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Abstract. Hereditary hemochromatosis is an autosomal reces-
sive disease, and 80-90% of patients exhibit cys282Tyr or 
His63Asp mutations in the HFE gene. HFE, also known as 
major histocompatibility complex (MHc) class I-like molecule, 
binds to transferrin receptor 1 (TfR1) and β2-microglobulin 
at the cell surface, forming a complex. Some MHc class I 
molecules are known to be soluble, raising the possibility that 
HFE also has a soluble form. However, it is not known whether 
soluble HFE (sHFE) is present in human serum, and there has 
been no report on the possible binding between sHFE and 
soluble TfR (sTfR), which is the fragment of the extracellular 
domain of TfR1 released into the blood. In the present study, 
we purified an sTfR complex from pooled serum collected 
from healthy volunteers, showing that the main components of 
the complex are sTfR and transferrin. We also confirmed the 
existence of sHFE in this complex. This is the first report on 
the existence of sHFE in human serum.

Introduction

Transferrin receptor 1 (TfR1) is a type II membrane protein, 
which functions in iron uptake from transferrin by cells via 
a well-known recycling pathway (1-3). Two identical TfR1 
subunits form a homodimer with a disulfide bond near the 
plasma membrane. In the recycling pathway, a portion of TfR1 
is hydrolyzed at the point between Arg100 and Leu101 in the 
extracellular domain of TfR1. The extracellular domain of 

TfR1 is released from the cells into the blood and is detectable 
as soluble TfR (sTfR) (4-8). The concentration of sTfR is 
increased in iron deficiency anemia and autoimmune hemolytic 
anemia, and is decreased in aplastic anemia and the myelo-
dysplastic syndrome. The concentration of circulating sTfR is 
therefore, a marker of erythropoiesis and iron storage (9-11).

TfR1 binds to HFE, the protein which when mutated is 
responsible for hereditary hemochromatosis, as well as to 
β2-microglobulin (β2m) at the cell surface, forming a complex 
(12-17). Hereditary hemochromatosis is an autosomal reces-
sive disease, and 80-90% of patients exhibit cys282Tyr or 
His63Asp mutations in the HFE gene. HFE binds to TfR1 
in the intracellular endosome bearing the Tf-TfR1 complex, 
reducing the binding affinity between TfR1 and Tf (16,18-20). 
In addition, HFE has been reported to reduce the rate of TfR1 
recycling and of iron uptake (21). HFE has a high similarity to 
the major histocompatibility complex (MHc) class I proteins. 
Some MHc class I molecules are known to be soluble (22-29), 
raising the possibility that HFE also has a soluble form. 
Recombinant soluble HFE (sHFE) protein produced by the 
transfection of the extracellular portion of HFE binds to 
sTfR, and sHFE can bind to the complex of Tf-TfR1 (13,30). 
However, it is not known whether sHFE is present in human 
serum, and there is no report concerned with possible binding 
between sHFE and sTfR in the circulation. Therefore, we 
investigated these possibilities.

Materials and methods

Cell cultures and liver tissues. Human hepatoma-derived 
HLF cells (Japanese cancer Resources Bank, Tokyo) were 
cultured with RPMI-1640 medium supplemented with 10% 
fetal bovine serum (FBS), 100 U/ml penicillin, and 100 mg/ml 
streptomycin sulfate at 37˚C in a 5% CO2 incubator. Human 
liver samples were obtained from liver biopsies performed in 
patients with hepatitis, and used with written permission.

Antibodies. Anti-TfR1 monoclonal antibodies (clone Nos. 
TR101 and TR112, IgG1, Nissui, Tokyo), anti-Tf monoclonal 
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antibody (Biodesign International, ME), and anti-cd5 anti-
body (B-B8, IgG1, Funakoshi) were used. Anti-HFE antiserum 
was obtained by vaccination of rabbits with a complex of a 
recombinant HFE sequence (171-182: RHKIRARQNRAYc) 
and keyhole limpet hemocyanin. Peroxidase-conjugated anti-
mouse (Rockland, PA) or anti-rabbit (chemicon, cA) antibodies 
were used as the secondary antibodies in Western blotting.

Purification of sTfR complex from pooled serum collected 
from healthy volunteers. Pooled serum (100 ml) collected 
from healthy volunteers was passed through an anti-TfR1 
monoclonal antibody-bound Sepharose-4B column (column 
volume of 10 ml), and then washed with phosphate buffered 
saline (PBS). Elution was performed using ammonium 
peroxide solution (pH 11.0), and the fractions including 
sTfR were determined by enzyme-linked immunosorbent 
assay (ELISA) and collected. Next, collected fractions were 
equilibrated with 0.01 M Tris phosphate (pH 8.0), and further 
purified by passage through a monoQ column (linear gradient 
of Nacl, 0-0.5 M). Fractions including sTfR were analyzed 
by ELISA, for use in the present study. Protein concentrations 
were determined by the Lowry method (Bio-Rad, cA).

ELISA. Ninety-six-well plates were coated with 100 µg/ml of 
the anti-TfR1 antibody (TR112) for 3 h at room temperature, 
and then blocking was performed using PBS with 1% bovine 
serum albumin (BSA). Anti-TfR1 antibody clone TR101 was 
used for the detection. color assays were performed using 
4.5 mM disodium phenylphosphate and 2 mM 4-aminoanti-
pyrine as the substrate. Absorbance was measured at 490 nm.

SDS-PAGE and silver staining. cultured cells were harvested 
with a cell scraper, washed with PBS twice, and then incu-
bated with lysis buffer (50 mM Tris-Hcl, pH 7.5, 150 mM Nacl, 
1 mM phenylmethylsulfonyl fluoride, 1.0% Nonidet P-40) for 
30 min at 4˚C. Human liver tissues were homogenized with 
lysis buffer. Both samples were centrifuged at 14,000 rpm 
for 10 min at 4˚C and then the supernatant was collected. 
collected samples were mixed with Laemmli sample buffer 
(Bio-Rad) for 5 min at 96˚C and used for sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SdS-PAGE) with 
8 or 10% SdS-polyacrylamide gels. A silver stain reagent kit 
(daiichi-Kagaku-Yakuhin) was used for silver staining.

Immunoprecipitation. Lysates obtained from cultured cells, 
human liver tissues, and purified sTfR fractions were incu-
bated with protein G-Sepharose (Pharmacia Biotech, Uppsala, 
Sweden) and centrifuged. Supernatants were collected, and 
primary antibody was added and incubated for 8 h at 4˚C. 
Washing was performed with lysis buffer twice, then Laemmli 
sample buffer was added, followed by incubation for 5 min at 
96˚C. Finally, the samples were applied for SDS-PAGE.

Western blotting. After SdS-PAGE, proteins were transferred 
to nitrocellulose membranes. Nitrocellulose membranes were 
treated with blocking buffer (5% skim milk dissolved in 0.05% 
Tween-PBS) at 4˚C overnight, washed with 0.05% Tween-PBS, 
and then incubated with peroxidase-conjugated secondary anti-
body for 1 h at room temperature. After washing with 0.05% 
Tween-PBS, the EcL chemiluminescence system (Amersham, 

Buckinghamshire, UK) was used for detection. To determine 
the specificity of the produced anti-HFE antibody, Western 
blotting was performed as above using the anti-HFE antibody 
mixed with peptide (8 µg/ml) which was used as antigen for 
producing the anti-HFE antibody.

Transfection of HLF cells with the HFE gene. Total RNA was 
purified from human hepatoma-derived chang cells using 
RNAgents total RNA isolation system (Promega). comple-
mentary dNA was synthesized by reverse transcription with 
M-MLV Reverse Transcriptase (Promega) using an oligo dT 
primer (Invitrogen, cA). Nested polymerase chain reaction 
(PcR) was then performed using Taq dNA polymerase 
(Takara) and 3 primers (first sense: 5'-CTGAGCCTAGGCA 
ATAGCTG-3', second sense: 5'-TAGGGTGACTTCTGGAG 
CCA-3', first and second antisense: 5'-TCACGTTAGCTAAG 
ACGTA-3'). The entire coding region of the HFE gene without 
a stop codon (position -86 to 1043) was amplified by PCR. 
Forty thermal cycles of 94˚C for 4 min, 55˚C for 1 min, and 
72˚C for 2 min were performed. The PCR product was ligated 
in pT7 blue vector (Novagen, Madison, WI), and its sequences 
confirmed using the ABI PRISM™ 310 Genetic Analyzer 
(Applied Biosystems). Subcloning of the HFE gene to the 
mammalian expression pRc/cMV vector (Invitrogen) was then 
performed. Transfection of HLF cells with the pRc/cMV 
vector bearing the HFE gene was carried out by lipofection 
using the GenePorter kit (Gene Therapy Systems, cA). cells 
were harvested 48 h after transfection.

Labeling of the sTfR fraction with 125I. Purified sTfR fraction 
(20 µl, 50 µg/ml), IOdO-Beads (Iodinating reagent, Pierce), 
40 µci of 125I (Amersham), and 500 µl of 100 mM Tris-Hcl 
were mixed and incubated for 15 min at room temperature. 
The mixture was passed through a Pd-10 column (Bio-Rad), 
and collected fractions were assayed with a gamma counter. 
Fractions labeled with 125I were then collected and used in the 
experiments.

Results

Purification of the sTfR complex from pooled sera of healthy 
volunteers. due to the fact that the serum concentration of 
HFE was expected to be low, and a method for purifying only 
HFE was not available, we tried to purify sTfR that might 
include soluble HFE. Pooled serum collected from healthy 
volunteers was isolated by affinity chromatography using an 
anti-TfR1 monoclonal antibody-bound Sepharose-4B column. 
The sTfR complex was further purified by ion-exchange chro-
matography utilizing a monoQ column and a linear gradient 
of Nacl. The concentrations of eluted proteins as a function 
of Nacl concentration, as well as the absorbancies measured 
by ELISA for quantifying the concentration of sTfR in each 
fraction are shown in Fig. 1A. The concentrations of sTfR 
indicated by the absorbancies at Od 490 nm were relatively 
high in the fractions eluted in 0.2-0.3 M Nacl. These fractions 
were collected, and used for further experiments.

Characteristics of the purified sTfR fractions. To determine 
the characteristics of the purified sTfR fractions, 10 mg of 
purified protein were applied for SDS-PAGE electrophoresis 
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and silver staining. Although a broad non-specific band could 
be seen at the region of high molecular weight, silver staining 
showed clear bands with apparent molecular weights of 85 
and 65 kda (Fig. 1B). To identify these proteins, Western 
blotting was performed. The band at 85 kda reacted with 
the anti-TfR1 antibody and the band at 65 kda reacted with 
the anti-Tf antibody (Fig. 1C) confirming that the principal 
components of the sTfR fraction were sTfR and Tf. This result 
verifies a previous report concerning the main components 
of the sTfR fraction purified from pooled sera of healthy 
volunteers (31).

Determination of the specificity of the anti-HFE antibody 
against HFE. The specificity of the anti-HFE antibody made 
by immunization of a rabbit with HFE was determined. Lysates 
were prepared from liver tissues expressing HFE, human 
hepatoma-derived HLF cells that did not express any HFE, 
and the transiently transfected HLF cells (HLF-Tr) with HFE 
expression vector. SdS-PAGE was performed after immuno-
precipitation with the anti-TfR1 antibody, and then Western 
blotting was performed using the anti-HFE antibody. The band 
at 48 kda in the liver tissue was considered to be HFE, but 

no band was observed in HLF cells (Fig. 2A). HLF-Tr cells 
showed the band at the molecular weight of 48 kda as the same 
as that in the liver tissue (Fig. 2A). The reactivity of the anti-
HFE antibody was inhibited by the peptide which was used for 
vaccination of the rabbit, indicating that the produced antibody 
specifically recognized and reacted with HFE (Fig. 2A).

Detection of soluble HFE in the purified sTfR fractions. To 
determine if HFE was present in the purified sTfR fractions, 
lysates from liver tissues and purified protein were subjected to 
SdS-PAGE followed by Western blotting using the anti-HFE 
antibody. The band was observed in the purified sTfR fraction 
at 48 kda similarly to the plasma membrane-bound HFE from 
liver tissues (Fig. 2B). The purified protein was then labeled 
with 125I and immunoprecipitated with the anti-HFE antibody. 
The band observed at 48 kda in the 125I-labeled sTfR fraction 
was separated by SdS-PAGE after immunoprecipitation with 
the anti-HFE antibody (Fig. 2c). In contrast, no band was 
observed in the negative control when normal rabbit serum 
was used for immunoprecipitation. These results indicate that 
the size of sHFE was almost the same as that of the membrane-
bound HFE. However, the concentrations of sHFE in healthy 
donors were considered to be very low compared to sTfR and 
Tf since no band was observed at 48 kda with silver staining 
(Fig. 1B).

Figure 1. (A) Purification of sTfR by ion-exchange chromatography. 
Fractions including sTfR were concentrated from pooled serum collected 
from healthy volunteers using an anti-TfR1 antibody-bound Sepharose 4B 
column, and then passed through an ion-exchange monoQ column. Finally, 
fractions were eluted using the gradient concentrations of Nacl. The dotted 
line indicates the concentration of Nacl; the solid line indicates the concen-
trations of eluted proteins measured by the absorbancies at 280 nm; and the 
open circles indicate the concentration of sTfR measured by the absorban-
cies at 490 nm with the ELISA system. (B) Silver staining for the purified 
fraction of sTfR after SdS-PAGE. Two bands corresponding to 85 kda and 
65 kDa proteins were observed. (C) Western blot analysis for the purified 
fraction of sTfR after SdS-PAGE using an anti-Tf (Tf) and an anti-TfR1 
antibody (TfR1). Two bands corresponding to 85 kda and 65 kda proteins 
were observed, indicating these proteins were sTfR and Tf, respectively.

Figure 2. (A) Determination of the specificity of the anti-HFE antiserum. 
To determine the specificity of the anti-HFE antiserum produced by vac-
cination of a rabblit with the HFE peptide, lysates prepared as indicated 
were applied for immunoprecipitation by an anti-TfR1 antibody followed by 
Western blotting with the anti-HFE antiserum. Lysates were prepared from 
liver tissues, human hepatoma-derived HLF cells without the expression of 
HFE, transfected HLF cells with HFE expression vector (HLF-Tr), HLF-Tr 
lysate blocked by the peptide used as an antigen. (B) Western blotting for 
the purified sTfR fraction using the anti-HFE antiserum. The purified sTfR 
fraction was taken for SdS-PAGE followed by Western blotting using the 
anti-HFE antiserum. Bands corresponding to 48 kda were observed in both 
samples. Lysates were prepared from liver tissues and the purified sTfR 
fraction. (c) Immmunoprecipitation from 125I-labeled purified sTfR fraction 
using the anti-HFE antiserum. The purified sTfR fraction was labeled with 
125I and then subjected to immunoprecipitation using an anti-HFE antibody 
followed by SdS-PAGE. The 48 kda protein was immunoprecipitated 
with the anti-HFE antibody. Normal rabbit serum was used as the negative 
control.
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Determination of the complex formed between sTfR and 
sHFE. To determine whether sHFE forms a complex with 
TfR1, immunoprecipitation and Western blotting using an 
anti-TfR antibody and the anti-HFE antibody were performed. 
Western blotting and SdS-PAGE showed clear 48 kda bands 
in the lysate prepared from liver tissues and the sTfR fraction 
(Fig. 3A). In contrast, Western blotting using the anti-TfR1 
antibody after immunoprecipitation with the anti-HFE anti-
body and SdS-PAGE showed clear bands at 85 kda in the 
sTfR fraction (Fig. 3B). No band at 85 kda using the anti-cd5 
antibody as a negative control was seen. We therefore, conclude 
that HFE on the cell surface is released into the serum as 
a soluble form with almost same molecular weight as the 
membrane-bound HFE, and binds to sTfR to form a complex.

Discussion

In the present study, sTfR fractions were purified from the 
serum of healthy volunteers using an affinity column with an 
anti-TfR1 antibody and a monoQ column. It was confirmed 
that the main contents of the purified fractions were sTfR and 
Tf. Soluble HFE was also found, although its amount was very 
small. This is the first report indicating the presence of HFE 
as a soluble form bound to sTfR in serum. There are reports 
that HFE forms lacking the α domain or a portion of it, appar-
ently products of alternative splicing that alters the sequence 
with which HFE binds to TfR1 (32-34), resulting in sHFE that 
cannot form a complex with sTfR, may also circulate. Further 
investigation is warranted.

HFE belongs to MHc class Ib, and has constructive homo-
logy with MHc class Ia in which HLA-A, -B, and -c belong. 
They have the α chain as an extracellular domain (α1, α2, α3 
domains), a transmembranous domain, and an intracellular 
domain and therefore, are transmembrane proteins. The exis-
tence of a soluble form has been reported in MHc class Ia, 
and it was also reported that the serum concentration and the 
molecular conformation are related to the disease activity and 
to complications in liver or kidney transplantations (22,26), to 
systemic lupus erythematosus, and to rheumatoid arthritis 
(25,28,29). MHc class Ib has also been reported to have a 
soluble form (35,36), and the serum concentration of HLA-G 
which belongs to this MHc class was useful for the diagnosis 
of placental abruption (37) and lymphoproliferative diseases 
(38). The clinical significance of the soluble HFE should be 
clarified by further studies.

Three conformational variants of the soluble forms of 
MHC class Ia and Ib have been identified (27-29,35,36). The 
first one has been digested just external to the cell membrane 
by metalloproteinase, resulting in a smaller molecular weight 
compared to the membrane-bound protein. The second type 
is produced by alternative splicing that leads to loss of the 
transmembrane portion of the protein. The third is released 
into the serum following shedding or destruction of cells and 
exhibits a molecular weight almost the same as that of the 
intact membrane-bound protein. The soluble HFE observed in 
the present study has a molecular weight of 48 kda identical to 
that of membrane-bound HFE, implying that the soluble HFE 
possesses both transmembrane and intracellular portions and 
is released into the circulation by cell shedding or destruction.

We confirm that recombinant sHFE protein produced by 
cHO cells (13,30), Tf, and recombinant sTfR form a complex, 
with a stoichiometry resembling that observed at the cell 
surface where recombinant sTfR forms a dimer. It has also 
been reported that a Tf molecule and an sHFE molecule could 
bind to the dimer of sTfR, and that two sHFE molecules could 
bind to the dimer of sTfR when the concentration of sHFE is 
increased. However, the stoichiometry may change because 
sTfR in the serum may be a monomeric fragment from 
digestion at the region of disulfide bond formation. Complexes 
formed with one molecule of sTfR and one molecule of Tf, 
and with two molecules of sTfR and two molecules of Tf 
have been described (31), and a complex with two molecules 
of sTfR and one molecule of Tf has been found in decreased 
iron loads (39). We could find no data on whether a complex 
of sHFE and Tf exists. A complex of monomeric sTfR and 
sHFE and Tf is not expected because the binding site of sTfR 
and Tf partly overlaps with the binding site of sTfR and sHFE 
(30). However, the fact that two molecules of sTfR and two 
molecules of Tf could form a complex suggests the existence 
of a complex of two molecules of sTfR with one molecule of 
Tf and one molecule of sHFE.

We have shown that sHFE binds to sTfR. Whether the 
concentration of serum sHFE has some direct or indirect 
effect on iron absorption and iron sequestering of the cells 
remains unclear. concentrations of sHFE might fluctuate 
with the volume of HFE-expressing cells or the catabolim of 
a growing cell. Further investigation is required to determine 
if there is an effect on iron metabolism, and a possible clinical 
relevance of the findings.

Figure 3. (A) Determination of sHFE bound with sTfR in the purified sTfR 
fraction by an anti-TfR1 antibody. Lysates prepared from liver tissues and the 
sTfR fraction were immunoprecipitated using an anti-TfR1 antibody. After 
immunoprecipitation, SdS-PAGE was performed, followed by Western 
blotting using the anti-HFE antibody. Bands corresponding to 48 kda were 
observed in both lanes, indicating that both were precipitable with TfR1. 
(B) Detemination of soluble TfR bound with soluble HFE in the purified 
soluble TfR fraction by an anti-HFE antibody. Lysates prepared from the 
sTfR fraction were immunoprecipitated using an anti-HFE antibody. After 
immunoprecipitation, SdS-PAGE was performed, followed by Western blot-
ting using an anti-TfR1 antibody or an anti-cd5 antibody (negative control). 
The band corresponding to the 85 kda protein was observed in the left lane.
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In conclusion, we purified an sTfR complex from pooled 
serum collected from healthy volunteers, showing that the 
main components of the complex were sTfR and Tf. We also 
confirmed the existence of sHFE in that complex. We believe 
this is the first report on the existence of sHFE in normal 
healthy people. HFE expressed on the cell surface was found 
to be released from the cells to the serum in a soluble form 
which complexes to sTfR. The clinical significance of our 
findings is not yet clear.
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