hemochromatosis involves the function of hephaestin as well. Mutant
mice lacking both Hfe and the transferrin receptor 1 accumulate more tissue iron
than do mice lacking Hfe alone, consistent with the idea that interaction between
these two molecules contributes to the control of normal iron absorption. Accord-
ingly, each of these genes is a candidate modifier of the hereditary hemochromatosis
phenotype.

Interestingly, iron regulatory protein 1-deficient mice display no symptoms and
abnormalities of iron metabolism disorders. Iron homeostasis is such an essential
physiological process that is delicately and tightly regulated. To minimize any po-
tential risk of abnormal alterations of iron metabolism, redundant pathways that are
independent of iron regulatory protein 1 must have evolved. Mice with iron me-
tabolism disorders provide unique animal models to study both iron deficiency and
iron overload. Information from these mutant mice is complementary to those from
molecular biology, biochemistry, structural biology, molecular medicine, and clinical
study of humans with iron metabolism disorders. In future studies, the use of mice
that are defective in iron exporter ferroportinl or transferrin receptor 2 or that are
cross-bred shall shed light on how iron homeostasis is regulated. These studies will
lead to therapeutic strategies for use of these genes as targets to manipulate, with
methods directed toward specific cells and tissues, the processes of iron absorption,
transport, and storage.

8. Diagnosis of human iron disorders

Iron is essential for a variety of biologic functions, including oxygen transport,
mitochondrial electron transfer, DNA synthesis, di-oxygen processing, and enzy-
matic reactions that require cofactors with redox properties. Reduced iron is also a
key participant in oxygen-mediated toxicity involving O,-derived free radicals.
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Consequently, disturbances of iron homeostasis, leading to either iron deficiency or
iron overload, can have significant clinical consequences. To minimize iron-mediated
harmful effects and to reduce cost of treatment, early diagnosis of these conditions in
patients is a must. Here, diagnostic parameters routinely used to assess and evaluate
the status of iron metabolism disorders in humans are described and discussed.

8.1. Parameters for diagnosing iron deficiency

Globally, iron deficiency is the most common cause of anemia. Typically, in iron
deficiency anemias, all three red cell indices, mean corpuscular volume, mean cor-
puscular hemoglobin, and mean corpuscular hemoglobin concentration, are low.
These low values are due to defective hemoglobin synthesis. Iron deficiency, al-
though the most common, is not the sole course of defective hemoglobin synthesis.
Hemoglobinopathies, such as thalassemias, and probably certain forms of congenital
dyserythropoietic anemias, induce similar conditions. Thus, the diagnosis of these
conditions is based on the findings from hemoglobin electrophoresis and cytologic
observations.

The hallmarks of iron-deficient erythropoiesis are an increase in free erythrocyte
protoporphyrin and microcytosis, which are defined by mean corpuscular volume
less than 83 femtoliters per cell. Two major categories of anemia present with these
findings: iron deficiency anemia and the anemia of chronic disease. In both, serum
iron concentration is low (less than 40 pg/dl)and transferrin saturation is below 15—
20% (Cook, 1999). In iron deficiency anemia, serum ferritin values are below 20 pg/l,
whereas a serum ferritin above 100 pg/l is indicative of anemia of chronic disease.
High serum ferritin values are encountered also when excess ferritin is released of
damaged tissues, as occurs with acute hepatitis. Free erythrocyte protoporphyrin
increases in iron deficiency, but increased levels are also seen in lead poisoning,
sideroblastic anemia, and erythropoietic porphyria, and tests for these values are not
commonly used for differential diagnosis of anemias (Savage et al., 2000; Tancabelic
et al., 1999). Serum concentration of the transferrin receptor 1 tends to be within a
normal range (5-6 mg/l) in anemia of chronic disease (Flowers et al., 1989), whereas
in iron deficiency anemia, this concentration is elevated three-fold (Cook, 1999).
However, since the serum concentration of the transferrin receptor 1 reflects the
turnover of transferrin receptors in the erythrocyte progenitors in marrow and in-
directly measures erythropoietic activities, elevated values are typical of hemolytic
anemias and myelodysplasia, as well. Therefore, the transferrin receptor 1-ferritin
index, calculated as a ratio of transferrin receptor/log ferritin, is used to evaluate
patients with high serum transferrin receptor levels. The normal range of transferrin
receptor—ferritin index is 0.076 (£0.062), whereas in iron deficiency, the range is
3.739 (+3.413) (Punnonen et al., 1997).

8.2. Parameters for diagnosing iron overload

When iron overload is suspected, serum iron concentration, transferrin satu-
ration, and serum ferritin should be measured. Elevated serum iron level (greater
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than 20 pM), transferrin saturation (greater than 50-60%), and serum ferritin
(greater than 400 pg/l in males and greater than 300 pg/l in females) are typical of
hereditary hemochromatosis patients (Mura et al., 2000). In 98% of hemochro-
matosis patients, the transferrin saturation is higher than 45% (McLaren et al.,
1988); in fact, elevated serum transferrin saturation is an early symptom in he-
mochromatosis. Serum ferritin concentration reflects more accurately the accu-
mulation of iron. However, serum ferritin values might also be high in conditions
not related to increased body iron. For instance, in Gaucher’s disease, which is
caused by an inherited defect in the f-glucocerebrosidase enzyme, serum ferritin
concentration is greater than 1000 pg/l (Beutler, 1997; Punnonen et al., 1997).
Moreover, the haptoglobin phenotype affects serum markers of iron status in
males; the haptoglobin 2-2-phenotype is associated with elevated serum ferritin
(Langlois et al., 2000). The desferrioxamine iron excretion test can be used to
evaluate the amount of chelatable iron.

The accumulation of iron in the liver can be estimated by using dual-energy
computed tomography and magnetic resonance imaging (Chapman et al., 1980;
Jensen et al., 1994); liver biopsy can also be used. These measures provide infor-
mation regarding not only the iron content of the liver, but also the distribution of
iron in the tissues, as well as the presence of putative damage, such as cirrhosis.
The hepatic iron content is proportional to the age of the individual, which is why
the hepatic iron index is used to assess the iron load of the liver. This value is
calculated as micromoles of iron per dry weight gram of liver divided by the pa-
tient’s age. In hereditary hemochromatosis, the iron in the liver is characteristically
in the parenchyma, whereas in other forms of iron storage diseases, it concentrates
in the macrophages and Kuppfer cells. When the parameters for iron status indi-
cate iron overload, genetic studies might be undertaken to confirm the diagnosis.
On the other hand, the absence of mutations in the known hemochromatosis-as-
sociated genes, Hfe, and transferrin receptor 2, does not rule out the hemochro-
matosis diagnosis (Beutler, 1998). Clinical manifestations of the less precisely
characterized forms of hemochromatosis are identical and require the same type of
treatment.

9. Iron metabolism disorders in humans

Iron metabolism-related diseases in humans fall into three major categories: (I)
diseases associated with defective regulation of iron absorption, (II) diseases
caused by erroneous tissue and/or subcellular compartmentalization of iron, and
(IIT) secondary disorders induced by altered iron content in cells and/or tissues
(Table 3). Discovering new genetic defects leading to disturbances in iron me-
tabolism and elucidating the molecular basis of these disturbances has produced
unexpected insights into the pathophysiology of iron metabolism-related diseases
in humans.
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Table 3
Characteristics of iron metabolism disorders in humans

Gene* Chromosome Defect® Symptom

Ferritin L 19q13 M in IRE* Hypertransferrinemia with cataract

Transferrin 3921 Null Congenital atransferrinemia

TfR2 7q22 M HFE 3 type hemochromatosis

Hfe 6p21 M Hereditary hemochromatosis

URO-D 1p34 M, LD Porphyria cutanea tarda

Ferrochelatase 18q21.3 M Erythropoietic protoporphyria

Ceruloplasmin 3q21-q24 M, LD Aceruloplasminemia

ALAS2 Xpll.21 M Sideroblastic anemia

ABC7 Xql3 M Sideroblastic anemia and ataxia

ATPase 74 Xql3-q21.1 M Menkes disease; occipital horn syn-
drome

ATPase 7B 13q14.3 M Wilson’s disease

FRDA 9q13 GAA, M Friedreich’s ataxia

Unknown 1q Unknown Juvenile hemochromatosis

Unknown 15q5.1-15.3 Unknown Congenital dyserythropoietic anemia
type I

Unknown 20q11.2 Unknown Congenital dyserythropoietic anemia
type 11

Unknown 15q21-25 Unknown Congenital dyserythropoietic anemia
type III

Unknown Non-MHC* Unknown African dietary iron overload

Unknown Unknown Unknown Atransferrinemia

Unknown Unknown Unknown Familial hypoferremic microcytic
anemia

# Abbreviations used are: ABC — ATP-binding cassette transporter; ALAS — erythroid-specific 5'-amin-
olaevulinate synthase; ferritin L — ferritin light chain; FRDA - frataxin; IRE - iron responsive element;
MHC - major histocompatibility complex; TfR — transferrin receptor; URO-D — uroporphyrinogen
decarboxylase.

M - point mutation; I — insertion; D — deletion; GAA — expansion of GAA trinucleotide repeats.

9.1. Defects in iron absorption

9.1.1. Hereditary hemochromatosis

Hereditary hemochromatosis is an autosomal recessive disorder with a high
prevalence in Caucasians (0.05-1.20%) (Bell et al., 1997; Cogswell et al., 1998). The
condition is characterized by the absorption of iron in excess. The body iron stores
accumulate slowly, and the majority of patients present with clinical symptoms at the
age of 40-60 years. The classic tetrad, skin pigmentation, diabetes, liver disease, and
gonadal failure can be seen in homozygotes diagnosed at older age, whereas the most
common complaints are more non-specific, such as weakness, lethargy, and joint and
abdominal pain (Crawford et al., 1998; Dooley et al., 1997). A malfunction in the
maximal urinary concentration of the kidney is also associated with hereditary he-
mochromatosis and other iron-overload conditions (Zhou et al., 1996). The iron
overload is parenchymal, first affecting hepatocytes but later building up in the
pancreas. By the time of diagnosis, the body iron has increased 15- to 20-fold from
the normal amount, which is approximately 1 g. Preceding the increase in the body
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iron stores, plasma iron concentration and transferrin saturation rise. When the iron
load in the liver increases, plasma ferritin concentration also begins to elevate. The
excessive iron load induces serious morbidity and mortality and can easily be treated
by phlebotomy. In Hfe heterozygotes, hereditary hemochromatosis is incompletely
expressed: the transferrin saturation is only moderately increased, and the alteration
in the body iron stores is minimal (Crawford et al., 1998). Because hereditary he-
mochromatosis is relatively common in Caucasians of European ancestry, with at
least 0.5% of the population estimated to be homozygous and 10% heterozygous for
the HFE C282 mutation (Cogswell et al., 1998), screening for early diagnosis might
prove cost-effective.

Hereditary hemochromatosis is known as a disease entity long before the
causative gene Hfe was identified. The facts that patients with inherited hemo-
chromatosis frequently have the HLA-A3 allele (Simon et al., 1987) and that f,
microglobulin-deficient mice develop an iron-overload syndrome similar to human
hereditary hemochromatosis (De Sousa et al., 1994) led to the assumption that the
hereditary hemochromatosis gene is linked to the HLA gene locus at chromosome
6p21. In 1996, a gene, first named HLA-H but later renamed Hfe with similarity to
classical HLA class I genes was shown to be mutated in 87% of patients with
hereditary hemochromatosis (Feder et al., 1996). The predominant mutation is the
substitution of cysteine at amino acid residue 282 to tyrosine (C282Y). The second
mutation, histidine to aspartic acid at residue 63 (H63D), is enriched in patients
who are concomitantly heterozygous for the C282Y mutation. Mutations at S65C,
I105T, and G93R in Hfe have been detected recently. In addition, some allelic
variations at the intron areas of the Hfe gene have been found; these might have
relevance for the Hfe gene function (Barton et al., 1999). Interestingly, in the
United States, there remains a subpopulation of clinically indistinguishable he-
reditary hemochromatosis patients who do not have any of these Hfe mutations,
which suggests that other, probably HLA-linked, genes control iron absorption
(Barton et al., 1997).

Individuals homozygous to the Hfe gene mutations have significantly higher levels
of blood lead than wild-type Hfe carriers. In heterozygotes, the blood lead is
moderately elevated. In individuals with hereditary hemochromatosis, cobalt is also
absorbed in excess (Valberg et al., 1969). Evidently, iron-deficient individuals, he-
reditary hemochromatosis homozygotes, and heterozygotes absorb increased
amounts of lead and/or other metal ions (Barton et al., 1994). Animals defective in
Hfe only develop hereditary hemochromatosis if the iron transporter Nramp2 and
the hephaestin gene products are intact, supporting the view that the pathogenesis of
hereditary hemochromatosis involves excessive iron absorption from the gut (Levy et
al., 2000). Consistent with this notion, in hereditary hemochromatosis patients, a
sustained iron regulatory protein 1 activity is reported to enhance the expression of
the transferrin receptor 1 and to hinder the expression of ferritin (Cairo et al., 1997).
Nramp?2 is also up-regulated in patients with hereditary hemochromatosis (Zoller et
al., 1999). Recently, wild-type Hfe has been demonstrated to bind to the transferrin
receptor 1 and to co-traffick with the transferrin receptor 1 to the cell surface. This
physical interaction not only lowers transferrin receptor affinity to bind iron—
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transferrin (Feder et al., 1998), but also inhibits transferrin receptor internalization
(Salter-Cid et al., 1999, 2000a). Possibly, hereditary hemochromatosis patients lack
this down-regulatory mechanism, thus altering iron absorption activity.

9.1.2. HFE3-type hemochromatosis

A second type of hereditary hemochromatosis, mapping to the HFE3 locus on
7q22, has been recently described. Patients with the HFE3-type hereditary hemo-
chromatosis have a homozygous nonsense mutation in the gene that encodes for the
transferrin receptor 2. The role of transferrin receptor 2 in iron metabolism is poorly
understood (Camaschella et al., 2000a,b). Two different transferrin receptor 2 tran-
scripts have been described, the o-transcript translates to a transmembrane protein
and the f-transcript, which is a result of alternative splicing, that translates to an
intracellular protein (Kawabata et al., 1999). It seems possible that transferrin re-
ceptor 2 function is associated with iron regulation rather than directly involved in
iron uptake. Seemingly, functional transferrin receptor 2 is not necessary for iron
export, since the excess iron in patients with HFE3-type hemochromatosis can be
mobilized from the liver by phlebotomias (Camaschella et al., 2000a,b).

9.1.3. Juvenile hemochromatosis

Juvenile hemochromatosis is an autosomal-recessive disorder that is characterized
by an early onset of severe iron overload (Camaschella, 1998). The clinical mani-
festations, hypogonadotropic hypogonadism, abdominal pain, and cardiac dys-
function, typically appear before the age of 30 years. The spectrum of atypical
hemochromatosis includes two distinct familial forms: juvenile hemochromatosis
and a novel form of familial iron overload, with apparently autosomal-dominant
inheritance, predominant Kupffer cell siderosis, and possible minimal dyserythro-
poiesis on bone marrow exam. Forms of atypical hemochromatosis appear unrelated
to either Hfe or f3, microglobulin. The locus for juvenile hemochromatosis has been
identified on the long arm of chromosome 1, but the gene that is affected is still
unknown (Roetto et al., 1999). Detailed linkage studies are required to identify the
involved genes, which might encode novel molecules crucial to regulating iron me-
tabolism.

9.1.4. African dietary iron overload

The dietary iron overload among Africans is a distinct disease entity. Recent
evidence indicates that it is caused by an interaction of increased dictary iron and a
genetic defect that is not associated with the HLA locus (Gordeouk et al., 1992;
Kasvosve et al., 2000). The increase in iron load can be comparable with that in
hereditary hemochromatosis, with similar clinical manifestations. In this disease,
macrophages accumulate significant amounts of iron, which has a special conse-
quence in the regions of Africa where tuberculosis is endemic: The iron-laden
macrophages are less cytotoxic to microbes, making iron-overloaded tuberculosis
patients extremely vulnerable (Moyo et al., 1997).
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9.1.5. Iron deficiency-induced anemia

Iron deficiency-induced anemia is the most common iron metabolism-related
disease globally. Iron deficiency can be attributed to either inadequate dietary iron
absorption, which includes low dietary availability, abnormally high gastric pH, and
loss or dysfunction of absorbing enterocytes, or to increased iron losses that are
contributed by blood losses associated with malignant and inflammatory diseases,
hormonal disorders or trauma. As a first step, iron deficiency leads to the depletion
of iron stores, as reflected by low serum ferritin levels. Thereafter, iron-deficient
erythropoiesis gives rise to increased levels of protoporphyrin and zinc proto-
porphyrin in erythrocytes and elevates serum transferrin receptor 1 concentration
(Andrews and Fleming, 1999). Because of high demand and frequent heme-iron
losses, young children and premenopausal women, respectively, are at the highest
risk to develop the condition. Differentiating iron deficiency anemia from other types
of anemias is usually uncomplicated. Elevated serum transferrin receptor level is a
sensitive indicator of iron depletion. However, erythroid marrow activity is also
reflected in serum transferrin receptor 1 concentration, elevated levels being asso-
ciated with hyperplastic anemia or myelodysplasia. The ratio of transferrin receptor
1/log ferritin has recently been shown to be a more specific discriminator between
iron deficiency anemia and chronic disorders (Punnonen et al., 1997).

9.2. Defects in iron transport

9.2.1. Porphyria cutanea tarda

Porphyria cutanea tarda is an example of hepatic-type porphyrias. There is a
sporadic and a familial form, the latter presenting as an autosomal-dominant trait.
Uroporphyrinogen decarboxylase deficiency is responsible for the genetic cutancous
porphyria, which is characterized by photosensitive cutaneous lesions and hepatic
dysfunction and is precipitated by various exogenic factors. In hepatoerythropoietic
porphyria, the same enzyme has a defect, but this disorder is transmitted as a re-
cessive trait and is more severe than porphyria cutanea tarda. At least 39 mutations
in the uroporphyrinogen decarboxylase gene are known (Mendez et al., 2000). As a
result of decreased or lacking uroporphyrinogen decarboxylase activity, porphyrins
are increased in the liver, plasma, urine, and stool. Mild-to-moderate iron overload is
found in most patients with porphyria cutanea tarda. Iron overload seems to be a
cofactor for the clinical manifestations of porphyria cutanea tarda. Although no
known hemochromatosis-inducing genetic defects are detected in all porphyria cu-
tanea tarda patients, an underlying alteration in iron metabolism is possibly neces-
sary for the uroporphyrinogen decarboxylase deficiency to become symptomatic
(Bulaj et al., 2000).

9.2.2. Erythropoietic protoporphyria

Ferrochelatase catalyzes the terminal step of the heme biosynthetic pathway by
incorporating a ferrous ion into protoporphyrin. The expression of mammalian
ferrochelatase is regulated by intracellular iron levels (Taketani et al., 2000). Defects
in the human ferrochelatase gene seem to lead to erythropoietic protoporphyria, a
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rare autosomal-dominant inherited disorder characterized by skin photosensitivity
and by overproduction and accumulation of protoporphyrin IX in erythrocytes,
plasma, and liver (Schneider-Yin et al., 2000). Therapeutic inhibition of the enzy-
matic activity of ferrochelatase has been proposed to be beneficial in cancer treat-
ment. The resulting accumulation of protoporphyrin IX would make cancer cells
photosensitive, providing a new approach in eliminating malignant cells (Bhasin
et al., 1999).

9.2.3. Familial hypoferremic microcytic anemia syndrome

Microcytic anemia with iron malabsorption is an inherited disorder of iron me-
tabolism. In the absence of any gastrointestinal disorder or blood loss, patients
present with severe hypoproliferative microcytic anemia and iron malabsorption.
There is severe microcytosis (mean corpuscular volume 48 fl, hemoglobin 7.5 g/100
ml) with decreased serum iron, elevated serum total iron binding capacity, and de-
creased serum ferritin, even despite of prolonged treatment with oral iron. Despite
lifelong severe hypoferremia, the growth, development, and intellectual performance
of these patients are normal (Andrews, 1999a,b; Pearson and Lukens, 1999).
Treatment with intravenous iron dextran leads only to a partial correction of the
hemoglobin, hematocrit, and microcytosis.

The features of the disorder resemble those found in the microcytic anemia mk/
mk mouse, which also has severe microcytic anemia and iron malabsorption that
only partially responds to parenteral iron. The ferrokinetics, however, differ from
those of the mk/mk mouse, which has a missense mutation in Nramp2. In familial
hypoferremic microcytic anemia syndrome, once iron enters the plasma, its subse-
quent metabolism, transfer into erythroid bone marrow cells, and ensuing incor-
poration into erythrocyte hemoglobin are all normal. The underlying defect seems to
be a yet undefined abnormality in mobilization of iron into the plasma from both the
intestinal mucosal and reticuloendothelial cells.

9.2.4. Congenital dyserythropoietic anemias

Congenital dyserythropoietic anemias are a heterogenous group of rare iron
disorders characterized by ineffective erythropoiesis and dysplastic changes in ery-
throblasts (Andrews and Fleming, 1999; Rothenberg et al., 2000). Type I congenital
dyserythropoietic anemia is inherited as an autosomal recessive trait. The causative
gene is mapped on chromosome 15q15.1-15.3. Neonatal manifestations are anemia,
hepatosplenomegaly, transient cardiac abnormalities, and in some cases dysmorphic
features. Most adults have iron overload, which increases progressively by the age.
Type 11 congenital dyserythropoietic anemia, which is the most common of this
group of disorders, is also autosomally recessively inherited. The affected gene is
located on chromosome 20q11.2. The degree of anemia varies. Plasma bilirubin is
usually high, due to ineffective erythropoiesis and peripheral hemolysis. Iron over-
load is occasionally severe. Type III congenital dyserythropoietic anemia is the least
common of the three classic types of the disorder. There are two forms of type III
congenital dyserythropoietic anemia, one is inherited as autosomal dominant trait,
whereas the other is sporadic. The disease gene is located on chromosome 15q21-25.
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The phenotypic features of the inherited form include fatigue, episodes of abdominal
pain and jaundice, increased prevalence of monoclonal gammopathy. Iron overload
does not develop probably because of iron loss from hemosiderinuria.

9.2.5. Aceruloplasminemia

Aceruloplasminemia is an autosomal-recessive disorder resulting from deficient
ceruloplasmin ferroxidase activity, due to mutations in the ceruloplasmin gene
(Harris et al., 1998). The lack of ferroxidase results in defective oxidation of ferrous
iron to ferric iron. This in turn reduces iron binding to transferrin, impairing the
transport of iron from intracellular stores to plasma. Similar to hereditary hemo-
chromatosis patients, affected individuals present with parenchymal iron accumu-
lation. The manifestations of this disorder also include decreased serum iron and
microcytic anemia. The condition leads to diabetes, retinal degeneration, and neu-
rologic symptoms. Unlike other iron-overload syndromes, aceruloplasminemia is
dominated by neurologic manifestations, with patients eventually dying from the
effects of iron accumulation in the basal ganglia. The underlying disorder results
from an imbalance in the compartmentalization of iron rather than from an increase
in the absolute amount of body iron. Ceruloplasmin, through its plasma ferroxidase
activity, appears to provide a gradient for the cellular efflux of ferrous iron. A similar
ferroxidase activity has been found to be associated with the FET3 gene product in
yeast and with the hephaestin gene product in murine (Vulpe et al., 1999).

Consistent with the above findings, ceruloplasmin has been reported to play an
essential role in the movement of stored iron from reticuloendothelial cells and he-
patocytes (Harris et al., 1999). Because the predominant symptoms in acerulopla-
sminemic patients come from the basal ganglia, ceruloplasmin seems to play a role in
controlling the iron efflux from the storage sites in the central nervous system. The
increased oxidative stress associated with aceruloplasminemia is due to the excessive
iron accumulation and subsequent increased amount of oxygen-free radicals
(Yoshida et al., 2000). There is evidence that aceruloplasminemia leads to increased
lipid peroxidation in the brain. Aceruloplasminemia has also been reported to be
associated with Parkinson’s disease (Kohno et al., 2000). The presence of neuro-
logical symptoms in patients with aceruloplasminemia is in concordance with the
recent findings indicating that astrocyte specific ceruloplasmin gene expression is
important for neuronal survival in the retina and basal ganglia (Gitlin, 1998).

9.2.6. Wilson’s disease

Wilson’s disease is an autosomal-recessive genetic disorder, resulting from an
inability to transfer copper into the secretory pathway to form holoceruloplasmin.
The gene defective in Wilson’s disease, ATPase 7B, encodes for a copper-trans-
porting P-type adenosine triphosphatase (Petrukhin et al., 1994). ATPase 7B is
abundantly expressed in the liver. More than 100 different mutations of the Wilson’s
disease gene have been reported so far, and the affected individuals are either ho-
mozygous or compound heterozygous. Mutations in this gene lead, not only to
excessive accumulation of hepatic copper because of impaired excretion of biliary
copper, but also to defective ceruloplasmin biosynthesis. Ceruloplasmin is an o,-
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serum glycoprotein, each molecule binding up to six atoms of copper. In the absence
of copper, a non-stable apoprotein is secreted and rapidly degraded, resulting in low
serum ceruloplasmin and a defect in iron metabolism. Excretion of copper by the
trans-Golgi network-resident ATPase 7B protein appears to be achieved by ligand-
induced apical sorting (Roelofsen et al., 2000) and/or by excretion via lysosomes
(Harada et al., 2000). Overexpression of AT Pase 7B is known to be associated with
cisplatin resistance in certain tumors (Komatsu et al., 2000).

9.2.7. Menkes disease

Menkes disease is an X-linked genetic disorder, where the cation copper-trans-
porting P-type ATPase gene, ATPase 7A, is mutated. ATPase 7A is expressed in a
variety of tissues, except liver. The protein is localized in the trans-Golgi network
and post-Golgi vesicular compartment in the cell (Suzuki and Gitlin, 1999). Defects
in ATPase 7A prevent copper efflux into the secretory pathway, disturbing stable
ceruloplasmin synthesis and deranging iron compartmentalization. The primary
metabolic defect causes accumulation of dietary copper in the intestine, whereas the
blood, liver, and brain are in a state of copper deficiency (Kodama et al., 1999).
Clinically, Menkes disease presents as an early onset neurodegenerative disorder.
The characteristic features, including the neurological disturbances, arterial degen-
eration, and hair abnormalities, can be attributed to the decrease in cuproenzyme
activities. More than 150 point mutations have now been identified in the ATPase
7A gene. Most of these mutations lead to the classic form of Menkes disease. The
milder form of ATPase 7A-mediated disease, the occipital horn syndrome, seems to
result from mutations located in the splice—donor site of intron 6, occasionally al-
lowing the transcription of minimal amounts of normally spliced ATPase 7A (Moller
et al., 2000). Interestingly, expression of ATPase 7A is suppressed in colon cancer
(Cao et al., 1997).

9.2.8. Sideroblastic anemias

X-linked sideroblastic anemia is caused by mutations in the erythroid-specific
S'-aminolevulinate synthase gene (Cox et al., 1991; Raskind et al., 1991). The en-
coded protein is a key enzyme in heme synthesis. Mutations in erythroid-specific
S'-aminolevulinate synthase 2 lead to ineffective erythropoesis, an increased number
of erythroblasts, and erroneously increased iron absorption. Eventually, the gene
defects cause the unused iron to accumulate in the liver, heart, pancreas, and
brain, leading to typical clinical manifestations. At least 15 different point mu-
tations have been found in the erythroid-specific 5'-aminolevulinate synthase 2
gene. Pyridoxine, which is metabolized to pyridoxal 5’ phosphate, a cofactor of
the erythroid-specific 5'-aminolevulinate synthase, usually ameliorates the condi-
tion. This response suggests that the defective erythroid-specific 5'-aminolevulinate
synthase 2 gene products still have some enzyme activity, which can be boosted by
an overdose of the cofactor. Reversal of the iron overload by phlebotomy results
in higher hemoglobin concentrations during pyridoxine supplementation in certain
probands.



P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87 61

9.2.9. Sideroblastic anemia and ataxia

X-linked sideroblastic anemia and ataxia is a distinct type of sideroblastic anemia.
This recessive disorder is characterized by an early onset of non-progressive cere-
bellar ataxia and mild anemia with hypochromia and microcytosis. ATP-binding
cassette transporter 7, the gene responsible for the disease, has been mapped to Xql3
(Allikmets et al., 1999; Shimada et al., 1998). The AT P-binding cassette transporter 7
gene is an ortholog of the yeast ATMI gene, whose product localizes to the mito-
chondrial inner membrane and is involved in heme transport from the mitochondria.
In the absence of the wild-type ATP-binding cassette transporter 7 gene product,
mitochondria accumulate iron, with resulting injury especially to neuronal and
erythroid cells.

9.2.10. Friedreich’s ataxia

Friedreich’s ataxia is a progressive and degenerative autosomal-recessive disease,
which is caused by mutations in the FRDA gene that encodes frataxin, a nuclear-
encoded mitochondrial protein (Campuzano et al., 1996; Durr et al., 1996). The gene
has been mapped on chromosome 9q13-21 (Bidichandani et al., 1998; Cossee et al.,
1997). Frataxin is required for normal iron efflux from mitochondria and in the
absence of the functional wild-type protein, mitochondria accumulate iron, which
leads to increased generation of free-radicals and cellular damage (Radisky et al.,
1999). Affected individuals are usually homozygous for the expansion of a GAA-
triplet repeat within the FRDA gene, but compound heterozygosity for a point
mutation and GAA-repeat expansion are also possible (De Castro et al., 2000). The
importance of the iron load for the etiopathogenesis of Friedreich’s ataxia is un-
derlined by the finding that the iron chelator, deferoxamine, is effective both in de-
ceasing brain iron stores and in inhibiting the progression of neurological symptoms
(Miyajima et al., 1997).

9.2.11. Hyperferritinemia with autosomal-dominant congenital cataract

Hyperferritinemia with autosomal-dominant congenital cataract is a disorder
where the regulatory role of iron in the translational control of the iron storage
protein, ferritin, is disrupted by multiple point mutations in the iron responsive el-
ement of the ferritin light chain mRNA (Beaumont et al., 1995). Consequently, the
ferritin light chain is translated in excess, and the serum ferritin levels are moderately
elevated. The only clinical manifestation seems to be bilateral cataract. Interestingly,
high levels of ferritin light chain mRNA are found in the human lens, whereas the
amount of ferritin light chain protein is negligible (Cheng et al., 2000). In individuals
carrying mutations in the iron responsive elements of ferritin light chain mRNA, the
levels of mRNA and protein of ferritin light chain appear to be changed accordingly.
As a consequence of increased ferritin deposit, cataract is induced.

9.2.12. Atransferrinemia
Atransferrinemia is a rare autosomal-recessive condition, where plasma trans-
ferrin is either very low or absent. Consequently, iron enters the portal system as
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non-transferrin bound iron, and accumulates in the liver. Because of the defective
transport mechanism the physiologic need of iron for erythropoiesis is not met.
Clinical manifestations include severe microcytic anemia and iron deposits in the
parenchymal organs (Hamill et al., 1991).

9.3. Secondary iron disorders

9.3.1. Chronic inflammation-associated anemia

Chronic inflammation is associated with anemia, which has features in common
with iron-deficiency anemia. Typical findings are low serum iron levels, low iron-
binding capacity, increased serum ferritin, and normocytic, or slightly microcytic,
anemia (Andrews, 1999a,b). In chronic inflammation-associated anemia, while there
is an increased tendency toward ferritin conversion to haemosiderin, which is less
available for iron efflux than ferritin, the labile or chelatable iron pool is diminished
(Hoy and Jacobs, 1981). Under the conditions of altered iron recycling, the ery-
thropoiesis is iron-deficient. The decreased release of iron from macrophages to
plasma, reduced red cell life span, and inadequate erythropoietin response to anemia
together participate in the pathogenesis of the conditions. The mechanism of the
altered iron metabolism in chronic inflammation and infection is not fully clarified,
but the importance of cytokines and nitric oxide as mediators of the process has been
recognized.

Inflammatory cytokines, such as interleukin 1, interleukin 6, tumor necrosis factor
o, and interferon 7y, seem to regulate the binding of iron—transferrin to cells (Fahmy
and Young, 1993). Tumor necrosis factor o, possibly via activation of interleukin 6
and interferon 7, induce a primary stimulation of ferritin synthesis, resulting in a
decrease in the release of tissue iron (Feelders et al., 1998). An intracellular, che-
latable pool of iron regulates the transcription of interleukin 14 (O’Brien-Ladner et
al., 2000), which in turn enhances the synthesis of both ferritin heavy and light chains
(Hirayama et al., 1993). Lipopolysaccharide and interferon 7 increase the binding
activity of iron regulatory protein 1, whereas RNA binding of iron regulatory
protein 2 is decreased. The decrease of iron regulatory protein 2 binding and/or
protein levels is associated with an inducible nitric oxide synthase- dependent de-
crease in transferrin receptor 1 mRNA levels. Interferon y also enhances the syn-
thesis of ferritin (Kim and Ponka, 2000). Moreover, polymorphonuclear cells secrete
apolactoferrin at the site of inflammation, locally changing the availability of iron.
This protein binds iron in an acidic milieu, restricting its availability to microbes,
inhibiting hydroxyl radical formation, but at the same time leading to hypoferremia
on the host side. Lactoferrin seems to be anti-inflammatory as well, probably be-
cause of its inhibitory effect on local production of tumor necrosis factor ¢ and on
migration of epidermal Langerhans’ cells (Cumberbatch et al., 2000). Conceivably,
the changes that the inflammatory process induces on iron metabolism are part of
the host defence against invading pathogens and tumor cells. The effects of cytokines
on the expression of ferritin and iron regulatory proteins are another examples of
how immune function is intimately associated with iron metabolism functionally,
and vice versa.
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9.3.2. Alcohol-induced iron abnormalities

Alcohol abuse is associated with excessive iron accumulation, which is due to
unregulated, increased iron absorption via the non-carrier-mediated paracellular
route (Duane et al., 1992). Further, iron accumulation is probably due to pancreatic
insufficiency, which leads to failure to neutralize the gastric effluent and as a con-
sequence, increases the availability of the soluble form of ferrous iron (Sherwood et
al., 1998). The metabolism of ethanol has been proposed to form free radicals,
suggesting that the toxicity of ethanol might be potentiated by iron overload, and
vice versa. Concordantly, it has been reported that hepatic iron enhances ethanol-
induced liver lesions, but not those caused by an inflammatory process. In addition
to the increased iron load, the clinical expression of acute hepatic porphyrias can
also be triggered directly by alcohol, because of induction of d-aminolevulinic acid
synthase in the liver. In chronic hepatic porphyrias, alcohol potentiates the distur-
bance of the decarboxylation of uro- and hepta-carboxyporphyrinogen, which leads
to their accumulation (Doss et al., 2000). Interestingly, serum ferritin levels are in-
creased in men using large quantities of alcohol. This can be used as a marker of
significant alcohol intake, but the mechanism and biologic relevance of the finding
remain to be determined.

9.3.3. Chronic hepatitis C

Chronic hepatitis C is often associated with excessive iron accumulation in the
liver (Di Bisceglia et al., 1992; Snover, 2000). Serum and liver markers of iron
overload are elevated more often in patients with chronic hepatitis C than in patients
with other chronic liver diseases. The iron deposits are predominantly found in
hepatocytes in patients with chronic hepatitis C. The mechanism of the chronic
hepatitis C-associated iron accumulation is unclear, although increased intestinal
iron absorption (Snover, 2000) and ineffective erythropoiesis have been proposed.
The increased iron load in the hepatocytes of chronic hepatitis C patients is mediated
by cytokines. In these patients, lipid peroxidation in hepatocytes is elevated. Iron
accumulation and lipid peroxidation might contribute to the pathogenesis of chronic
hepatitis C. Supporting this hypothesis, iron load and lipid peroxidation simulta-
neously decrease in patients who respond to interferon y treatment (Kageyama et al.,
2000).

9.3.4. Tumorigenesis

Anemia is a frequent symptom in malignant disorders, but the underlying
pathogenetic mechanism is not clear. It might be related directly to the malignant
process, but often it seems to be caused by multiple mechanisms that associate with
the growth of cancer, chronic infection, and/or inflammation. One of the causes of
cancer-related anemia is shortened red blood cell survival, which is not being com-
pensated by erythropoiesis. In addition, the levels of erythropoietin in the serum of
cancer patients are low in relation to the degree of anemia. Even though erythro-
poietin treatment ameliorates the anemia, the response of bone marrow of cancer
patients is weaker than the response of healthy individuals (Zucker et al., 1974). The
erythropoiesis might be inhibited by cytokines, such as interleukin 1, interleukin 6,
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tumor necrosis factor o, and interferons. Patients with malignancies have charac-
teristic alterations in iron metabolism. Serum ferritin levels are elevated, and serum
iron concentrations are decreased, suggesting a shift of iron toward storage sites, as
in chronic inflammation (Dorner et al., 1983; Koller et al., 1979). Elevated levels of
serum ferritin correlate with tumor progression in head and neck carcinomas and
can be used as a follow-up marker (Rosati et al., 2000). In renal cell carcinoma
patients, the serum ferritin concentration of the renal vein is correlated with tumor
size and is proposed as a prognostic marker (Kirkali et al., 1999). The diagnostic
value of bronchoalveolar lavage fluid ferritin as a lung tumor marker has been
confirmed as well (Fracchia et al., 1999). Given the fact that ferritin in cerebrospinal
fluid is produced by glioblastoma cells, it is evident that ectopic expression of ferritin
is relatively common in transformed cells.

Despite the altered iron compartmentalization and/or accompanying microcytic
anemia encountered in cancer patients, elevated iron levels are considered a risk
factor for malignancies. Excessive iron load in the liver, pancreas, skin, and con-
nective tissue has been linked to an increased risk for carcinomas and sarcomas,
respectively (Weinberg, 1999), probably because of increased oxidative stress. Iron
has also been reported to be a risk factor for colon cancer. Individuals with serum
ferritin levels higher than 70 pg/l have an increased risk of recurrence of colon ad-
enoma as compared to those with lower values (Tseng et al., 2000). It is apparent
that, rather than the total body iron load, the luminal exposure to excessive iron
increases the risk of colon cancer in combination with a high-fat diet.

Iron is necessary for proliferating cells and recently is of interest in therapeutic
iron deprivation as a component of cancer therapy. Gallium nitrate and the iron
chelator desferrioxamine have been tested in the clinical setting, whereas anti-tran-
ferrin receptor 1 antibodies are in the early phase of clinical trials. Gallium is taken
into cells via transferrin binding (Dobson et al., 1998), but significant transferrin-
independent cellular uptake also takes place (Luttropp et al., 1998). Gallium might
interfere with cellular iron metabolism, probably disturbing endosomal acidification,
which is necessary for the release of ferric iron from transferrin (Chitambar and
Seligman, 1986). Alternatively, gallium might limit the availability of iron to the
ribonuclease reductase M2 subunit, thus decreasing intracellular deoxyribonucleo-
tide pools (Chitambar et al., 1988). Desferrioxamine enters cells passively and binds
the labile pool of iron. The principal effect of desferoxamine treatment appears to be
inhibiting ribonucleotide reductase activity (Lederman et al., 1984), thus preventing
DNA synthesis during tumorigenesis.

9.3.5. Neurodegenerative diseases

9.3.5.1. Parkinson’s disease. Irreversible and regionally specific neurodegeneration
and the presence of Lewy bodies are the essential pathological hallmarks of idio-
pathic Parkinson’s disease. In Parkinson’s disease patients, the iron content in brain
tissue is increased. In particular, the ferric iron is accumulated in brains (Sofic et al.,
1988). The tranferrin/iron ratio is decreased in the globus pallidus and caudate of
Parkinson’s disease patients, suggestive of a defect in iron mobilization (Loeffler
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et al., 1995). The number of ferrotransferrin binding sites is increased in patients with
Parkinson’s disease, probably due to increased iron uptake capacity of dopaminergic
nerves or of brain microvessels. The ultimate cause of neuronal death in patients
with Parkinson’s disease is not clear, but a growing body of evidence indicates that
increased oxidative stress is one of the main culprits. However, whether oxidative
stress is a primary or secondary event is unclear. By its enhancing effect on the
formation of free radicals and on the generation of oxidative stress in cells, iron
might to play a central role in the development of Parkinson’s disease and other
neurodegenerative diseases.

The selective damage to melanin-containing substantia nigra neurons in Parkin-
son’s disease is possibly initiated by the interaction between iron and neuromelanin,
resulting in the accumulation of ferric iron. Substantia nigra neurons might be at a
special risk for damage by free radicals because of their dopamine metabolism.
Dopamine auto-oxidation leads to the formation of hydrogen peroxide as a by-
product and, if not effectively detoxified by glutathione, hydrogen peroxide might
potentially induce the generation of highly reactive hydroxyl radicals in the presence
of excess iron. The amount of neuromelanin, formed by polymerized oxidized
dopamine, seems to direct the vulnerability of neurons. To investigate the process of
neurodegeneration, oxidative stress induced by the neurotoxins 6-hydroxydopamine
and N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine has been used in animal models.
Radical scavengers and iron chelators are found to be neuroprotective. Because the
pathogenesis of Parkinson’s disease involves several cellular processes and metabolic
pathways, including dopamine metabolism, nitric oxide synthesis, activation of
calcium channels, and inflammatory processes with activated NFxf and cytotoxic
cytokines, success in treating Parkinson’s disease with agents that prevent iron ac-
cumulation has not been achieved desirably (Grunblatt et al., 2000).

9.3.5.2. Hallervorden—Spatz syndrome. Hallervorden—Spatz syndrome, a neurode-
generation with an accumulation of brain iron, is a rare disorder characterized
clinically by Parkinsonism, cognitive impairment, pseudobulbar features, as well as
cerebellar ataxia. Neuropathological findings include neuronal loss, gliosis, and iron
deposition in the globus pallidus, red nucleus, and substantia nigra, with axonal
spheroids as hallmark lesions (Galvin et al., 2000). The relationship between iron
and the pathogenesis of Hallervorden—-Spatz syndrome remains to be investigated.

9.3.5.3. Alzheimer’s disease. f-amyloid deposits, the hallmarks of Alzheimer’s dis-
ease, contain advanced glycosylation end products and copper and iron ions. The
formation of covalently cross-linked, high-molecular-weight, S-amyloid peptide
oligomers is accelerated by the presence of micromolar amounts of copper and iron
ions (Loske et al., 2000). The amount of ferritin iron in basal ganglia is increased in
Alzheimer’s disease at its onset, suggesting that the accumulation of iron might have
a role in the pathogenesis of the disease (Bartzokis and Tishler, 2000). Iron has been
shown to accumulate in Alzheimer’s disease without a concomitant increase in
ferritin. The lack of increase in the amount of translated ferritin might be due to the
fact that iron regulating protein 1 seems to form more stable complexes with the iron
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responsive elements of ferritin and transferrin receptor I mRNA in the brain of
Alzheimer’s disease patients than of healthy individuals, resulting in an inhibition of
ferritin translation (Pinero et al., 2000a,b). The pool of free iron might thus be in-
creased, leading to enhanced vulnerability to oxidative damage. Indeed, Alzheimer’s
disease is characterized by signs of major oxidative stress in the neocortex, with si-
multaneous deposition of f-amyloid proteins. This metalloprotein converts molec-
ular oxygen into hydrogen peroxide by reducing copper or iron, potentially leading
to the generation of free radicals through the Fenton reaction (Lynch et al., 2000).
The connection between iron metabolism and Alzheimer’s disease is further sup-
ported by the fact that the C2 transferrin allele is more frequently associated with
patients with Alzheimer’s disease than with controls. Because the presence of the C2
transferrin allele in patients with Alzheimer’s disease seemingly shifts the onset of the
disease to an earlier age, transferrin might be involved in the pathogenesis of
Alzheimer’s disease (van Rensburg et al., 2000).

9.3.5.4. Huntington’s disease. Huntington’s disease is a progressive and fatal neu-
rological disorder caused by the expansion of a CAG trinucleotide repeat in exon 1
of the gene coding for huntingtin, the Huntington’s disease protein. The function of
the huntingtin gene product is unknown, as is the exact cause of neuronal death in
Huntington’s disease. Toxicity and apoptosis induced by oxidative stress are hy-
pothesized to be involved (Gutekunst et al., 2000). Because basal ganglia iron levels
are elevated early in the disease, the accumulation of iron might play a causative role
in the pathogenesis of the disease (Bartzokis et al., 1999).

10. Conclusions and future perspectives

“Biology of iron overload and new approaches to therapy” has been identified as
one of the priority areas in the national “Healthy People 2000 initiative by the
Public Health Service of the United States of America. The identification of Hfe as a
hereditary hemochromatosis gene and ferroportinl as an iron exporter represents a
major breakthrough and creates a strong impetus for rapid advances in the molec-
ular understanding of the pathophysiology of hereditary hemochromatosis, the
mechanisms of iron absorption and transport, and the cellular regulation of iron
metabolism.

Iron is transported through the plasma by transferrin, an iron carrier molecule,
which binds to transferrin receptors at the cell surface. Transferrin receptors provide
the main route for the entry of iron into the cells via receptor-mediated endocytosis.
Recent identification of liver-specific transferrin receptor 2 suggests that transferrin
receptor 2 might mediate iron uptake through a distinct, yet unidentified, pathway.
The hemochromatosis protein, HFE, binds to transferrin receptors and negatively
modulates the receptor’s activity. Once the complex, consisting of iron, transferrins,
and transferrin receptors, is internalized within endosomal compartments, iron is
released from transferrin as the endosomal compartment becomes acidified. Iron is
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then transported across the endosomal membrane into the cytoplasm by the divalent
cation transporter, Nramp2. Nramp?2 is also responsible for iron uptake at the brush
border in the intestinal duodenum. The iron exporter, ferroportinl, resides at the
basolateral surface of duodenal enterocytes and is responsible for exporting iron into
plasma. In addition, ceruloplasmin and hepahestin are essential for mobilizing iron
from tissues into systemic circulation. Once inside the cell, iron can be utilized for the
synthesis of heme and incorporated into enzymes or sequestered within ferritin, the
iron storage protein.

The balance between iron uptake and storage is tightly controlled by the
feedback regulatory mechanism of the iron responsive elements and iron regulatory
proteins 1 and 2. By binding to iron responsive element-containing mRNAs, such
as ferroportinl, transferrin receptor 1, and ferritin, iron regulatory proteins either
prevent the translation or degradation of mRNAs with which they associate, re-
sulting in up- or down-regulating expression of iron responsive element- containing
genes in response to the body’s iron status. This feedback mechanism of iron re-
sponsive elements and iron regulatory proteins is, so far, the only known regula-
tory function in sensing iron status in cells, tissues, and body. It is interesting to
note that almost all molecules that play major roles in iron metabolism express
both forms of iron responsive element-containing and non-containing mRNAs,
probably in a cell-type and/or tissue-specific fashion. The identification of many
novel iron responsive element-containing genes, achieved by searching consensus
motifs for iron responsive elements, reminds us that our accomplishments in
characterizing the regulatory mechanisms of iron homeostasis are only rudimen-
tary.

Though excessive iron in specific cells and tissues promotes the development of
infections, neoplasia, cardiomyopathy, and, possibly, various neurodegenerative
disorders, iron is also a nutrient for invading microbial and neoplastic cells. Hosts
have evolved an iron-withholding defense system to suppress microbial growth, but
the system can be compromised by a number of factors. Thus, routine screening for
iron loading in populations that are exposed to certain diseases could provide
valuable information in epidemiological, diagnostic, prophylactic, and therapeutic
studies of emerging infectious diseases. A variety of genetic, medicinal, immuno-
logical, and behavioral methods are being developed to prevent abnormal iron
loading and to reduce its subsequent, detrimental effects. With expression profiles
that are closely correlated to the characteristics of the transferrin cycle, the iron
status of the body, and the rates of erythropoiesis and cell proliferation, transferrin
receptors have invaluable diagnostic and therapeutic potentials. Plasma levels of
transferrin receptors increase with elevated tissue iron deficiency or with elevated
erythropoiesis. In uncovering iron deficiency that is associated with anemia of
chronic diseases, measuring levels of plasma transferrin receptors has advantages
over measuring plasma ferritin, which is generally used to gauge body iron stores.
For example, in the case of rheumatoid arthritis, the plasma ferritin level is often
increased as a result of inflammation. Consequently, in patients with anemia of
chronic diseases, a measurement of plasma transferrin receptors will have diagnostic
value in evaluating erythropoietic activity and body iron stores. In activated lym-
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phocytes, an elevated level of transferrin receptors is commonly used as a reference
for monitoring lymphoproliferative abnormalities. In detecting malignancies, plasma
levels of transferrin receptors can be used as a diagnostic tool, as transferrin re-
ceptors are a marker protein for cell proliferation.

Because levels of surface transferrin receptors are generally greater in malignant
cells than in normal cells, antibodies that specifically recognize and block transferrin
receptors from binding to transferrin have been used to selectively deliver cytotoxic
or static agents to the malignant cells of patients in several clinical settings. In tumor
therapy, delivering chemotherapeutic drugs conjugated to transferrin or antibodies
against the transferrin receptors have been used to target and kill actively prolifer-
ating cells with satisfactory results. Moreover, antibodies against transferrin recep-
tors are able to cross the blood-brain barrier and are deposited in the brain
parenchyma. As the delivery of drugs to the brain is inefficient by the tightly apposed
capillary endothelial cells, these anti-transferrin receptor—drug conjugates could
deliver drugs across the blood-brain barrier. In gene therapy, exogenous DNA that
has been coupled to transferrin can be targeted to proliferating and hemopoietic cells
and internalized via endocytic pathways for efficient delivery and expression of
foreign genes in the desired cell nucleus.

The imminent completion of the Human Genome Project’s sequencing efforts will
certainly identify more candidate disease genes that contribute to the disorders of
iron metabolism. Confirming the involvement of these genes in iron metabolism will
require research-based genetic association studies to link suspected genes to diseases.
In addition, by using functional genomic tools, such as bioinformatics, DNA mi-
croarrays, and proteomic platforms, studies on these candidate genes will also
generate invaluable information that will unequivocally confirm an association be-
tween specific genetic alterations and susceptibility to iron disorders. Moreover, the
translation of these disease-genotype associations to rapid, sensitive, specific, inex-
pensive routine diagnostic clinical practice will have dramatic applications. In the
molecular medicine era, these new genotyping methods will be used for diagnosing
symptomatic iron-disordered patients, but more importantly, for identifying pre-
symptomatically individuals who are at risk for iron metabolism disorders and for
whom effective preventative interventions are available.

The recent advances in iron disorders demonstrate a complex, yet intimate, re-
lationship between iron and copper metabolism and the central nervous system and
immune system. Current progress is a reminder of the tasks that await us in iden-
tifying and characterizing the structural and functional relationships of these gene
products in iron metabolism. Many important questions remain unanswered: are
there other iron homeostasis molecules, such as iron transporters and their regu-
lators, yet to be discovered? Which molecule functions as an iron sensor? What are
the functions of these novel iron responsive element-containing genes? Even though
our basic knowledge of the genetics and biochemistry of iron metabolism disorders
has been growing exponentially, these questions indicate our naive status in treating
iron metabolism disorders. However, we are confident that advances in the mo-
lecular and biochemical pathways of iron metabolism and in our understanding of
the fundamental mechanisms of iron sensor activities will lead to therapeutic
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strategies to manipulate iron absorption, transport, and storage. These forms of
interventions will have tremendous benefits for patients with iron metabolism dis-
orders.

References

Alcantara, O., Denham, C.A., Phillips, J.L., Boldt, D.H., 1989. Transcriptional regulation of transferrin
receptor expression by cultured lymphoblastoid T cells treated with phorbol diesters. J. Immunol. 142,
1719-1726.

Alcantara, O., Javors, M., Boldt, D.H., 1991. Induction of protein kinase C mRNA in cultured
lymphoblastoid T cells by iron-transferrin but not by soluble iron. Blood 77, 1290-1297.

Allikmets, R., Raskind, W.H., Hutchinson, A., Schueck, N.D., Dean, M., Koeller, D.M., 1999. Mutation
of a putative mitochondrial iron transporter gene ABC7 in X-linked sideroblastic anemia and ataxia
XLSA/A. Human Mol. Genet. 8, 743-749.

Alvarez, E., Girones, N., Davis, R.J., 1990. Inhibition of the receptor-mediated endocytosis of diferric
transferrin is associated with the covalent modification of the transferrin receptor with palmitic acid. J.
Biol. Chem. 265, 16644—-16655.

Anderson, G.J., Murphy, T.L., Cowley, L., Evans, B.A., Halliday, J.W., McLaren, G.D., 1998. Mapping
the gene for sex-linked anemia: an inherited defect of intestinal iron absorption in the mouse.
Genomics 48, 34-39.

Andrews, N.C., 1999a. Disorders of iron metabolism. N. Engl. J. Med. 341, 1986-1995.

Andrews, N.C., 1999b. The iron transporter DMTI. Int. J. Biochem. Cell. Biol. 31, 991-994.

Andrews, N.C., Fleming, M.D., 1999. Iron and erythropoiesis: lessons from anemic mice. Mol. Biol.
Hematopoiesis 6, 363-370.

Andrews, N.C., Fleming, M.D., Levy, J.E., 1999. Molecular insights into mechanisms of iron transport.
Curr. Opin. Hematol. 6, 61-64.

Andrews, N.C., Levy, J.E., 1998. Iron is hot: an update on the pathophysiology of hemochromatosis.
Blood 92, 1845-1851.

Andrews, N.C., Peters, L.L., Orkin, S.H., 1994. NF-E2: an erythroid transcription factor regulating globin
gene expression and iron metabolism. Mol. Biol. Haematopoiesis 8, 649—656.

Askwith, C.C., Kaplan, J., 1998. Site-directed mutagenesis of the yeast multicopper oxidase Fet3p. J. Biol.
Chem. 273, 22415-22419.

Aziz, N., Munro, H.N., 1987. Iron regulates ferritin mRNA translation through a segment of its 5’rime
untranslated region. Proc. Natl. Acad. Sci. USA 84, 8478-8482.

Bacon, B.R., Olynyk, J.K., Brunt, E.M., Britton, R.S., Wolff, R.K., 1999. HFE genotype in patients with
hemochromatosis and other liver diseases. Ann. Intern. Med. 130, 953-962.

Bacon, B.R., Schilsky, M.L., 1999. New knowledge of genetic pathogenesis of hemochromatosis and
Wilson’s disease. Adv. Intern. Med. 44, 91-116.

Bahram, S., Gilfillan, S., Kuhn, L.C., Moret, R., Schulze, J.B., Lebeau, A., Schumann, K., 1999.
Experimental hemochromatosis due to MHC class I HFE deficiency: immune status and iron
metabolism. Proc. Natl. Acad. Sci. USA 96, 13312-13317.

Barisani, D., Meneveri, R., Ginelli, E., Cassani, C., Conte, D., 2000. Iron overload and gene expression in
HepG2 cells: analysis by differential display. FEBS Lett. 469, 208-212.

Barton, J., Patton, M.A., Edwards, C.Q., Griffen, L.M.K., Meeks, R.G., Leggett, R.W., 1994. Blood lead
concentrations in hereditary hemochromatosis. J. Lab. Clin. Med. 124, 193-198.

Barton, J.C., Sawada-Hirai, R., Rothenberg, B.E., Acton, R.T., 1999. Two novel missense mutations of
the HFE gene 1105T and G93R and identification of the S65C mutation in Alabama hemochromatosis
probands. Blood Cell Mol. Dis. 25, 147-155.

Barton, J.C., Shih, W.W., Sawada-Hirai, R., 1997. Genetic and clinical description of hemochromatosis
probands and heterozygotes: evidence that multiple genes linked to the major histocompatibility
complex are responsible for hemochromatosis. Blood Cell Mol. Dis. 23, 135-145.



70 P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87

Bartzokis, G., Cummings, J., Perlman, S., Hance, D.B., Mintz, J., 1999. Increased basal ganglia iron levels
in Huntington disease. Arch. Neurol. 56, 569-574.

Bartzokis, G., Tishler, T.A., 2000. MRI evaluation of basal ganglia ferritin iron and neurotoxicity in
Alzheimer’s and Huntingon’s disease. Cell Mol. Biol. 46, 821-833.

Basilion, J.P., Rouault, T.A., Massinople, C.M., Klausner, R.D., Burgess, W.H., 1994. The iron-
responsive element-binding protein: localization of the RNA-binding site to the aconitase active-site
cleft. Proc. Natl. Acad. Sci. USA 91, 574-578.

Beard, J.L., Connor, J.D., Jones, B.C., 1993a. Brain iron: location and function. Progr. Food Nutr. Sci.
17, 183-221.

Beard, J.L., Connor, J.R., Jones, B.C., 1993b. Iron in the brain. Nutr. Rev. 51, 157-170.

Beauchamp, J.R., Woodman, P.G., 1994. Regulation of transferrin receptor recycling by protein
phosphorylation. Biochem. J. 303, 647-655.

Beaumont, C., Leneuve, P., Devaux, 1., Scoazec, J.Y., Berthier, M., Loiseau, M.N., Grandchamp, B.,
Bonneau, D., 1995. Mutation in the iron responsive element of the L ferritin mRNA in a family with
dominant hyperferritinaemia and cataract. Nat. Genet. 11, 444-446.

Bell, H., Thordal, C., Raknerud, N., Hansen, T., Bosnes, V., Halvorse, R., Heier, H.E., Try, K., Leivestad,
T., Thomassen, Y., 1997. Prevalence of hemochromatosis among first-time and repeat blood donors in
Norway. J. Hepatol. 26, 272-279.

Bennett, M.J., Lebron, J.A., Bjorkman, P.J., 2000. Crystal structure of the hereditary haemochromatosis
protein HFE complexed with transferrin receptor. Nature 403, 46-53.

Ben-Shachar, D., Riederer, P., Youdim, M.B., 1991. Iron-melanin interaction and lipid peroxidation:
implications for Parkinson’s disease. J. Neurochem. 57, 1609-1614.

Bernstein, S.E., 1987. Hereditary hypotransferrinemia with hemosiderosis, a murine disorder resembling
human atransferrinemia. J. Lab. Clin. Med. 110, 690-705.

Beutler, E., 1997. Genetic irony beyond haemochromatosis: clinical effects of HLA-H mutations. Lancet
349, 296-297.

Beutler, E., 1998. Targeted disruption of the HFE gene. Proc. Natl. Acad. Sci. USA 95, 2033-2034.

Beutler, E., Gelbart, T., 1997. HLA-H mutations in the Ashkenazi Jewish population. Blood Cells Mol.
Dis. 23, 95-98.

Bhasin, G., Kausar, H., Athar, M., 1999. Ferrochelatase, a novel target for photodynamic therapy of
cancer. Oncol. Res. 6, 1439-1442.

Bidichandani, S.I., Ashizawa, T., Patel, P.I., 1998. The GAA triplet-repeat expansion in Friedreich ataxia
interferes with transcription and may be associated with an unusual DNA structure. Am. J. Human
Genet. 62, 111-121.

Bjorkman, P.J., Parham, P., 1990. Structure, function, and diversity of class I major histocompatibility
complex molecules. Ann. Rev. Biochem. 59, 253-288.

Boldt, D.H., 1999. New perspectives on iron: an introduction. Am. J. Med. Sci. 318, 207-212.

Bonneau, D., Winter-Fuseau, I., Loiseau, M.N., Amati, P., Berthier, M., Oriot, D., Beaumont, C., 1995.
Bilateral cataract and high serum ferritin: a new dominant genetic disorder?. J. Med. Genet. 32, 778—
779.

Bothwell, T.H., Charlton, R.W., Motulski, A.G., 1995. Hemochromatosis. In: Scriver, C.R., Beaudet,
A.L., Sly, W.S., Valle, D. (Eds.), The Metabolic and Molecular Bases of Inherited Disease. McGraw-
Hill, New York, pp. 2237-2269.

Bottomley, S.S., May, B.K., Cox, T.C., Cotter, P.D., Bishop, D.F., 1995. Molecular defects of
erythroid 5-aminolevulinate synthase in X-linked sideroblastic anemia. J. Bioenerg. Biomembranes
27, 161-168.

Bouton, C., Oliveira, L., Drapier, J.C., 1998. Converse modulation of IRP1 and IRP2 by immunological
stimuli in murine RAW 264.7 macrophages. J. Biol. Chem. 273, 9403-9408.

Bowen, B.J., Morgan, E.H., 1987. Anemia of the Belgrade rat: evidence for defective membrane transport
of iron. Blood 70, 38-44.

Bradley, L.A., Haddow, J.E., Palomaki, G.E., 1996. Population screening for haemochromatosis: a
unifying analysis of published intervention trials. J. Med. Screen. 3, 178-184.



P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87 71

Broadwell, R.D., Baker-Cairns, B.J., Friden, P.M., Oliver, C., Villegas, J.C., 1996. Transcytosis of protein
through the mammalian cerebral epithelium and endothelium. III. Receptor-mediated transcytosis
through the blood-brain barrier of blood-borne transferrin and antibody against the transferrin
receptor. Exp. Neurol. 142, 47-65.

Brown, J.P., Hewick, R.M., Hellstrom, 1., Hellstrom, K.E., Doolittle, R.F., Dreyer, W.J., 1982. Human
melanoma-associated antigen p97 is structurally and functionally related to transferrin. Nature 296,
171-173.

Buchegger, F., Trowbridge, 1.S., Liu, L.F., White, S., Collawn, J.F., 1996. Functional analysis of human/
chicken transferrin receptor chimeras indicates that the carboxy-terminal region is important for ligand
binding. Eur. J. Biochem. 235, 9-17.

Bulaj, Z.J., Phillips, J.D., Ajioka, R.S., Franklin, M.R., Griffen, L.M., Guinee, D.J., Edwards, C.Q.,
Kushner, J.P., 2000. Hemochromatosis genes and other factors contributing to the pathogenesis of
porphyria cutanea tarda. Blood 95, 1565-1571.

Busfield, S.J., Tilbrook, P.A., Callus, B.A., Spadaccini, A., Kuhn, L., Klinken, S.P., 1997. Complex
regulation of transferrin receptors during erythropoietin-induced differentiation of J2E erythroid cells-
elevated transcription and mRNA stabilisation produce only a modest rise in protein content. Eur. J.
Biochem. 249, 77-84.

Bzdega, T., Turi, T., Wroblewska, B., She, D., Chung, H.S., Kim, H., Neale, J.H., 1997. Molecular
cloning of a peptidase against N- acetylaspartylglutamate from a rat hippocampal cDNA library. J.
Neurochem. 69, 2270-2277.

Cairo, G., Pietrangelo, A., 1994. Transferrin receptor gene expression during rat liver regeneration.
Evidence for post-transcriptional regulation by iron regulatory factorB, a second iron-responsive
element-binding protein. J. Biol. Chem. 269, 6405-6409.

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,
2546-2553.

Camaschella, C., 1998. Juvenile haemochromatosis. Baillieres Clin. Gastroentero. 112, 227-237.

Camaschella, C., Roetto, A., Cali, A., De Goppi, M., Garozzo, G., Carella, M., Majorano, N., Totaro, A.,
Gasparini, P., 2000a. The gene TFR2 is mutated in a new type of haemochromatosis mapping to 7q22.
Nat. Genet. 25, 14.

Camaschella, C., Zecchina, G., Lockitch, G., Roetto, A., Campanella, A., Arosio, P., Levi, S., 2000b. A
new mutation G51C in the iron-responsive element IRE of L-ferritin associated with hyperferritin-
emia-cataract syndrome decreases the binding affinity of the mutated IRE for iron-regulatory proteins.
Br. J. Haematol. 108, 480-482.

Campuzano, V., Montermini, L., Molto, M.D., Pianese, L., Cossee, M., Cavalcanti, F., Monros, E.,
Rodius, F., Duclos, F., Monticelli, A., et al., 1996. Friedreich’s ataxia: autosomal recessive disease
caused by an intronic GAA triplet repeat expansion. Science 271, 1423-1427.

Canonne-Hergaux, F., Gruenheid, S., Ponka, P., Gros, P., 1999. Cellular and subcellular localization of
the Nramp? iron transporter in the intestinal brush border and regulation by dietary iron. Blood 93,
4406-4417.

Cao, J., Cai, X., Heng, L., Eng, L., Shi, Z., Pao, C.C., Zheng, S., 1997. Characterization of colorectal-
cancer-related cDNA clones obtained by subtractive hybridization screening. J. Cancer Res. Clin.
Oncol. 123, 447-451.

Casey, J.L., Hentze, M.W., Koeller, D.M., Caughman, S.W., Rouault, T.A., Klausner, R.D., Harford,
J.B., 1988. Iron-responsive elements: regulatory RNA sequences that control mRNA levels and
translation. Science 240, 924-928.

Casey, J.L., Koeller, D.M., Ramin, V.C., Klausner, R.D., Harford, J.B., 1989. Iron regulation of
transferrin receptor mRNA levels requires iron-responsive elements and a rapid turnover determinant
in the 3’ untranslated region of the mRNA. EMBO J. 8, 3693-3699.

Castagnola, J., MacLeod, C., Sunada, H., Mendelsohn, J., Taetle, R., 1987. Effects of epidermal growth
factor on transferrin receptor phosphorylation and surface expression in malignant epithelial cells. J.
Cell Physiol. 132, 492-500.



72 P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87

Cavanaugh, P.G., Jia, L., Zou, Y., Nicolson, G.L., 1999. Transferrin receptor overexpression enhances
transferrin responsiveness and the metastatic growth of a rat mammary adenocarcinoma cell line.
Breast Cancer Res. Treatment 56, 203-217.

Cavanaugh, P.G., Nicolson, G.L., 1990. Purification and characterization of a Mr approximately 66,000
lung-derived paracrine growth factor that preferentially stimulates the in vitro proliferation of lung-
metastasizing tumor cells. J. Cell. Biochem. 43, 127-138.

Cazzola, M., Bergamaschi, G., Tonon, L., Arbustini, E., Grasso, M., Vercesi, E., Barosi, G., Bianchi, P.E.,
Cairo, G., Arosio, P., 1997. Hereditary hyperferritinemia-cataract syndrome: relationship between
phenotypes and specific mutations in the iron-responsive element of ferritin light-chain mRNA. Blood
90, 814-821.

Chan, R.Y., Seiser, C., Schulman, H.M., Kuhn, L.C., Ponka, P., 1994. Regulation of transferrin
receptor mRNA expression. Distinct regulatory features in erythroid cells. Eur. J. Biochem. 220, 683—
692.

Chapman, R.W.G., Williams, G., Rydder, G., 1980. Computed tomography for determining liver iron
content in primary haemochromatosis. Br. Med. J. 1, 440-442.

Cheng, Q., Gonzalez, P., Zigler, J.S.J., 2000. High level of ferritin light chain mRNA in lens. Biochem.
Biophys. Res. Commun. 13, 270.

Chitambar, C.R., Matthaeus, W.G., Antholine, W.E., 1988. Inhibition of leukemic HL60 cell growth by
transferrin-gallium: effects on ribonucleotide reductase and demonstration of drug synergy with
hydroxyurea. Blood 72, 1930-1936.

Chitambar, C.R., Seligman, P.A., 1986. Effects of different transferrin forms on transferrin receptor
expression, iron uptake, and cellular proliferation of human leukemic HL60 cells. Mechanisms
responsible for the specific cytotoxicity of transferrin-gallium. J. Clin. Invest. 78, 1538-1546.

Ciechanover, A., Schwartz, A.L., Lodish, H.F., 1983. The asialoglycoprotein receptor internalizes and
recycles independently of the transferrin and insulin receptors. Cell 32, 267-275.

Cogswell, M.E., McDonnell, S.M., Khoury, M.J., 1998. Iron overload, public health, and genetics:
evaluating the evidence for hemochromatosis screening. Ann. Intern. Med. 129, 971-979.

Collawn, J.F., Lai, A., Domingo, D., Fitch, M., Hatton, S., Trowbridge, I.S., 1993. YTRF is the
conserved internalization signal of the transferrin receptor, and a second YTRF signal at position 31—
34 enhances endocytosis. J. Biol. Chem. 268, 21686-21692.

Collawn, J.F., Stangel, M., Kuhn, L.A., Esekogwu, V., Jing, S., Trowbridge, L.S., Tainer, J.A., 1990.
Transferrin receptor internalization sequence YXRF implicates a tight turn as the structural
recognition motif for endocytosis. Cell 63, 1061-1072.

Connor, S.L., Gustafson, J.R., Sexton, G., Becker, N., Artaud-Wild, S., Connor, W.E., 1992. The Diet
Habit Survey: a new method of dietary assessment that relates to plasma cholesterol changes. J. Am.
Dietetic Assoc. 92, 41-47.

Conrad, M.E., Parmley, R.T., Osterloh, K., 1987. Small intestinal regulation of iron absorption in the rat.
J. Lab. Clin. Med. 110, 418-426.

Conrad, M.E., Umbreit, J.N., Moore, E.G., 1994a. Iron absorption and cellular uptake of iron. Adv. Exp.
Med. Biol. 356, 69-79.

Conrad, M.E., Umbreit, J.N., Moore, E.G., Uzel, C., Berry, M.R., 1994b. Alternate iron transport
pathway. Mobilferrin and integrin in K562 cells. J. Biol. Chem. 269, 7169-7173.

Conrad, M.E., Umbreit, J.N., Moore, E.G., 1999. Iron absorption and transport. Am. J. Med. Sci. 318,
213-229.

Conrad, M.E., Weintraub, L.R., Sears, D.A., Crosby, W.H., 1966. Absorption of hemoglobin iron. Am. J.
Physiol. 211, 1123-1130.

Cook, J.D., 1999. The measurement of serum transferrin receptor. Am. J. Med. Sci. 318, 269-276.

Copp, A.J., Estibeiro, J.P., Brook, F.A., Downs, K.M., 1992. Exogenous transferrin is taken up and
localized by the neurulation-stage mouse embryo in vitro. Develop. Biol. 153, 312-323.

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, 149-152.



P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87 73

Cossee, M., Campuzano, V., Koutnikova, H., Fischbeck, K., Mandel, J.L., Koenig, M., Bidichandani,
S.1., Patel, P.I., Molte, M.D., Canizares, J., DeFrutos, R., Pianese, L., Cavalcanti, F., Monticelli, A.,
Cocozza, S., Montermini, L., Pandolfo, M., 1997. Frataxin fracas. Nat. Genet. 15, 337-338.

Cox, T., 1996. Haemochromatosis: strike while the iron is hot. Nat. Genet. 13, 386-388.

Cox, T.C., Bawden, M.J., Martin, A., May, B.K., 1991. Human erythroid 5-aminolevulinate synthase:
promoter analysis and identification of an iron-responsive element in the mRNA. EMBO J. 10, 1891-
1902.

Crawford, D.H., Leggett, B.A., Powell, L.W., 1998. Haemochromato. Baillieres Clin. Gastroenterol. 12,
209-225.

Cumberbatch, M., Dearman, R.J., Uribe-Luna, S., Headon, D.R., Ward, P.P., Conneely, O.M., Kimber,
1., 2000. Regulation of epidermal Langerhans cell migration by lactoferrin. Immunology 100, 21-28.

Dandekar, T., Hentze, M.W., 1995. Finding the hairpin in the haystack: searching for RNA motifs.
Trends in Genet. 11, 45-50.

Davidsson, L., Cederblad, A., Lonnerdal, B., Sandstrom, B., 1989a. Manganese retention in man: a
method for estimating manganese absorption in man. Am. J. Clin. Nutr. 49, 170-179.

Davidsson, L., Lonnerdal, B., Sandstrom, B., Kunz, C., Keen, C.L., 1989b. Identification of transferrin as
the major plasma carrier protein for manganese introduced orally or intravenously or after in vitro
addition in the rat. J. Nutr. 119, 1461-1464.

Davies, M., Parry, J.E., Sutcliffe, R.G., 1981. Examination of different preparations of human placental
plasma membrane for the binding of insulin, transferrin and immunoglobulins. J. Reproduction
Fertility 63, 315-324.

Davis, R.J., Johnson, G.L., Kelleher, D.J., Anderson, J.K., Mole, J.E., Czech, M.P., 1986. Identification
of serine 24 as the unique site on the transferrin receptor phosphorylated by protein kinase C. J. Biol.
Chem. 261, 9034-9041.

De Castro, M., Garcia-Planells, J., Monros, E., Canizares, J., Vazquez-Manrique, R., Vilchez, J.J.,
Urtasun, M., Lucas, M., Navarro, G., Izquierdo, G., Molto, M.D., Palau, F., 2000. Genotype
and phenotype analysis of Friedreich’s ataxia compound heterozygous patients. Human Genet. 106,
86-92.

De Sousa, M., Reimao, R., Lacerda, R., Hugo, P., Kaufmann, S.H., Porto, G., 1994. Iron overload in f2-
microglobulin-deficient mice. Immunol. Lett. 39, 105-111.

DeRusso, P.A., Philpott, C.C., Iwai, K., Mostowski, H.S., Klausner, R.D., Rouault, T.A., 1995.
Expression of a constitutive mutant of iron regulatory protein 1 abolishes iron homeostasis in
mammalian cells. J. Biol. Chem. 270, 15451-15454.

Dexter, D.T., Carayon, A., Javoy-Agid, F., Agid, Y., Wells, F.R., Daniel, S.E., Lees, A.J., Jenner, P.,
Marsden, C.D., 1991. Alterations in the levels of iron, ferritin and other trace metals in Parkinson’s
disease and other neurodegenerative diseases affecting the basal ganglia. Brain 114, 1953-1975.

Di Bisceglia, A.M., Axiotis, C.A., Hoofnagle, J.H., Bacon, B.R., 1992. Measurements of iron status in
patients with chronic hepatitis. Gastroeneterology 102, 2108-2113.

Dickson, P.W., Aldred, A.R., Marley, P.D., Tu, G.F., Howlett, G.J., Schreiber, G., 1985. High
prealbumin and transferrin mRNA levels in the choroid plexus of rat brain. Biochem. Biophys. Res.
Commun. 127, 890-895.

Dobson, C.B., Graham, J., Itzhaki, R.F., 1998. Mechanisms of uptake of gallium by human
neuroblastoma cells and effects of gallium and aluminum on cell growth, lysosomal protease, and
choline acetyl transferase activity. Exp. Neurol. 153, 342-350.

Domachowske, J.B., 1997. The role of nitric oxide in the regulation of cellular iron metabolism. Biochem.
Mol. Med. 60, 1-7.

Donovan, A., Brownile, A., Zhou, Y., Shepard, J., Pratt, S.J., Moynihan, J., Paw, B.H., Drejer, A., Barut,
B., Zapata, A., Law, T.C., Brugnarall, C., Lux, S.E., Pinkus, G.S., Pinkus, J.L., Kingsley, P.D., Palis,
J., Fleming, M.D., Andrews, N.C., Zon, L.I., 2000. Positional cloning of zebrafish ferroportin
identifies a conserved vertebrate iron exporter. Nature 403, 776-781.

Dooley, J.S., Walker, A.P., Macfarlane, B., Worwood, M., 1997. Genetic haemochromatosis. Lancet 349,
1688-1693.



74 P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87

Dorner, M.H., Abel, U., Fritze, D., Manke, H.-G., Drinos, P., 1983. Serum ferritin in relation to the
course of Hodgkin’s diseases. Cancer 52, 2308-2312.

Doss, M.O., Kuhnel, A., Gross, U., 2000. Alcohol and porphyrin metabolism. Alcohol 35, 109-125.

Drapier, J.C., Hirling, H., Wietzerbin, J., Kaldy, P., Kuhn, L.C., 1993. Biosynthesis of nitric oxide
activates iron regulatory factor in macrophages. EMBO J. 12, 3643-3649.

Duane, P., Raja, K.B., Simpson, R.J., Peters, T.J., 1992. Intestinal iron absorption in chronic alcoholics.
Alcohol 7, 539-544.

Durr, A., Cossee, M., Agid, Y., Campuzano, V., Mignard, C., Penet, C., Mandel, J.L., Brice, A., Koenig,
M., 1996. Clinical and genetic abnormalities in patients with Friedreich’s ataxia. N. Engl. J. Med. 335,
1169-1175.

Edwards, C.Q., Griffen, L.M., Goldgar, D., Drummond, C., Skolnick, M.H., Kushner, J.P., 1988.
Prevalence of hemochromatosis among 11,065 presumably healthy blood donors. N. Engl. J. Med.
318, 1355-1362.

Edwards, J., Huebers, H., Kunzler, C., Finch, C., 1986. Iron metabolism in the Belgrade rat. Blood 67,
623-628.

Eisenstein, R.S., Blemings, K.P., 1998. Iron regulatory proteins, iron responsive elements and iron
homeostasis. J. Nutr. 128, 2295-2298.

Ekmekcioglu, C., Feyertag, J., Marktl, W., 1996. A ferric reductase activity is found in brush border
membrane vesicles isolated from Caco-2 cells. J. Nutr. 126, 2209-2217.

Elshof, A.E.T., Brittenham, G.M., Chorney, K.A., Page, M.J., Gerhard, G., Cable, E.E., Chorney, M.J.,
1999. The 7¢ intraepithelial lymphocytes drive tumor necrosis factor-o responsiveness to intestinal iron
challenge: relevance to hemochromatosis. Immunol. Rev. 167, 223-232.

Emery-Goodman, A., Hirling, H., Scarpellino, L., Henderson, B., Kuhn, L.C., 1993. Iron regulatory
factor expressed from recombinant baculovirus: conversion between the RNA-binding apoprotein and
Fe-S cluster containing aconitase. Nucl. Acids Res. 21, 1457-1461.

Enns, C.A., Suomalainen, H.A., Gebhardt, J.E., Schroder, J., Sussman, H.H., 1982. Human transferrin
receptor: expression of the receptor is assigned to chromosome 3. Proc. Natl. Acad. Sci. USA 79, 3241-
3245.

Evans, P., Kemp, J., 1997. Exon/intron structure of the human transferrin receptor gene. Gene 199, 123-131.

Fahmy, M., Young, S.P., 1993. Modulation of iron metabolism in monocyte cell line U937 by
inflammatory cytokines: changes in transferrin uptake, iron handling and ferritin mRNA. Biochem. J.
296, 175-181.

Feder, J.N., Gnirke, A., Thomas, W., Tsuchihashi, Z., Ruddy, D.A., Basava, A., Dormishian, F.,
Domingo, R., Ellis, M.C., Fullan, A., Hinton, L.M., Jones, N.L., Kimmel, B.E., Kronmal, G.S.,
Lauer, P., Lee, D.B., Mapa, F.A., McClelland, E., Meyer, N.C., Mintier, G., Moeller, N., Moore, T.,
Morikang, E., Prass, C.E., Quintana, S.M., Stranes, S.M., Schatzman, R.C., Brunke, K.J., Drayna,
N.J., Risch, N.J., Bacon, B.R., Wolff, R.K., 1996. A novel MHC class I-like gene is mutated in patients
with hereditary hemochromatosis. Nat. Genet. 13, 399-408.

Feder, J.N., Penny, D.M., Irrinki, A., Lee, V.K., Lebron, J.A., Watson, N., Tsuchihashi, Z., Sigal, E.,
Bjorkman, P.J., Schatzman, R.C., 1998. The hemochromatosis gene product complexes with the
transferrin receptor and lowers its affinity for ligand binding. Proc. Natl. Acad. Sci. USA 95, 1472—
1477.

Feder, J.N., Tsuchihashi, Z., Irrinki, A., Lee, V.K., Mapa, F.A., Morikang, E., Prass, C.E., Starnes, S.M.,
Wolff, R.K., Parkkila, S., Sly, W.S., Schatzman, R.C., 1997. The hemochromatosis founder mutation
in HLA-H disrupts f2-microglobulin interaction and cell surface expression. J. Biol. Chem. 272,
14025-14028.

Feelders, R.A., Vreugdenhil, G., Eggermont, A.M., Kuiper-Kramer, P.A., VanEijk, H.G., Swaak, A.J.,
1998. Regulation of iron metabolism in the acute-phase response: interferon gamma and tumour
necrosis factor alpha induce hypoferraemia, ferritin production and a decrease in circulating
transferrin receptors in cancer patients. Eur. J. Clin. Invest. 28, 520-527.

Finch, C., 1994. Regulators of iron balance in humans. Blood 84, 1697-1702.

Fleet, J.C., 1998. Identification of Nramp2 as an iron transport protein: another piece of the intestinal iron
absorption puzzle. Nutr. Rev. 56, 88-89.



P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87 75

Fleming, M.D., Romano, M.A., Su, M.A., Garrick, L.M., Garrick M.D., Andrews, N.C., 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, 1148-1153.

Fleming, M.D., Trenor, C.C., Su, M.A., Foernzler, D., Beier, D.R., Dietrich, W.F., Andrews, N.C., 1997.
Microcytic anemia mice have a mutation in Nramp2 a candidate iron transporter gene. Nat. Genet. 16,
383-386.

Fleming, R.E., Migas, M.C., Zhou, X.Y., Jiang, J., Britton, R.S., Brunt, E.M., Tomatsu, S., Waheed, A.,
Bacon, B.R., Sly, W.S., 1999. Mechanism of increased iron absorption in murine model of hereditary
hemochromatosis: increased duodenal expression of the iron transporter DMT1. Proc. Natl. Acad. Sci.
USA 96, 3143-3148.

Fleming, R.E., Miqas, M.C., Holden, C.C., Waheed, A., Britton, R.S., Tomatsu, S., Bacon, B.R., Sly,
W.S., 2000. Transferrin receptor 2: continued expression in mouse liver in the face of iron overload and
in hereditary hemochromatosis. Proc. Natl. Acad. Sci. USA 97, 2214-2219.

Flowers, C.H., Skikne, B.S., Covell, A.M., 1989. The clinical measurement of serum transferrin receptor.
J. Lab. Clin. Med. 114, 368-377.

Fodinger, M., Sunder-Plassmann, G., 1999. Inherited disorders of iron metabolism. Kidney Int. 55, 22-34.

Fourie, A.M., Yang, Y., 1998. Molecular requirements for assembly and intracellular transport of class I
major histocompatibility complex molecules. Curr. Top. Microbiol. Immunol. 232, 49-74.

Fracchia, A., Ubbiali, A., Elbitar, O., Pacetti, M., Sommariva, E., Arreghini, M., Longhini, E., Bonalumi,
G.P., 1999. A comparative study on ferritin concentration in serum and bilateral bronchoalveolar
lavage fluid of patients with peripheral lung cancer versus control subjects. Oncology 56, 181-188.

Fuchs, H., Lucken, U., Tauber, R., Engel, A., Gessner, R., 1998. Structural model of phospholipid-
reconstituted human transferrin receptor derived by electron microscopy. Structure 6, 1235-1243.

Galvin, J.E., Giasson, B., Hurtig, H.I., Lee, V.M., Trojanowski, J.Q., 2000. Neurodegeneration with brain
iron accumulation, type 1 is characterized by alpha-, beta-, and gamma-synuclein neuropathology.
Am. J. Pathol. 157, 361-368.

Garcia, K.C., Teyton, L., Wilson, I.A., 1999. Structural basis of T cell recognition. Ann. Rev. Immunol.
17, 369-397.

Gardner, P.R., Raineri, 1., Epstein, L.B., White, C.W., 1995. Superoxide radical and iron modulate
aconitase activity in mammalian cells. J. Biol. Chem. 270, 13399-13405.

Garrick, L.M., Strano-Paul, L.A., Hoke, J.E., Kirdani-Ryan, L.A., Alberico, R.A., Everett, M.M.,
Bannerman, R.M., Garrick, M.D., 1989. Tissue iron deposition in untransfused beta-thalassemic mice.
Exp. Hematol. 17, 423-428.

Gatter, K.C., Brown, G., Trowbridge, 1.S., Woolston, R.E., Mason, D.Y., 1983. Transferrin receptors in
human tissues: their distribution and possible clinical relevance. J. Clin. Pathol. 36, 539-545.

Gdaniec, Z., Sierzputowska-Gracz, H., Theil, E.C., 1998. Iron regulatory element and internal loop/bulge
structure for ferritin mRNA studied by cobalt(III) hexammine binding, molecular modeling, and
NMR spectroscopy. Biochemistry 37, 1505-1512.

Gerlach, M., Ben-Shachar, D., Riederer, P., Youdim, M.B., 1994. Altered brain metabolism of iron as a
cause of neurodegenerative diseases?. J. Neurochem. 63, 793-807.

Gibson, T.J., Koonin, E.V., Musco, G., Pastore, A., Bork, P., 1996. Friedreich’s ataxia protein:
phylogenetic evidence for mitochondrial dysfunction. Trends Neurosci. 19, 465-468.

Giometto, B., Bozza, F., Argentiero, V., Gallo, P., Pagni, S., Piccinno, M.G., Tavolato, B., 1990.
Transferrin receptors in rat central nervous system. An immunocytochemical study. J. Neurol. Sci. 98,
81-90.

Gitlin, J.D., 1998. Aceruloplasminemia. Pediatric Res. 44, 271-276.

Gordeouk, V., Mikiibi, J., Hasstedt, S.J., 1992a. Iron overload in Africa. Interaction between a gene and
dietary iron content. N. Engl. Med. 326, 95-100.

Gordeuk, V.R., Ballou, S., Lozanski, G., Brittenham, G.M., 1992b. Decreased concentrations of tumor
necrosis factor-o in supernatants of monocytes from homozygotes for hereditary hemochromatosis.
Blood 79, 1855-1860.

Gray, N.K., Hentze, M.W., 1994. Regulation of protein synthesis by mRNA structure. Mol. Biol. Rep. 19,
195-200.



76 P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87

Grimes, R., Reddy, S.V., Leach, R.J., Scarcez, T., Roodman, G.D., Sakaguchi, A.Y., Lalley, P.A.,
Windle, J.J., 1993. Assignment of the mouse tartrate-resistant acid phosphatase gene (Acp5) to
chromosome. Genomics 15, 421-422.

Gross, C.N., Irrinki, A., Feder, J.N., Enns, C.A., 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, 22068-22074.

Gruenbheid, S., Canonne-Hergaux, F., Gauthier, S., Hackam, D.J., Grinstein, S., Gros, P., 1999. The iron
transport protein NRAMP?2 is an integral membrane glycoprotein that colocalizes with transferrin in
recycling endosomes. J. Exp. Med. 189, 831-841.

Gruenheid, S., Cellier, M., Vidal, S., Gros, P., 1995. Identification and characterization of a second mouse
Nramp gene. Genomics 25, 514-525.

Grunblatt, E., Mandel, S., Youdim, M.B., 2000. MPTP and 6-hydroxydopamine-induced neurodegen-
eration as models for Parkinson’s disease: neuroprotective strategies. J. Neurol. 247, 95-102.

Gunshin, H., Mackenzie, B., Berger, U.V., Gunshin, Y., Romero, M.F., Boron, W.F., Nussberger, S.,
Gollan, J.L., Hediger, M.A., 1997. Cloning and characterization of a mammalian proton-coupled
metal-ion transporter. Nature 388, 482-488.

Guo, B., Brown, F.M., Phillips, J.D., Yu, Y., Leibold, E.A., 1995. Characterization and expression of iron
regulatory protein 2 IRP2. Presence of multiple IRP2 transcripts regulated by intracellular iron levels.
J. Biol. Chem. 270, 16529-16535.

Guo, B., Yu, Y., Leibold, E.A., 1994. Iron regulates cytoplasmic levels of a novel iron-responsive element-
binding protein without aconitase activity. J. Biol. Chem. 269, 24252-24260.

Gutekunst, C.A., Norflus, F., Hersch, S.M., 2000. Recent advances in Huntington’s disease. Curr. Opin.
Neurol. 13, 445-450.

Gutierrez, J.A., Yu, J., Rivera, S., Wessling-Resnick, M., 1997. Functional expression cloning and
characterization of SFT, a stimulator of Fe transport. J. Cell. Biol. 139, 895-905.

Haile, D.J., 1999. Regulation of genes of iron metabolism by the iron-response proteins. Am. J. Med. Sci.
318, 230-240.

Haile, D.J., Rouault, T.A., Tang, C.K., Chin, J., Harford, J.B., Klausner, R.D., 1992. Reciprocal control
of RNA-binding and aconitase activity in the regulation of the iron-responsive element binding
protein: role of the iron-sulfur cluster. Proc. Natl. Acad. Sci. USA 89, 7536-7540.

Halliwell, B., 1992. Oxygen radicals as key mediators in neurological disease: fact or fiction?. Ann. Neurol.
32, 10-15.

Halliwell, B., Gutteridge, J.M., 1992. Biologically relevant metal ion-dependent hydroxyl radical
generation. An update. FEBS Lett. 307, 108-112.

Hamill, R.L., Woods, J.C., Cook, B.A., 1991. Congenital atransferrinemia. A case report and review of
the literature. Am. J. Clin. Pathol. 96, 215-218.

Han, O., Failla, M.L., Hill, A.D., Morris, E.R., Smith, J.C.J., 1995. Reduction of Fe(III) is required for
uptake of nonheme iron by Caco-2 cells. J. Nutr. 125, 1291-1299.

Harada, M., Sakisaka, S., Kawaguchi, T., Kimura, R., Taniguchi, K.H., Hanada, E., Baba, S., Furuta, S.,
Kumashiro, K., Sugiyama, R., Sata, T., Sata, M., 2000. Copper does not alter the intracellular
distribution of ATP7B, a copper-transporting ATPase. Biochem. Biophys. Res. Commun. 275, 871-
876.

Harigae, H., Furuyama, K., Kimura, A., Neriishi, K., Tahara, N., Kondo, M., Hayashi, N., Yamamoto,
M., Sassa, S., Sasaki, T., 1999. A novel mutation of the erythroid-specific delta-aminolaevulinate
synthase gene in a patient with X-linked sideroblastic anaemia. Br. J. Haematol. 106, 175-177.

Harper, J.W., Adami, G.R., Wei, N., Keyomarsi, K., Elledge, S.J., 1993. The p21 Cdk-interacting protein
Cipl is a potent inhibitor of G1 cyclin-dependent kinases. Cell 75, 805-816.

Harris, Z.L., Durley, A.P., Ma, T.K., Gitlin, J., 1999. Targeted gene disruption reveals an essential role for
ceruloplasmin in cellular iron efflux. Proc. Natl. Acad. Sci. USA 96, 10812-10817.

Harris, Z.L., Klomp, L.W., Gitlin, J.D., 1998. Aceruloplasminemia: an inherited neurodegenerative
disease with impairment of iron homeostasis. Am. J. Clin. Nutr. 67, 972-977.

Hedley, D., Rugg, C., Musgrove, E., Taylor, 1., 1985. Modulation of transferrin receptor expression by
inhibitors of nucleic acid synthesis. J. Cell. Physiol. 124, 61-66.



P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87 77

Henderson, B.R., Seiser, C., Kuhn, L.C., 1993. Characterization of a second RNA-binding protein in
rodents with specificity for iron-responsive elements. J. Biol. Chem. 268, 27327-27334.

Henry, Y., Lepoivre, M., Drapier, J.C., Ducrocq, C., Boucher, J.L., Guissani, A., 1993. EPR
characterization of molecular targets for NO in mammalian cells and organelles. FASEB J. 7, 1124—
1134.

Hentze, M.W., 1996. Iron-sulfur clusters and oxidant stress responses. Trends Biochem. Sci. 21, 282-283.

Hentze, M.W., 1994. Translational control by iron-responsive elements. Adv. Exp. Med. Biol. 356, 119-126.

Hentze, M.W., Kuhn, L.C., 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,
8175-8182.

Hill, J.M., Ruff, M.R., Weber, R.J., Pert, C.B., 1985. Transferrin receptors in rat brain: neuropeptide-like
pattern and relationship to iron distribution. Proc. Natl. Acad. Sci. USA 82, 4553-4557.

Hirayama, M., Kohgo, Y., Komndo, H., 1993. Regulation of iron metabolism in HepG2 cells: a possible
role for cytokines in the hepatic deposition of iron. Hepatolog 18, 874-880.

Hirsch, S., Miskimins, R., Miskimins, W.K., 1996. Mitogenic activation of the transferrin receptor gene
promoter is modulated by inhibitors of tyrosine kinases and tyrosine phosphatases. Recept Signal
Transduction 6, 121-129.

Hoefkens, P., Smit, M.H., deJeu-Jaspars, N.M., Huijskes-Heins, M.1., deJong, G., vanEijk, H.G., 1996.
Isolation, renaturation and partial characterization of recombinant human transferrin and its half
molecules from Escherichia coli. Int. J. Biochem. Cell Biol. 28, 975-982.

Hoy, T.G., Jacobs, A., 1981. Ferritin polymers and the formation of haemosiderin. Br. J. Hamato. 49,
593-602.

Tacopetta, B.J., Rothenberger, S., Kuhn, L.C., 1988. A role for the cytoplasmic domain in transferrin
receptor sorting and coated pit formation during endocytosis. Cell 54, 485-489.

Inoue, T., Cavanaugh, P.G., Steck, P.A., Brunner, N., Nicolson, G.L., 1993. Differences in transferrin
response and numbers of transferrin receptors in rat and human mammary carcinoma lines of different
metastatic potentials. J. Cell. Physiol. 156, 212-217.

Israeli, R.S., Powell, C.T., Fair, W.R., Heston, W.D., 1993. Molecular cloning of a complementary DNA
encoding a prostate-specific membrane antigen. Cancer Res. 53, 227-230.

Jazwinska, E.C., Cullen, L.M., Busfield, F., Pyper, W.R., Webb, S.I., Powell, L.W., Morris, C.P., Walsh,
T.P., 1996. Haemochromatosis and HLA-H. Nat. Genet. 14, 249-251.

Jenner, P., 1991. Oxidative stress as a cause of Parkinson’s disease. Acta Neurol. Scand. 136, 6-15.

Jensen, P.D., Jensen, F.T., Christiansen, T., 1994. Non- invasive assessment of tissue iron overload in the
liver by magnetic resonance imaging. Br. J. Haematol. 87, 171-184.

Jing, S.Q., Trowbridge, 1.S., 1987. Identification of the intermolecular disulfide bonds of the human
transferrin receptor and its lipid-attachment site. EMBO J. 6, 327-331.

Johnstone, R.M., Adam, M., Pan, B.T., 1984a. The fate of the transferrin receptor during maturation of
sheep reticulocytes in vitro. Can. J. Biochem. Cell Biol. 62, 1246-1254.

Johnstone, R.M., Adam, M., Turbide, C., Larrick, J., 1984b. Phosphorylation of the transferrin receptor
in isolated sheep reticulocyte plasma membranes. Can. J. Biochem. Cell Biol. 62, 927-934.

Jordan, A., Reichard, P., 1998. Ribonucleotide reductases. Ann. Rev. Biochem. 67, 71-98.

Jouanolle, A.M., Gandon, G., Jezequel, P., Blayau, M., Campion, M.L., Mosser, J., Fergelot, P., Chauvel,
B., Bouric, P., et al., 1996. Hemochromatosis and HLA-H. Nat. Genet. 14, 251-252.

Kageyama, F., Kobayashi, Y., Kawasaki, T., Toyokuni, S., Uchida, K., Nakamura, H., 2000. Successful
interferon therapy reverses enhanced hepatic iron accumulation and lipid peroxidation in chronic
hepatitis C. Am. J. Gastroenterol. 95, 1041-1050.

Kalaria, R.N., Sromek, S.M., Grahovac, 1., Harik, S.I., 1992. Transferrin receptors of rat and human
brain and cerebral microvessels and their status in Alzheimer’s disease. Brain Res. 585, 87-93.

Kaptain, S., Downey, W.E., Tang, C., Philpott, C., Haile, D., Orloff, D.G., Harford, J.B., Rouault, T.A.,
Klausner, R.D., 1991. A regulated RNA binding protein also possesses aconitase activity. Proc. Natl.
Acad. Sci. USA 88, 10109-10113.

Kasvosve, 1., Gangaidzo, I.T., Gomo, Z.A., Gordeuk, V.R., 2000. African iron overload. Acta. Clin. Bel.
55, 88-93.



78 P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87

Kawabata, H., Germain, R.S., Vuong, P.T., Nakamaki, T., Said, J.W., Koeffler, H.P., 2000. Transferrin
receptor 2-alpha supports cell growth both in iron-chelated cultured cells and in vivo. J. Biol. Chem.
275, 16618-16625.

Kawabata, H., Yang, R., Hirama, T., Vuong, P.T., Kawano, S., Gombart, A.F., Koeffler, H.P., 1999.
Molecular cloning of transferrin receptor 2. A new member of the transferrin receptor-like family. J.
Biol. Chem. 274, 20826-20832.

Ke, Y., Wu, J., Leibold, E.A., Walden, W.E., Theil, E.C., 1998. Loops and bulge/loops in iron-responsive
element isoforms influence iron regulatory protein binding. Fine-tuning of mRNA regulation. J. Biol.
Chem. 273, 23637-23640.

Kemp, J.D., Thorson, J.A., McAlmont, T.H., Horowitz, M., Cowdery, J.S., Ballas, Z.K., 1987. Role of
the transferrin receptor in lymphocyte growth: a rat IgG monoclonal antibody against the murine
transferrin receptor produces highly selective inhibition of T and B cell activation protocols. J.
Immunol. 138, 2422-2426.

Kennard, M.L., Feldman, H., Yamada, T., Jefferies, W.A., 1996. Serum levels of the iron binding protein
p97 are elevated in Alzheimer’s disease. Nat. Med. 2, 1230-1235.

Kim, H.Y., LaVaute, T., Iwai, K., Klausner, R.D., Rouault, T.A., 1996. Identification of a conserved and
functional iron-responsive element in the 5-untranslated region of mammalian mitochondrial
aconitase. J. Biol. Chem. 271, 24226-24230.

Kim, S., Ponka, P., 2000. Effects of interferon-gamma and lipopolysaccharide on macrophage iron
metabolism are mediated by nitric oxide-induced degradation of iron regulatory protein 2. J. Biol.
Chem. 275, 6220-6226.

Kirkali, Z., Guzelsoy, M., Mungan, M.U., Kirkali, G., Yorukoglu, K., 1999. Serum ferritin as a clinical
marker for renal cell carcinoma: influence of tumor size and volume. Urol. Int. 62, 21-25.

Klausner, R.D., Rouault, T.A., Harford, J.B., 1993. Regulating the fate of mRNA: the control of cellular
iron metabolism. Cell 72, 19-28.

Kodama, H., Murata, Y., Kobayashi, M., 1999. Clinical manifestations and treatment of Menkes disease
and its variants. Pediatr. Int. 41, 423-429.

Kohler, S.A., Henderson, B.R., Kuhn, L.C., 1995. Succinate dehydrogenase b mRNA of Drosophila
melanogaster has a functional iron- responsive element in its 5’-untranslated region. J. Biol. Chem.
270, 30781-30786.

Kohno, S., Miyajima, H., Takahashi, Y., Inoue, Y., 2000. Aceruloplasminemia with a novel mutation
associated with parkinsonism. Neurogenetics 2, 237-238.

Koller, M.E., Romslo, 1., Finne, P.H., Haneberg, B., 1979. Serial determinations of serum ferritin in
children with acute lymphoblastic leukemia. Evaluation of its usefulness as a prognostic index. Acta.
Paediatr. Scand. 68, 93-96.

Komatsu, M., Sumizawa, T., Mutoh, C.Z., Terada, M., Furukawa, K., Yang, T., Gao, X.L., Miura, H.,
Sugiyama, N., Akiyama, T., Akiyama, S., 2000. Copper- transporting P-type adenosine triphosphatase
(ATP7B) is associated with cisplatin resistance. Cancer Res. 60, 1312-1316.

Koutnikova, H., Campuzano, V., Foury, F., Dolle, P., Cazzalini, O., Koenig, M., 1997. Studies of
human, mouse and yeast homologues indicate a mitochondrial function for frataxin. Nat. Genet. 16,
345-351.

Kriegerbeckova, K., Kovar, J., 2000. Role of melanotransferrin (p97) in non-transferrin iron uptake by
HeLa and K562 cells. Folia Biologica 46, 77-81.

Kuhn, L.C., 1996. Control of cellular iron transport and storage at the molecular level. In: Hallberg, L.,
Asp, N.-G. (Eds.), Iron Nutr. Health Dis. London, UK, pp. 17-29.

Lancaster, J.R.J., Hibbs, J.B.J., 1990. EPR demonstration of iron-nitrosyl complex formation by cytotoxic
activated macrophages. Proc. Natl. Acad. Sci. USA 87, 1223-1227.

Langlois, M.R., Martin, M.E., Boelaert, B.C., Taes, J.R., DeBuyzere, Y.E., Bernard, M.L., Neels, D.R.,
Delanghe, H.M., Delanghe, J.R., 2000. The haptoglobin 2-2 phenotype affects serum markers of iron
status in healthy males. Clin. Chem. 46, 1619-1625.

Lawlor, D.A., Zemmour, J., Ennis, P.D., Parham, P., 1990. Evolution of class-I MHC genes and proteins:
from natural selection to thymic selection. Annu. Rev. Immunol. 8, 23-63.



P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87 79

Lawrence, C.M., Ray, S., Babyonyshev, M., Galluser, R., Borhani, D.W., Harrison, S.C., 1999. Crystal
structure of the ectodomain of human transferrin receptor. Science 286, 779-782.

Lebron, J.A., Bennett, M.J., Vaughn, D.E., Chirino, A.J., Snow, P.M., Mintier, G.A., Feder, J.N.,
Bjorkman, P.J., 1998. Crystal structure of the hemochromatosis protein HFE and characterization of
its interaction with transferrin receptor. Cell 93, 111-123.

Lebron, J.A., Bjorkman, P.J., 1999. The transferrin receptor binding site on HFE, the class I MHC-related
protein mutated in hereditary hemochromatosis. J. Mol. Biol. 289, 1109-1118.

Lebron, J.A., West Jr., A.P., Bjorkman, P.J., 1999. The hemochromatosis protein HFE competes with
transferrin for binding to the transferrin receptor. J. Mol. Biol. 294, 239-245.

Lederman, H., Cohen, M.A., Lee, JW.W., Freedman, M.H., Gelfand, E.-W., 1984. Deferoxamine: a
reversible S-phase inhibitor of human lymphocyte proliferation. Blood 64, 748-753.

Lee, P.L., Gelbart, T., West, C., Halloran, C., Beutler, E., 1998. The human Nramp2 gene:
characterization of the gene structure, alternative splicing, promoter region and polymorphisms.
Blood Cells. Mol. Dis. 24, 199-215.

Levy, J.E., Jin, O., Fujiwara, Y., Kuo, F., Andrews, N.C., 1999. Transferrin receptor is necessary for
development of erythrocytes and the nervous system. Nat. Genet. 21, 396-399.

Levy, J.E., Montross, L.K., Andrews, N.C., 2000. Genes that modify the hemochromatosis phenotype in
mice. J. Clin. Invest. 105, 1209-1216.

Ling, P., Roberts, R.M., 1993a. Overexpression of uteroferrin, a lysosomal acid phosphatase found in
porcine uterine secretions, results in its high rate of secretion from transfected fibroblasts. Biol.
Reprod. 49, 1317-1327.

Ling, P., Roberts, R.M., 1993b. Uteroferrin and intracellular tartrate-resistant acid phosphatases are the
products of the same gene. J. Biol. Chem. 268, 6896-6902.

Loeffler, D.A., Conner, N.R., Juneou, P., 1995. Transferrin and iron in normal, Alzheimers disease and
Parkinson’s disease brain regions. J. Neurochem. 65, 710-716.

Lok, C.N., Ponka, P., 1999. Identification of a hypoxia response element in the transferrin receptor gene.
J. Biol. Chem. 274, 24147-24152.

Lok, C.N., Ponka, P., 2000. Identification of an erythroid active element in the transferrin receptor gene. J.
Biol. Chem. 275, 24185-24190.

Lord, D.K., Cross, N.C., Bevilacqua, M.A., Rider, S.H., Gorman, P.A., Groves, A.V., Moss, D.W.,
Sheer, D., Cox, T.M., 1990. Type 5 acid phosphatase. Sequence, expression and chromosomal
localization of a differentiation-associated protein of the human macrophage. Eur. J. Biochem. 189,
287-293.

Loske, C., Gerdemann, A., Schepl, W., Wycislo, M., Schinzel, R., Palm, D., Riederer, P., Munch, G.,
2000. Transition metal-mediated glycoxidation accelerates cross-linking of beta-amyloid peptide. Eur.
J. Biochem. 267, 4171-4178.

Luttropp, C.A., Jackson, J.A., Jones, B.J., Sohn, L.R., Morton, M.H., Morton, K.A., 1998. Uptake of
gallium-67 in transfected cells and tumors absent or enriched in the transferrin receptor. J. Nucl. Med.
39, 1405-1411.

Lynch, T., Cherny, R., Bush, A.L., 2000. Oxidative processes in Alzheimer’s disease: the role of Abeta-
metal interactions. Exp. Gerontol. 35, 445-451.

Macfarlane, D.E., Manzel, L., 1994. Activation of beta- isozyme of protein kinase C (PKC) beta is
necessary and sufficient for phorbol ester-induced differentiation of HL-60 promyelocytes. Studies with
PKC beta-defective PET mutant. J. Biol. Chem. 269, 4327-4331.

Machkhas, H., Bidichandani, S.I., Patel, P.I., Harati, Y., 1998. A mild case of Friedreich ataxia:
lymphocyte and sural nerve analysis for GAA repeat length reveals somatic mosaicism. Muscle Nerve
21, 390-393.

Majuri, R., Grasbeck, R., 1987. A rosette receptor assay with haem-microbeads. Demonstration of a haem
receptor on K562 cells.. Eur. J. Haematol. 38, 21-25.

Martins, E.A., Robalinho, R.L., Meneghini, R., 1995. Oxidative stress induces activation of a
cytosolic protein responsible for control of iron uptake. Arch. Biochem. Biophys. 316, 128-
134.



80 P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87

May, B.K., Dogra, S.C., Sadlon, T.J., Bhasker, C.R., Cox, T.C., Bottomley, S.S., 1995.
Molecular regulation of heme biosynthesis in higher vertebrates. Progr. Nucl. Acid Res. Mol.
Biol. 51, 1-51.

May Jr., W.S., Cuatrecasas, P., 1985. Transferrin receptor: its biological significance. J. Membr. Biol. 88,
205-215.

McClelland, A., Kuehn, L.C., Ruddle, F.H., 1984. The human transferrin receptor gene: genomic
organization, and the complete primary structure of the receptor deduced from a cDNA sequence. Cell
39, 267-274.

McCord, J.M., 1998. Iron, free radicals, and oxidative injury. Seminars Hematol. 35, 5-12.

McKie, A.T., Marciani, P., Rolfs, A., Brennan, K., Wehr, K., Barrow, D., Miret, S., Bomford, A., Peters,
T.J., Farzaneh, F., Hediger, M.A., Hentze M.W, , Simpson, R.J., 2000. A novel duodenal iron-
regulated transporter, IREGI, implicated in the basolateral transfer of iron to the circulation. Mol.
Cell 5, 299-309.

McLaren, C.E., McLachlan, G.J., Halliday, J.W., Webb, S.I., Leggett, B.A., Jazwinska, E.C., Crawford,
D.H., Gordeuk, V.R., McLaren, G.D., Powell, L.W., 1988. Distribution of transferrin saturation in an
Australian population: relevance to the early diagnosis of hemochromatosis. Gastroenterology 114,
543-549.

Melefors, O., Hentze, M.W., 1993. Translational regulation by mRNA/protein interactions in eukaryotic
cells: ferritin and beyond. Bioessays 15, 85-90.

Mendez, M., Rossetti, M. V., Siervi, A.D., delCarmenBatlle, A.M., Parera, V., 2000. Mutations in familial
porphyria cutanea tarda: two novel and two previously described for hepatoerythropoietic porphyria.
Human Mut. 16, 269-270.

Merryweather-Clarke, A.T., Pointon, J.J., Shearman, J.D., Robson, K.J., 1997. Global prevalence of
putative haemochromatosis mutations. J. Med. Genet. 34, 275-278.

Mikulits, W., Schranzhofer, M., Beug, H., Mullner, E.-W., 1999. Post-transcriptional control via iron-
responsive elements: the impact of aberrations in hereditary disease. Mut. Res. 437, 219-230.

Mills, M., Payne, S.M., 1995. Genetics and regulation of heme iron transport in Shigella
dysenteriae and detection of an analogous system in Escherichia coli O157:H7. J. Bacteriol. 177,
3004-3009.

Miskimins, W.K., King, F., Miskimins, R., 1997. Phosphatidylinositol 3-kinase inhibitor wortmannin
blocks mitogenic activation of the transferrin receptor gene promoter in late Gl. Cell Growth
Different. 8, 565-570.

Miskimins, W.K., McClelland, A., Roberts, M.P., Ruddle, F.H., 1986. Cell proliferation and expression
of the transferrin receptor gene: promoter sequence homologies and protein interactions. J. Cell. Biol.
103, 1781-1788.

Miyajima, H., Takahashi, Y., Kamata, T., 1997. Use of desferoxamine in the treatment of aceruloplas-
minemia. Ann. Neurol. 41, 404-407.

Moller, L.B., Tumer, Z., Lund, P.C.C., Cole, T., Hanusch, R., Seidel, J., Jensen, L.R., Horn, N., 2000.
Similar splice-site mutations of the ATP7A gene lead to different phenotypes: classical Menkes disease
or occipital horn syndrome. Am. J. Human Genet. 66, 1211-1220.

Moos, T., 1996. Immunohistochemical localization of intraneuronal transferrin receptor immunoreactivity
in the adult mouse central nervous system. J. Compar. Neurol. 375, 675-692.

Moos, T., Morgan, E.H., 2000. Transferrin and transferrin receptor function in brain barrier systems.
Cell. Mol. Neurobiol. 20, 77-95.

Moos, T., Trinder, D., Morgan, E.H., 2000. Cellular distribution of ferric iron, ferritin, transferrin and
divalent metal transporter 1| DMT]1 in substantia nigra and basal ganglia of normal and beta 2-
microglobulin deficient mouse brain. Cell. Mol. Biol. 46, 549-561.

Morgan, E.H., 1983. Effect of pH and iron content of transferrin on its binding to reticulocyte receptors.
Biochim. Biophys. Acta 762, 498-502.

Morris, C.J., Earl, J.R., Trenam, C.W., Blake, D.R., 1995. Reactive oxygen species and iron — a dangerous
partnership in inflammation. Int. J. Biochem. Cell Biol. 27, 109-122.

Morris, C.M., Edwardson, J.A., 1994. Iron histochemistry of the substantia nigra in Parkinson’s disease.
Neurodegeneration 3, 277-282.



P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87 81

Moyo, V.M., Gangaidzo, I.T., Gordeuk, K.C., Macphail, V.R., Macphail, A.P., 1997. Tuberculosis and
iron overload in Africa: a review. Cent. Afr. J. Med. 43, 334-339.

Muckenthaler, M., Gray, N.K., Hentze, M.W., 1998a. IRP-1 binding to ferritin mRNA prevents the
recruitment of the small ribosomal subunit by the cap-binding complex eIF4F. Mol. Cell 2, 383-
388.

Muckenthaler, M., Gunkel, N., Frishman, D., Cyrklaff, A., Tomancak, P., Hentze, M.W., 1998b. Iron-
regulatory protein-1(IRP-1) is highly conserved in two invertebrate species—characterization of IRP-1
homologues in Drosophila melanogaster and Caenorhabditis elegans. Eur. J. Biochem. 254, 230-237.

Mukhopadhyay, C.K., Attich, Z.K., Fox, P.L., 1998. Role of ceruloplasmin in cellular iron uptake.
Science 279, 714-717.

Mukhopadhyay, C.K, Fox, P.L., 1998. Ceruloplasmin copper induces oxidant damage by a redox process
utilizing cell-derived superoxide as reductant. Biochemistry 37, 14222-14229.

Mullner, E.W., Kuhn, L.C., 1988. A stem-loop in the 3’ untranslated region mediates iron-dependent
regulation of transferrin receptor mRNA stability in the cytoplasm. Cell 53, 815-825.

Mumford, A.D., Vulliamy, T., Lindsay, J., Watson, A., 1998. Hereditary hyperferritinemia-cataract
syndrome: two novel mutations in the L-ferritin iron-responsive element. Blood 91, 367-368.

Mura, C., LeGac, G., Raguenes, M.A.-Y., LeGuen, O., Ferec, A., Ferec, C., 2000. Relation between HFE
mutations and mild iron-overload expression. Mol. Genet. Metabolism 69, 295-301.

Nunez, M.T., Alvarez, X., Smith, M., Tapia, V., Glass, J., 1994. Role of redox systems on Fe3+ uptake by
transformed human intestinal epithelial (Caco-2) cells. Am. J. Physiol. 267, 1582—1588.

O’Brien-Ladner, A.R., Nelson, S.R., Murphy, W.J., Blumer, B.M., Wesselius, L.J., 2000. Iron is a
regulatory component of human IL- 1/ production. Support for regional variability in the lung. Am. J.
Respir Cell Mol. Biol. 23, 112-119.

Odorizzi, G., Trowbridge, 1.S., 1997. Structural requirements for basolateral sorting of the human
transferrin receptor in the biosynthetic and endocytic pathways of Madin-Darby canine kidney cells. J.
Cell. Biol. 137, 1255-1264.

Olynyk, J.K., Cullen, D.J., Aquilia, S., Rossi, E., Summerville, L., Powell, L.W., 1999. A population-
based study of the clinical expression of the hemochromatosis gene. N. Engl. J. Med. 341, 718-724.

Omary, M.B., Trowbridge, 1.S., 1981. Biosynthesis of the human transferrin receptor in cultured cells. J.
Biol. Chem. 256, 12888-12892.

Pantopoulos, K., Gray, N.K., Hentze, M.W., 1995. Differential regulation of two related RNA-binding
proteins, iron regulatory protein (IRP) and IRPB. RNA 1, 155-163.

Pantopoulos, K., Hentze, M.W., 1995a. Nitric oxide signaling to iron-regulatory protein: direct control of
ferritin mRNA translation and transferrin receptor mRNA stability in transfected fibroblasts. Proc.
Natl. Acad. Sci. USA 92, 1267-1271.

Pantopoulos, K., Hentze, M.W., 1995b. Rapid responses to oxidative stress mediated by iron regulatory
protein. EMBO J. 14, 2917-2924.

Parkkila, S., Waheed, A., Britton, R.S., Bacon, B.R., Zhou, X.Y., Tomatsu, S., Fleming, R.E., Sly, W.S.,
1997a. Association of the transferrin receptor in human placenta with HFE, the protein defective in
hereditary hemochromatosis. Proc. Natl. Acad. Sci. USA 94, 13198-13202.

Parkkila, S., Waheed, A., Britton, R.S., Feder, J.N., Tsuchihashi, Z., Schatzman, R.C., Bacon, B.R., Sly,
W.S., 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, 2534-2539.

Parmley, R.T., Barton, J.C., Conrad, M.E., Austin, R.L., Holland, R.M., 1981a. Ultrastructural
cytochemistry and radioautography of hemoglobin—iron absorption. Exp. Mol. Pathol. 34, 131-144.

Parmley, R.T., May, M.E., Spicer, S.S., Buse, M.G., Alvarez, C.J., 1981b. Ultrastructural distribution of
inorganic iron in normal and iron-loaded hepatic cells. Lab. Invest. 44, 475-485.

Pearson, H.A., Lukens, J.N., 1999. Ferrokinetics in the syndrome of familial hypoferremic microcytic
anemia with iron malabsorption. J. Pediatric Hematol. Oncol. 21, 412-417.

Peters, L.L., Andrews, N.C., Eicher, E.M., Davidson, M.B., Orkin, S.H., Lux, S.E., 1993. Mouse
microcytic anemia caused by a defect in the gene encoding the globin enhancer-binding protein NF-E2.
Nature 362, 768-770.



82 P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87

Petrukhin, K., Lutsenko, S., Chernov, R.B., Kaplan, I., Gilliam, J.H., Gilliam, T.C., 1994. Characterization
of the Wilson disease gene encoding a P- type copper transporting ATPase: genomic organization,
alternative splicing, and structure/function predictions. Human Mol. Genet. 3, 1647-1656.

Phatak, P.D., Sham, R.L., Raubertas, R.F., Dunnigan, K., O’Leary, M.T., Braggins, C., Cappuccio, J.D.,
1998. Prevalence of hereditary hemochromatosis in 16031 primary care patients. Ann. Inter. Med. 129,
954-961.

Phillips, J.D., Guo, B., Yu, Y., Brown, F.M., Leibold, E.A., 1996. Expression and biochemical
characterization of iron regulatory proteins 1 and 2 in Saccharomyces cerevisiae. Biochemistry 35,
15704-15714.

Pietrangelo, A., Rocchi, E., Casalgrandi, G., Rigo, G., Ferrari, A., Perini, M., Ventura, E., Cairo, G.,
1992. Regulation of transferrin, transferrin receptor, and ferritin genes in human duodenum.
Gastroenterology 102, 802-809.

Pinero, D.J., Hu, J., Connor, J.R., 2000a. Alterations in the interaction between iron regulatory proteins and
their iron responsive element in normal and Alzheimer’s diseased brains. Cell Mol. Biol. 46, 761-776.

Pinero, D.J., Hu, J., Cook, B.M., Scaduto, R.C., Connor, J.R., 2000b. Interlukin-1 f increases binding of
the iron regulatory protein and the synthesis of ferritin by increasing the labile iron pool. Biochim.
Biophys. Acta. 1497, 279-288.

Ponka, P., 1999. Iron metabolism: physiology and pathophysiology. Trace Elem. Res. Hum. 5, 55-57.

Ponka, P., Beaumont, C., Richardson, D.R., 1998. Function and regulation of transferrin and ferritin.
Seminars Hematol. 35, 35-54.

Ponka, P., Lok, C.N., 1999. The transferrin receptor: role in health and disease. Int. J. Biochem. Cell Biol.
31, 1111-1137.

Powell, L.W., George, D.K., McDonnell, S.M., Kowdley, K.V., 1998. Diagnosis of hemochromatosis.
Ann. Inter. Med. 129, 925-931.

Punnonen, K., Irjala, K., Rajamaki, A., 1997. Serum transferrin receptor and its ratio to serum ferritin in
the diagnosis of iron deficiency. Blood 89, 1052-1057.

Radisky, D.C., Babcock, M.C., Kaplan, J., 1999. The yeast frataxin homologue mediates mitochondrial
iron efflux. Evidence for a mitochondrial iron cycle.. J. Biol. Chem. 274, 4497-4499.

Rammensee, H.G., Falk, K., Rotzschke, O., 1993. MHC molecules as peptide receptors. Curr. Opin.
Immunol. 5, 35-44.

Raskind, W.H., Wijsman, E., Pagon, R.A., Cox, T.C., Bawden, M.J., May, B.K., Bird, T.D., 1991. X-
linked sideroblastic anemia and ataxia: linkage to phosphoglycerate kinase at Xq13. Am. J. Human
Genet. 48, 335-341.

Reddy, S.V., Alcantara, O., Boldt, D.H., 1998. Analysis of DNA binding proteins associated with hemin-
induced transcriptional inhibition. The hemin response element binding protein is a heterogeneous
complex that includes the Ku protein. Blood 91, 1793-1801.

Reddy, S.V., Alcantara, O., Roodman, G.D., Boldt, D.H., 1996. Inhibition of tartrate-resistant acid
phosphatase gene expression by hemin and protoporphyrin IX. Identification of a hemin-responsive
inhibitor of transcription. Blood 88, 2288-2297.

Richardson, D.R., 2000. The role of the membrane-bound tumour antigen, melanotransferrin (p97), in
iron uptake by the human malignant melanoma cell. Eur. J. Biochem. 267, 1290-1298.

Richardson, D.R., Baker, E., 1994. Two saturable mechanisms of iron uptake from transferrin in human
melanoma cells: the effect of transferrin concentration, chelators, and metabolic probes on transferrin

and iron uptake. J. Cell. Physiol. 161, 160-168.

Richardson, D.R., Baker, E., 1990. The uptake of iron and transferrin by the human malignant melanoma
cell. Biochimica Et. Biophysica. Acta. 1053, 1-12.

Richardson, D.R., Ponka, P., 1997. The molecular mechanisms of the metabolism and transport of iron in
normal and neoplastic cells. Biochim. Biophys. Acta. 1331, 1-40.

Riedel, H.D., Remus, A.J., Fitscher, B.A., Stremmel, W., 1995. Characterization and partial purification
of a ferrireductase from human duodenal microvillus membranes. Biochem. J. 309, 745-748.

Riedel, H.D., Muckenthaler, M.U., Gehrke, S.G., Mohr, 1., Brennan, K., Herrmann, T., Fitscher, B.A.,
Hentze M.W, , Stremmel, W., 1999. HFE downregulates iron uptake from transferrin and induces
iron- regulatory protein activity in stably transfected cells. Blood 94, 3915-3921.



P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87 83

Riederer, P., Rausch, W.D., Schmidt, B., Kruzik, P., Konradi, C., Sofic, E., Danielczyk, W., Fischer,
M., Ogris, E., 1988. Biochemical fundamentals of Parkinson’s disease. Mount Sinai J. Med. 55,
21-28.

Riederer, P., Sofic, E., Rausch, W.D., Schmidt, B., Reynolds, G.P., Jellinger, K., Youdim, M.B., 1989.
Transition metals, ferritin, glutathione, and ascorbic acid in parkinsonian brains. J. Neurochem. 52,
515-520.

Roberts, K.P., Griswold, M.D., 1990. Characterization of rat transferrin receptor cDNA: the regulation of
transferrin receptor mRNA in testes and in Sertoli cells in culture. Mol. Endocrinol. 4, 531-542.
Roberts, M.R., Miskimins, W.K., Ruddle, F.H., 1989. Nuclear proteins TREF1 and TREF2 bind to the
transcriptional control element of the transferrin receptor gene and appear to be associated as a

heterodimer. Cell Regulation 1, 151-164.

Roelofsen, H., Wolters, H., VanLuyn, M.N., M.J, , Kuipers, F., Vonk, R.J., 2000. Copper-induced apical
trafficking of ATP7B in polarized hepatoma cells provides a mechanism for biliary copper excretion.
Gastroenterology 119, 782-793.

Roetto, A., Totaro, A., Cazzola, A., 1999. Juvenile hemochromatosis locus maps to chromosome 1q. Am.
J. Human Genet. 64, 1388-1393.

Rogers, J., Lacroix, L., Durmowitz, G., Kasschau, K., Andriotakis, J., Bridges, K.R., 1994. The role of
cytokines in the regulation of ferritin expression. Adv. Exp. Med. Biol. 356, 127-132.

Rosati, G., Riccardi, F., Tucci, A., 2000. Use of tumor markers in the management of head and neck
cancer. Int. J. Biol. Markers 15, 179-183.

Rothenberg, B.E., Sawada-Hirai, R., Barton, J.C., 2000. Mutations associated with iron disorders. PCT
Int. Appl. WO 0058515, 1-55.

Rothenberg, B.E., Voland, J.R., 1996. b2m 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, 1529-1534.

Rothenberger, S., Food, M.R., Gabathuler, R., Kennard, M.L., Yamada, T., Yasuhara, O., McGeer,
P.L., Jefferies, W.A., 1996. Coincident expression and distribution of melanotransferrin and transferrin
receptor in human brain capillary endothelium. Brain Res. 712, 117-121.

Rothenberger, S., lacopetta, B.J., Kuehn, L.C., 1987. Endocytosis of the transferrin receptor requires the
cytoplasmic domain but not its phosphorylation site. Cell 49, 423-431.

Rouault, T., Klausner, R., 1997. Regulation of iron metabolism in eukaryotes. Curr. Topics Cell.
Regulation 35, 1-19.

Rouault, T.A., Haile, D.J., Downey, W.E., Philpott, C.C., Tang, C., Samaniego, F., Chin, J., Paul, L.,
Orloff, D., Harford, J.B., 1992. An iron- sulfur cluster plays a novel regulatory role in the iron-
responsive element binding protein. Biometals 5, 131-140.

Rouault, T.A., Hentze, M.W., Dancis, A., Caughman, W., Harford, J.B., Klausner, R.D., 1987. Influence
of altered transcription on the translational control of human ferritin expression. Proc. Natl. Acad. Sci.
USA 84, 6335-6339.

Rouault, T.A., Stout, C.D., Kaptain, S., Harford, J.B., Klausner, R.D., 1991. Structural relationship
between an iron-regulated RNA-binding protein (IRE-BP) and aconitase: functional implications. Cell
64, 881-883.

Rouault, T.A., Tang, C.K., Kaptain, S., Burgess, W.H., Haile, D.J., Samaniego, F., McBride, O.W.,
Harford, J.B., Klausner, R.D., 1990. Cloning of the cDNA encoding an RNA regulatory protein—the
human iron-responsive element-binding protein. Proc. Natl. Acad. Sci. USA 87, 7958-7962.

Roy, C.N., Penny, D.M., Feder, J.N., Enns, C.A., 1999. The hereditary hemochromatosis protein, HFE,
specifically regulates transferrin- mediated iron uptake in HeLa cells. J. Biol. Chem. 274, 9022-9028.

Rutledge, E.A., Enns, C.A., 1996. Cleavage of the transferrin receptor is influenced by the composition of
the O-linked carbohydrate at position 104. J. Cell. Physiol. 168, 284-293.

Sadasivan, B., Lehner, P.J., Ortmann, B., Spies, T., Cresswell, P., 1996. Roles for calreticulin and a novel
glycoprotein, tapasin, in the interaction of MHC class I molecules with TAP. Immunity 5, 103-114.

Salter-Cid, L., Brunmark, A., Li, Y., Leturcq, D., Peterson, P.A., Jackson, M.R., Yang, Y., 1999.
Transferrin receptor is negatively modulated by the hemochromatosis protein HFE: implications for
cellular iron homeostasis. Proc. Natl. Acad. Sci. USA 96, 5434-5439.



84 P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87

Salter-Cid, L., Brunmark, A., Peterson P.A, , Yang, Y., 2000a. The major histocompatibility complex-
encoded class I-like HFE abrogates endocytosis of transferrin receptor by inducing receptor
phosphorylation. Genes Immunity 1, 409-417.

Salter-Cid, L., Peterson, P.A., Yang, Y., 2000b. The major histocompatibility complex-encoded HFE in
iron homeostasis and immune function. Immunol. Res. 22, 43-59.

Samaniego, F., Chin, J., Iwai, K., Rouault, T.A., Klausner, R.D., 1994. Molecular characterization of a
second iron-responsive element binding protein, iron regulatory protein 2. Structure, function, and
post- translational regulation. J. Biol. Chem. 269, 30904-30910.

Santos, M., Schilham, M.W., Rademakers, L.H., Marx, J.J., deSousa, M., Clevers, H., 1996. Defective
iron homeostasis in f# 2- microglobulin knockout mice recapitulates hereditary hemochromatosis in
man. J. Exp. Med. 184, 1975-1985.

Savage, D.G., Ogundipe, A., Allen, R.H., Stabler, S.P., Lindenbaum, J., 2000. Etiology and diagnostic
evaluation of macrocytosis. Am. J. Med. Sci. 319, 343-352.

Schaich, K.M., 1992. Metals and lipid oxidation. Lipids 27, 209-218.

Schneider, C., Owen, M.J., Banville, D., Williams, J.G., 1984. Primary structure of human transferrin
receptor deduced from the mRNA sequence. Nature 311, 675-679.

Schneider, C., Sutherland, R., Newman, R., Greaves, M., 1982. Structural features of the cell surface
receptor for transferrin that is recognized by the monoclonal antibody OKT9. J. Biol. Chem. 257,
8516-8522.

Schneider-Yin, X., Gouya, L., Dorsey, R.U., Deybach, M., Ferreira, J.C., Ferreira, G.C., 2000. Mutations
in the iron-sulfur cluster ligands of the human ferrochelatase lead to erythropoietic protoporphyria.
Blood 96, 1545-1549.

Sciot, R., Vos, R., Eyken, P., vanderSteen, K., Moerman, P., Desmet, V.J., 1989. In situ localization of
melanotransferrin melanoma-associated antigen (P97) in human liver. A light- and electronmicro-
scopic immunohistochemical study. Liver 9, 110-119.

Seiser, C., Teixeira, S., Kuhn, L.C., 1993. Interleukin 2- dependent transcriptional and post-transcrip-
tional regulation of transferrin receptor mRNA. J. Biol. Chem. 268, 13074—13080.

Seligman, P.A., Schleicher, R.B., Allen, R.H., 1979. Isolation and characterization of the transferrin
receptor from human placenta. J. Biol. Chem. 254, 9943-9946.

Shani, N., Jimenez-Sanchez, G., Steel, G., Dean, M., Valle, D., 1997. Identification of a fourth half ABC
transporter in the human peroxisomal membrane. Human Mol. Genet. 6, 1925-1931.

Sherwood, R.A., Pippard, M.J., Peters, T.J., 1998. Iron homeostasis and the assessment of iron status.
Ann. Clin. Biochem. 35, 693-708.

Shimada, Y., Okuno, S., Kawai, S.H., Saito, A., Suzuki, A., Omori, M., Nishino, Y., Kanemoto, N.,
Fujiwara, N., Horie, T., Takahashi, M., Takahashi, E., 1998. Cloning and chromosomal mapping of a
novel ABC transporter gene (hABC7), a candidate for X-linked sideroblastic anemia with
spinocerebellar ataxia. J. Human Genet. 43, 115-122.

Simon, M., Bourel, M., Fauchet, R., Genetet, B., 1976. Association of HLA-A3 and HLA-B14 antigens
with idiopathic haemochromatosis. Gut 17, 332-334.

Simon, M., Brissot, P., 1988. The genetics of haemochromatosis. J. Hepatol. 6, 116-124.

Simon, M., LeMignon, L., Fauchet, Y.J., Davidl, R., Edan, V., Bourel, G., Bourel, M., 1987. A study
of 609 HLA haplotypes marking for the hemachromatoisis gene: (1) mapping of the gene near to
the HLA-A locus and characters required to define a heterozygouspopulation and (2) hypotheisi
concerning the underlying cause of hemochromatosis-HLA association. Am. J. Genet. 41,
89-105.

Smith, C., Mitchinson, M.J., Aruoma, O.I., Halliwell, B., 1992. Stimulation of lipid peroxidation and
hydroxyl-radical generation by the contents of human atherosclerotic lesions. Biochem. J. 286, 901—
905.

Snover, D.C., 2000. Hepatitis C, iron, and hemochromatosis gene mutations: a meaningful relationship or
simple cohabitation?. Am. J. Clin. Pathol. 113, 475-478.

Sofic, E., Riederer, P., Heinsen, H., Beckmann, H., Reynolds, G.P., Hebenstreit, G., Youdim, M.B., 1988.
Increased iron (III) and total iron content in post mortem substantia nigra of parkinsonian brain. J.
Neural Transm. 74, 199-205.



P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87 85

Su, M.A,, III, C.C., Fleming, J.C., Fleming, M.D., Andrews, N.C., 1998. The G185R mutation disrupts
function of the iron transporter Nramp2. Blood 92, 2157-2163.

Sussman, H.H., 1992. Iron in cancer. Pathobiology 60, 2-9.

Suzuki, M., Gitlin, J.D., 1999. Intracellular localization of the Menkes and Wilson’s disease proteins and
their role in intracellular copper transport. Pediatr. Int. 41, 436-442.

Tabuchi, M., Yoshimori, T., Yamaguchi, K., Yoshida, T., Kishi, F., 2000. Human NRAMP2/DMT],
which mediates iron transport across endosomal membranes, is localized to late endosomes and
lysosomes in HEp-2 cells. J. Biol. Chem. 275, 22220-22228.

Tacchini, L., Bianchi, L., Bernelli-Zazzera, A., Cairo, G., 1999. Transferrin receptor induction by hypoxia.
HIF-1-mediated transcriptional activation and cell-specific post-transcriptional regulation. J. Biol.
Chem. 274, 24142-24146.

Taetle, R., Honeysett, J.M., Trowbridge, 1., 1983. Effects of anti-transferrin receptor antibodies on growth
of normal and malignant myeloid cells. Int. J. Cancer 32, 343-349.

Takeda, A., Devenyi, A., Connor, J.R., 1998. Evidence for non-transferrin-mediated uptake and release of
iron and manganese in glial cell cultures from hypotransferrinemic mice. J. Neurosci. Res. 51, 454-462.

Taketani, S., Adachi, Y., Nakahashi, Y., 2000. Regulation of the expression of human ferrochelatase by
intracellular iron levels. Eur. J. Biochem. 267, 4685-4692.

Tancabelic, J., Sheth, S., Paik, M., Piomelli, S., 1999. Serum Transferrin receptor as a marker of
erythropiesis suppression in patients on chronic transfusion. Am. J. Hematol. 60, 121-125.

Tandy, S., Williams, M., Leggett, A., Lopez-Jimenez, M., Dedes, M., Ramesh, B., Srai, S.K., Sharp, P.,
2000. Nramp2 expression is associated with pH-dependent iron uptake across the apical membrane of
human intestinal Caco-2 cells. J. Biol. Chem. 275, 1023-1029.

Taylor, E.M., Crowe, A., Morgan, E.H., 1991. Transferrin and iron uptake by the brain: effects of altered
iron status. J. Neurochem. 57, 1584-1592.

Taylor, E.M., Morgan, E.H., 1991. Role of transferrin in iron uptake by the brain: a comparative study. J.
Compar. Physiol. 161, 521-524.

Testa, U., Pelosi, E., Peschle, C., 1993. The transferrin receptor. Crit. Rev. Oncogenesis 4, 241-276.

Testa, U., Petrini, M., Quaranta, M.T., Pelosi, E., Kuhn, L., Peschle, C., 1991. Differential regulation of
iron-responsive element-binding protein in activated lymphocytes versus monocytes-macrophages.
Curr. Stud. Hematol. Blood Transfusion, 158-163.

Theil, E.C., 1994. Iron regulatory elements (IREs): a family of mRNA non-coding sequences. Biochem. J.
304, 1-11.

Theil, E.C., 1998. The iron responsive element (IRE) family of mRNA regulators. Regulation of iron
transport and uptake compared in animals, plants, and microorganisms.. Metal Ions Biol. Syst. 35,
403-434.

Theil, E.C., Ke, Y., Gdaniec, Z., Sierzputowska-Gracz, H., 1999. The IRE model for families of RNA
structures: selective recognition by binding proteins (IRPs), NMR spectroscopy and probing with
metal coordination complexes. NATO Sci. 70, 241-247.

Theil, E.C., McKenzie, R.A., Sierzputowska-Gracz, H., 1994. Structure and function of IREs, the
noncoding mRNA sequences regulating synthesis of ferritin, transferrin receptor and (erythroid) 5-
aminolevulinate synthase. Adv. Exp. Med. Biol. 356, 111-118.

Thomson, A.M., Rogers, J.T., Leedman, P.J., 1999. Iron-regulatory proteins, iron-responsive elements
and ferritin mRNA translation. Int. J. Biochem. Cell Biol. 31, 1139-1152.

Tonetti, D.A., Henning-Chubb, C., Yamanishi, D.T., Huberman, E., 1994. Protein kinase C-beta is
required for macrophage differentiation of human HL-60 leukemia cells. J. Biol. Chem. 269, 23230—
23235.

Trenor 111, C.C., Campagna, D.R., Sellers, V.M., Andrews, N.C., Fleming, M.D., 2000. The molecular
defect in hypotransferrinemic mice. Blood 96, 1113-1118.

Tseng, M., Greenberg, E.R., Sandler, B.J., Haile, R.S., Blumberg, R.W., McGlynn, B.S., McGlynn, K.A.,
2000. Serum ferritin concentration and recurrence of colorectal adenoma. Cancer Epidemiol.
Biomarkers Prev. 9, 625-630.

Umbreit, J.N., Conrad, M.E., Moore, E.G., Latour, L.F., 1998. Iron absorption and cellular transport:
the mobilferrin/paraferritin paradigm. Seminars Hematol. 35, 13-26.



86 P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87

Valberg, L.S., Ludwig, J., Olatunbosun, D., 1969. Alteration in cobalt absorption in patients with
disorders of iron metabolism. Gastroenterology 56, 241-251.

van Muijen, G.N., Ruiter, D.J., Hoefakker, S., Johnson, J.P., 1990. Monoclonal antibody PAL-M1
recognizes the transferrin receptor and is a progression marker in melanocytic lesions. J. Invest.
Dermatol. 95, 65-69.

vanRensburg, S.J., Potocnik, F.C., DeVilliers, K.M., Taljaard, J.N., Taljaard, J.J., 2000. Earlier age of
onset of Alzheimer’s disease in patients with both the transferrin C2 and apolipoprotein E-epsilon 4
alleles. Ann. NY Acad. Sci. 903, 200-203.

van Wyck, D.B., Popp, R.A., Foxley, J., Witte, M.H., Witte, C.L., Crosby, W.H., 1984. Spontaneous iron
overload in. alpha.-thalassemic mice. Blood 64, 263-266.

Van Wyck, D.B., Tancer, M.E., Popp, R.A., 1987. Iron homeostasis in beta-thalassemic mice. Blood 70,
1462-1465.

Vidal, S.M., Malo, D., Vogan, K., Skamene, E., Gros, P., 1993. Natural resistance to infection with
intracellular parasites: isolation of a candidate for Beg. Cell 73, 469-485.

Vulpe, C.D., Kuo, Y.-M., Murphy, T.L., Cowley, L., Askwith, C., Libina, N., Gitschier, J., Anderson,
G.J., 1999. Hephaestin, a ceruloplasmin homolog implicated in intestinal iron transport, is defective in
the sla mouse. Nat. Genet. 21, 195-199.

Waheed, A., Parkkila, S., Saarnio, J., Fleming, R.E., Zhou, X.Y., Tomatsu, S., Britton, R.S., Bacon, B.R.,
Sly, W.S., 1999. Association of HFE protein with transferrin receptor in crypt enterocytes of human
duodenum. Proc. Natl. Acad. Sci. USA 96, 1579-1584.

Waheed, A., Parkkila, S., Zhou, X.Y., Tomatsu, S., Tsuchihashi, Z., Feder, J.N., Schatzman, R.C.,
Britton, R.S., Bacon, B.R., Sly, W.S., 1997. Hereditary hemochromatosis: effects of C282Y and H63D
mutations on association with f2-microglobulin, intracellular processing, and cell surface expression of
the HFE protein in COS-7 cells. Proc. Natl. Acad. Sci. USA 94, 12384-12389.

Weinberg, E.D., 1999. Iron Loading and Disease surveillance. Emer. Infectious Dis. 5, 346-352.

Wessling-Resnick, M., 1999. Biochemistry of iron uptake. Crit. Rev. Biochem. Mol. Biol. 34, 285-314.

West, A.P.J., Bjorkman, P.J., 2000. Crystal structure and immunoglobulin G binding properties of the
human major histocompatibility complex-related Fc receptor. Biochemistry 39, 9698-9708.

Williams, A.M., Enns, C.A., 1991. A mutated transferrin receptor lacking asparagine-linked glycosylation
sites shows reduced functionality and an association with binding immunoglobulin protein. J. Biol.
Chem. 266, 17648-17654.

Wood, R.J., Han, O., 1998. Recently identified molecular aspects of intestinal iron absorption. J. Nutr.
128, 1841-1844.

Yang, B., Kirby, S., Lewis, J., Detloff, P.J., Maeda, N., Smithies, O., 1995. A mouse model for f-
thalassemia. Proc. Natl. Acad. Sci. USA 92, 11608-11612.

Yang, F., Lum, J.B., McGill, J.R., Moore, C.M., Naylor, S.L., vanBragt, P.H., Baldwin, W.D., Bowman,
B.H., 1984. Human transferrin: cDNA characterization and chromosomal localization. Proc. Natl.
Acad. Sci. USA 81, 2752-2756.

Yang, Y., Sempe, P., Peterson, P.A., 1996. Molecular mechanisms of class I major histocompatibility
complex antigen processing and presentation. Immunol. Res. 15, 208-233.

Yang, Y., Waters, J.B., Frueh, K., Peterson, P.A., 1992. Proteasomes are regulated by interferon y:
implications for antigen processing. Proc. Natl. Acad. Sci. USA 89, 4928-4932.

Yehuda, S., Youdim, M.B., 1989. Brain iron: a lesson from animal models. Am. J. Clin. Nutr. 50, 618—
629.

Yoshida, K., Kaneko, K., Miyajima, T.T., Nakamura, H., Kato, A., Ikeda, M., Ikeda, S., 2000. Increased
lipid peroxidation in the brains of aceruloplasminemia patients. J. Neurol. Sci. 175, 91-95.

Youdim, M.B., 1988. Iron in the brain: implications for Parkinson’s and Alzheimer’s diseases. Mount
Sinai J. Med. 55, 97-101.

Youdim, M.B., Ben-Shachar, D., Riederer, P., 1991. Iron in brain function and dysfunction with emphasis
on Parkinson’s disease. Eur. Neurol. 31, 34-40.

Youdim, M.B., Ben-Shachar, D., Yehuda, S., 1989. Putative biological mechanisms of the effect of iron
deficiency on brain biochemistry and behavior. Am. J. Clin. Nutr. 50, 607-617.



P.T. Lieu et al. | Molecular Aspects of Medicine 22 (2001) 1-87 87

Youdim, M.B., Ben-Shachar, D., Yehuda, S., Riederer, P., 1990. The role of iron in the basal ganglion.
Adv. Neurol. 53, 155-162.

Young, S.P., Bomford, A., Williams, R., 1984. The effect of the iron saturation of transferrin on its
binding and uptake by rabbit reticulocytes. Biochem. J. 219, 505-510.

Yu, J., Yu, Z.K., Wessling-Resnick, M., 1998. Expression of SFT (stimulator of Fe transport) is enhanced
by iron chelation in HeLa cells and by hemochromatosis in liver. J. Biol. Chem. 273, 34675-34678.

Zahringer, J., Baliga, B.S., Munro, H.N., 1976. Novel mechanism for translational control in regulation of
ferritin synthesis by iron. Proc. Natl. Acad. Sci. USA 73, 857-861.

Zerial, M., Suomalainen, M., Zanetti-Schneider, M., Schneider, C., Garoff, H., 1987. Phosphorylation of
the human transferrin receptor by protein kinase C is not required for endocytosis and recycling in
mouse 3T3 cells. EMBO J. 6, 2661-2667.

Zhou, X.J., Vaziri, N.D., Pandian, W.Z., Mazowiecki, D, Liao, M., Oveisi, S.Y., Oveisi, F., 1996. Urinary
concentrating defect in experimental hemochromatosis. J. Am. Soc. Nephrol. 7, 128-134.

Zhou, X.Y., Tomatsu, S., Fleming, R.E., Parkkila, S., Waheed, A., Jiang, J., Fei, Y., Brunt, E.M., Ruddy,
D.A., Prass, C.E., Schatzman, R.C., O’Neill, R., Britton, R.S., Bacon, B.R., Sly, W.S., 1998. HFE
gene knockout produces mouse model of hereditary hemochromatosis. Proc. Natl. Acad. Sci. USA 95,
2492-2497.

Zoller, H., Pietrangelo, A., Vogel, W., Weiss, G., 1999. Duodenal metal-transporter (DMT-1, NRAMP-2)
expression in patients with hereditary haemochromatosis. Lancet 353, 2120-2123.

Zucker, S., Freidman, S., Lysik, R.M., 1974. Bone marrow erythropoiesis in the anemia of infection,
inflammation, and malignancy. J. Clin. Invest. 53, 1132-1138.



