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ZIP14 is a transmembrane metal ion transporter that is abun-
dantly expressed in the liver, heart, and pancreas. Previous stud-
ies of HEK 293 cells and the hepatocyte cell lines AML12 and
HepG2 established that ZIP14 mediates the uptake of non-
transferrin-bound iron, a form of iron that appears in the plasma
during pathologic iron overload. In this study we investigated
the role of ZIP14 in the cellular assimilation of iron from trans-
ferrin, the circulating plasma protein that normally delivers iron
to cells by receptor-mediated endocytosis. We also determined
the subcellular localization of ZIP14 in HepG2 cells. We found
that overexpression of ZIP14 in HEK 293T cells increased the
assimilation of iron from transferrin without increasinglevels of
transferrin receptor 1 or the uptake of transferrin. To allow for
highly specific and sensitive detection of endogenous ZIP14 in
HepG2 cells, we used a targeted knock-in approach to generate
a cell line expressing a FLAG-tagged ZIP14 allele. Confocal
microscopic analysis of these cells detected ZIP14 at the plasma
membrane and in endosomes containing internalized trans-
ferrin. HepG2 cells in which endogenous ZIP14 was suppressed
by siRNA assimilated 50% less iron from transferrin compared
with controls. The uptake of transferrin, however, was unaf-
fected. We also found that ZIP14 can mediate the transport of
iron at pH 6.5, the pH at which iron dissociates from transferrin
within the endosome. These results suggest that endosomal
ZIP14 participates in the cellular assimilation of iron from
transferrin, thus identifying a potentially new role for ZIP14 in
iron metabolism.

Most cells acquire iron from transferrin (TF),” a circulating
plasma protein that can carry up to two ferric (Fe®") iron
atoms. After Fe-TF binds to cell surface TF receptor 1 (TFR1),
the plasma membrane invaginates into clathrin-coated pits,
which internalize the Fe-TF-TFR1 complex into endosomes.
Upon endosomal acidification, Fe*" is released and subse-
quently reduced to Fe*". The liberated Fe*" is then transported
across the endosomal membrane and into the cytosol (1).
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The assimilation of iron from TF has been best characterized
in developing erythroid cells, the most avid consumers of TF-
bound iron (TBI). In these cells, reduction of Fe** is catalyzed
by the oxidoreductase Steap3 (2), and iron transport out of the
endosome is facilitated by the transmembrane protein divalent
metal transporter 1 (DMT1) (3, 4). Accordingly, mice lacking
either Steap3 or DMT1 cannot incorporate sufficient iron into
developing erythrocytes and become anemic (2, 3). After the
erythroid marrow, the second largest consumer of TBI is the
liver, accounting for 10 —20% of iron exchange with the plasma
(5). Interestingly, anemic Steap3-mutant mice or DMT1-null
mice are able to take up iron into the liver (6, 7), indicating that
Steap3 and DMT1 are dispensable for hepatic iron uptake.

Under normal conditions, >95% of plasma iron is TBI. Stud-
ies in perfused rat liver document that the liver takes up TBI,
almost exclusively into hepatocytes (8). In iron overload condi-
tions, such as hereditary hemochromatosis, the liver can also
take up non-TF-bound iron (NTBI), a form of iron that appears
in the plasma when the iron-carrying capacity of TF becomes
exceeded (9). The uptake of NTBI into hepatocyte cell lines is
mediated, at least in part, by the transmembrane protein ZIP14,
a member of the ZIP family of metal ion transporters (10, 11).
Recently, we found that expression of HFE, the hemochroma-
tosis protein, in HepG2 cells decreased ZIP14 levels, apparently
by decreasing ZIP14 stability (10). Importantly, the reduction in
ZIP14 was associated with not only a diminished uptake of
NTBI but also a decrease in the assimilation of iron from TF,
suggesting that ZIP14 participates in both pathways of iron
acquisition. In the present study, we investigated the role of
ZIP14 in the cellular assimilation of iron from TF, the pH
dependence of ZIP14-mediated iron uptake, and the subcellu-
lar localization of endogenous ZIP14. We found that overex-
pression of ZIP14 increased the assimilation of iron from TF
and enhanced cellular iron uptake at pH 7.5 and 6.5. Endoge-
nous ZIP14 in HepG2 cells localized to the plasma membrane
and partially co-localized with endosomes containing internal-
ized Fe-TF. Moreover, siRNA-mediated knockdown of endog-
enous ZIP14 decreased the assimilation of iron from TF with-
out decreasing the uptake of TF or the levels of TFR1. These
results suggest that ZIP14 participates in the assimilation of
iron from TF in addition to playing a role in NTBI uptake.

EXPERIMENTAL PROCEDURES

Cell Culture—HEK 293T cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM; Mediatech) with 4.5 g/liter
glucose, 4 mMm L-glutamine, 1 mm sodium pyruvate, 100
units/ml penicillin, 100 pg/ml streptomycin, and 10% fetal
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FIGURE 1. Overexpression of ZIP14 increases the cellular assimilation of iron from TF. A, HEK 293T cells
transfected with pCMVSport2 (control) or pCMVSport6/mouse ZIP14 were incubated with 100 nm *°Fe-TF for
the times indicated. Cells were harvested, and cell-associated radioactivity was determined by y-counting. The
amount of *°Fe assimilated by the cells is expressed as cpm/mg of protein. *, different from respective control,
p < 0.05.The data shown represent the mean = S.E. (error bars) of three independent experiments. B, lysates of
cells incubated with 100 nm >°Fe-TF for 4 h were analyzed by Western blotting for ZIP14, TFR1, and DMT1. To
indicate protein loading among lanes, the blot was stripped and reprobed for actin. Data are representative of
one of three experiments. C, HEK 293T cells transfected with pCMVSport2 (control) or pCMVSport6/mouse
ZIP14 were incubated with 100 nm biotin-labeled holo-TF for 2, 10, or 30 min. Cell lysates were analyzed by
Western blotting for ZIP14, TF, and tubulin as a lane-loading control. Data are representative of one of two

experiments.

bovine serum (FBS; Atlanta Biologicals). HepG2 cells were
grown in DMEM with 4.5 g/liter glucose, 4 mm L-glutamine, 1
mM sodium pyruvate, 1 X minimum Eagle’s medium nonessen-
tial amino acids (Mediatech), 100 units/ml penicillin, 100
pg/ml streptomycin, and 10% FBS. All cells were maintained
at 37°C in 5% CO,. See also supplemental Experimental
Procedures. For expression of mouse ZIP14 in HEK 293T cells,
Effectene reagent (Qiagen) was used to transiently transfect
HEK 293T cells with empty pCMVSport2 or pCMVSport6 con-
taining mouse ZIP14 cDNA (GenBank™ accession number
BC021530).
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6.5, to 5.5 by using mixtures of
Hepes and MES buffers (12). Iron
transport was measured as previ-
ously described (11). Briefly, trans-
fected HEK 293T cells (48 h after
transfection) were washed three
times in SFM and incubated for 1 h
in SFM to deplete cells of TF. For
uptake, cells were incubated with 2
uM *°Fe-ferric citrate for 60 min fol-
lowed by three washes of cell-impermeant iron chelator solu-
tion to remove any surface-bound iron. Cell-associated radio-
activity was determined by -y-counting. Uptake was expressed
as cpm/mg of protein.

Determination of ZIP14 and DMT1 mRNA Copy Numbers—
Total RNA was isolated from HepG2 and HEK 293T cells. Iso-
lated RNA was treated with DNase I (Turbo DNA-free kit;
Ambion) to remove any contaminating genomic DNA. First-
strand cDNA was synthesized from the isolated RNA by using
the High-Capacity cDNA Archive kit (Applied Biosystems).
Quantitative RT-PCR was performed using iQ SYBR Green
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Supermix (Bio-Rad) and an Applied Biosystems 7300 real time
PCR system. Copy numbers of DMT1 and ZIP14 mRNA were
calculated by comparing C, values obtained from HEK 293T
and HepG2 RNA with those obtained from standard curves
generated by using the plasmids pBluescriptR-human DMT1
(BC100014; Addgene, Cambridge, MA) and pXL4-human
ZIP14 (NM_001135153.1; Open Biosystems). The primers used
for ZIP14 (forward, 5'-CTGGACCACATGATTCCTCAG-3’
and reverse, 5'-GAGTAGCGGACACCTTTCAG-3') and
DMT1 (forward, 5-TGGTTCTGACTCGCTCTATTGC-3’
and reverse, 5'-CATTCATCCCTGTTAGATGCTCTACA-3")
were designed to target all known variants of ZIP14 and DMT1
mRNA.

Genetic Knock-in to Tag Endogenous ZIP14 in HepG2 Cells—
The 3XFLAG epitope tagging strategy and method have been
described in detail previously (13, 14). Briefly, ~1 kb of left and
right homologous arms of ZIP14 were PCR-amplified from
genomic DNA isolated from HepG2 cells. The primers that
were used to generate the knock-in amplified regions upstream
or downstream of the stop codon (supplemental Table 1). PCR
products were inserted into the rAAV-Neo-Lox P-3XFLAG
knock-in vector. To make AAV-Cre virus, the cre gene
sequence was PCR-amplified from pBS185 plasmid (Addgene)
by using gene-specific primers linked with NotI restriction sites
at each end (supplemental Table 1). PCR products were then
ligated into the pAAV vector (Stratagene). Targeting viruses
were packaged into HEK 293-AAV cells by using the AAV
Helper-Free system (Stratagene) according to the manufac-
turer’s instructions. HepG2 cells were infected with targeting
virus, and G418-resistant single-cell clones were transferred to
24-well plates for screening and expanding. After confirming
successful homologous recombination by PCR with screening
primers (supplemental Table 1) and DNA sequencing, the pos-
itive clones were infected with AAV-Cre virus to remove the
neomycin-resistance cassette. Excision was confirmed by PCR
with screening primers, and expression of endogenous ZIP14 —
3XFLAG in HepG2 cells was confirmed by Western blot
analysis.

Knockdown of ZIP14 Using siRNA—SMARTpool siRNA spe-
cific for human ZIP14 mRNA (GenBank™™ accession number
NM_015359) and ON-TARGETplus Non-targeting Pool
siRNA were purchased from Dharmacon (Thermo Scientific).
Lipofectamine RNAIMAX transfection reagent (Invitrogen)
was used to transfect siRNA into HepG2 cells. Briefly, 6 ul of
Lipofectamine RNAIMAX and 60 pmol of RNAi duplex were
mixed in 600 ul of Opti-MEM (Invitrogen) and added into each
well of a 6-well plate. After incubating at room temperature for
15 min, ~2 X 10° cells were added to each well containing 1.8
ml of DMEM supplemented with 4.5 g/liter glucose, 4 mm
L-glutamine, 1 mMm sodium pyruvate, 1X minimum Eagle’s
medium nonessential amino acids and 10% FBS. Cells were
incubated with the siRNA for 72 h. To confirm knockdown,
ZIP14 protein levels were determined by Western blotting. See
also supplemental Experimental Procedures.

Western Blot Analysis—Cells were washed with ice-cold
phosphate-buffered saline (PBS) twice and lysed in SDS lysis
buffer (170 mm Tris-HCI (pH 6.8), 2% SDS, 5% glycerol, 5%
B-mercaptoethanol, and 1 X Complete Mini Protease Inhibitor
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FIGURE 2. pH dependence of ZIP14-mediated iron transport. HEK 293T
cells transfected with pCMVSport2 (control) or pCMVSport6/mouse ZIP14
were incubated with 2 um *°Fe-ferric citrate for 1 h in uptake buffer at pH 7.5,
6.5, and 5.5. The amount of *°Fe taken up by cells is expressed as com/mg of
protein. Data represent the mean = S.E. (error bars) of three independent
experiments.

Mixture (Roche Applied Biosciences)). Protein concentrations
of the cell lysates were measured by using the RC DC Protein
Assay. Lysates were mixed with Laemmli buffer and incubated
for 15 min at 37 °C. Proteins were separated electrophoretically
on an SDS/7.5% polyacrylamide gel, transferred to nitrocellu-
lose, and incubated for 1 h in blocking buffer (5% nonfat dry
milk in Tris-buffered saline-Tween 20, TBST). Blots were then
incubated for 1 h at room temperature in blocking buffer con-
taining either 2.5 ug/ml affinity-purified rabbit anti-ZIP14
antibody, mouse anti-FLAG, M2 (1:2000; Sigma), mouse anti-
TER1 (1:1000, Invitrogen), mouse anti-TFR2 (1:200, Santa Cruz
Biotechnology), or rabbit anti-DMT1 (1:500, Abcam). After
four washes with TBST, blots were incubated with a 1:2000
dilution of donkey anti-rabbit (Amersham Biosciences) or goat
anti-mouse (Invitrogen) secondary antibodies conjugated to
horseradish peroxidase (HRP). To confirm equivalent loading,
blots were stripped for 15 min in Restore PLUS Western Blot
Stripping Buffer (Thermo Scientific), blocked for 1 h in block-
ing buffer, and reprobed with rabbit anti-actin (1:1000; Sigma)
or mouse anti-a-tubulin, clone B-5-1-2 (Sigma) followed by
HRP-conjugated secondary antibodies. After washing twice
with TBST and twice with TBS, antibody cross-reactivity was
visualized by using enhanced chemiluminescence (SuperSignal
West Pico; Thermo Scientific) and x-ray film. See also sup-
plemental Experimental Procedures.

Subcellular Localization of Endogenous ZIP14—HepG2 cells
that were grown on poly-L-lysine- (Sigma)-coated coverslips
were washed twice with PBS™/™" (PBS with 1 mm MgCl, and 0.1
mM CacCl,) and fixed with 2% paraformaldehyde for 15 min at
room temperature. Next, cells were washed three times with
PBS, permeabilized with 0.1% saponin for 10 min, and then
washed three times with PBS before blocking in 1% bovine
serum albumin for 30 min. Endogenous ZIP14 -3 XFLAG was
detected by using mouse anti-FLAG, M2 (1:200; Sigma) pri-
mary antibody (overnight at 4 °C) and rhodamine-conjugated
donkey anti-mouse IgG secondary antibody (1:200; Jackson
ImmunoResearch) for 1 h. For TF labeling, cells were incubated
with 30 ug/ml Alexa Fluor 488-labeled human holo-TF
(Invitrogen) for 30 min at 37 °C and washed three times with
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FIGURE 3.Comparison of ZIP14 and DMT1 mRNA levels in HepG2 and HEK
293T cells. Total RNA was isolated from untreated HepG2 and HEK 293T cells,
and transcript copy numbers were determined by using quantitative RT-PCR.
Datarepresent the mean = S.E. (error bars) of three independent experiments
of triplicate samples.
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PBS before fixation. For subcellular localization, the following
goat polyclonal antibodies (1:200) from Santa Cruz Biotechnol-
ogy were used: anti-early endosome antigen 1 (EEA1), anti-
Rab11, anti-lysosome-associated membrane protein 1 (LAMP1),
and anti-TFR1 (CD-71). The secondary antibody (1:200) was
donkey anti-goat IgG Alexa Fluor 488. To stain the nuclei, cells
were washed three times with PBS and incubated for 5 min with
10 pg/ml 4’-6-diamidino-2-phenylindole (DAPI). After several
washes of PBS, coverslips were mounted on microscope slides
for confocal analysis using a Leica TCS SP5 laser-scanning con-
focal microscope.

Quantitative Determination of TF Uptake—To determine
whether ZIP14 knockdown affected the uptake of TF, HepG2
cells in SFM were incubated with 100 nMm biotin-labeled
holo-TF (Sigma). After incubation, surface binding of TF was
stopped by trypsinizing cells for 2
min at 37 °C. After washing sus-
pended cells twice in cold SFM and
PBS, cells were lysed in SDS lysis
buffer. Cell extracts were analyzed
by Western blotting as described
above, but with ImmunoPure HRP-
conjugated streptavidin (1:50,000
for 1 h) instead of antibodies.

Statistical Analysis—Data re-
present mean * S.E. The assimila-
tion of iron at various time points
and the pH-dependence of iron
uptake data were analyzed as a
completely randomized block de-
sign using the Glimmix proce-
dures (SAS Institute). Blocks were
based on the replication of the
experiment. Fixed effect included
time and treatment (or treatment
and pH) as well as the interactive
effects. Block was the random
effect. Multiple comparisons were
adjusted by Tukey-Kramer. Degrees
of freedom were approximated
using the Kenward-Rogers method.
A probability level of p < 0.05 was
defined as a significant difference.
When two groups were compared,
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FIGURE 4. Targeted knock-in of 3 XFLAG into the ZIP14 locus of HepG2 cells. A, diagrams of the wild-type
(WT) ZIP14 allele, the FLAG + Neo® allele after homologous recombination with the targeting vector, and the
FLAG allele after excising the neomycin cassette with Cre recombinase are shown. Clones were screened by
using primers P1-P6 designed to target the indicated positions. B, PCR of genomic DNA identifies clones with
the FLAG + Neor allele and FLAG allele. C, Western blot analysis of HepG2 cells expressing FLAG-tagged ZIP14
and knockdown of endogenous ZIP14 in HepG2 cells using siRNA targeting ZIP14 are shown. To indicate

protein loading among lanes, the blot was stripped and reprobed for actin.
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cell line, were used to investigate the
effect of ZIP14 overexpression on
the assimilation of iron from TF.
Forty-eight hours after transfection
with pCMVSport2 (control) or
pCMVSport6/mouse ZIP14, cells
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colocalization

FIGURE 5. ZIP14 partially co-localizes with internalized TF in HepG2 cells.
Cells were incubated for 30 min with Alexa Fluor 488-labeled human holo-TF
prior to fixation and permeabilization. Endogenous ZIP14-3XFLAG was
detected by using anti-FLAG antibody followed by rhodamine-conjugated
secondary antibody. Merged image shows co-localization of ZIP14 and
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were incubated with 100 nm *°Fe-TF for 2, 4, 6, 8, or 10 h, and
the cellular assimilation of **Fe was determined. We found that
HEK 293T cells transfected with mouse ZIP14 took up 26 —38%
more *°Fe than control cells (Fig. 14). Western blot analysis
confirmed that the enhanced assimilation of *’Fe was associ-
ated with higher ZIP14 protein levels (Fig. 1B). In contrast,
levels of TFR1 and DMT1, which may also function in the
assimilation of iron from TF, did not differ between ZIP14-
overexpressing cells and controls (Fig. 1B). To determine
whether overexpression of ZIP14 increased the uptake of TF,
we measured TF uptake at 2, 10, and 30 min. These shorter time
points were used because of the rapid rate of internalization of
TF (t, = 3.5 min) in HepG2 cells (15). We found that overex-
pression of ZIP14 did not affect the amount of holo-TF taken up
by the cells (Fig. 1C). The enhancement of iron assimilation by
ZIP14-transfected cells suggests that ZIP14 plays a role in the
assimilation of iron from TF.

pH-dependent Iron Transport Activity of ZIP14—I1f ZIP14 is
responsible for the transport of iron released from TF, then it
would have to be able to transport iron out of acidified endoso-
mal vesicles. To determine the pH dependence of ZIP14-medi-
ated iron transport, we transfected HEK 293T cells with mouse
ZIP14 or empty vector and measured the uptake of **Fe-ferric
citrate by cells incubated in medium at pH 7.5, 6.5, or 5.5. We
found that cells overexpressing ZIP14 took up more iron than
controls at pH 7.5 and 6.5, but not at 5.5 (Fig. 2). Even though
the efficiency of transport was lower at pH 6.5 than at 7.5, these
results imply that ZIP14 is capable of transporting iron at the
acidic pH of the endosome.

ZIP14 and DMTI mRNA Copy Numbers in HepG2 and HEK
293T Cells—ZIP14 is most abundantly expressed in the liver
(16, 17), a major organ of iron metabolism. We recently
reported that ZIP14 mRNA levels (relative to GAPDH mRNA)
were ~6-fold higher than DMT1 mRNA levels in HepG2 cells
(10), a human hepatoma cell line (18). Here, we measured abso-
lute mRNA copy numbers of ZIP14 in HepG2 and HEK 293T
cells and compared them with DMT1 mRNA copy numbers. In
HepG2 cells, ZIP14 mRNA copy numbers were found to be
10-fold greater than DMT1 copy numbers (Fig. 3). Moreover,
ZIP14 transcript levels in HepG2 cells were found to be 11-fold
greater than in HEK 293T cells. Likewise, in human tissues
ZIP14 is much more abundantly expressed in liver than in kid-
ney (17). The high expression level of ZIP14 in liver and HepG2
cells suggests that ZIP14 plays an important role in hepatocytes.

Epitope Tagging of Human Endogenous ZIP14 in HepG?2 Cells—
To investigate the role and subcellular localization of ZIP14 in
HepG2 cells, we first generated a cell line that expresses FLAG-
tagged ZIP14 from its endogenous locus. The addition of a
FLAG tag to ZIP14 allows for highly specific and sensitive
detection of the endogenous protein by the mouse anti-FLAG
M2 monoclonal antibody. This strategy was used because we do
not have an antibody suitable for immunofluorescence anal-
ysis of ZIP14 in human cells. FLAG tag-encoding DNA was

internalized holo-TF. Nuclei were stained with DAPI. Allimages were obtained
by using a Leica TCS SP5 laser-scanning confocal microscope. Areas of co-
localization (designated by white) were determined by using the co-localiza-
tion tool provided with the Leica SP5 software.
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. ‘ ZIP14

FIGURE 6. Confocal microscopic analysis of the subcellular localization of ZIP14 in HepG2 cells. Fixed and permeabilized cells were analyzed for endog-
enous ZIP14-3XFLAG by using anti-FLAG antibody followed by rhodamine-conjugated secondary antibody. A-D, co-localization of ZIP14 with EEA1 (A),
LAMP1 (B), TFR1 (C), and Rab11 (D) was determined by using respective primary antibodies followed by Alexa Fluor 488-labeled secondary antibody. Merged
images show co-localization of ZIP14, with nuclei stained by DAPI. E, as a control, TF was co-localized with TFR1 by first incubating cells for 30 min with Alexa
Fluor 488-labeled human holo-TF prior to fixation and permeabilization of cells. TFRT was determined by using anti-TFR1 antibody followed by rhodamine-
conjugated secondary antibody. All images were obtained by using a Leica TCS SP5 laser-scanning confocal microscope. Areas of co-localization (designated

by white) were determined by using the co-localization tool provided with the Leica SP5 software.

knocked into the endogenous ZIP14 locus by homologous
recombination (Fig. 4A). Correctly targeted neomycin-resis-
tant (Neo®) clones were identified by genomic PCR. Primers
used for the knock-in and screening are shown in sup-
plemental Table 1. Screening primers were designed to
regions of the FLAG + Neo" allele predicted to be ~1.8 kbp
(P1 + P2) and ~1.6 kbp (P3 + P4). Fig. 4B shows the PCR
identification of a correctly targeted clone. DNA sequencing
of the PCR products confirmed correct knock-in of the flag
epitope at the C terminus and insertion of the Neo® gene.
Excision of the Neo® gene and identification of a FLAG allele

32146 JOURNAL OF BIOLOGICAL CHEMISTRY

were confirmed by PCR using primers (P5 + P6) (Fig. 4B)
and by DNA sequencing. Western blot analysis using anti-
FLAG antibody revealed translation of a FLAG-tagged
protein (Fig. 4C). The FLAG-immunoreactive band was
detected between ~55 and 60 kDa, consistent with the cal-
culated molecular mass of ZIP14 (54 kDa) plus the 3XFLAG
(~ 3 kDa). Moreover, the FLAG-immunoreactive band
could be knocked down by using siRNA targeting ZIP14,
thus confirming the band as ZIP14 (Fig. 4C).

Subcellular Localization of ZIP14 in HepG2 Cells—Previous
immunofluorescence studies in primary mouse hepatocytes
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representative of one of two independent experiments.

detected ZIP14 at the plasma membrane of nonpermeabilized
cells (19). Here, we used immunofluorescence analysis of
HepG2 cells expressing endogenous ZIP14 -3 XFLAG to inves-
tigate further the subcellular localization of ZIP14 (Fig. 5). In
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FIGURE 7. Knockdown of ZIP14 in HepG2 cells decreases the assimilation of iron from TF. A, HepG2 cells
were transfected with negative control (NC) or ZIP14 siRNA for 72 h prior to Western blot analysis for ZIP14,
TFR1, TFR2, and actin as a lane loading control. B, HepG2 cells transfected with negative control or ZIP14 siRNA
for 72 h were incubated with 100 nm *°Fe-TF for 4 h. Cells were harvested, and cell-associated radioactivity
was determined by y-counting. The amount of *°Fe assimilated by the cells is expressed as com/mg of protein.
Data represent the mean = S.E. (error bars) of three independent experiments. C, HepG2 cells transfected with
negative control or ZIP14 siRNA for 72 h were incubated with or without 100 nm biotin-labeled holo-TF. After
4 h, cell lysates were analyzed by Western blotting for ZIP14, TF, and actin as a lane loading control. Data are
representative of one of two independent experiments. D, HepG2 cells transfected with negative control or
ZIP14 siRNA for 72 h were incubated with 100 nm biotin-labeled holo-TF. After 2, 10, and 30 min, cell lysates
were obtained and analyzed by Western blotting for ZIP14, TF, and tubulin as a lane-loading control. Data are

permeabilized HepG2 cells, we
detected ZIP14 -3XFLAG in intra-
cellular puncta as well as on the
plasma membrane. The specificity
of the anti-FLAG antibody was con-
firmed by the absence of immuno-
fluorescent staining in permeabi-
lized wild-type HepG2 cells (data
not shown). To determine whether
intracellular ZIP14  co-localized
with internalized TF, we used Alexa
Fluor 488-labeled human holo-TF,
which is endocytosed by the cells.
As shown in Fig. 5, ZIP14 and the
labeled TF partially co-localize in
the cytosol. A co-localization rate of
56% between ZIP14 and TF was cal-
culated by using the co-localization
algorithm provided with the Leica
LSM SP5 software. The presence of
ZIP14 in TF-positive structures is
consistent with the hypothesis that
ZIP14 plays a role in the cellular
assimilation of iron from TF.

To investigate the localization of
endogenous ZIP14 further, we per-
formed immunofluorescence analy-
sis using several marker proteins:
EEA1 for early endosomes, LAMP1
for late endosomes and lysosomes,
TER1 for early and recycling endo-
somes, and Rabll for recycling
endosomes. In HepG2 cells, ZIP14
partially co-localized with EEAI,
LAMP1, TFR1, but not with Rab11
(Fig. 6). Co-localization of TF with
TFR1 was used as a control, showing
96% co-localization.

Knockdown of ZIP14 in HepG2
Cells Decreases the Assimilation
of Iron from TF—To determine
whether endogenous ZIP14 plays a
role in the assimilation of iron by
HepG2 cells, we suppressed ZIP14
by using siRNA and then measured
the cellular assimilation of °°Fe
from *°Fe-TF. Efficient knockdown
of ZIP14 was confirmed by Western
blotting (Fig. 7A). ZIP14 knock-
down did not decrease the levels of
TFR1 or TFR2, which are both
expressed in HepG2 cells (20). We
were unable to detect DMT1 pro-
tein in these cells (data not shown),

despite the fact that DMT1 mRNA copy numbers were similar
to those in HEK 293T cells (Fig. 3), where we could detect
DMT1 protein (Fig. 1B). The apparent discrepancy may reflect
differences in post-transcriptional regulation of DMT1
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FIGURE 8. Model of ZIP14 function in iron assimilation by hepatocytes. Binding of holo-TF (Fe**-TF) to TFR1
results in endocytosis of the TF-TFR1 complex. Acidification of early endosomes causes TF to release its Fe>*
iron, which is reduced to Fe®" prior to transport into the cytosol via endosomal ZIP14. The TF-TFR1 complex
recycles to the plasma membrane where apo-TF dissociates from TFR1. ZIP14 is detectable in EEA1- and
LAMP1-positive structures, but not Rab11-positive structures, suggesting that ZIP14 does not recycle to the

plasma membrane. ZIP14 at the cell surface mediates the uptake of NTBI.

between cell types (21). Importantly, suppression of ZIP14
expression resulted in 45% less *’Fe assimilation from 100 nm
*Fe-TF compared with control cells (Fig. 7B). Because the
lower assimilation of *°Fe could possibly reflect diminished
uptake of TF, we compared the amount of biotin-labeled TF
taken up by control cells and after ZIP14 knockdown. Fig. 7C
shows that ZIP14 knockdown did not decrease the uptake of TF
after 4 h. Because TF will have cycled through many rounds of
endocytosis after 4 h, we determined whether ZIP14 suppres-
sion affected TF uptake at 2, 10, and 30 min. Suppression of
ZIP14 did not affect TF uptake at these shorter time points (Fig.
7D) (22, 23).

DISCUSSION

ZIP14 is a transmembrane protein that belongs to the solute
carrier 39 (SLC39A) family, which includes 14 known mamma-
lian members. ZIP14 was first characterized in 2005 by Taylor
et al. (17), who showed that ZIP14 overexpression in Chinese
hamster ovary (CHO) cells stimulated the uptake of zinc into
the cytosol. In 2006, Liuzzi et al. (11) reported that overexpres-
sion of ZIP14 in HEK 293 cells and Sf9 insect cells enhanced not
only the uptake of zinc, but also iron. The iron was presented to
the cells as ferric citrate, the major form of NTBI that appears in
plasma in conditions of iron overload (22). In addition, suppres-
sion of endogenous ZIP14 with siRNA in AML12 cells, a mouse
hepatocyte cell line, resulted in reduced uptake of NTBI from
ferric citrate. Subsequently, Gao et al. (10) showed that ZIP14
overexpression stimulated NTBI uptake in HeLa cells and that
suppression of endogenous ZIP14 in the human hepatoma cell
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line, HepG2, decreased NTBI
uptake. Together, these data pro-
vide strong support that ZIP14
mediates NTBI uptake into cells
(Fig. 8). A physiologic role for ZIP14
in NTBI uptake is suggested by the
observation that human ZIP14 is
expressed most abundantly in liver,
heart, and pancreas (17), the tissues
that preferentially accumulate iron
in iron overload disorders such as
hereditary hemochromatosis.

In addition to clearing NTBI rap-
idly, the liver readily takes up TBI
and assimilates the iron (8). Studies
in isolated primary mouse and rat
hepatocytes have shown that TBI
can inhibit the uptake of NTBI (and
vice versa), suggesting that NTBI
and TBI share a common mem-
brane iron transporter (9, 23, 24).
Our previous study in HepG2 cells
suggested that ZIP14 may represent
this common transporter. Specifi-
cally, we found that HFE expression
resulted in a down-regulation of
ZIP14 that was associated with
reduced uptake and assimilation of
iron when the iron was presented to
the cells as either NTBI or TBI (10).

In the present study we tested the hypothesis that ZIP14
plays a role in the assimilation of iron from TF. First, we found
that transfection of HEK 293T cells with ZIP14 stimulated the
assimilation of iron from TF. The enhanced assimilation of iron
was not associated with changes in the levels of TFR1 or DMT1,
which could also affect this process. These data suggest that
ZIP14, rather than TFR1 or DMT], is limiting for iron assimi-
lation by this pathway in HEK 293T cells. That DMT1 is not
limiting is further supported by the observation that the assim-
ilation of iron from TF was unaffected in HEK 293T cells stably
transfected with DMT1 (25). A similar lack of an effect of
DMT1 transfection on the assimilation of iron from TF has also
been observed in CHO cells (26) and in the human hepatoma
cell line HLF (27).

As in human liver, ZIP14 is abundantly expressed in HepG2
cells, a human hepatoma cell line that possesses many of the key
features of hepatocytes (18). Hepatocytes and hepatoma cells
are known to take up Fe-TF by several mechanisms including a
high affinity, low capacity TFR1-mediated endocytic pathway
and a low affinity, high capacity TFR1-independent pathway
(28-31). In primary mouse hepatocytes and HuH7 hepatoma
cells, the TFR1-mediated pathway saturates at low TF concen-
trations between 50 and 100 nMm (31, 32). Here, we document
that in HepG2 cells incubated with 100 nm TF, knockdown of
endogenous ZIP14-FLAG resulted in 45% less assimilation of
iron from TF compared with controls. A similar decrement in
iron assimilation from 100 nm TF was observed in wild-type
HepG2 cells in which ZIP14 expression was suppressed
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(supplemental Fig. S1). These data provide strong support that
ZIP14 plays a role in the assimilation of iron from TF, presum-
ably through the high affinity, low capacity TFR1-mediated
endocytic pathway (Fig. 8). Consistent with this possibility is
the observation that endogenous ZIP14 in HepG2 cells partially
co-localizes with endocytosed holo-TF, the early endosome
marker EEA1, and TFR1. Moreover, ZIP14 is able to mediate
the transport of iron at pH 6.5, the pH at which more than 50%
of iron dissociates from TF in the endosome (33).

ZIP14 also partially co-localized with LAMP1, a marker for
late endosomes and lysosomes, which usually have a pH of
<6.0. Because ZIP14 does not appear to transport iron at pH
5.5, it seems unlikely that ZIP14 would function as an iron
transporter in these more acidic organelles. A more effective
transporter under lower pH conditions would be DMT1,
which transports iron optimally at pH 5.5 (34) and which local-
izes to late endosomes and lysosomes (35).

Recently, Herbison et al. (36) showed that knockdown of
TFR1 in HuH7 cells resulted in 80% less assimilation of iron
from 50 nM TF compared with controls. The lower iron levels
were due to diminished uptake of TF because TF uptake was
also 80% lower. In our study, knockdown of ZIP14 in HepG2
cells did not affect the uptake of TF, but it did reduce the assim-
ilation of iron from TF by 50%. These data indicate that ZIP14 is
required for efficient cellular assimilation of iron from internal-
ized TF.

In humans, plasma TF concentrations typically range be-
tween 25 and 50 um. Saturation of TF with iron normally fluc-
tuates between 20 and 55%, but can reach 100% in iron over-
load. At physiologic concentrations of TF, hepatocytes can take
up TBI via a TFR1-independent pathway (29, 31, 37). The
molecular mechanisms involved in this pathway, however,
remain poorly defined.

The ability of ZIP14 to enhance the assimilation of iron
from TF may be relevant to the hypoferremia (and anemia) of
inflammation. In response to inflammatory stimuli, such as
lipopolysaccharide (LPS) or turpentine, plasma iron levels
rapidly decrease and hepatic iron levels increase (38, 39).
The hypoferremia results predominantly from a blockade of
iron release from reticuloendothelial macrophages, the main
suppliers of iron to the plasma (40). Because the liver houses
the largest population of reticuloendothelial macrophages
(i.e. Kupffer cells), hepatic iron levels increase. During
inflammation, iron release is also reduced from hepatocytes,
further elevating hepatic iron concentrations. Increased
hepatic uptake of plasma iron, which is normally >95% TBI,
may additionally contribute to the hypoferremia of inflammation.
Studies in isolated rat hepatocytes have shown that LPS markedly
increases the assimilation of iron from internalized TF (41). Simi-
larly in HepG2 cells, stimulation with the inflammatory cytokine,
interleukin-6 (IL-6), enhanced the assimilation of iron from TF
by 48% (42). Because LPS, turpentine, and IL-6 have all been
shown to increase levels of ZIP14 potently in mouse liver and in
isolated hepatocytes (19), it is possible that ZIP14 contributes
to the hypoferremia of inflammation by stimulating the assim-
ilation of iron from plasma TF.

Until now, DMT1 was the only transmembrane transport
protein that has been proposed to participate in hepatocyte
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assimilation of iron from TF (1). Data from the present study
suggest that ZIP14, which is expressed in HepG2 cells at 10
times higher levels than DMT1, participates in the assimilation
of iron from TF. Future studies in whole animals will be needed
to define the in vivo role of ZIP14 in iron uptake by the liver and
other tissues/cell types. Of particular interest is the placenta,
which has been shown to express ZIP14 (17). Placental iron
transport involves endocytosis of TF from the maternal circu-
lation and dissociation of iron from TF prior to export into the
fetal circulation (43). The transport of iron out of the endosome
in syncytiotrophoblast cells of the placenta was thought to be
mediated by DMT1 (44), until the generation of DMT1 knock-
out mice demonstrated that it was not required (6). If ZIP14
localizes to endosomes in syncytiotrophoblast cells as it does in
Hep@G2 cells, it seems plausible that ZIP14 plays a role in pla-
cental iron transfer.
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