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ABSTRACT: The Cys282Tyr mutation in the HFE gene is carried by the majority of hereditary
hemochromatosis patient chromosomes, yet some patients do not seem to harbor any mutation in this gene. This
suggests a possibility that these patients may have a mutation in other genes in the same pathway as HFE. We
analyzed the cDNA sequences of transferrin receptor (TFR), which was recently shown to interact with HFE,

in twenty-one hereditary hemochromatosis patients including sixteen individuals who did not carry a
Cys282-Tyr mutation. A nucleotide substitution (4244), which resulted in the Ser14@ly amino acid
substitution, was the only amino acid polymorphism detected in the open reading frame of the TFR gene in these
patients. This amino acid substitution was a rather common polymorphism in the general population (49%) and
its frequency did not significantly differ in the hereditary hemochromatosis (HH) patients regardless of the HFE
genotype. Thus, amino acid changes in the TFR gene do not appear to play a role in HH even when the patients
do not have a HFE mutation. However, this study does not rule out the possibility of the involvement of
mutations in non-coding regions. © 1998 Academic Press
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INTRODUCTION as a compound heterozygote (1). While 12% of
the HH patients did not carry a C282Y mutation

The HFE (formerly HLA-H) gene on on either chromosome, deviation from the
chromosome 6p was identified as a strong Hardy-Weinberg expectations in the C282Y
candidate gene for hereditary hemochromatosis homozygote:heterozygote  genotype  ratio
(HH), with its Cys282Tyr (C282Y) mutation suggested that the majority of these non-C282Y
existing in 85% of the patient chromosomes (1). hemochromatosis cases were not caused by a
Other researchers confirmed the presence of this HFE gene defect (1). This indicated that some
mutation in a majority of the HH patient HH patients had iron overloading because of
chromosomes analyzed (2-6). Another mutation factor(s) other than HFE mutations. The question
His63-Asp (H63D), despite its relatively high arises: Is there a mutation in another gene,
frequency (17%) in the chromosomes from the possibly in the same pathway as HFE in those
general population, was also suggested to be patients, or is it due to a non-genetic
involved in HH, albeit with very low penetrance (environmental) factor?
and only when found in conjunction with C282Y A study addressing this issue did not find a
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mutation in the genes for a HFE binding protein
(B2-microglobulin) and a potential HFE

interacting protein (calreticulin) (7). Our recent
biochemical work has identified an interaction
between HFE and transferrin receptor (TFR)
(8,9). Moreover, HFE reduces TFR’s affinity for

transferrin, and both the C282Y and the H63D
mutations of HFE diminish this functional

activity of HFE (8). This result implies HFE

modulates the TFR pathway and that TFR is
involved in iron overloading in HH patients

containing the HFE mutations. This raises the
possibility that a mutation in TFR may cause a
similar phenotype to that of an HFE mutation, for
example by destroying the interaction between
TFR and HFE The TFR gene has been mapped
to chromosome 3 (10-12). Thus, it was not
originally considered as a candidate for the HH
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The TFR cDNA sequence (15,16) was split into
three amplicons for RT-PCR. The PCR reactions
were done using the EXpand PCR kit
(Boehringer Manheim) with cycles of: [94C for
20 sec, 60C for 30 sec, 72C for 1 min, 35 cycles]
with external primers, followed by [94C 20 sec,
60C 30 sec, 72C 1min, 25 cycles] using internal
primers. The DNA sequences of the PCR
primers were: TFR.P1 (amplicon 1, forward,
external); 5'-CA GAGCGTCGGGATATCG-3/,
TFR.P2 (amplicon 1, reverse, external); 5’-AGT
CTGTTTTCCAGTCAGAGGG-3', TFR.P3
(amplicon 1, forward, internal); 5-CGCGCTA
GTGTTCTTCTGTG-3', TFR.P4 (amplicon 1,
reverse, internal); 5-GCAATCCTGATGACC
GAGAT-3’, TFR.P11 (amplicon 2, forward,
external); 5-TGATTGTCAGAGCAGGGAAA-
3, TFR.P12 (amplicon 2, reverse, external); 5’

gene, since the HH locus had already beerGCTCTGTATTGGTTCAGATCCC-3', TFR.P13

mapped to chromosome 6p (13,14). However,

(amplicon 2, forward, internal); 5-AGCAGGGA

the apparent presence of HH patients that did noOARAATCACGTTTG-3’, TFR.P14 (amplicon 2,

contain mutations in the HFE gene, revived the
possibility that a mutation in another gene

involved in iron homeostasis, such as TFR, couldexternal);

be implicated in the etiology of HH. We tested

reverse, internal); 5-GGTTCAATTCAAC
ATCATGGG-3', TFR.P21 (amplicon 3, forward,
5-AATGCAAAATGTGAA

GCATCC-3’, TFR.P22 (amplicon 3, reverse,

this hypothesis by examining the DNA sequenceexternal)y’-GGAGAAGGTCTTTCAACCTGG-

of the TFR coding region in HH patients.
MATERIALS AND METHODS
Patient Materials

Diagnosis criteria for the HH patients,
preparation of genomic DNA and first strand
cDNA from lymphoblastoid cell lines were as
described (1). All the HH patients and control
individuals were Caucasians. All patient DNAs
were previously genotyped for C282Y and H63D
mutations in the HFE gene (1).

RT-PCR and DNA Sequence Analysis

DNA sequence analysis of the TFR gene wereto amplify the polymorphic

3, TFR.P23 (amplicon 3, forward, internal); 5'-
GCTGCTTTCCCTTTCCTTG-3, TFR.P24
(amplicon 3, reverse, internal); 5-AGGAAAGA
GGCAGTTCCCAT-3'. PCR products were
purified using a Qiaquick kit (Qiagen) and DNA
sequencing was performed on Applied
Biosystems 373 and 377 DNA sequencers using
dye terminator reactions. Analysis of DNA
sequence variations was done using the Staden
sequence analysis package (17).

Genotyping by Oligonucleotide Ligation Assay
(OLA)

The TFR 424AG polymorphism was
genotyped by OLA (18). The PCR primers used
region were

performed on the reverse transcription PCR (RT-TFR.d1.P3 (forward); 5-TTCATTCAGCAGC
PCR) products using the first-strand cDNAs from TTGATGG-3', TFR.d1.P6 (reverse); 5-TAAC
patient lymphoblastoid cells as templates (1).AAGCCATTCCCCAC-3'. The oligonucleotides
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used for OLA were: TFR.d1.A (5-side heterozygotes). This group of patients was
oligonucleotide for A-allele); 5’-biotin-GGACA chosen to consist mainly of non-C282Y HFE
GCACAGACTTCACCA-3, TFRd1.G (5’-side genotype, because those were the patients
oligonucleotide for G allele); 5’-biotin-GACAGC suspected to have an iron overload because of a
ACAGACTTCACCG-3’, and TFR.d1.X (3'-side reason other than a HFE gene defect.

oligonucleotide); 5-pGCACCATCAAGTGCT In tHeNA sequence analysis, two nucleotide
GAAT. All the oligonucleotides were synthesized substitutions in the TFR gene-coding region were
by Genset. detected in these patients. The first was a
789G-C silent (no amino acid change)
RESULTS AND DISCUSSION polymorphism. This variation was also detected

in a comparison of the two published TFR cDNA
Overlapping RT-PCR amplicons were sequences (15,16). The second nucleotide
designed to cover the entire protein-coding region substitution -4@4&auses a Serl4@ly
of the TFR gene and were amplified from (S142G) amino acid change.-@HAas been
lymphoblastoid first-strand cDNAs from twenty- recognized as a sequence difference between
three HH patients. These RT-PCR products were genomic PCR products and a cDNA clone in
analyzed by DNA sequencing. HFE genotypes of GenBank (19).

these HH patients were two C282Y homozygotes, Patients and controls were genotyped for the
five C282Y heterozygotes (including three H63D 428N polymorphism using the oligonucleotide
compound heterozygotes), and sixteen patients ligation assay (OLA) method.

lacking C282Y (seven of which were H63D

Table 1. Frequency of the TFR 4244& (S142G) polymorphism in the hereditary hemochromatosis
patient and CEPH control chromosomes

Genotype of HFE HH status A allele G allele
(number of chromosomes)
C282Y homozygote patients (n=138) 76 62
(55%) (45%)
controls (n=0) 0 0
C282Y heterozygote patients (n=18) 9 9
(56%) (44%)
controls (n=4) 2 2
(50%) (50%)
non-C282Y patients (n=38) 24 14
(63%) (37%)
controls (n=86) 44 42
(51%) (49%)
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The genotyping result of the 4246
polymorphism in HH patients and CEPH
unaffected controls is shown in Table 1. In the
CEPH controls, we observed 49% frequency of
the 424G allele (44/90 chromosomes [49%]
overall, 2/4 chromosomes [50%] in C282Y
heterozygotes and 42/86 chromosomes [49%]
from individuals lacking C282Y). The frequency
did not vary significantly for any of the subsets of
HH patients (62/138 chromosomes [45%] in
C282Y  homozygotes xf=0.34], 9/18
chromosomes [50%] in C282Y heterozygotes

d)
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>4 g of iron removed by quantitative

phlebotomy (>16 units of blood). Ihagadll

the patients had undergone liver biopsy (1). It
remains to be answered whether these patients
have an iron overload due to mutations in a yet

undiscovered gene, or due to non-genetic causes.
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C282Y patients ?=1.56]). Thus this
polymorphism does not appear to be associated-
with hereditary hemochromatosis, regardless of
the patients’ HFE genotype. The Serl42 residue
is not conserved in mice (20), suggesting it may,,
not be essential for TFR function. The high
prevalence of this allele in the general population
makes this amino acid substitution unlikely to be 3.
deleterious. Since the Seri4zly is the only
TFR coding change found in these HH patients,
and no significant association is seen betweer.
either the Ser or the Gly allele and the disease,
especially in the non-C282Y patients, a major
role of TFR coding mutations in these patients is>:
unlikely. However we could not rule out the
possibility that non-coding mutations affecting 6
transcription, splicing or mRNA stability exist.

In conclusion, we did not find evidence for
the involvement of the TFR gene in hereditary
hemochromatosis, even though its gene product.
is known to be modulated by an interaction with
HFE, making it a good candidate for a potential
second HH gene. Thus, the cause of iromS.
overload in non-C282Y patients remains
unknown. It should be noted that all of the
patients in that study met the following strict
diagnostic criteria. They are; the absence of
known cause of secondary iron overload, and the”
presence of at least two of the following criteria:

a) Hepatic iron concentration (HIC) > 4,500 ug/g
dry weight; b) calculated hepatic iron index
(HI11>2.0); c) increased stainable iron in the liver 10.
(Perl's Prussian blue stain, grade 3+ or 4+); and

320

Feder JN, Gnirke A, Thomas W, et al. A novel
MHC class I-like gene is mutated in patients with
hereditary haemochromatosidNature Genet
13:399-408, 1996.

Beutler E, Gelbart T, West C, et al. Mutation

analysis in hereditary hemochromato&tood

Cells Mol Dis22:187-194, 1996.

Jazwinska EC, Cullen LM, Busfield F, et al.
Haemochromatosis and HLA-HNature Genet
14:249-251, 1996.

Jazwinska EC, Powell LW. Hemochromatosis
and "HLA-H": definite! Hepatology25(2):495-
496, 1997.

Jouanolle AM, Gandon G, Jézéquel P, et al.
Haemochromatosis and HLA-HNature Genet
14:251-252, 1996.

Merryweather-Clarke AT, Pointon JJ, Shearman

JD, Robson KJ. Global prevalence of putative

haemochromatosis mutations. Med Genet
34(4):275-278 1997.

Beutler E, West C, Gelbart T. HLA-H and
associated proteins in  patients  with
hemochromatosisjdol Med 3(6):397-4021997.
Feder JN, Penny DM, Irrinki A, et al. The
hemochromatosis gene product complexes with
the transferrin receptor and lowers its affinity for
ligand binding. Proc Natl Acad Sci USA
95(4):1472-1477, 1998.

Pakkila S, Waheed A, Britton RS, et al.
Association of the transferrin receptor in human
placenta with HFE, the protein defective in
hereditary hemochromatosiRroc Natl Acad Sci
USA94(24):13198-13202, 1997.

Enns CA, Suomalainen HA, Gebhardt JE,
Schroder J, Sussman HH. Human transferrin
receptor: expression of the receptor is assigned to



Z.Tsuchihashi, et al. Blood Cells, Molecules, and Diseases (1998) 24(16) Aug 31: 317-321

11.

12.

13.

14.

15.

Article No. MD980199

chromosome 3.Proc Natl Acad Sci USA receptor deduced from a cDNA sequerCell
79(10):3241-3245, 1982. 39(2):267-274, 1984.

Miller YE, Jones C, Scoggin C, Morse H, 16. Schneider C, Owen MJillBanwWVilliams JG.
Seligman P. Chromosome 3q (22-ter) encodes the Primary structure of human transferrin receptor
human transferrin receptoAm J Hum Genet deduced from the mRNA sequencdature
35(4):573-583, 1983. 311(5987):675-678, 1984.

van de Rijn M, Geurts van Kessel AH, Kroezen 17. Staden R. The Staden sequence analysis package.
V, et al. Localization of a gene controlling the Mol Biotechnol5(3):233-241, 1996.
expression of the human transferrin receptor to 18. Delahunty C, Ankener W, Deng Q, Eng J,

the region g12 leads to gter of chromosome 3. Nickerson DA.Testing the feasibility of DNA
Cytogenet Cell Gen&6(3):525-531, 1983. typing for human identification by PCR and an
Simon M, Bourel M, Fauchet R, Genetet B, et al. oligonucleotide ligation #seayHum Genet
Association of HLA-A3 and HLA-B14 antigens 58:1239-1246, 1996.

with idiopathic haemochromatosiSut 17:332- 19. Evans P, Kemp J. Exon/intron structure of the
334, 1976. human transferrin recep@enel199(1-2):123-
Simon M, Alexandre JL, Bourel M, Le Marec B, 131, 1997.

Scordia  C. Heredity of idiopathic 20. Stearne PA, Pietersz GA, Goding JW. cDNA
haemochromatosis: a study of 106 famili@sn cloning of the murine transferrin receptor:
Genet 11:327-341, 1977. sequence of trans-mambrane and adjacent
McClelland A, Kuhn LC, Ruddle FH. The human regiahbnmunol134(5):3474-3479, 1985.

transferrin receptor gene: genomic organization,
and the complete primary structure of the

321



