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ABSTRACT

The liver, pancreas, and heart are particularly susceptible to iron-related disorders. These tissues take up plasma
iron from transferrin or non-transferrin-bound iron, which appears during iron overload. Here, we assessed the
effect of iron status on the levels of the transmembrane transporters, ZRT/IRT-like protein 14 and divalent metal-
ion transporter-1, which have both been implicated in transferrin- and non-transferrin-bound iron uptake.
Weanling male rats (n=6/group) were fed an iron-deficient, iron-adequate, or iron-overloaded diet for 3 weeks.
ZRT/IRT-like protein 14, divalent metal-ion transporter-1 protein and mRNA levels in liver, pancreas, and heart
were determined by using immunoblotting and quantitative reverse transcriptase polymerase chain reaction analy-
sis. Confocal immunofluorescence microscopy was used to localize ZRT/IRT-like protein 14 in the liver and pan-
creas. ZRT/IRT-like protein 14 and divalent metal-ion transporter-1 protein levels were also determined in hypo-
transferrinemic mice with genetic iron overload. Hepatic ZRT/IRT-like protein 14 levels were found to be 100%
higher in iron-loaded rats than in iron-adequate controls. By contrast, hepatic divalent metal-ion transporter-1 pro-
tein levels were 70% lower in iron-overloaded animals and nearly 3-fold higher in iron-deficient ones. In the pan-
creas, ZRT/IRT-like protein 14 levels were 50% higher in iron-overloaded rats, and in the heart, divalent metal-ion
transporter-1 protein levels were 4-fold higher in iron-deficient animals. At the mRNA level, ZRT/IRT-like protein
14 expression did not vary with iron status, whereas divalent metal-ion transporter-1 expression was found to be
elevated in iron-deficient livers. Immunofluorescence staining localized ZRT/IRT-like protein 14 to the basolateral
membrane of hepatocytes and to acinar cells of the pancreas. Hepatic ZRT/IRT-like protein 14, but not divalent
metal-ion transporter-1, protein levels were elevated in iron-loaded hypotransferrinemic mice. In conclusion,
ZRT/IRT-like protein 14 protein levels are up-regulated in iron-loaded rat liver and pancreas and in hypotransfer-
rinemic mouse liver. Divalent metal-ion transporter-1 protein levels are down-regulated in iron-loaded rat liver,
and up-regulated in iron-deficient liver and heart. Our results provide insight into the potential contributions of
these transporters to tissue iron uptake during iron deficiency and overload.

Introduction

Nearly all mammalian cells normally acquire iron from the
plasma iron-transport protein transferrin. Cells take up trans-
ferrin in proportion to the number of transferrin receptors
located at the cell surface. After transferrin binds to transfer-
rin receptor, the complex is internalized into endosomes,
which become acidified, causing iron to dissociate from
transferrin. The liberated ferric iron is then reduced to ferrous
iron and transported across the endosomal membrane and
into the cytosol. In developing erythroid cells of the bone
marrow, which acquire iron exclusively from transferrin, the
transport of iron out of the endosome is mediated by divalent
metal-ion transporter-1 (DMT1). This conclusion is based on
the observation that mice engineered to lack DMT1 in ery-
throid precursor cells fail to produce normal amounts of
hemoglobin.! Interestingly, when DMT1 was deleted globally
in the mouse, the liver of neonates displayed elevated

amounts of iron and most other cell types developed normal-
ly, indicating that alternate pathways of cellular iron uptake
must exist." One such pathway may involve ZIP14, a member
of the ZIP family of metal-ion transporters.” ZIP14 was origi-
nally described as a zinc-import protein,® but subsequent
studies found that it could also transport iron into cells.* In
those studies, the iron was presented as ferric citrate, a phys-
iological form of non-transferrin-bound iron (NTBI).® NTBI
can appear in the plasma when the carrying capacity of trans-
ferrin becomes exceeded, such as in the iron overload disor-
ders hereditary hemochromatosis and f-thalassemia.® NTBI
is rapidly cleared by the liver, and to a lesser extent by the
pancreas, followed by the heart.”® The transport properties of
ZIP14, along with the observation that ZIP14 is most abun-
dant in liver, pancreas, and heart,’ have led to the hypothesis
that ZIP14 transports NTBI into these organs.* More recently,
we found that ZIP14 is expressed in early endosomes, where
it promotes the assimilation of iron from transferrin.’
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Collectively, these data suggest that ZIP14 may not only
function during iron overload to take up NTBI, but also
under normal or iron-deficient conditions when cells take
up iron via endocytosis of transferrin.

The aim of the present study was to determine how
iron deficiency and overload affect the expression of
ZIP14 and DMT1 in the liver, pancreas, and heart. The
localization of ZIP14 in liver and pancreas was also deter-
mined. Knowledge of where ZIP14 is expressed in these
organs and how ZIP14 and DMT1 are regulated in vivo by
iron will help us to better assess the contribution of these
transporters to tissue iron uptake.

Design and Methods

Animals, diets, and non-heme iron determination

Rats were made iron-deficient, iron-adequate, or iron-loaded as
described previously.”” Briefly, weanling (21-day-old) male
Sprague-Dawley rats were fed modified AIN-93G purified diets
containing iron at 10 ppm (iron deficient, FeD), 50 ppm (iron ade-
quate, FeA), or 18,916 ppm (iron overload, FeO) for 3 weeks. Male
Zip14 (Sle39a14) knockout and wild-type control mice maintained
on the 129+Ter/Sv]cl x C57BL/6 background" were analyzed at 6
weeks of age. Male and female hypotransferrinemic (hpx) mice
and wild-type controls maintained on the BALB/cJ background
were analyzed at 16 weeks of age. Homozygous hpx mice were
given a weekly intraperitoneal injection of human apo-transferrin
(0.6-1.8 mg) (EMD Chemicals). All mice consumed a commercial
rodent diet containing 240 ppm iron (Teklad 7912, Harlan
Laboratories). At the end of the studies, animals were anesthetized
with vaporized isoflurane and sacrificed by exsanguination via the
descending aorta. Tissues were harvested, immediately frozen in
liquid nitrogen, and stored at -80°C until use. Animal protocols
were approved by the University of Florida Institutional Animal
Care and Use Committee. Tissue non-heme iron concentrations
were determined colorimetrically after acid digestion of tissues.”

Generation of ZIP14 antibody

Rabbit anti-ZIP14 antiserum was generated against peptide
ENEQTEEGKPSAIEVC corresponding to amino acids 138-153 of
rat ZIP14. Antibodies specific to the ZIP14 peptide immunogen
were affinity purified by using a peptide-agarose column of Sulfo-
Link coupling gel (Pierce).

Sample preparation and western blot analysis
The preparation of samples and western blot analysis are
described in the Online Supplementary Design and Methods.

Transfection, immunoprecipitation, and enzymatic
deglycosylation

Effectene reagent (Qiagen) was used to transiently transfect
HEK 293T cells with either empty pCMV-Sport2 (control) or
pCMV-Sport6 containing rat ZIP14 cDNA. To immunoprecipitate
ZIP14, anti-ZIP14 antibody (400 ug) was covalently linked to
AminoLink Plus Coupling Resin (Thermo Scientific) and added to
a Pierce Spin Column according to the manufacturer’s protocol.
Immunoprecipitations were performed using the Co-
Immunoprecipitation Kit (Pierce) according to the manufacturer’s
instructions. To assess protein glycosylation, cell lysates were
digested with PNGase F, which cleaves N-linked glycans. Samples
were denatured in buffer containing 1% 2-mercaptoethanol and
0.5% SDS at 37 °C for 30 min and then digested for 2 h at 37 °C
with PNGase F (50,000 unit/mL of sample volume or 50 units/ug
protein) (New England Biolabs).

RNA isolation and quantitative reverse transcriptase
polymerase chain reaction

RNA isolation, quantitative reverse transcriptase polymerase
chain reaction (RT-PCR) analysis, and determination of mRNA

copy number are described in the Online Supplementary Design and
Methods.

Immunofiuorescence staining of ZIP14 in liver and
pancreas

Immunohistochemistry methods are described in the Omnline
Supplementary Design and Methods.

Iron loading of HepG2 cells

HepG2 human hepatoma cells were maintained as described
previously.” To load the cells with iron, they were incubated with
0, 100, or 200 ug/mL ferric ammonium citrate (FAC) (MP
Biomedicals) for 24 h.

Statistical analysis

Values are presented as mean =+ standard error (n=6) unless oth-
erwise indicated. Data were analyzed by one-way ANOVA and
Tukey’s multiple comparison post-hoc test (GraphPad Prism).
Data sets with unequal variances were In-transformed to normal-
ize variance prior to statistical analysis.

Results

Iron status of rats

After 3 weeks of consuming their assigned diets, rats fed
the iron-overloaded diet had hepatic non-heme iron con-
centrations (ug/g wet weight) that were 60-fold higher
(P<0.001) than those in iron-adequate controls (1812 + 345
versus 30.1 + 5.0), whereas rats fed the iron-deficient diet
became anemic with hepatic non-heme iron concentra-
tions that were 60% lower (P<0.01) than those in controls
(30.1 = 5.0 versus 12.9)." Hepatic total iron (heme and
non-heme), measured by inductively coupled plasma mass
spectrometry (ICP-MS), also demonstrated significantly
different iron concentrations (ug/g dry weight) between
the three groups (iron deficient: 93.2+6.7; iron adequate:
267.8+63.8; iron overload: 4966+275.5)." Parallel analysis
of a sample of Bovine Liver Standard Reference Material
1577b (National Institute of Standards and Technology,
NIST) confirmed the accuracy of liver iron measurements
by ICP-MS. In iron-loaded rats, non-heme iron concentra-
tions (ug/g) were also elevated in pancreas (18.7+2.5 versus
47 + 0.6, P<0.001) and heart (27.7 + 1.1 versus 18.6+2.1,
P<0.01). In iron-deficient rats, non-heme iron concentra-
tions in heart (13.6+1.3 ug/g) and pancreas (4.6+0.2 ug/g)
were not significantly different from those in iron-ade-
quate controls. ICP-MS analysis of pancreas revealed that
total iron concentrations (ug/g dry weight) differed signif-
icantly between all three groups (iron deficient: 38.2+2.5;
iron adequate: 63.7+5.8; iron overload: 162.7+24.3).

Validation of the immunoreactivity of anti-ZIP14 antibody

To assess the immunoreactivity of our affinity-purified
anti-ZIP14 antibody against rat ZIP14, we performed west-
ern blot analysis of lysates from HEK 293T cells transfected
with pCMV-Sport2 (control) or pCMV-Sport6 containing
rat ZIP14 cDNA. In cells transfected with rat ZIP14 cDNA
(HEK + rZIP14), the anti-ZIP14 antibody detects unique
bands at ~130 kDa and ~55 kDa (Figure 1A). In isolated rat
liver membrane, the antibody detects a band at ~130 kDa



that aligns with the band obtained from HEK cells trans-
fected with rat ZIP14. Immunoreactivity of the anti-ZIP14
antibody was abolished by preincubating the antibody
with a 50-fold molar excess of peptide immunogen, indi-
cating that the antibody is specific for ZIP14 peptide
(Figure 1A). The ability of the antibody to recognize rat
ZIP14 was further assessed by using immunoprecipitation
and western blotting. Immunoprecipitation of HEK cells
transfected with rat ZIP14 cDNA (HEK + rZIP14) or rat
liver membrane resulted in the enhanced detection of the
band at ~130 kDa (Figure 1B). Collectively, these data indi-
cate that the immunoreactive band at ~130 kDa most like-
ly represents rat ZIP14. Detection of rat liver ZIP14 at ~130
kDa is consistent with results reported for mouse liver."
Also, as for mouse liver, treatment of rat liver lysates with
PNGase F reduced the apparent molecular mass of ZIP14
from ~130 kDa to ~100 kDa, indicating that the rat protein
contains N-linked oligosaccharides (Figure 1C). To confirm
the detection of ZIP14 in liver, pancreas, and heart, we per-
formed western blot analysis of tissues from wild-type
(WT) mice, Zip14 knockout (KO) mice, and rats. In liver
from WT mice and rats, the predominant immunoreactive
band is detected at ~130 kDa along with a smear of high-
molecular-mass bands (Figure 1D) likely representing gly-
cosylated oligomers, as reported previously." The band at
~130 kDa is not detected in tissues of Zip14 knockout mice
thus confirming that this band is ZIP14. ZIP14 in pancreas
and heart was also detected at ~130 kDa. A number of
other immunoreactive bands are detected, but they are
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detected in Zip14 knockout mouse tissues (Figure 1D and
Online Supplementary Figure S1), indicating that they are
non-specific. Therefore, for ZIP14 western blots, the
immunoreactive band at ~130 kDa is shown.

Effect of iron deficiency and overload on ZIP14
and DMT1 expression in liver

Western blot analysis revealed that hepatic ZIP14 levels
were 100% higher in iron-loaded rats than in iron-ade-
quate controls (Figure 2A). The integral membrane protein
scavenger receptor class B type I (SR-B1) was measured to
indicate protein loading among lanes. In contrast to ZIP14,
hepatic DMT1 levels were 70% lower in iron-loaded rats
and 200% higher in iron-deficient rats compared with iron-
adequate animals (Figure 2A). The immunoreactivity of the
anti-DMT1 antibody and the position of the DMT1
immunoreactive band were validated by using tissues from
Dmt1 knockout animals (data not shown). Transferrin recep-
tor 1 (TfR1) levels, which vary inversely with iron status,"
were measured as a positive control for iron-dependent
changes in protein expression. As expected, TfR1 levels
were up-regulated in iron deficiency and down-regulated
in iron overload (Figure 2A). In iron-deficient animals, the
up-regulation of DMT1 protein levels was associated with
higher DMT1 mRNA levels [both the IRE (+) and the non-
IRE (-) forms, Figure 2B], suggesting transcriptional regula-
tion. Hepcidin mRNA levels, which vary in proportion to
hepatic iron concentrations," were measured as a positive
control for iron-dependent changes in mRNA expression.

Figure 1. Characterization of the
immunoreactivity of affinity-puri-
fied anti-ZIP14 antibody. (A)
Western blot analysis of HEK
293T cells transiently transfected
with empty pCMVSport2 vector
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Effect of iron deficiency and overload on ZIP14
and DMT1 expression in pancreas

In pancreas, we found that ZIP14 levels were 70% high-
er in iron-loaded rats than in iron-adequate controls
(Figure 3A). By contrast, DMT1 levels were unaffected by
iron status. For the DMT1 western blot, pan-cadherin was
used as a lane-loading control. Levels of TfR1 in the pan-
creas were higher in iron-deficient rats and lower in iron-
loaded rats relative to iron-adequate controls. Levels of
the non-IRE (-) form of DMT1 mRNA, but not the IRE (+)
form, were lower in iron-loaded rat pancreas compared
with iron-adequate pancreas (Figure 3B).

Effect of iron deficiency and overload on ZIP14
and DMT1 expression in heart

ZIP14 levels in heart were unaffected by iron status
(Figure 4A). Only three iron-deficient and four iron-ade-
quate heart samples were available for the final analysis of
ZJP14 because most of the tissue was used up during
western blot optimizations/modifications for heart, which
expresses relatively low amounts of ZIP14 (Figure 1D).
DMT1 levels were 4-fold higher in iron-deficient heart
than in iron-adequate heart. As in liver and pancreas, car-
diac TfR1 levels were higher in iron-deficient rats and
lower in iron-loaded rats relative to iron-adequate con-
trols. Although TfR1 levels were elevated in pancreas and
heart, consistent with the well-known regulation of TfR1
by iron deficiency, non-heme iron concentrations were
not found to be lower in these tissues. This apparent
inconsistency is likely to be because TfR1 levels are regu-
lated by the intracellular labile iron pool rather than the
total pool of cellular non-heme iron.” Changes in the labile
iron pool, which represents only a small fraction of the
total pool of cellular non-heme iron, may be manifest
without detectable differences in the total pool of cellular
non-heme iron, which is what we measured. Indeed, pre-
vious studies have shown that iron chelators can increase
transferrin receptor levels without decreasing the concen-
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tration of cellular non-heme iron." Despite marked up-
regulation of DMT1 levels in iron-deficient heart, DMT1
mRNA levels were not elevated (Figure 4B), suggesting
post-transcriptional regulation.

Immunofiuorescence staining of ZIP14 in liver
and pancreas

Immunofluorescence staining of rat liver sections
revealed that ZIP14 is expressed throughout the liver lob-
ule with no apparent zonal distribution (Figure 5A). ZIP14
staining was observed along the sinusoids (Figure 5B) at
the basolateral membrane of hepatocytes (Figure 5C). In
rat pancreas, ZIP14 was detected in acinar cells (Figure
5D), mostly as diffuse intracellular staining although some
plasma membrane staining could be observed (Figure SE).
Diffuse intracellular ZIP14 staining was also detected in f3-
cells but the signal was markedly less intense than in aci-
nar cells (Figure 5F). In agreement with the western blot
findings regarding ZIP14 in rat liver and pancreas (Figures
2A and 3A), immunofluorescence staining of liver and
pancreas sections consistently showed more intense ZIP14
staining in iron-loaded animals than in iron-adequate or
iron-deficient animals (Online Supplementary Figure S2).

ZIP14 and DMT1 mRNA copy numbers in liver,
pancreas, and heart

We previously reported that ZIP14 mRNA copy num-
bers were 10-fold greater than DMT1 copy numbers in
HepG2 cells, a human hepatoma cell line.” Here we com-
pared the absolute copy number of ZIP14 and DMT1 tran-
scripts in rat liver, heart, and pancreas. Among these tis-
sues, ZIP14 is most abundantly expressed in liver whereas
DMT1 is most abundantly expressed in pancreas. In liver,
mRNA levels of ZIP14 were 3.4-fold greater than those of
DMT1 (Online Supplementary Figure S3). In pancreas,
mRNA levels of DMT1 were 3.8-fold greater than those of
ZIP14. In heart, mRNA levels of ZIP14 and DMT1 were
similar.
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Figure 2. Effect of iron deficiency and overload on ZIP14 and DMT1 expression in liver. (A) Immunoblot analysis of ZIP14 and DMT1 in liver
from iron-deficient (FeD), iron-adequate (FeA) and iron-overloaded (FeO) rats. Levels of TfR1, which vary inversely with iron status, were meas-
ured to demonstrate iron-dependent differences in protein expression. To indicate lane loading, blots were stripped and reprobed with SR-B1.
Band intensities were quantified by densitometry and relative protein levels were normalized to the levels of SR-B1. (B) Relative mRNA levels
of ZIP14 and DMT1 with (+) or without (-) IRE. Levels of hepcidin mRNA, which are positively regulated by iron, were measured to demonstrate
iron-dependent differences in mRNA expression. Transcript abundances were normalized to the levels of cyclophilin mRNA. Values are means
+ SE, n=6. Asterisks indicate differences relative to FeA controls (*P<0.05, **P<0.01).




Effect of genetic iron overload on ZIP14 and DMT1
levels in mouse liver and pancreas

To determine whether ZIP14 levels in liver and pancreas
are up-regulated by iron overload in mouse as in rat, we
examined tissues from hypotransferrinemic (hpx) mice,
which develop genetic iron overload. Non-heme iron levels
in liver were 135.1+3.0 ug/g (wt) versus 1658+142 ug/g
(hpx) and those in the pancreas were 29.4+3.0 ug/g (wt) ver-
sus 191221 ug/g (hpx). As in rat liver, ZIP14 levels in iron-
loaded hpx mouse liver were 50% higher than those in WT
controls (Online Supplementary Figure S4A). On the other
hand, ZIP14 levels in hpx mouse pancreas were not up-reg-
ulated despite iron loading (Online Supplementary Figure
S4B). DMT1 levels also did not differ between hpx and WT
liver and pancreas (Online Supplementary Figure S4).

Effect of iron loading on ZIP14 levels in HepG2
hepatoma cells

Our data from iron-loaded rat and hpx mouse liver con-
sistently showed that ZIP14 levels are elevated in iron
overload. To determine whether ZIP14 levels are respon-
sive to iron loading per se, we treated HepG2 cells, a
human hepatoma cell line, with increasing concentrations
of FAC, and then measured ZIP14 protein levels by west-
ern blot analysis. We found that ZIP14 protein levels in
HepG2 cells increased in a dose-responsive fashion in
response to FAC treatment (Figure 6). The iron-responsive
ZIP14-immunoreactive band was detected at ~130 kDa,
like that detected in rat and mouse liver. Levels of the iron-
storage protein, ferritin (detected at ~20 kDa), were
markedly elevated (P<0.001) by FAC treatment, thus con-
firming cellular iron loading (Figure 6).

Discussion

In patients with iron overload, excess iron deposits pre-
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dominantly in the liver, pancreas, and heart. As the pri-
mary site for body iron storage, the liver is usually the first
organ affected, which is manifested clinically as fibrosis,
cirthosis, and hepatocellular carcinoma.” Iron deposition
in the pancreas is associated with p-cell destruction and
diabetes mellitus.” Iron loading of the heart, often a late
complication of iron overload, is especially dangerous and
remains the leading cause of death in patients with tha-
lassemia major.”

Although NTBI is thought to be a main contributor to
tissue iron loading, the molecular mechanisms that medi-
ate NTBI uptake remain poorly defined.” DMT1 was first
proposed to play a role in NTBI uptake by the liver by
Trinder et al.,” who reported that DMT1 was detectable at
the plasma membrane of rat hepatocytes. Support for a
role for DMT1 in NTBI uptake is provided by studies of
human hepatoma cells transfected with DMT1* and iso-
lated hepatocytes from Hfe knockout mice.”® However,
DMT1 is a proton-coupled transporter that transports iron
optimally at pH 5.5 and poorly at pH 7.5,** suggesting
that it would not function well at the hepatocyte cell sur-
face facing blood plasma. More recently, Liuzzi et al.* pro-
posed that ZIP14 plays a role in liver NTBI uptake. This
hypothesis was based on the following observations: (i)
ZIP14 transports iron optimally at pH 7.5;" (i) ZIP14 is
most abundantly expressed in the liver,® (iii) ZIP14 local-
izes to the plasma membrane of hepatocytes, and (iv)
suppression of ZIP14 expression by siRNA reduced NTBI
uptake by hepatocytes.’ The composition of plasma NTBI
in iron overload appears to be heterogeneous, including
not only ferric citrate’ but also protein-associated high-
molecular-weight complexes that can be taken up by
endocytosis.” Any NTBI taken up by endocytosis would
subsequently require a transmembrane protein to translo-
cate the iron from the endosome into the cytosol. It is pos-
sible that DMT1 and/or ZIP14 could function in this
capacity as both have been detected in endosomes.””
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Figure 3. Effect of iron deficiency and overload on ZIP14 and DMT1 expression in pancreas. (A) Immunoblot analysis of ZIP14, DMT1, and
TfR1 in pancreas from iron-deficient (FeD), iron-adequate (FeA) and iron-overloaded (FeO) rats. To indicate lane loading, blots were stripped
and reprobed with SR-B1 or pan-cadherin. Band intensities were quantified by densitometry and relative protein levels were normalized to the
levels of SR-B1 or pan-cadherin. (B) Relative mRNA levels of ZIP14 and DMT1 with (+) or without (-) IRE. Values are means + SE, n=6. Asterisks

indicate differences relative to FeA controls (*P<0.05, **P<0.01).
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An important finding of the present study was that in
iron-loaded rat liver ZIP14 levels were up-regulated
whereas DMT1 levels were markedly down-regulated,
suggesting that ZIP14 plays more of a role than DMT1 in
iron overload. Such a possibility is strengthened by the
fact that rat liver expresses at least 3-fold more ZIP14
mRNA than DMT1. That ZIP14 plays a role in iron over-
load is further supported by our observation that ZIP14
levels were up-regulated in livers of hpx mice, a genetic
model of iron overload. Hpx mice are characterized by
anemia and increased absorption of dietary iron, which
deposits mainly in the liver. Hpx mice lack transferrin®
and therefore any iron taken up by the liver is, by defini-
tion, NTBL

The inverse regulation of DMT1 by iron suggests that
DMT1 plays more of a role in iron-deficient than in iron-
loaded liver. The up-regulation of both DMT1 and TfR1 in
iron-deficient liver is consistent with the proposed role of
DMT1 in the transferrin cycle. The down-regulation of
TfR1 (and DMT1) in iron-loaded liver implies that trans-
ferrin iron uptake via TfR1 decreases during iron overload.

The iron-dependent regulation of DMT1 we observed
here contrasts with the findings in a study by Trinder et
al.;”* who reported that DMT1 in rat liver is up-regulated
by iron overload and down-regulated by iron deficiency.
However a direct comparison of the two studies is com-
plicated because we used western blot analysis to quantify
relative DMT1 levels whereas Trinder et al’ used
immunohistochemistry.

Previous immunofluorescence studies using isolated pri-
mary mouse hepatocytes and HepG2 hepatoma cells’
have detected ZIP14 at the plasma membrane and intra-
cellularly. Here we performed immunofluorescence stain-
ing of rat liver sections and found that ZIP14 was broadly
detected throughout the liver, with the expression being
most abundant along the sinusoidal (basolateral) mem-
brane of hepatocytes. The localization of ZIP14 to the
sinusoidal membrane, which faces the blood, optimally
positions ZIP14 to mediate the uptake of metal ions such
as NTBI from the portal bloodstream.

ZJP14 may also play a role in NTBI uptake by the pan-
creas, as its levels were up-regulated in iron-loaded rats.
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Figure 4. Effect of iron deficiency and overload on ZIP14 and DMT1 expression in heart. (A) Immunoblot analysis of ZIP14, DMT1, and TfR1

heart from iron-deficient (FeD), iron-adequate (FeA) and iron-overloaded
with SR-B1 or pan-cadherin. Band intensities were quantified by densito

(FeO) rats. To indicate lane loading, blots were stripped and reprobed
metry and relative protein levels were normalized to the levels of SR-

B1 or pan-cadherin. (B) Relative mRNA levels of ZIP14 and DMT1 with (+) or without (-) IRE. Values are means * SE, n=6. Asterisks indicate

differences relative to FeA controls (*P<0.05, **P<0.01).
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Figure 5. Immunofluorescence staining of ZIP14 in
sections of rat liver and pancreas. (A) ZIP14 immuno-
fluorescence (Alexa Fluor 488, green) and DAPI-
stained nuclei (blue) in liver, original magnification
x10. The portal vein (PV) and central vein (CV) are
indicated. (B) ZIP14 immunofluorescence, original
maghnification x20. Arrows indicate staining along
hepatic sinusoids. (C) ZIP14 immunofluorescence,
original magnification x60. Arrows indicate staining
at the basolateral (sinusoidal) membrane of hepato-
cytes. (D) ZIP14 immunofluorescence (green) and
DAPI-stained nuclei in pancreas, original magnifica-
tion x40. (E) ZIP14 immunofluorescence, original
maghnification x60. The arrow indicates plasma
membrane staining of an acinar cell. (F) ZIP14
immunofluorescence (green) with insulin staining
(Alexa Fluor 594, red) in p-cells, original magnifica-
tion x60. Images were obtained by using a spinning
disk confocal fluorescent microscope system.
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Moreover, by using immunofluorescence staining, we
detected ZIP14 mostly in acinar cells, the pancreatic cell
type that preferentially loads iron during iron overload.*"
% Interestingly, ZIP14 in acinar cells was detected diffusely
throughout the cytosol and in vesicle-like structures, pos-
sibly representing early endosomes, where intracellular
ZIP14 has been localized in HepG2 cells.” Since early
endosomes are formed from invagination of the plasma
membrane, the orientation of ZIP14 would be preserved,
and thus ZIP14 would be predicted to move iron into the
cytosol. The iron could be either from endocytosed trans-
ferrin’ or from NTBIL.” Although ZIP14 levels were up-reg-
ulated in the pancreas of iron-loaded rats, they were not
up-regulated in the pancreas of iron-loaded hpx mice. The
reason for this interspecies difference is not clear. One
important difference between iron-loaded hpx mice and
iron-loaded rats is that hpx mice are anemic,” which could
introduce a confounding variable. Given that anemia, tis-
sue iron overload, and plasma NTBI are also commonly
found in transfusional and non-transfusional thalassemias,
it will be important to determine the response of pancre-
atic ZIP14 in the context of thalassemia. The cellular dis-
tribution of ZIP14 in the pancreas is notably different from
that of DMT1, which has been reported to localize prima-
rily to pancreatic islet cells.” The localization of DMT1 to
islet cells, along with its abundant expression in pancreas
(i-e., 4-fold greater levels of DMT1 than ZIP14 transcripts),
suggests that DMT1 may play an important role in iron
uptake into B-cells of the pancreatic islets, which can be
destroyed during iron overload.

The elevated ZIP14 protein levels observed in iron-
loaded liver and pancreas were not associated with higher
levels of ZIP14 mRNA, suggesting post-transcriptional reg-
ulation of ZIP14. Post-transcriptional regulation of iron-
related proteins is often mediated through iron regulatory
proteins that bind to iron-responsive elements located in
mRNA, such as in ferritin and TfR1.* ZIP14 mRNA, how-
ever, does not have an identifiable iron-responsive ele-
ment in its mRNA and, therefore, is not likely to be regu-
lated post-transcriptionally by iron regulatory proteins.
Post-transcriptional regulation has been reported for a
number of ZIP proteins including ZIP1,* ZIP3* ZIP4,*
ZIP5,* ZIP6,” ZIP7,* and ZIP8.” Precisely how these ZIP
proteins are controlled post-transcriptionally is not well
understood, but may involve a variety of mechanisms
including translational inhibition, translational repression
by miRNA, signal-induced translational activation, and

FAG (ug/mL)
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mRNA localization.*" Further studies are required to
delineate how iron loading increases ZIP14 protein levels
without affecting mRNA abundance.

Unlike in the liver and pancreas, ZIP14 levels in the
heart were not up-regulated by iron overload, suggesting
that the heart may have different NTBI uptake mecha-
nisms. Possibilities include L-type Ca** channels,” T-type
Ca’ channels,® or perhaps ZIP8, an iron and zinc trans-
porter” that was reported to be up-regulated in heart tis-
sue of thalassemic mice.” The lack of an effect of iron
overload on heart ZIP14 levels might be due to heart-spe-
cific regulation or to the comparatively minor degree of
iron loading in this tissue. The continued expression of
ZIP14 during iron overload suggests that it was at least
present to participate in NTBI uptake. On average, DMT1
levels in heart were lower in iron-loaded than in iron-ade-
quate heart, but the difference did not reach statistical sig-
nificance. Other studies have found that cardiac DMT1
levels were lower in iron-loaded animals than in controls.*
Recently, Kumfu et al.” reported that NTBI uptake by car-
diomyocytes was unaffected when the iron uptake activi-
ty of DMT1 or TfR1 was blocked, indicating that DMT1
and TfR1 are not required for NTBI uptake into these cells.
In iron-deficient heart, DMT1 levels were up-regulated 4-
fold whereas ZIP14 levels were not affected. The marked
up-regulation of DMT1 implies that DMT1 plays an active
role in iron acquisition by the heart, perhaps in concert
with TfR1, which was similarly up-regulated. Similar to a
previous study,* the higher DMT1 protein levels in iron-
deficient heart appear to result from post-transcriptional
events because DMT1 mRNA levels were not higher.

The differential regulation of ZIP14, DMT1, and TfR1
we observed in this study has several implications for tis-
sue iron uptake in iron-related disorders such as iron defi-
ciency and iron overload. First, during iron deficiency
TIR1 levels were up-regulated in liver, pancreas, and heart,
indicating that these tissues are trying to enhance their
uptake of iron from transferrin. This result was expected
as it is likely a general phenomenon of all iron-deficient
tissues. During iron deficiency DMT1 was also up-regu-
lated in liver and heart, consistent with the model that
DMTT1 acts in concert with TfR1 in the assimilation of
iron from transferrin. In contrast, ZIP14 levels were not
affected by iron deficiency in any tissue examined. This
could mean that ZIP14 does not play a role in iron assim-
ilation from transferrin or that ZIP14 does play a role,” but
that its levels are sufficient requiring no up-regulation.

Figure 6. Cellular iron loading increases
ZIP14 levels in HepG2 hepatoma cells.
HepG2 cells were treated with the indicat-
ed concentrations of ferric ammonium cit-
rate (FAC) for 24 h and lysates were ana-
lyzed for levels of ZIP14 and ferritin-L by
immunoblot analysis. For SDS-PAGE, pro-
teins were separated on a 7.5% or 12%
polyacrylamide gel for ZIP14 and ferritin,
respectively. To indicate lane loading,
blots were stripped and reprobed with
tubulin. Band intensities were quantified
by densitometry and relative protein levels

5-
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were normalized to the levels of tubulin.
Values are means + SE of four independ-
ent experiments. Asterisks indicate differ-
ence relative to control (***P<0.001).
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Second, during iron overload TfR1 levels were down-reg-
ulated in liver, pancreas, and heart, indicating diminished
uptake of transferrin via TER1. However, studies in mice
have demonstrated that iron-loaded livers take up more
iron from transferrin than do control livers.”* The greater
uptake of transferrin iron is not mediated by TfR2, a TfR1
homologue abundantly expressed in liver, because iron-
loaded TfR2 knockout mice also show enhanced uptake of
iron from transferrin.” Thus, the iron-loaded liver possess-
es an alternative route of iron uptake from transferrin that
is independent of transferrin receptors. Our results suggest
that DMT1 does not participate in this alternate uptake
pathway because it was markedly down-regulated in iron-
loaded liver. ZIP14, on the other hand, was up-regulated in
iron overload, suggesting that it may play a role in the
assimilation of iron from transferrin. Indeed, studies in cul-
tured cells provide evidence that ZIP14,° and not TfR1 or
DMT1,>** is limiting for iron assimilation from transfer-
rin. Third, the up-regulation of ZIP14 and down-regula-
tion of DMT1 in iron-loaded liver suggests that ZIP14 par-
ticipates in NTBI uptake by the liver. Such a conclusion is
independently supported by the recent functional charac-
terization of ZIP14 expressed in Xenopus oocytes, which
showed that the iron transport properties of ZIP14 are
very similar to those reported for NTBI uptake by per-
fused rat liver and isolated hepatocytes.” In iron-loaded
pancreas, it is possible that the up-regulation of ZIP14 may
facilitate the uptake of NTBI into acinar cells, whereas
DMT1 expressed in pancreatic islets would seem to be the
primary candidate for NTBI uptake into B-cells.

The observation that ZIP14 levels were elevated in iron-
loaded rat liver and pancreas could mean that ZIP14, by
virtue of its ability to transport NTBI into cells, is a pri-
mary cause of iron loading in these tissues or that ZIP14 is
simply responding to iron loading. Our data in HepG2
cells support the latter possibility in that iron loading was
found to increase ZIP14 levels. Thus, it appears that iron
loading per se increases ZIP14 levels, which could, in turn,
increase the uptake of NTBI. Previous studies of HepG2
cells® and isolated rat and mouse hepatocytes™* have
shown that iron loading increases the uptake of NTBI, and
that this process is mediated by a protein carrier. Our data
in HepG2 cells suggest that ZIP14 may represent this iron-
responsive NTBI transporter. However, it should be point-
ed out that the response of ZIP14 to NTBI exposure in
HepG2 cells or liver may not be applicable to ZIP14 in the
pancreas and heart in some situations - for example in
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chronically transfused patients with sickle cell disease.
Such patients accumulate iron in the liver to levels
observed in patients with thalassemia major but display
less iron accumulation in the pancreas and heart, suggest-
ing that NTBI uptake mechanisms may differ between the
liver and extra-hepatic tissues.”
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status of Zip14 knockout mice in detail at various ages.

In conclusion, these studies advance our understanding
of how iron status regulates the expression of ZIP14 and
DMT1 in the liver, pancreas, and heart. Knowledge of
how these proteins are affected by iron deficiency and
overload also provides some insight into their potential
contributions to the assimilation of iron from transferrin
and the uptake of NTBIL. Current studies of mice lacking
DMT1 and ZIP14 in specific cell types are evaluating the
roles of these proteins to tissue iron uptake in vivo.
Ultimately, a more complete understanding of how iron is
taken up into cells will help to identify therapeutic targets
for the treatment of iron-related pathologies.
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