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Abstract

Genetic haemochromatosis (GH) is an autosomal recessive condition
common in Northern Europeans. It causes excess absorption of iron,
resulting in tissue damage. Two approaches were used to study GH:

Positional cloning: P1 derived artificial chromosomes (PACs), containing
large inserts of human genomic DNA, were isolated from around
D6S1260, at that time the observed peak of linkage disequilibrium with
GH. These clones were used to screen a human small intestine cDNA
library. Four of the cDNAs isolated from this library contained C2H2 zinc
finger motifs, comprising a single locus. The cDNA and genomic
sequence and expression pattern of this locus were determined. The
locus has characteristics similar to that of an expressed processed
pseudogene, although it retains an open reading frame of 1.2kb. No
evidence for a parent locus at another chromosomal site was detected
using sequence database screening, somatic cell hybrid analysis and
fluorescent in situ hybridisation. The sequence conservation displayed by
this zinc finger pseudogene makes it an excellent tool for the
identification of zinc finger genes in model organisms.

Assessment of a cellular phenotype: a cellular phenotype for GH would
allow functional cloning of the gene, as well as investigation of GH in
vitro. The enzyme ferric reductase was previously shown to have
increased activity in duodenal biopsies from GH patients compared to
controls. This increase paralleled increased uptake of *°Fe in GH.

GH patients and controls for ferric reductase studies were characterised
by investigation of both haplotype and HFE mutations. No significant
difference in lymphocyte, monocyte or macrophage ferric reductase
activity was observed when GH and control preparations were compared.
However, a significant (p<0.05) ten-fold increase in ferric reductase
activity accompanied the differentiation of monocytes to macrophages.
This increase most likely reflects the co-ordinate upregulation of proteins
of iron metabolism during the differentiation of monocyte to macrophage.
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Chapter 1. General introduction:

1.1. The history of genetic haemochromatosis

Genetic haemochromatosis (GH) was first described by Trousseau in
1865 and later Troisier in 1871 in patients with the classical symptoms of
diabetes mellitus, cirrhosis and bronzing of the skin. Von Recklinghausen
(1889) was the first to attribute these features to a specific disorder.
Sheldon (1935) was the first to propose that GH was caused by an inborn
error of metabolism that led to increased iron accumulation. GH was one
of the first genetic disorders to be mapped to a specific chromosome via
linkage. This seminal work by Simon and co-workers in 1975 showed an
association between GH and the human leukocyte antigen (HLA)-A3.
Linkage was shown with HLA-A, which was later mapped as part of the
major histocompatibility complex (MHC) to chromosome 6p21.3 (Simon
et al., 1987; Franke and Pellerino, 1977). The approximate chromosomal
position of GH was known for 19 years before the HFE gene was finally

cloned.
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1.2. Clinical features

The clinical presentation of GH is dependent on both genetic and
environmental factors. The major genetic component results in increased
iron absorption but this will be affected by environmental factors including
the dietary iron intake and blood loss. Patients present between the third
and fifth decade of life with a variety of symptoms including arthralgia,
lethargy, upper abdominal pain, abnormal liver function tests, loss of
libido or the onset of diabetes mellitus. Late features are skin
pigmentation, liver cirrhosis, endocrine abnormalities and cardiac
disease. There is often a delay between the first presenting symptoms

and diagnosis of GH of approximately 5 years (Adams et al., 1991).

GH is 10 times more common in male than female patients because the
onset is delayed in women due to menstrual blood loss and pregnancy
(Finch et al., 1966). Precirrhotic GH patients have a normal life
expectancy and cirrhotic patients may only have a normal life expectancy
if iron is removed (Adams et al., 1991). Those with cirrhosis and diabetes
mellitus have reduced survival, due to the development of complications
including hepatocellular carcinoma (Niederau et al, 1985). Since
cirrhosis is prevented by the removal of iron by venesection there is a

need for early diagnosis.
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1.2.1. Diagnosis

The initial diagnosis of GH is usually based on the phenotypic expression
of the disease, assessed by serum iron (normal range 11-36 umol/l), total
iron binding capacity (normal range 53-85 umol/l), serum ferritin
concentration and liver biopsy (normal ranges dependent on age/sex).
From the serum iron concentration and total iron binding capacity (TIBC)
the transferrin saturation value can be calculated (serum iron/TIBC). The
normal serum iron concentration is between 11 and 36 pmol/l and rises

as body iron stores increase.

Patients with iron overload and increased serum iron concentrations
have a reduced serum transferrin level, due to a feedback mechanism

reducing transferrin synthesis.

Serum ferritin levels generally reflect body iron stores and are increased
in GH. Ferritin is an iron storage protein, which is present in all tissues.
The normal serum ferritin concentration ranges for the Royal Free
Hospital laboratory are 10-150 ng/l in females and 20-200 pg/l in males.
Levels are increased in patients with GH; with advanced disease levels

can be increased to approximately 10 times the normal level.
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1.2.1.1. Liver biopsy

Liver biopsy is important in the definite diagnosis of GH because it allows
both histological examination and estimation of liver iron. As iron
accumulation occurs in GH it is deposited as both ferritin and
haemosiderin in periportal hepatocytes and in the pericanalicular cells
within lysosomes. Later in the disease deposition is found in all areas of
the hepatic acinus as well as the bile duct epithelium and connective
tissue. Untreated this iron causes perilobular fibrosis and in advanced
disease broad fibrous septa and cirrhosis. Areas of preserved
parenchyma surrounded by fibrotic septa lead to a “holly leaf’ pattern

(Powell et al., 1981).

The pattern of iron distribution in GH is different to that found in
secondary iron overload, for example following transfusion for haemolytic
anemia. Kupffer cells (differentiated liver macrophages) do not become
iron loaded until late in classical GH. This is in contrast to the iron loaded

Kupffer cells observed in transfusion related siderosis (Yam et al., 1968).

The liver tissue obtained from a needle biopsy is split into two pieces:

(a) One section is fixed in formalin for histological examination to

determine the degree of fibrosis and cirrhosis. Haemosiderin iron is
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estimated histologically using Perls (Prussian) stain or Tirmann-

Schmelzer stain.

(b) The remainder is washed to remove any contaminating blood and
then placed in a drying oven to give the dry weight (approximately 30% of
the hepatic wet weight). The iron content is then determined by either

spectrophotometric methods or atomic absorption spectrophotometry.

The iron content is used to determine the hepatic iron index:

Liver iron concentration of iron (umol/g dry wt)

= Hepatic iron index

Age of patient in years

A hepatic iron index of above 2.0 is indicative of GH. The index has been
valuable in differentiating between GH homozygotes (generally > 2.0) and
heterozygotes and patients with abnormal iron indices caused by other
factors such as alcoholic liver damage and hepatitis C (generally < 2.0)

(Basset et al., 1986, Summers et al., 1990).
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1.2.1.3. CT and MRI scanning

The computed axial tomography (CT) is a non-invasive method, which
may show hepatic iron overload. However its main drawback, apart from
cost, is low sensitivity for mild and moderate iron deposition. Magnetic
resonance imaging (MRI) can detect moderate iron deposition but is not
sensitive enough for detection of early iron deposition. Liver iron
Measurements by Biosusceptometry (SQID) is a far more sensitive
method however, the only two available SQID machines are in North
America. For this reason, liver biopsy with iron measurement may be

used to assess liver iron in the diagnosis of GH.

1.2.2. Symptoms

1.2.2.1. Cirrhosis

Approximately 10 % of GH patients present with cirrhosis (Stremmel et
al., 1995, Adams et al, 1991). Hepatocellular carcinoma is a major
complication and cause of mortality with prevalence more than 200 times
that of the general population (Powell et al., 1994). In cirrhotic patients
hepatocellular carcinoma is still a risk despite the removal of the iron.
Since the advent of genetic testing, the goal is early identification and

treatment of haemochromatosis before establishment of cirrhosis.
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1.2.2.2. Skin abnormalities

Untreated GH patients with late disease can have excessive skin
pigmentation. This is caused by increased melanin deposition in the skin.
GH has been called “bronze diabetes” but “bronze” is misleading as most
GH patients display a slate grey discolouration of the skin. The abnormal
melanin deposits are increased within scars, genitalia, flexation creases
and on rare occasions the oral mucosa (Ferrand et al., 1977). Another
cutaneous feature of late GH is lack of facial and pubic hair. This may be

secondary to endocrine abnormalities.

1.2.2.3. Arthropathy

Arthropathy was first described in patients with GH in 1964 by
Schumacher and co-workers. It is now recognized that 25 to 50% of all
GH patients suffer from joint pain with or without signs of arthritis
(Niederau et al., 1985). The prevalence of arthropathy is not related to
the degree or duration of the iron overload. It can occur despite
venesection and can even occur after iron stores have returned to a
normal level. Arthropathy is often present early in the disease process
preceding diabetes mellitus and cirrhosis (Adams 1991). It is not specific
for GH and is observed also in secondary iron overload (Dymock et al.,

1972).
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The most common form of arthropathy observed normally progresses
slowly, although degenerative arthritis is observed. The arthropathy
involves the joints of the hands, proximal interphalangeal joints and
metacarpophalangeal joints (Schumacher 1988). Early radiological
changes consist of subchondrial cyst formation and narrowing of joint
spaces. Knees and hips may also be affected. Chondrocalcinosis occurs
in these joints and is related to the deposition of calcium pyrophosphate,
which is thought to be a direct result of iron deposition. Iron inhibits

pyrophosphatase resulting in the accumulation of pyrophosphates.

1.2.2.4. Diabetes Mellitus

Diabetes mellitus develops in 30 to 60 % of patients with GH (Niederau et
al., 1985). An investigation of 163 GH patients showed 55 % had
diabetes mellitus with another 10 % having glucose intolerance (Niederau
et al., 1985). Insulin dependent diabetes mellitus is associated with late
disease. Complications of diabetes mellitus such as retinopathy,
peripheral neuropathy and nephropathy may also occur. Diabetes is
thought to be due to damage to the islet cells (beta cells) of the pancreas

by excess deposition of iron (Stremmel et al., 1988).
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1.2.2.5. Other Endocrine Abnormalities

Loss of libido and testicular atrophy are frequently observed in advanced
GH in men, and may be the first sign of the disorder. The cause of
hypogonadism is pituitary dysfunction due to the selective deposition of
iron within the gonadotrophic cells of the pituitary gland. There is reduced
secretion of lutenizing hormone and follicle stimulating hormone
(Stremmel et al., 1988), with a subsequent reduction of plasma
testosterone levels (Kley et al.,, 1985). In young females amenorrhoea

may result (Adams et al., 1990).

1.2.2.6. Cardiac Abnormalities

GH patients may present rarely with cardiomyopathy and congestive
cardiac failure. Cardiomyopathy is normally observed in long-standing
GH patients diagnosed late in the disease but may be the presenting
feature in younger adults (Dabestani et al., 1988). The risk of death due
to cardiomyopathy is approximately 300 times higher for GH patients
compared with the general population. Although 20 - 35 % of GH patients
have arrhythmias, such as supraventriclular ectopic beats,
tachyarrhythmias and atrial flutter and fibrillation, these are normally not

life threatening (Adams et al., 1991).
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1.2.3. Treatment

GH is treated by venesection of 1 unit of blood (approximately 450ml)
weekly until the transferrin saturation and ferritin concentration are
normal (Crawford et al., 1991, Bourel and Lenoir 1965). Maintenance
venesection is then continued at 3 to 6 monthly intervals. Each unit of
blood removed represents approximately 250mg of iron. The range of
iron overload in GH patients is 5 to 40g (Bomford and Williams 1976)
equivalent to 20 to 160 venesections. For comparison the normal body
iron content is approximately 5g. Venesection increases the rate of

erythropoiesis thus mobilizing stored iron from parenchymal tissues.

In the rare patient with cardiomyopathy the removal of iron by
venesection alone may be too slow, and the iron chelator
desferrioxamine is used in combination with venesection.
Desferrioxamine however causes side effects, so treatment must be kept

to a minimum and used only in extreme cases.
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1.3. Genetics of haemochromatosis

1.3.1. Mode of inheritance

In 1974 Saddi and co-workers proposed an autosomal recessive mode of
inheritance for GH, which is now accepted. Before this it was thought that
the inheritance of GH was autosomal dominant. The autosomal dominant
mode of inheritance was proposed due the high proportion of children
with an affected parent having GH. However, this was an effect of the
high gene frequency allowing for a high proportion of homozygous /

heterozygous marriages.

1.3.2. Human Leukocyte Antigen (HLA) alleles

In 1975 Simon and coworkers reported an association of GH with certain
alleles of HLA antigens, in particular the HLA-A3 and B-14 antigens.
These preliminary results were published in French literature in early
1975 (Simon et al., 1975). Full details were later published in English in
1976 (Simon et al., 1976). HLA-A3 and HLA-B14 were found in
significantly greater frequencies in GH patients than healthy blood donor
controls. HLA-A3 was observed in 78% of GH patients versus 27% of
controls, and HLA-B14 in 26% of GH patients compared with only 3% of

controls (Simon et al., 1976). HLA-B7 was also shown to be significantly
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increased in GH patients in a later study (Simon et al., 1981). Family
studies also demonstrated linkage of GH to HLA-A (Simon, 1987). The
findings of Simon were a landmark in the history of haemochromatosis
research, and were the first evidence to confirm Sheldon’s hypothesis,

made in 1935, that GH was dependent on genetic factors.

Research in haemochromatosis prior to this date hung on the question
whether haemochromatosis was acquired or inherited, with some

authors arguing strongly for GH being an acquired disorder.

Simon’s observations did not rule out environmental factors influencing
the extent of iron overload, but did show that the primary defective locus
was linked to the major histocompatability complex (MHC), HLA antigen
A, which was subsequently mapped to chromosome 6p21.3 (Franke and

Pellegrino et al., 1977)

1.3.3. Linkage disequilibrium with telomeric markers

The GH candidate region initially centered on the HLA region but was
extended greatly with the investigation of new microsatellite markers.
One crucial CA repeat marker D6S105 was isolated and mapped
approximately 2cM telomeric of HLA-A. (Stone et al., 1994; Raha-
Chowdury et al., 1995). Allele 8 of this marker has a stronger association

with GH than the HLA-A3 allele (Jaswinska et al., 1993): D6S105 allele 8
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was observed in 93% of GH patients compared to 21% of controls.
Additional CA repeat markers around D6S105 and towards the telomeric
marker D6S299 were also investigated. This study revealed that 70% of
GH chromosomes contain the haplotype: D6S306 allele 5, D6S105 allele
8, D6S464 allele 9 and D6S1260 allele 4. This common GH haplotype
was only found in 6% of non-GH control chromosomes (Raha-Chowdhury
et al., 1995). The linkage of GH to HLA-A and the presence of a common
haplotype in the majority of patients suggested that GH has spread by
multiplication of a founder mutation, and that the majority of GH

chromosomes are derived from this founder individual.

The gene position in the founder haplotype could therefore be mapped
by linkage disequilibrium. Linkage disequlibrium is defined as the

nonrandom association of alleles at linked loci.

The lambda likelihood method of linkage disequlibrium analysis is
powerful as it analyses all recombinations since the original mutation and
not just recombination occurring in a single family (Hasbacka et al.,
1994). Using this method of linkage disequlibrium analysis in the GH
critical region Raha-Chowdhury et al. (1995) showed that the marker
D6S1260 was at the peak of linkage disequilibrium with GH in their data
set. The peak indicated the most probable region for the gene to be
located at this time. The GH gene was thought most likely to lie in the

region between D6S105 and D6S1260 (equates to approximately 900
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kb). This mapping was reproduced by an independent American study

(Seese et al., 1996) using a similar set of markers.

1.3.4. Recombinant chromosomes

Several recombinations involving GH and HLA-A and HLA-B have been
proposed but subsequently withdrawn (Edwards et al., 1986, David et al.,
1986, Panajotopoulos et al., 1989; Powell et al., 1990). However an
informative recombination in a GH patient was described by Calandro
and co-workers (1995). This positioned the HFE gene telomeric to HLA-
F. This recombinant was therefore consistent with the linkage

disequlibrium data (Calandro et al., 1995).

1.3.5. Chromosome rearrangements

An initial pulsed field gel electrophoresis (PFGE) study by Lord and co-
workers (1990) showed no GH associated changes. In this study
however the most telomeric marker used was HLA-A. More recently, a
pericentromeric inversion (6p21.1-6p23) was demonstrated to segregate
with disease in a family. However, the breakpoints appeared to flank the
predicted site of the HFE gene (Venditti et al.,, 1994). Recent studies
using PFGE in the region around D6S1260 however showed no
rearrangement (Wallace et al., 1998). The lack of any observable PFGE

rearrangements in GH suggested that the common founder mutation
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responsible for GH would not involve large chromosomal rearrangement.
This implied that the GH defect was either a point mutation or a micro
deletion or rearrangement, beyond the resolving power of techniques

such as PFGE.

1.3.6. Candidate Genes

Known proteins of iron metabolism were excluded as candidates on the

basis of their chromosomal location (see Table 1.1.). None of the

functional genes of iron metabolism mapped to 6p21.3.
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Table 1.1. Chromosomal location of known genes of iron metabolism prior to the

isolation of HFE.

Name Gene Symbol Map Location
Ferritin (H) FTH1 1193
FTHL 1-4 1p31-p22; 1932.2-g42; 2q32-q33; 3921-q23
FTHL7,8, 13912; Xq26-q28
10-16 5;8;9; 14; 17, 6p; 11913
FTHP1 6p21.3-p12
Ferritin (L) FTL 19913.3-13.4
FTLL1 20q12-qter
FTLL2 Xp22.3-p21.2
Transferrin TF 3q21
TFP 3
Transferrin receptor TFRC 3q26.2-qter
Lactoferrin LTF 3q21

Iron requlatory

binding protein IRP1 9

Aconitase (soluble) ACO1 9q22-q32
Haptoglobin HP 16q22.1
Haemopexin HPX 11915.5-15.4
Haem Oxygenase —1 HMOX1 22q12

Haem Oxygenase —2 HMOX2 16p13.3
Caeruloplasmin CP 3q21-24

Iron Response Protein 2 IRP2 15

* Adapted from Worwood 1999
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Pappas and co-workers (1995) described 10 expressed sequence tagged
sites (ESTs) mapping around the HFE gene region (Pappas et al., 1995).
ESTs are sequences defined by a pair of primers derived from cDNA.
Pappas and co-workers mapped 10 ESTs to chromosome 6p21-6p23
using a panel of somatic cell hybrids containing different portions of
chromosome 6. The fine mapping of these ESTs was not described. The
DNA library used to generate the ESTs however was fetal brain, which
was not the most likely tissue for the expression of HFE, unless HFE is

ubiquitously expressed.

A zinc finger protein described by Beutler and co-workers was proposed
as a candidate for the HFE gene, lying 500kb centromeric of D6S105
(Beutler et al., 1996). The gene was shown to be polymorphic in 3 out of
55 GH patients and 1 out of 44 control patients, however it was most
highly expressed in ovary, testis and prostate, as well as the small
intestine. Although zinc finger proteins, as transcriptional regulators, were
considered potential candidates for the HFE gene, the expression pattern
of the gene and its position made it very unlikely to be the gene causing

GH.
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1.4. Positional cloning of the HFE gene region

Positional cloning is the isolation of a gene by chromosomal map position
alone, without the use of antibodies to the protein or prior information on
function, structure or sequence. For positional cloning, the candidate
region must be refined down to a size that allows efficient use of gene
isolation techniques. In GH no recombinations or chromosome
rearrangements became apparent that would allow the gene position to

be narrowly defined (see section 1.3.4.).

1.5. Isolation of the HFE gene

Mercator Genetics Incorporated used a combined positional cloning
approach to isolate the HFE candidate gene (Feder et al., 1996). They
originally and incorrectly named the gene HLA-H (there was already an
HLA-H locus, OMIM 142925). They first generated a Yeast Artificial
Chromosome (YAC) contig stretching from HLA-A to D6S276 and used
this to isolate smaller Bacterial Artificial Chromosome (BAC), P1 Phage
Artificial Chromosome (PAC) and cosmid clones. Using these clones as a
resource they generated 26 short repeat markers across the region,
which they used for linkage disequlibrium studies (Feder et al., 1996) The
highest Pexcess Obtained (D6S2241) was 0.81, suggesting that at least
81% of disease-bearing chromosomes carried a common mutation. They

used this Pexcess data, with the deviation from Hardy-Weinberg equilibrium
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along with ancestral haplotype analysis to narrow the critical region
containing the gene to a region of 600kb. Where family data was
unobtainable a cell line was created containing each individual
chromosome 6, to enable haplotype analysis. The precise boundaries for
the gene were identified by haplotype analysis of GH chromosomes not
bearing the full extended GH ancestral haplotype, to identify the positions
of historic recombination events. This analysis defined the minimal HFE

gene region of 250kb between the markers D6S2241 and D6S2238.

Exon trapping and cDNA selection were then used on clones spanning
the critical region to identify candidate sequences. The entire genomic
region of 250,000bp was also sequenced to ensure complete
identification of all possible coding regions. The 250kb region, like the
neighboring MHC region, was gene rich, yielding 15 genes: 12 histone
genes, a Ro/SSA ribonucleotide protein (an auto antigen that is
frequently recognised in patients with Systemic Lupus Erythematosus
and Sjogren Syndrome), a sodium phosphate transporter and a HLA-A2
like sequence. To identify the most probable candidate, each gene was
individually sequenced, including intron-exon boundaries, in two
haemochromatosis patients homozygous for the founder haplotype and 2
control individuals. A single base mutation of a G to A at nucleotide 845
of the open reading frame was found to be homozygous in the HLA-A2
like gene in the patients but not present in the controls. This mutation

predicted the substitution of a cysteine at amino acid 282 by tyrosine
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(Cys282Tyr). Sequence homology with other HLA molecules predicted
that this mutation would disrupt an intrastrand disulphide bond. This
mutation was detected in 85% of GH chromosomes and only 3% of
control chromosomes. A second variant H63D (His63Asp) was also

detected (Feder et al., 1996)

1.5.1. The HFE protein and possible function

Based upon the sequence similarities, the product of the HFE gene was
predicted to have similarities with atypical class | MHC proteins (Figure
1.1). HFE is a MHC class | like molecule that interacts with B, —
microglobulin. HFE was predicted to have with three extracellular
domains (o4, a2 and aj with the binding site for B2-microglobin on a3, a
transmembrane helix and a short intracellular domain. HFE retains the
structural features of MHC class | molecules such as the four cysteine
residues that form disulphide bridges within the a2 and a; domains, but
unlike classical antigen presenting HLA molecules only two of the
normally four critically spaced tyrosine residues that are important in
peptide binding are present (Madden et al., 1992). This two tyrosine
structure will destroy the peptide binding groove as is observed with
nonclassical members of the MHC Class | family, such as the Fc receptor
that do not bind peptides (Ravetch and Marguiles, 1994; Story et al.,
1994). In the Fc receptor the peptide binding groove is effectively closed

by a proline in the a,; domain; in HFE there is an equivalent proline at
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codon 188 (Feder et al., 1996) It seemed unlikely that HFE is involved in
presentation of peptides, but how it could be involved in regulation of iron

metabolism was unclear.
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The Cys282Tyr mutation disrupts a critical disulphide bridge in the a3 loop of the
HFE protein (Figure 1.0.) This affects the protein’s ability to interact with p2-
microglobulin, retarding its presentation on the surface of the cell and binding to
the transferrin receptor protein (TfR). The His63Asp mutation does not affect the
association of HFE with B>-microglobulin, and in vitro this form is presented on

the cell surface (Waheed et al., 1997; Feder et al., 1997).

Northern blot analysis, showed a single major transcript present in most tissues
of about 4kb. Highest levels were observed in small intestine, the site of iron
absorption and the liver, the major site of iron deposition in haemochromatosis

(Feder et al., 1996).

Immunohistochemical studies showed staining for the HFE protein in some
epithelial cells in every segment of the alimentary canal. The most intense
staining was seen in the deep crypts of the small intestine (Parkkila et al., 1997).
The crypt cells do not absorb iron; this occurs as they migrate up the villus
before they are sloughed off. This was an unexpected finding as it was assumed
the staining would be more intense on the mature villus entrocytes, the site of

iron absorption.
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A major breakthrough was the demonstration of binding of HFE to the transferrin
receptor (Waheed et al., 1999, Parkkila et al., 1997b and Feder et al., 1999).
Although the mechanism of action of HFE is not fully understood, it appears to
modulate the classical transferrin receptor - mediated endocytosis pathway of

iron entry into cells.

In the small intestine, the transferrin receptor is expressed on the basolateral
surface of the enterocyte. !t remains controversial, but it may be that the HFE -
transferrin receptor complex in the basolaterial crypts may “sense” body iron

gtores, and uetermine the iron absorption of the mature enterocyte.
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1.5.2. Genetic heterogeneity of haemochromatosis

Since the discovery of the HFE gene, several other causes of haemochromatosis

have been found (Table 1.2.).

Juvenile haemochromatosis is a rare autosomal recessive disorder causing
accelerated iron overload presenting in the second and third decades of life and
affects men and women equally. The gene has been mapped by linkage analysis

to chromosome 1q, but is as yet undiscovered (Roetto et al. 1999)

Transferrin receptor 2-related haemochromatosis is an autosomal recessive
disorder caused by mutations in the gene TFR2, which encodes a transferrin

receptor isoform (Camaschella et al., 2000, Roetto et al., 2002)

Ferroportin 1 related iron overload is an autosomal dominant disorder caused by
mutation of the gene for the ferroportin iron transporter molecule (also known as
iron-regulated transcript 1, IREG1; metal transporter protein 1, MTP1,
SLC11A3). It causes iron overload, though markedly in cells of the reticulo
endothelial system (eg. Kupffer cells). It is difficult to manage clinically using
venesection as this may cause anaemia (Njajou et al., 2001; Montosi et al.,

2001; Devalia et al., 2002; Wallace et al., 2002)
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H-Ferritin related iron overload is an autosomal dominant iron overload that has
(so far) only been observed in a single Japanese family. It is caused by a
mutation in 5' iron responsive element (IRE) in the gene that encodes the H-

subunit of the iron storage molecule ferritin (Kato et al., 2001).



Table 1.2. Genetic Heterogeneity of Haemochromatosis.

Disease oMim* Gene Locus Mode of Mutation(s) Treatment
(onset) (year identified) inheritance
HFE-related hasmochromatosis 235300 HFE 6p31.3 Autosomal C282Y, H63D, Venesection
(adult) (1996) recessive S65C, IVS3+1G-HT
Juvenile hasmochromatosis 602390 Not yet cloned 1921 Autosomal - Chelation e.g. desferrioxamine
(juvenile / early adult) recessive (Venesection ~ care)
Transferrin receptor 2-related 804720, TFR2™ 7922 Autosomal Y250X, M172K, Venesection
haemochromatosis 604250 (2000) recessive 84-88insC (disease appears to be similar to HFE-
(adult) related haemochromatosis)
Ferroportin 1 — related iron overload | 604653, FPN1 2q32 Autosomal N144H, A77D, Not yet defined. Some patients become
(Adult) 606069 (also called IREG1 dominant V162del anaemic if venesectad.

or SLC11A3 or

MTP 1)

(2000)
H-ferritin IRE*** — related iron 134770 H-ferritin 11q12q13 Autosomal A49U Not yet defined
overload (Adult) (mutation dominant

identified 2001)

* edited OMIM, Online Mendelian inheritance in Man: http://www.ncbi.nim.nih.gov/Omim/ , ** TFR2, transferrin receptor 2, IRE, iron responsive element

6¢
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1.6. Molecular advances in the field of iron metabolism

1.6.1. Ferric reductase

The ferric reductase gene was cloned by a subtractive cloning strategy designed
to identify intestinal genes involved in iron absorption. The cDNA sequence
predicted a plasma membrane di-haem protein, named duodenal cytochrome B
(DcytB). Immunohistochemical staining for the protein localised to the duodenal
brush border membrane (McKie et al., 2000). Ferric reductase reduces Felll to
Fell in preparation for its uptake by Divalent Metal Transporter 1 (DMT1) (Figure

1.2.).

1.6.2. Divalent Metal Transporter 1 (DMT1/DCT1/Nramp2)

DMT1 was identified by cDNA expression cloning in Xenopus oocytes (Gunshin
et al., 1997). Itis a plasma membrane glycoprotein with 12 membrane spanning
domains. It has been demonstrated to be a metal ion transporter with a broad
substrate range that includes Fell, Znll, Coll, CdIl, Cull, Nill and Pbll. DMT1 is
found on luminal side of the upper gastrointestinal tract and on the plasma
membrane of most cells. It is also present in endosomal vesicles of
macrophages and other cells, where it functions to transport iron from within the
endosome into the cytoplasm (Flemming et al., 1998; Gruenheid et al., 1999).

On the small intestinal brush border, it is the site of iron uptake by the cell after
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its reduction by ferric reductase (Figure 1.2.). Expression of DMT1 (possibly
ferroportin 1 also) has been reported to be increased (or inappropriately high in
relation to body iron stores) in haemochromatosis patients, but as yet the mode

of this regulation is not yet fully understood (Zoller et al., 2001)
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1.6.3. Ferroportin (Ireg1)

Ferroportin was identified using three separate methodologies: subtractive
cloning (McKie et al., 2000); positional cloning of the gene responsible for
hypochromic anemia in zebrafish (Donovan et al., 2000) and by using an affinity
column to bind messenger RNAs containing Iron Response Elements (IREs)
(Abboud et al., 2000). It is an iron export protein localised to the enterocycte
basolateral membrane (connecting the enterocycte to the portal vein circulation;
see Figure 1.2.). Ferroportin (Fp1) is also found on Kupffer cells and on placental
syncytiotrophoblast cells (Donovan et al., 2000). An IRE has been reported in the
5" untranslated region (UTR), but its function is not yet understood. Expression
of ferroportin is increased in conditions that increase iron absorption, for instance
iron deficiency. This is in contrast to the effect of the classical 5'-IRE in H-ferritin,
where under low iron conditions, ferritin expression is decreased (Klausner et al.,
1993). Ferroportin has been shown to be mutated in some forms of autosomal
dominant haemochromatosis (Montosi et al., 2001; Njajou et al., 2001; Devalia et
al., 2002). Basolateral transport has been proposed as the rate limiting step of
iron absorption and this step is probably mediated by ferroportin 1 (Fp1)

(McLaren et al., 1991)
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1.6.4. Hephaestin

The Hephaestin gene (HEPH) was cloned as a result of looking for the gene
defect in the sex linked anemia (s/a) mouse (Vulpe et al., 1999). It was shown to
be a caeruloplasmin homologue with predominantly perinuclear localization
within intestinal enterocytes. This multicopper protein seems to act as the
ferroxidase, necessary for the exit of the iron from the intestinal enterocyte into
the systemic circulation (see Figure 1.2. above). However the exact function of

hephaestin has yet to be determined.

1.6.5. Hepcidin

Knock out mice for the USF2 gene (upstream of the hepcidin gene) that also
prevented expression of the hepcidin gene showed increased circulatory iron
and hepatic iron (Nicolas et al., 2001). The iron loading pattern was similar to
that displayed by the HFE knockout mouse. Hepcidin has sequence homology
with anti microbial peptides and is synthesized in the liver. It is suggested to be
part of the signaling between the body iron stores in the liver and iron absorption

in the intestine (Fleming and Sly 2001).











































































































































































































































































































































































































































































































































































