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Ferroportin (Fpn) is the only known iron exporter in vertebrates. Hepcidin, a peptide secreted by the liver in response to
iron or inflammation, binds to Fpn, inducing its internalization and degradation. We show that after binding of hepcidin,
Fpn is tyrosine phosphorylated at the plasma membrane. Mutants of human Fpn that do not get internalized or that are
internalized slowly show either absent or impaired phosphorylation. We identify adjacent tyrosines as the phosphory-
lation sites and show that mutation of both tyrosines prevents hepcidin-mediated Fpn internalization. Once internalized,
Fpn is dephosphorylated and subsequently ubiquitinated. An inability to ubiquitinate Fpn does not prevent hepcidin-
induced internalization, but it inhibits the degradation of Fpn. Ubiquitinated Fpn is trafficked through the multivesicular
body pathway en route to degradation in the late endosome/lysosome. Depletion of proteins involved in multivesicular
body trafficking (Endosome Sorting Complex Required for Transport proteins), by small-interfering RNA, reduces the
trafficking of Fpn-green fluorescent to the lysosome.

INTRODUCTION

Iron homeostasis in vertebrates is dominated by the lack of
an excretory route for excess iron. Plasma iron level is reg-
ulated by the rate of iron entry through the duodenal mu-
cosa, which affects net iron absorption, and by the rate of
iron release from macrophages recycling iron from aged or
damaged erythrocytes (Hentze et al., 2004; Camaschella,
2005; Donovan et al., 2006). Export of iron from duodenal
enterocytes and macrophages into plasma is regulated by
the plasma membrane transporter ferroportin (Fpn) (Abboud
and Haile, 2000; Donovan et al., 2000; McKie et al., 2000). Fpn
is the receptor for hepcidin, a peptide of 25 amino acids
synthesized by the liver in response to inflammation and
increased iron stores (Ganz and Nemeth, 2006). Binding of
hepcidin to Fpn results in the internalization and degrada-
tion of Fpn, leading to a decrease in iron export (Nemeth et
al., 2004). Decreased plasma iron leads to a reduction in
hepcidin synthesis, resulting in increased plasma membrane
Fpn and increased iron delivery into plasma.

Inadequate hepcidin production can explain many of the
genetic forms of iron overload disease, whereas high levels
of hepcidin produced by prolonged inflammatory stimuli

can account for hypoferremia and anemia of chronic disease
(Weiss and Goodnough, 2005; Pietrangelo, 2006). There is
one form of genetic iron overload disease, however, that is
not caused by abnormal hepcidin production. This disease,
referred to as ferroportin disease or hereditary hemochro-
matosis type 4, results from mutations in the Fpn gene
(Pietrangelo, 2004). Characterization of mutant alleles of Fpn
showed that some Fpn mutant proteins are not appropri-
ately targeted to the cell surface, whereas other mutant
proteins are appropriately targeted to the plasma mem-
brane, but they have impaired internalization in response to
hepcidin (De Domenico et al., 2005; Drakesmith et al., 2005;
Liu et al., 2005; Goncalves et al., 2006). To understand the
molecular basis of the defect in hepcidin-resistant Fpn mu-
tants, we examined the mechanism of hepcidin-induced in-
ternalization and degradation. We show that in response to
hepcidin, Fpn is phosphorylated and that phosphorylation is
required for internalization. Once internalized, Fpn is ubi-
quitinated and trafficked through the multivesicular body
(MVB) for degradation in the lysosome.

MATERIALS AND METHODS

Cells and Media
Mouse Fpn was expressed in a cytomegalovirus (CMV)-containing vector
(pEGFP-N1, Clontech, Mountain View, CA; or pCMV-Tag4 [FLAG], Strat-
agene, La Jolla, CA) as described previously (De Domenico et al., 2005).
Human embryonic kidney (HEK)293T cells were maintained in DMEM with
10% fetal bovine serum and transfected with pFpn-enhanced green fluores-
cent protein (EGFP)-N1, pFpn(mutations)-EGFP-N1, pCMV-Fpn-FLAG, pDy-
namin-EGFP, or pDynaminK44A-EGFP by using Nucleofector technology
(Amaxa, Gaithersburg, MD), according to the manufacturer’s directions.
FM3A and ts85 cells were maintained in RPMI 1640 medium with 5% fetal
bovine serum and transfected using Nucleofector technology. HEK293T Fpn,
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a stable cell line in which Fpn-green fluorescent protein (GFP) expression is
regulated by the ecdysone promoter, has been described previously (Nemeth
et al., 2004; De Domenico et al., 2005).

Generation of Fpn Constructs
All Fpn mutations were generated in pFpn-EGFP-N1 by using the
QuikChange site-directed mutagenesis kit (Stratagene), amplified in Esche-
richia coli, and sequence-verified before transfecting into mammalian cells.

Small Interfering RNA (siRNA) Transfection
siRNA oligonucleotide or siRNA pools matching selected regions of TSG101,
LIP5, and CHMP5 were as described previously (Garrus et al., 2001; Ward et
al., 2005). siRNA oligonucleotides for CHMP6 and EAP20 were as described
in Langelier et al. (2006). siRNA oligonucleotide pools matching selected
regions of epsin were obtained from Dharmacon RNA Technologies (Lafay-
ette, CO). HEK293T Fpn-GFP cells were transfected with siRNA oligonucle-
otides at a final concentration of 50–100 nM by using OligofectAMINE
reagent (Invitrogen, Carlsbad, CA). Twenty-four to 48 h after transfection, the
cells were trypsinized and plated onto 60-mm plates with or without cover-
slips. Twenty-four hours after plating, the cells were induced to express
Fpn-GFP, incubated in the presence or absence of 1 �g/ml hepcidin, and then
processed for fluorescence microscopy or Western analysis.

Other Procedures
Biotinylation of the plasma membrane of HEK293T cells was performed using
sulfosuccinimidyl-2-(biotinamido)ethyl-1,3-dithiopropinate (sulfo-NHS-SS-
biotin) (Pierce Chemical, Rockford, IL) according to the manufacturer’s in-
structions. Immunoprecipitation of Fpn-GFP or Fpn-FLAG was performed as
described previously (De Domenico et al., 2005) using either protein A/G
resin (Santa Cruz Biotechnology, Santa Cruz, CA) and rabbit anti-GFP
(ab6556l; Abcam, Cambridge, MA), anti-FLAG M2 affinity gel (Sigma-Al-
drich, St. Louis, MO), or immobilized streptavidin affinity gel (Pierce Chem-
ical). Immunoprecipitation of phosphotyrosine was performed using mouse
anti-phosphotyrosine antibody (1:500) (Calbiochem, San Diego, CA) and pro-
tein A/G resin (Santa Cruz Biotechnology). Samples were analyzed by SDS-
polyacrylamide gel electrophoresis under nonreducing conditions. Samples
were heated at 37°C for 10 min before being applied to the SDS-PAGE.
Western analysis was performed using either mouse anti-FLAG antibody
(1:10,000; Sigma-Aldrich); rabbit anti-GFP (1:10,000, ab6556; Abcam); goat
anti-human actin (1:1000; Santa Cruz Biotechnology); mouse anti-tubulin
(1:1000; GeneTex, San Antonio, TX); mouse anti-phosphotyrosine clone 16F4
(1:500; Calbiochem), mouse anti-ubiquitin (1:1000; Covance, Berkeley, CA);
mouse anti-TSG101 (1:1000; GeneTex), rabbit anti-LIP5 (1:500), rabbit anti-
CHMP5 (1:500), rabbit anti-CHMP6 (1:1000), rabbit anti-EAP20 (1:1000), or
rabbit anti-epsin (1:1000; Santa Cruz Biotechnology) followed by either per-
oxidase-conjugated goat anti-mouse immunoglobulin (Ig)G (1:10,000; Jackson
ImmunoResearch Laboratories, West Grove, PA), peroxidase-conjugated goat
anti-rabbit IgG (1:10,000; Jackson ImmunoResearch Labs, West Grove, PA) or
peroxidase-conjugated donkey anti-goat IgG (1:5000; Santa Cruz Biotechnol-
ogy). All Westerns were normalized for the total protein concentration using
the bicinchoninic acid assay (Pierce Chemical). Immunofluorescence and
ferritin analysis were performed as described previously (De Domenico et al.,
2005). All experiments were performed a minimum of three times, and error
bars represent the SD. Analysis of fluorescent images was performed as
described previously (Langelier et al., 2006). The calf intestinal phosphatase
was obtained from New England Biolabs (Ipswich, MA), and it was used
according to the manufacturer’s instructions.

RESULTS

Fpn Is Ubiquitinated and Phosphorylated in Response to
Hepcidin
Ubiquitination and phosphorylation are two protein modi-
fications known to signal the internalization of plasma mem-
brane proteins (Bonifacino and Traub, 2003). We examined
whether hepcidin binding to Fpn induces either of these
modifications. Hepcidin was added to cells, and Fpn-GFP
was immunoprecipitated and examined for Fpn modifica-
tions by Western blot analysis using specific antibodies. As
shown previously, Fpn-GFP is fully active for iron export
and is hepcidin responsive (Nemeth et al., 2004). A 15-min
incubation of Fpn-GFP–expressing cells with hepcidin led to
both ubiquitination and tyrosine phosphorylation of Fpn-
GFP (Figure 1A). Both modifications were independent of the
epitope tag on Fpn, and tyrosine phosphorylation was detected
using four different monoclonal antibodies (data not shown).
Both ubiquitination and phosphorylation changed the appar-

ent molecular mass of Fpn-GFP. Although the change in mo-
lecular mass of the ubiquitinated species was consistent with
addition of multiple ubiquitins, a polyubiquitin “ladder” was
not seen. The change in the molecular mass of the phosphor-
ylated species was also unexpectedly large. The samples are
run under nonreducing conditions because reduction and heat
treatment result in an inability to detect Fpn. In the Western
blot, the high-molecular-mass Fpn-GFP species are a small
fraction of the total Fpn-GFP, suggesting that phosphorylation
and ubiquitination are brief transient events.

Phosphorylation of Fpn Occurs at the Cell Surface
We next examined whether ubiquitination and phosphory-
lation were required for internalization. To determine
whether these events occur at the cell surface, we used the
membrane-impermeable biotinylation reagent sulfo-NHS-
SS-biotin to distinguish between cell surface and internal-
ized Fpn. Cells were treated with sulfo-NHS-SS-biotin at
specific times after incubation with hepcidin to distinguish
cell surface Fpn-GFP from internalized Fpn-GFP. Biotinyl-
ated proteins were purified using streptavidin beads, and
the affinity-purified samples were examined for Fpn-GFP by
Western blot analysis using antibodies against GFP. Treat-
ment of cells with the sulfo-NHS-SS-biotin resulted in bioti-
nylation of Fpn-GFP (Figure 1B, bottom). In the absence of
ponasterone A (no Fpn-GFP expression), there was no de-
tectable biotinylated Fpn-GFP. No Fpn-GFP was detected in
the absence of sulfo-NHS-SS-biotin. The amount of biotin-
ylated Fpn-GFP decreased upon addition of hepcidin. The
disappearance of total cellular Fpn-GFP closely parallels the
disappearance of cell surface Fpn-GFP, indicating that inter-
nalized Fpn-GFP is rapidly degraded. We note that Fpn-GFP
often occurs as a doublet (De Domenico et al., 2005). Biotin-
ylated Fpn-GFP was examined for protein modifications.
Cell surface Fpn-GFP was phosphorylated within 15 min of
hepcidin addition (Figure 1C, lane 5, top) but not ubiquiti-
nated (Figure 1C, lane 5, middle). In contrast, internalized
Fpn-GFP, which was not biotinylated and did not bind to
streptavidin beads (“flow-through”), was ubiquitinated (Fig-
ure 1C, lane 6, middle), but phosphorylation was no longer
detected (Figure 1C, lane 6, top). These results suggest that
phosphorylation is the primary event in response to hepcidin
and that it occurs on the cell surface followed by ubiquitina-
tion, which occurs once Fpn-GFP has been internalized.

A dominant-negative mutant of dynamin 1, unable to
hydrolyze GTP, inhibits both clathrin- and caveolin-medi-
ated internalization (Damke et al., 1994). We took advantage
of this dynamin mutant to confirm that phosphorylation is a
proximal effect of hepcidin binding to Fpn. Transfection of
HEK293T cells with plasmids expressing wild-type dy-
namin-GFP and Fpn-FLAG did not prevent hepcidin-in-
duced Fpn-FLAG internalization (Figure 2A). In contrast,
transfection with a dominant-negative dynamin(K44A)-GFP
inhibited hepcidin-induced internalization of Fpn-FLAG.
Likewise, Western blot analysis showed that cells trans-
fected with the dynamin(K44A)-GFP and treated with hep-
cidin had higher levels of Fpn-FLAG compared with hepci-
din-treated cells expressing wild-type dynamin-GFP (Figure
2B). Immunoprecipitation of Fpn-FLAG followed by West-
ern blot analysis showed that Fpn was phosphorylated at the
plasma membrane; however, it was not ubiquitinated in
cells expressing the dynamin mutant (Figure 2B). These
results confirm that phosphorylation is an early event that
occurs at the cell surface and that ubiquitination occurs after
Fpn is internalized. We note that the migration pattern of
ubiquitinated Fpn-FLAG does not increase as would be
predicted. Ubiquitination of Fpn-FLAG is not detected in the

I. De Domenico et al.

Molecular Biology of the Cell2570



absence of hepcidin, suggesting that this Fpn-FLAG modi-
fication is specific to hepcidin incubation. To determine
whether Fpn is internalized through clathrin-coated pits, we
silenced epsin, a protein required for clathrin-mediated en-
docytosis (Chen et al., 1998). Cells expressing Fpn-GFP were
transfected with nonspecific oligonucleotide pools or pools
specific to epsin. Depletion of epsin, as shown by Western
blot analysis (Figure 2C), inhibited hepdicin-mediated Fpn-
GFP internalization and degradation (Figure 2D). These re-
sults indicate that hepcidin-mediated internalization of Fpn-
GFP occurs through clathrin-coated pits.

Tyrosine phosphorylation of Fpn is a rapid response to
hepcidin binding, occurring within 15 min of hepcidin ad-
dition (Figure 3A). Phosphorylation of Fpn-GFP was inde-
pendent of the mode of Fpn expression (inducible vs. tran-
sient/CMV) or epitope. Critically, mutants of Fpn that are
expressed at the cell surface at similar levels to wild type
bind hepcidin, but they are not internalized [Fpn(N144H)-
GFP] or are internalized at a slower rate than wild type
[Fpn(Q182H)-GFP] (De Domenico et al., 2005) showed either
no phosphorylation or delayed phosphorylation, respec-
tively, supporting the hypothesis that phosphorylation is the
signal for internalization. There is a large difference in the

mobility of the protein detected by the anti-phosphotyrosine
antibody and that of Fpn-GFP, raising the possibility that the
phosphoprotein might not be Fpn. Alternatively, phosphor-
ylation might affect Fpn conformation, because the samples
of Fpn applied to SDS-PAGE are not boiled nor do they
contain reducing agents; boiling or reducing agents results
in an inability to detect Fpn. To examine this issue, we
immunoprecipitated extracts with anti-phosphotyrosine an-
tibody and then probed the immunoprecipitate for Fpn-
GFP. After hepcidin addition, the anti-phosphotyrosine an-
tibody precipitated a high-molecular-mass Fpn-GFP, as
shown by Western blotting (Figure 3B). The immunoprecipi-
tate was treated with calf intestinal phosphatase, which
resulted in the detection of Fpn-GFP at a lower molecular
mass, similar to cells not incubated with hepcidin. Based on
these results, we conclude that Fpn-GFP is phosphorylated
after hepcidin treatment.

Although the topology of Fpn has not been conclusively
resolved, a working model was proposed by Haile and
colleagues (Liu et al., 2005). This model suggests that there
are four tyrosine residues that face the cytosolic surface. We
mutated each of these residues (227, 302, 303, and 537)
individually to phenylalanine. The mutated proteins local-

Figure 1. Fpn-GFP is ubiquitinated and phosphorylated. (A) HEK293T cells (stably transfected with an inducible Fpn-GFP) induced to
express Fpn-GFP (�ponasterone) were incubated in the presence or absence of 1 �g/ml hepcidin for 15 min. Cells were placed at 0°C and
solubilized in 1.0% Triton X-100, 150 mM NaCl, 10 mM EDTA, 10 mM Tris, pH 7.4, protease inhibitor mixture, 50 mM N-ethylmaleimide,
and protein phosphatase inhibitor set. Samples were immunoprecipitated with rabbit anti-GFP antibodies as described in Materials and
Methods. Immunoprecipitated samples were analyzed by Western blots probing for ubiquitin by using mouse anti-ubiquitin or for
phosphotyrosine by using mouse anti-phosphotyrosine followed by a peroxidase-conjugated goat anti-mouse IgG as secondary antibody.
Blots were also probed for Fpn-GFP by using rabbit anti-GFP followed by peroxidase-conjugated goat anti-rabbit IgG as secondary. (B)
HEK293T cells were induced to express Fpn-GFP with ponasterone for 18 h. Cells were incubated in the presence or absence of 1 �g/ml
hepcidin for the indicated times, placed at 0°C, and the cell surface was biotinylated using sulfo-NHS-SS-biotin. After biotinylation, cells were
solubilized as described in A, and the biotinylated proteins were affinity purified using streptavidin affinity gel. The affinity-purified samples
were analyzed by Western blot using a rabbit anti-GFP followed by peroxidase-conjugated goat anti-rabbit IgG. (C) HEK293T Fpn-GFP cells
were induced to express Fpn-GFP as described in B. Cells were incubated in the presence or absence of 1 �g/ml hepcidin for 15 min, placed
at 0°C, and the cell surface was biotinylated. Biotinylated samples were purified using streptavidin beads as described in B. Affinity-purified
samples were analyzed by Western blot with mouse anti-phosphotyrosine, mouse anti-ubiquitin followed by a peroxidase-conjugated goat
anti-mouse IgG as secondary, or Fpn-GFP by using rabbit anti-GFP followed by peroxidase-conjugated goat anti-rabbit IgG as secondary.
“Control” in the top panel is a mixture of tyrosine-modified proteins purchased from Calbiochem as a control for the anti-phosphotyrosine
antibody. Flow-through is the sample that did not bind the streptavidin affinity gel (nonbiotinylated Fpn-GFP) but that was subsequently
immunopurified using rabbit anti-GFP and the immunopurified sample analyzed by Western blot to test for the presence of phosphotyrosine
or ubiquitin modifications on Fpn-GFP.
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ized to the plasma membrane, and they were internalized
similarly to wild-type Fpn in response to hepcidin (data not
shown). This result suggests that either the topological
model is wrong and other tyrosines are cytosolic or that
multiple tyrosines can be phosphorylated. We then mutated
multiple tyrosines. We mutated two adjacent tyrosines con-
tained within a putative cytosolic peptide located between
transmembrane regions VI and VII. The mutant protein
Fpn(Y302-303F)-GFP, expressed in HEK293T cells, was tar-
geted appropriately to the plasma membrane, but it was not
internalized in response to hepcidin, even after 24 h (Figure
3C). To determine whether the mutant protein was phos-
phorylated, Fpn-GFP or Fpn(Y302-303F)-GFP expressed us-

ing the CMV promoter was immunoprecipitated from cells
after a brief (15-min) exposure to hepcidin. This brief expo-
sure to hepcidin is not long enough to see significant loss of
Fpn-GFP. Western blot analysis of the immunoprecipitate
confirmed the absence of the high-molecular-weight phos-
phorylated species (Figure 3D). Sequence analysis of Fpn
does not suggest that it is a kinase. A number of potassium
and chloride channels are tyrosine phosphorylated by a
nonreceptor tyrosine kinase, usually belonging to the src
kinase family (Davis et al., 2001). Cells expressing Fpn-GFP
were incubated with PP2, a src kinase inhibitor. The inhib-
itor did not affect the expression of Fpn-GFP, but it pre-
vented hepcidin-mediated tyrosine phosphorylation, inter-

Figure 2. Fpn is phosphorylated at the plasma membrane. (A) HEK293T cells were transiently transfected with Fpn-FLAG and either
Dynamin-GFP or DynaminK44A-GFP. Cells were incubated in the presence or absence of 1 �g/ml hepcidin for 60 min and processed for
immunofluorescence using mouse anti-FLAG followed by Alexa 594-conjugated goat anti-mouse IgG (1:750) as secondary antibody. (B)
HEK293T cells were transiently transfected as described in A. Cells were incubated in the presence or absence of 1 �g/ml hepcidin as in A,
extracts obtained as described in Figure 1 and Western blotted for Fpn-FLAG, Dynamin-GFP, and actin (loading control). Extracts were
immunoprecipitated using anti-FLAG resin (M2), and the immunoprecipitates were examined for the presence of tyrosine phosphorylated
Fpn-FLAG or ubiquitinated Fpn-FLAG by using mouse anti-phosphotyrosine or mouse anti-ubiquitin antibodies followed by peroxidase-
conjugated goat anti-mouse IgG. (C and D) HEK293T Fpn-GFP cells were transfected with nonspecific (NS) or epsin-specific siRNA
oligonucleotide pools. After 48 h of incubation, cells were induced to express Fpn-GFP and then 18 h later 1 �g/ml hepcidin was added for
1 h. The efficiency of epsin depletion was assessed by Western blot analysis using antibodies to epsin. The presence of Fpn-GFP was assessed
by epifluorescence (C) and Western blot analysis (D).
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nalization, and degradation of Fpn-GFP (Figure 4A). These
data indicate that phosphorylation of Fpn is required for its
internalization. Fpn(Y302-303F)-GFP is a functional iron ex-
porter, because expression in iron-loaded cells resulted in
decreased levels of the iron storage protein ferritin similar to
wild-type Fpn-GFP (Figure 4B). Addition of hepcidin does
not, however, prevent iron export as shown by the low level
of ferritin in Fpn(Y302-303F)-GFP–expressing cells. This re-
sult confirms the conclusion based on human Fpn mutants
that hepcidin regulates Fpn iron export activity by facilitat-
ing Fpn removal.

Ubiquitination of Fpn Is Required for Trafficking
and Degradation
Once internalized, Fpn is targeted to the lysosome where it
is degraded (Nemeth et al., 2004). Most membrane proteins

degraded in the lysosome are trafficked through the MVB
pathway en route to lysosomes, and entry into the MVB
typically requires ubiquitination of target proteins (Hurley
and Emr, 2006). To determine whether ubiquitination is a
requirement for internalized Fpn to enter the MVB, we took
advantage of the cell line ts85 that has a temperature-sensi-
tive E1-ubiquitin ligase. This cell line cannot add ubiquitin
to target proteins at the restrictive temperature of 39°C
(Ikehata et al., 1997). Both wild-type (FM3A) and mutant
cells (ts85) were transformed with a plasmid containing a
CMV-regulated Fpn-GFP. Fpn-GFP was found on the cell
surface at the permissive (Figure 5A) and restrictive temper-
atures (data not shown). Addition of hepcidin to either
wild-type or ts85 cells led to the internalization of Fpn-GFP
at both permissive and restrictive temperatures. Fpn was
degraded in both cell types at the permissive temperature;

Figure 3. Phosphorylation, location, and function of human Fpn mutations. (A) HEK293T cells were transiently transfected with Fpn-GFP,
Fpn(N144H)-GFP, or Fpn(Q182H)-GFP expressed under a CMV promoter. Cells were incubated in the presence or absence of 1 �g/ml hepcidin
for indicated times, solubilized, and immunoprecipitated with rabbit anti-GFP antibodies. Immunoprecipitated samples were analyzed on
nonreducing 10% SDS-PAGE, and Western blots were probed for either phosphotyrosine by using mouse anti-phosphotyrosine followed by a
peroxidase-conjugated goat anti-mouse IgG as secondary or Fpn-GFP by using rabbit anti-GFP followed by peroxidase-conjugated goat anti-rabbit
IgG as secondary. (B) HEK293T cells expressing wild-type Fpn-GFP were incubated with and without 1 �g/ml hepcidin for 15 min. Cell extracts
were immunoprecipitated with anti-phosphotyrosine antibodies, and the immunoprecipitate was incubated in the presence or absence of calf
intestinal phosphatase (CIP) for 60 min at 37°C. The samples were analyzed by SDS-PAGE and Western blot probing for Fpn-GFP. (C) HEK293T
cells transfected with Fpn-GFP or Fpn(Y302-303F)-GFP were incubated in the presence of 1 �g/ml hepcidin for up to 24 h. Fpn-GFP localization
was examined by fluorescence microscopy after 4 h of hepcidin incubation, and Fpn-GFP levels were measured by Western blot analysis after 24 h
of hepcidin incubation. (D) HEK293T cells transfected with Fpn-GFP or Fpn(Y302-303F)-GFP were incubated with hepcidin for 15 min. The cells
were solubilized, and Fpn-GFP was immunoprecipitated and analyzed by Western blots as described in A.
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however, at the restrictive temperature Fpn-GFP was de-
graded in wild-type cells, but it was not degraded in ts85
cells. In ts85 cells, at the restrictive temperature, Fpn-GFP
accumulated in intracellular vesicles with some present on
the plasma membrane.

Haile’s model of Fpn topology (Liu et al., 2005) suggests
that there are 11 lysine residues on the cytosolic surface of
Fpn that may be sites for ubiquitin addition. We focused our
attention on the lysines present in the large cytoplasmic loop
that is between two putative transmembrane (TM) domains

(TM-VI and –VII), because this loop also contains tyrosines
302 and 303. Mutation of lysine residues 253, 258, or 269 to
alanine had no effect on the plasma membrane localization
of Fpn-GFP or on the ability of the mutated Fpn to be
internalized and degraded in response to hepcidin (data not
shown). Mutation of lysine residue 253 resulted in a protein
that targeted to the cell surface and could be internalized by
hepcidin (Figure 5B). The mutant protein Fpn(K253A)-GFP
was degraded at a much slower rate than wild-type protein
and was found in intracellular vesicles. Fpn(K253A)-GFP
was phosphorylated in response to hepcidin, but it was no
longer ubiquitinated, suggesting that residue 253 is a site for
ubiquitination (Figure 5C). These results show that ubiquiti-
nation is not required for internalization but that it is re-
quired for degradation. There was a difference in the ap-
pearance of internalized Fpn-GFP in ts85 cells and in
Fpn(K253A)-GFP in HEK293T cells. We feel that this differ-
ence can be ascribed to the difference in morphology be-
tween the nonadherent ts85 cells and the adherent HEK293T
cells.

Fpn Traffics through the MVB En Route to the Lysosome
Trafficking of plasma membrane proteins to the lysosome is
dependent on sorting through the MVB (Raiborg et al., 2003;
Hurley and Emr, 2006). Many proteins involved in sorting
through the MVB have been identified, and most are asso-
ciated with three complexes that are sequentially recruited
to the endosomal membrane during MVB formation, endo-
some sorting complex required for transport (ESCRT) I–III
(Babst et al., 2002a,b; Katzmann et al., 2002). We used RNA
interference oligonucleotide pools specific to different pro-
teins in the MVB pathway to determine whether degradation
of Fpn requires trafficking through the MVB. TSG101(Vps23p) is
a component of the ESCRT-I complex, which is required for
recognition of ubiquitinated cargos destined for the MVB
(Garrus et al., 2001; Katzmann et al., 2001). Depletion of
TSG101 in mammalian cells results in the accumulation of
epidermal growth factor-epidermal growth factor receptor
(EGFR) in endocytic compartments (Bishop et al., 2002), and
deletion of the yeast homologue results in the missorting of
the vacuolar peptidase carboxypeptidase S (CPS) and the
formation of a vesicle termed the “class E compartment”
(Babst et al., 2000). EAP20(Vps25p) is a component of ESCRT-II,
and ESCRT-II has been shown to bridge ESCRT-I and ES-
CRT-III (Babst et al., 2002b; Teo et al., 2004, 2006; Yorikawa et
al., 2005; Langelier et al., 2006). The absence of ESCRT-II
components in yeast results in the accumulation of CPS and
a class E or enlarged MVB compartment (Babst et al., 2002b).
CHMP6(Vps20p) binds EAP20 and is part of the ESCRT-III
complex (Teo et al., 2004; Langelier et al., 2006). The absence
of Vps20p also results in the missorting and accumulation
of CPS in a class E compartment (Babst et al., 2002a).
CHMP5(Vps60p) is thought to be a part of the ESCRT-III
complex, and it has been shown to be involved in trafficking
EGFR through the MVB/lysosomal pathway (Ward et al.,
2005). Finally, LIP5(Vta1p) is thought to act after ESCRT-III,
binding and activating the MVB ATPase Vps4 (Scott et al.,
2005; Azmi et al., 2006; Lottridge et al., 2006). LIP5 is in-
volved in trafficking EGFR through the MVB/lysosomal
pathway (Fujita et al., 2004). siRNA transfection by using
oligonucleotide pools directed against specific ESCRT pro-
teins did not affect the cell surface localization of Fpn-GFP
nor hepcidin-mediated internalization (Figure 6A). Deple-
tion of ESCRT-I, ESCRT-II, and ESCRT-III proteins or ESCRT
III accessory proteins (CHMP5 or LIP5), however, did lead
to a delay in the degradation of Fpn-GFP, as assessed by

Figure 4. Effect of src kinase inhibitor PP2 on hepcidin-induced
phosphorylation and internalization of Fpn-GFP. (A) HEK293T Fpn-
GFP–expressing cells were incubated with 100 �M PP2 for 15 min.
Hepcidin was added for an additional 20 min, and Fpn-GFP local-
ization was examined by fluorescence microscopy, and tyrosine
phosphorylation was assayed as on immunoprecipitated Fpn-GFP
as described in Figure 3. (B) HEK293T cells, transfected with either
pEGP vector, Fpn-GFP, or Fpn(Y302-303F)-GFP, were incubated
with or without ferric ammonium citrate (FAC) (10 �M Fe) for 16 h,
and the amount of cell-associated ferritin was determined. Iron-
loaded cells expressing Fpn-GFP or Fpn(Y302-303F)-GFP were in-
cubated in the presence of 1 �g/ml hepcidin for 24 h, and the
amount of cell-associated ferritin was determined.
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Western blot analysis (Figure 6B) with Fpn-GFP accumula-
tion in endocytic vesicles (Figure 6A). The relative amounts
of Fpn-GFP after hepcidin addition was quantified (Figure
6C). Protein depletion by specific siRNA oligonucleotide
pools was assessed by Western analysis using protein-spe-
cific antibodies (Figure 6D). These data demonstrate that
upon internalization, Fpn-GFP is trafficked through the
MVB in route to the lysosomes for degradation and that
efficient degradation requires all three ESCRT complexes as
well as late-acting accessory factors.

DISCUSSION

The relationship between hepcidin and Fpn provides insight
into mammalian iron homeostasis and its dysregulation.

Hepcidin-mediated internalization of Fpn results in reduced
cellular iron export and provides an explanation for the
regulation of iron absorption and for malregulation of iron
absorption leading to both iron deficiency and excessive iron
accumulation (Ganz and Nemeth, 2006). In this study, we
examined the initial events after the binding of hepcidin to
Fpn. Our results show that hepcidin induces Fpn phosphor-
ylation, which is critical for internalization (Figure 7A). The
data that support this conclusion are as follows: 1) Fpn
tyrosine phosphorylation occurs at the cell surface; 2) Fpn
tyrosine phosphorylation is not blocked by inhibitors of
endocytosis; 3) Fpn tyrosine phosphorylation is defective in
human Fpn mutants N144H and Q182H that are not inter-
nalized or that are internalized slowly; 4) mutation of Fpn
Y302 and Y303 prevents phosphorylation, and thus Fpn endo-

Figure 5. Ubiquitination is required for Fpn-
GFP trafficking to the lysosome. (A) Wild-type
(FM3A) or mutant cells (ts85) were transfected
with Fpn-GFP. Cells were then incubated at
the permissive (33°C) or restrictive (39°C)
temperature in the presence or absence of 1
�g/ml hepcidin for 60 min. Cells were exam-
ined by epifluorescence microscopy for the
localization of Fpn-GFP. (B) HEK293T cells
were transiently transfected with Fpn-GFP or
Fpn(K253A)-GFP and grown for 12 h. Cells
were incubated in the presence or absence of 1
�g/ml hepcidin for 60 min at 37°C, and then
they were examined for the localization of
Fpn-GFP, and protein levels were assessed by
Western blot. (C) Cells expressing wild-type
or Fpn(K253A)-GFP were incubated in the
presence of 1 �g/ml hepcidin for 15 min. The
cells were solubilized, and Fpn-GFP was im-
munoprecipitated as in Figure 1. Immunopre-
cipitates were analyzed by SDS-PAGE and
Western blot for the presence of Fpn-GFP by
using rabbit anti-GFP followed by peroxidase-
conjugated goat anti-rabbit IgG or for ubiqui-
tinated or tyrosine-phosphorylated Fpn-GFP
by using mouse anti-ubiquitin or mouse anti-
phosphotyrosine antibodies followed by per-
oxidase-conjugated goat anti-mouse IgG.
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cytosis; and 5) inhibitors of src kinases prevent Fpn-GFP phos-
phorylation and also prevent Fpn-GFP internalization.

These results show that phosphorylation of either Fpn
Y302 or Fpn Y303 is an early event after hepcidin binding
and that it is required for internalization. Phosphorylation of
Fpn can occur on either of these adjacent tyrosines, because
mutation of either tyrosine alone has little effect on internal-
ization. This result suggests that only one of the two ty-
rosines needs to be phosphorylated for Fpn internalization.
We note that phosphorylation of Fpn leads to a decreased
mobility on SDS-PAGE that is discrepant with the additional
mass of either one or two phosphates. We feel confident that
it is Fpn that is phosphorylated and hypothesize that the
nonboiled protein retains some conformation that is affected
by phosphorylation. We cannot, however, rule out the pos-
sibility that the migration on SDS-PAGE is due to a protein
that binds to the phosphorylated residues. The Y302 and
Y303 residues are adjacent to a potential transmembrane
segment (Figure 7B), and it is possible that phosphorylation
results in a significant structural alteration in the protein–
lipid interaction. Furthermore, sequence analysis (ExPASy-
prosite database) suggests that the amino acids surrounding
the two tyrosines 302-303 may be a src homology 2 domain,
indicating that the phosphorylated protein could interact
with a variety of adaptor proteins to effect internalization.
There is a precedent for tyrosine phosphorylation of mem-
brane transporters/channels leading to either internaliza-
tion or modification of channel function (for review, see
Davis et al., 2001). Our data suggest that Fpn, like other ion

transporters such as potassium and chloride channels, is
tyrosine phosphorylated by a src kinase. It remains to be
determined what conformational features in Fpn are altered
upon binding of hepcidin and how these features recruit a
nonreceptor tyrosine kinase. Similarly, the nature of the
structural changes resulting from N144H and Q182H, which
are predicted to be on a cytoplasmic loop but not the loop
containing the phosphorylation site are also unknown. Fpn
is a dimer, and these mutations might affect the conforma-
tion of the multimeric protein (De Domenico et al., 2007;
Zohn et al., 2007).

Our data show that ubiquitination of Fpn occurs subse-
quently to internalization (Figure 7A). Inhibition of ubiquiti-
nation, through the use of cells with a temperature-sensitive
E1 ligase or through site-directed mutagenesis of lysine
residue K253, leads to the accumulation of Fpn-GFP in in-
tracellular vesicles as well as at the plasma membrane. The
presence of Fpn-GFP at the plasma membrane may reflect a
decrease in the internalization of Fpn-GFP, or it may repre-
sent the recycling of Fpn-GFP when it is not ubiquitinated.
The recycling of membrane proteins back to the plasma
membrane, if not ubiquitinated, has been demonstrated for
the EGFR (Grovdal et al., 2004), and it may indicate specific
sorting of membrane proteins that have been internalized
but not ubiquitinated. It is of interest that the ubiquitination
site is on the same large cytosolic loop as the phosphoryla-
tion sites (Figure 7B), suggesting that a ubiquitin ligase may
respond to alterations in Fpn structure or binding partners
induced by phosphorylation.

Figure 6. Depletion of MVB proteins affects the trafficking and degradation of Fpn-GFP. (A) HEK293T Fpn-GFP cells were transfected with
siRNA oligonucleotide pools specific for TSG101 (ESCRT I), EAP20 (ESCRT II), CHMP6 (ESCRT III), CHMP5 (ESCRT III), LIP5, nonspecific
(N.S.), or inverted TSG101 (INV) by using OligofectAMINE. Forty-eight hours later, cells were induced to express Fpn-GFP, and after 18 h,
the cells were incubated in the presence or absence of hepcidin. Cells were examined by confocal microscopy, and the localization of Fpn-GFP
was determined. (B) Cells treated as described in A were solubilized as in Figure 1, analyzed on SDS-PAGE under nonreducing conditions,
and Western blotted for either Fpn-GFP or actin. (C) Images from A were analyzed using National Institutes of Health ImageJ, and the
amount of relative fluorescence per cell was determined. The data are expressed as arbitrary fluorescence units per cell, and error bars
represent the analysis of greater than five fields per sample. (D) To assess silencing, samples from A were applied to SDS-PAGE under
reducing conditions and analyzed by Western blot by using mouse or rabbit antibodies against TSG101 (T101), EAP20 (E20), CHMP6 (C6),
CHMP5 (C5), or LIP5 followed by peroxidase-conjugated goat anti-mouse/rabbit IgG.
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Targeting of most membrane proteins to the lysosome is
accomplished by their entry into the MVB. Data suggest,
however, that not all ESCRT subunits are required for
trafficking through the mammalian MVB. Depletion of
HRS by siRNA prevents the agonist induced lysosomal
degradation of � opiod receptors, whereas depletion of
TSG101/ESCRT-I does not prevent � opioid receptor
lysosomal degradation (Hislop et al., 2004). Similarly,
TSG101/ESCRT I depletion inhibits MHC class I degra-
dation, whereas EAP20/ESCRT-II is not required for ma-
jor histocompatibility complex (MHC)-I receptor down-
regulation (Bowers et al., 2006), although this complex is
required for efficient degradation of internalized epider-
mal growth factor-receptors (Langelier et al., 2006). Our
data demonstrate that trafficking of Fpn-GFP to the lyso-
some goes through the MVB pathway and requires par-
ticipation of all of the ESCRT complexes. Depletion of
members of ESCRT I, ESCRT II, or ESCRT III complexes
leads to the accumulation of Fpn-GFP in intracellular
vesicles and reduced degradation. We note that the block

on degradation is not absolute, as Fpn-GFP levels do
decrease with time. Whether the lack of a complete block
is due to incomplete silencing or to redundancy in ESCRT
proteins is unresolved. Nevertheless, our studies demon-
strate a role for the MVB pathway in hepcidin-mediated
degradation of Fpn.

Many mutations in Fpn cause iron overload disease,
which has two distinct presentations (Pietrangelo, 2006).
One form of the disease results from Fpn mutants that are
unable to reach the plasma membrane (De Domenico et al.,
2005; Schimanski et al., 2005). Cells expressing these Fpn
mutations are compromised in their ability to export iron
and show excessive iron accumulation. A second form of the
disease results from Fpn mutants that are targeted to the
plasma membrane but do not bind hepcidin or bind hepci-
din and are not internalized (De Domenico et al., 2005;
Drakesmith et al., 2005). These results confirm that hepcidin
regulates Fpn-mediated iron export by regulating the con-
centration of Fpn at the plasma membrane and not by af-
fecting the transport activity of Fpn.

Figure 7. Model for Fpn internalization and
degradation. (A) Hepcidin binds Fpn at the
plasma membrane where Fpn is tyrosine
phosphorylated. Once Fpn is internalized, the
phosphates are removed, and Fpn is ubiquiti-
nated, which targets it to the MVB for degra-
dation in the lysosomes. (B) Topology of Fpn
showing the potential transmembrane domain
containing the phosphorylation (Y302 and
Y303) and ubiquitination (K253) sites.
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