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Abstract Extensive investigation into the molecular basis
of iron overload disorders has provided new insights into
the complexity of iron metabolism and related cellular
pathways. The possible involvement of genes affecting
iron homeostasis, including HFE, SLC40A1, HAMP and
CYBRD1, was investigated in individuals who were
referred for confirmation or exclusion of a diagnosis of
haemochromatosis, but who tested negative or were
heterozygous for the causative HFE mutation, C282Y.
Denaturing high performance liquid chromatography
analysis of these genes revealed a unique spectrum of
mutations in the South African study population, including
67 unrelated patients and 70 population-matched controls.
Two novel CYBRD1 gene mutations, R226H and IVS1-
4C→G, were identified in 11% of South African
Caucasian patient referrals. We identified a novel D270V

mutation in the SLC40A1 gene in a Black South African
female with iron overload. These mutations were absent in
the control population. In Africans with iron overload not
related to the HFE gene, the possible involvement of the
SLC40A1 and CYBRD1 genes was demonstrated for the
first time. This study confirms the genetic heterogeneity of
haemochromatosis and highlights the significance of
CYBRD1 mutations in relation to iron overload.

Introduction

Hereditary haemochromatosis (HH) is generally an auto-
somal recessive condition and is characterised by iron
overload, primarily in parenchymal cells (Bothwell et al.
1995). Iron accumulation usually results in tissue damage
and causes cirrhosis of the liver, diabetes mellitus,
arthropathy, cardiomyopathy, endocrine abnormalities
and an increased risk of hepatocellular carcinoma (Powell
et al. 1994; Bothwell et al. 1995).

Homozygosity for the C282Y mutation in HFE is the
most common disease genotype and has been identified as
the cause of HH in over 80% of individuals of European
descent with HH (Feder et al. 1996; Worwood et al. 1997).
Other mutations in the HFE gene account for the disease
phenotype in approximately 2%–10% of cases (reviewed
by Pointon et al. 2000). Non-HFE related forms of
haemochromatosis are less common but have also been
reported and include mutations in the transferrin receptor 2
gene (TFR2) (Camaschella et al. 2000; Roetto et al. 2001),
the solute carrier family 40 (proton-coupled divalent metal
ion transporter) member 1 gene (SLC40A1), which is also
known as the solute carrier family 11 (proton-coupled
divalent metal ion transporter) member 3 gene (SLC11A3),
ferroportin 1 gene (FPN1), iron-regulated transporter 1
gene (IREG1) or metal transporter 1 gene (MTP1; Njajou
et al. 2001; Montosi et al. 2001; Devalia et al. 2002;
Roetto et al. 2002; Wallace et al. 2002; Cazzola et al.
2002; Hetet et al. 2003; Jouanolle et al. 2003; Gordeuk et
al. 2003; Rivard et al. 2003) and the hepcidin antimicro-
bial peptide gene (HAMP), which is also known as the
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liver-expressed antimicrobial peptide gene (LEAP1) or
hepcidin gene (HEPC; Krause et al. 2000; Nicolas et al.
2001; Park et al. 2001; Pigeon et al. 2001; Roetto et al.
2003).

The products of these genes have various roles in iron
metabolism. HFE binds to the transferrin receptor (TFR)
and reduces its affinity for iron-loaded transferrin. TFR2
mediates the cellular uptake of transferrin-bound iron.
SLC40A1 encodes a transmembrane protein involved in
the release of iron from duodenal epithelial cells and
mediates iron efflux in the presence of a ferroxidase.
HAMP acts as a signalling molecule involved in the
maintenance of iron.

A complex spectrum of phenotypic expression has been
observed for individuals with HH (Adams et al. 1997;
Rhodes et al. 1997; De Villiers et al. 1999; Milani and
Kotze 1999; Sachot et al. 2001), which has raised the

possibility that other modifier genes contribute to the
clinical variability observed in HH. Digenic inheritance of
haemochromatosis involving mutations in both the HFE
and HAMP genes has also been described, with the
severity of the HAMP mutation determining the severity of
disease (Merryweather-Clarke et al. 2003).

In this study, the genes involved in iron storage,
transport and regulation including HFE, SLC40A1, HAMP
and CYBRD1, were analysed in patients referred for a
molecular diagnosis of HH in the South African popula-
tion. These individuals comprised a subpopulation of
individuals who were included in a previous study (Kotze
et al. 2004) and who either tested negative for the HFE
mutation C282Y or were heterozygous for this common
mutation underlying HH.

Table 2 Allele frequencies of the variants identified both in the
patient and in population-matched control groups in the diverse
South African population (WHH Caucasian haemochromatosis

patient group, WC Caucasian control group, BHH Black
haemochromatosis patient group, BC Black control group, P
probability value, NS not significant)

Gene Exon/
intron

Variant Allele frequenciesa P Allele frequencies a P

WHH
(2n=112)

WC
(2n=100)

BHH
(2n=22)

BC
(2n=40)

HFE 2 IVS2+4T→Cb (Rochette et al. 1999) 0.39 0.31 NS 0.18 0.43 0.05f

2 H63Dc (Feder et al.1996) 0.17 0.15 NS – – NS
2 S65Cc, d (Henz et al.1997) 0.03 – – – – –
4 C282Yc (Feder et al.1996) 0.08 0.10 NS – – –
4 IVS4-44T→Cb (Beutler and West 1997) 0.10 0.06 NS 0.18 0.03 0.04e

4 IVS4-50A→Gb (De Villiers et al. 1999) 0.06 0.15 NS 0.14 1.00 <0.0001f

5 IVS5-47G→Ab (Beutler and West 1997) 0.50 0.46 NS 0.15 0.65 0.0001f

SLC40A1 1 (CGG)7
b (Lee et al. 2001) 0.35 0.22 NS 0.50 0.78 –

1 (CGG)8
b (Lee et al. 2001) 0.65 0.78 NS 0.23 0.10 0.08

1 (CGG)9
b (Lee et al. 2001) – – – 0.27 0.12 0.07

1 g.-23A→Gb (This study) – – – 0.36 0.03 0.0007e

1 g.-8A→Gc (Douabin-Gicquel et al. 2001) 0.15 0.15 NS – 0.08 NS
1 g.-98G→Cc (Douabin-Gicquel et al.

2001)
0.20 0.15 NS – 0.08 NS

1 IVS1-24G→Cb (Devalia et al. 2002) 0.84 0.88 NS 0.82 0.28 <0.0001e

2 IVS2+21T→Cc, d (This study) – – – 0.04 – NS
3 IVS3+111A→Gc, d (This study) – – – 0.04 – NS
4 I109c (This study) 0.008 – NS – 0.03 NS
4 L129c (This study) – – – 0.23 0.05 0.04e

6 V221c (Devalia et al. 2002) 0.21 0.08 0.03e 0.14 – 0.04
7 D270Vc, d (This study) – – – 0.04 – –

HAMP 3 Exon3+33C→Tc, d (This study) 0.008 – – – – –
CYBRD1 1 IVS1-4C→Gc, d (This study) 0.03 – – – – –

2 IVS2+8T→Cb (This study) 0.67 0.64 NS 0.77 0.88 NS
3 IVS3-32G→Cb (This study) – – – 0.18 – –
4 R226Hc, d (This study) 0.008 – – – – –
4 S266Nb (McKie et al. 2001) 0.76 0.86 NS 0.77 0.88 NS

aAllele frequency of polymorphic allele denoted
bIdentified in both a heterozygous and homozygous state
cIdentified only in a heterozygous state
dVariants identified only in the patient group
eStatistically significant over-representation of the polymorphic allele in the patient compared with the control groups
fStatistically significant under-representation of the polymorphic allele in the patient compared with the control groups
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Materials and methods

Subjects

The study population initially included 161 apparently
unrelated patients who were referred for HH mutation
screening based on abnormal iron parameters (Bacon and
Sadiq 1997) in the absence of secondary causes for
elevated ferritin and transferrin saturation levels or a
family history of HH (Kotze et al. 2004). Serum iron
parameters were not available for the majority of cases.
After exclusion of all C282Y homozygous patients, a

subpopulation including 58 individuals without the
C282Y mutation and nine C282Y heterozygotes were
selected for further analysis. The patients and controls
were from the South African Black (11 patients and 20
control individuals) and Caucasian (56 patients and 50
control individuals) populations, with “Caucasian” refer-
ring to an individual of European descent, mainly of
Dutch, French, German or British origin and “Black”
referring to South Africans of central African descent. Iron
status was unknown in these healthy control individuals.

Fig. 1A–C Direct sequencing
analysis of the novel variants
identified (arrows points of
variation, red thymidine or T,
blue cytidine or C, green aden-
osine or A, black guanosine or
G). A In the SLC40A1 gene in
exon 1 (i), introns 2 and 3 (ii),
exon 4 (iii) and exon 7 (iv). B In
the HAMP gene in the 3′
untranslated region. C The
CYBRD1 gene in introns 1 and 2
(i) and intron 3 and exon 4 (ii).
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Denaturing high-performance liquid chromatography
analysis of the HFE, SLC40A1, HAMP and CYBRD1
genes

Deoxynribonucleic acid was extracted from whole blood
by using a standard method (Miller et al. 1988). The
various exons of the HFE, SLC40A1 (Njajou et al. 2001),
HAMP and CYBRD1 genes were amplified by polymerase
chain reaction (PCR) amplification with the intronic
oligonucleotide primers listed in Table 1. The samples
were heteroduplexed by heating at 95°C for 10 min
followed by cooling to 20°C at 2°C/min steps and
analysed by denaturing high-performance liquid chroma-
tography (dHPLC) on a WAVE DNA Fragment Analysis
System (Transgenomic). The temperatures of experimental
runs used for dHPLC analysis are available upon request.
Semi-automated DNA sequencing was performed on PCR
products in an ABI 3100 PRISM automated sequencer.

Statistical analysis

Allele and genotype frequencies were estimated and
statistical differences between patient and control groups
were tested for significance by the Fisher exact test and/or
chi-squared (χ2) analysis with Yates’ correction. A
probability value smaller than 0.05 was regarded as
statistically significant.

Results

The variants identified in both the patient and control
groups, their allele frequencies and statistically significant
differences detected between the groups are presented in
Table 2. The sequencing traces of novel variants are shown
in Fig. 1.

HFE gene

All variants observed in the HFE gene had been
previously described (Rochette et al. 1999; Höhler et al.
1999; De Villiers et al. 1999; Beutler and West 1997) and
no additional mutations were identified by dHPLC
technology (Table 2). Nine of the 56 (16.1%) Caucasian
patients included in the study were heterozygous for
C282Y and six (10.7%) of these patients also had the
H63D mutation. The S65C mutation was present in three
of 56 (5.4%) Caucasian patients and was absent in the
respective control group. One individual with the S65C
mutation also had the H63D mutation.

The C282Y, H63D and S65C mutations were absent in
the Black population, only previously described poly-
morphisms being identified in this population group
(Table 2). Statistically significant associations were,
however, observed for various polymorphisms in the
Black patient group compared with the population-
matched control group. These associations were observed

when comparing allele frequencies for IVS2+4T→C
(P<0.05, χ2 with Yates’ correction = 2.59), IVS4-
44T→C (P<0.04, χ2 with Yates’ correction = 2.83) and
IVS5-47G→A (P<0.0002, χ2 with Yates’ correc-
tion = 11.42). A statistically significant association was
observed with IVS4-50A→G for both allele (P<0.0001,
χ2 with Yates’ correction = 43.35) and genotype
(P<0.0001, χ2 with Yates’ correction = 30.00) frequencies.
The variants IVS2+4T→C, IVS4-50A→G and IVS5-
47G→A were under-represented and variant IVS4-
44T→C was over-represented in the Black patient group
compared with the population-matched control group.
This finding is indicative of linkage disequilibrium with
functional variants upstream of exon 1 affecting the
expression of HFE.

SLC40A1 gene

Several previously described polymorphisms were identi-
fied (Table 2). Six novel variants were also identified: an
A to G substitution at nucleotide position 23 upstream of
the initiating ATG in exon 1 (g.-23A→G); a T to C
transversion within the second intron (IVS2+21); an A to
G transversion within the third intron (IVS3+111);
synonymous substitutions in the codons for I109
(g.327C→T) and L129 (g.387C→T). We found a novel
mutation (g.808A→T) in exon 7 resulting in the substi-
tution of aspartic acid 270 with valine (D270V). This
mutation is in the large cytoplasmic region between
transmembrane domains 4 and 5 in the model of Devalia et
al. (2002).

No clear correlation could be made between the number
of CGG repeats in the promoter region and dHPLC
chromatograms and thus it was decided to perform direct
sequencing analysis for the patient and control groups on
this region. The majority of the variants were identified
only in the Black South African population, including
(CGG)9, g.-23A→G, IVS2+21T→C, IVS3+111A→G and
L129. The intronic variants IVS2+21T→C and IVS3
+111A→G occurred together in a Black patient and were
absent in the control population. The nucleotide changes
were not expected to alter gene splicing and were not
investigated further. The missense mutation D270V was
identified in a single Black patient and was absent from
the control population.

Statistical analysis was performed for the various
polymorphisms identified and the only significant associ-
ation achieved in the Caucasian population was for the
polymorphism within exon 6 (V221) (allele frequency:
P<0.03, χ2 with Yates’ correction = 3.14; genotype
frequency: P<0.02, χ2 with Yates’ correction = 3.98)
when comparing the patient group with the population-
matched control group.

Several statistically significant associations were ob-
served for the polymorphisms identified in the Black
population when comparing the patient group with the
population-matched control group. These associations
included the following variants: g.-23A→G (allele fre-
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quency: P<0.0007, χ2 with Yates’ correction = 10.53;
genotype frequency: P<0.001, χ2=12.82), IVS1-24G→C
(allele frequency: P<0.0001, χ2 with Yates’ correc-
tion = 14.71; genotype frequency: P<0.001, χ2=13.09),
L129 (allele frequency: P<0.04, χ2 with Yates’ correc-
tion = 2.86; genotype frequency: P<0.02, χ2=5.10) and
V221 (allele frequency: P<0.04, χ2 with Yates’ correc-
tion = 3.15; genotype frequency: P<0.03, χ2 with Yates’
correction = 3.32).

HAMP gene

Mutation analysis of the HAMP gene revealed a novel
variant identified in the region 3′ of the poly-A addition
site, causing a C to T substitution 33 nucleotides after the
end of exon 3 (exon 3+33). This variant was present in an
individual who was also heterozygous for both the C282Y
and H63D mutations of the HFE gene.

CYBRD1 gene

The previously described polymorphism S266N (McKie et
al. 2001) within exon 4 of CYBRD1 was identified at a
high frequency in both study populations, with similar
frequencies in the respective control populations (Table 2).
Additionally, we identified a new polymorphism within
intron 2, causing a T to C transversion (IVS2+8), which
was also common in our study population. Three novel
sequence changes were restricted to the patient group: a C
to G transversion within intron 1 (IVS1-4C→G); a G to A
substitution at codon 226 (g.776G→A) resulting in an
arginine to histidine substitution (R226H); a G to C
transversion within intron 3 (IVS3-32). The IVS1-4C→G
variant was identified in four of 56 (7.1%) and mutation
R226H was identified in one of 56 (1.8%) Caucasian
patient referrals. Variant IVS3-32G→C was identified in
four of 11 (36.4%) Black HH patients and was absent in
the population-matched control group. A poly-T region
within intron 2 showed high variability in our study
population and ranged from 12 to 21 Ts in this region. No
statistically significant associations were observed for the
polymorphisms identified in the CYBRD1 gene, although
the mutations only identified in patients and not in controls
might contribute to the disease phenotype.

Discussion

Polymorphisms are sequence variations present in the
general population without an obvious effect on protein
function. However, several studies have recently demon-
strated the involvement of low-penetrance polymorphisms
in the clinical expression of complex diseases (Borrego et
al. 1999; Cambien et al. 1999; Cargill et al. 1999; Fitze et
al. 1999; Yang et al. 2001; Rosenberg et al. 2002). In this
study, statistically significant associations have been
observed for many of the polymorphisms identified,

especially in the Black South African population. Because
of small sample size, these observations could be
attributable to chance, although the possibility of muta-
tions with low penetrance contributing to the disease
phenotype cannot be ruled out. The likelihood that the
polymorphisms identified may be in linkage disequilibri-
um with other disease-causing loci should also be
considered. Functional studies need to be performed to
elucidate the role of these polymorphisms, which
potentially contribute to the haemochromatosis phenotype
in the Black South African population.

Mutations identified in genes other than HFE that were
absent from the control population were identified in 11 of
67 (16%) patients investigated by dHPLC analysis. These
included six of 56 (11%) in the Caucasian population, viz.
HAMP: exon 3+33C→T (one of 56, 2%), CYBRD1: IVS1-
4C→G (four of 56, 7%) and R226H (one of 56, 2%), and
five of 11 (45%) in the Black population, viz. SLC40A1:
D270V (one of 11, 9%) and CYBRD1: IVS3-32G→C
(four of 11, 36%). These mutations were identified in
different individuals and none had a combination of the
variants identified.

The patient with the D270V mutation, a 27-year-old
Black female presenting with fatigue, had high transferrin
saturation (78%, reference range 15–50%) and serum-iron
(48.3 μmol/l, reference range 6.6–26 μmol/l) levels upon
biochemical analysis. As her serum ferritin level was
below 1,000 μg/l, she has not had a liver biopsy. Since she
is a young female of childbearing age, her serum ferritin
and transferrin saturation levels are being closely mon-
itored. She has not been venesected. Her menstrual cycle
has become irregular and, as a consequence, she has now
become anaemic.

The D270V mutation occurs between the fourth and
fifth transmembrane domains in the model of Devalia et al.
(2002). Many of the SLC40A1 mutations identified to date
map to potential external loops in this model. One
exception is the mutation described by Jouanolle et al.
(2003), G490D, found in a 54-year-old Asian female who
presented with asthenia and a very high serum ferritin
concentration (8,943 μg/l) with a transferrin saturation of
53%. The Q248H polymorphism found in African
Americans recently described by Gordeuk et al. (2003)
maps to the same cytoplasmic loop as does the D270V
mutation described here. The phenotype associated with
these two sequence changes is different. Our patient, a
young adult female, has raised transferrin saturation
(78%), whereas the patients described by Gordeuk et al.
(2003) has a mean transferrin saturation of 24%. The
Q248H polymorphism is not associated with raised
transferrin saturation and may be associated with mild
anaemia and a tendency to iron loading (Gordeuk et al.
2003), whereas our patient has raised serum iron indices
and no anaemia. Our patient also presented with high
serum γ-glutamyl transferase (37 U/l, reference range 0–
32 U/l) and serum-bilirubin (unconjugated; 12 μmol/l,
reference range 0–10 μmol/l).

A likely candidate for contributing to iron overload in
the Black South African population is the (CGG)n
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microsatellite identified in the 5′ untranslated region
(5’UTR) of the SLC40A1 gene. Here, we have identified
seven [(CGG)7], eight [(CGG)8] and nine [(CGG)9]
repeats in the Black South African population and a
marginally significant association has been observed for
this polymorphism. Of particular interest is the g.-23A→G
polymorphism, identified in eight of 11 (72.7%) Black HH
patients and one of 20 (5%) controls in the same
population; this polymorphism appears to be in cis with
the (CGG)7 allele. It would be interesting to determine
whether an allelic effect similar to that recently observed
for the −237C→T polymorphism in the SLC11A1 gene
applies, where expression of allele 3 of the promoter (GT)n
repeat is reverted in the presence of this variant, resulting
in expression profiles similar to that of allele 2 (Zaahl et al.
2004). The possible effect of silent mutations identified in
the SLC40A1 gene, viz. I109 and L129, should also be
considered. Although these mutations are normally
classified as neutral polymorphisms, some of these silent
mutations have been shown to have an effect on the
mRNA level and therefore affect the translated product
(Cartegni et al. 2002).

The patient with the HAMP exon3+33C→T mutation, a
23-year-old Caucasian male, presented with high-normal
serum ferritin levels of 226.8 μg/l and was found to be
heterozygous for both the C282Y and H63D mutations,
which are rarely (<1% of cases) associated with iron
overload. Subsequent analysis showed that his father and
younger brother were H63D heterozygotes and his mother
and other brother were heterozygous for both the C282Y
and H63D mutations. The HAMP exon3+33C→T muta-
tion was also present in the proband’s father (H63D
heterozygote) who presented with normal iron status. This
sequence variant is therefore unlikely to influence iron
status.

Intronic mutations identified in the CYBRD1 (IVS1-
4C→G, IVS3-32G→C) gene may cause splicing defects
resulting in the abolishment or at least a reduction in the
amount of mature mRNA generated. It has been estimated
that 15% of all point mutations in an intron result in a
mRNA splicing defect, causing human disease (Krawczak
et al. 1992). The CYBRD1 IVS3-32G→C variant could
affect splicing since it is included within a branch-site area
(Breathnach and Chambon 1981; Mount 1982; Padgett et
al. 1986). The IVS1-4C→G variant identified in CYBRD1
precedes an exon encoding for a region of b561 that is
thought to be related to substrate binding or recognition
and variant IVS3-32G→C precedes the exon encoding the
sixth transmembrane domain.

Alternative splicing of many pre-mRNAs is also
affected by the intracellular concentrations of antagonistic
splicing factors of the SR family and hnRNAPA1 (Zahler
et al. 1993; Caceres et al. 1994; Muro et al. 1999).
Predictive results for the effect of the R226H variant,
located at the C-terminal of the CYBRD1 gene, on these
factors were generated by using the ESEfinder (ESE—
exonic splice element) program (http://exon.cshl.edu/
ESE/). A SF2/ASF and SC35 binding site was abolished
in the presence of the mutated allele (A), which might

result in generating aberrant mRNAs that are either
unstable or code for defective or deleterious protein
isoforms. CYBRD1 is responsible for duodenal ferric
reductase activity, with protein and mRNA levels increas-
ing under iron deficiency conditions and decreasing upon
iron loading, thereby regulating iron status (McKie et al.
2001, 2002). The mutations identified in CYBRD1 could
possibly disrupt the gene product, resulting in an inability
of the gene to respond to intracellular iron levels.
Functional studies need to be performed to elucidate the
role of all the mutations identified and to confirm the
results obtained with the ESEfinder program.

Autosomal recessive inheritance is well known as being
associated with HFE mutations (Feder et al. 1996),
whereas mutations in the SLC40A1 gene are associated
with an autosomal dominant form of inheritance (Njajou et
al. 2001; Montosi et al. 2001; Wallace et al. 2002; Devalia
et al. 2002; Roetto et al. 2002). Iron overload in African
patients could not be ascribed to the common HFE
mutations but possible mutations in the HFE promoter
region, affecting regulation of the gene, and the possible
involvement of SLC40A1 and CYBRD1 warrant further
investigation in this context. The data presented are in
accordance with various other studies, demonstrating the
significance of multiple genes in iron regulation.
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