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Ferroportin 1 is expressed basolaterally in rat kidney proximal
tubule cells and iron excess increases its membrane trafficking
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Abstract

Ferroportin 1 (FPN1) is an iron export protein expressed in liver and duodenum, as well as in reticuloendothelial macrophages.
Previously, we have shown that divalent metal transporter 1 (DMT1) is expressed in late endosomes and lysosomes of the kidney prox-
imal tubule (PT), the nephron segment responsible for the majority of solute reabsorption. We suggested that following receptor medi-
ated endocytosis of transferrin filtered by the glomerulus, DMT1 exports iron liberated from transferrin into the cytosol. FPN1 is also
expressed in the kidney yet its role remains obscure. As a first step towards determining the role of renal FPN1, we localized FPN1 in
the PT. FPN1 was found to be located in association with the basolateral PT membrane and within the cytosolic compartment. FPN1 was
not expressed on the apical brush-border membrane of PT cells. These data support a role for FPN1 in vectorial export of iron out of PT
cells. Furthermore, under conditions of iron loading of cultured PT cells, FPN1 was trafficked to the plasma membrane suggesting a
coordinated cellular response to export excess iron and limit cellular iron concentrations.
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Introduction

Ferroportin 1 (FPN1) is an iron exporter expressed in a spectrum
of tissues including liver, duodenum and in reticuloendothelial
macrophages [1-4]. It has been identified as a major modulator
of mammalian iron balance [5, 6] since mutations in FPN1 cause
haemochromatosis [6]. In addition, hepcidin has been proposed
to bind to FPN1, causing internalization and degradation of FPN1,
and consequently bringing about a decrease in enteric absorption
of inorganic iron [7]. FPN1 is expressed on the basolateral
plasma membrane of enterocytes [2, 8] and has been suggested
to mediate export of iron out of intestinal epithelial cells [9].
Hephaestin is required for this action [10]. FPN1 mRNA and pro-
tein have been detected in kidney [1, 3], yet the renal function of
FPN1 is currently obscure.

Previously, we have shown that divalent metal transporter 1
(DMT1) is expressed in proximal tubule (PT) late endosomes and
lysosomes and that in vivo DMT1 expressed in the PT is strongly
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modulated in response to changes in dietary iron. We have sug-
gested that following receptor mediated endocytosis of transferrin
filtered by the glomerulus, PT DMT1 contributes to the transit of
iron across the PT epithelium by exporting iron, liberated from
transferrin, across the late endosomal/lysosomal membranes into
the cytoplasm [11-13].

The possibility that in the healthy organism iron is filtered by the
glomerulus has for many years been disregarded due to the fact that
transferrin has an exceptionally high binding affinity for iron and
iron bound to transferrin is not filtered. This fact is also the seat of
considerable dispute over the notion of non-transferrin bound iron.
However, in recent years evidence has come to light suggesting that
some transferrin and iron actually make it through the glomerular
filter [14—18]. Furthermore, cubilin and transferrin receptor 1, both
effective in binding and internalizing transferrin, have been shown to
be expressed on the apical, post-glomerular urine facing, membrane
of PT cells [19, 20]. One interpretation of these findings is that a new
as yet undefined system exists in PT cells for reabsorbing protein
bound iron filtered by the glomerulus [21]. An essential part of this
mechanism is suggested to be a means of translocating iron across
the basolateral membrane (BLM) of PT cells [21]. FPN1 located on
the BLM of PT cells could potentially fulfil this role.
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Therefore, the first aim of the current study was to definitively
determine the cellular distribution of FPN1 in rat kidney PT in
order to gain an insight into the possible function of FPN1 in this
critical part of the nephron. Moreover, the second aim of the study
was to determine the effect of iron excess or deficit on PT FPN1.

Methods

RT-PCR

Total RNA extraction and reverse transcription were as previously
described [12]. Following reverse transcription of total RNA isolated from
rat duodenum, rat kidney or Wistar-Kyoto Proximal Tubule-0293 CI.2 cells,
PCR was performed with the following FPN1 targeted primer pairs: sense
FPN1P1 5’-TGG TCC TGG GAG CCA TCA TTG GTG ACT G-3’ (GenBank
accession no., AF231120, nucleotides 488-515) and antisense FPN2P1 5’-
ACG CAC ATG GAC ACC AAA TTC CAA CCA G-3’ (nucleotides 896-923,
AF231120),; and sense FPN1P2 5’-CTC TGG AAG GTT TAC CAG AAG ACC
CCT G-3’ (nucleotides 937-964, AF231120) and antisense FPN2P1 5’'-CTG
AGG ATG GAA CCA CTC AGT CCC TGA G-3’ (nucleotides 1271-1298,
AF231120). The predicted fragment sizes were 436 bp and 362 bp, respec-
tively. The resultant products were separated on 2% agarose gels contain-
ing 0.01% GelRed (Biotium, Hayward, CA, USA), loading 10 .| PCR reac-
tions per lane and viewed under UV light.

Antibodies

Polyclonal FPN1 antiserum targeting peptide sequence NH2-CAPDEKEV-
IDESQPNTSVV-COOH corresponding to amino acids 552-570 of rat FPN1
(GenBank accession no. AAK77858), termed Liu-FPN1, was raised in
rabbits. The anti-NBCe1-A antibody (termed ‘«-333’) has been previously
characterized [22].

Xenopus oocytes expression

Mouse FPN1 plasmid was a kind gift from Dr. D.J. Haile Department of
Medicine, University of Texas, San Antonio, TX, USA. Xenopus oocytes
were prepared and injected as previously described [23] with mouse FPN1
cRNA. Oocytes were then fixed 2-3 hrs in Bouin’s solution, cryoprotected
in 30% sucrose (3 X 30 min. washes at room temp, then left at 4°C
overnight) and 10 wm cryosections where then cut. Oocytes were stained
using the previously described protocol [11].

Preparation of membrane fractions
and immunoblotting

Crude membrane samples were prepared from male Sprague-Dawley rat kid-
ney or duodenum as previously described [11]. For isolation of BLMs from
rat renal cortex two protocols were combined [24, 25]. Cortices from five
rats were homogenized and the microsomal fraction was mixed with Percoll
(15% w/v), and centrifuged at 48,500 X g for 30 min. Fractions 13—17 from
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the top (‘bottom fraction’) were enriched in BLM and pooled. The protein
concentration was determined by the Bradford method [26]. Samples were
incubated with three times loading buffer for 10 min. at 65°C prior to SDS-
PAGE. Immunoblotting was performed as described previously [12] using
Liu-FPN1 (1:100-1:1000), and «-333 (1:500). Goat anti-rabbit horseradish
peroxidase-conjugated secondary antibody (Dako, Glostrup, Denmark) was
used at 1:5000 for western analysis and 1:200 for immunostaining.

Immunostaining

Immunohistochemistry: The process for rodent tissue fixation and staining
techniques has been described in detail earlier [27]. Light microscopy
was carried out with a Leica DMRE microscope (Leica Microsystems,
Herlev, Denmark).

Preparation of tissue for immunogold electron microscopy: Fixed
tissue blocks from rat kidney cortex were infiltrated with 2.3 M sucrose for
30 min. and frozen in liquid nitrogen. Frozen tissue blocks were subjected
to cryosubstitution and Lowicryl HM20 embedding. Staining was per-
formed as previously described [28].

Immunofluorescence labelling of FPN1
of cultured cells

For immunofluorescence labelling of FPN1 in fixed and permeabilized cells
the method was as described previously [12] except a 1:500 dilution of
secondary antibody was used and H-33342 was used at 0.8 pg/ml.
Experiments with non-permeabilized cells were performed according to
Wolff et al. [29] with the following modifications: Cells grown on cover slips
were incubated at 4°C with primary antibody (dilution of Liu-FPN1 1:100 in
Ca2"/Mg?*-containing PBS and 0.1% bovine serum albumin), fixed and
incubated with secondary Alexa Fluor® 488-conjugated secondary anti-
body diluted in blocking buffer (1:500) for 90 min. (22°C). Quantitative
determination of FPN1 surface fluorescence in WKPT-0293 CI.2 cells fol-
lowed a protocol described elsewhere [29].

Cell culture

An immortalized cell line from the S1-segment of rat PT (WKPT-0293 Cl.2)
[30] was cultured as previously described [13]. Cells were passaged (pas-
sage number <41) twice a week upon reaching confluence.

Iron-loading and -depletion protocols

One day after cell plating (24 hrs), medium was exchanged for complete
culture medium containing either 100 wM of ferric ammonium citrate
(FAC) or desferrioxamine (DF) and incubated for 36 hrs [31, 32].

Cellular iron content

Iron content of control, FAC- and DF-treated WKPT-0293 Cl.2 cells was
essentially performed as described elsewhere [33, 34]. For measurements
of iron content 3 x 10* cells/cm? were seeded in 25 cm? flasks for FAC or
4 % 10* cells/cm? in 75 cm? flasks for DF treatment. Total cellular iron in
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Fig. 1 (A) RT-PCR analysis of rat A bp
duodenum or kidney cortex total
RNA. Duodenum (Duo) vyielded
products of 436 bp and 362 bp in
size using primer sets FPN1p1 and
FPN1p2, respectively. Products of
the same size were also generated
in the kidney cortex (Cx). No prod-
ucts were detected in negative con-
trols (—ve.) which were performed
without reverse transcriptase in RT
reaction. The positions of size
markers are shown on the left in B
base pairs. (B) Immunoblotting of
rat kidney membrane fractions
using Liu-FPN1 antiserum. Crude
membranes isolated from kidney
cortex, outer medulla, or inner
medulla, were separated by SDS-
PAGE on a 12% gelE. An
immunoreactive  signal  was
detected at 60 kD in cortex, outer
medulla and to a lesser extent in
inner medulla. An 110 kD
immunoreactive band was also
observed in protein from all three
regions. Exposure time was 5 min.
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FAC-treated cells was 6.53 + 1.25 nmol/10° cells compared to 1.05 =
0.04 nmol/10° cells in the respective controls (n = 3; means = S.E.M,;
P = 0.006 using unpaired Student’s t-test). When cells were treated with
DF iron content decreased to 0.88 =+ 0.01 nmol/10° cells compared to 1.16 =
0.08 nmol/10° cells (n = 3; means = S.E.M.; P = 0.012 using unpaired
Student’s t-test).

Surface biotinylation

Biotinylation of cell surface proteins was conducted using the Pierce® Cell
Surface Protein Isolation Kit (Thermo Scientific, Rockford, IL, USA) follow-
ing manufacturer’s instructions with the following modification: At the end
of treatment, WKPT-0293 CI.2 cells were harvested by trypsinization and
incubated with freshly dissolved biotin/PBS for 1 hr at 4°C. Protein concen-
tration was determined using the method of Lowry [35] and proteins were
detected by immunoblotting. Densitometry analysis was performed with
TINA version 2.09 software environment for image analysis research
(http://www.tina-vision.net).

Results

Using RT-PCR we confirmed the presence of FPN1 mRNA in rat
duodenum and rat kidney cortex. Figure 1(A) shows the single
bands of 436 bp and 362 bp generated by amplification using the
FPN1P1 and FPN1P2 primer sets, respectively. Sequencing of the
PCR products confirmed their identity as rat FPN1 cDNA frag-

© 2011 The Authors
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ments. Rat duodenum total RNA served as a positive control,
while the negative control reactions performed without reverse
transcriptase did not give rise to PCR products. The result indi-
cated that FPN1 mRNA is present in rat kidney cortex and that the
FPN1 cDNAs generated did not differ from those amplified from
duodenum.

To enable the study of FPN1 expression and location, we gen-
erated a rabbit polyclonal antibody to the C-terminus of rat FPN1
and affinity purified the antiserum using the immunizing peptide.
The resulting antiserum, termed Liu-FPN1, when used for
immunoblotting of rat duodenum detected a single strong band of
~60 kD. Incubation of the Liu-FPN1 with immunizing peptide was
found to ablate the ~60 kD signal (Fig. STA). This indicated that
Liu-FPN1 antiserum bound to the epitope to which it was raised.
To confirm the specificity of Liu-FPN1 we heterologously
expressed mouse FPN1 in Xenopus oocytes. Qocytes were then
cryosectioned and immunostained with Liu-FPN1. FPN1 express-
ing oocytes showed strong membrane staining when incubated
with Liu-FPN1, whereas membranes of water injected control
oocytes treated in the same way were devoid of signal (Fig. S1B
and C). These data demonstrate that Liu-FPN1 detects FPN1 pro-
tein. To further confirm the capacity of Liu-FPN1 to detect FPN1,
we performed immunoperoxidase staining of rat duodenum sec-
tions because FPN1 is expressed in BLMs of duodenal enterocytes
[2, 4, 8]. Liu-FPN1 strongly stained duodenal villi and staining was
not observed following pre-incubation with the immunizing peptide
(Fig. S1D). At higher magnification, Liu-FPN1 was observed to
strongly stain basal and lateral membranes of duodenal enterocytes
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[2, 8] (Fig. S1E). No staining was present on the apical membrane
of duodenal cells. These data clearly define that Liu-FPN1 is selec-
tive for FPN1 and is suitable for immunoblotting and immunos-
taining aimed at detecting FPN1.

To determine the general expression pattern of FPN1 in the kid-
ney, we employed immunoblotting and analysed crude membrane
homogenates from the three principal regions of the kidney,
namely the cortex, outer medulla and inner medulla of the kidney.
The antibody detected a strong ~60 kD protein species in cortex
and outer medulla, and a weaker ~60 kD signal in inner medulla
(Fig. 1B). A faint protein signal at ~65 kD was also evident in all
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Fig. 2 Immunoperoxidase labelling of
Liu-FPN1 in rat kidney. (A) Strong
labelling is evident throughout the
cortex and outer stripe of the outer
medulla. Labelling is associated with
tubule segments morphologically
resembling PTs. No staining is
observed in glomeruli or vasculature.
(B) At high magnification, labelling is
predominantly BLM associated, with
some intracellular staining. (C) and
(D) Labelling is strongest in the St
and S2 segments, whilst weaker
labelling is observed in the S3 seg-
ment (E). T, thick ascending limb; G,
glomerulus. Immunogold electron
microscopy of Liu-FPN1 in rat kidney.
(F) In PT S1 segments (note the long,
extensive invaginations of the baso-
lateral plasma membrane), immuno-
gold labelling of FPN1 is observed
throughout the cells basolateral
plasma membrane domains (arrows).
(G) At high magnification FPN1 can
be observed in direct association with
the plasma membrane. (H) In PT S2
segments (note the numerous small
lateral processes at the base of the
cell), labelling is again observed in
direct association with the basolateral
plasma membrane. Gold particles are
10 nm. (1) FPN1 and kidney electro-
genic Na-bicarbonate cotransporter-1
(NBCe1-A) immunoreactivity in rat
kidney cortex. Homogenate, microso-
mal membranes and BLM from rat
kidney cortex were separated under
reducing conditions by SDS-PAGE on
an 8% acrylamide gel. The blot was
incubated with anti-rat FPN1 or anti-
rat NBCe1-A (1:500). Characteristic
bands at ~60 and ~130 kD for FPN1
and NBCe1-A were detected. Sizes (in
kilodaltons) of molecular mass mark-
ers are indicated on the left.

three kidney regions. An additional strong protein band was also
observed in all three regions at ~110 kD.

To visualize the exact cellular location of FPN1 in kidney PT,
we immunostained kidneys using Liu-FPN1. Immunoperoxidase
staining showed that Liu-FPN1 strongly stained PTs in the kid-
ney cortex. Staining was absent from glomeruli and distal
tubules (Fig. 2A). At higher magnification, FPN1 immunoreac-
tivity was observed on the basal membrane and what appeared
to be the inside of PT cells (Fig. 2B and C). This pattern of
staining was evident in the S1, S2 and S3 segments of the PT
(Fig. 2D and E). Staining appeared to be most prominent

© 2011 The Authors
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Fig. 2 Continued.
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in the S2 segments, weaker in S1 segments and weakest
in S3 segments.

Using immunogold electron microscopy enabled us to pinpoint
the location of FPN1 immunoreactivity in PT cells. Immunogold
particles corresponding to FPN1 protein were observed at the
basal and lateral membranes of PT cells, and in addition in the
intracellular compartment (Fig. 2F-H and S2). There was no stain-

© 2011 The Authors
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ing of the apical brush-border membrane indicating that FPN1 is
unlikely to mediate transport across this membrane. To further
confirm the basolateral location of FPN1 we prepared BLM
enriched fractions using Percoll gradient preparative centrifuga-
tion and compared FPN1 expression levels with cell homogenates.
As shown in Fig. 21, BLM of rat kidney cortex were enriched for
FPN1 and co-purified with NBCe1-A, which is highly expressed in
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Fig. 3 RT-PCR analysis of total
RNA from rat WKPT-0293 Cl.2
PT cells. (A) A product of 436
base pairs (bp) in size was
obtained using primer sets for
FPN1. PCR of FPN1 was
performed at 25, 30 and 35
cycles (cy). No products were
detected in negative controls
which were performed without
reverse transcriptase in RT
reaction (-RT) or with water
instead of template (H20). The
positions of size markers are
shown on the left in base
pairs. (B) Immunofluorescence
staining of PT cells for FPN1.
Cells were fixed and permeabi-

lized prior to application of primary anti-FPN1 antibody (1:100) and secondary antibody. (C) Immunofluorescence labelling of FPN1 in non-permeabilized
in WKPT-0293 Cl.2 cells. Cells were left untreated or exposed to 100 wM FAC or 100 wM DF for 36 hrs. Cells were stained with (upper panel) or
without (lower panel) primary anti-FPN1 antibody (1:100) prior to paraformaldehyde fixation. Weak surface expression of FPN1 is seen in controls and
DF-treated cells, whereas FAC exposure increases surface staining for FPN1. In the absence of primary antibody only weak background fluorescence
was detected. Bars, 30 wm. (D) Surface expression of FPN1 in PT cells. Surface FPN1 expression was detected using Alexa Fluor® 488-conjugated sec-
ondary antibodies by immunofluorescence microscopy, and mean fluorescence intensity per cell was calculated as described under ‘Methods’. Means =
S.E.M. of 28-39 microscopic fields from five experiments are shown. Significant differences to controls were calculated using one-way ANOVA.

the BLM of kidney PT [36]. Therefore, taken together our data con-
clusively show that FPN1 is expressed at the BLM in PT cells with
some intracellular expression. FPN1 was not expressed in associ-
ation with the apical brush-border.

Our second aim was to determine the affect of iron excess or
deficit on PT FPN1. For this we used an established cell model of
PT the WKPT-0293 CI.2 cell line [12, 29, 30]. Firstly, we deter-
mined by RT-PCR and immunostaining that FPN1 mRNA and
FPN1 protein were present in WKPT-0293 Cl.2 cells. FPN1 cDNA
was detected in WKPT-0293 Cl.2 cells using the FPN1P1 primer
set (Fig. 3A), FPN1 protein by immunoblotting of total cell
homogenates (Fig. 4A) and immunofluorescence staining of fixed
and permeabilized confluent cells (Fig. 3B). Therefore, FPN1 is
also expressed in the WKPT-0293 Cl.2 cells.

We then investigated whether changes in the iron status of the
cultured PT cells affected FPN1. WKPT-0293 Cl.2 cells were
exposed to 100 wM FAC for 36 hrs to encourage iron-loading or
DF for the same period to promote iron-depletion. FAC signifi-
cantly increased total cellular iron content by about 600% com-
pared to controls. DF treatment significantly reduced total cellular
iron content by ~25% (see ‘Methods’). Neither FAC nor DF affected
FPN1 mRNA expression (data not shown). Similarly total FPN1
protein expression was not affected by any of the treatments
(Fig. 4A). This is in contrast to expression of DMT1, where DMT1
protein was found to be reduced by iron loading (data not shown),
and as previously demonstrated in vivo [11, 37]. However, FAC
treatment resulted in a dramatic increase of FPN1 surface localiza-
tion, as demonstrated by immunofluorescence staining of non-
permeabilized WKPT-0293 CI.2 cells, whereas DF had no effect
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(Fig. 3C, upper panel, and 3D). Experiments without primary anti-
body confirmed that staining was specific (Fig. 3C, lower panel).
These observations were confirmed by surface biotinylation of
kidney cortex membrane proteins followed by immunoblotting to
determine FPN1 expression. FAC increased surface expression
of FPN1 3.4 = 0.7-fold (P = 0.005; n = 5), whereas DF had no
significant effect (0.7 = 0.4-fold; P = 0.710; n = 5). Total FPN1
expression in respective cell lysates was not significantly affected
by FAC (1.3 = 0.4-fold; P = 0.410; n = 9) or DF (1.6 = 0.8-fold;
P =0.209; n = 6) (Fig. 4A and B). These data indicate that iron-
loading increases FPN1 surface membrane expression in WKPT-
0293 CI.2 cells without affecting total FPN1 expression, indicating
redistribution of FPN1 transporters from an intracellular location
to the plasma membrane.

Discussion

FPN1 is an iron transport protein that is expressed in several tissues
including duodenum, liver and macrophages. It functions as an iron
exporter and has been suggested to be a major point of control of
iron entry into the circulating transferrin bound iron pool [1-4].
FPN1 mRNA or protein has been detected in kidney [1-3], yet
the role of this protein in this tissue, an organ not overtly associ-
ated with handling inorganic iron, remains unclear. We therefore
set out to firstly determine the cellular location of FPN1 in rat
kidney PT as a first step to determine its role in this critical renal
structure. Secondly, we determined whether renal FPN1 responded

© 2011 The Authors
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Fig. 3 Continued.

to iron excess or iron deficit, as would be predicted if the protein
was in some way involved in iron balance.

RT-PCR analysis of kidney cortex mRNA clearly showed the
presence of FPN1 mRNA. PTs account for the majority of tissue in
the kidney cortex from which total RNA was extracted. However,
glomeruli, distal tubules and connecting tubules, as well as small
amounts of endothelial cells, blood cells and smooth muscle cells

© 2011 The Authors
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were also present in the kidney cortex RNA pool we used for our
analysis. Therefore, to pinpoint expression of FPN1 in the kidney
cortex we raised a peptide targeted antiserum, Liu-FPN1, to the
C-terminus of rat FPN1. In crude membrane protein extracts from
duodenum, Liu-FPN1 identified a ~60 kD protein. This is in keep-
ing with previously published work that documents FPN1 as a
~60-70 kD protein [4, 38, 39]. In fact, FPN1 cDNA (GenBank
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Fig. 4 Immunoblotting of surface
biotinylated proteins in WKPT-
0293 CI.2 cells using FPN1 anti-

serum. (A) Lysates or surface
biotinylated proteins of non-

treated or cells exposed to 100 wM
FAC or 100 wM DF for 36 hrs
were separated under reducing
conditions by SDS-PAGE elec-
trophoresis on an 8% acrylamide

gel. The blot was incubated with
anti-rat FPN1 (1:500).
Characteristic bands at ~60 kD
for FPN1 were detected. (B)
Densitometry analysis was per-
formed and the ratios between
FAC- or DF-treated and control
samples were calculated for each
individual ~ experiment  and
expressed as fold increase or
decrease compared to controls.
Means = S.E.M. of five to nine
experiments are shown and sig-
nificant differences (P = 0.005)
to controls were calculated using
one-way ANOVA (P-value for con-
trol surface FPN1 expression
versus DF was 0.710; P-values
for control total FPN1 expression
versus FAC and DF were 0.410
and 0.209, respectively).
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accession number AF231120) encodes a 570 amino acid protein
with a predicted molecular weight of 62 kD. Therefore, taking the
limits of molecular weight determination by SDS-PAGE into
account, Liu-FPN1 detects a protein of the correct size correspon-
ding to FPN1.

Using Liu-FPN1 for immunoblotting of kidney cortex, outer
medulla and inner medulla protein extracts revealed that the 60 kD
FPN1 protein was expressed in cortex and outer medulla and only
slightly in inner medulla, which indicates that FPN1 is also expressed
in the medullary portions of the nephron, as suggested by others in
mice [40]. Recently, Zhang ef al. identified a novel FPN1 transcript
(FPN1B) that lacks an iron-responsive element and is specifically
expressed in duodenum and is not expressed at detectable amounts
in the kidney [41]. The two FPN1 mRNAs, FPN1A (IRE) and FPN1B
(non-IRE) encode the same sized protein and therefore this is
unlikely to explain the 60 and 65 kD bands observed in immunoblots
(Fig. 1B). It is possible that the 65 kD band represents a phosphory-
lated form of the 60 kD protein, although this needs to be tested in
future experiments. Interestingly, a ~110 kD protein band was also
detected in all three kidney regions. This larger protein band could
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represent a dimer of FPN1, although why this signal was not
observed in duodenum despite the fact that all protein samples were
subjected to the same treatment remains unclear (we incubated
samples at 65°C for 10 min. because boiling is known to enhance
higher molecular weight forms of FPN1 (see for instance [42] as
opposed to [43])). FPN1 has been suggested to function as a
monomer [39, 44] or as a homodimer [44, 45]. Our data support
both notions, and point to the possibility that the quaternary struc-
ture of FPN1 may differ between tissues.

Immunoperoxidase staining of kidney sections using Liu-FPN1
revealed FPN1 expression on the basal and lateral membranes of
PT cells in the order S2 > S1 > S3 PT segments. This was con-
firmed by immunogold electron microscopy. Importantly, no
staining of the apical membrane was observed with either tech-
nique indicating that FPN1 is unlikely to be involved in transloca-
tion of iron across the apical brush-border membrane in animals
in iron balance. Expression of an iron transporter protein in the
BLM is a prerequisite for vectorial transport of iron from urine to
blood and the finding that FPN1 localizes to the BLM of PT cells
fulfils this requirement [21].

© 2011 The Authors
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A recent study in mice has suggested that FPN1 is mainly
expressed intracellularly beneath the apical and BLMs of S1- and
S2-segment kidney PT [40]. Anaemia was observed to increase
FPN1 expression in these nephron segments and cause redistrib-
ution of FPN1 to the apical membrane. Functionally, this would
suggest that FPN1 exports iron out of PT cells across the apical
membrane to reduce intracellular iron concentration and favour
iron excretion in anaemic animals.

Our second aim was therefore to test the effect of increasing
or reducing cellular iron concentration on PT FPN1. Exposing
cells in vitro to FAC caused a significant increase in cellular iron
concentration, but had no detectable effect on the total amount
of FPN1 expressed in PT cells. However, FAC treatment caused
a dramatic increase in the surface expression of FPN1 indicat-
ing that FPN1 had trafficked to the plasma membrane. We sug-
gest that this may represent a response to protect PT cells
against damaging concentrations of intracellular iron. However,
we make this suggestion with caution bearing in mind that the
major regulator of FPN1, hepcidin was not present in our exper-
iments with cultured cells, therefore it remains to be determined
if our observation reflects the renal response to iron excess in
vivo in an hepcidin replete setting. Interestingly, FAC did not
affect FPN1 mRNA or protein expression in cultured PT cells
(Fig. 4 and data not shown) though this treatment was effective
in raising cellular iron content ~6-fold above control cell iron
concentration.

Treatment with DF was found to significantly reduce cellular
iron content by ~25% compared to control cells. However, despite
this small but consistent reduction in cellular iron we did not
detect a change in either FPN1 mRNA or protein levels. These
data, together with the data from the FAC experiments, suggest
that in WKPT cells FPN1 mRNA and protein levels may not be
responsive to altered iron concentration. We cautiously draw this
conclusion bearing in mind that the changes in cellular iron con-
centration we induced may not have been sufficient to bring about
modulation of FPN1 mRNA or protein.

Previously we have shown that feeding rats an iron enriched
diet or an iron deficient diet alters expression of DMT1 in PT [11].
Dietary loading of iron was found to cause a decrease in PT DMT1
expression, whereas dietary iron restriction caused an increase in
DMT1 expression. In PT cells DMT1 is expressed in the mem-
branes of late endosomes and lysosomes [11]. Extracellular addi-
tion of transferrin to the apical membrane results in uptake of
transferrin, followed by trafficking of transferrin to late endo-
somes and lysosomes where it colocalizes with DMT1 [11, 12].
We suggest that this mechanism represents the entry route of
transferrin bound iron taken up from the urine, possible in the
first instance by transferrin receptor 1 and or cubilin expressed in
the apical brush border [19, 20]. DMT1 then transports the iron
into the PT cell across the late endosomal and lysosomal mem-
branes. From our data detailing the expression of FPN1 in PT
cells we can speculate that iron may then transit to the BLM and
be exported back into the circulation via FPN1.

© 2011 The Authors
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In conclusion we have developed an affinity purified antisera
that specifically recognizes rat FPN1. In rat kidney PT FPN1 is
expressed on the BLM of S1, S2 and S3 segments. Under condi-
tions of increased cellular iron, intracellularly expressed FPN1 traf-
fics to the plasma membrane. We suggest that these data indicate
that iron is vectorially transported across PT cells in urine to blood
direction and this may represent a hitherto undescribed mecha-
nism for salvaging iron filtered by the glomerulus.
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Supporting Information

Additional Supporting Information may be found in the online ver-
sion of this article:

Fig. 81 Characterization of Liu-FPN1antiserum. (A) Immunoblotting
of rat duodenal membranes using Liu-FPN1antiserum separated by
SDS-PAGE on a 12% acrylamide gel shows an immunoreactive
band at 60 kD. The signal was not observed following pre-incuba-
tion of the antiserum with immunizing peptide (25 wg/ml). (B) and
(C): Oocytes injected with rat FPN1 cRNA (B) or H20 (C) were
cryosectioned and incubated with a 1:100 dilution of Liu-FPN1 and
then Alexa 594 labelled secondary antibody. Membranes of
rat FPN1 cRNA injected oocytes were strongly stained. (D) and (E):
Immunoperoxidase staining of 5 wm paraffin section of rat duode-
num showing staining with Liu-FPN1 observed in duodenal villi cells
(D, <200 magnification). No signal was detected by pre-incubation
of the antiserum with peptide (25 .g/ml) as shown in the inset in
the panel. At higher magnification (E, X800 magnification), the
staining with Liu-FPN1 antiserum was observed on the BLMs (red
arrow head) of the duodenal enterocytes. No staining was detected
on the apical membrane (cyan arrow). L = duodenal lumen.

Fig. S2 Immunogold electron microscopy of Liu-FPN1 in rat kidney.
(A) Qverview of a cell from a PT S3 segment. The boxes indicate the
area shown at high magnification in (B) and (C). In S3 PT cells
immunogold labelling of FPN1 is observed throughout the basolat-
eral plasma membrane domains (arrows). Gold particles are 10 nm.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to
the corresponding author for the article.
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