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Colocalization of Ferroportin-1 With Hephaestin
on the Basolateral Membrane of Human
Intestinal Absorptive Cells

Okhee Han* and Eun-Young Kim
Department of Nutritional Sciences, Pennsylvania State University, University Park, Pennsylvania 16802

Abstract An iron exporter ferroportin-1 (FPN-1) and a multi-copper oxidase hephaestin (Heph) are predicted to be
expressed on the basolateral membrane of the enterocyte and involved in the processes of iron export across the
basolateral membrane of the enterocyte. However, it is not clear where these proteins are exactly located in the intestinal
absorptive cell. We examined cellular localization of FPN-1 and Heph in the intestinal absorptive cells using the fully
differentiated Caco-2 cells. Confocal microscope study showed that FPN-1 and Heph are located on the basolateral
membrane and they are associated with the transferrin receptor (TfR) in fully differentiated Caco-2 cells grown on
microporous membrane inserts. However, Heph protein was not detected in the crypt cell-like proliferating Caco-2 cell.
In stably transfected human intestinal absorptive cells expressing human FPN-1 modified by the addition of GFP at the
C-terminus, we show that FPN-1-GFP is located on the basolateral membrane and it is associated with Heph suggesting
the possibility that FPN-1 might associate and interact with Heph in the process of iron exit across the basolateral

membrane of intestinal absorptive cell. J. Cell. Biochem. 101: 1000-1010, 2007. © 2007 Wiley-Liss, Inc.
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The molecular mechanism of intestinal iron
absorption has been recently proposed based on
the possible roles of the newly identified genes,
such as ferroportin-1 (FPN-1) and hephaestin
(Heph), divalent metal transporter-1 (DMT-1)
and ferrireductase duodenal cytochrom b
(Dcytbl). The vectorial passage of iron through
the enterocyte entails three steps: uptake
across the brush membrane, intracellular
translocation across the cytosol, and release of
iron across the lateral membrane of enterocyte
into the circulation [Hentze et al., 2004].

The transporter responsible for the export of
iron across membranes was identified in three
different laboratories and is variously referred
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toas FPN-1[Donovan et al., 2000], Iregl [McKie
et al., 2000], and MPT1 [Abboud and Haile,
2000]. When expressed in Xenopus oocytes, it
stimulates the release of iron in the presence of
ceruloplasmin (Cp) [McKie et al., 2000], sup-
porting its physiological role in iron export. The
transporter, FPN-1 has been suggested to be a
major iron exporter in small intestine. Although
FPN-1 protein was detected on the basolateral
membrane of enterocytes in mice [Donovan
et al., 2005], the exact function of FPN-1 during
the process of iron export from intestinal
enterocytes into the circulation unknown.

The Heph was identified as the one respon-
sible for sex-linked anemia (sla) in mice [Vulpe
et al., 1999]. The sla mice develop moderate to
severe microcytic hypochromic anemia due to
impaired intestinal iron absorption [Pinkerton,
1968; Bannerman, 1976]. However, iron uptake
across the brush border membrane in sla mice is
normal indicating there is a defect in an ‘exit’
step of iron absorption. Thus, Heph could
possibly be the factor limiting iron transfer
across the basolateral membrane of enterocyte.
Heph was proposed to have a multi-copper
oxidase activity due to its homology with Cp,
and to be located on the basolateral membrane
in intestinal enterocytes because it has a single
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predicted transmembrane domain. The pre-
vious study showed that Heph protein was
located on the basolateral membrane of small
intestine in mice [Kuo et al., 2004]. Further
detailed studies are needed to characterize its
function on exit of iron from the intestinal
absorptive cell into the circulation.

Based on molecular genetic studies in yeast
cells[De Silvaetal., 1995; Stearman et al., 1996;
Singh et al., 2006], it was recently proposed that
FPN-1 and Heph may be located on the
basolateral membrane of enterocytes, and they
may interact in the processes of iron export
across the basolateral membrane of intestinal
absorptive cells, but it remains to be explored. It
is not clear where these proteins are exactly
located, and how they are involved in the
process of iron exit in intestinal enterocytes.
Therefore, we initially investigated cellular
localization of FPN-1 and Heph proteins in
intestinal absorptive cells utilizing a human
intestinal absorptive cell model, Caco-2 cell. We
also studied cellular localization of Heph and
FPN-1-GFP in human intestinal absorptive
cells expressing GFP tagged human FPN-1
protein.

Since it is unable to separate the roles of
multiple factors in the processes of iron absorp-
tion due to the complexity of the experimental
animal models, investigators have been used
long-term enterocyte cell culture models to
investigate mechanisms of intestinal iron meta-
bolism. Caco-2 cell monolayers have been
widely used to identify molecular and cellular
mechanisms of iron absorption as well as factors
influencing iron bioavailability [Nunez et al.,
1994; Han et al.,, 1995; Glahn et al., 1996;
Tallkvist et al., 2001]. Upon confluence, Caco-2
cells spontaneously differentiate to display
many of the morphological and functional
features of mature small intestinal enterocytes
and have been widely used as a model of normal
human intestinal epithelium [Louvard et al.,
1992; Peterson et al., 1993; Bissonnette et al.,
1994; Han et al., 1998].

The aims of the current study were to
characterize the cellular localization of FPN-1
and Heph in a human intestinal absorptive cell
model. Our results demonstrate that: (1) FPN-1
and Heph are expressed on the basolateral
membrane and they are colocalized with trans-
ferrin receptor (TfR) in the intestinal absorptive
cell model, and (2) Heph protein is colocalized
with FPN-1-GFP on the basolateral membrane

in the intestinal absorptive cells expressing
GFP tagged FPN-1.

MATERIALS AND METHODS
Reagents

Tissue culture media and Hanks’ balanced
salts solution (HBSS), glutamine, non-essential
amino acids, and penicillin/streptomycin were
purchased from Invitrogen (Carlsbad, CA).
Fetal bovine serum (FBS) was obtained from
Hyclone (Logan, UT). Monoclonal mouse anti-
human TfR was obtained from Zymed (San
Francisco, CA). Nitrocellulose membranes,
enhanced chemiluminescence (ECL) kits for
Western blotting protein detection, the perox-
idase-coupled sheep anti-mouse and donkey
anti-rabbit antibodies were purchased from
PerkinElmer (Boston, MA). Alexa Fluor 448
conjugated goat anti-rabbit (or -mouse) IgG,
Alexa Fluor 546 conjugated goat anti-rabbit (or -
mouse) IgG and Alexa Fluor 594 conjugated
wheat germ agglutinin (WGA) were purchased
from Molecular Probes (Eugene, OR). Unless
otherwise noted, all other reagents were pur-
chased from Sigma Chemical (St Louis, MO),
Invitrogen, VWR (West Chester, PA), or Bio-
Rad (Hercules, CA).

Production of FPN-1 and Heph Antibodies

Peptide fragments of FPN-1 and Heph were
synthesized with an additional cysteine residue
for conjugation to keyhole limpet hemocyanin
(KLH) at the COOH terminal end (Zymed).
Sequences were verified by amino acid analysis
and mass spectroscopy. KLH-conjugated pep-
tides were injected into New Zealand White
rabbits (1 mg peptide/rabbit) for polyclonal
antibody production. Immunized rabbit serum
was purified by Affi-gel (Bio-Rad) using the
immunized peptides. The FPN-1 peptide was
synthesized according to the predicted amino
acid sequence obtained from the human FPN-1
cDNA corresponding to 18 amino acids
(KQLNLHKDTEPKPLEGTH) of the protein in
the internal loop between putative transmem-
braneregions four and five [Devalia et al., 2002].
Heph peptide was synthesized according to the
predicted amino acid sequence obtained from
the human Heph ¢cDNA corresponding to the
C-terminal 15 amino acids (QHRQRKLRRN
RRSIL) predicted to be on the cytoplasmic
surface of the membrane [Vulpe et al., 1999;
Syed et al., 2002]. Comparison of both peptide



1002 Han and Kim

sequences with public sequence databases
using BLAST identified only FPN-1 and Heph
sequences.

The specific binding activity of the antibodies
was verified by incubating with peptide. Briefly,
Caco-2 proteins were resolved and transferred
as described below. After the blots were blocked
with 5% non-fat powdered milk, they were
incubated with affinity purified FPN-1
(1:2,000) or Heph (1:2,000) antibodies in the
presence (lanes 3,6) or absence (lanes 2,5) of the
corresponding peptides, followed by incubation
with secondary antibodies. Both FPN-1 and
Heph peptides used were in 50-fold excess over
the antibodies used. The blots were visualized

using ECL after incubation with secondary
antibody. As a negative control, the membranes
wereincubated with preimmune sera (lanes 1,4)
prior to incubation with secondary antibodies
(Fig. 1A). Three FPN-1 bands were detected in
Caco-2 cell lysates (Fiig. 1A, lane 2) and all bands
were blocked by the presence of a molar excess of
FPN-1 peptide (Fig. 1A, lane 3). Usually, only
the top band is detected from Caco-2 cell lysates
in other experiments as shown in Figure 1B and
the additional immunoreactive bands mostly
represent either degradation products or pre-
mature proteins as reported by other investiga-
tors [Knutson et al., 2005; Goncalves et al.,
2006].

A lkp

' FPN-1
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Fig. 1. Expression of FPN-1 and Heph proteins in human
intestinal Caco-2 cells. A: Verification of specific binding
activities of FPN-1 and Heph antibodies. Caco-2 cell proteins
were separated by SDS-PAGE and transferred onto the
nitrocellulose membrane. The membranes were incubated with
FPN-1 or Heph antibody in the presence (lane 3,6) or absence
(lane 2,5) of the corresponding peptides, followed by incubation
with secondary antibodies. The visualized antigens by enhanced
chemiluminescence (ECL) were detected using ChemiDoc XRS

system (Bio-Rad, Hercules, CA). As a negative control, the
membranes were incubated with preimmune sera (lane 1,4) prior
to incubation with secondary antibodies. B: Expression of FPN-1
and Heph protein during cellular differentiation of Caco-2 cells.
Cells were collected during cell differentiation from 1 d post-
confluence to 18 d post-confluence and homogenized. Total
protein was resolved by 7.5% SDS—PAGE and electroblotted to
the nitrocellulose membrane prior to Western blotting for FPN-1,
Heph, or B-actin protein.
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Plasmid Construct

Human FPN-1 coding sequence was modified
by in-frame addition of a GFP tag at the
C-terminus. This was carried out by PCR
amplification from human FPN-1 ¢cDNA (RZPD,
Germany) using oligonucleotide FPN-1 5
(5-GTCGCCTGCAGTCATGACCAGG-3) and
FPN-1 3’ (5'-GTTAAACTGCAGCAAACAACA-
CATG-3') containing the PST I restriction sites
(Boldfase indicate PST I restriction site). The
PCR product was digested with PST I and
inserted into the corresponding sites of a
pEGFP vector (BD Biosciences Clontech, Palo
Alto, CA).

Cell Culture and Transfection

Cell culture. The human Caco-2 cells were
cultured as previously described [Han et al.,
1995; Han and Wessling-Resnick, 2002]. For
experiments, 50,000 cells/cm? in a volume of
1.5 ml complete Dulbecco’s Modified Essential
Medium (DMEM) were seeded on 3 pm micro-
porous membrane inserts (4.9 cm?). The baso-
lateral (bottom) chamber contained 2.5 ml
complete DMEM. The complete culture medium
contained DMEM supplemented with 25 mM
glucose, 2 mM glutamine, 100 uM MEM non-
essential amino acids, 100 U/L penicillin G,
100 mg/L streptomycin, and 10% FBS. The
culture medium was changed every 2 days, and
cells were used after 17 days post-confluence for
experiments. Cells are fully differentiated at
17 days after confluence in normal cell culture
conditions [Louvard et al.,, 1992; Han et al.,
1995; Han and Wessling-Resnick, 2002].

Transfection. Cells were seeded in a 6-well
plate for the transfection. At 80% confluence,
cells were transfected with 1 pg of FPN-1-
pEGFP construct using Lipofectamin LTX
(Invitrogen), following the manufacturer’s stan-
dard method. After 48 h of incubation, Geneticin
(Invitrogen, G418; 800 pg/ml) was added into
the culture medium to select the transfected
cells. Stably transfected cells were selected after
3 weeks, and maintained in the medium
containing G418.

Western Blot Analysis

Western blot analyses were performed to
determine FPN-1 and Heph protein levels in
Caco-2 cells. Protein samples extracted from the

same cells were used for all Western blot
analyses. Cell lyses (40 nug) were solubilized in
Laemmli buffer, boiled for 5 min, and separated
by a 7.5% SDS—PAGE. Proteins were trans-
ferred by electroblotting to nitrocellulose mem-
branes, which were then blocked by 5% non-fat
powdered milk in 10 mM Tris-HCl, pH 7.4,
150 mM NaCl (TBS) at room temperature for
1 h. The membranes were then incubated for 2 h
at room temperature with an affinity purified
FPN-1 (or Heph) antibody (1:2,000) in TBS
containing 0.05% Tween 20 (TBST). The mem-
branes were washed for several times with
TBST and then incubated for 1 h at room
temperature with peroxidase-linked goat anti-
rabbit IgG (1:3,000). The visualized antigens
by ECL were detected ChemiDoc XRS system
(Bio-Rad).

Immunofluorescence Analysis

The fully differentiated Caco-2 cells grown on
microporous membrane inserts were fixed with
2% formaldehyde and permeabilized with 0.3%
Triton X-100 for 30 min. Caco-2 cells were then
incubated with indicated primary antibodies
(anti-FPN-1; 1:200, anti-Heph; 1:200, anti-TfR;
1:500) with 1% BSA in PBS for 2 h at room
temperature. After several washes, Caco-2 cells
were then incubated with either Alexa Fluor
546 (red) conjugated goat anti-rabbit (or
-mouse) IgG or Alexa Fluor 488 conjugated goat
anti-rabbit (or -mouse) IgG for 1 h at room
temperature. To stain the plasma cell mem-
brane, the fixed cells were incubated with Alexa
Fluor 594 conjugated WGA for 10 min at room
temperature. The inserts were placed on glass
slides and mounted. Since the inserts were
placed on the microscope stage with their bases
on top of a glass slide, the direction of the laser
beam was basal to apical. The optical sections
had the same basal to apical direction. To
determine the cellular location of proteins, the
fluorescence image was taken at every 1.0 pm
from the basal end to the apical side. The images
for XY view were taken at 5 pm from the basal
side. To analyze fluorescence intensity in the
basal to apical axis from cells, the lateral view
(xz) is made up by the addition of consecutive
pixels in the y-axis. Cells were analyzed at 63 x
magnification on a laser scanning confocal
microscope (Fluoview 1000 Confocal Laser
Scanning Microscope, Olympus).
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RESULTS

Expression of FPN-1 and Heph in Human
Intestinal Absorptive Cells

The recent studies have suggested the possi-
bility that FPN-1 and Heph proteins are located
on the basolateral membrane of intestinal
absorptive cells and involved in iron export
across the basolateral membrane of enterocytes
[Vulpe et al., 1999; Abboud and Haile, 2000;
Donovan et al., 2000; McKie et al., 2000; Kuo
et al., 2004; Donovan et al., 2005]. To determine
cellular distribution of FPN-1 and Heph protein
in the intestinal absorptive cells, the fully
differentiated Caco-2 cells grown on micropor-
ous membrane inserts were fixed and incubated
with an affinity purified FPN-1 or Heph anti-

body. The antibodies specificity was confirmed
by peptide competition (Fig. 1A). The staining of
FPN-1 and Heph protein was also blocked by
FPN-1 and Heph peptide, respectively (data not
shown). Our individual localization studies
indicate that FPN-1 and Heph proteins are
located on the cell membrane of intestinal
absorptive cells as seen for TfR staining. To
determine whether FPN-1 and Heph proteins
are located on the basolateral membrane of
intestinal absorptive cells, the fully differen-
tiated Caco-2 cells grown on microporous
inserts were fixed and stained for basolateral
membrane with Alexa Fluor 594 conjugated
WGA by adding the Alexa Fluor 594 conjugated
WGA in the bottom chambers after fixing the
live cells. The cells were then permeabilized

Fig. 2. Cellular localization of FPN-1 and Heph in human
intestinal Caco-2 cells. The fully differentiated Caco-2 cells
grown on microporous membrane inserts first were fixed and
then incubated with Alexa 594 conjugated WGA in the bottom
chamber to stain the basolateral membrane of cells. The cells
were then permeabilized and examined following incubation
with antibodies against the indicated proteins. A~C: Localization
of FPN-1, Heph, and TfR on the basolateral membrane
of intestinal absorptive cells. A: FPN-1, (B) Heph, (C) TfR.

D: Location of FPN-1 and TfR in Proliferating Caco-2 cells.
E,F: Integration of fluorescence intensity in the basal to apical axis
from cells. To determine the cellular location of FPN-1 and TfR,
the fluorescence image was taken at every 1.0 pm from the basal
endto the apical side. The images for XY view were taken at 5 pm
from the basal side. To analyze fluorescence intensity in the basal
to apical axis from cells, the lateral view (xz) is made up by the
addition of 30 consecutive pixels in the y-axis. TM: view of cells,
AP: apical, BL: basolateral.
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and stained for FPN-1 protein. As shown in
Figure 2A, the staining of FPN-1 and the cell
membrane is in green and red, respectively. As
shown in Figure 2A, when the green fluorescent
image (FPN-1 staining) was overlayed with the
red fluorescent image (the cell membrane
staining), the staining shows in yellow indicat-
ing localization of FPN-1 protein on the cell
membrane of intestinal absorptive cells. Simi-
larly, the confocal microscope studies show that
Heph and TfR proteins are also located on the
cell membrane in human intestinal absorptive
cells (Fig. 2B,C). In contrast, the crypt cell-like
proliferating cells do not express Heph protein.
As shown in Figure 2D, the staining of FPN-1
and TfR was found in proliferating cells but not
Heph. Similarly, as shown by the Western blot
(Fig. 1B), Heph protein was not detected in
protein samples extracted from proliferating
Caco-2 cells.

Next, we further localized FPN-1 protein by
integrating fluorescence intensity of FPN-1
staining in the basal to apical axis (the z-axis)
of cells. To analyze fluorescence intensity in the

(Continued)

basal to apical axis from cells, the lateral view
(xz) is made up by the addition of consecutive
pixels in the y-axis. As described above, when
the green fluorescent image (FPN-1) was over-
layed with the red fluorescent image (the
plasma membrane), the image shows in yellow
indicating localization of FPN-1 on the cell
membrane of the fully differentiated Caco-2
cells (Fig. 2E, XY view). The integration of
fluorescence intensity in the basal to apical axis
(the z-axis) of cells shows that FPN-1 is
primarily located on the basolateral membrane
in fully differentiated Caco-2 cells (Fig. 2E) as
shown for TfR protein (Fig. 2F). The images for
XY view were taken at the position indicated by
the green line in XZ view. Similarly, our optical
analysis data show that Heph is also located on
the basolateral membrane in fully differen-
tiated Caco-2 cells (data not shown).

Colocalization of FPN-1 and Heph With
TR in Human Intestinal Cells

Since FPN-1 and Heph proteins are located on
the basolateral membrane of intestinal absorp-
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Fig. 3. Co localization of FPN-1 and Heph with TfR in fully differentiated Caco-2 cells. Colocalization of
FPN-1 and Heph with TfR in fully differentiated Caco-2 cells was shown by colabeling the live cultures with
FPN-1 antibody (or Heph antibody) and TfR antibody. A: Colocalization of FPN-1 with TfR. FPN-1 staining is
represented in red and TfR is shown in green. Yellow in overlay indicates colocalization. B: Colocalization of
Heph with TfR. Heph staining is represented in red and TfR is shown in green in fully differentiated Caco-2
cells. Yellow in overlay indicates colocalization of Heph with TfR.

tive cells as seen for TfR (Fig. 2), we next
determined whether FPN-1 and Heph proteins
are colocalized with TfR in intestinal absorptive
cells. The human intestinal absorptive cells
were fixed and then coincubated with the
primary antibodies of FPN-1 (or Heph) and
TfR and proteins were localized by incubating
with secondary antibodies conjugated with
Alexa Fluor 546 (FPN-1 or Heph) and Alexa
Fluor 488 (TfR). The immunostaining of FPN-1
and TfR proteins is primarily detected on the
basolateral membrane of cells as shown above
(Fig. 2). As shown in Figure 3A, when the red
fluorescent image (FPN-1 staining) was over-
layed with the green fluorescent image (TfR
staining), the staining shows in yellow indicat-
ing colocalization of FPN-1 protein with TfR
protein in human intestinal absorptive cells.
Similarly, Heph is also colocalized with TfR in
fully differentiated Caco-2 cells (Fig. 3B).

Colocalization of Heph With FPN-1-GFP on the
Basolateral Membrane in Intestinal Absorptive
Cells Expressing GFP Tagged FPN-1

The findings of the colocalization of FPN-1
and Heph with TfR on the basolateral mem-
brane suggest the possibility that FPN-1 might
be colocalized with Heph on the basolateral
membrane in human intestinal absorptive cells.
To determine whether FPN-1 and Heph pro-

teins are colocalized on the basolateral mem-
brane of intestinal absorptive cells as predicted,
Caco-2 cells were stably transfected with
FPN-1-GFP construct. We initially determined
whether GFP-tagged FPN-1 is located on the
basolateral membrane of enterocytes. The fully
differentiated Caco-2 cells grown on micropor-
ous membrane inserts were fixed and the cells
were incubated with Alexa 594 conjugated WGA
in the bottom chamber. As shown in Figure 4A,
when the green fluorescent image (GFP-tagged
FPN-1 protein) was overlayed with the red
fluorescent image (basolateral membrane stain-
ing), the staining showed in yellow indicating
localization of FPN-1-GFP on the basolateral
membrane of intestinal absorptive cells. Next,
to test whether FPN-1-GFP protein is coloca-
lized with Heph protein, the intestinal absorp-
tive cells expressing GFP-tagged FPN-1 were
fixed, permeabilized, and then incubated with
the primary antibody of Heph. The staining of
Heph protein was primarily found on the
basolateral membrane of cells. As shown in
Figure 4B, when the red fluorescent image
(Heph staining) was overlayed with the green
fluorescent image (GFP-tagged FPN-1), most of
the staining appears in yellow indicating colo-
calization of Heph protein with GFP-tagged
FPN-1 protein on the basolateral membrane in
human intestinal absorptive cells.
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Fig. 4. Colocation of Heph with FPN-1-GFP on the basolateral
membrane of intestinal absorptive cells. A: Location of FPN-1-
GFP on the basolateral membrane of intestinal absorptive cells.
The fully differentiated Caco-2 cells expressing FPN-1-GFP were
fixed and incubated with Alexa 594 conjugated WGA in the
bottom chamber. Yellow in overlay indicates location of FPN-1-
GFP on the basolateral membrane. B: Colocalization of Heph

DISCUSSION

Our findings indicate that both FPN-1 and
Heph proteins are primarily located on the
basolateral membrane of intestinal cells, which
support their proposed roles in iron exit across
the basolateral membrane of enterocyte.
Furthermore, confocal microscope data demon-
strate that Heph is colocalized with FPN-1-GFP
on the basolateral membrane in human intest-
inal absorptive cells. These observations sup-
port the possibility that FPN-1 and Heph may
interact in the processes of iron exit across the
basolateral membrane of intestinal absorptive
enterocytes as shown previously in astrocytes
[Jeong and David, 2003] and yeast cells [De
Silva et al., 1995; Stearman et al., 1996; Singh
et al., 2006].

FPN-1 protein is an important iron transpor-
ter responsible for export of iron from the
intestinal enterocyte as well as from iron
storage cells, such macrophages and hepato-
cytes. The recent elegant study by Donovan

with FPN-1-GFP on the basolateral membrane of intestinal
absorptive cells. The fully differentiated Caco-2 cells expressing
FPN-1-GFP grown on microporous membrane inserts were fixed,
permeabilized, and then incubated with the primary antibody
against Heph. Yellow in overlay indicates colocalization of FPN-
1-GFP with Heph.

et al. [2005] showed that FPN-1 deficiency
causes iron deficient anemia in FPN-1""" and
in conditional FPN-1 knockout mice. In their
intestinal specific FPN-1 knockout mice, lack of
FPN-1 protein in the intestine resulted in
anemia due to iron deficiency. The immuno-
chemistry data showed that FPN-1 was primar-
ily located on the basolateral membrane side of
intestine in wild type mice [Donovan et al.,
2005; Canonne-Hergaux et al., 2006]. It is
expected that an active form of FPN-1 protein
is located on the plasma membrane of non-
intestinal cells. Numerous clinical studies
reported that mutations of FPN-1 cause the
defective iron homeostasis in patients [Montosi
et al., 2001; Njajou et al.,, 2001]. Defective
cellular location of FPN-1 in patients with
FPN-1 mutants might cause defective intestinal
iron absorption as well asiron release from cells.
Mutations of FPN-1 can cause accumulation of
FPN-1 protein in the endoplasmic reticulum,
and no expression of FPN-1 protein on the
plasma membrane of cells [Liu et al., 2005; De
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Domenico et al., 2006; Goncalves et al., 2006].
As shown in the current study, FPN-1 protein is
primarily located on the basolateral membrane,
which suggests that FPN-1 might normally
function in fully differentiated intestinal Caco-
2 cells.

Once ferrous ion is exported across the cell
membrane, oxidation of Fe?' to Fe3' by Cp is
required for the release of iron from the tissues
into the circulation [Osaki et al., 1971]. How-
ever, aceruloplasminemia in mice leaded to iron
accumulation in many tissues but not in the
intestine [Harris et al., 1999] suggesting that
intestinal epithelium utilizes another ferroxi-
dase to convert Fe?" to Fe?". In sla mice, the
mutation of Heph results in iron deficiency
anemia due to defective intestinal iron absorp-
tion. The truncated mutation of Heph results in
iron deficiency anemia possibly due to misloca-
lization of Heph in sla mice because Heph
protein was not detected on the basolateral
membrane of small intestine in sla mice [Chen
et al., 2004; Kuo et al., 2004]. Confocal micro-
scope data from the current experiments show
that Heph protein is primarily located on the
basolateral membrane of fully differentiated
human intestinal cells. Similarly, Nittis and
Gitlin [2004] previously reported that Heph
protein is localized on the cell membrane of
intestinal T84 cells. Together, these observa-
tions support the proposed role of Heph protein
in intestinal iron absorption.

The current studies demonstrate that Heph
protein is colocalized with GFP-FPN-1 protein
on the basolateral membrane of intestinal
absorptive cells suggesting the possible inter-
actions of FPN-1 with Heph in the processes of
iron export across the basolateral membrane of
enterocytes. Molecular genetic studies in yeast
cells have showed that iron transport across cell
surface requires both iron transporter (Ftrl)
and an associated multi-copper oxidase (Fet3)
[De Silva et al., 1995; Stearman et al., 1996;
Singh et al., 2006]. Ftrl is needed for Fet3
biosynthesis and localization to the plasma
membrane [Stearman et al., 1996]. The require-
ment that both Ftrl and Fet3 proteins must
be simultaneously synthesized for proper pro-
cessing suggests that these proteins might
function as a complex on the cell surface. Iron
export in mammalian cells requires the iron
transporter FPN-1, and recent studies have
revealed a direct association between FPN-1
and the glycosylphosphatidylinositol (GPI)-

anchored multi-copper oxidase Cp during iron
movement from mouse astrocytes [Jeong and
David, 2003] suggesting a possibility that FPN-
1 and Heph are required for the exit of iron
across the intestinal basolateral membrane as
associated.

Our immunostaining results also demon-
strate that FPN-1 and Heph are colocated with
TfR on the basolateral membrane in polarized
enterocytes. Since FPN-1 and Heph are
involved in iron export process and TfR is
involved in iron import into the cell, the
colocalization of FPN-1 and Heph with TfR on
the basolateral membrane of the enterocyte is
unexpected finding. We speculate that the
colocalization of FPN-1 and Heph with TfR
might allow the newly exported ferric ion to
efficiently associate with the recycling apo-
transferrin released from TfR. FPN-1 is also
colocalized with TfR on the plasma mem-
brane in HepG2 cells (Han et al., unpublished
data).

Together, these data demonstrate that
human intestinal absorptive cells express
FPN-1 and Heph protein on the basolateral
membrane and they are colocated with TfR in
human intestinal Ceco-2 cells. Furthermore,
Heph is colocalized with GFP-tagged FPN-1
protein on the basolateral membrane of human
intestinal absorptive cells expressing FPN-1-
GFP. The data in this study reveal the possibi-
lity that FPN-1 protein associates with Heph
protein and its interaction may be a crucial
factor in the process of iron transport. Future
experiments will focus on characterizing func-
tions of FPN-1 and Heph proteins in the
processes of intestinal iron absorption as well
as interactions of these two proteins during
iron transport across the intestinal absorptive
cells.

ACKNOWLEDGMENTS

The authors thank Dr. John Beard for critical
review of the paper and the staff of the
Huck Institutes of Life Sciences shared Center
for Quantitative Cell Analysis at the Penn
State for their assistance with the confocal
microscopy.

REFERENCES

Abboud S, Haile DJ. 2000. A novel mammalian iron-
regulated protein involved in intracellular iron metabo-
lism. J Biol Chem 275:19906—19912.



Colocalization of FPN-1 with Heph 1009

Bannerman RM. 1976. Genetic defects of iron transport.
Fed Proc 35:2281-2285.

Bissonnette M, Tien XY, Niedziela SM, Hartmann SC,
Frawley BP, Jr, Roy HK, Sitrin MD, Perlman RL,
Brasitus TA. 1994. 1,25(0H)2 vitamin D3 activates
PKC-alpha in Caco-2 cells: A mechanism to limit
secosteroid-induced rise in [Ca®*]i. Am J Physiol 267:
G465-G475.

Canonne-Hergaux F, Donovan A, Delaby C, Wang HdJ, Gros
P. 2006. Comparative studies of duodenal and macro-
phage ferroportin proteins. Am J Physiol Gastrointest
Liver Physiol 290:G156—-G163.

Chen H, Attieh ZK, Su T, Syed BA, Gao H, Alaeddine RM,
Fox TC, Usta J, Naylor CE, Evans RW, McKie AT,
Anderson GJ, Vulpe CD. 2004. Hephaestin is a ferrox-
idase that maintains partial activity in sex-linked
anemia mice. Blood 103:3933—-3939.

De Domenico I, McVey Ward D, Nemeth E, Ganz T,
Corradini E, Ferrara F, Musci G, Pietrangelo A, Kaplan
J. 2006. Molecular and clinical correlates in iron overload
associated with mutations in ferroportin. Haematologica
91:1092-1095.

De Silva DM, Askwith CC, Eide D, Kaplan J. 1995. The
FET3 gene product required for high affinity iron
transport in yeast is a cell surface ferroxidase. J Biol
Chem 270:1098-1101.

Devalia V, Carter K, Walker AP, Perkins SJ, Worwood M,
May A, Dooley JS. 2002. Autosomal dominant reticu-
loendothelial iron overload associated with a 3-base pair
deletion in the ferroportin 1 gene (SLC11A3). Blood 100:
695—-697.

Donovan A, Brownlie A, Zhou Y, Shepard J, Pratt Sd,
Moynihan J, Paw BH, Drejer A, Barut B, Zapata A, Law
TC, Brugnara C, Lux SE, Pinkus GS, Pinkus JL,
Kingsley PD, Palis J, Fleming MD, Andrews NC, Zon
LI. 2000. Positional cloning of zebrafish ferroportinl
identifies a conserved vertebrate iron exporter. Nature
403:776-781.

Donovan A, Lima CA, Pinkus JL, Pinkus GS, Zon LI,
Robine S, Andrews NC. 2005. The iron exporter ferro-
portin/Slc40al is essential for iron homeostasis. Cell
Metab 1:191-200.

Glahn RP, Wien EM, Van Campen DR, Miller DD. 1996.
Caco-2 cell iron uptake from meat and casein digests
parallels in vivo studies: Use of a novel in vitro method
for rapid estimation of iron bioavailability. J Nutr 126:
332-339.

Goncalves AS, Muzeau F, Blaybel R, Hetet G, Driss F,
Delaby C, Canonne-Hergaux F, Beaumont C. 2006. Wild-
type and mutant ferroportins do not form oligomers in
transfected cells. Biochem J 396:265—275.

Han O, Wessling-Resnick M. 2002. Copper repletion
enhances apical iron uptake and transepithelial iron
transport by Caco-2 cells. Am J Physiol Gastrointest
Liver Physiol 282:G527-G533.

Han O, Failla ML, Hill AD, Morris ER, Smith JC, Jr. 1995.
Reduction of Fe(IIl) is required for uptake of nonheme
iron by Caco-2 cells. J Nutr 125:1291-1299.

Han O, Li GD, Sumpio BE, Basson MD. 1998. Strain
induces Caco-2 intestinal epithelial proliferation and
differentiation via PKC and tyrosine kinase signals. Am J
Physiol 275:G534—-G541.

Harris ZL, Durley AP, Man TK, Gitlin JD. 1999. Targeted
gene disruption reveals an essential role for ceruloplas-

min in cellular iron efflux. Proc Natl Acad Sci USA 96:
10812-10817.

Hentze MW, Muckenthaler MU, Andrews NC. 2004.
Balancing acts: Molecular control of mammalian iron
metabolism. Cell 117:285-297.

Jeong SY, David S. 2003. GPI-anchored ceruloplasmin is
required for iron efflux from cells in the central nervous
system. J Biol Chem.

Knutson MD, Oukka M, Koss LM, Aydemir F, Wessling-
Resnick M. 2005. Iron release from macrophages after
erythrophagocytosis is upregulated by ferroportin 1
overexpression and downregulated by hepcidin. Proc
Natl Acad Sci USA 102:1324-1328.

Kuo YM, Su T, Chen H, Attieh Z, Syed BA, McKie AT,
Anderson GdJ, Gitschier J, Vulpe CD. 2004. Mislocalisa-
tion of hephaestin, a multicopper ferroxidase involved in
basolateral intestinal iron transport, in the sex linked
anaemia mouse. Gut 53:201-206.

Liu XB, Yang F, Haile DdJ. 2005. Functional consequences
of ferroportin 1 mutations. Blood Cells Mol Dis 35:
33-46.

Louvard D, Kedinger M, Hauri HP. 1992. The differentiat-
ing intestinal epithelial cell: Establishment and main-
tenance of functions through interactions between
cellular structures. Annu Rev Cell Biol 8:157—-195.

McKie AT, Marciani P, Rolfs A, Brennan K, Wehr K,
Barrow D, Miret S, Bomford A, Peters TdJ, Farzaneh F,
Hediger MA, Hentze MW, Simpson RJ. 2000. A novel
duodenal iron-regulated transporter, IREG1, implicated
in the basolateral transfer of iron to the circulation. Mol
Cell 5:299-309.

Montosi G, Donovan A, Totaro A, Garuti C, Pignatti E,
Cassanelli S, Trenor CC, Gasparini P, Andrews NC,
Pietrangelo A. 2001. Autosomal-dominant hemochroma-
tosis is associated with a mutation in the ferroportin
(SLC11A3) gene. J Clin Invest 108:619-623.

Nittis T, Gitlin JD. 2004. Role of copper in the proteosome-
mediated degradation of the multicopper oxidase
hephaestin. J Biol Chem 279:25696—-25702.

Njajou OT, Vaessen N, Joosse M, Berghuis B, van Dongen
JW, Breuning MH, Snijders PJ, Rutten WP, Sandkuijl
LA, Oostra BA, van Duijn CM, Heutink P. 2001. A
mutation in SLC11A3 is associated with autosomal
dominant hemochromatosis. Nat Genet 28:213—-214.

Nunez MT, Alvarez X, Smith M, Tapia V, Glass J. 1994.
Role of redox systems on Fe' uptake by transformed
human intestinal epithelial (Caco-2) cells. Am J Physiol
267:C1582—-C1588.

Osaki S, Johnson DA, Frieden E. 1971. The mobilization of
iron from the perfused mammalian liver by a serum
copper enzyme, ferroxidase I. J Biol Chem 246:3018—
3023.

Peterson MD, Bement WM, Mooseker MS. 1993. An in vitro
model for the analysis of intestinal brush border
assembly. II. Changes in expression and localization of
brush border proteins during cell contact-induced brush
border assembly in Caco-2BBe cells. J Cell Sci 105(Pt 2):
461-472.

Pinkerton PH. 1968. Histological evidence of disordered
iron transport in the x-linked hypochromic anaemia of
mice. J Pathol Bacteriol 95:155-165.

Singh A, Severance S, Kaur N, Wiltsie W, Kosman DdJ.
2006. Assembly, activation, and trafficking of the
Fet3p.Ftrlp high affinity iron permease complex in



1010 Han and Kim

Saccharomyces cerevisiae. J Biol Chem 281:13355—
13364.

Stearman R, Yuan DS, Yamaguchi-Iwai Y, Klausner RD,
Dancis A. 1996. A permease-oxidase complex involved in
high-affinity iron uptake in yeast. Science 271:1552—
1557.

Syed BA, Beaumont NJ, Patel A, Naylor CE, Bayele
HK, Joannou CL, Rowe PS, Evans RW, Srai SK.
2002. Analysis of the human hephaestin gene and
protein: Comparative modelling of the N-terminus ecto-

domain based upon ceruloplasmin. Protein Eng 15:205—
214.

Tallkvist J, Bowlus CL, Lonnerdal B. 2001. DMT1 gene
expression and cadmium absorption in human absorptive
enterocytes. Toxicol Lett 122:171-177.

Vulpe CD, Kuo YM, Murphy TL, Cowley L, Askwith C,
Libina N, Gitschier J, Anderson GdJ. 1999. Hephaestin, a
ceruloplasmin homologue implicated in intestinal iron
transport, is defective in the sla mouse. Nat Genet
21:195-199.



