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ZIP14 (solute carrier family 39, member 14, SLC39A14) is a transmembrane
metal-ion transporter that is abundantly expressed in the liver, heart, and pancreas.
Previous studies of HEK 293 cells and the hepatocyte cell lines AML12 and HepG2
established that ZIP14 mediates the uptake of non-transferrin-bound iron (NTBI), a form
of iron that appears in the plasma during iron overload disorders. I investigated the role
of ZIP14 in transferrin-bound iron (TBI) uptake and determined the subcellular
localization of ZIP14 in HepG2 cells. It was found that overexpression of mouse Zip14
(mZip14) in HEK 293T cells increased the uptake of TBI without increasing levels of
transferrin receptor 1 (TFR1). I also found that mZip14 can mediate the transport of iron
at pH 6.5, the pH at which iron atoms dissociate from transferrin (TF) within endosomes.
I used an adeno-associated viral (AAV) system to generate a HepG2 cell line
expressing a Flag-tagged ZIP14 allele, allowing specific and sensitive detection of
endogenous ZIP14 in these cells. Confocal microscopic analysis detected ZIP14 at the
plasma membrane and in TF-containing endosomes. Knockdown of endogenous ZIP14
with siRNA did not decrease TFR1 or TFR2 levels, but resulted in a 45% reduction in
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TBI uptake without decreasing TF uptake in HepG2 cells. These results suggest that
ZIP14 participates in the uptake of iron from TF, thus identifying a potentially new role
for ZIP14 in iron metabolism.
Most ZIP proteins have been predicted to contain eight transmembrane (TM)
helices with both amino- (N-) and carboxy- (C-) termini located extracellularly. Structural
analysis by Flag epitope mapping and bioinformatic prediction support a model of
mZip14 that has seven TM segments. It was also found that the N- terminus is an
ectodomain, whereas the C-terminus and the long loop containing a histidine-rich,
putative metal-binding motif localize intracellularly. In addition, N-linked glycosylation
sites were identified through site-directed mutagenesis, and it was found that mZip14 is
glycosylated at asparagines 52, 75, 85 and 100, residues that are all in the extracellular
N- terminus. It was also demonstrated that N-linked glycosylation is not required for cellsurface localization but it is required for iron transport activity.
In conclusion, a new role of ZIP14 in iron metabolism was identified—ZIP14
mediates the uptake of iron bound to TF. I also investigated the membrane topology of
mZip14 and conclude that it has seven transmembrane regions. Finally, I found that Nlinked glycosylation is essential for the iron transport ability of Zip14, but not for its
trafficking to the plasma membrane.
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CHAPTER 1
LITERATURE REVIEW
The first part of this chapter will provide a general overview of the function and
distribution of iron in the body and the regulation of iron homeostasis. The second part
will focus on the role of the transmembrane iron transport protein, divalent metal
transporter 1 (DMT1) in cellular iron uptake. The last section will introduce ZIP14 and its
relationship with cellular iron metabolism.
Function and Distribution of Iron in the Body
Iron is the second most abundant metal and the fourth most abundant element in
the earth’s crust (1). The study of iron biology focuses on how cells and organisms
regulate their iron content, how various tissues coordinate iron distribution, and how
dysregulated iron homeostasis leads to common metabolic, hematological and
neurodegenerative diseases (2). As an essential nutrient for nearly all living cells, iron is
utilized in many biological functions. By being a transition metal, iron has the ability to
accept and donate electrons easily, interconverting between ferrous (Fe2+) and ferric
(Fe3+) states. This character makes iron valuable as a component of oxygen-binding
molecules (e.g. hemoglobin and myoglobin), cytochromes in the electron transport
chain and an element in a variety of enzymes, especially those containing heme. The
same redox potential accounts for its damaging effects through catalyzing the Fenton
reaction, in which H2O2 is converted to the highly reactive hydroxyl radical (OH•).
Hydroxyl radicals oxidatively modify fatty acids, proteins, and nucleic acids, leading to
cellular dysfunction (3).
The distribution of body iron in normal adults is illustrated in Figure 1-1. Male
adults typically have 35 to 45 mg of iron per kilogram of body weight. Premenopausal
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females have less iron stores due to periodic blood loss through menstruation (4). In a
balanced state, approximately 0.5 to 2 mg of dietary iron is absorbed through duodenal
enterocytes every day, and the same amount is lost in the urine, feces, sweat and
sloughed cells (5,6). About 65% of the iron in the body is incorporated into hemoglobin
of red blood cells (RBCs) and 10% is present in myoglobin, other enzymes and
cytochromes. The remaining body iron is stored in the liver, macrophages of the
reticuloendothelial system (RES) and bone marrow (4,7,8).
Iron Homeostasis
Regulation of systemic iron homeostasis involves intricate control of intestinal iron
absorption, effective erythropoietic iron utilization, efficient iron recycling from effete
erythrocytes, and controlled iron storage by hepatocytes and macrophages (9).
Intestinal Iron Absorption
Since deficiency of iron results in anemia, while overload leads to formation of
reactive oxygen species (ROS), iron homeostasis needs to be tightly controlled. The
systemic regulation of iron homeostasis takes place primarily in intestinal iron
absorption because humans have no physiologic pathway to excrete excess iron (4).
Dietary iron is found in two basic forms, either as heme, found in meat and meat
products or non-heme iron, present in vegetables, beans, and fruits. Non-heme iron
predominates in all diets, comprising 90%-95% of total daily iron intake. The regulation
of iron absorption relies on mechanisms that sense dietary iron content as well as iron
storage levels in the body and erythropoietic iron requirements (10). The absorption of
iron is illustrated in Figure 1-2. Dietary iron uptake occurs at the apical membrane of
duodenal enterocytes. The insoluble ferric form of iron is the primary non-heme iron in
food and must be reduced to ferrous iron before transporting across the intestinal
17

epithelium. Cytochrome b-like ferrireductase (Dcytb) is thought to be the responsible
enzyme (11). However, by Dcytb gene knockout in mice, Gunshin et al. (12)
demonstrated that the absence of Dcytb did not impair accumulation of body iron stores
when mice were fed normal chow diet, indicating that there was no major effect on
intestinal absorption. It was concluded that Dcytb is dispensable for intestinal iron
absorption in mice. However, the role of Dcytb in intestinal iron absorption remains
unclear as direct iron absorption was not measured in the knockout study (13).
Moreover, mice are capable of synthesizing ascorbic acid and may have less need for a
duodenal surface ferric reductase (10). The recently identified six-transmembrane
epithelial antigen of the prostate 2 (Steap2) protein might be another candidate for this
ferrireductase role (14). There are also various dietary components, such as ascorbic
acid, cysteine and histidine, which are capable of reducing Fe3+ to Fe2+ (15-17).
After being reduced by Dcytb or other reducing agents, Fe2+ becomes a substrate
for a transmembrane transporter. Gunshin et al. (18) identified in rats a metal-ion
transporter, named DCT1 (divalent cation transporter 1, also called DMT1, divalent
metal transporter 1) and found that this protein, which is upregulated by dietary iron
deficiency, may represent a key mediator of intestinal iron absorption. In Caco2 cells
(human epithelial colorectal adenocarcinoma cells), it has been shown that DMT1 is
expressed in the apical membrane (19).
Non-vegetarian diets contain another form of iron, heme iron (primarily from
hemoglobin and myoglobin), which may account for 10% of the dietary iron intake.
Because heme iron is more bioavailable than non-heme iron, it may contribute half of
the total iron absorbed in a western meat-rich diet (20). Absorption of heme occurs by
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binding to the duodenal brush border membrane (20). Heme carrier protein 1 (HCP1)
was identified to be a heme import protein (21), but subsequent studies showed that it
was a folate transporter (22,23). The precise role of HCP1 in iron metabolism will
require further investigation. Following uptake into enterocytes, heme is broken down by
heme oxygenase 1 (HO); liberated ferrous iron enters the intracellular iron pool with the
iron absorbed from non-heme pathway (24).
Absorbed iron has two fates depending on the body’s requirements. Some of the
iron extracted from the diet is stored in ferritin within the enterocytes, whereas some is
exported across the basolateral membrane of enterocytes. If body iron stores are
sufficient, and there is no increased erythropoietic demand, a large amount of newly
absorbed iron will be stored as ferritin in enterocytes. This intracellular iron is lost within
3 to 4 days as epithelial cells slough into the intestinal lumen (25,26).
The transfer of iron across the basolateral membrane of enterocytes into the
circulation is accomplished by the coordination of a transport protein ferroportin1
(FPN1) and a ferrioxidase, hephaestin (27,28). FPN1 is the only iron exporter identified
to date. Ferrous iron is exported across the basal membrane by FPN1and then oxidized
by hephaestin before becoming bound to plasma TF.
Intestinal iron absorption is regulated by body iron stores, recent dietary iron intake
and erythropoietic activity. Two models have been proposed to explain how the
absorption of iron is regulated: the crypt programming model and the hepcidin model
(7,8). The first one is based on a post-transcriptional regulation scheme of iron
metabolism in which cellular iron levels are balanced mainly by the iron-responsive
element/iron regulatory protein (IRE/IRP) system (29).
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Role of the IRE/IRP regulatory system in cellular iron homeostasis: Cellular
iron homeostasis is attained by coordinated and balanced expression of proteins
involved in iron uptake, export, storage and usage. The posttranscriptional regulation
mediated by the IRE/IRP system appears to be essential, which is a specific mRNAprotein interaction in the cytoplasm (2). An overview of IRE/IRP regulatory network is
illustrated in Figure1-3. In this system, particular cis-regulatory elements, stem loop
structures called iron-responsive elements (IREs) in the untranslated regions (UTR) of
respective mRNAs, are recognized by trans-acting proteins, known as iron-regulatory
proteins (IRPs), which are cytosolic iron sensors that control the rate of mRNA
translation or stability (30). Two IRPs (IRP1 and IRP2) have been identified. Both IRPs
belong to the aconitase family proteins and share 64% amino acid sequence identity,
but different mechanisms control their activities in response to cellular iron levels (31).
During iron-deficient conditions, IRP1 binds IREs. Binding at the 5’ UTR blocks
ribosome access to mRNA, inhibiting translation, whereas binding at the 3’ UTR leads
to increased mRNA stability by preventing mRNA degradation. Under iron-sufficient
conditions, an iron-sulfur cluster (4Fe-4S) assembles in IRP1, preventing its binding to
IREs. During iron-deficiency, IRP1 is open and accessible for interaction with IREs. In
contrast, IRP2 does not contain the iron-sulfur cluster and regulation by iron is through
proteasomal degradation (32,33).
The crypt programming model: This model proposes that the intracellular iron
level of the crypt cells corresponds to the body’s iron store level, which in turn regulates
dietary iron absorption via mature villus enterocytes (7,8). Iron uptake from plasma
through TBI into crypt cells determines the iron content within the cells. The intracellular
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iron concentration controls the interaction of cytosolic IRPs with IREs in the 5’ and 3’
UTRs of different mRNA molecules. Under low iron conditions, IRP1 binds to IREs of
DMT1 mRNA at 3’ UTR ends, the transcript is stabilized, translation proceeds, and the
protein is synthesized. Thus, low body iron stores results in upregulation of DMT1 in the
duodenum and increased dietary iron absorption.
The hepcidin model: The liver secretes hepcidin, a 25-amino acid cysteine-rich
peptide with antimicrobial properties (34). Hepcidin expression is regulated by a number
of factors such as inflammation, hypoxia, anemia and liver iron stores. Hepcidin has
been identified as an important regulator of iron homeostasis (35). The hepcidin model
proposes that hepcidin is secreted into the blood and interacts with villus enterocytes to
regulate dietary iron absorption. This regulation is through controlling the expression of
FPN1 at the basolateral membrane. The binding of hepcidin to cell-surface FPN1
causes internalization and degradation of FPN1. During iron deficiency, anemia or
hypoxia, hepcidin expression is reduced, causing an increase in FPN1 expression. As a
consequence, dietary iron release into plasma from the basolateral side of intestinal
cells increases. Most evidence supports the hepcidin model as the more likely one.
Intracellular Storage and Circulatory Transfer of Iron
To avoid the harmful effects of free iron during oxidative stress, iron is usually
bound to specialized proteins, such as intracellular ferritin and circulating TF. Ferritin is
present in every cell type. Small quantities of ferritin, derived from macrophages (36),
are also present in human serum and are elevated in conditions of iron overload or
inflammation. Serum ferritin is widely used as a clinical indicator of body iron stores
(37).
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Ferritin is a 450 kDa, cage-like heteropolymer of 24 subunits, including H- (heavy,
21 kDa) chains and L- (light, 19 kDa) chains (38). This structure makes it capable of
storing up to 4500 Fe3+ atoms, sequestering iron in a nontoxic form (39). The genes
encoding for H- and L- ferritin reside on different chromosomes and are expressed
independently. The H- subunit is capable of oxidizing Fe2+ to Fe3+, whereas the Lsubunit assists in hydrolysis and core formation. Ferritin functions as a buffer against
iron deficiency and overload, as it stores and releases iron in a controlled manner.
When iron levels are low, ferritin synthesis is decreased, less iron is stored and more
can be utilized by the cells; conversely, when iron levels are high, ferritin synthesis
increases, protecting cells from damage by excess iron (37). This regulation is mainly
through the well-characterized post-transcriptional, iron-dependent machinery based on
the interaction between IRPs and IREs. The IRE within ferritin is a stem loop structure
localized in the 5’ UTR of both H- and L- ferritin mRNA. When iron is abundant, IRP1
assembles 4Fe-4S cluster and functions as cytosolic aconitase; during iron deficiency,
the cluster is disassembled and the protein binds IRE with high affinity (40). In the case
of ferritin, when IRP binds to its 5’ UTR, translation is repressed (Figure1-3).
TF is a glycoprotein produced mainly in the liver with a molecular mass around 80
kDa. It contains two specific high-affinity ferric iron binding sites located in its aminoand carboxy- terminus (1). The binding of TF to iron atoms is associated with binding of
an anion, usually bicarbonate (41). It has been established that TBI can be released by
acidification (42). Mammalian cells take up TBI through receptor-mediated endocytosis.
TFR1 is a homodimer of a 90 kDa glycosylated polypeptide with 61 amino acids Nterminal of each subunit localized in the cytoplasm (43-45). This intracellular tail directs
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rapid internalization of TF-TFR1 complex upon binding of the holo-TF (diferric TF) to its
receptor, with formation of a coated pit and a coated vesicle which sheds its clathrin to
become an endosome. Once internalized, endosomes are acidified by an ATPdependent proton pump (46). Acidification weakens binding of ferric iron to TF and
causes conformational changes of both TF and TFR1 (47). Dissociated ferric iron is
reduced to the ferrous form by Steap3 (six-transmembrane epithelial antigen of the
prostate 3), the dominant ferrireductase in the erythroid TF cycle (14,48). After
reduction, Fe2+ is transported into the cytosol by DMT1. Both TF and TFR1 will return to
the cell surface, where TF is released for further usage. The TF cycle is depicted in
Figure 1-4.
Iron Utilization by Erythrocytes
Erythrocytes require iron for the oxygen-carrying capacity of hemoglobin. The
erythroid bone marrow is the largest consumer of iron. Failure to incorporate adequate
iron into heme results in impaired erythrocyte maturation and leads to microcytic
hypochromic anemia. In healthy individuals, about two-thirds of the total body iron is
accounted for by hemoglobin in developing erythroid precursors and mature RBCs.
Approximately 20 - 25 mg of iron are needed every day for hemoglobin synthesis (26).
Nearly all circulating iron is bound to TF in the plasma. TF carries one or two atoms of
iron per protein molecule. Erythroid precursors meet their iron needs by taking up TBI
through the TF cycle (26). The amount of TFR1 present on the cell surface determines
the amount of iron imported into cells. The expression of TFR1 is regulated
developmentally during erythoid maturation, correlating with the changing rates of
hemoglobin production (49).
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Murine models reveal the important role of Tf/TfR1-mediated iron uptake for
erythropoiesis. Firstly, hypotransferrinemic (Trfhpx/hpx) mice carry a spontaneous
mutation in the Tf gene (50). These mice are Tf deficient, with only about 1% of normal
circulating Tf concentrations. They develop severe microcytic hypochromic anemia,
indicating an indispensable role of Tf in iron delivery to developing erythroid cells (51).
Knockout mice have also been produced which lack functional TfR1 protein (52). These
mice die in utero between embryonic day 9.5 and 11.5, apparently as a consequence of
severe anemia. The heterozygous mice lacking one copy of the TfR1 gene demonstrate
iron-deficient erythropoiesis, even though they retain one normal TfR1 allele.
Iron Recycling
The major source of plasma iron does not come from intestinal absorption, but
from macrophages that recycle iron from senescent or damaged erythrocytes (53).
Macrophage iron recycling is quantitatively important because the amount of iron
supplied by this way each day is about 20 times greater than the amount absorbed
through the small intestine (2). Iron recycling takes place in the RES, a term that
describes specialized macrophages that are found in the liver (Kupffer cells), the spleen
and the bone marrow (53). Binding of erythrocytes to the macrophage cell surface
initiates phagocytosis and lysosome-mediated degradation of effete RBCs. Heme is
liberated and catabolized by HO, releasing inorganic iron, biliverdin and carbon
monoxide (54). Free iron is either stored in ferritin or released into the circulation
through the iron export protein FPN1. FPN1 is highly expressed in extraembryonic
visceral endoderm cells which are important for providing nourishment to the developing
embryo. Global inactivation of the murine FPN1 gene leads to embryonic lethality due to
a defect of the developing embryo to acquire iron, indicating that FPN1 is essential in
24

early development (55). FPN1 is also highly expressed in the intestinal basolateral
epithelium and in macrophages of the liver and spleen. FPN1 levels increase markedly
in macrophages after erythrophagocytosis (56). When FPN1 is inactivated in the
embryo proper, sparing the extraembryonic visceral endoderm, mice survive, but
become anemic shortly after birth when they must rely on intestinal absorption for iron
accumulation (55). Also, macrophages of the liver and spleen showed marked iron
retention under this circumstance, likely because of an inability to release recovered
iron from phagocytosed effete erythrocytes. These observations suggest that FPN1 is
the major iron exporter functioning in iron-recycling macrophages.
Normal adult plasma contains 3-4 mg of iron, almost all bound to TF. Most of
circulating iron is from RES recycling of RBC iron; only small amounts are contributed
by hepatic iron stores and intestinal absorption. But, erythrophagocytosis is not the only
way for macrophages to acquire iron. They can obtain iron from TF (57). Other
pathways in macrophages take up cytotoxic free heme and hemoglobin (Fig. 1-5).
Hemoglobin is the most abundant and functionally important protein in erythrocytes. But
once released from RBCs, it becomes highly toxic because of the oxidative properties of
heme (protoporphyrin IX and iron) via the Fenton reaction to produce ROS causing cell
injury or death (58).
Normally, only a small amount of extravascular hemolysis occurs due to
destruction of senescent erythrocytes, causing Hb release into plasma. Yet, under
various intravascular hemolysis-linked conditions, such as hemorrhage,
hemoglobinopathies, ischemia reperfusion, sickle cell disease or malaria, large amounts
of free Hb are released (58). Hemoglobin released into plasma is readily bound
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stoichiometrically by the liver-derived plasma protein haptoglobin (Hp), forming a
hemoglobin-haptoglobin (Hb-Hp) complex (59). CD163, a hemoglobin scavenger
receptor present on the surface of monocytes and macrophages in the liver and several
other tissues, mediates the endocytosis and subsequent degradation of Hb-Hp complex
(60). The entire Hb-Hp complex is degraded in lysosomes to release heme and various
proteolytic products within the cells. The heme is then degraded by heme HO1 to
release iron, carbon monoxide, and biliverdin. The free iron enters the same intracellular
pool as iron taken up from other sources. Mice in which the haptoglobin gene is
inactivated do not have obvious disorders in iron metabolism, suggesting that Hp does
not play a major role in normal iron metabolism (61).
Plasma Hb is quickly oxidized to ferrihemoglobin when the binding capacity of Hp
is exceeded (58). Ferrihemoglobin dissociates into globin and ferriheme. Ferriheme is
transferred to hemopexin (Hx), forming Heme-Hx complex. This complex is internalized
by receptor-mediated endocytosis into macrophages, which express LDL receptorrelated protein (LRP)/CD91, the receptor for the heme-Hx complex (62). LRP-CD91mediated endocytosis is also a degradation pathway for all known ligands of this
receptor (63). In addition to macrophages, LRP/CD91 is highly expressed in several
other cell types including hepatocytes and neurons (62). Inactivation of the Hx gene in
mice does not lead to disturbed iron metabolism, suggesting that the role of Hx in iron
homeostasis is important only under pathological conditions (64). Hemopexin levels in
serum reflect how much heme is present in the blood. Therefore, a high Hx level
indicates that there has been significant degradation of heme-containing compounds
and low Hx levels are one of the diagnostic features of hemolytic anemia. Extracellular
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heme can be cleared through these two receptor-mediated endocytosis pathways, thus,
avoiding the strong oxidative features and proinflammatory effects of free heme.
Iron Storage
The liver is the main storage organ for iron and accounts for approximately 50% of
the storage iron (65,66). In rats, about 98% of iron stored in the liver is found in hepatic
parenchymal cells and most of the remainder is found in Kupffer cells, with only very
small amounts in stellate cells, endothelial cells and bile duct cells (67).
Iron is primarily stored in macrophages of the RES and in hepatocytes of the liver.
Iron released from metabolized heme can be stored in two forms within the cell: as
ferritin in the cytosol and as hemosiderin after ferritin breakdown in lysosomes (8).
Hemosiderin in macrophages increases dramatically in iron overload, but only
represents a small portion of normal body iron stores. Tissue macrophages, particularly
in the spleen and liver, also express ferritin, which can store iron that is not needed
elsewhere.
Iron Loss and Excretion
Although iron homeostasis is tightly controlled in terms of uptake, recycling and
utilization, iron loss and excretion are not actively regulated. Iron is lost from the body
by sloughing of mucosal cells, desquamation of skin cells, blood loss, sweat and urinary
excretion. The amount of iron lost every day is about 1 to 2 mg, equivalent to the
amount taken up through normal daily diet (6,68).
Role of DMT1 in Iron Metabolism
Divalent metal transporter 1 (DMT1 or SLC39A2—solute carrier family 11,
member 2) is the most well-characterized transmembrane iron transport protein.
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DMT1 Gene Structure and its Isoforms
DMT1 was first identified in 1995 when screening for murine homologs of Nramp1
(natural resistance associated macrophage protein 1), a protein involved in host
defense. Accordingly, DMT1 was first named Nramp2. Nramp1 is an integral membrane
phosphoglycoprotein expressed in lysosomes of macrophages. It is targeted to the
membrane of the phagosome after phagocytosis (69). However, the ubiquitous
expression of DMT1 mRNA did not seem particularly associated with organs or cells
implicated in host defenses, and it localized to chromosome 15, which is away from
known host defense genes (70).
The DMT1 gene encodes four different protein isoforms. The upstream 5’ exon,
termed exon 1A, adds an in-frame translation initiation codon and extends the open
reading frame (ORF) of the protein by 29 to 31 amino acids in different species (71).
The sequences of the variants with or without exon1A are identical after reaching exon
2, and until reaching the C- terminal sequences of the ORF. Processing of the 3’ end
also yields two DMT1 mRNA variants that differ in their ORF sequences and their
adjacent 3’ UTRs. One contains the stem-loop structure, IRE (iron response element),
the other does not. The non-IRE isoform has a 25-amino acid segment replacement at
the C-terminus for 18 amino acids of the IRE-containing isoform (72). Four isoforms are
produced by alternative splicing of the 5’ end exon 1A and the 3’ end IRE, yielding
DMT-1A(+IRE), DMT-1B(+IRE), DMT-1A(-IRE), and DMT-1B(-IRE) isoforms (71).
Similar to the IREs in the 3' UTR of the TFR1 mRNA, IRP would bind under low iron
conditions and stabilize the DMT1 mRNA, leading to an increased level of DMT1 protein
(73). However, in Caco2 cells, it has been shown that the 3’ end IRE is not mandatory
for iron regulation and the presence of exon 1A is itself associated with iron regulation
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(71). The tissue distribution profile indicates that the exon 1B isoform is ubiquitously
expressed, whereas the expression of exon 1A isoform is tissue-specific and particularly
abundant in the duodenum and the kidney. The same study also found that, in mice,
DMT1 regulation in the kidney is associated with the presence of an IRE in the 3’ UTR,
whereas in the duodenum, iron regulation is most strongly associated with the presence
of exon 1A. The multiple isoforms of DMT1 clearly add to the complexity for studying the
expression, function, and regulation of this protein.
Role of DMT1 in Iron Absorption
In rodent models, such as Belgrade (b) rats and mk mice, mutation of a single
nucleotide in the DMT1 gene results in a substitution of arginine for glycine at position
185 (G185R), leading to anemia and iron deficiency (74,75). The iron deficiency results
from impaired intestinal iron absorption and erythroid iron utilization. The phenotype of b
rats was first described in 1966, when inherited anemia was reported among the
offspring of X ray-irradiated rats in a nuclear science laboratory in Belgrade in exYugoslavia (76). The Belgrade (b) laboratory rat suffers from anemia accompanied by
elevated plasma iron and iron-binding capacity, decreased stainable iron in tissues and
decreased growth rate. Oats et al. (77) showed that the reduced uptake of both ferric
and ferrous iron in homozygous b rats probably involves a defective iron carrier
associated with the apical membrane of the duodenum.
Using a positional cloning approach, Fleming et al. (74,75) identified DMT1 as the
defective gene for both b rats and mk mice. Injection of RNA synthesized from DMT1
cDNA in Xenopus oocytes promoted the uptake of iron as well as other divalent cations,
including manganese, cobalt, and zinc (18). Uptake of metals by DMT1 is pHdependent, involving proton symport. In Caco2 cells, DMT1 was shown to transport iron
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preferentially over other divalent cations (19). Studies in other cultured mammalian cells
have also demonstrated that DMT1 can transport a variety of divalent cations at the
plasma membrane, including iron (74,78). In addition, it has been shown that iron
uptake was most efficient in COS-7 (a cell line derived from kidney cells of the African
green monkey) and HEK 293 (human embryonic kidney cells) cells transfected with the
DMT1(-IRE) isoform at pH 5.5 - 6.5, whereas iron uptake decreased to almost baseline
level at pH 7.5 or above (79).
Overexpression of DMT1 b (G185R) and wild-type constructs in HEK 293T cells
confirmed the loss of iron transport function of the G185R mutant, supporting a role for
DMT1 in iron metabolism and strengthening the hypothesis that this mutation accounts
for the b phenotype (80). In fact, when the DMT1 G185R mutant was stably expressed
in cell lines, multiple aspects were altered, including retention in endoplasmic reticulum
(ER), abnormal glycosylation, rapid degradation by a proteasome-dependent
mechanism, and less active metal transport activity (81). Furthermore, mk mice showed
a significant increase in the expression of G185R mutant in the duodenum (both mRNA
and protein levels), but little of the protein was detected at the brush border of
enterocytes, suggesting that the G185R mutation impairs not only transport, but also
membrane targeting of the protein in mice (82).
In rats fed iron-deficient diet, DMT1 mRNA was significantly induced in duodenal
epithelial cells, as detected by Northern blotting (18). In situ hybridization with a labeled
DMT1 cRNA probe in small intestine indicated that DMT1 was highly expressed in
enterocyte villus. Such localization is consistent with the major site for iron absorption.
Dietary iron deficiency results in a dramatic upregulation of the DMT1(+IRE) form in
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proximal duodenum (18,83). Localization of DMT1 is in agreement with the known
physiological site for ferrous iron absorption in the intestine, which is mostly restricted to
the brush border of the proximal intestine (84). An immunohistochemical study of
human duodenum showed that DMT1 localizes to enterocytes, especially at the
microvillus brush border membrane (85). Also, preincubation with DMT1 antibodies
significantly inhibited iron uptake in Caco2 cells at pH 5.5 (19). Mice with specific
inactivation of DMT1 gene in the intestine were born alive, but they rapidly developed
iron-deficiency anemia (86). The phenotype of the intestine-specific DMT1 knockout
mouse firmly establishes that DMT1 is the major iron transporter in the small intestine.
Function of DMT1 in Endosomal Iron Release
In Belgrade (b) rats, iron uptake from TF by erythropoietic cells is diminished and
globin synthesis is defective (76,87). A small decrease in endocytosis of TF, associated
with diminished iron uptake and increased iron release by exocytosis from b rats,
indicated that the defect lies in the metabolism of TF-iron after its endocytosis (88). It
has also been shown that diferric-TF is taken up into b reticulocytes, but iron is poorly
retained, and much is recycled to the extracellular space along with TF, meaning that b
reticulocytes are unable to move iron out of the vesicle after endocytosis (89).
Furthermore, an apparent deficit was also observed with NTBI uptake into b rat
erythroid cells, indicating that the b defect is not simply due to a failure to dissociate iron
from TF (90). Given the evidence that endosomal iron transport is not efficient in the b
rat and both b rats and mk mice have the identical G185R mutation in DMT1, the
hypothesis was formed that DMT1 is the TF cycle endosomal iron transporter in addition
to an intestinal iron transporter (74).
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Several studies have reported cases of DMT1 mutations in humans. Mims et al.
(91) first reported a case of a female with severe hypochromic microcytic anemia and
iron overload. They found a G-to-C mutation in exon 12 (DMT1 1285 G→C), resulting in
a conservative glutamic acid to aspartic acid (E399D) single amino acid substitution.
However, the predominant effect of this mutation is exon 12 skipping during processing
of the mRNA present in erythroid cells. Removal of exon 12 deletes transmembrane
domain 8, which may interfere with proper protein insertion into the membrane. It has
been shown that E399D resides in the 4th predicted intracellular loop of DMT1 and
forms part of a highly conserved transport signature motif among species (92). By
expressing mutant E399D, E399Q, E399A in LLC-PK1 kidney cells (epithelial cell line
derived from porcine kidneys), it has been found that the mutants are fully functional in
term of stability and targeting to the membrane, and are also transport-competent,
indicating that DMT1G1285C is not a complete loss of function. In fact, G1285C mutation
greatly increases the exon 12 skipping risk (90% compared with 10% in healthy
individuals and 50% heterozygote phenotypically normal sibling). The limited amount of
functional E399D produced in the DMT1G1285C patient may be adequate for iron
absorption, but not sufficient for efficient utilization in the erythrocytes. Thus, the clinical
phenotype appears to be primarily due to exon 12 skipping rather than one amino acid
substitution. Interestingly, liver biopsy indicated that this patient had severe iron loading
in both hepatocytes and Kupffer cells, suggesting the existence of another iron transport
pathway functioning in the liver.
Iolascon et al. (93) reported an infant with hypochromic, microcytic anemia, and
hepatic iron overload with increased serum iron, TF saturation, and serum ferritin levels
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before treatment with recombinant erythropoietin (rEpo). No mutations were found in the
HFE gene (the gene mutated in hemochromatosis), suggesting a defect in iron usage.
Screening for DMT1 identified compound heterozygosity for mutations, including two
novel mutations: a 3-bp deletion in intron 4, resulting in a splicing abnormality and a
C→T transition in exon 13, causing the substitution of arginine with cysteine (R416C) in
DMT1. At age 5, this patient displayed severe iron loading in the liver despite low serum
ferritin levels. The high iron stores were disproportionate to the iron from transfusions or
bone marrow redistribution, indicating a significant increase of intestinal absorption.
Administration of rEpo resulted in rapid improvement of anemia, suggesting the effect of
Epo on erythropoiesis and the existence of a DMT1-independent pathway for iron
utilization by the TF cycle.
Beaumont et al. (94) identified compound heterozygosity for an in-frame deletion
and a substitution mutation in the DMT1 gene in a 6-year-old French girl, representing
the third case of congenital microcytic hypochromic anemia due to DMT1 mutations.
This patient had two mutations in DMT1, including a deletion of a GTG codon in exon 5
and a glycine to valine (G212V) mutation in exon 8, resulting in the in-frame deletion of
V114 (delV114) in TM2 and a G212V substitution in TM5 respectively. Different from
two previous reported DMT1 mutations, the anemia was less severe in this case,
indicating partial loss of function. Figure 1-6 illustrates the identified DMT1 mutations in
rodents and human.
In summary, based on the observation that hypotransferrinemic (Trfhpx/hpx) mice
and congenital atransferrinemia (Trf-/-) patients have a severe microcytic hypochromic
anemia and high serum iron, it can be concluded that erythroid precursors in the bone
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marrow rely primarily on the endosomal TF-TFR1 pathway for iron uptake. Rapid
development of liver iron overload in these animals indicates that insufficient utilization
of iron in erythrocytes triggers the increased absorption of iron from intestine. The
identical mutation in DMT1 of b rats and mk mice, together with three reported cases of
DMT1 mutations in humans, emphasizes the role of DMT1 in erythropoiesis (94). In
addition, DMT1 is expressed in bone marrow and optimally functions at acidic pH, such
as in endosomes (18). These observations support the rationale that DMT1 is an
endosomal iron transport protein, especially in erythroid cells.
Subcellular Localization of DMT1
Studies of the subcellular localization of DMT1 have been done mainly by
categorizing DMT1 into the +IRE isoform and the -IRE isoform. DMT1(+IRE) protein is
expressed in the duodenum where it is regulated by dietary iron (83). DMT1(-IRE) is
expressed in erythroid cell precursors where it is regulated by erythropoietin (95).
Besides their tissue-specific expression and regulation, these two isoforms may function
in different subcellular compartments. In CHO (Chinese hamster ovary) cells which
stably expressed the DMT1(-IRE) form, a ring-like staining at the periphery of the cells
was observed, indicating plasma membrane localization. When cells were
permeabilized, an intracellular punctate pattern could be seen in addition to membrane
staining, indicating its localization in intracellular compartments (96). In CHO cells, RAW
cells (mouse leukemic monocyte macrophage cell line), MEL cells (mouse
erythroleukemia cell line), and TM4 cells (mouse sertoli cell line), DMT1 displayed
plasma membrane staining and clear colocalization with TF in recycling endosomes
(97).
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When recombinant DMT1(-IRE) and DMT1(+IRE) were expressed simultaneously
in HEp2 cells (a human larynx carcinoma cell line, which highly express DMT1(+IRE)
isoform), the two isoforms did not completely colocalize with each other, indicating
distinct subcellular compartmentalization (98). DMT1 (+IRE) localized in late
endosomes and lysosomes in transfected HEp-2, HeLa (a human cervical cancer cell
line) and COS-7 cells. In HEp-2 cells, the early endosomal markers EEA1 (early
endosomal antigen 1) and TFR1 were not colocalized with DMT1, but most of the
intracellular puncta of DMT1 completely colocalized with LAMP2 (lysosome-associated
membrane protein 2). Subcellular fractionation by sucrose gradient revealed that the
DMT1(+IRE) isoform co-sedimented with the late endosomal and lysosomal membrane
proteins LAMP1 (lysosome-associated membrane protein 1) and LAMP-2, but not with
the TFR1 in early endosomes (99). The acidic environment in the late endosomal and
lysosomal may provide DMT1 the proton gradient required for transport activity. DMT1(IRE) colocalized with the early endosomal markers TFR1 and EEA1 (98), indicating its
localization in early endosomes.
In DMT1, the carboxy cytoplasmic tail is the only different part of +IRE and -IRE
forms, indicating the possible existence of targeting signals for different localization in
this domain. Substitution of the Tyr555 or Leu557 with Ala significantly affected the early
endosomal localization of DMT1(-IRE) isoform, resulting in its mistargeting to late
endosomes and lysosomes. It was concluded that the Y555XLXX sequence in the Cterminal cytoplasmic tail of DMT1(-IRE) is critical for the early endosomal targeting (98).
Sequential deletion of almost all the amino acids in the C-terminal tail of DMT1(+IRE)
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isoform did not affect its late endosomal and lysosomal localizations, indicating that Cterminal tail of DMT1(+IRE) does not include the targeting determinant.
DMT1 is not the Only Transporter Involved in Endosomal Iron Release
Iron is transported in the circulation between absorption, storage, and utilization
sites by TF (100). In human plasma, the TF concentration normally ranges from 22 to
35 μM and is about 20% to 50% occupied by iron (101). Iron taken up by means of
TFR1 must be transported across the endosomal membrane to be released into the
cytosol (depicted in Fig. 1-4). Based on the observation that the loss of TFR1 produces
more severe effects than the loss of DMT1, other transporters functioning in the TF
cycle have been hypothesized in animals (86). In b rats, which have a loss of function
mutation in DMT1, TBI uptake was still effective in crypt cells of small intestine, where
DMT1 was not detectable (102). Since crypt epithelial cells depend mainly on TF cycle
for iron uptake, this indicates that DMT1 is not required for the uptake of TBI by
duodenal crypt epithelial cells.
By inactivating the mouse DMT1 gene globally and in selected tissues through
gene targeting and homologous recombination, Gunshin et al. (86) found that fetal
DMT1 was not needed for maternofetal iron transfer but that DMT1 activity was
essential for intestinal non-heme iron absorption after birth. DMT1 was also required for
normal hemoglobin production during the development of erythroid precursors. Iron
dextran administered to DMT1-/- mice markedly increased liver iron stores in both
hepatocytes and macrophages, indicating that hepatocytes and other cells must have
an alternative iron uptake mechanism.
A recent study has shown that expression of MCOLN1 (mucolipin1) which belongs
to the mucolipin subfamily of transient receptor potential (TRP) proteins1, mediates iron
36

release from late endosomes and lysosomes in HEK 293T cells (103). Bargal et al.
(104) identified the MCOLN1 gene, which encodes a 580-amino acid protein termed
mucolipin1. The MCOLN1 protein contains 1 transmembrane helix in the N-terminal
region and at least 5 transmembrane domains in the C-terminal region. Mutations in the
human MCOLN1 gene cause Mucolipidosis type IV disease which is an autosomal
recessive neurodegenerative lysosomal storage disorder characterized by psychomotor
retardation, ophthalmologic abnormalities, as well as iron-deficiency anemia (105).
In summary, DMT1 can function in both dietary iron absorption and endosomal
iron release. However, DMT1-/- mice were born alive with elevated hepatic stores,
indicating that hepatocytes have an alternative DMT1-independent iron uptake pathway
and that DMT1 is not required for maternofetal iron transport, which relies primarily on
TF-bound iron delivery. Moreover, in Belgrade rats, DMT1 is not required for TBI uptake
of small intestine crypt epithelial cells. Human cases of DMT1 mutations also indicate
the existence of DMT1-independent iron uptake by both reticulocytes and hepatocytes.
Therefore, other endosomal transporters must exist for transporting iron from TF into
the cytosol.
Iron Uptake by Hepatocytes
The liver plays at least three major roles in iron homeostasis. Firstly, it is the main
storage organ for iron. Hepatocytes as well as Kupffer cells serve as iron depots, in
which excess iron is stored as ferritin and hemosiderin (106). Secondly, the liver
regulates iron transfer into and around the body through the peptide hormone hepcidin
production. Thirdly, the liver is the major site for the synthesis of iron-related plasma
proteins such as TF and ceruloplasmin (Cp) (65). Hepatocytes comprise about 80% of
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the total cells in the liver (107). They can acquire iron through both TBI and NTBI
pathways (Fig. 1-7).
Transferrin-bound Iron Uptake by Hepatocytes
In normal situations, the majority of circulating iron is bound to TF. The uptake of
TF-bound iron by hepatocytes from plasma is mediated by transferrin receptor. In
addition, a receptor-independent TBI uptake pathway has also been proposed to exist in
hepatocytes (108,109). By using perfused liver, isolated primary hepatocytes or
hepatoma cell lines, it has been shown that there is a saturable high-affinity TBI uptake
described as a TFR1-dependent pathway and a nonsaturable low affinity process for
TBI uptake which is independent of TFR1 (108,110,111). The uptake of holo-TF through
TFR1 is a highly regulated process and most regulation occurs at the level of
posttranscriptional mRNA stability. Iron responsive elements (IREs) are present in the 3’
UTR of TFR1 mRNA (Fig. 1-3). When intracellular iron content is low, IRPs bind to the
IRE, protecting the mRNA from endonuclease cleavage. Consequently more TFR1
protein is synthesized. Accordingly, in iron-deficient animals or humans, TFR1 levels
are higher in the liver and other tissues. During iron excess, IRPs are inactivated by
iron-sulfur cluster formation, thus inhibiting binding to IREs, resulting in increased
degradation of TFR1 message and protecting cells from accumulating more iron (112).
The high-affinity process becomes saturated at relatively low extracellular TF
concentrations (50 to 100 nM) (108,109). It is likely that the receptor-independent low
affinity pathway predominates at normal physiological level of plasma TF (25 µM to 50
µM) (113).
Under certain pathological circumstances when the iron carrying capacity of TF
becomes exceeded, such as hemochromatosis, TFR1 is down-regulated in
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hepatocytes. In untreated hereditary hemochromatosis (HH) patients the expression of
TFR1 was undetectable in hepatocytes (114).
TFR1 is not the only transferrin receptor in hepatocytes. TFR2, a homolog of
TFR1, is highly expressed in hepatocytes and in developing erythroid precursor cells,
and it may play a role in liver iron loading (115). Similar to the ubiquitously expressed
TFR1, TFR2 is a type-2 membrane protein with a cytoplasmic N-terminus, a single
transmembrane domain and a large ectodomain. The amino acid sequences of
transmembrane region and the extracellular domain in TFR2 shares 45% identity to that
of TFR1. TFR2 protein is up-regulated in iron overload and in a mouse model of HH and
may contribute to increased TBI uptake by the liver during iron overload conditions
(116). Mutations in TFR2 cause hemochromatosis. TFR2 can bind and internalize holoTF, but its affinity for holo-TF is 25-30 times lower than that of TFR1 (117,118). Unlike
TFR1, TFR2 lacks an IRE, the protein levels increase in response to increased level of
holo-TF (119,120). A study of TFR2-null mice indicated that TFR2 has a minor role in
iron transport and hepatic iron-loading (121).
Non-transferrin-bound Iron Uptake by Hepatocytes
The amount of circulating TF-bound iron is determined by three coordinated
process: macrophage iron recycling, duodenal iron absorption and hepatic iron
storage/release (122). As TF becomes saturated in iron overload states, excess iron is
also found as NTBI. NTBI will exist in high amount and contributes considerably to
hepatic iron loading (123,124). The form of NTBI present in the plasma could be bound
to either citrate or albumin (125). NTBI is likely to play an important role in hepatocyte
iron loading in HH and other iron overload conditions. NTBI is cleared rapidly by the
liver from plasma, demonstrated by cases of human and mouse congenital TF
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deficiency (atransferrinemia and hypotransferrinemia) (51,126,127). Affected individuals
absorb dietary iron efficiently and deposit large amounts in the liver even though they
lack TF. It has been shown that after TF saturation, 70% of the NTBI given orally or
intravenously, was taken by the liver (128). The molecular basis of NTBI uptake is not
well understood.
In summary, the liver can take up both TBI and NTBI. DMT1, the only known iron
transporter involved in TBI release from endosomes, may also mediate NTBI into cells.
However, DMT1 knockout mice can still accumulate iron in the liver, indicating that
DMT1 is not the major iron transporter in either pathway for this organ. How iron is
taken up into the liver, especially into hepatocytes, remains to be elucidated (9).
ZIP14 and Iron Metabolism
Identification and Characterization of ZIP14
ZIP14 (SLC39A14, solute carrier 39 family, member 14), as one of the members of
ZIP metal-ion transporter superfamily, can transport both zinc and iron (129). It is the
second identified iron-import protein to date (the first one is DMT1). The ZIP family
protein takes the name from ZRT, IRT like protein, where ZRT represents zincregulated transporter and IRT stands for iron-regulated transporter (130).
By sequencing clones obtained from the cDNA library of a human immature
myeloid cell line (KG-1 cells), Nomura et al. (131) first cloned ZIP14, which they named
KIAA0062. Northern blot analysis detected that ZIP14 was ubiquitously expressed, with
highest expression in the liver, and lowest expression was in the spleen, thymus, and
peripheral blood leukocytes. A multiple tissue expression array also showed ubiquitous
expression of ZIP14 with high expression in the liver, pancreas and heart (132). By
searching databases for sequences that were similar to a unique HEXPHEXGD motif (a
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consensus sequence for the catalytic zinc-binding site of metalloproteases within ZIP
proteins), Taylor et al. (133) identified ZIP14, which they designated LZT-Hs4. Human
Zip14 was predicted to be 53 kDa with up to three additional N-linked carbohydrate side
chains. Expression of human ZIP14 in CHO cells showed an apparent molecular mass
of 53 kDa. Under nonreducing conditions, ZIP14 migrated as a trimer. ZIP14 was
expressed on the plasma membrane in nonpermeabilized cells. Human ZIP14 was
predicted to have a long N terminus, followed by 8 putative transmembrane domains
and a short C terminus (129,132,133).
The metal transport activity of ZIP14 was first characterized in 2005 by Taylor et
al. (132), who showed that ZIP14 overexpression in CHO cells stimulated the uptake of
zinc into the cytosol. In 2005, Liuzzi et al. (134) found that transfection of mouse Zip14
cDNA into HEK 293 cells increased zinc uptake and that Zip14 was the most
upregulated zinc transporter in response to lipopolysaccharide (LPS) treatment or
turpentine-induced inflammation in the mouse liver. However, the hypozincemic
response was milder in interleukin-6 knockout (IL-6-/-) mice exposed to LPS than in wildtype mice. IL-6-/- mice displayed neither hypozincemia nor Zip14 induction with
turpentine-induced inflammation. Immunohistochemical analysis showed that, in
hepatocytes, plasma membrane expression of Zip14 increased in response to both LPS
and turpentine. IL-6 also increased expression of Zip14 in primary hepatocyte cultures.
It was concluded that ZIP14 is a zinc importer upregulated by IL-6 and Zip14 plays a
major role in the hypozincemia accompanying the acute-phase response to
inflammation and infection.
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ZIP14 and Cellular Iron Uptake
In 2006, Liuzzi et al. (129) reported that overexpression 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 (135). The iron uptake was inhibited by zinc, suggesting that
these two metals share the same transporter. It was also shown that siRNA-mediated
suppression of endogenous Zip14 expression in AML12 cells, a mouse hepatocyte cell
line, resulted in reduced uptake of NTBI from ferric citrate. In 2008, Gao et al. (136)
showed that ZIP14 overexpression stimulated NTBI uptake in HeLa cells, and that
suppression of endogenous ZIP14 in the human hepatoma cell line, HepG2, decreased
NTBI uptake. Moreover, Zip14 can efficiently transport iron at pH 7.4 (129), the pH at
the plasma membrane surface of hepatocytes. In contrast, DMT1, the first identified iron
importer, transports iron optimally at pH 5.5 (18,137) and is readily detected in
endosomes but not on the plasma membrane of hepatocytes (138). These observations
provide strong support that ZIP14, rather than DMT1 predominantly mediates NTBI
uptake into hepatocytes.
Under normal conditions, the majority of iron in the plasma is bound to TF. When
the amount of iron in the plasma increases and exceeds the capacity of TF, the level of
NTBI increases, contributing to tissue iron loading. In iron-loading disorders, such as
hemochromatosis or dietary iron overload, excess iron is mainly found in the liver,
pancreas and heart (2). HFE-associated HH is the most prevalent form of
hemochromatosis and is one of the most common inherited human disorders (139). In
this disease, mutation of a single amino acid (C282Y) in the hereditary
hemochromatosis gene (HFE) causes iron overload (140). The functional role of HFE in
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iron metabolism is also supported by the evidence that hepatocytes from Hfe-/- mice can
take up more NTBI compared to wide-type mice (141). However, the mechanism by
which HFE regulates iron metabolism still remains to be determined. Interestingly,
overexpression of HFE in HepG2 cells decreased ZIP14 levels by decreasing the
stability of ZIP14 (136). The reduced ZIP14 levels were associated with diminished
uptake of not only NTBI but also TBI, suggesting that ZIP14 participates in both
pathways of iron acquisition.
A study in isolated rat hepatocytes has shown that LPS markedly increases the
uptake of TBI (142). Similarly in HepG2 cells, stimulation with the inflammatory cytokine,
IL-6, enhanced the uptake of TBI by 48%(143). LPS and IL-6 have both been shown to
potentially increase levels of Zip14 in mouse liver and in isolated hepatocytes (134).
These observations suggest that ZIP14 is involved in TBI uptake by hepatocytes.
In summary, ZIP14 is a newly identified iron import protein. It localizes to the
plasma membrane and mediates the uptake of NTBI into cells. Expression of Zip14 was
induced by both LPS and IL-6, which could also stimulate the TBI uptake in
hepatocytes. HFE expression decreased ZIP14 stability and reduced the uptake of both
NTBI and TBI in HepG2 cells. The above evidence suggests that ZIP14 is a common
transporter shared by both NTBI and TBI. The research described herein tested the
hypothesis that ZIP14 plays a role in the uptake of TBI. Studies were also directed to
investigate the membrane topology of ZIP14 as a first step to understand which
structural elements contribute to the iron transport ability of ZIP14.
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Figure 1-1. Distribution of iron within the body. Normal adults typically have 3-5 g of total
body iron. To maintain iron balance, about 1-2 mg of dietary iron is absorbed
every day to replace the iron that is lost in the urine, feces, sweat and
sloughed cells. Most body iron can be found in mature erythrocytes and in
erythroid bone marrow. Reticuloendothelial macrophages recycle iron from
old red cells and supply most of the iron for new red blood cell synthesis.
Approximately 0.1% of body iron is bound to TF, a circulating plasma protein
that delivers iron to erythroid precursors and other tissues. Iron is stored
primarily in hepatocytes.

44

Figure 1-2. Schematic model for intestinal iron absorption. Dietary non-heme iron
(mostly Fe3+) is reduced by a ferric reductase (likely Dcytb) to yield ferrous
iron (Fe2+), which subsequently enters the enterocytes via DMT1. Heme is
absorbed intact, perhaps via heme carrier protein 1 (HCP1), and is then
catabolized by heme oxygenase 1 (HO) to liberate Fe2+. If body iron stores
are high, iron may be stored in ferritin and lost through sloughed epithelial
cells within 3-4 days. Iron efflux across the basolateral membrane into
circulation is through FPN1. The exiting iron is oxidized to Fe3+ by hephaestin
to enable loading onto TF.
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Figure 1-3. Overview of the iron-responsive element/iron-regulatory protein (IRE/IRP)
network. IRPs interact with IREs to coordinate the expression of proteins
involved in iron metabolism. IRP binding to IREs located at 5’ untranslated
regions (UTRs) inhibits translation, whereas IRP binding to 3’ UTR IREs
increases mRNA stability. Cellular iron loading turns IRP1 from its IREbinding form to the Fe-S cluster-containing inactive form. Low iron levels
promote accumulation of active IRP1, resulting in its binding to IREs.
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Figure 1-4. Overview of the TF cycle. When diferric TF binds TFR1 on the cell surface,
the complex internalizes through receptor-mediated endocytosis. Endosomes
become acidified by a proton pump. Acidification leads to protein
conformational changes that cause iron to dissociate from TF. Fe3+ released
from TF is reduced by ferrireductase STEAP3, and is then transported out of
the endosome, presumably through DMT1. TF and TFR1 both return to the
cell surface, where they separate at neutral pH. Both proteins participate in
further rounds of iron delivery.
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Figure 1-5. Overview of the receptor-mediated pathway for endocytosis of extracellular
heme and hemoglobin. CD163 and LRP/CD91 represent two pathways for
uptake of extracellular heme incorporated in haptoglobin-hemoglobin (Hb-Hp)
and heme-hemopexin (Heme-Hx) complexes. Both receptors are highly
expressed in phagocytic macrophages, which can metabolize heme into
bilirubin, Fe and carbon monoxide. In addition to the expression in
macrophages, LRP/CD91 is also highly expressed in several other cell types
including hepatocytes and neurons.
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Figure 1-6. Schematic demonstration of mutations in the iron transport protein DMT1.
Identified DMT1 mutations in rodents ( G185R) and human ( V114 del,
G212V, E399D and R416C).
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Figure 1-7. Iron uptake by hepatocytes. Hepatocytes have several pathways for iron
uptake from the circulation including the uptake of TBI (Fe2-TF, diferric TF) via
TFR1, TFR2, and TFR-independent mechanisms. The TFR1 pathway is well
characterized. When diferric TF binds TFR1, the complex is internalized by
endocytosis, and iron is dissociated from TF during endosomal acidification.
Released iron is transferred to the cytoplasm for iron-related biological
functions or storage as ferritin. The resulting apoTF-TFR1 complex then
returns to the cell surface for reutilization. The detailed pathways through
TFR2 and the one independent of TFR1 and TFR2 remain to be elucidated,
but are considered to be important for iron uptake in hepatocytes. The uptake
of NTBI, which is present in the plasma during conditions of iron overload, is
likely mediated by Zip14 and/or DMT1.
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CHAPTER 2
MATERIALS AND METHODS
Cell Culture
All cells were maintained in an incubator at 37°C and 5% CO2. HEK 293T cells
were grown in Dulbecco’s Modified of Eagle’s Medium (DMEM, Mediatech) with 4.5 g/L
glucose, 4 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 µg/ml
streptomycin and 10% fetal bovine serum (FBS, Atlanta Biologicals). HepG2 cells were
maintained in DMEM with 4.5 g/L glucose, 4 mM L-glutamine, 1 mM sodium pyruvate,
1× MEM nonessential amino acids (Mediatech), 100 U/ml penicillin, 100 µg/ml
streptomycin and 10% FBS.
Expression of Mouse Zip14 (mZip14) in HEK 293T and HepG2 cells
Effectene reagent (Qiagen) was used for transient transfection of HEK 293T cells.
Briefly, HEK 293T cells were seeded at 40% confluency in 6-well plates. Transfection
began 24 h after seeding with 0.4 µg of plasmid DNA, 3.2 µl of enhancer and 10 µl of
Effectene reagent, and was carried out for 48 h before further analysis. For HepG2 cell
transfection, JetPei-Hepatocyte transfection reagent (Genesee Scientific) was used.
HepG2 cells were seeded at 40% confluency in 6-well plates. Twenty-four hours later, 3
µg of plasmid DNA, 9.6 µl of JetPei-Hepatocyte were diluted in 100 µl of 150mM NaCl
solution and mixed together. The mixture was incubated at room temperature for 15 min
before added to each well.
Knockdown of Endogenous ZIP14 in HepG2 Cells Using siRNA
SMARTpool siRNA (small interfering RNA) specific for human ZIP14 (Genbank
accession no. NM_015359) and non-targeting pool negative control siRNA were
purchased from Dharmacon (Thermo Scientific). Lipofectamine RNAiMAX transfection
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reagent (Invitrogen) was used to transfect siRNA into HepG2 cells. Briefly, 6 µl of
lipofectamine RNAiMAX and 60 pmol of RNAi duplex were mixed in 600 µl Opti-MEM
medium and added into each well of a 6-well plate. After incubating at room
temperature for 15 min, ~2 × 105 cells were added to each well in 1.8 ml of DMEM
supplemented with 4.5 g/L glucose, 4mM L-glutamine, 1mM sodium pyruvate, 1× MEM
nonessential amino acids and 10% FBS. Seventy-two hours later, protein levels were
detected by using Western blot to confirm ZIP14 knockdown.
Measurement of TF-bound Iron Uptake
59

Fe-TF was prepared by saturating human apo-TF (Sigma) using 59Fe-ferric

nitrilotriacetic acid (NTA). After incubating for 1 h in PBS containing 10 mM NaHCO 3,
unbound radiolabeled iron was removed by repeated washing through a Centricon
centrifugal filter (Millpore, MWCO 30,000). HEK 293T or HepG2 cells were washed
twice with serum-free DMEM (SFM) and incubated at 37°C for 60 min to deplete TF
from cells. Cells were then incubated in SFM containing 100 nM 59Fe-TF, 20 mM
HEPES (pH 7.4) and 2 mg/ml ovalbumin. To stop uptake, cells were placed on ice, and
externally bound 59Fe-TF was stripped with an acidic buffer (0.2 N acetic acid, 500 mM
NaCl, 1 mM FeCl3) for 3 min. After washing suspended cells twice in cold SFM, cells
were lysed in a solution containing 0.2% SDS and 0.2 M NaOH. Cell-associated
radioactivity was determined by γ-counting. Uptake was expressed as cpm/mg protein.
pH Dependence of Iron Transport Activity
The pH of the uptake buffer (130 mM NaCl, 10 mM KCl, 1 mM CaCl2 and 1 mM
MgSO4) was adjusted from pH 7.5, 6.5, to 5.5 by using mixtures of HEPES and MES
buffers (144). NTBI uptake was measured as described previously (129). Briefly,
transfected HEK 293T cells were washed three times in SFM and then incubated for 1 h
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in SFM to deplete cells of TF. For uptake, cells were incubated with 2 µM 59Fe-ferric
citrate for 60 min, followed by three washes of cell-impermeant iron chelator solution to
remove surface-bound iron. Cell-associated radioactivity was determined by using a γcounter. Uptake was expressed as cpm/mg protein.
Genetic Knock-in to Tag Endogenous ZIP14 of HepG2 Cells with 3×Flag Epitope
AAV knock-in vector construction. The epitope tagging strategy and method
have been described in detail previously (145,146). Briefly, about 1 kb of left and right
homologous arms of ZIP14 were PCR amplified by using Platinum Taq DNA
polymerase High Fidelity (Invitrogen) and genomic DNA isolated from HepG2 cells. The
primers for the knock-in (Table 2-1) were designed specifically for sequences upstream
or downstream of the stop codon. Both arms were inserted into the rAAV-Neo-Lox P3×Flag knock-in vector (Kindly provided by Dr. Zhenghe Wang, Case Western Reserve
University) by using the USERTM enzyme system (NEB). The entire USER-treated
reaction mixture was used to transform chemically competent E. coli (Escherichia coli)
by heat shock at 42°C.
AAV-Cre expression vector construction. To make the AAV-Cre-encoding
vector, the Cre gene coding sequence was PCR amplified from pBS185 plasmid
(Addgene) by using gene-specific primers linked with Not I restriction sites at each end
(Table 2-1), and then ligated into pAAV vector (Stratagene).
Packaging of AAV viruses. Targeting viruses were packaged into HEK 293-AAV
cells by using AAV Helper-Free System (Stratagene) according to the manufacturer’s
instructions. Viruses were harvested after 72h.
Infection of HepG2 cells with AAV virus and Screening for targeting clones.
HepG2 cells growing in T25 flasks were infected with targeting virus and G41853

resistant single-cell clones were transferred to 24-well plates for screening and
expanding. After confirming homologous recombination by PCR with screening primers
(Table 2-1) and by DNA sequencing of the PCR product, the positive clones were
infected with AAV-Cre virus to remove the Neomycin-resistant (NEOR ) marker.
Successful excision was confirmed by PCR with screening primers. Expression of
endogenous Zip14-3×Flag in HepG2 cells was confirmed by Western blotting.
Western Blot Analysis
Cells were washed with old phosphate-buffered saline (PBS) twice and lysed in
SDS lysis buffer [170mM Tris-HCL (pH 6.8), 2% SDS, 5% glycerol, 5% βmercaptoethanol, and 1× Complete Mini protease inhibitor Mixture (Roche)]. Protein
concentrations of the cell lysates were measured by using the RC DC Protein Assay
(Bio-Rad). Samples were mixed with 1×Laemmli buffer and incubated for 15 min at
37°C. Proteins were separated electrophoretically on an SDS/7.5% or 10%
polyacrylamide gel, transferred to nitrocellulose and incubated for 1 h in blocking buffer
(5% nonfat dry milk in Tris-buffered saline-Tween 20, TBST). Blots were incubated for 1
h at room temperature in blocking buffer containing 2.5 µg/ml affinity-purified rabbit antiZip14 antibody, mouse anti-Flag, M2 (1:2000, Sigma), mouse anti-TFR1/TFR2 (1:1000,
invitrogen) 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
blocking buffer, and reprobed with rabbit anti-actin (1:1000, Sigma) followed by HRPconjugated donkey anti-rabbit secondary antibody. After two washes with TBST and
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TBS, antibody cross-reactivity was visualized by using enhanced chemiluminescence
(SuperSignal West Pico, Thermo Scientific) and x-ray film.
Subcellular Localization
Cells seeded on poly-L-lysine (Sigma) coated coverslips were washed two times
with PBS+/+ (PBS with 1mM MgCl2 and 0.1mM CaCl2) and fixed with 2%
paraformaldehyde (PFA) 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 (BSA) for 30 min. For TF
labeling, cells were incubated with 30 µg/ml Alexafluor 488-labeled human holo-TF
(Invitrogen) for 30 min at 37°C and washed three times with PBS before fixation. To
stain the nuclei, cells were washed three times with PBS and incubated for 5 min with
10 µg/ml 4'-6-diamidino-2-phenylindole (DAPI). After several washes of PBS, coverslips
were mounted on microscope slides with mounting medium (Vector Laboratories) and
sealed with nail polish. Images were captured with a Leica TCS SP5 laser-scanning
confocal microscope.
Quantitative Determination of TF uptake
To determine if ZIP14 knockdown affected the uptake of TF, HepG2 cells were
incubated with 100 nM biotin-labeled holo-TF (Sigma). After 4 h, uptake and surface
binding of TF were stopped by trypsinization. After washing suspended cells twice in
cold SFM, 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.
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Isolation of Plasma Membrane Proteins by Cell-surface Biotinylation
HepG2 cells were incubated overnight in SFM with 10 µM apo-TF or 10 µM holoTF. For wild-type mZip14 and the asparagine mutants, the transporters were expressed
in HEK293T cells by transient transfection as described above. Twenty-four hours after
transfection, the medium was removed, and the cells were washed twice with ice-cold
PBS. Plasma membrane proteins were isolated by using the Cell Surface Protein
Isolation Kit (Thermo Scientific) according to the manufacturer’s protocol. Briefly, the
flasks were kept on ice, and all solutions were ice-cold for the rest of the procedure.
Each flask of cells was incubated with 10 ml of the membrane-impermeant biotinylation
reagent, NHS-SS-biotin (0.25mg/ml in PBS) for 30 min with very gentle shaking. After
biotinylation, each flask was added 500 µl quenching solution to quench the unreacted
NHS-SS-biotin. Cells were collected and lysed in 500 µl lysis buffer with 1× protease
inhibitors (Roche) followed by centrifugation at 10,000 ×g for 2 min at 4°C. The clarified
supernatant was added to a spin column containing pre-washed immobilized
NeutrAvidin gel and incubated for 60 min at room temperature. After four washes,
biotinylated samples were incubated with 50 mM DTT in 1× SDS-PAGE sample buffer
for 60 min at room temperature to cleave the disulfide bond and release biotinylated
proteins. Cell-surface expression of ZIP14, TFR2, Lamp1, tubulin, and Na+ , K+ ATPase
were determined by Western blotting as above, but with these additional antibodies:
mouse anti-Lamp1 or Na+, K+ ATPase (1:1000, Santa Cruz) and mouse anti-tubulin,
clone B-5-1-2 (1:5000, Sigma).
RNA Isolation and Quantitative PCR (qPCR)
Total RNA was isolated from HepG2 and HEK 293T cells by using RNABee
(TelTest). Isolated RNA was treated with DNaseI (Turbo DNA-free kit, Ambion) to
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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 SYBRGreen Supermix (Bio-Rad) and an
Applied Biosystems 7300 realtime PCR system. Copy numbers of DMT1 and ZIP14
mRNA were calculated by comparing Ct values obtained from HEK 293T and HepG2
RNA to those obtained from standard curves generated by using the plasmids
pBluescriptR-human DMT1 (BC100014, Addgene) and pXL4-human ZIP14
(NM_001135153.1, Open Biosystems). The primers used for ZIP14 (forward: 5'CTGGACCACATGATTCCTCAG-3’; reverse: 5’-GAGTAGCGGACACCTTTCAG-3’) and
DMT1 (5'-TGGTTCTGACTCGCTCTATTGC-3’; reverse: 5‘CATTCATCCCTGTTAGATGCTCTACA-3’) were designed to target all known variants
of ZIP14 and DMT1 mRNA.
Construction of GFP Fusion and Flag-tagged mZip14 Plasmids
An expression vector for C-terminal mZip14-EGFP was constructed by amplifying
mouse Zip14 coding sequence (BC021530) from pCMV-Sport6-mZip14 vector (Open
Biosystems) and ligating into pEGFP-N1 (Kindly provided by Dr. Ivana DeDomenico,
University of Utah). To make a C-terminal mZip14-3× Flag vector (C-T-Flag-mZip14),
the 3× Flag sequence followed by a stop codon was amplified from pCMV-3tag-3a
(Stratagene) by a forward primer linked with a Sal I site and a reverse primer linked with
Not I site (P1+P2, Table 2-2). The PCR product was ligated into mZip14-EGFP vector
after excision of the EGFP sequence by Sal I and Not I restriction enzymes. To insert
the 3× Flag sequence into the N-terminus and the histidine-rich region loop (N-T-FlagmZip14 and His-Flag-mZip14), site-directed mutagenesis (method see below) was first
used to add an Spe I restriction site in the N-terminus (after the predicted signal peptide
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cleavage site) and in the histidine-rich loop (immediately after the histidine 254 in the
“HHHGHNH” motif) of the pCMV-Sport6-mZip14 vector (by primers P3+P4 or P5+P6,
Table 2-2). The3× Flag sequence was amplified from pCMV-3tag-3a with Spe I sites
added at each end (By primers P7+P8,Table 2-2), followed by ligating the PCR product
into the Spe I site-added vectors. All constructs were verified by DNA sequencing.
Primary Sequence Analysis and Bioinformatic Predictions
The mouse Zip14 gene sequence (NC_000080.5) and its protein sequences,
isoform a (NP_001128623.1) and isoform b (NP_659057.2), were obtained from the
NCBI website. Sequence alignment and consensus analysis were performed by using
Vector NTI 11.0 software (Invitrogen). Prediction of the transmembrane topology and
signal peptide sequence were performed by using the following online programs:
TMHMM (147), HMMTOP (148), TopPred (149), MINNOU (150), TmPred (151),
ConPred II (152), MEMSAT-SVM & MEMSAT III (153), Phobius (154), SOSUI (155),
SignalP3.0 & SignalP V2.0b2 (156), SPEPlip (157), PrediSi (158) and SIG-Pred
(bmbpcu36.leeds.ac.uk/prot_analysis/Signal.html). Prediction of protein glycosylation
status was done by using the online programs as follows: NetNGlyc 1.0
(http://www.cbs.dtu.dk/services/NetNGlyc/) and NetOGlyc 3.1 (159).
Construction of Asparagine Mutant Plasmids
Mouse Zip14 contains five predicted N-linked glycosylation sites as asparagines
52, 75, 85, 100 and 455. The codons for each asparagine (N), were mutated to encode
for aspartic acid (D), giving different N-to-D mutants. Site-directed mutagenesis was
performed by using the Quickchange II Kit (Stratagene). In brief, 100 ng of doublestranded DNA template (N-T-Flag-mZip14 or C-T-Flag-mZip14) was mixed with the
primers (forward and reverse primers, 125 ng each, Table 2-3), 10 mM dNTPs, 1×
58

reaction buffer, and Pfu DNA polymerase. The mixture was amplified by polymerase
chain reaction. Initially the reaction mix was incubated at 95 °C for 30 s. Cycles were as
follows: denaturation for 30 s at 95 °C, annealing for 1 min at 55 °C, and extension
synthesis at 68 °C for 7 min for 18cycles. PCR products were digested with DpnI
enzyme to remove the parental strands. The digested DNA mixture was transformed
into E. coli XL1-blue cells by heat shock at 42°C. Mutagenesis products were all verified
by DNA sequencing.
Measurement of Iron Transport Activity
NTBI uptake was measured as previously described (129). Briefly, transfected
HEK 293T cells were washed three times in SFM and then incubated for 2 h in SFM to
deplete cells of TF. For uptake, cells were incubated with 2 µM 59Fe-ferric citrate for 2 h,
followed by three washes of cell-impermeant iron chelator solution to remove surfacebound iron. Cell-associated radioactivity was determined by using a γ-counter. Uptake
was expressed as cpm/mg protein.
Statistical Analysis
Data represent mean ± SEM. The TBI uptake studies were analyzed by unpaired
Student’s t-test (GraphPad Prism, GraphPad Software). Iron transport activity studies of
the asparagine mutants were analyzed by one-way analysis of variance and Tukey’s
post-hoc test (GraphPad Prism, GraphPad Software). The pH-dependence of iron
uptake data were analyzed as a completely randomized block design using the Glimmix
procedures (SAS Inst. Inc.). Blocks were based on the replication of the experiment.
Fixed effect included treatment and pH as well as the interactive effects of treatment
and pH. Block was the random effect. Multiple comparison were adjusted by Tukey-
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Kramer. Degrees of freedom were approximated using the Kenward-Rogers method
(DDFM = kr). A probability level of P < 0.05 was defined as a significant difference.
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Table 2-1. List of Primers Used for PCR to Generate and Screen for Endogenous
ZIP14-3× Flag in HepG2 Cells
Primer Set
Forward Primer
Knock-in Primers
Left arm
5' - GGGAAAGUGCAACCTT
GAACTCCGGAGC - 3’
Right arm
5 '- GGTCCCAUGGCTCTGC
CAAGAGCCTG - 3’
Cre-specific
5' - ATATTGCGGCCGCAAGC
primers
TTGGCCCATTGCATAC - 3’
Screening
P1: 5 '- CCATTCAGCGGTTTTT
primers
AAGGGGGC - 3’
P3: 5' - GGATTCATCGACTGT
GGCCG - 3’
P5: 5' - GGCCTCCTGACTGGA
TTCACC - 3’

Reverse Primer
5’ - GGAGACAUTCCCCAATC
TGGATCTGTCCTGAAT - 3’
5' - GGCATAGUGCACCCCAT
TTCTACAAGTCAGC - 3’
5' - AATAAGCGGCCGCCGCG
TTAATGGCTAATCGCC - 3’
P2: 5' - GTTGTGCCCAGTCAT
AGCCG - 3’
P4: 5' - CAAGGGCTCCACAGT
GGCTAAG - 3’
P6: 5' - GAGACTGGTTACCAG
GGCAGC - 3’

Table 2-2. List of Primers Used for Generating 3× Flag-tagged mZip14 Vectors
Primer Name
3× Flag
Forward
(Sal I + Not I) Reverse
N-T Spe I
Forward
Reverse
His Spe I
Forward
Reverse
3× Flag Spe I Forward
Reverse

Primer Sequence
P1: 5' - ATCGATACCGTCGACCTCGAG - 3'
P2: 5' - AATAAGCGGCCGCCTATTTATCGTCATCAT - 3'
P3: 5' - CTGCCGCCCCTCACTAGTGCCACCTCC - 3'
P4: 5' - GGAGGTGGCACTAGTGAGGGGCGGCAG - 3'
P5: 5' - ATCACGGGCATAACCATACTAGTTTTACCTCCG
AGACACT- 3'
P6: 5' - AGTGTCTCGGAGGTAAAACTAGTATGGTTATGC
CCGTGAT- 3'
P7: 5 '- ATATTACTAGTCAGATTACAAGGATGACGACGA
TA - 3'
P8: 5' - AATAAACTAGTTTTATCGTCATCATCTTTGTAGT
CC - 3'
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Table 2-3. List of Primers Used for Generating Asparagine Mutants
Mutant Name
N52D

N75D
N85D
N100D
N455D

Forward

5' -

Reverse

5' -

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward

5' 5' 5' 5' 5' 5' 5' -

Reverse

5' -

Primer Sequence
GGACCGCTATGGAAAGGATGACAGCCTTAC
CCT - 3'
AGGGTAAGGCTGTCATCCTTTCCATAGCGGT
CC - 3'
GAGTGGGCCGGGATGATGTTTCCCAGCC - 3'
GGCTGGGAAACATCATCCCGGCCCACTC - 3'
GGAAGGACCCAGGGACCTCTCCACGTG - 3'
CACGTGGAGAGGTCCCTGGGTCCTTCC - 3'
CTTTGCGGCGCACGACTTGAGCGAGCG - 3'
CGCTCGCTCAAGTCGTGCGCCGCAAAG - 3'
CCAGGAGGATGAGAAGGACGACAGCTTTCTG
GT - 3'
ACCAGAAAGCTGTCGTCCTTCTCATCCTCCT
GG - 3'
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CHAPTER 3
ZIP14 AND TRANSFERRIN-BOUND IRON UPTAKE
Introduction
Iron is essential for almost all known organisms. Iron uptake by cells is a carriermediated process and is primarily through the TF-TFR1 complex, a process known as
TBI uptake. This receptor-mediated endocytosis process involves the transfer of iron out
of endosomes into the cytosol. Normally, iron is transported in the plasma bound to TF.
But when the iron carrying capacity of TF becomes exceeded during conditions of iron
overload, such as in hemochromatosis and thalassemia, NTBI may present in high
quantities. Thus, TBI and NTBI will coexist in the plasma (160,161). Under normal
conditions, the liver takes up TBI, almost exclusively into hepatocytes (162). 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 (129,136). At least
three studies have shown that TBI and NTBI compete for uptake by hepatocytes
(160,163,164), suggesting the existence of transporter(s) shared by these two
pathways. Up to now, DMT1, a major ferrous transporter for dietary absorption, is the
only known transport protein which can function in endosomal iron release.
However, at least three lines of evidence support the existence of other iron
transporter(s) involved in TBI uptake by cells. Firstly, DMT1 knockout (DMT1-/-) mice
were born alive (86), indicating fetal DMT1 is not required for maternofetal iron
transport, which relies primarily on TBI delivery (165,166). Secondly, in Belgrade rats,
which have a loss-of-function mutation in DMT1, TBI uptake was still effective in
duodenal crypt cells, which depend mainly on the TF cycle for iron uptake, indicating
that DMT1 is not required for the uptake of TBI by these cells (102). Thirdly, in the case

63

of DMT1 mutations in humans, severe liver iron loading occurred after blood transfusion
and administration of rEpo resulted in rapid improvement of anemia, suggesting the
existence of a DMT1-independent pathway for iron utilization by TBI in reticulocytes and
iron delivery by TBI and/or NTBI in the liver (93).
Surprisingly, overexpression of HFE reduced both TBI uptake and NTBI uptake in
HepG2 cells (136).The effect of HFE on NTBI uptake was abolished by ZIP14
knockdown in these cells, confirming the role of ZIP14 in NTBI uptake. Lack of
functional hereditary hemochromatosis protein, HFE, causes iron overload in the liver,
heart and pancreas, mostly in hepatocytes, which are the major sites for HFE
expression in the liver (167). The strongest evidence that suggests ZIP14 is involved in
TBI uptake is that overexpression of HFE decreased ZIP14 protein levels by promoting
ZIP14 degradation. The reduced ZIP14 levels were associated with diminished uptake
of not only NTBI but also TBI in HepG2 cells. However, whether or not ZIP14 is involved
in TBI uptake remains to be determined.
In this chapter, the function of ZIP14 in TBI uptake was studied in HEK 293T and
HepG2 cells. The subcellular localization of Zip14 was studied in HepG2 cells. By
overexpressing mZip14 in HEK293T cells, I not only found about 25% increased TBI
uptake, but also found that Zip14 can transport iron at pH 6.5, suggesting that ZIP14
could be a candidate for endosomal iron release. Importantly, siRNA-mediated
knockdown of endogenous ZIP14 decreased TBI uptake in HepG2 cells by 45%.
Consistent with a role in TBI uptake, ZIP14 was found to localize not only at the plasma
membrane, but also with endocytosed TF. Taken together, these results suggest that
ZIP14 may play a role in TBI uptake in hepatocytes.
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Results
Overexpression of Zip14 Increases TBI Uptake in HEK 293T Cells
HEK 293T cells, an easily transfectable cell line, were used to investigate the
effect of Zip14 overexpression on TBI uptake. I found that HEK 293T cells transfected
with mZip14 took up 25% more 59Fe-TF than did control cells transfected with empty
vector (Fig. 3-1A). Western blot analysis confirmed that the enhanced uptake of
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Fe-TF

was associated with higher Zip14 protein levels (Fig. 3-1B). I also measured levels of
TFR1 and DMT1, which may also function in this iron uptake pathway. Levels of these
proteins did not differ between cells overexpressing Zip14 and controls (Fig. 3-1B).
These results suggest that Zip14 may play a role in TBI uptake.
pH-dependent Iron Transport Activity of Zip14
To determine the pH dependence of Zip14-mediated iron transport, I transfected
HEK 293T cells with Zip14 or empty vector, and measured the uptake of
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Fe-ferric

citrate by cells incubated in medium at pH 7.5, 6.5, or 5.5. I found that cells
overexpressing Zip14 took up more iron than did controls at pH 7.5 and 6.5, but not at
5.5 (Fig. 3-2).
Subcellular Localization of Zip14-GFP in HepG2 Cells
I used confocal laser-scanning microscopy to examine the subcellular distribution
of Zip14-GFP in HepG2 cells after transient expression. Zip14-GFP was readily
detectable at the hepatocyte plasma membrane and displayed abundant punctuate
intracellular staining that partially colocalized with internalized Texas-red labeled TF, a
marker of recycling endosomes (Fig. 3-3). Localization of Zip14-GFP to the plasma
membrane is consistent with its postulated role in the uptake of NTBI at the cell surface.
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Detection of Zip14-GFP in recycling endosomes further implicates this protein in the
assimilation of iron from TF.
ZIP14 and DMT1 mRNA Copy Numbers in HepG2 and HEK 293T Cells
ZIP14 is most abundantly expressed in the liver (131,132), a major organ of iron
metabolism. It has been reported that ZIP14 mRNA levels (relative to GAPDH mRNA)
were approximately 6-fold higher than DMT1 mRNA levels in HepG2 cells (136). Here I
measured absolute mRNA copy numbers of ZIP14 in HepG2 and HEK 293T cells, and
compared them to DMT1 mRNA copy numbers. In HepG2 cells, ZIP14 mRNA copy
numbers were found to be 11-fold greater than DMT1 copy numbers (Fig. 3-4).
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 the liver than in the kidney (132). The high expression level of ZIP14 in the
liver and HepG2 cells suggests that ZIP14 plays an important role in hepatocytes.
Epitope tagging of Human Endogenous ZIP14 in HepG2 Cells
To investigate the role and subcellular localization of ZIP14 in HepG2 cells, I 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. Flag-tagencoding DNA was knocked into the endogenous ZIP14 locus by homologous
recombination (Fig. 3-5A). Correctly targeted neomycin-resistant (NeoR) clones were
identified by genomic PCR. Primers used for the knock-in and screening are shown in
Table 2-1. Screening primers were designed to regions of the Flag + NeoR 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
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confirmed correct knock-in of the flag epitope at the C-terminus and insertion of the
NeoR gene. Excision of the NeoR gene and identification of a Flag allele were confirmed
by PCR using primers (P5 + P6) (Fig. 3-5B) and by DNA sequencing. Western blot
analysis using anti-Flag antibody revealed translation of a Flag-tagged protein (Fig. 35C). The flag-immunoreactive band is detected between ~55 and 60 kDa, consistent
with the calculated molecular mass of ZIP14 (54 kDa) plus the 3×Flag (~ 3 kDa).
Moreover, the Flag-immunoreactive band could be knocked down by using siRNA
targeting ZIP14, thus confirming the band as ZIP14 (Fig. 3-5C).
Subcellular Localization of ZIP14 in HepG2 Cells
Previous immunofluorescence studies in primary mouse hepatocytes detected
Zip14 at the plasma membrane of non-permeabilized cells (134). Here I used
immunofluorescence analysis of HepG2 cells expressing endogenous ZIP14-3×Flag to
further investigate the subcellular localization of ZIP14 (Fig. 3-6). In permeabilized
HepG2 cells, I detected ZIP14-3×Flag in intracellular puncta, as well as on the plasma
membrane (Fig. 3-6B). The specificity of the anti-Flag antibody was confirmed by the
absence of immunofluorescent staining in permeabilized wild-type HepG2 cells (data
not shown). To determine if intracellular ZIP14 localizes to endosomes, I used
Alexafluor 488-labeled human holo-TF, which is endocytosed by the cells (Fig. 3-6C).
As shown in Fig. 3-6D, ZIP14 and the labeled TF partially colocalize in the cytosol. A
colocalization rate of 56% between ZIP14 and TF was calculated by using the
colocalization algorithm provided with the Leica-LSM SP5 software (Fig. 3-6E). The
presence of ZIP14 in TF-positive endosomes is consistent with the hypothesis that
ZIP14 plays a role in the uptake of iron from TF.

67

Knockdown of ZIP14 in HepG2 Cells Decreases TBI Uptake
To determine if endogenous ZIP14 plays a role in TBI uptake in HepG2 cells, I
suppressed ZIP14 by using siRNA and then measured the cellular assimilation of

59

Fe

from 59Fe-TF. Efficient knockdown of ZIP14 was confirmed by Western blotting (Fig.37A). ZIP14 knockdown did not affect the levels of TFR1 or TFR2, which are both
expressed in HepG2 cells (168). I was unable to detect DMT1 protein in these cells
(data not shown). Suppression of ZIP14 resulted in 45% less uptake of 59Fe from 59FeTF compared to control cells (Fig. 3-7B). As the lower uptake of

59

Fe could possibly

reflect diminished uptake of TF, I compared the amount of biotin-labeled TF taken up by
control cells and after ZIP14 knockdown. Fig. 7C shows that ZIP14 knockdown did not
affect the uptake of TF.
Effect of Holo-TF on the Abundance and Cell-surface Expression of ZIP14 in
HepG2 Cells
To determine if holo-TF altered ZIP14 protein levels, I treated HepG2 cells
overnight with either holo-TF or apo-TF, and then measured levels of total cellular
ZIP14 as well as cell-surface ZIP14. Total cellular ZIP14 levels did not change with or
without treatment with holo-TF or apo-TF (Fig. 3-8). However, cell-surface ZIP14 levels
were higher in cells treated with holo-TF or apo-TF compared to untreated cells. Cellsurface ZIP14 protein levels did not differ between holo-TF- and apo-TF-treated cells.
The abundance of TFR2 was higher in cells treated with holo-TF- than in apo-TFtreated and untreated cells, consistent with previous studies (119,120). Detection of the
plasma membrane protein Na+, K+ ATPase and the cytosolic protein tubulin served as
positive and negative controls, respectively, for the isolation of cell-surface proteins.
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Discussion
ZIP14 mediates NTBI uptake into cells. A physiologic role for ZIP14 in NTBI
uptake is suggested by the observation that human ZIP14 is expressed most
abundantly in the liver, heart, and pancreas (132), the tissues that preferentially
accumulate iron in iron-overload disorders such as hereditary hemochromatosis.
In addition to rapidly clearing NTBI, the liver readily takes up TBI (162). Studies in
isolated primary mouse and rat hepatocytes suggest that NTBI and TBI uptake may
share a common iron transporter (141,160,164). A study in HepG2 cells suggested that
ZIP14 may represent this common transporter (136). Specifically, it has been found that
HFE expression resulted in downregulation of ZIP14, which was associated with
decreased uptake of not only NTBI, but also TBI. Up to now, DMT1 is the only known
iron transporter which can function in endosomal iron release. However DMT1 knockout
and its loss of function mutation animal models indicate that in hepatocytes and possibly
other cell types, there are other transporters which can function in this process
(74,75,86).
I tested the hypothesis that ZIP14 plays a role in the uptake of iron from TF,
specifically in endosomal iron release. Firstly, I tested if increased expression of Zip14
would affect TBI uptake. To do this, I used human HEK 293T cells, an easily
transfectable cell line. A novel finding form our study was that overexpressing Zip14
resulted in a 25% increased iron uptake from TF. Since DMT1 is the only known
transporter functioning in endosomal iron release, one would predict that
overexpression of DMT1 would enhance the uptake of TF-bound iron. However, Wetli et
al. (169) found no increase in TBI uptake in HEK 293T cells stably overexpressing
DMT1. Shindo et al. (138) also found no change in TBI uptake in HLF cells (a hepatoma
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cell line) which stably overexpress DMT1. Another recent study by overexpressing
DMT1 in CHO cells found no difference in TBI uptake between control and transfected
cells (170). One of the explanations by the authors is that DMT1 may not be the limiting
factor for TBI uptake; instead, other proteins such as TFR1 might limit the uptake of TFbound iron. Here, I report that overexpression of mZip14 in HEK 293T cells can
augment the TBI uptake. The difference between the effects of Zip14 and DMT1
overexpression on TBI uptake in cells implies the unique function of Zip14 in TBI
uptake.
It was also showed by overexpressing mZip14 in HEK 293T cells that Zip14 can
transport iron at acidic pH. Especially at pH 6.5, mZip4 transfected cells can take up
almost double the amount of TBI compared with control cells. Acidification of
endosomes is required for dissociation of iron from TF(171). A study has shown that at
pH 6.5, about 50% of iron atoms dissociate from TF, and the rest is removed from TF at
pH 6.0 (42). The ability to transport iron at acidic pH implies that Zip14 is able to
function in endosomes.
Zip14 is most abundantly expressed in the liver (132). To study the role of Zip14 in
hepatocytes, I used the hepatoma cell line, HepG2 cells, which are very similar to
hepatocytes in many respects, including secretion of hepatocyte specific proteins (172).
As in human liver, ZIP14 is abundantly expressed in HepG2 cells.
Hepatocytes and hepatoma cells are known to take up holo-TF by several
mechanisms including a high-affinity, low-capacity TFR1-mediated endocytic pathway
and a low-affinity, high-capacity TFR1-independent pathway (173-175). In primary
mouse hepatocytes and HuH7 hepatoma cells, iron uptake via the TFR1-mediated
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pathway saturates at low TF concentrations between 50-100 nM (108,109). Here it has
been documented that in HepG2 cells incubated with 100 nM TF, knockdown of
endogenous ZIP14 resulted in 45% less uptake of iron from TF compared to controls.
Herbison et al. (176) showed that knockdown of TFR1 in HuH7 cells resulted in
80% less uptake of iron from 50 nM TF compared to controls. The reduced uptake was
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 result in a
45% lower uptake of iron. These data provide strong support that ZIP14 plays a role in
the uptake of iron from TF, presumably through the high-affinity, low-capacity TFR1mediated endocytic pathway.
It was further shown that ZIP14 in HepG2 cells localizes not only on the plasma
membrane, but also to the endosome, where it partially colocalized with internalized TF.
Competition between TBI and NTBI uptake by hepatocytes indicates that a common
iron carrier participates in both pathways. A prerequisite for this is that the protein
involved should have a plasma membrane and intracellular distribution. Subcellular
localization study has shown that DMT1 in human hepatocytes located mostly in the
cytoplasm but faintly in the cell membrane (138). In contrast, in this study ZIP14 has
been shown to distribute widely on the plasma membrane and intracellularly. Moreover,
DMT1 is hardly detectable in hepatocytes. Taken together, these results strongly
indicate that ZIP14 may play an important role in TBI uptake in hepatocytes. I also
found that holo-TF had no effect on the abundance of ZIP14 in HepG2 cells. From this
observation, it is predicted that hepatic ZIP14 levels would not be altered in response to
elevated plasma concentrations of holo-TF, such as in hereditary hemochromatosis.
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Until now, the only transmembrane transport protein implicated in TBI uptake by
hepatocytes was DMT1 (177). Data from the present study suggest that ZIP14, which is
expressed in at least 10 times greater amounts than is DMT1 in HepG2 cells, plays a
role in TBI uptake by hepatocytes.
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Figure 3-1. Overexpression of Zip14 increases TBI uptake. A) HEK 293T cells
transfected with pCMVSport2 (control) or pCMVSport6/mouse Zip14 were
incubated with 100 nM 59Fe-TF for 4 h. Cells were harvested and cellassociated radioactivity was determined by γ-counting. The results are
representative of one of three independent experiments without significant
variation between experiments. B) Lysates of cells incubated with 100 nM
59
Fe-TF for 4 h were analyzed by Western blotting for Zip14, TFR1 and
DMT1. To indicate protein loading among lanes, blot was stripped and
reprobed for actin. Data are representative of one of three experiments.
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Figure 3-2. pH dependence of Zip14-mediated iron transport. HEK 293T cells
transfected with pCMVSport2 (control) or pCMVSport6/mouse Zip14 were
incubated with 2 µM 59Fe-ferric citrate for 1 h in uptake buffer at pH 7.5, 6.5,
and 5.5. The amount of 59Fe taken up by cells is expressed as cpm per mg of
protein. Data represent the mean ± SEM of three independent experiments.
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Figure 3-3. Subcellular localization of Zip14-GFP in HepG2 cells. A) Staining of nuclei
DAPI. B) ZIP14-GFP is detected at the plasma membrane and in intracellular
puncta. C) Detection of internalized holo-TF. Cells were incubated for 30 min
with Texas red-labeled human holo-TF prior to fixation. D) Merged image of
panels B-C to visualize colocalization of Zip-GFP14 and TF. The arrows
indicate clear colocalization of Zip14-GFP and TF. All images were obtained
by using a Leica TCS SP5 laser-scanning confocal microscope. Cells were
not permeabilized.

Figure 3-4. Comparison of ZIP14 and DMT1 mRNA levels in HepG2 and HEK 293T
cells. Total RNA was isolated from untreated HepG2 and HEK 293T cells.
Transcript copy numbers were determined by using qRT-PCR. Data
represent the mean ± SEM of three independent experiments of triplicate
samples.
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Figure 3-5. Targeted knock-in of 3× Flag into the ZIP14 locus of HepG2 cells. A)
Diagrams of the wild-type (WT) ZIP14 allele, the Flag + NeoR allele after
homologous recombination with the targeting vector, and the Flag allele after
excising the neomycin cassette with Cre recombinase. 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. Knockdown of
endogenous ZIP14 in HepG2 cells using siRNA targeting ZIP14. To indicate
protein loading among lanes, blot was stripped and reprobed for actin.
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Figure 3-6. Confocal microscopic analysis of the subcellular localization of ZIP14 in
HepG2 cells. A) Staining of nuclei using DAPI. B) ZIP14 is detected at the
plasma membrane and in intracellular puncta. Endogenous ZIP14 in HepG2ZIP14-3×Flag cells was detected in permeabilized cells by using anti-Flag
antibody followed by rhodamine-conjugated secondary antibody. C) Detection
of internalized holo-TF. Cells were incubated for 30 min with Alexafluor 488labeled human holo-TF prior to fixation and permeabilization. D) Merged
image of panels A-C to visualize colocalization of ZIP14 and TF. E) Areas of
colocalization (designated by white) as determined using the colocalization
tool provided with the Leica-SP5 software. All images were obtained by using
a Leica TCS SP5 laser-scanning confocal microscope.
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Figure 3-7. Knockdown of ZIP14 decreases TBI uptake by HepG2 cells. A) Knockdown
of ZIP14 in HepG2 cells does not affect the expression of TFR1 or TFR2.
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) Knockdown of ZIP14 decreases the uptake of TBI.
HepG2 cells transfected with NC or ZIP14 siRNA for 72 h were incubated with
100 nM 59Fe-TF for 4 h. Cells were harvested and cell-associated radioactivity
was determined by γ-counting. The amount of TBI taken up by cells is
expressed as cpm per mg of protein. Data represent the mean ± SEM of
three independent experiments. C) Knockdown of ZIP14 does not affect the
uptake of TF. HepG2 cells transfected with NC 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. The results shown are representative of one of three experiments
without significant variation between experiments.
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Figure 3-8. Effect of holo-TF on the abundance and cell-surface expression of ZIP14 in
HepG2 cells. HepG2 cells were incubated overnight in serum-free medium
supplemented with 10 µM apo-TF or 10 µM holo-TF. Total cell lysates and
cell-surface proteins were obtained and analyzed by Western blotting for
ZIP14, TFR2, Na+, K+ ATPase, and tubulin. TFR2 was used as positive
control for treatment with holo-TF. Na+, K+ ATPase and tubulin were used as
markers for plasma membrane and cytosolic proteins, respectively. The
results shown are representative of one of four experiments without
significant variation between experiments.
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CHAPTER 4
STRUCTURAL ANALYSIS OF ZIP14
Introduction
ZIP14, a newly identified iron transporter, can mediate both TBI and NTBI into
cells. Although we are starting to understand the transport function of ZIP14, very little is
known about its structure. Determining the structural features of proteins is an essential
part of understanding the basis of their function. ZIPs transport metal ion substrates
across cellular membranes into cytoplasm. Most ZIP proteins are predicted to have
eight transmembrane (TM) regions with a similar membrane topology in which both the
amino- (N-) and carboxy- (C-) terminal ends of the mature peptides are located on the
outside surface of the plasma membrane. ZIP proteins range from 309 to 476 amino
acids in length and this difference is largely due to the length between TM domains III
and IV (178). A cytoplasmic loop between TM domains III and IV is relatively longer and
often contains a histidine-rich domain as a potential metal-binding motif; other loops
between TM regions are quite short (130,178). Features of this eight-TM domain
topology model have been studied for human ZIP1 and ZIP2 (hZIP1 and hZIP2). By
overexpressing hemagglutinin antigen (HA) or 3× HA tagged recombinant hZIP1 or
hZIP2 in K562 cells, it has been shown that both the amino- terminus of hZIP1 and
carboxy- terminus of hZIP2 are extracellular (179,180). Overexpression in HEK 293
cells of mouse Zip4 and Zip5 (mZip4 and mZip5) whose carboxy termini tagged with
HA, indicated that the carboxy termini of both proteins localized extracellularly (181).
However, all these studied ZIPs share no more than 35% consensus positions with
Zip14 (hZIP1, 24.2%; hZIP2, 22.2%; mZip4, 31.5% mZip5, 33.5%). In one study, by
using hydropathy values, minimal charge density, and four programs, hZIP8 which
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shares 69% similarity with hZIP14, was predicted to have seven transmembrane
domains with an extracellular N-terminus and intracellular C-terminus (182). In the same
study, hZIP14 was also predicted to have seven transmembrane domains. There are
several other studies which reported the predicted topology models for ZIP14 protein.
Three of them predicted ZIP14 contains eight transmembrane domains, among which
one predicted hZIP14 topology (132), two predicted mouse Zip14 (mZip14, which
shares 83% identity with hZIP14) (134,183). One study also predicted that both aminoand carboxy- termini of mZip14 were located extracellularly and the histidine-rich
region-containing loop localized extracellularly as well (129). None of these models,
however, has been experimentally investigated.
Recombinant human ZIP14 is sensitive to PNGase F digestion, indicating that it is
an N-linked glycoprotein (132). N-linked glycosylation [Glycosylation at the asparagine
(Asn or N) residue] is an important modification of protein, which starts co-translationally
with the transfer of the pre-synthesized oligosaccharide chain from a lipid precursor to
an asparagine residue of the nascent protein in the sequence Asn-X-Ser/Thr (in some
case, it can be Asn-X-Cys), where X is any amino acid except proline (184,185). After
the initial glycosylation, the processing of the carbohydrate side chain takes place
primarily in endoplasmic reticulum (ER) and the Golgi apparatus by the sequential
addition and removal of monosaccharide units (186). Glycosylation on asparagines of
membrane protein requires that potential asparagine is in the ER lumen during
glycoprotein maturation, and is extracellular after protein incorporation into the plasma
membrane (187,188). Addition of carbohydrate side chains gives proteins branched and
mobile polar domains, which helps cells secrete proteins of greater complexity and with
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better efficiency (189). N-linked glycosylation has been proposed to have different
functions in various proteins, such as serving as a signal for intracellular sorting and
cell-cell interaction, helping protein folding and trafficking, promoting resistance to
proteases, preventing protein aggregation and maintaining the proper conformation
along with standard function of the protein (190,191). Removal of consensus
glycosylation sequences or inhibition of glycosylation often results in misfolding or
aggregation of proteins that fail to reach the functional states (189,192). The misfolded
proteins are often linked covalently to each other by disulfide bonds and their ultimate
fate is degradation (193). It is found that not all the potential asparagines sites can be
glycosylated. In fact, only one third of the potential Asn-X-Ser/Thr sites in proteins are
actually glycosylated and the efficiency of glycosylation depends on properly oriented
and accessible Asn-X-Ser/Thr sequon (186).
In this chapter, I investigated mZip14’s membrane topology by both epitope
mapping and computer program prediction. I also examined its glycosylation status and
effect of N-linked glycosylation on its trafficking and iron transport activity. I found
mZip14 has an extracellular N-terminus, the histidine-rich loop and the C-terminus are
both intracellular, suggesting there are seven transmembrane domains of this protein.
Mouse Zip14 is glycosylated at asparagines 52, 75, 85 and 100, residues that are all in
the extracellular N- terminus. N-linked glycosylation does not affect plasma membrane
localization, but it is required for iron transport activity of mZip14.
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Results
Structure of the murine Zip14 Gene and Sequence Alignment of its Two Protein
Isoforms
The murine slc39a14 gene (mZip14) consists of 10 exons spread over more than
40 kb on chromosome 14. It has two transcripts that encode two isoform proteins of
both 489 amino acids due to alternative splicing of the equal length of exon 5A or 5B
(Fig. 4-1A ). Sequence alignment indicates that the two isoforms share 95.9% identity
and 97.5% consensus positions (Fig. 4-1B). The high degree of conservation in amino
acids sequences suggests their common function. I studied mZip14a, the isoform that
has been shown to transport iron (129).
Epitope Mapping of mZip14
Analysis of the amino acid sequence of mZip14 by using different prediction
programs results in different sequences being identified as transmembrane helices
(Table 4-1). However, most programs predict a long N-terminus, a long extramembrane
loop which includes a histidine-rich region and a relatively short C- terminal tail.
Prediction programs can sometimes incorrectly assign the topology of proteins,
especially when the protein contains a signal peptide (154). Seven different programs
predict the presence of a signal peptide in mZip14 (Table 4-2). To investigate the
topology of mZip14 protein experimentally, immunofluorescence studies were
performed to examine the orientation of N-, C- termini and histidine-rich loop. HEK 293T
cells were transiently transfected with constructs encoding mZip14 with a 3× Flag
epitope at the N-terminus, C-terminus and the loop containing the histidine-rich region.
When immunofluorescence studies were performed to detect N-terminal-3×Flag
mZip14, a signal was clearly detectable at plasma membrane in the absence of
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detergent saponin (Fig. 4-2B). No intracellular staining of EEA1 was detected, indicating
that cells were not permeabilized (Fig. 4-2A). In contrast, only in permeabilized cells,
Flag signals could be detected in histidine-rich region and C-terminus 3×Flag mZip14
constructs transfected cells (Fig. 4-2C and 2D). I also tried to detect C-terminal-GFP
mZip14 by GFP antibody after transient transfection of HEK 293T cells. Similar to the Cterminal Flag tag, I could detect a signal only under permeabilized conditions (Fig. 4-3A
to 3C), further supporting that the C- terminus localizes intracellularly. The opposite
orientations of the N- and C-termini implies that mZip14 contains an odd number of
transmembrane regions, which is likely to be seven according to computer prediction
results (Supported by programs TMHMM, HMMTOP and MINNOU, Table 4-1).
Enzymatic Analysis of Glycosylation Status of Zip14
To analyze the glycosylation status of mZip14, I first used NetNGlyc 1.0 and
NetOGlyc 3.1 to predict the existence of N-linked and O-linked glycans in mZip14.
Mouse Zip14 is predicted to be glycosylated at five potential asparagine sites with no Olinked glycosylation. In order to assess the role of N-linked glycosylation in mZip14,
HEK 293T cells were transiently transfected with non-Flag tagged mZip14 (pCMVSport6-mZip14) or N-T-Flag mZip14 encoding vectors for 24 h, cell lysates were
incubated with or without PNGase F before Western analysis. The band pattern was
different from the control sample (without PNGase F treatment) in that the upper band
disappears with PNGase F treatment, indicating the higher molecular mass band is a
glycosylated form of mZip14 and the lower band represents the deglycosylated form
(Fig.4-4A and 4B). I also performed the same analysis by using the cell lysates
collected from HepG2 cells that endogenously express Flag-tagged ZIP14. I found that
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endogenous ZIP14 is also glycosylated as the ZIP14 band shifted down with PNGase F
treatment (Fig.4-4C). This demonstrates that Zip14 is an N-linked glycoprotein.
Identification of N-linked Glycosylation Sites in mZip14
To identify which predicted asparagines are indeed glycosylated in mZip14, I
mutated the five potential sites by replacing asparagines (N) with aspartic acid (D)
singly or in combination. The effect of these mutations were examined by transiently
expressing wide-type (WT) and mutants in HEK 293T cells, followed by Western
analysis of the collected cell lysates. I observed that in the HEK 293T overexpression
system, WT-mZip14 always exhibited two bands around 50 kDa. Single replacement of
asparagines at positions 52, 75, 85 and 100 all led to a decrease in the molecular mass
of the upper band, suggesting that each site is glycosylated, whereas mutation of
asparagines 455 did not affect the band pattern compared to WT. After removal of Nglycosylation sites in tandem, the upper band showed a stepwise decrease as well.
With deletion of all four asparagines sites, only the lower band was detected (Fig.4-5A).
The same result was observed by using the C-T-Flag mZip14 wide-type and mutant
constructs (Fig.4-5B). These results indicate that the first four predicted asparagines
near the amino- terminus of mZip14 are indeed glycosylated, whereas asparagine 455
is not.
Schematic Membrane Topology Model of mZip14
Based on the epitope mapping results, the identified glycosylation sites, and
multiple computer program predictions (Table 4-1), A membrane topology model of
mZip14 protein was proposed (Fig. 4-6). In this model, mZip14 has seven
transmembrane regions with an extracellular amino- terminus and an intracellular
carboxy- terminus. The histidine-rich region is also located intracellularly.
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N-linked Glycosylation does not Affect Plasma Membrane Localization of mZip14
To determine the role of N-linked glycosylation in its trafficking to the plasma
membrane, HEK 293T cells were transiently transfected with wild-type (WT) N-T-Flag
mZip14 (WT mZip14) and its ASNs mutant (which has all four glycosylated asparagines
mutated to aspartic acids). Total cell lysates and cell-surface proteins biotinylated with a
membrane impermeable reagent NHS-SS-biotin were analyzed by Western blotting. In
total cell lysate, WT mZip14 exhibited two bands whereas the ASNs mutant resulted in
only one band of the lower molecular mass. A strong signal of the mutant could also be
detected at the cell surface (Fig.4-7A). The subcellular localization of the WT mZip14
and ASNs mutant were examined by confocal microscopy using the antibody against
the Flag epitope under nonpermeabilized conditions. Both wide-type and ASNs mutant
could be detected on the plasma membrane (Fig. 4-7B). Cells transfected with empty
vector had no detectable immunofluorescence (Data not shown). It was concluded that
N-linked glycosylation of mZip14 is not required for the efficient transport of the protein
to the cell surface, at least in the HEK 293 overexpression system.
N-linked Glycosylation is Required for the Iron Transport Activity of mZip14
It was found that the iron transport activity decreased significantly in the ASNs
mutant-transfected cells compared to that of WT mZip14-transfected cells (Fig 4-8A).
Western analysis indicated that the protein expression level of the mutant was similar to
WT mZip14 (Fig 4-8B).
Discussion
ZIP proteins have been predicted to have eight-TM domains (130,178). However,
this does not apply to all the ZIPs. Human ZIP14 and ZIP8 have been predicted to be
different from other ZIPs in that only one transmembrane (TM) domain exists instead of
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two at the positions of TM IV and TM V in other ZIPs (182), resulting in a seven-TM
domain model for ZIP14 and ZIP8 proteins. Mouse Zip14 shares 88% consensus
positions with hZIP14, and in the present study, I found that the N-terminus of mZip14
localized extracellularly and that the histidine-rich region and the C- terminus were
located intracellularly. These data support the proposed seven-TM domain model for
Zip14. This model is also supported by computer prediction programs TMHMM,
HMMTOP and MINNOU. Cuthbertson et al. (194) examined thirteen different membrane
topology prediction programs. They predicted 40 membrane proteins of known 3D
structures and found that no method was consistently the best. Programs TMHMM and
HMMTOP predicted the number and position of TM segments well with accuracies over
80%.
In the eight-TM domain model for ZIPs, TM IV and V among all the ZIP proteins
frequently contain conserved histidine residues with polar or charged amino acids
nearby. These two transmembrane helices are predicted to form a cavity through which
the substrate passes (178). In yeast system, these conserved residues are essential for
proper function (195). However in two ZIP members, hZIP8 and hZIP14, a conserved
serine residue in TM IV, which has been reported as a functionally indispensable
residue, was replaced by an asparagine (182). This asparagine is well conserved
between mZip14 and hZip14, suggesting that Zip14 may be functionally different from
other ZIPs. It was also demonstrated that the histidine-rich metal-binding motif localizes
intracellularly, suggesting it is not involved in extracellular recruitment or binding of
metal substrates. Indeed, this cytoplasmic histidine-rich domain has been shown to be
essential for ubiquitin-dependent degradation hZIP4 protein (196).
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Co/Post-translational modifications are important for protein function. And it is
important to understand how these modifications affect the activities and functions of
proteins. Glycosylation is by far the most abundant co/post-translational event. In
humans, more than half of the proteins have carbohydrate molecules attached
(197,198). Glycoproteins are components of extracellular matrices and cellular surfaces
where the carbohydrate side chains are implicated in cell-cell and cell-matrix recognition
events (199). N-linked glycosylation has been shown to affect protein trafficking and/or
proper function. Some membrane proteins, including Ca2+ receptor and the glucagonlike peptide 1 receptor have been shown to be dependent on N-linked glycosylation for
cell surface trafficking and functional activity (200,201). The lutropin receptor and the
norepinephrine transporter were reported to require N-linked glycosylation for cell
surface localization, but not for the high affinity ligand binding or substrate transport
activity (202,203). N-linked glycosylation is also reported to be dispensable for protein
cell surface localization in several cases. For example, N-linked glycosylation is not
essential for the trafficking to plasma membrane of breast cancer resistance protein
(204). Without N-linked glycosylation, the organic solute transporter subunit α was still
trafficked properly to the plasma membrane and fully functional (205). Interestingly, a
study of the human HERG potassium channel protein showed that N-linked
glycosylation was not required for the cell surface expression of functional protein,
whereas the mutation of a non-glycosylated asparagine caused a protein-trafficking
defect, leading to intracellular retention (206).
Potential N-linked glycosylation sites can be identified by the presence of the AsnX-Ser/Thr (X can not be proline) sequon in peptide sequences. But not all such sequons
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are glycosylated. It has been shown that minimum distance for
oligosaccharyltransferase required for N-linked glycosylation active site is about 12-14
amino acid residues above the membrane and is oriented nearly parallel to the
membrane surface (207). In the present study, the gel electrophoresis data indicated
that all four potential asparagine sites at amino- terminus are linked with glycan,
consistent with the ecto-orientation of the amino- terminus. I further showed that
mutation of all four N-linked glycosylation sites does not block the plasma membrane
trafficking of mZip14 protein, but removing the glycosylation of mZip14 has functional
consequences. It has been demonstrated here that the iron transport activity of mZip14
decreased significantly without N-linked glycan.
Data presented here provide for the first time experimental support for the
proposed seven-TM domain model of Zip14, and provide evidence that N-linked
glycosylation is not required for membrane localization but it is important for iron
transport activity of Zip14.
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Figure 4-1. Schematic representation of the mZip14 gene and sequence alignment of its
two protein isoforms. A) The mZip14 gene has 10 exons and encodes two
transcripts due to alternative splicing of equal length of exon 5A or 5B. B) Two
transcripts of mZip14 gene encode two isoform proteins, named mZip14a and
mZip14b. Sequence alignment indicate that two isoforms are 95.9% identical
and 97.5 % conserved (identical amino acids are highlighted in light grey,
dark grey indicates the conservative amino acid exchange).
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Figure 4-2. Flag epitope mapping of mZip14. HEK 293T cells were transiently
transfected with pCMVSport2 (control) or Flag-tagged constructs A) EEA1
can only be detected under permeabilized condition, indicating the antibody
can pass through cell membrane only after saponin treatment. B) N-T-FlagmZip14 can be detected by Flag antibody under both permeabilized and
nonpermeabilized conditions. C-D) His-Flag-mZip14 and C-T-Flag-mZip14
can only be detected by Flag antibody under permeabilized condition. Data
are representative of three independent experiments.
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Figure 4-3. The carboxy terminus of mZip14 is intracellular.HEK 293T cells were
transiently transfected with mZip14-GFP vector (GFP at C-terminus of
mZip14). A) Green fluorescence signal of Zip14-GFP can be seen under both
permeabilized and nonpermeabilized conditions. B) Zip14-GFP can be
detected by GFP antibody only after saponin treatment. C) Merge picture of
panels A-B. Data represent two independent experiments.
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Figure 4-4. Deglycosylation of Zip14. A) HEK 293T cells were transiently transfected
with PCMVSport6/mZip14. B) HEK 293T cells were transiently transfected
with N-T-Flag-mZip14. C) HepG2-ZIP14-Flag cell lysates. Five micrograms of
protein were incubated with or without PNGase F before Western analysis.
Overexpression of mZip14 in HEK 293T cells results in two bands by Western
blot. The upper band disappears with PNGase F treatment, indicating the
higher molecular mass band is N-linked glycosylated form of mZip14, while
the lower band represents the deglycosylated form. Endogenous ZIP14 is
also glycosylated as the ZIP14 band detected by Flag antibody shifted down
with PNGase F treatment.
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Figure 4-5. Identification of N-linked glycosylation sites in mZip14. A) Western blot
analysis of cell lysates from HEK 293T cells transiently transfected with empty
vector (pCMVSport2, Sport2) or N-T-Flag mZip14 expression vectors. Zip14
expression constructs encode either wild-type (WT) or N-glycosylation
site/sites mutants (N52D, N75D, N85D, N100D, N455D, N52/75D,
N52/75/85D and N52/75/85/100D). Position 52, 75, 85, and 100 are identified
to be glycosylated, but position 455 is not. B) Western analysis by using C-TFlag mZip14 WT construct and mutants also indicates that the first four
asparagines are linked with sugar and the last one is not. In both A and B, the
samples were electrophoresed on 10% polyacrylamide gel, transferred to
nitrocellulose, and probed with anti-Flag antibody for Zip14.
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Figure 4-6. Schematic illustration of mZip14 membrane topology. Mouse Zip14 has 7
transmembrane segments with an extracellular N-terminus and an
intracellular C-terminus. Histidine-rich region, also intracellular, is indicated by
individual white circles of histidines (H). Black circles of asparagine (N)
indicate N-linked glycosylation sites.
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Figure 4-7. N-linked glycosylation does not affect plasma membrane localization of
mZip14. A) HEK 293T cells were transiently transfected with empty
pCMVSport2 vector (Sport2), wide-type N-T-Flag-mZip4 (WT mZip14) or its
mutant with all four glycosylated asparagines replaced with aspartic acids
(ASNs mutant). After 24 h, total cell lysates were harvested by using SDS
lysis buffer, while cell-surface proteins were labeled with NHS-SS-biotin.
Samples were analysis by Western blotting for Zip14. After stripping, blots
were reprobed for Lamp1 and Na+, K+ ATPase as markers for cytosolic and
plasma membrane proteins, respectively. B) After transfection, both WT and
ASNs mutant mZip14 are detected at the plasma membrane in
nonpermeabilized cells. Zip14 signals were detected by using anti-Flag
antibody followed by rhodamine-conjugated secondary antibody (red). Nuclei
were stained with Dapi (blue). Data represent three independent experiments.
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Figure 4-8. Functional analysis of mZip14 lacking N-linked glycosylation. A) The iron
transport activity of wild-type and mutant mZip14 was analyzed by measuring
the NTBI uptake 48 h after transient expression in HEK 293T cells. After three
times washing and incubation with SFM for 1 h, cells transfected with empty
pCMVSport2 (Sport2), N-T-Flag mZip14 (WT mZip14) or N-T-Flag mZip14
asparagines mutant which has disruption in all four glycosylated asparagines
(ASNs mutant) were incubated with 2 µM 59Fe-ferric citrate for 2 h in uptake
buffer at 37°C. The amount of 59Fe taken up by cells is expressed as cpm
per mg of protein. Data represent the mean ± SEM of three independent
experiments. B) Cell lysates harvested 48 h after transient transfection were
analyzed by immunoblot for Zip14 and tubulin as a lane loading control.
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Table 4-1. Bioinformatic Prediction of mZip14 Transmembrane (TM) Regions

Table 4-2. Prediction of mZip14 Signal Peptide Cleavage Site
Programs
SignalP 3.0
SignalP V2.0.b2
SPEPlip
Phobius
Predisi
Sig-Pred
SOSUI
MEMSAT-SVM

Existence of
Signal Peptide
Y
Y
Y
Y
Y
Y
Y
Y
Y

Cleavage
Position
28/29
28/29
28/29
28/29
24/25
24/25
22/23
21/22
16/17
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Cleavage
Site
A/S
A/S
A/S
A/S
P/Q
P/Q
T/A
R/T
L/F

CHAPTER 5
CONCLUSIONS AND FUTURE DIRECTIONS
Conclusions
The central hypothesis of my dissertation was that ZIP14 plays a role in TBI
uptake, functioning in endosomal iron release. In HEK 293T cells, overexpression of
mouse Zip14 protein, TBI uptake increased about 25% without increasing TFR1 and
DMT1 levels. Zip14 transfected cells were also shown to transport twice the amount of
iron given as ferric citrate at pH 6.5, the pH at which iron atoms dissociate from TF
within endosomes. These data suggest that Zip14 may play a role in endosomal iron
release.
In HepG2 cells expressing recombinant Zip14-GFP, GFP signal was clearly
detectable at the plasma membrane and exhibited abundant punctuate intracellular
staining which partially colocalized with endocytosed TF, a recycling endosomal marker.
Detection of Zip14-GFP in recycling endosomes further implicates this protein in the
assimilation of TBI.
HepG2 cells, a hepatoma cell line, express at least 10 times more ZIP14
compared with DMT1 measured by mRNA copy number, implying ZIP14 plays an
important role in hepatocytes. Through an AAV-mediated knock-in approach, I
generated a HepG2 cell line expressing a Flag-tagged ZIP14 allele, allowing specific
and sensitive detection of endogenous ZIP14 in these cells. Subcellular localization by
confocal microscopic analysis of these cells detected ZIP14 at the plasma membrane
and in the holo TF-containing endosomes, consistent with the hypothesis that ZIP14
plays a role in the uptake of iron from TF. Knockdown of endogenous ZIP14 with siRNA
resulted in a 45% reduction in TBI uptake by HepG2 cells. These results suggest that
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ZIP14 participates in the uptake of iron from TF, thus identifying a potentially new role
for ZIP14 in iron metabolism.
The second part of my project was to study the structure of ZIP14 protein. I used
mZip14 to study its membrane topology and glycosylation effects. To investigate the
membrane topology of mZip14, a Flag epitope was inserted into the N-terminus, Cterminus, as well as the long extramembrane domain containing a histidine-rich metalbinding motif. The tagged proteins were expressed in HEK 293T cells, and the
accessibility of the Flag tags by antibody was determined by immunofluorescence
analysis of intact and permeabilized cells. Based on the experimental results together
with bioinformatic predictions, It was concluded that mZip14 has seven transmembrane
domains, with an extracellular N-terminus, an intracellular C-terminus and a cytoplasmic
large loop which contains histidine-rich metal-binding motif. Furthermore, glycosylation
sites were identified by mutating each of the 5 potential N-linked glycosylation sites. The
mutants were transiently expressed in HEK 293T cells, followed by Western blotting. I
found that mZip14 is glycosylated at asparagines 52, 75, 85 and 100, residues that are
all in the extracellular amino- terminus, confirming mZip14 is an N-linked glycoprotein.
Lastly, to examine the role of glycosylation in plasma membrane trafficking and iron
transport activity, mZip14 wide-type and asparagine mutant (which has no N-linked
glycosylation sites) were transiently expressed in HEK 293T cells. I found that Nglycosylation of mZip14 is not required for cell-surface localization but it is required for
iron transport activity.
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Future Directions
This study was performed exclusively in cell culture models. Future studies using
whole animals will be required to define the in vivo role of ZIP14 in iron metabolism,
especially in the liver. Utilization of knockout mouse models has been powerful for
revealing the function of genes in vivo. Generation of a global and tissue-specific Zip14
gene knockout mouse will be needed to demonstrate the role of Zip14 in iron biology.
Comparative genomics has shown that the mouse and human genomes share
high degree of homology, suggesting the mouse also serves as a model for finding new
therapeutic interventions for human diseases (208). Iron disorders, such as
hemochromatosis, is one of the genetic diseases attracting more attention from
researchers. The C282Y mutation in HFE gene leads to the most common form of
hereditary hemochromatosis (209). Since the discovery of the HFE gene in 1996 (140),
much effort has been devoted to identify its precise function. In HH patients, excess iron
deposits in the liver, mainly in hepatocytes. Neither the import nor the export pathway
for iron in hepatocytes is well understood (9). Hfe gene knockout (Hfe-/-) mice displayed
liver iron-loading phenotype, similar to human HH disease. The only known iron
importer DMT1 was considered to account for the iron deposition, but survival rate of
DMT1-/- mice was greater when inactivating Hfe together. Hfe-/-DMT1-/- animal continued
to deposit iron in the liver during growth (86). These data suggest that iron transporter
other than DMT1 is involved in hepatic iron loading throughout the development of HH.
It has been found overexpression of HFE led to decreased ZIP14 stability and reduced
both TBI and NTBI uptakes in HepG2 cells, suggesting the interaction of these two
proteins. Further research is needed to test this hypothesis by using gene knockout
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animals. Hfe-/-Zip14-/-, DMT1-/-Zip14-/- or Hfe-/-DMT1-/-Zip14-/- double or triple knockout
animal will ideally be the better animal models.
The structure of a protein is always important for understanding its biological
function. The experimentally derived topology model of Zip14 from this study suggests
that the histidine-rich metal-binding motif is intracellular. Whether or not this motif is
involved in iron binding or intracellular iron level sensing, remains to be investigated.
Another ZIP protein signature motif “HEXPHEXGD” is also present in Zip14 with
the first histidine replaced with glutamic acid, resulting in the sequence “EEFPHELGD”.
It has been shown that this motif is important for metal-binding and the glutamic acid
substitution does not affect its ability to transport zinc (132). The Zip14 topology model
from the present study suggests that this motif is within the third extracellular loop,
presenting the possibility that this motif is important for the recruitment and binding of
extracellular iron, thus important for the iron transport activity. However this hypothesis
needs to be tested.
The signal motif of Zip14 for endocytosis is another interesting aspect. If ZIP14
localizes in endosomes, a specific internalization signal may present in its primary
sequence. Endocytosis of cell surface protein is largely dependent on specific
internalization motifs located within the protein’s cytoplasmic domains. For example the
tyrosine-containing motif with the consensus sequence of YXXΦ, where Φ represents a
hydrophobic residue, is present in LDL receptor (as NPVY) and in TFR1 (as YTRF)
(210,211), both proteins are well known to internalize via a receptor-mediated
endocytosis manner. Sequence analysis indicates that Zip14 has a conserved YSDI
motif in the cytoplasmic histidine-rich loop, which could serve as a potential
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internalization signal. To examine the role of this YSDI motif, mutants of tyrosine or
other amino acids in this motif need to be made.
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