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Abstract 

Transferrin receptor 2 is mutated in a rare form of the iron overload disorder, hereditary 

hemochromatosis. As its name suggests, transferrin receptor 2 (TfR2) is also a 

homolog of transferrin receptor 1 (TfR1), the protein that delivers iron to cells through 

receptor-mediated endocytosis of its ligand, diferric transferrin (Fe2Tf). Consequently, 

TfR2 is a protein of interest to two fields: iron homeostasis and protein trafficking. 

Ultimately, the trafficking of TfR2 is likely to prove integral to its function in iron 

homeostasis. This is the case for TfR1. Whereas the role of TfR1 in iron homestasis is 

defined and its trafficking detailed, the function of TfR2 is unknown and its trafficking 

unstudied. The work described in this dissertation, therefore, investigates the function 

and trafficking of TfR2. 

Because it is expressed principally in hepatocytes, studies of TfR2 were conducted 

using two human hepatoma cell lines, HepG2 and Hep3B. The expression of TfR2 in 

hepatocytes is significant because hepatocytes synthesize and secrete the small 

peptide hormone, hepcidin. Hepcidin downregulates the iron exporter ferroportin, 

thereby reducing the amount of iron entering the body and lowering systemic iron level. 

Modulation of hepcidin expression in hepatocytes, therefore, maintains iron 

homeostasis. Mechanisms exist to regulate hepcidin expression in accordance with 

systemic iron level. These mechanisms are not understood. TfR2, however, is an 

essential component because its mutation results in misregulation of hepcidin and, 

consequently, iron overload. Given that the concentration of Fe2Tf in the serum reflects 

systemic iron level, TfR2 may, by responding to changes in the concentration of its 
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ligand, enable the hepatocyte to sense systemic iron level. The following results 

support this hypothesis. 

TfR2, endogenously expressed by HepG2 cells and stably transfected in Hep3B cells, is 

regulated by Fe2Tf. Addition of exogenous Fe2Tf to the culture medium of cells, at 

concentrations found in human serum, increases the half-life of TfR2. Fe2Tf also 

changes the intracellular distribution of TfR2, increasing its localization to recycling 

endosomes and decreasing its localization to late endosomes. Thus, Fe2 Tf stabilizes 

TfR2 by redirecting its trafficking from a degradative pathway to a recycling pathway. 

Fe2Tf does not stabilize TfR2/G679A, a mutant unable to bind Fe2Tf. This indicates that 

TfR2 is stabilized by interaction with its ligand and provides the first known example of 

receptor stabilization by a soluble ligand. A second mutant, TfR2/Y23A, does not 

efficiently internalize from the cell surface and is extremely stable in the presence or 

absence of Fe2Tf, thereby implicating the tyrosine-based motif YQRV in the intracellular 

domain of TfR2 as an endocytic motif required for internalization and for proper 

regulation by Fe2Tf. 

The regulation of TfR2 by Fe2 Tf provides a mechanism by which hepatocytes might 

sense systemic iron level. A change in TfR2 number or localization might modulate a 

signal, relayed by ligand delivery, protein interaction, or a signaling cascade, that 

regulates the expression of hepcidin in accordance with systemic iron level. 
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Chapter 1 

Iron Homeostasis 

Overview of iron transport and homeostais 

Iron enters the body principally through enterocyte cells in the duodenum of the 

intestine (Figure 1 ). The iron absorbed by these cells may be in two forms, heme and 

non-heme. The mechanism by which heme iron enters the body is not established. For 

non-heme iron, duodenal cytochrome b (DcytB) or another ferrireductase, on the apical 

membrane of the enterocyte facing the intestinal lumen, first reduces Fe3
+ from food to 

the more soluble Fe2
+ (McKie et al., 2001). The divalent metal ion transporter (DMT1) 

then transports Fe2
+ across the apical surface of the intestinal cell (Fleming et al., 1997; 

Gunshin et al., 1997). Once inside, either iron remains within the cell, stored in ferritin 

and unabsorbed by the body, until it is lost when, after several days, the cell dies 

(Kaplan, 2002); or iron crosses to the basolateral side where ferroportin1 (Fpn1) then 

transports Fe2
+ out of the cell (Abboud and Haile, 2000; Donovan et al., 2000; McKie et 

al., 2000). After iron exits the enterocyte, a multicopper ferroxidase on the cell surface, 

hephaestin (Vulpe et al., 1999), or its soluble homolog in the circulation, ceruloplasmin 

(Cp) (Mukhopadhyay et al., 1998; Harris et al., 1999), re-oxidizes iron to the Fe3
+ form. 

The serum protein transferrin (Tf) binds Fe3
+ and transports it to cells throughout the 

body. 

In most tissues iron enters cells by receptor-mediated endocytosis. Iron bound 

to transferrin (Fe2Tf) binds to transferrin receptor 1 (TfR1) on the surface of cells. 

Endocytosis delivers the Fe2Tf-TfR1 complex to the early endosome where the acidified 

environment promotes the release of iron, which is reduced to Fe2
+ by an undetermined 

mechanism. The TfR1-Tf complex then recycles to the cell surface and dissociates at 

the neutral pH, releasing Tf into the circulation. On the endosomal membrane, a ferrous 
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Chapter 1 

transporter transports iron into the cytosol (Fleming et al., 1998), where it is 

incorporated into newly synthesized proteins or stored in ferritin (Ft) (Kaplan, 2002). 

Differentiating erythrocytes in the bone marrow utilize the majority of iron in the 

body for heme biosynthesis. Macrophages phagocytose senescent erythrocytes, 

degrade their heme, and return the iron to the circulation where it is bound by Tf 

{Fletcher and Halliday, 2002). Efficient recycling of 20-30 mg of iron per day reduces 

the dietary iron requirement to 1-2 mg, a fraction of the 3-5 g found in healthy adult 

humans (reviewed in Andrews, 1999; Townsend and Drakesmith, 2002). To maintain a 

supply of iron available for erythropoiesis, hepatocytes store iron in Ft that can be 

released when needed (Figure 2) (Fletcher and Halliday, 2002; Pietrangelo, 2002). 

The body monitors and regulates iron at the cellular and systemic levels. At the 

cellular level, iron regulatory proteins (IRP) bind stem-loop structures called iron 

responsive elements {IRE) found in the untranslated regions (UTR) of the transcripts 

encoding several iron related genes (Figure 3). Binding of the IRP either blocks 

translation of the transcript or protects the transcript from degradation, depending on 

the location of the IRE. The binding of IRPs to IREs when intracellular iron levels are 

low increases TfR1 and decreases Ft levels, thereby facilitating iron uptake and 

minimizing iron storage. The inhibition of IRP binding by high intracellular iron levels 

decreases TfR1 and increases Ft levels, thereby limiting iron uptake and increasing 

storage. At the systemic level, the body maintains iron at appropriate levels by 

controlling the absorption of dietary iron (Figure 4). When iron levels are high, 

hepatocytes secrete higher amounts of a small, soluble peptide called hepcidin that 

decreases the amount of iron absorbed into the body from the intestine. Conversely, 
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when iron levels are low, hepatocytes suppress hepcidin synthesis, promoting iron 

absorption. 

lumen 
• Fe3• _. • Fe2• 

DCYTB t 
? c 

~ • 
enterocyte + 

• 
+ 

blood 

Figure 1. Absorption of non-heme iron across the enterocyte. On the apical surface 

of enterocytes facing the lumen of the intestine, non-heme iron from the diet is reduced 

to Fe2
+ by DcytB or another ferrireductase and transported into the cell by divalent 

metal-ion transporter 1 (DMT1). Iron may be stored within the cell bound to ferritin (Ft) 

or transported across the basolateral surface of the cell by ferroportin (Fpn) into the 

blood, where iron is oxidized to Fe3
+ by hephaestin (Heph), bound by transferrin (Tf), and 

circulated throughout the body. (adapted from: Philpott, 2002) 
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hepatocytes 
liver 

I 
synthesis and secretion of transferrin, 

hepcidin, and ceruloplasmin 

iron storage in ferritin 

erythrocytes 
bone marrow 

iron incorporation into hemoglobin 

Figure 2. Iron in the body. The healthy human body maintains a total iron level of 3-5 

g by absorbing iron from the diet and recycling iron from red blood cells. Enterocytes in 

the duodenum of the intestine absorb 1-2 mg of iron from the diet per day to replace 

iron that is lost in sloughed cells. Cells throughout the body utilize and store iron, but 

developing erythrocytes incorporate the majority of the body's iron into heme to 

facilitate oxygen transport, while hepatocytes in the liver serve as the principal 

repositories of iron. The iron within heme is recycled to the circulation by macrophages 

that phagocytose senescent erythrocytes. (adapted from: Andrews, 1999; Fletcher and 

Halliday, 2002) 
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S' RNase \9 
Ferritin TfR1 Iron-Regulatory Protein Iron Iron Responsive Elements Ferritin mRNA TfR1 mRNA 

Figure 3. Cellular iron homeostasis. Cells regulate iron uptake and storage through 

post-transcriptional control of transferrin receptor 1 (TfR1) and ferritin (Ft). The 3' 

untranslated region (UTR) of TfR1 mRNA and the 5' UTR of Ft mRNA contain stem-loop 

structures called iron-responsive elements (IRE). When intracellular iron levels are high, 

iron regulatory proteins (IRPs) are unable to bind IREs. Unbound TfR1 transcript is 

degraded, whereas unbound Ft transcript is translated into protein, thus reducing iron 

uptake and increasing the capacity for iron storage. Conversely, when intracellular iron 

levels are low, IRPs bind IREs. Binding of IRPs to IREs protects TfR1 transcript from 

degradation and blocks translation of Ft transcript, thereby increasing iron uptake and 

decreasing the capacity for iron storage. (adapted from: Enns, 2001) 
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Figure 4. Systemic iron homeostasis. 
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Figure 4. Systemic iron homeostasis. The maintenance of iron homeostasis requires 

a system to sense, signal, and modulate systemic iron levels. When the body senses, 

though a mechanism not yet defined, that iron level is high (top panel, moving clockwise 

from bottom), hepatocytes in the liver increase the synthesis of the small peptide 

hormone hepcidin. Secreted into the circulation, hepcidin binds to the iron exporter 

ferroportin on the surface of enterocytes and macrophages, inducing its internalization 

and degradation. The decrease in ferroportin reduces the amount of iron recycled from 

macrophages and absorbed from enterocytes. Systemic iron level subsequently 

decreases. When systemic iron level is low (middle panel), synthesis of hepcidin 

decreases. This promotes the cell surface expression of ferroportin and increases the 

amount of iron released into the body from macrophages and enterocytes. Systemic 

iron level subsequently increases. In hereditary hemochromatosis (bottom panel), 

hepcidin level is inappropriately low and fails to correlate with body iron status. 

Consequently, ferroportin, inadequately downregulated, exports iron from enterocytes at 

a rate that exceeds the body's capacity for storage. Low hepcidin level may be due to 

mutations in hepcidin itself, or to mutations in HFE, hemojuvelin, or TfR2. The latter may 

disrupt the body's ability to sense systemic iron and thereby regulate hepcidin 

appropriately. 

-8-



Chapter 1 

Hereditary hemochromatosis 

When mutations disrupt the function of proteins that transport, monitor, 

regulate, and metabolize iron, diseases of iron overload or deficiency result. The most 

common iron overload disease is hereditary hemochromatosis. Mutations in five 

molecules, HFE, hemojuvelin, hepcidin, transferrin receptor 2, and ferroportin1, cause 

hereditary hemochromatosis. The five types of hemochromatosis comprise diseases 

with three distinct phenotypes. 

Hereditary hemochromatosis type 1 (HFE1) and type 3 (HFE3), caused by 

mutations in HFE on chromososme 6p21.3 (Feder et al., 1996) and TFR2 on 

chromosome 7q22 (Camaschella et al., 2000), respectively, are autosomal recessive 

disorders. Individuals with HFE1 or HFE3 absorb excess dietary iron. Iron slowly 

accumulates throughout life, depositing foremost in hepatocytes within the liver, then in 

other parenchymal tissues of the heart, pancreas, and thymus. Iron does not 

accumulate in macrophages of the liver or spleen until later stages of the disease. 

Serum transferrin saturation and serum ferritin levels increase and serve as diagnostic 

indicators. If iron levels are not reduced by frequent phlebotomy, liver cirrhosis, 

hepatoma, heart abnormalities, diabetes, and arthritis develop, generally beginning in 

the fourth decade of life. HFE1 accounts for -80% of hereditary hemochromatosis 

cases (Feder et al., 1996). HFE3 is much rarer. 

Hereditary hemochromatosis type 2A (HFE2A) and type 28 (HFE2B), also 

referred to as juvenile hemochromatosis (JH), are autosomal recessive disorders 

caused by mutations in genes encoding hemojuvelin (Hfe2) on chromosome 1 q21 

(Papanikolaou et al., 2004) or hepcidin (HAMP) on chromosome 19q13s (Krause et al., 

2000; Park et al., 2001; Pigeon et al., 2001; Roetto et al., 2003), respectively. The 
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pathology of HFE2 is similar to that of HFE1 and HFE3, but individuals with HFE2 

accumulate higher levels of iron earlier in life, generally within the first two decades. 

Serum transferrin saturation and serum ferritin levels are elevated. Iron accumulates in 

parenchymal tissues, notably the heart and liver. If not treated, death results from heart 

failure. 

Hereditary hemochromatosis type 4 (HFE4), in contrast to the other forms of HH, 

is an autosomal dominant disorder. HFE4 arises from mutations in the gene SLC40A 1 

(for solute carrier family 40 member 1) on chromosome 2q32 (Abboud and Haile, 2000; 

Montesi et al., 2001; Njajou et al., 2001) encoding the iron transporter ferroportin1 

(Fpn1; (Donovan et al., 2000)). The pathology of HFE4 is often distinct from that of the 

other forms of hereditary hemachromatosis. Iron accumulates predominantly within 

macrophages of the liver and spleen. Serum ferritin levels consistently increase, while 

serum transferrin saturation remains normal. However, in a subset of cases, correlating 

with particular mutations in Fpn1, iron accumulates in hepatocytes and serum 

transferrin saturation increases, as in HFE1, 2, and 3. 

Fpn1, hepcidin, Hjv, HFE, and TfR2 are central players in a homeostatic loop 

that maintains systemic iron at an appropriate level. Of the five molecules that cause 

hereditary hemochromatosis, the functions of two, hepcidin and ferroportin, are known. 

The functions of the other three proteins, HFE, TfR2, and Hjv, are unknown, but they are 

essential for hepcidin's regulation. 

Regulation of iron export: Fpn1 and hepcidin 

Ferroportin1 Fpn1 (also called lreg1, MTP1) is a 571 amino acid protein of 

63 kDa in humans (Abboud and Haile, 2000; Donovan et al., 2000; McKie et al., 2000). 
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Human, mouse, and rat orthologues are 90% similar and bear some homology to other 

metal transporters, including DMT1. Topology prediction programs indicate Fpn1 has 

nine, ten, or twelve transmembrane domains (Abboud and Haile, 2000; Donovan et al., 

2000; McKie et al., 2000; Devalia et al., 2002). Fpn1 protein is present in hepatocytes, 

in macrophages within the liver, spleen and bone marrow, in the tubular cells and 

glomerulus of the kidney, in heart-muscle, and at the basolateral surface of enterocytes 

in the duodenum (Abboud and Haile, 2000; Donovan et al., 2000; Yang et al., 2002). 

Fpn1 functions as an iron exporter (McKie et al., 2000). For iron homeostasis, 

its activity and regulation in enterocytes and macrophages is of particular importance. 

At the basolateral surface of enterocytes in the intestine, Fpn1 exports into the 

circulation approximately 1 mg of iron per day that has been absorbed from the diet. 

On macrophages, Fpn1 exports 20-30 mg of iron per day that has been recycled from 

erythrocytes. 

Fpn1 mutants are autosomal dominant. They fall into two categories, whose 

phenotypes account for the two distinct pathologies of HFE4 described above (De 

Domenico et al., 2005; Schimanski et al., 2005). Mutants in the first category do not 

traffic to the cell surface and, thus, cannot export iron or lower intracellular iron levels. 

Their pathology, accumulation of iron in macrophages, could be the result of 

haploinsufficiency or dominant negative effects. In the former scenario, because 

macrophages export a greater amount of iron than enterocytes, an autosomal dominant 

mutation that disrupts half of the ferroportin activity severely affects macrophages, but 

not enterocytes. Haploinsufficiency permits normal iron export from enterocytes but 

limits iron export from macrophages, causing them to accumulate iron (Montesi et al., 

2001). In the second scenario, dimerization of Fpn1 molecules allows Fpn1 mutants to 
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function in a dominant negative fashion and limit cell suface expression of wild-type 

Fpn1 (De Domenico et al., 2005). Loss of functional transporter limits iron export from 

macrophages, in particular, and enterocytes, increasing iron levels in those cells, but 

reducing iron levels in the body. Serum transferrin saturation does not increase. 

Insufficient iron for erythropoiesis subsequently stimulates intestinal iron absorption. 

Hepatocytes eventually accumulate iron due to increased intestinal absorption and 

decreased hepatic export {Fleming and Sly, 2001). Fpn1 mutants in the second 

category localize to the cell surface, export iron, and lower intracellular iron levels. They 

cannot, however, be downregulated (De Domenico et al., 2005; Drakesmith et al., 

2005). Their pathology, consistently, is similar to hereditary hemochromatoses caused 

by mutations in HFE and TfR2, which are characterized by excess absorption of dietary 

iron. In the absence of regulation, enterocytes and macrophages continuously export 

iron, thereby increasing iron levels in the body. Serum transferrin saturation increases. 

Parenchymal cells, particularly hepatocytes, accumulate iron, whereas macrophages 

and enterocytes are spared. 

The export activity of Fpn1 is controlled by the small, circulating peptide 

hormone, hepcidin. Hepcidin regulates the localization and level of Fpn1 protein 

(Nemeth et al., 2004a; Knutson et al., 2005) by inducing the endocytosis and 

degradation of the transporter (Nemeth et al., 2004a). Consitutively active Fpn1 

mutants interact with hepcidin but fail to internalize, indicating that sequences required 

to mediate trafficking are disrupted in these mutants. 

Hepcidin Hepcidin {also LEAP-1 for liver-expressed antimicrobial peptide) is 

a peptide hormone found in serum and urine (Krause et al., 2000; Park et al., 2001). 

The HAMP gene encodes an 84 amino acid prepropeptide. Cleavage of a signal 
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sequence generates a 60 amino acid propeptide that is differentially proteolysed to 

generate a mature peptide of 20, 22, or 25 amino acids (Krause et al., 2000; Park et al., 

2001; Pigeon et al., 2001). The three hepcidin peptides differ in their N-termini, but all 

include eight cysteine residues, whose disulfide bonding stabilizes an amphipathic ~

sheet that curls to form a form a convex hydrophobic surface and a concave basic 

surface (Hunter et al., 2002). 

The liver is the primary site of hepcidin synthesis and secretion (Krause et al., 

2000). Hepcidin peptide localizes to the basolateral membrane of hepatocytes located 

in the periportal zones of the liver from where it is presumably secreted into the serum 

(Kulaksiz et al., 2004). Hepc25, Hepc20 and prohepcidin are present in the serum, the 

latter at concentrations of 5- 15 nM in healthy individuals (Kulaksiz et al., 2004). 

Secreted from hepatocytes, hepcidin circulates in the serum to act in an endocrine 

fashion to reduce iron export from enterocytes in the intestine and macrophages in the 

spleen. Hepcidin expression has also been detected in splenic, peritoneal, and alveolar 

macrophages (Liu et al., 2005; Nguyen et al., 2006), which suggests that hepcidin may 

also act in a paracrine fashion to exert more immediate control over iron export from 

these cells. This response might be particularly important in inflammatory conditions to 

reduce the iron available to pathogens. Adult heart, brain, spinal cord, and kidney 

express lower levels of hepcidin mRNA than the liver (Park et al., 2001; Pigeon et al., 

2001; Courselaud et al., 2002; Nicolas et al., 2002a; Kulaksiz et al., 2005). In the 

kidney hepcidin localizes to epithelial cells in the tubules of the cortex, medulla, and 

papilla (Kulaksiz et al., 2005). Within cells, hepcidin appears apical or intracellular, 

suggesting it is released into urine within the renal lumen. Hepcidin in urine from healthy 

individuals comprises predominantly Hepc20 and Hepc25 in concentrations from 4 - 12 
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nM (Park et al., 2001). Hepc25 is the bioactive form that mediates iron homeostasis 

(Park et al., 2001; Nemeth et al., 2006) 

Hepcidin is essential for mediating changes in iron absorption, recycling, and 

storage in normal and pathological conditions. Mice lacking hepcidin have iron 

overload (Nicolas et al., 2001), whereas mice overexpressing hepcidin are severely 

anemic (Nicolas et al., 2002a). Aberrations of iron homeostasis in numerous diseases 

derives from misregulation of hepcidin. Mice and humans homozygous for mutations in 

HFE or TfR2 fail to upregulate hepcidin appropriately and thus develop iron overload 

{Ahmad et al., 2002; Kawabata et al., 2005), as do individuals with juvenile 

hemochromatosis who are homozygous for mutations in Hjv (Papanikolaou et al., 2004). 

Individuals with chronic inflammation continuously upregulate hepcidin and thus 

develop anemia (Nemeth et al., 2004b). 

Since regulation of hepcidin is a central means by which to modulate iron, and 

numerous normal and pathological conditions require modulation of iron, it is not 

surprising that hepcidin expression responds to a variety of stimuli. Hypoxia reduces 

expression of hepcidin (Nicolas et al., 2002b), presumably leading to an increase in iron 

to support erythropoiesis and oxygen transport. Hypoxia may downregulate hepcidin 

directly, through the transcription factor HIF-1, or indirectly through erythropoietin 

(EPO), which is induced by HIF-1 during hypoxia (Wang and Semenza, 1993). Mice 

injected with EPO downregulate hepcidin (Nicolas et al., 2002c). Inflammation 

increases hepcidin expression (Nicolas et al., 2002b), reducing the iron available to 

pathogens. A switch from a standard diet to a high iron diet induces hepatic hepcidin 

expression in mice (Pigeon et al., 2001). Conversely, a switch from a high iron diet to a 

low iron diet reduces hepcidin expression (Frazer et al., 2002). Hepcidin expression 
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also decreases in mice with genetic anemia due to mutations in hephaestin (sla mouse), 

DMT1 (mk mouse), or transferrin (hpx mouse) (Weinstein et al., 2002) or experimental 

anemia induced by phenylhydrazine (PHZ) injection (Nicolas et al., 2002b). Similarly, in 

humans hepcidin increases within 24 hours after iron ingestion (Nemeth et al., 2004b). 

Thus, iron itself alters hepcidin expression in order to maintain iron levels that are non

toxic, but adequate to support biological functions. 

When iron levels rise, hepcidin transcript levels rise. Changes in hepcidin levels 

probably reflect changes in transcription, though changes in transcript stability could 

also contribute. The mechanisms regulating hepcidin transcription are unknown. 

Evidence suggest that the nuclear transcription factor CCAAT/enhancer-binding protein 

(C/EBPcx) may be involved. C/EBPcx controls the expression of numerous genes whose 

protein products regulate metabolic processes in the liver. The hepcidin promoter 

region in humans and mice contains binding sites for C/EBPs, as well as for hepatocyte 

nuclear factor 4 (HNF4) and signal transducers and activators of transcription (STAT). 

C/EBPcx induces strong expression from the human hepcidin promoter, while C/EBP~ 

induces weakly, and HNF4 attenuates. In mice with liver specific knockout of C/EBPcx, 

expression of hepcidin is reduced. Consistent with this misregulation of hepcidin, 

C/EBPcx knockout mice have iron overload in the liver. Developmental expression of 

C/EBPcx correlates with that of hepcidin, appearing late in fetal development, peaking 

near birth, decreasing, then re-accumulating at adulthood. C/EBPcx is lower in 

hepatoma cells than in adult hepatocytes, again correlating with the pattern of hepcidin 

expression. In mice fed a high iron diet C/EBPcx protein increases (Courselaud et al., 

2002). Thus, C/EBPcx might contribute to hepcidin regulation by iron. 
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Hepcidin, secreted into the circulation by hepatocytes in the liver when body 

iron level rises, maintains iron homeostasis by inducing the internalization and 

degradation of Fpn1, thereby reducing iron export from enterocytes and macrophages. 

When body iron level lowers, hepcidin secretion decreases. This promotes Fpn1-

mediated iron export. These latter processes in the homeostatic loop that maintains 

appropriate iron level are the best understood (Figure 4). The mechanistic details of 

earlier processes that monitor body iron level and regulate hepcidin accordingly have 

not been fully explicated, however. Individuals and mice with hemochromatosis due to 

mutation or knockout of Hjv, HFE, or TfR2 do not regulate hepcidin appropriately, thus 

indicating that these proteins are necessary for hepcidin regulation. 

Regulation of hepcidin: Hjv, HFE, and TfR2 

Hemojuvelin Hemojuvelin (Hjv, also HFE2, RGMc) is a member of the 

repulsive guidance molecule (RGM) family, whose other members have roles in the 

developing nervous system and muscle (Monnier et al., 2002; Niederkofler et al., 2004; 

Samad et al., 2004). Five alternatively spliced Hjv transcripts encode three different 

proteins of 426, 313, and 200 amino acids. All three proteins contain a putative C

terminal transmembrane domain. The occurrence of disease causing mutations within 

the N-terminal region suggests that the longest isoform is relevant to iron homeostasis. 

Consistent with this, northern blots detect transcript encoding the full-length isoform 

(Papanikolaou et al., 2004). The full-length isoform gives rise to a protein of -50 kD, 

subsequently referred to as Hjv. Hjv undergoes autocatalytic cleavage to generate 

polypeptides of -33 and -14 kD, which remain associated through disulfide bonds (Lin 

et al., 2005; Zhang et al., 2005). The C-terminus of Hjv contains a putative GPI 
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attachment motif. When expressed in HEK293 cells, Hjv is processed to a GPI-Iinked 

protein (Zhang et al., 2005). 

Hjv transcript is present at high levels in human fetal liver, adult liver, heart, 

skeletal muscle and esophagus; at lower levels in colon and pancreas (Papanikolaou et 

al., 2004; Rodriguez Martinez et al., 2004). Hjv transcript expression in the liver does 

not respond to iron or erythropoietin, but decreases after LPS injection (Krijt et al., 

2004). Hjv is detectable as a 46 kD protein in human liver and as a 44 kD protein in 

human serum. The smaller size of the latter is consistent with cleavage of the 

membrane-anchored protein at the juxtamembrane region near the C-terminus . Thus, 

Hjv can be either cell-associated or soluble. Both forms are also detectable in cell 

culture systems (Lin et al., 2005). 

The mechanism by which Hjv regulates hepcidin appears to involve both soluble 

and cell-associated forms. The finding that Hfe2_,_ mice have low hepcidin levels 

suggests that Hjv positively regulates hepcidin expression (Huang et al., 2005). This is 

supported by results from cell culture experiments. Reduction of Hjv expression by 

siRNA decreases hepcidin expression in Hep3B cells (Lin et al., 2005), whereas 

transfection of Hjv into Hep3B cells increases hepcidin expression (Babitt et al., 2006). 

Soluble Hjv affects hepcidin expression differently, however. The addition of soluble 

Hjv to the medium of cultured hepatocytes results in a dose-dependent decrease in 

hepcidin transcript level. Treatment of HEK293 or Hep3B cells with iron reduces the 

release of soluble Hjv into the medium (Lin et al., 2005). These latter results indicate 

that soluble Hjv negatively regulates hepcidin expression in response to iron. 

The role of Hjv in iron homeostasis may involve its interaction with neogenin, a 

cell signaling receptor that mediates the activity of other RGM family members 
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(Matsunaga and Chedotal, 2004; Rajagopalan et al., 2004). Neogenin is expressed in 

the liver (Vielmetter et al., 1994; Keeling et al., 1997; Meyerhardt et al., 1997), which 

also expresses Hjv, but not RGMa or RGMb (Oidekamp et al., 2004; Schmidtmer and 

Engelkamp, 2004). In HEK293 cells, Hjv interacts with neogenin to increase intracellular 

iron levels (Zhang et al., 2005). The most common disease-causing mutation in Hjv, 

G230V, eliminates the interaction and the effect on iron level. Regulation of the 

interaction between neogenin and Hjv could modulate a signaling pathway that 

regulates hepcidin. 

Studies of knockout mice have elucidated the signaling pathway through which 

Hjv regulates hepcidin. Mice with liver-specific knockout of Smad4 (Smad4cotco;Aib

Cre) develop severe iron overload associated with a 1 00-fold reduction in hepcidin 

expression in the liver (Wang et al., 2005). Smad4 is the central mediator of bone 

morphogenic protein/transforming growth factor-~ (BMP/TGF-~) signaling pathways. In 

complex with other Smads that have been phosphorylated by receptors activated by 

BMP/TGF-~ binding, Smad4 translocates to the nucleus and regulates gene 

transcription. Whereas hepatocytes from wild-type mice induce hepcidin when treated 

with BMP4 or TGF-~1, Smad4_,_ hepatocytes do not. Hepatocytes from Smad4cotco;A/b

Cre increase hepcidin expression when transfected with Smad4. In these hepatocytes 

the hepcidin promoter associates with histone H3 methylated at lysine 4 (H3K4), a 

histone modification associated with transcriptional activation, in chromatin 

immunoprecipitation (ChiP) assays. Treatment of wild-type heptatocytes with BMP4 or 

TGF-~1 increases H3K4 methylation. The phenotype of the Smad4cotco;A/b-Cre mouse, 

therefore, indicates that Smad4 activates hepcidin transcription in response to signaling 

through a BMP/TGF-~ pathway. Subsequent studies showed that Hjv influences the 
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BMP!TGF-~/Smad4 pathway by acting as a BMP co-receptor (Babitt et al., 2006). Hjv 

interacts with BMP-2 and, to a lesser extent, with BMP-4. In the presence of BMP-2, 

Hjv also interacts with a BMP receptor. The expression of Hjv augments the induction 

of hepcidin in response to BMP-2. BMP-2 treatment increases hepcidin expression in 

hepatocytes from wild-type and Hfe2+ mice, but the increase is significantly attenuated 

in the Htez'- cells. Furthermore, levels of phosphorylated Smad1, Smad5, and Smad8, 

indicative of BMP signaling, are lower in livers from Hfe2_,_ mice. 

Taken together, the results suggest that signaling through a BMP pathway, 

independent of Hjv, maintains the hepcidin promoter in a transcriptionally active state 

(Wang et al., 2005) which is then responsive to signaling augmented by the interaction 

of Hjv with the BMP pathway (Babitt et al., 2006). This is supported by the fact that 

hepcidin is affected differently by inflammatory stimuli in Smad4cotco;A/b-Cre and Hfe2_,_ 

mice. Hfe2_,_ mice, like wild-type mice, increase hepcidin expression in response to 

IL-6 (Niederkofler et al., 2005). Hjv, therefore is not needed for regulation of hepcidin in 

response to inflammatory stimuli. By contrast, Smad4cotco;Aib-Cre mice are unable to 

upregulate hepcidin in response to IL-6 or iron. 

Identification of the signaling pathway through which Hjv regulates hepcidin 

represents a major advance in the understanding of how Hjv contributes to iron 

homeostasis. Further explication is required, nonetheless. Links between systemic iron 

level, Hjv regulation, and BMP signaling have not been established. The mechanism by 

which the opposing effects of soluble and cell-associated Hjv integrate to regulate 

hepcidin remains to be demonstrated. Possibly, soluble and cell-associated Hjv 

compete for binding to BMPs. In response to changing iron level, an increase in Hjv 

shedding or expression could suppress or activate hepcidin, respectively. 
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Hepcidin induction in response to BMP signaling does not require either HFE or 

TFR2. HFE1
- and TFR2Y245x mice increase hepcidin expression to a similar degree as 

wild-type mice when treated with BMP-2, -4, or -9 (Truksa et al., 2006). The 

experiments do not exclude the possibility that HFE and TfR2 may operate upstream of 

BMP binding, nor the possibility that they modulate the the Hjv/BMP pathway in a 

manner not detected. Alternatively, they may regulate hepcidin independently of Hjv. 

Mechanistic explanations for the contributions of HFE and TfR2 to iron homeostasis are 

lacking. 

HFE HFE is a major histocompatability (MHC) class 1-like molecule cloned 

and identified as the hemochromatosis protein in 1996 (Feder et al., 1996). The HFE 

gene encodes a protein of 343 amino acids with a signal sequence, immunoglobulin

like domain, transmembrane region, and short cytoplasmic tail. Like other MHC 

molecules, HFE has three external domains. The a-1 and a-2 domains form a peptide

binding pocket. The groove of the peptide-binding pocket is narrower in HFE than in 

other MHC molecules that function in antigen presentation, and consequently is unable 

to accommodate a peptide. Importantly, HFE also contains two disulfide bonds within 

the a-2 and a-3 domains that stabilize the a-3 domain in a conformation competent to 

heterodimerize with ~2-microglobulin (~2m). The C282Y mutation in HFE that results in 

hemochromatosis eliminates a cysteine residue and a disulfide bond, consequently 

disrupting the structure of HFE, destabilizing its interaction with ~2m, and impeding its 

transit to the cell surface (Feder et al., 1997). 

The HFE transcript is present in most tissues, but most abundantly in the liver 

and intestine (Feder et al., 1996). In the intestine, crypt cells in the ileum express high 

levels of HFE protein on their basolateral membranes (Parkkila et al., 1997b). In the 
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liver, HFE mRNA and protein expression occurs predominantly in hepatocytes and to a 

lesser extent in Kupffer cells (Holmstrom et al., 2003; Zhang et al., 2004). 

In addition to interacting with ~2m. HFE interacts with TfR1 in cells and tissues 

(Parkkila et al., 1997a; Feder et al., 1998). Soluble forms of the proteins bind each other 

with nanomolar affinity (Lebron et al., 1998). In transfected HeLa cells, HFE associates 

with TfR1 along the biosynthetic and endocytic pathways (Grosset al., 1998). The 

interaction decreases the binding of TfR1 to Fe2Tf in vitro, consistent with the fact that 

the binding site for HFE on TfR1 overlaps the binding site for Fe2Tf (Lebron et al., 1999; 

West et al., 2001). This data suggests that HFE might function normally to reduce iron 

uptake into cells by competing with Fe2Tf for binding to TfR1. However, at 

physiological Fe2Tf concentrations of -3 ~M. HFE is unlikely to affect receptor 

occupancy. 

Numerous studies have addressed the effect of HFE and HFEIC282Y 

expression on intracellular iron levels and iron transport. The results vary depending on 

the cell system employed. Several studies suggest that HFE functions to reduce iron 

uptake (Roy et al., 1999; Salter-Cid et al., 1999; Drakesmith et al., 2002). Other studies 

suggest that HFE functions to increase intracellular iron levels (Montesi et al., 2000; 

Drakesmith et al., 2002; Davies and Enns, 2004). HFE affects Tf-mediated iron uptake, 

but also alters intracellular iron levels in a TfR1-independent manner (Zhang et al., 

2003). Taken together, the studies suggest that HFE may influence iron homeostasis 

by more than one mechanism depending on the proteins expressed in a particular cell 

type. Notably, macrophages and HT-29 cells in which HFE raises iron levels express 

Fpn1, whereas HeLa and U937 cells in which HFE lowers iron uptake from Tf do not. 

Consistent with the idea that HFE may interact with TfR1 and the iron export machinery, 
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various mutations in HFE differentially affect its abilities to alter iron export and iron 

uptake from Tf (Drakesmith et al., 2002). 

Though studies of HFE function have yielded ambiguous results, studies of 

knockout and mutant mice clearly indicate that HFE is upstream of hepcidin in a 

regulatory pathway that controls systemic iron level. When fed an iron rich diet, Hfe+ 

and Hfec282
Y mice differ from wild-type mice in their transcriptional regulation of 

hepcidin. Whereas wild-type mice upregulate hepcidin when fed an iron rich diet, HFE'

and Hfec282
Y mice down regulate hepcidin (Muckenthaler et al., 2003). This suggests that 

proper hepcidin regulation requires functional HFE. The phenotype of Thep/Hfe_,_ mice 

strongly supports this. Thep mice overexpress hepcidin and, consequently, are anemic 

(Nicolas et al., 2002a). When bred to Hte+ mice, anemia persists. Despite the absence 

of functional HFE, iron overload does not develop because hepatocytes constitutively 

express hepcidin from the transgene (Nicolas et al., 2003). 

Despite considerable effort devoted to the study of HFE in the years since its 

discovery, the mechanism by which HFE regulates hepcidin and controls systemic iron 

homeostasis remains elusive. One persisting question is how HFE relates to TfR2, the 

other protein that modulates hepcidin expression and whose mutation results in an iron 

overload phenotype identical to that caused by HFE mutation. 

Transferrin receptor 2 The human TFR2 gene was cloned in 1999 (Kawabata 

et al., 1999}. The major transcript transcribed from TFR2 gene encodes a 100 kD 

protein, TfR2-cx or TfR2, a type II transmembrane protein that forms dimers stabilized 

by disulfide bonds (Kawabata et al., 1999). The second transcript encodes a truncated 

protein, TfR2-~. which lacks the intracellular and transmembrane domains at the N-

-22-



Chapter 1 

terminus. The mouse Trfr2 gene on chromosome 5 gives rise to three alternative splice 

variants (Fleming et al., 2000; Kawabata et al., 2001 a). The predominant transcript 

encodes a protein that is 89% identical to human TfR2 (Kawabata et al., 2001 a). 

TfR2 is a homolog of transferrin receptor 1 (TfR1), the ubiquitously expressed 

receptor that delivers iron to cells through receptor mediated-endocytosis of its ligand, 

Fe2Tf. The extracellular domain of TfR2 shows 45% identity and 66% similarity in 

amino acid sequence to the extracellular domain of TfR1 and, consistent with this 

homology, binds Fe2Tf in a pH-dependent manner (Kawabata et al., 1999). Crystal 

structures of TfR2 and TfR2-Fe2Tf have not been reported to date. However, residues 

that mediate the interaction between TfR1 and Tf have been identified through 

extensive mutational analysis of the TfR1 ectodomain 0fVest et al., 2001; Giannetti et al., 

2003), and a comparison of the primary structures of TfR1 and TfR2 indicates that many 

of these amino acids are conserved in TfR2 0fVest et al., 2000}. In TfR2, as in TfR1, an 

RGD sequence in the extracellular domain is critical for binding to Fe2Tf (Dubljevic et al., 

1999; Kawabata et al., 2004). Thus, some understanding of TfR2's interaction with Tf 

can be inferred, to an extent, from TfR1's interaction with Tf. The interaction of TfR1 

with Fe2Tf has been modeled by fitting the individual crystal structures of TfR1 

(Lawrence et al., 1999), the N-Iobe of Tf (MacGillivray et al., 1998), and the G-lobe of Tf 

(Hallet al., 2002) to electron density images of the Fe2Tf-TfR1 complex acquired by 

cryo-electron microscropy (Cheng et al., 2004). The fitted images show that Tf binds to 

the lateral surface of TfR1, with one lobe interacting with a single TfR1 molecules on the 

side of the dimer interface and the other lobe inserting into the space between the 

ectodomain and the surface of the membrane (Figure 5). The images suggest that the 

latter lobe may interact with the stalk of TfR1. 
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Despite the structural homology of TfR1 and TfR2, there are differences in their 

interactions with Fe2Tf that may have functional consequences. Both the full-length 

and a soluble form of TfR2 bind Fe2Tf with an affinity of 27nM (Kawabata et al., 1999; 

West et al., 2000). The interaction is optimal at pH 7.6- 7.2. Below pH 7.2, binding 

drops sharply. By contrast, both the full-length and a soluble form of TfR1 binds Fe2Tf 

with an affinity of 1 nM (Tsunoo and Sussman, 1983; Enns et al., 1991; Richardson and 

Ponka, 1997; Lebron et al., 1999), approximately 30-fold higher than the affinity of TfR2 

for Fe2Tf, and does not release Fe2Tf until the pH falls below 6.8 (Kawabata et al., 1999}. 

The pH profile for the interaction of TfR1 with Tf allows apo Tf to remain bound to TfR1 

within the acidic lumen of the endosome (Hopkins and Trowbridge, 1983), where iron is 

released, and recycle with TfR1 to the cell surface. The differences in the affinity and 

pH sensitivity of the interaction between TfR2 and Tf may have implications for the 

function of TfR2 in the cell. TfR2 may mediate internalization but not recycling of Tf. 

Expression of TfR2 but not TfR1 in Hela cells increases the amount of Tf found in multi

vesicular bodies (MVB). Tf is present in MVBs in HepG2 cells that endogenously 

express TfR2 (Robb et al., 2004). Differences in the binding of TfR2 and TfR1 to Tf are 

further highlighted by the ability of TfR2, but not TfR1, to bind bovine Tf (Kawabata et 

al., 2004) 

The cytoplasmic domain of TfR2 contains a YXX0-type tyrosine-based motif, in 

which X is any amino acid and 0 is a bulky hydrophobic amino acid. TfR1. also 

contains such a motif, but otherwise the cytoplasmic domains of the two receptors 

show no similarity. In membrane receptors YXX0 motifs mediate interactions with 

adaptor protein (AP) complexes, which in turn stabilize membrane receptors in clathrin

coated pits for vesicular transport within the cell (Bonifacino and Traub, 2003). In 
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TfR1 ,the YXX0 motif is critical for internalization of the receptor (Collawn et al., 1990). 

In TfR2, the significance of the motif has not been demonstrated. The presence of a 

similar motif in the cytoplasmic domains of TfR1 and TfR2 suggests that the trafficking 

of TfR2 may share some features in common with the trafficking of TfR1, which has 

been extensively characterized. TfR1 undergoes constitutive clathrin-mediated 

endocytosis (CME) in a process that requires AP-2 and a cargo-specific adaptor 

protein, named TfR trafficking protein (TTP, Watts, 1985; Hinrichsen et al., 2003; Motley 

et al., 2003; Tosoni et al., 2005). After endocytosis, TfR1 reaches the early endosomal 

compartment, from which it may recycle to the cell surface directly or after first 

traversing the recycling endosomal compartment (Hopkins, 1983; Sheff et al., 1999; 

Sheff et al., 2002). On the other hand, the absence of any other homology between the 

cytoplasmic domains of TfR1 and TfR2 and the fact that the YXX0-type motifs - YQRV 

in TfR2 and YTRF in TfR1 -are not identical hints that the trafficking of TfR2 may be 

differentially regulated. 

Mechanisms that regulate the transcription of TfR2 or the stability of its mRNA 

have not been identified. Unlike TfR1, TfR2 does not contain an iron response element 

(IRE) in its 3' untranslated region (UTR) and is not post-transcriptionally regulated by 

intracellular iron level (see Figure 3). Treatment with iron or an iron chelator does not 

alter TfR2 mRNA or protein levels in K562 cells (Kawabata et al., 2000) or MEL cells 

(Kawabata et al., 2001 a). TfR2 transcript levels are the same in livers from mice fed 

standard, high-iron, and low-iron diets. Transcript levels are also the same in livers 

from wild-type and Hte+ mice (Fleming et al., 2000). Together, the results suggest that 

any iron-related regulation of TfR2 occurs at the protein level. 
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The expression pattern of TfR2 indicates that is it likely to function principally in 

hepatocytes of the liver. TfR2 mRNA is abundant in liver tissue, but is not detectable in 

the small intestine, kidney, brain, or heart (Kawabata et al., 1999). Expression of TfR2 

transcript increases in the liver from embryonic and postnatal development to 

adulthood (Kawabata et al., 2001a). Within the liver, transcript level is high in 

hepatocytes and low in Kupffer cells and stellate cells (Fleming et al., 2000; Zhang et 

al., 2004). TfR2 protein has been detected in the liver (Fleming et al., 2002). In addition 

to the liver, TfR2 transcript has been detected in CD34+ erythroid progenitor cells 

(Kawabata et al., 2001 b; Calzolari et al., 2004). A role for TfR2 in erythroid cells is not 

clear, however. TfR2 is not required by erythroblasts to mediate Fe2 Tf-uptake and 

facilitate heme synthesis since TfR2 transcript level decreases as erythroid progenitor 

cells differentiate to erythroblasts. Moreover, it is unclear whether erythroid cells 

express TfR2 protein. One study reports reports immunohistochemical detection of 

TfR2 in erythroid cells from the bone marrow (Kawabata et al., 2001 b), whereas a 

second does not detect TfR2 protein in CD34+ cells or in immature and mature 

erythroblasts (Calzolari et al., 2004). The expression of TfR2 in cell lines is consistent 

with its expression in tissue. TfR2 transcript is present in HepG2 (human hepatoma), 

K562 (human erythroleukemia}, MEL (murine erythroleukemia), and other erythroid cell 

I i nes (Kawabata et al., 1999; Kawabata et al., 2001 a; Kawabata et al., 2001 b). TfR2 

protein is detectable in HepG2, K562, and HuH? (human hepatoma) cells, but not in 

SK1-Hep and Hep3B (human hepatoma) cells (Vogt et al., 2003). The expression 

pattern of TfR2 contrasts the widespread distribution of TfR1. The limited tissue 

distribution of TfR2 perhaps accounts for its inability to compensate for TfR1 knockout 

in mice, which results in embryonic lethality due to severe anemia (Levy et al., 1999a). 
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The phenotype of TfRt+ mice indicates that, though TfR2 is a homolog of TfR1 

and binds Fe2Tf, TfR2 does not function principally in iron delivery. Even in 

hepatocytes, TfR2 is not needed for iron uptake, since hepatocytes in the livers of TfR2 

knockout mice accumulate iron (Wallace et al., 2005). 

The phenotype of mice with mutation of TfR2 indicates that TfR2 functions in 

iron homeostasis to regulate expression of hepcidin. The Trtr2Y24sx mouse is a model of 

hemochromatosis arising from mutation in TfR2 (Fleming et al., 2002). The Y245X 

nonsense mutation is orthologous to the Y250X mutation that occurs in individuals with 

HFE3. Mice homozygous for the mutation do not express membrane bound TfR2. 

Compared with wild-type mice, liver iron is four-fold higher and splenic iron is two-fold 

lower in mutant mice. Hematological parameters are unchanged, indicating that TfR2 is 

not necessary for development of the erythropoietic system. Relative to wild-type mice, 

Trfr2Y24sx mice express lower levels of hepcidin transcript. After iron dextran injection, 

Trfr2Y245x mice do not induce hepcidin expression even though the iron levels in their 

livers are as high as the iron levels in the livers of wild-type mice that do upregulate 

hepcidin (Kawabata et al., 2005). Similarly, hepcidin levels in individuals with HFE3 are 

abnormally low (Nemeth et al., 2005). Thus, TfR2 contributes to hepcidin regulation. 

TfR2 may modulate hepcidin expression through its interaction with other iron

related proteins. A recent study reports that HFE and TfR2 interact (Goswami and 

Andrews, 2006). A previous study, however, did not detect an interaction between the 

two proteins (West et al., 2000). The latter used surface plasmon resonance and 

immunoprecipitation approaches to assay for interaction between the ectodomains of 

TfR2 and HFE. The former study immunoprecipitated the two full-length proteins from 

cells stably transfected with tagged versions of HFE and TfR2. Resolution of the 
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discrepancy awaits further characterization. Interaction of TfR2 with other proteins has 

not yet been reported. 

Studies of individuals and mice with mutation of TfR2 indicate clearly that TfR2 

mediates iron homeostasis; precisely how, remains a mystery. TfR2 has not been 

shown to respond to iron, and no mechanisms for the regulation of TfR2 have been 

identified. TfR2 regulates hepcidin expression, butthe mechanism by which it does so 

is unknown. TfR2 differs significantly from TfR1 in most respects, but one: the ability to 

bind Tf. This stands out as a starting point from which to study TfR2. Interaction with 

its ligand may play a significant role in the function and regulation of TfR2. 
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Figure 5. Structures of TfR1 and Tf. (A) Structure of the TfR1 dimer as solved by 

Lawrence et al. (1999). (B) Structure of porcine serum transferrin as solved by Hallet al. 

(2002) showing the bilobed structure and liganded iron atoms (red balls). (C) The Fe2Tf-

TfR1 complex, modeled by fitting the individual crystal structures of TfR1, the N-Iobe of 

Tf, and the C-lobe of Tf to electron density images of the Fe2Tf-TfR1 complex acquired 

by cryo-electron microscropy (Cheng et al., 2004). TfR1 is rotated goo relative to A. 
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Abstract 

Transferrin receptor 2 (TfR2) is a type- II transmembrane protein expressed in 

hepatocytes that binds iron-bound transferrin (Tf). Mutations in TfR2 cause one form of 

hereditary hemochromatosis, a disease in which excessive absorption of dietary iron 

can lead to liver cirrhosis, diabetes, arthritis, and heart failure. The function of TfR2 in 

iron homeostasis is unknown. We have studied the regulation of TfR2 in HepG2 cells. 

western blot analysis shows that TfR2 increases in a time- and dose-dependent manner 

after addition of diferric Tf (Fe2Tf) to the culture medium. In cells exposed to Fe2Tf, the 

amount of TfR2 returns to control levels within 8 hours after removal of Fe2Tf from the 

medium. However, TfR2 does not increase when non-Tf bound iron (FeNTA) or apoTf is 

added to the medium. The response to Fe2 Tf appears to be hepatocyte specific. Real

time qRT-PCR analysis shows that TfR2 mRNA levels do not change in cells exposed 

to Fe2Tf. Rather, the increase in TfR2 is due to an increase in the half-life of TfR2 

protein in cells exposed to Fe2 Tf. Our results support a role for TfR2 in monitoring iron 

levels by sensing changes in the concentration of Fe2 Tf. 

Introduction 

The human body maintains iron homeostasis by regulating the amount of iron 

absorbed from the diet by the intestine. Iron must be sufficient to sustain fundamental 

biological processes, but should not exceed the storage capacity of cells because 

excess iron generates free radicals, resulting in oxidative damage. The serum protein 

transferrin (Tf) binds iron in the circulation and carries it to cells throughout the body. 

Erythrocytes use the majority of iron in the body for heme synthesis. Macrophages in 
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the liver and spleen phagocytose senescent erythrocytes and recycle iron to the 

circulation for reutilization. Hepatocytes store iron that can be released for use by 

erythrocytes and other cells when needed. Systemic iron homeostasis, therefore, 

requires the coordination of iron absorption, transport, storage, and utilization 

throughout the body (Fletcher and Halliday, 2002; Hentze et al., 2004). 

Misregulation of iron homeostasis occurs in numerous diseases (Andrews, 

2000a; Andrews, 2000b). The most common is the iron overload disorder hereditary 

hemochromatosis (HH). HH types I, 2A, 28, and 3 are autosomal recessive diseases 

caused by mutations in HFE (Feder et al., 1996), hemojuvelin (Papanikolaou et al., 

2004), hepcidin (Roetto et al., 2003), and transferrin receptor 2 (TfR2) (Camaschella et 

al., 2000), respectively. An autosomal dominant form of HH, type 4, is caused by 

mutations in the iron exporter, ferroportin 1 (Fpn1) (Donovan et al., 2002; Wallace et al., 

2002). A resulting deficiency in iron export causes macrophages to retain iron that 

would normally recycle to the blood. This leads to accretion of iron in macrophages 

and reduced saturation of Tf (Pietrangelo, 2004). In HH types 1, 2, and 3, the intestine 

and macrophages fail to receive or interpret signals from the liver and erythrocytes 

communicating that body iron levels are sufficient. Consequent excess absorption of 

dietary iron by the intestine and release of iron from macrophages leads to an 

accumulation of iron in the liver and other parenchymal tissues, saturation of Tf, and 

elevated secretion into the serum of the cellular iron storage protein ferritin (Ft) 

(Bothwell et al., 1995; Fletcher and Halliday, 2002). In severe cases of HH, cirrhosis, 

cancer, heart abnormalities, arthritis, and diabetes ensue if the iron overload is not 

treated by regular phlebotomy. 
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The proteins implicated in HH are critical components of incompletely defined 

signaling pathways between the liver, erythrocytes, macrophages, and intestine that 

maintain iron homeostasis. An integrated understanding of the manner in which these 

and other proteins involved in iron transport coordinate to sense, respond to, and 

regulate iron remains elusive. Iron levels have been shown to modulate the synthesis 

and secretion by hepatocytes of the peptide hormone hepcidin, which in turn affects 

iron absorption by the intestine and iron export from macrophages, possibly by altering 

the activity of Fpn1 (Nicolas et al., 2001; Pigeon et al., 2001; Frazer et al., 2002; Nicolas 

et al., 2002a). The pathways connecting iron levels to hepcidin expression are not 

known, however. The concentration of diferric Tf (Fe2Tf) in the blood may be an 

indicator of the level of iron in the body that signals to hepatocytes and regulates 

hepcidin {Taylor et al., 1988; Raja et al., 1999). A potential mediator of this process is 

the recently identified receptor for Tf, TfR2. 

TfR2 is a type-II transmembrane protein and homolog of TfR1 (Kawabata et al., 

1999; Fleming et al., 2000), the ubiquitously expressed receptor for Tf that delivers iron 

to cells (Richardson and Ponka, 1997). The two proteins are 45% identical and 66% 

similar in their extracellular domains. Like TfR1, TfR2 binds Fe2Tf at neutral pH and apo 

Tf at acidic pH (Kawabata et al., 2000). Heterologous expression of TfR2 in Chinese 

hamster ovary (CHO) cells lacking transferrin receptors {TRVb cells) increases uptake of 

Tf-bound iron (Kawabata et al., 2000) and promotes cell growth under low iron 

conditions (Kawabata et al., 2000), indicating that TfR2 can function as a receptor for 

Tf. However, differences in the activity, regulation, and expression of TfR1 and TfR2, 

and in the pathophysiology of disorders caused by their deficiency, indicate that they 

have different roles in iron homeostasis. The affinity at pH 7.5 of TfR2 for Fe2Tf, ~- 27 
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nM, is approximately 25-fold lower than that of TfR1, Kd - 1 nM (Tsunoo and Sussman, 

1983; Kawabata et al., 2000; West et al., 2000). Unlike TfR1, TfR2 does not appear to 

interact with HFE 0JVest et al., 2000). TfR1 mRNA expression inversely correlates with 

intracellular iron levels (Mattia et al., 1984; Ward et al., 1984; Rao et al., 1985; Sciot et 

al., 1987; Lu et al.; 1989) due to post-transcriptional regulation by iron-response 

elements (IRE) located in the 3' untranslated regions (UTR) of TfR1 transcripts (Owen 

and Kuhn, 1987; Casey et al., 1988; Mullner and Kuhn, 1988; Mullner et al., 1989). In 

contrast, TfR2 mRNA expression does not change in K562 erythroleukemia or murine 

erythroleukemia (MEL) cells treated with Fe2(N03) or the iron chelator desferrioxamine 

(DFO) (Kawabata et al., 2000; Kawabata et al., 2001 a), nor in iron-deficient or iron

overloaded mice (Fleming et al., 2000), consistent with the absence of IREs in the 3' 

UTR of the TfR2 transcript (Kawabata et al., 1999; Fleming et al., 2000). Unlike TfR1, 

TfR2 has a limited tissue distribution, with prominent expression of protein in the liver 

(Kawabata et al., 1999; Fleming et al., 2000; Fleming et al., 2002; Vogt et al., 2003; 

Calzolari et al., 2004). Finally, TfR2 cannot compensate for loss of TfR1. Knock-out of 

TfR1 in mice results in embryonic lethality at day 12.5 (Levy et al., 1999a). Mutations in 

TfR2, on the other hand, result in HH type 3 (HH3) in both humans and mice 

(Camaschella et al., 2000; Fleming et al., 2002). In humans homozygous for the Y250X 

TfR2 mutation and mice transgenic for the orthologous Y245X mutation, the liver 

accumulates iron, despite an absence of membrane-bound TfR2 and a reduction in 

TfR1 (Fleming et al., 2002), suggesting that the uptake of Tf-bound iron for use by the 

hepatocytes is not the principal role of TfR2. 

The fact that mutations in TfR2 cause HH indicates that TfR2 has an important 

but as yet unknown role in iron homeostasis. TfR2 may sense body iron levels by 
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sensing the level of Fe2Tf in the serum. One prediction of this hypothesis is that TfR2 

should respond to changes in the extracellular concentration of Fe2Tf. To test this, we 

characterized the response of TfR2 to Tf in HepG2 cells, a human hepatocarcinoma cell 

line that endogenously expresses TfR2 and other iron-related proteins. We 

demonstrate an increase in TfR2 protein in response to elevated exogenous Fe2Tf and 

show that this increase is a result of an increase in the half-life of TfR2. 

Results 

Response of TfR2 to diferric Tf in HepG2 cells 

To determine if Tf alters TfR2 protein levels, we cultured HepG2 cells in medium 

with 25 IJM (2 mg/ml) Fe2 Tf for 4 - 72 hours and examined levels of TfR2 and Tf by 

western blot. An increase in TfR2 was evident within 4 hours, maximal at 48 hours, and 

sustained for at least 72 hours (Figure 6A, upper panel). The increase in TfR2 paralleled 

an increase in Tf associated with the cells (Figure 6A, lower panel). Treatment with Tf 

did not increase the levels of Tf transcript (measured by real-time qRT-PCR) or the rate 

of Tf protein synthesis (measured by metabolic labeling with [S-35]-cysteine/ 

methionine, Appendix A), suggesting that this Tf was exogenous rather than 

endogenous. When Fe2 Tf was withdrawn after 24 hours, TfR2 returned to basal levels 

within 8 hours, subsequent to the return of Tf to basal levels within 2 hours (Figure 68). 

The dose response of TfR2 to Fe2Tf was examined by adding 0-25 IJM (0- 2 

mg/ml} Fe2Tf to the medium for 24 hours. Western blot showed that TfR2 increased as 

the concentration of Fe2Tf increased from approximately 0-12.5 IJM (Figure 6C). In 

contrast, TfR1 decreased at the lowest concentration of Fe2Tf assayed and remained at 
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this level as the concentration of Fe2Tf increased (results not shown). We quantified the 

effect of Fe2 Tf on TfR2 by western blot detection with fluorescently-labeled secondary 

antibodies. The increase in TfR2 was half-maximal when the concentration of Fe2Tf 

was -2.5 11M (Figure 6C). 

Since Fe2Tf supplies cells with iron, we considered that the increase in TfR2 

might be a response to elevated cellular iron levels. To address this, we added 100 IJM 

FeNTA, a non-Tf bound iron source, to the medium of cells for 24 hours and examined 

protein levels by western blot. The levels of TfR1 and Ft, which are regulated by the 

IRE system in response to changes in intracellular iron, served as positive controls. As 

expected, Ft increased and TfR1 decreased in cells treated with FeNTA (Figure 60). 

TfR2 levels, however, remained the same, indicating that TfR2 responds specifically to 

Fe2Tf rather than to iron loading of cells. When cells were cultured in medium with 25 

IJM apoTf for 24 hours, TfR2 remained the same (Figure 6E). Since the interaction of 

apoTf with its receptors is weak at neutral pH, the results suggest that the response of 

TfR2 to Fe2Tf requires interaction of Tf with TfR1 or TfR2 or the delivery of iron 

specifically by Fe2 Tf. 

Response of TfR2 to Tf in other cell lines 

The effect of Fe2Tf on TfR2 in other cells lines was investigated (Figure 7). In 

TRVb2 cells (CHO cells lacking detectable expression of endogenous TfR1 (McGraw et 

al., 1987) and stably transfected with TfR2) addition of Fe2Tf to the medium had no 

effect on TfR2 protein level. Similarly, in K562 cells, an erythroleukemia cell line 

endogenously expressing TfR2, Fe2Tf had no effect. However, in HuH? cells, a human 

hepatoma cell line endogenously expressing TfR2, the addition of 25 IJM Fe2Tf to the 
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medium for 24 hours produced an increase in TfR2. These results suggest that 

regulation of TfR2 by Tf involves a hepatocyte-specific mechanism. 

Effect of diferric Tf on TfR2 mRNA and protein stability 

To determine if the increase in TfR2 was a consequence of an increase in TfR2 

transcript, we measured TfR2 mRNA in control cells and in cells cultured in medium 

with 25 !JM Fe2Tf for 24 hours using real-time qRT-PCR. As a positive control for the 

effect of Fe2Tf, TfR1 mRNA was also measured. Levels of TfR1 and TfR2 transcripts 

were quantified relative to GAPDH levels. Three independent experiments were 

conducted, and for each experiment samples were analyzed twice in triplicate. As 

expected, TfR1 mRNA decreased when cells were cultured with Fe2Tf (Figure 8A). By 

contrast, TfR2 mRNA did not change, indicating that the increase in protein does not 

derive from an increase in TfR2 transcript. 

The elevation in TfR2 could be a consequence of an increase in protein stability. 

To investigate this possibility, we measured the half-life of TfR2 protein in untreated and 

Fe2 Tf-treated cells. After culturing cells for 24 hours in 25 !JM Fe2 Tf, 100 IJg/mL 

cycloheximide was added to the medium for 0 - 4 hours to inhibit protein synthesis. 

Levels of TfR2 and TfR1 protein were quantitated by western blot (Figure 88). TfR1 did 

not change detectably over the period assayed. As measured from three independent 

experiments, in untreated cells the half-life of TfR2 was 4 hours, and in Tf-treated cells 

the half-life of TfR2 increased to 14 hours. 
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Requirement for TfR1 in mediating the effect of diferric Tf on TfR2 

HepG2 cells express both TfR1 and TfR2, thus regulation of TfR2 stability may 

involve the binding of Fe2Tf to either or both of its receptors. To investigate whether 

interaction of TfR1 is required to mediate the effect of Fe2Tf on TfR2, we utilized the 

42/6 monoclonal antibody to TfR1, which has been previously shown to block binding 

of Fe2Tf to TfR1 and to reduce TfR1 levels in a variety of cell lines (Trowbridge and 

Lopez, 1982; Taetle et al., 1986). The 42/6 antibody is isotype lgA. Dimerization 

between lgA molecules induces clustering of TfR1, which is consequently targeted to 

the lysosome for degradation. We first verified the specificity and activity of this 

antibody in HepG2 cells. lmmunoprecipitation of lysates from HepG2 cells 

demonstrated interaction of 42/6 antibody with TfR1 but not with TfR2 (Figure 9A), 

indicating the 42/6 antibody interacts specifically with TfR1. Cells cultured in medium 

with 25 j.lg/ml 42/6 antibody for 28 hours show a marked reduction in TfR1 protein 

when compared to cells cultured in normal medium (Figure 98, bottom panel, lanes 1-2) 

or medium containing 25 j.lg/ml non-specific lgA (data not shown). Treatment with 

42/6 antibody for 4 hours was sufficient to produce this reduction in TfR1 (data not 

shown). Since Tf competes with 42/6 for binding to TfR1, 25 j.IM Fe2Tf was added to 

the medium 4 hours after the addition of 42/6 antibody. TfR1 remained down regulated 

in the presence of Tf and 42/6 antibody (Figure 98, bottom panel, lanes 3-4). 

Having verified that the 42/6 antibody interacts specifically with TfR1 to 

down regulate TfR1 expression in HepG2 cells, we assessed the effect of this antibody 

on TfR2 regulation by Fe2Tf. HepG2 cells were cultured with and without 25 j.lg/ml 

42/6 antibody for 4 hours, then with and without 25 j.IM Fe2Tf for 24 hours. In a parallel 

set of experiments, 100 j.IM FeNTA was added at the same time as antibody to control 
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for any possible effects of iron deprivation brought about by downregulation of TfR1. 

TfR1 and TfR2 protein levels were assessed simultaneously using two-color western 

blot detection with fluorescently-labeled secondary antibodies that specifically detect 

rabbit (anti-TfR2) and mouse (anti-TfR1) lgG (Figure 98). The 42/6 antibody reduced 

TfR1 by 80- 90% in all conditions tested, but had no effect on TfR2 in control cells. An 

increase in TfR2 induced by Fe2 Tf is evident in cells cultured with or without 42/6. 

However, in the absence of 42/6 antibody, Fe2Tf caused a -2.5-fold increase inTfR2, 

whereas in the presence of 42/6 antibody this increase abated to -1.6-fold (Figure 9C). 

The difference was statistically significant, with P = 0.02 when evaluated by Student's 

one-tailed paired t-test. Supplementation of cells with iron did not alter either the ability 

of the 42/6 antibody to down regulate TfR1 or the response of the cells to Fe2Tf. These 

results indicate that down regulation of TfR1 partially inhibits the increase in TfR2 by Tf. 
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Figure 6. TfR2 increases after addition of diferric Tf to the medium of HepG2 cells. 
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Figure 6. TfR2 increases after addition of diferric Tf to the medium of HepG2 cells. 

(A) TfA2 increases in a time dependent manner. HepG2 cells were cultured for 4 - 72 

hours after addition of 25 ~M Fe2Tf or HBS to the medium. Lysates (20 ~g total protein) 

were transferred to nitrocellulose, probed for TfA2 and Tf, and visualized by 

chemiluminescence. The increase in TfA2 was paralleled by an increase in Tf 

associated with the cells. (B) TfA2 returns to basal levels after withdrawal of Tf from the 

medium. HepG2 cells were cultured for 24 hours in the presence of 25 ~M Fe2Tf then 

chased in medium for 0 - 8 hours. TfA2 and Tf levels were analyzed by western blot 

using HAP-conjugated secondary antibodies and chemiluminescence. (C) The response 

of TfA2 to Fe2Tf is concentration dependent. HepG2 cells were cultured for 24 hours 

after addition of 0-25 ~M Fe2Tf to the medium, and lysates (20 ~g total protein) were 

analyzed by western blot with fluorescently-labeled secondary antibodies for 

quantification and HAP-conjugated secondary antibodies for chemiluminescent imaging 

as described in "Materials and Methods." The intensity of each band was normalized to 

the intensity of the 0 ~M Tf sample. The log of the normalized intensity is plotted as a 

function of Fe2Tf concentration. The increase in TfA2 is half-maximal at [Fe2Tf] -2.5 ~M. 

(D) TfA2 does not increase in response to non-transferrin bound iron. TfA2, TfA1, and Ft 

protein levels were assessed by western blots of lysates (20 ~g total protein) from 

HepG2 cells cultured for 24 hours in the presence of 100 ~M FeNTA (lane 1, +)or 4mM 

NTA (lane 2, -). Bands were detected by chemiluminescence. Ft heavy and light chains 

are visible as a doublet in the lower panel. (E) TfA2 does not increase in response to 

apoTf. HepG2 cells were incubated in medium containing 25 ~M Fe2Tf (lane 1, labeled 

holo Tf) or apoTf (lane 3) for 24 hours. Lysates (20 ~g total protein) were analyzed by 

western blot for TfA2, TfA1, and Ft protein. Bands were detected by 

chemiluminescence. 
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Figure 7. TfR2 increases in HuH7 cells, but not in K562 or TRVb2 cells. Cells were 

cultured for 24 hours after the addition of 25 !JM Fe2Tf to the medium. The level of TfR2 

in lysates from HuH? (50 j.Jg), K562 (20 j.Jg), and TRVb2 (1 0 !Jg) cells was determined by 

western blot with chemiluminescent detection. In cells endogenously expressing TfR2, 

treatment with Fe2Tf increased TfR2 in HuH? human hepatoma cells but not in K562 

erythroleukemia cells. TRVb cells stably transfected with TfR2 (TRVb2) did not respond 
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Figure 8. Regulation of TfR2 occurs at the protein level. (A) TfR2 transcript in 

HepG2 cells does not increase in response to Fe2Tf. Total RNA was isolated from -1 x 

107 HepG2 cells 24 hours after addition of 25 IJM Fe2Tf or equal volume HBS to the 

medium. Expression of TfR2, TfR1, and GAPDH transcripts was measured by real-time 

qRT-PCR analysis of eDNA synthesized from 2 j.lg total RNA. Levels of TfR2 and TfR1 

transcripts are shown relative to GAPDH levels. The graph represents the mean of three 

separate experiments in which each sample was analyzed twice in triplicate. Error bars 

depict the standard deviation. (B) Fe2Tf stabilizes TfR2 protein. HepG2 cells seeded at 

2 x 104 cells/cm2 were incubated in normal medium or medium with 25 IJM Fe2Tf for 24 

hours prior to the addition of 100 j.lg/ml cycloheximide for 4, 3, 2, 1, 0.5, and 0 hours. 

Cells were solubilized, lysates from duplicate wells were pooled, and half of each 

sample was analyzed by western blot. TfR2 and TfR1 were detected with fluorescently

labeled secondary antibodies for quantification, then with HAP-conjugated secondary 

antibodies for chemiluminescent imaging. The integrated intensity of TfR2 was 

normalized to that of TfR1, which did not change detectably over the time-course of the 

experiment. The normalized intensity was expressed as percentage of the normalized 

intensity at time 0, and the log of this value was plotted. Half-life was determined by 

linear regression analysis. The graph shows the mean of three experiments. Error bars 

indicate average deviation from the mean. 
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Figure 9. Downregulation of TfR1 reduces the increase in TfR2 protein. 
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Figure 9. Downregulation of TfR1 reduces the increase in TfR2 protein. (A) The 

42/6 anti-TfR1 antibody interacts with TfR1 but does not interact with TfR2. HepG2 cell 

lysates were immunoprecipitated with (+) or without (-) 42/6 anti-TfR1, 3B82A 1 anti

TfR1, or 9F81 C11 anti-TfR2 monoclonal antibodies and analyzed by western blot with 

sheep anti-TfR1/Tf serum and rabbit anti-TfR2 serum. Bands corresponding to TfR2, 

TfR1, Tf, and the immunoglobulin heavy chains (lg HC) are indicated. (B and C) 

Treatment with 42/6 diminishes the effect of Fe2Tf on TfR2. Anti-TfR1 antibody 42/6 

was added to the medium of HepG2 cells at a concentration of 25 IJg/mL 4 hours prior 

to the addition of 25 IJM Fe2Tf to the medium for 24 hours. To control for possible 

effects of iron deprivation, a second set of cells was treated identically, but 100 IJM 

FeNTA was added concomitant with 42/6 antibody. Lysates (20 IJg total protein) were 

analyzed by western blot. (B) TfR1 and TfR2 bands were visualized with fluorescently

labeled secondary antibodies. (C) TfR1 and TfR2 protein levels were quantitated by 

fluorescent scanning. The integrated intensity of each band is expressed as percentage 

of control. The graph depicts the mean of four independent experiments average 

deviation from the mean. A P-value < 0.05, indicated by*, was determined by a 

Student's one-tailed paired t-test. 
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Discussion 

Following its identification in 1999 (Kawabata et al., 1999), TfR2 was shown to bind Tf 

and mediate Fe uptake (Kawabata et al., 2000), functions that are consistent with its 

homology to the classical transferrin receptor, TfR1. Unlike TfR1, however, TfR2 

expression did not respond to iron and, in a mouse model of HFE1 (Hte+), persisted 

when TfR1 expression was minimal despite iron overload (Fleming et al., 2000). The 

presence of TfR2 in hepatocytes offered a plausible explanation for the accumulation of 

iron that occurs in the livers of mice and people with HH1. The finding that mutation of 

TfR2 caused hemochromatosis with the same phenotype of iron overload in the liver 

was a surprise, therefore, and suggested that TfR2 might have a role in maintaining iron 

homeostasis (Camaschella et al., 2000; Fleming et al., 2002). We hypothesized that 

TfR2 might sense iron levels through its interaction with Tf. To test this, we examined 

the response of TfR2 to human Fe2 Tf in HepG2 human hepatoma cells. We found that 

TfR2 increased when the concentration of Fe2Tf in the medium increased. We detected 

no change in TfR2 transcript, but measured a 3.5-fold elongation of TfR2 protein half

life when Fe2Tf was added to the medium of cells. This does not preclude the 

possibility that Fe2Tf might also affect the rate of TfR2 translation. Because the low 

level of TfR2 expression in HepG2 cells prohibits detection by metabolic labeling, future 

experiments will assay the effect of Tf on TfR2 translation using hepatoma cells stably 

transfected with the full-length TfR2 transcript. 

TfR2 is sensitive to changes in Fe2Tf concentration that would occur 

physiologically in response to normal fluctuations in iron. Human serum contains 30-

60 IJM Tf comprising apo (Tf), monoferric (FeTf), and diferric (Fe2Tf) forms. Saturation of 

Tf is approximately 30% in non pathological states, but may reach 1 00% during severe 
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iron overload. At 30% saturation, 10% of the total Tf is diferric (Huebers et al., 1984). 

Thus, concentrations of Fe2Tf in healthy individuals range from approximately 3-6 1JM. 

In our studies, TfR2 increased as Fe2Tf increased from 0.3-13 IJM, with half-maximal 

response at around 2.5 IJM. By sensing changes in the concentration of Fe2Tf, the 

body could monitor iron levels and modulate intestinal iron uptake to maintain Fe2Tf 

within this range. This would likely involve regulation of hepcidin expression and 

secretion. Given that hepcidin expression occurs in the liver (Krause et al., 2000; Park 

et al., 2001; Pigeon et al., 2001), sensing of iron levels is likely to occur there. TfR2 

binds Tf, is expressed at high levels in hepatocytes (Fleming et al., 2000), and thus, is a 

good candidate to signal serum Tf saturation to the hepatocyte. 

Fe2Tf regulates TfR2 stability through an undefined mechanism. This 

mechanism could involve the interaction of Tf with TfR2, with TfR1, or with both 

receptors. We knocked down TfR1 expression to investigate whether the regulation of 

TfR2 by Tf requires TfR1. The results were inconclusive. In cells expressing reduced 

levels of TfR1, TfR2 still increased in response to Tf, but not to the same extent as in 

cells expressing normal levels of TfR1. Down regulation of TfR1 by 80 - 90% reduced 

TfR2 by 36% in Tf-treated cells. Multiple mechanisms could account for this result. 

First, the interaction of Tf with TfR1 alone could regulate TfR2 through a signal 

transduction cascade. This would account for the disproportionate reductions in TfR2 

and TfR1. Alternatively, total uptake of Tf may be the mediating factor. Upon addition 

of Fe2Tf to the medium, an increase in the uptake of Tf would still occur when TfR1 is 

down regulated, leading to higher TfR2 levels that could partially offset the reduction in 

uptake by TfR1. Finally, Tf could regulate TfR2 directly. A small proportion of TfR2 

immunoprecipitates with TfR1 in extracts from liver (Vogt et al., 2003), K562 cells (Vogt 
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et al., 2003), and HepG2 cells (our unpublished results). The 36% reduction of TfR2 in 

cells treated with 42/6 antibody and Fe2Tf may be a consequence of this interaction and 

not due to an effect on regulation of TfR2 by Tf. Down regulation of TfR2 by the 42/6 

antibody as a side effect of heterodimerization with TfR1 is undetectable in untreated 

cells but might become pronounced as TfR2 levels increase in cells treated with Tf. 

Additional future experiments are required to distinguish between these possibilities 

and to define the mechanism by which Tf regulates TfR2 stability. Our finding that Tf 

increases TfR2 in HepG2 and HuH? hepatoma cell lines, but not in other non-hepatoma 

cell lines tested, suggests that the mechanism may involve proteins or compartments 

specific to hepatocytes. 

Our finding that Fe2Tf regulates the half-life of TfR2 predicts that TfR2 levels will 

be altered in diseases that affect the concentration of Fe2Tf in the blood. In diseases in 

which saturation of serum Tf increases, such as HH and -thalassemia, TfR2 would be 

elevated. Conversely, TfR2 would be reduced in diseases in which serum Tf decreases, 

such as hypotransferrinemia. In a companion paper, Robb and Wessling-Resnick 

examine TfR2 levels in mouse models of HFE1 (Hfe-'-, (Levy et al., 1999b)), ~

thalassemia (Hbbth-1
, (Skow et al., 1983)), and hypotransferrinemia (hpx, (Bernstein, 

1987)) and show that this does indeed occur. Relative to congenic controls, TfR2 levels 

are increased in Hfe_,_ and Hbbth-1 mice, but decreased in hpx mice. 

The phenotypes of mice deficient in either TfR2 or Tf are consistent with a role 

for TfR2 in regulating iron homeostasis in the body by sensing Fe2Tf. Hpx mice are 

deficient in serum Tf due to a mutation within the Tf gene that disrupts splicing. As a 

consequence there is a lack of Tf-bound iron, causing severe iron deficiency in 

erythrocytes, and an elevation in non-Tf bound iron, producing iron overload in other 
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cell types. Hpx mice express low levels of hepcidin despite iron loading in parenchymal 

tissues {Ahmad et al., 2002; Weinstein et al., 2002). Consistent with the low level of 

hepcidin, intestinal iron absorption is high in these mice. Interestingly, infusion of 

erythrocytes into hpx mice to remedy anemia does not reduce iron uptake, but 

transfusion of Tf does (Raja et al., 1999). This suggests that Tf contributes to the 

regulation of iron absorption (Ponka, 2002) and that the absence of Tf produces a 

discontinuity between iron levels and intestinal absorption. It is plausible that TfR2 

senses the lack of Fe2Tf in the serum and in turn regulates hepcidin. The decreased 

TfR2 and hepcidin, accurately reflecting levels of Fe2Tf, but not of iron, may aberrantly 

signal that iron levels are low. This would account for the occurrence of iron overload in 

hpx mice and the effects of Tf transfusion. We would predict an increase in TfR2 and 

hepcidin following transfusion of hpx mice with Tf. 

As with hpx mice, the phenotype of Trfr2Y245x mice is consistent with disruption 

of a signaling pathway that senses iron through Tf saturation and alters intestinal iron 

uptake. Trfr2Y245x mice have a mutation in TfR2 that is orthologous to one causing HH in 

humans. They develop hemochromatosis similar to Hfe-1- mice, with parenchymal iron 

loading, increased Tf saturation, and elevated serum ferritin (Fleming et al., 2002). 

Unlike in hpx mice, Tf is present, and the erythrocytes in Trfr2Y245x mice acquire 

sufficient iron. However, according to our hypothesis, in the absence of TfR2 

hepatocytes would not be able to sense Tf or regulate hepcidin secretion appropriately. 

Based on published studies of TfR2 and current understanding of the 

consequences of mutations in TfR2, Tf, and hepcidin we speculate that these proteins 

may be part of an iron sensing system whose disruption causes the body to respond as 

if iron levels are low. Under normal conditions, serum Tf saturation indicates iron levels 
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in the body. TfR2 mediates a signal in proportion to Tf saturation that regulates 

hepcidin expression and consequently iron uptake by the intestine. Low iron levels 

would reduce Tf saturation, attenuate this signal, lower hepcidin secretion, and increase 

intestinal iron uptake. Deficiency in TfR2 or Tf would disrupt this system. In people and 

mice with mutations in TfR2, the absence of functional TfR2 is akin to the attenuation of 

TfR2 signaling that occurs when iron levels are low. 

If hepatocytes sense iron through this system, then treatment with Fe2Tf should 

result in an increase in hepcidin expression in HepG2 cells. Contrary to this 

expectation, no significant increase in hepcidin mRNA was observed when HepG2 cells 

were incubated with 63 1-1M Fe2Tf for 24 hours (Gehrke et al., 2003). In HepG2 cells, 

proteins intermediate between TfR2 and hepcidin might not be expressed at 

appropriate levels. HFE, for example, is expressed at high levels in hepatocytes of the 

rat liver, but at low levels in HepG2 cells (our unpublished results). Hemojuvelin, the 

newly identified gene that causes juvenile hemochromatosis, is expressed in the liver 

but is not detectable in HepG2 cells (our unpublished results and (Papanikolaou et al., 

2004; Zhang et al., 2004)). Alternatively, the iron sensing system that regulates hepcidin 

expression may require factors provided by other cell types in the liver or by the serum. 

The in vitro~ measurements of the affinity of Tf for TfR2 (Kawabata et al., 2000; 

West et al., 2000) complicate the hypothesis that TfR2 senses Fe2Tf. These 

measurements predict that TfR2 would be saturated by the concentrations of Tf found 

in the blood. We have shown, though, that TfR2 protein responds to changes in Fe2Tf 

at physiologic concentrations. Understanding how the stability of TfR2 is regulated by 

concentrations of Fe2Tf that are 1 00-fold higher than the Kd of TfR2 and determining 
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whether the response of TfR2 to Fe2Tf affects other iron-related proteins will contribute 

significant details to our understanding of iron homeostasis. 

Materials & Methods 

Gel/lines 

HepG2 and K562 cells were obtained from American Type Culture Collection (ATCC, 

Manassas, VA). HuH? cells were provided by Dr. Philip Aisen (Einstein University, 

Bronx, NY). The TRVb2 cell line was generated by transfecting TRVb cells with a 

pcDNA 3 vector encoding TfR2 as described previously (Vogt et al., 2003). 

Antibodies 

Generation of monoclonal antibodies 3B82A1 and 9F81 C11 against the ectodomains of 

human TfR1 and TfR2, respectively, was described previously (Vogt et al., 2003). 

Rabbit anti-hTfR2 serum was produced at Pocono Rabbit Farm and Laboratory, Inc. 

(Canadensis, PA) by immunizing rabbits with purified human TfR2 ectodomain. The 

specificity of the rabbit anti-TfR2 serum was verified in the manner described for the 

9F81 C11 mouse anti-TfR2 antibody (Vogt et al., 2003). Mouse anti-TfR1 42/6 antibody 

was obtained from Dr. I an Trowbridge (Salk Institute, La Jolla, CA). Goat anti-Tf serum 

was described previously (Enns and Sussman, 1981). Sheep anti-ferritin antibody was 

purchased from The Binding Site (Birmingham, UK). Secondary antibodies against 

rabbit, mouse, and sheep immunoglobulin G (lgG) conjugated to horseradish 

peroxidase (HRP) were purchased from Chemicon (Temecula, CA). The fluorescently

labeled Alexa 688 goat anti-rabbit lgG and IRDye 800 donkey anti-mouse lgG 

secondary antibodies were from Molecular Probes (Eugene, OR) and Rockland 
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lmmunochemicals (Gilbertsville, PA), respectively. Rabbit anti-mouse lgG was from 

Jackson lmmunoResearch Laboratories (Jackson, ME). Rabbit anti-mouse lgA was 

from Zymed Laboratories Inc. (San Francisco, CA). Purified mouse lgA was from Bethyl 

Laboratories, Inc. (Montgomery, TX). 

Reagent preparation 

Stock solutions of Tf were prepared by dissolving Fe2Tf (lntergen Co., Purchase, NY) or 

apo Tf (Serologicals, Norcross, GA) in HEPES- (N-2-hydroxyethylpiperazine-N'-2-

ethanesulfonic acid) buffered saline (HBS, pH 7.4). Protein concentration was 

determined by measuring the A280. Saturation of Fe2Tf was verified by an A465/A280 

ratio of 0.045 (Welch, 1992). For FeNTA, stock solutions of 400 mM nitrilotriacetic acid 

(NT A, Sigma, St. Louis, MO) in phosphate buffered saline (PBS, pH 7.4) and 400 mM 

FeCI3 in 0.1 N HCI were prepared. Prior to each experiment FeCI3 and NTAwere 

combined in a 1 :40 molar ratio to give a final Fe concentration of 10 mM. For control, 

NTA was combined with the appropriate volume of 0.1 N HCI. Stock solutions of 1 0 

mg/mL cycloheximide (Sigma, St. Louis, MO) were prepared in water. 

Cell culture 

HepG2 and HuH? cells were maintained in Minimal Essential Medium (MEM; Life 

Technologies, Inc.) supplemented with 1.0 mM sodium pyruvate, 0.1 mM MEM non

essential amino acids (Life Technologies, Inc), and 10% fetal bovine serum (FBS). In all 

experiments, HepG2 cells were seeded at 2 x 104 cell/cm2 4 days prior to harvesting. 

K562 cells were cultured in RPMI-1640 (Life Technologies, Inc.) supplemented with 

10% FBS. TRVb2 cells were maintained in F12-nutrient mixture (Life Technologies, 

Inc.) supplemented with 5% FBS and 800 IJg/mL G418 (Calbiochem, La Jolla, CA). 

-53-



Chapter 2 

Fe2Tf, apo Tf, FeNTA, cycloheximide, and antibodies were added to the culture medium 

of cells as described in the figure legends. 

Western blot 

Cells were lysed on ice in NET-Triton buffer (150 mM NaCI, 5 mM EDTA 

(ethylenediaminetetraacetic acid), 1 0 mM Tris (tris(hydroxymethyl)aminomethane), pH 

7 .4, 1% Triton X-1 00) containing 1 x Complete Mini Protease Inhibitor Cocktail (Roche 

Diagnostic Corp., Indianapolis, IN) and 1 mM phenylmethylsulfonyl fluoride (PMSF). 

Lysates were cleared by centrifugation at 16,000 x g for 5 minutes. Protein 

concentration was measured by BCA Protein Assay (Pierce, Rockford, IL). Aliquots of 

lysates containing 10-50 IJg total protein were incubated in 3.6x Laemmli buffer 

(Laemmli, 1970) for 5 minutes at 95°C and subjected to reducing SDS-PAGE on 10% 

gels for analysis of TfR1, TfR2, and Tf or 12% gels for analysis of Ft. Protein was 

transferred to nitrocellulose and detected using rabbit anti-hTfR2 (1 :1 0,000), mouse 

anti-hTfR1 (1 :1 0,000), goat anti-hTf (1 :1 0,000) or sheep anti-hFt (1 :1 00) primary 

antibodies followed by HAP-conjugated (1 :1 0,000) or fluorescently-labeled (1 :5,000) 

secondary antibodies. Bands were visualized by chemiluminescence (SuperSignal 

WestPico, Pierce, Rockford, IL) or visualized and quantified by fluorescent scanning 

(Odyssey Infrared Imaging System, Li-Cor, Lincoln, NB). The species specificity of the 

Alexa 680 goat anti-rabbit and the IRDye 800 donkey anti-mouse fluorescent secondary 

antibodies enabled blots to be probed simultaneously with rabbit anti-hTfR2 and mouse 

anti-hTfR1 antibodies. For quantification, serial dilutions of lysate were loaded onto the 

same gel to ensure that samples were within the linear range of detection. 
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Real-Time qRT-PCR 

RNA was isolated from -1 x 1 07 HepG2 cells using the RNeasy RNA Isolation Kit 

(Qiagen, Valencia, CA). After treating RNA with 10 units DNase (Roche Diagnostics 

Corp., Indianapolis, IN) to remove contaminating genomic DNA, eDNA was synthesized 

from 2 !Jg RNA using Oligo dT primers and Superscript II Reverse Transcriptase (R1) 

(Invitrogen, Carlsbad, CA). eDNA was diluted 1 :10 and analyzed by PCR using GAPDH 

primers spanning an intron/exon junction to verify yield and to confirm the absence of 

product from contaminating genomic DNA. Samples were analyzed by real-time qRT

PCR using the SYBR green detection system on an ABI PRISM 7900 machine (Applied 

Biosystems, Foster City, CA). Primer pairs were designed with Primer Express software 

(Applied Biosystems) and synthesized by IDT Technologies (Coralville, lA). Primer pairs 

used were: GAPDH 868F/968R (5'-ACCCACTCCTCCACCTTTGA-3' and 5'

CTGTTGCTGTAGCCAAATTCGT-3'); TfR1 305F/435R (5'

CAGGAACCGAGTCTCCAGTGA-3' and 5'-CTTGATGGTGCCGGTGAA GT-3'); and TfR2 

1461 F/1563R (5'-GGAGTGGCTAGAAGGCTACCTCA-3' and 5'

GGTCTTGGCATGAAACTTGTC A-3'). Primers were verified and data was analyzed by 

the ~CT method as described previously (Davies and Enns, 2004; Zhang et al., 2004). 

lmmunoprecipitation 

Pansorbin (Calbiochem, La Jolla, CA) was coated with rabbit-anti mouse lgG for 

immunoprecipitation with anti-TfR1 and anti-TfR2 mouse monoclonal antibodies and 

with rabbit-anti mouse lgA for immunoprecipitation with 42/6 anti-TfR1 mouse 

monoclonal antibody. Cells (-2 x 10~ were washed twice with ice-cold PBS then lysed 

in 100 !JL NET-Triton buffer containing 1x Complete Mini Protease Inhibitor Cocktail 
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(Roche Diagnostic Corp., Indianapolis, IN) and 1 mM PMSF. Lysates were preadsorbed 

by incubation for 1 hour at 4°C with 50 IJL Pansorbin/lgA or Pansorbin/lgG to reduce 

non-specific interactions. Preadsorbed lysates were incubated for 1 hour at 4°C with 

25 IJL Pansorbin/lgG and 1.5 IJL mouse anti-TfR1 or mouse anti-TfR2 antibodies or with 

25 IJL Pansorbin/lgA and 5 IJg 42/6 anti-TfR1 antibody. Pansorbin was pelleted by 

centrifugation at 16,000 x g for 2 minutes, resuspended in 100 IJL NET-Triton buffer, 

and washed through 1 ml NET-Triton buffer with 15% sucrose. Samples were eluted 

into 20 IJL 2x Laemmli buffer (Laemmli, 1970) heated at 95°C for 5 minutes, then 

analyzed by western blot. Proteins were detected with rabbit anti-hTfR2 (1 :1 0,000) or 

sheep anti-hTfR1/Tf serum {1 :1 0,000). 
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Abstract 

Transferrin receptor 2 (TfR2) is a homolog of transferrin receptor 1 (TfR1 ), the protein 

that delivers iron to cells through receptor-mediated endocytosis of diferric transferrin 

(Fe2Tt). TfR2 also binds Fe2Tf, but appears to function primarily in the regulation of 

systemic iron homeostasis. In contrast to TfR1, the trafficking of TfR2 within the cell 

has not been extensively characterized. Previously, we showed that Fe2Tf increases 

TfR2 stability, suggesting that trafficking of TfR2 may be regulated by interaction with 

its ligand. In the present study, therefore, we sought to identify the mode of TfR2 

degradation, characterize TfR2 trafficking, and determine how Fe2Tf stabilizes TfR2. 

Stabilization of TfR2 by bafilomycin implies that TfR2 traffics to the lysosome for 

degradation. Confocal microscopy reveals that treatment of cells with Fe2 Tf increases 

the fraction of TfR2 localizing to recycling endosomes and decreases the fraction of 

TfR2 localizing to late endosomes. Mutational analysis of TfR2 shows that the mutation 

G679A, which blocks TfR2 binding to Fe2Tf, increases the rate of receptor turnover and 

prevents stabilization by Fe2Tf, indicating a direct role of Fe2Tf in TfR2 stabilization. The 

mutation Y23A in the cytoplasmic domain of TfR2 inhibits its internalization and 

degradation, implicating YQRV as an endocytic motif. 

Introduction 

A truncation mutant of transferrin receptor 2 (TfR2), TfR2/Y250X, causes a rare 

form of hereditary hemochromatosis (type 3, HFE3), an iron overload disorder 

characterized by excess absorption of dietary iron and consequent deposition of iron in 

liver and other parenchymal tissues (Camaschella et al., 1999; Camaschella et al., 
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2000). The analogous mutation or knock-out of Trfr2 in mice reproduces the disease 

phenotype (Fleming et al., 2002; Wallace et al., 2005). Thus, TfR2 is required for normal 

iron homeostasis. 

TfR2, cloned in 1999, is a homolog of transferrin receptor 1 (TfR1, Kawabata et 

al., 1999). The extracellular domains of the two receptors are 45% identical and 67% 

similar. TfR1 functions to deliver iron to cells through receptor-mediated endocytosis of 

its ligand, transferrin (Tf), a serum protein that transports iron (Dautry-Varsat et al., 

1983; Klausner et al., 1983). On the cell surface, TfR1 binds iron-saturated transferrin 

(Fe2Tf) at slightly basic pH. Fe2Tf-TfR1 then internalizes in clathrin-coated vesicles to 

early endosomes. In the acidic pH of early endosomes, iron releases from Tf while Tf 

remains bound to TfR1. The complex then recycles, from either early or recycling 

endosomes, to the cell surface. At the slightly basic pH of the cell surface, TfR1 

releases unsaturated Tf (apoTf) and again binds Fe2Tf. TfR1 expression is ubiquitous, 

consistent with its role in cellular iron delivery. The stability of TfR1 mRNA is negatively 

regulated by intracellular iron levels (Lu et al., 1989; Mattia et al., 1984; Rao et al., 1985; 

Sciot et al., 1987; Ward et al., 1984) through iron-responsive elements (IRE) in the 3' 

untranslated region (Casey et al., 1988; Mullner and Kuhn, 1988; Mullner et al., 1989; 

Owen and Kuhn, 1987). 

TfR2 differs from TfR1 in notable ways. TfR2 binds Tf in a pH-dependent 

manner, but its affinity for Fe2Tf (Ko- 30 nM, Kawabata et al., 2000; West et al., 2000) is 

significantly lower than that of TfR1 (Ko - 1 nM, Tsunoo and Sussman, 1983; Enns et 

al., 1991; Richardson and Ponka, 1997). Unlike TfR1, TfR2 expression is limited 

predominantly to hepatocytes (Calzolari et al., 2004; Fleming et al., 2002; Fleming et al., 

2000; Kawabata et al., 1999; Vogt et al., 2003; Zhang et al., 2004) in the liver and is not 
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regulated by intracellular iron (Fleming et al., 2000; Kawabata et al., 2001; Kawabata et 

al., 2000). TfR2 cannot compensate for TfR1, whose knockout in mice results in 

embryonic lethality due to severe anemia (Levy et al., 1999). Because Trfr2 mutation or 

knockout results in iron overload, TfR2 seems to function, not principally in cellular iron 

uptake and delivery, but rather in systemic iron homeostasis. The exact function of 

TfR2, however, is not known. 

To investigate the function of TfR2, we previously characterized the response of 

TfR2 to Fe2Tf in a human hepatoma cell line, HepG2, that endogenously expresses 

TfR2. Whereas ligand-receptor interactions frequently result in receptor down

regulation, addition of Fe2Tf to the medium of HepG2 cells increases TfR2 by extending 

the half-life of TfR2 from 4 to 14 hr (Johnson and Enns, 2004). Interestingly, regulation 

of TfR2 by its ligand has only been obseNed in hepatoma cell lines (Johnson and Enns, 

2004; Robb and Wessling-Resnick, 2004), suggesting the mechanism involves proteins, 

compartments, or pathways specific to the hepatocyte. Moreover, TfR2 regulation 

obseNed in HepG2 cells seems to recapitulate physiological regulation. Robb and 

Wessling-Resnick (2004) showed that TfR2 levels are elevated in mice with high serum 

transferrin saturation and reduced in mice with low serum transferrin saturation. In 

HepG2 cells, the response to Fe2 Tf was half-maximal at -1-3 iJM Fe2 Tf , a 

physiologically relevant concentration range (Johnson and Enns, 2004; Robb and 

Wessling-Resnick, 2004). 

The stabilization of TfR2 by Fe2Tf suggests that the trafficking of this receptor 

may be regulated by its ligand. To test this hypothesis, we characterized the effect of 

Fe2Tf and mutations on TfR2 localization and stabilization in two human hepatoma cell 

lines, HepG2 and Hep3B. We demonstrate that Fe2Tf directs TfR2 from a degradative 
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pathway to a recycling pathway, establish that direct interaction of TfR2 with Fe2Tf 

stabilizes TfR2, and identify an endocytic motif in the intracellular domain of TfR2 

necessary for TfR2 internalization and regulation. 

Results 

TfR2 undergoes lysosomal degradation 

Fe2Tf increases the half-life of TfR2 from 4 to 14 hrs in HepG2 cells (Johnson 

and Enns, 2004), indicating that TfR2 degradation is a regulated process. To further 

understand this process, we set out to determine whether TfR2 degradation occurs in 

the lysosome. Lysosomal degradation of TfR2 was assessed by treating HepG2 cells 

with bafilomycin, an inhibitor of the vacuolar H+-ATPase (Bowman et al., 1988), to 

dissipate the endosomal pH gradient and thereby block transport to lysosomes (van 

Weert et al., 1995). Cells were treated in the absence and presence of cycloheximide, 

an inhibitor of protein synthesis, to prevent further TfR2 synthesis. The presence of 

bafilomycin resulted in a significant increase in TfR2 protein (Figure 1 0). Consistent 

with previous results, TfR2 decreased significantly over a 4 hr time course in cells 

treated with cycloheximide. In these cells, the addition of bafilomycin attenuated this 

effect, restoring the TfR2 level to that in control cells, a result in keeping with lysosomal 

degradation of TfR2. The role of the proteasome in TfR2 degradation was assessed by 

treating HepG2 cells with ALLN and MG-132 to inhibit proteasome activity. To control 

for the inhibition of calpains and cathepsins by ALLN, cells were also treated with 

ALLM, which inhibits calpains and cathepsins, but not the proteasome. Inhibition of 

proteasome activity did not significantly alter TfR2 level (Figure 1 OC). 
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Subcellular localization of TfR2 

Based on our results, we hypothesized that Fe2Tf prevents lysosomal 

degradation of TfR2 by diverting TfR2 from a degradative pathway and predicted that 

Fe2Tf would alter the subcellular localization of TfR2. Because the subcellular 

localization of TfR2 has not been fully described, we first characterized its intracellular 

trafficking by examining its colocalization with various established markers of 

subcellular compartments. Antibodies against early endosome antigen 1 (EEA1), TfR1, 

and Rab7 were used to label early (Mu et al., 1995), early/recycling, and late endosomal 

(Chavrier et al., 1990) populations (Figures 11A, 11 D, and 11 G), respectively. Confocal 

microscopy analysis showed that TfR2 was present in punctate structures in the 

perinuclear region and throughout the cell periphery (Figure 11 ). TfR2 partially 

colocalized with all three endosomal markers (Figures 11 C, 11 F, and 111), indicating 

that TfR2 traffics through endocytic, recycling, and degradative pathways. 

Although results show that TfR2 degradation occurs in the lysosome (Figure 1 0), 

we observed very little colocalization of TfR2 with the lysosomal marker, lysosome

associated membrane protein 1 (LAMP-1) by immunofluorescence (Figure 11, M-0). 

The lack of colocalization between TfR2 and LAMP-1 is likely due to rapid degradation 

of TfR2 within the lysosome. These results are consistent with the lack of degradation 

intermediates seen in western blots and immunoprecipitations of TfR2 from HepG2 

cells (Johnson and Enns, 2004). 

We also examined the colocalization of TfR2 with markers of the trans-Golgi 

network (TGN). Membrane proteins reach the TGN during biosynthesis and, in some 

cases, after internalization from the plasma membrane (Snider and Rogers, 1985; 

Stoorvogel et al., 1988). TfR2 was observed to colocalize with TGN marker Golgin97 in 
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the perinuclear region of cells (Figure 11 R). Colocalization of TfR2 with adaptor protein 

1 (AP-1, Figure 11 U), which facilitates vesicle transport between endosomes and the 

TGN and localizes to both compartments, was also observed. TfR2 and AP-1 

colocalization was predominantly in the perinuclear region (Figure 11 U) and only 

occasionally detectable in peripheral vesicles (data not shown). 

Diferric Tf regulates the subcellular localization of TfR2 

The subcellular localization of TfR2 is consistent with that of a membrane 

protein trafficking through biosynthetic, recycling, and degradative pathways (Figure 

11). Because Fe2Tf stabilizes TfR2, we predicted that the fraction of TfR2 localizing to 

recycling endosomes might increase in cells treated with Fe2Tf. Quantitative 

colocalization analysis was used to measure the colocalization of TfR2 with EEA1, TfR1, 

Rab7, Golgin97, or AP-1 in HepG2 cells untreated or treated with Fe2Tf (Figure 12A). 

No difference in the fraction of TfR2 colocalizing with EEA1, Golgin97, or AP-1 was 

detected. The colocalization of TfR2 with TfR1 increased from 0.42 ± 0.028 in 

untreated cells to 0.51 ± 0.022 in Fe2Tf-treated cells. Because no increase in the 

colocalization of TfR2 with the early endosome marker EEA1 was detected, we interpret 

the increase in colocalization of TfR2 with the early/recycling endosome marker TfR1 as 

an increase in TfR2 localization to recycling endosomes. The increase in TfR2 

colocalization to recycling endosomes was accompanied by a decrease in TfR2 

colocalization with Rab7 in late endosomes, from 0.21 ± 0.015 in untreated cells to 0.17 

± 0.009 in Fe2Tf-treated cells. Taken together, these results suggest that Fe2Tf 

redirects TfR2 from a degradative pathway to a recycling pathway through recycling 

endosomes. 
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In addition to assessing the effect of Fe2Tf on the steady state localization of 

TfR2 to subcellular compartments, we also examined the effect of Fe2 Tf on the steady 

state distribution of TfR2 to the cell surface. Differential immunoprecipitation was used 

to isolate sequentially surface and internal TfR2 from HepG2 cells. In untreated cells, 

31 ± 5% of TfR2 was at the cell surface and 67 ± 1% of TfR2 was intracellular (Figure 

12C, open bars). In Fe2Tf treated cells, the amount of TfR2 in surface and intracellular 

fractions increased relative to untreated cells (Figure 128). However, the partitioning of 

TfR2 between these fractions remained the same (31 ± 3% surface vs. 71 ± 2% 

intracellular; Figure 12C, closed bars). Thus, Fe2 Tf does not alter the proportion of 

surface and intracellular TfR2. 

Characterization of wild-type TfR2 in transfected Hep3B cells 

Hep3B cells, in which TfR2 protein is not detectable (Figure 13A), were used to 

express TfR2 mutants in order to study the mechanism of TfR2 regulation. Because 

TfR2 forms dimers (Kawabata et al., 1999), a null background was particularly 

important. We first established that regulation of transfected wild-type TfR2 was similar 

to that of endogenous TfR2 in HepG2 cells. Hep3B cells stably transfected to express 

TfR2/WT (Hep3BfffR2WT cells) regulated TfR2 in response to Fe2Tf (Figure 13A). In 

cells treated with Fe2Tf, an increased level of TfR2 protein correlated with an increased 

half-life of the protein (Figure 138). The magnitude of stabilization in Hep3BfffR2WT 

cells, from 10 to 28 hr, matched that in HepG2 cells, from 4 to 14 hr (Johnson and 

Enns, 2004). Due to the low level of endogenous TfR2 expression in HepG2 cells, 

assessment of the effect of Fe2Tf on TfR2 biosynthetic rate was not feasible. In Hep3B/ 

TfR2WT cells, TfR2 was synthesized at the same rate in untreated and Fe2Tf-treated 
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cells (Figure 13C), indicating that Fe2 Tf affects the rate of TfR2 degradation and not its 

rate of biosynthesis. 

We determined the distribution of TfR2 in Hep3BfffR2WT cells by using 

differential immunoprecipitation to isolate plasma membrane and intracellular fractions 

of TfR2. At steady state, - 50% (48 ± 3) of TfR2 localized to the cell surface and -50% 

(48 ± 4) to intracellular compartments (Figure 130). This distribution was different from 

that determined for HepG2 cells, in which TfR2 localized -30% (31 ± 5) to the cell 

surface and -70% (67 ± 1) to intracellular compartments. This difference is likely a 

consequence of the high levels of TfR2 expression in the Hep3BfffR2WT cells. Results 

from uptake experiments using iodinated anti-TfR2 antibody indicated that the TfR2 

endocytic pathway is saturated in Hep3BfffR2WT cells (data not shown), resulting in an 

accumulation of receptors on the cell surface, as previously seen with overexpression 

of other receptors (Marks et al., 1996; Warren et al., 1997; Warren et al., 1998). 

Confocal microscopy was used to determine whether TfR2 showed a similar 

pattern of localization in Hep3BfffR2WT cells as in HepG2 cells. Immunofluorescent 

labeling of TfR2 at 4 oc before fixation and permeabilization detected TfR2 at the cell 

surface (Figures 14Ab and 14Ae). Under these conditions, TfR1 at the cell surface can 

be detected with an antibody recognizing the extracellular domain (3882A 1 , Figure 

14Aa) but not with an antibody recognizing the intracellular domain (H68.4, Figure 

14Ad), indicating that the plasma membrane is intact. immunofluorescent detection of 

TfR2 at room temperature in fixed and permeabilized cells detected intracellular protein, 

visible as punctate staining in the perinuclear and peripheral regions of the cell (Figure 

148). TfR2 colocalized with EEA 1 in early endosomes (Figure 14Bc), TfR1 in early/ 

recycling endosomes (Figure 14Bf), and Golgin97 in the TGN (Figure 14Bi). Together, 
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these experiments established Hep38 cells as a suitable cell line in which to express 

and characterize TfR2 mutants. In addition, they corroborate previous results indicating 

that the mechanism of TfR2 regulation by Fe2Tf is conserved in hepatocyte-derived 

cells (Johnson and Enns, 2004). 

Binding of TfR2 to diferric Tf is prerequisite for TfR2 stabilization 

Our results indicate that Fe2 Tf redirects TfR2 from a degradative pathway 

through late endosomes and lysosomes into a pathway through recycling endosomes 

and thereby stabilizes TfR2. Because HepG2 cells express both TfR1 and TfR2, TfR2 

stabilization might be consequent on binding of Fe2Tf to either receptor. Previous 

efforts to determine which transferrin receptor mediates TfR2 stabilization, using an 

antibody that blocks and downregulates TfR1 , yielded ambiguous results (Johnson and 

Enns, 2004). To answer this question directly, site-directed mutagenesis was used to 

generate a TfR2 construct with mutation G679A. This mutation, in the extracellular 

domain of TfR2, eliminated detectable binding of TfR2 to Fe2Tf (Kawabata et al., 2004). 

If TfR2 stabilization results from interaction of Fe2 Tf with TfR2, rather than from 

interaction of Fe2Tf with TfR1, the G679A mutation in TfR2 should eliminate Fe2Tf

induced stabilization of TfR2. The failure of TfR2/G679A to increase in Hep38 cells 

transiently transfected with TfR2/G679A and treated with Fe2 Tf (Figures 168 and 16C) 

provided preliminary evidence that interaction of Fe2Tf with TfR2 stabilizes TfR2. 

We therefore went on to characterize the effect of mutation G679A on TfR2 

localization and regulation in Hep38 cells stably transfected with plasmid encoding 

TfR2/G679A (Hep38/TfR2G679A cells). Confocal microscropy analysis of cells labeled 

with anti-TfR2 antibody at 4°C showed TfR2/G679A at the cell surface (Figure 15Ab), 
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indicating that this mutation does not prevent transit of TfR2 through the biosynthetic 

pathway. Immunofluorescent detection of TfR2/G679A showed that it colocalized with 

EEA 1 (Figure 15Bc}, TfR1 (Figure 15Bf), and Golgin97 (Figure 15Bi). When TfR2/G679A 

was isolated by differential immunoprecipitation, -30% (33 ± 7) was found in the 

plasma membrane fraction and -60% (58 ±6) was found in the intracellular fraction, a 

distribution similar to that of endogenous TfR2 in HepG2 cells (Figure 15C), indicating 

that this mutation does not affect surface and intracellular steady state levels of TfR2. 

Given that TfR2/G679A neither binds nor responds to Fe2Tf, we predicted that 

the half-life of TfR2/G679A would be short and unaffected by Fe2Tf treatment. In 

metabolic labeling experiments, TfR2/G679A had a very short half-life of 2.6 hr (Figure 

150), which is significantly shorter than that of endogenous TfR2 in HepG2 cells and 

TfR2/WT transfected into Hep3B cells. Fe2Tf did not significantly increase this half-life 

(Figure 150). From these results, we propose that stabilization of TfR2 by Fe2 Tf 

requires direct ligand-receptor interaction. 

Preliminary characterization of mutations in the cytoplasmic domain of TfR2 

Stabilization of TfR2 by Fe2Tf involves a change in the trafficking of TfR2. 

Because the cytoplasmic domain of membrane proteins often contain signals that 

direct the protein's trafficking, we used site-directed mutagenesis to alter residues in 

the cytoplasmic domain of TfR2 (Figure 16A). V221 is a naturally occurring mutation that 

was speculated to perturb iron homeostasis (Biasiotto et al., 2003). It is adjacent to a 

putative endocytic motif, YQRV. The YQRV motif is similar to the established endocytic 

motif in TfR1, YTRF, in which mutation of the tyrosine decreases the rate of TfR1 

endocytosis (Jing et al., 1990; McGraw and Maxfield, 1990; Alvarez et al., 1990). We 
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generated the corresponding mutation, Y23A, in TfR2 to assess the role of the YQRV 

motif in TfR2 trafficking. K31 is the only lysine residue within the cytoplasmic domain of 

TfR2 and is a potential site for ubiquitination, a post-translational modification that 

regulates the trafficking and degradation of membrane proteins. We introduced the 

mutation K31A to assess whether ubiquitination plays a role in the regulation of TfR2 

stability by Fe2Tf. 

To assess whether these mutations affected the ability of Fe2Tf to regulate TfR2, 

Hep3B cells were transiently transfected with constructs encoding the wild-type and 

mutant proteins. To control for variations in transfection efficiency, a single transfection 

was split and reseeded prior to treatment of cells in triplicate without or with Fe2Tf for 

24 hr. Western blot analysis using fluorescence-labeled secondary antibodies showed 

that TfR2/WT, TfR2N221, and TfR2/K31A increased significantly in cells treated with 

Fe2Tf (Figure 168 and C). By contrast, TfR2/Y23A did not respond to Fe2Tf. This 

mutant was selected for further characterization in a stable cell line. 

A tyrosine in the cytoplasmic domain of TfR2 is critical for internalization 

The Y23A mutation alters a putative tyrosine-based endocytic motif, YQRV, in 

the cytoplasmic domain of TfR2. If YQRV acts as an endocytic motif, this mutation 

should inhibit internalization of TfR2. Such an effect might impede normal trafficking of 

TfR2 through its degradative pathway and render TfR2 insensitive to Fe2Tf. Thus, TfR2/ 

Y23A should have a long half-life in the absence and presence of Fe2 Tf. Metabolic 

labeling experiments in Hep3B cells stably expressing TfR2/Y23A (Hep3B/TfR2Y23A 

cells) confirmed this. In marked contrast to both TfR2/WT and TfR2/G679A, TfR2/Y23A 
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was extremely stable, changing little over a 24-hr time-course, in both the absence and 

presence of Fe2 Tf (Figure 17 A). 

To test whether endocytosis of TfR2/Y23A is impaired, we measured the 

distribution of TfR2/Y23A in plasma membrane and intracellular fractions isolated by 

differential immunoprecipitation. In Hep3B/TfR2Y23A cells, only -20% (19 ± 2) of TfR2 

was intracellular (Figure 178), compared with -50% in Hep3B/TfR2WT cells (Figure 

130). Consistent with this observation, no measurable internalization of TfR2/Y23A was 

detected compared with TfR2/WT and TfR2/G679A, which does not bind Tf (Figure 

17C). The altered localization of TfR2/Y23A was demonstrated by confocal microscopy 

images of Hep3B/TfR2Y23A cells that were fixed, permeabilized, and labeled for total 

protein. TfR2/Y23A seems blanketed across the cell surface (Figure 17Db) rather than 

punctate in the cytoplasm (TfR1 in Figure 17Da and TfR2/WT in Figure 14Be). Whereas 

immunofluorescent labeling of TfR2 at 4°C detected cell surface TfR2 similarly in both 

Hep3B/TfR2WT and Hep3B/TfR2Y23A cells (Figures 14Ae and 17Eb), 

immunofluorescent labeling of total TfR2 showed a cell surface pattern of staining for 

TfR2 only in the Hep3B/TfR2Y23A cells (Figure 17Db). The results of these experiments 

are consistent with YQRV as an endocytic motif that mediates TfR2 internalization from 

the plasma membrane. 
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Figure 10. Bafilomycin blocks lysosomal degradation of TfR2. HepG2 cells were 

seeded at 2.5 x 104 cells/cm2 in 12-well plates 4 days prior to treatment with 50 !JM 

bafilomycin (BAF) in the presence or absence of 100 j.Jg/ml cycloheximide (CHX) for 4 

hr. (A) Lysates (20 !Jg total protein) were separated by SDS-PAGE and immunoblotted 

with anti-TfR2 serum and anti-~ actin antibody followed by fluorescence-labeled 

secondary antibodies (all1 :10,000). (B) The intensities of TfR2 bands were normalized 

to the intensities of ~-actin bands and expressed relative to untreated cells (control). 

Graph represents data averaged from four independent experiments. P-values of 0.01 -

0.05, 0.01 - 0.001, and < 0.001 indicate changes that are significant(*), very significant 

(**), and extremely significant(***), respectively, when evaluated by Student's t-test. (C) 

Cells were treated with 100 !JM ALLM, 100 !JM ALLN, or 251JM MG-132 as indicated for 

4 hr. Lysates were analyzed as described for A. ALLM, ALLN, and MG-132 did not 

significantly alter TfR2 levels in three independent experiments. 

-70-



EEA1 

TfR1 

Rab7 

Rab7 inset 

LAMP-1 

Golgin97 

AP1 

G ~~ 
I 

L ___ _ 

-

TfR2 

H :-l 
I I 
L ___ --

K H 
~ p•11 

I 

Chapter 3 

Merge 

c . . . 

L • H 
, o • c' ~H II 

J • II, 

rf • 

~, ,.., ... . 
~#' •' • ·. ' :· 

Figure 11. Subcellular localization of TfR2 in HepG2 cells. (A-U) TfR2 localizes to 

endosomes and the trans-Golgi network. HepG2 cells were seeded at 6.25 x 1 03 cells/ 

cm2 on poly-L-Iysine treated glass coverslips and cultured for 2 days prior to fixation, 

permeabilization, and labeling as described in Materials & Methods. Indicated markers 

are shown in magenta (A, D, G, J, M, P, S), TfR2 is shown in green (8, E, H, K, N, Q, T), 

and colocalization is shown in white (C, F, I, L, 0, R, U). Unless otherwise indicated, 

scale bar is 5 1-Jm. 
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Figure 12. Diferric Tf regulates the subcellular localization of TfR2. 
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Figure 12. Diferric Tf regulates the subcellular localization of TfR2. (A) Fe2Tf alters 

the trafficking of TfR2. Prior to the experiment, HepG2 cells were incubated for 48 hr 

without or with 251-JM Fe2Tf. As in Figure 11, cells were double-labeled and visualized by 

scanning confocal microscopy. The effect of Fe2Tf on the subcellular localization of 

TfR2 was assessed by quantitative colocalization analysis. The fraction of TfR2 signal 

colocalizing with EEA1, TfR1, Rab7, Golgin97, or AP-1 signal was analyzed in 20-40 

images per condition acquired in 2-3 independent experiments. Data was evaluated by 

Student's t-test. P-values of 0.01 - 0.05 and 0.01 - 0.001 indicate changes that are 

significant(*) and very significant(**), respectively. (Band C) Fe2Tf does not retain TfR2 

at the cell surface. The distribution of TfR2 in HepG2 cells was assessed by differential 

immunoprecipitation. HepG2 cells, seeded at 2.5 x 104 cells/cm2 in 35 mm wells, were 

cultured in medium without or with 25 IJM Fe2Tf for 48 hr. Cells were then placed on ice 

and culture medium was replaced with 1 ml MEM containing 10% FBS and 25 mM 

HEPES. Cells were then incubated for 45 min at 4 oc in this medium with (M+Ab} or 

without (M-Ab} 16637 rabbit anti-TfR2 serum, washed twice with PBS, and lysed for 15 

min at 4 oc in 250 IJL NETT. Lysates were collected and pooled with a second 250 IJL 

NETT wash. After the addition of 50 IJL Pansorbin, samples were rotated for 45 min at 

4 oc to pre-clear M-Ab samples or to immunoprecipitate the plasma membrane fraction 

of TfR2 from M+Ab samples. Upon centrifugation of samples at 13,000 x g, pellets from 

M+Ab samples, containing the surface fraction of TfR2, were resuspended in 50 IJL 2x 

Laemmli sample buffer. To immunoprecipitate intracellular and total fractions of TfR2, 

supernatants from M+Ab and M-Ab samples, respectively, were incubated with rabbit 

anti-TfR2 serum for 45 min and with 50 !JL Pansorbin for an additional 45 min at 4 oc, 

centrifuged. and resuspended in 2x Laemmli sample buffer. Samples were heated at 

95°C for 5 min, centrifuged, separated by SDS-PAGE and analyzed by western blot. (B) 

TfR2 was detected with mouse anti-TfR2 antibody followed by a fluorescence-labeled 

secondary antibody. (C) Results from three experiments were quantified. 
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Figure 13. Diferric Tf stabilizes TfR2/WT in Hep3B cells. (A) Fe2Tf increases TfR2 

protein level in Hep3B!ffR2WT cells. Hep3B cells and Hep3B cells stably expressing 

wild-type TfR2 (Hep3B!ffR2WT) were seeded at 8.3 x 1 03 cells/cm2 in 12-well plates and 

cultured for 24 hr without or with Fe2Tf. Lysates were analyzed by SDS-PAGE and 

western blot. Blots were probed with rabbit anti-TfR2 serum (1 :10,000) and HRP-

conjugated goat anti-rabbit secondary (1 :1 0,000). Protein was visualized by 

chemiluminescence. TfR2 protein is not detectable in Hep3B cells. In Hep3B!ffR2WT 
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cells, TfR2 increases in cells exposed to Fe2Tf. (B) Fe2Tf stabilizes TfR2 protein in 

Hep3B!TfR2WT cells. Hep3B!TfR2WT cells were seeded at 1.25 x 1 as cells/cm2 in 35 

mm dishes two days prior to the experiment in the absence or presence of 25 1-JM Fe2Tf. 

Cells were washed twice with PBS and incubated in labeling medium containing 100 1-JM 

rss]-cysteine/methionine without or with 25 1-JM Fe2Tf for 45 min at 37°C. Cells were 

washed three times with PBS and chased for 2- 24 hr in normal media in the absence 

or presence of 25 1-JM Fe2Tf. Lysates were collected, stored at -80°C until all time points 

were collected, and immunoprecipitated as described in Materials & Methods. The 

stabilization of TfR2 by Fe2Tf is evident from the autoradiogram (top). Means of 

measurements from two independent experiments are shown in the graph {bottom). (C) 

Fe2Tf does not alter the biosynthetic rate of TfR2 in Hep3B!TfR2 cells. Hep3B!TfR2 cells 

were seeded at 1.25 x 1 as cells/cm2 in 35 mm dishes in the absence or presence of 25 

1-JM Fe2 Tf two days prior to the experiment. Cells were washed twice with PBS and 

incubated in labeling medium without or with 25 1-JM Fe2Tf for 10- 50 min at 37°C. 

Lysates were collected and immunoprecipitated as described in Materials & Methods. 

Autoradiogram (top) is representative of two independent experiments, the means of 

which are shown in the graph {bottom). (D) TfR2 localizes to the plasma membrane and 

intracellular compartments. Hep3B!TfR2WT cells were seeded at 2.5 x 104 cells/cm2 in 

24-well plates and cultured for 2 days. Differential immunoprecipitation to isolate 

surface and intracellular fractions of TfR2 was performed as described in Figure 12B. A 

representative western blot probed with mouse anti-TfR2 antibody and a fluorescence

labeled secondary antibody (both 1:1 0,000) is shown (top). The averaged results of 

duplicates from three independent experiments are shown in the graph {bottom). In 

Hep3B!TfR2WT cells, TfR2 distributes evenly between the cell surface and intracellular 

compartments, with 48 ± 3.0% at the surface and 48 ± 3.5% in intracellular 

compartments. 
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Figure 14. Subcellular localization of TfR2/WT in Hep3B cells. 
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Figure 14. Subcellular localization of TfR2/WT in Hep3B cells. (A and B) Hep3B/ 

TfR2WT cells were seeded at 2.5 x 103 cells/cm2 on poly-L-Iysine coated glass 

coverslips for 24 hr prior labeling. (A) To detect TfR1 and TfR2 at the cell surface, 

coverslips were incubated at 4°C for 45 min in primary antibodies diluted into ice-cold 

MEM supplemented with 10% FBS and 25 mM HEPES, pH 7.2 and rinsed twice on ice 

in ice-cold HBSS prior to fixation, permeabilization, and labeling with secondary 

antibodies as described in Materials & Methods. TfR2 was detected with 16637 rabbit 

anti-TfR2 serum and is shown in green (b, e). TfR1 was detected with 3B82A 1 mouse 

antibody recognizing the extracellular domain (ECD) of TfR1 (a) or with the H68.4 mouse 

antibody recognizing the intracellular domain (lCD) of TfR1 (d) and is shown in magenta. 

The merged images (c, f) show nuclei in blue. The absence of TfR1 staining in (d) 

confirms that intracellular protein was inaccessible to primary antibody. Under 

conditions that prohibit labeling of intracellular protein, TfR1 and TfR2 are visible at the 

surface of Hep3B/TfR2WT cells (a-c). (B) TfR2 co localizes with EEA 1, TfR1, and 

Golgin97 in Hep3B/TfR2 WT cells. To detect total protein by immunofluorescence, cells 

were fixed, permeabilized, and labeled as described in Materials & Methods. Indicated 

markers are shown in magenta (a, d, g), TfR2 is shown in green (b, e, h), and 

coJocaUzation is shown in whit,e (c , f, i). Nuclei are shown in blue in the merged images. 

Scale bar is 10 1-Jm. 
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Figure 15. Diferric Tf Binding to TfR2 is prerequisite for TfR2 stabilization. 
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Figure 15. Diferric Tf Binding to TfR2 is prerequisite for TfR2 stabilization. (A and B) 

Hep3B/TfR2G679A cells were seeded at 2.5 x 103 cells/cm2 on poly-L-Iysine coated 

glass coverslips for 24 hr prior labeling. (A) Surface TfR2/G679A was labeled as 

described in Figure 14A prior to fixation, permeabilization, and labeling with secondary 

antibodies as described in Materials & Methods. TfR2/G679A was detected with 16637 

rabbit anti-TfR2 serum {b). TfR1 was detected with 3B82A 1 mouse antibody recognizing 

the extracellular domain of TfR1 (a). Scale bar is 10 1-Jm. (B) TfR2/G679A co localizes 

with EEA 1, TfR1, and Golgin97 in Hep3B/TfR2G679A cells. To detect total protein by 

immunofluorescence, cells were fixed, permeabilized, and labeled as described in 

Materials & Methods. Indicated endosomal markers are shown in magenta (a, d, g), 

TfR2/G679A is shown in green (b, e, h). In merged images (c, f, I) colocalization is 

shown in white and nuclei in blue. Scale bar is 10 1-Jm. (C) Mutation G679A does not 

alter TfR2 distribution. Hep3B/TfR2G679A cells were seeded at 2.5 x 104 cells/cm2 in 

12-well plates and cultured for 2 days. Differential immunoprecipitation to isolate 

surface and intracellular fractions of TfR2 was performed as described in Figure 128. A 

representative western blot probed with mouse anti-TfR2 antibody and a fluorescence

labeled secondary antibody (both 1:1 0,000) is shown (top). The averaged results of 

duplicates from three independent experiments are shown in the graph {bottom). (D) 

Fe2Tf does not stabilize TfR2/G679A protein. Hep3B/TfR2G679A cells were seeded and 

labeled as described in Figure 13B. Labeled TfR2/G679A was immunoprecipitated and 

detected as described in Materials & Methods. Representative autoradiogram shows 

the rapid loss of TfR2/G679A in untreated and Fe2Tf-treated cells over the course of 7 hr 

(top). The mean of measurements from two independent experiments are shown in the 

graph {bottom). The rate of TfR2/G679A decay does not differ significantly in untreated 

and Fe2Tf-treated cells (p-value = 0.21 08). 
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Figure 16. Response of TfR2 mutants to diferric Tf in Hep3B cells. (A) Sequence of 

TfR2's intracellular domain. Residues mutated by site-directed mutagenesis are in bold. 

The putative endocytic motif is underlined. The position of an additional mutation at 

G679 in the extracellular domain of TfR2 is not shown. (Band C) To test the effect of 

mutations on TfR2's response to Fe2Tf, Hep3B cells were transiently transfected with 

constructs encoding wild-type and mutant TfR2 proteins, re-plated, and treated in 

triplicate without (C) or with (T) 25 1-1M Fe2Tf. Lysates were subjected to SDS-PAGE and 

western blot analysis. Blots were probed with rabbit anti-TfR2 serum and mouse anti-~-

actin antibody followed by fluorescence-labeled secondary antibodies (all 1:1 0,000). (B) 

Representative blots show that TfR2/WT, TfR2N221, and TfR2/K31A increase in Fe2Tf-

treated cells whereas TfR2/Y23A and TfR2/G679A do not. (C) Graph shows the 

averaged results of triplicate treatments from two independent experiments. 

Significance was assessed with two-tailed Student's t-test. P-values of 0.01 - 0.001 and 

< 0.001 indicate changes that are very significant(**) and extremely significant(***), 

respectively. 
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Figure 17. A tyrosine in the cytoplasmic domain of TfR2 is critical for 

internalization. (A} TfR2/Y23A is stable in the presence and absence of Fe2Tf. Hep3B/ 

TfR2Y23A cells were seeded and labeled as described in Figure 138. Labeled TfR2/ 

Y23A was immunoprecipitated and detected as described in Materials & Methods. 

Representative autoradiogram shows only a slight decrease in TfR2/Y23A level over the 

course of a 24 hr pulse in both untreated and Fe2Tf-treated cells. The mean of 

measurements from two independent experiments are shown in the graph (bottom). The 

half-life of TfR2/Y23A in both conditions is> 60 hr. (B) Mutation Y23A alters TfR2 

distribution. Hep3B/TfR2Y23A cells were seeded at 2.5 x 104 cells/cm2 in 24-well plates 
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and cultured for 2 days. Differential immunoprecipitation to isolate surface and 

intracellular fractions of TfR2 was performed as described in Figure 128. A 

representative western blot probed with mouse anti-TfR2 antibody and a fluorescence

labeled secondary antibody (both 1:1 0,000) is shown (top). The averaged results of 

duplicates from three independent experiments are shown in the graph (bottom). Of the 

total TfR2/Y23A in the cell, 58 ± 2.0 % localizes to the plasma membrane and 19 ± 3.0 

% localizes to intracellular compartments. (C) The rate of TfR2/Y23A endocytosis is 

much less than TfR2/WT and TfR2/G679A that does not bind Tf. Rates of internalization 

were analyzed by measuring the rate of disappearance of the receptor from the cell 

surface by flow cytometry as described in Materials & Methods. The results shown are 

the average of three separate transfections with each construct. The experiment was 

repeated twice with similar results. (D) Immunofluorescent labeling of cell surface TfR2 

is conspicuous in Hep38/TfR2Y23A cells. To detect only cell surface protein, Hep3B/ 

TfR2Y23A cells were seeded and labeled as described in Figure 14A. TfR2/Y23A was 

detected with 16637 rabbit anti-TfR2 serum (b). TfR1 was detected with 3882A1 mouse 

antibody recognizing the extracellular domain of TfR1 (a). Scale bar is 10 1-Jm. (E) 

Immunofluorescent labeling of total TfR2/Y23A is similar to that of TfR2/WT. To detect 

total protein by immunofluorescence, cells were fixed, permeabilized, and labeled as 

described in Materials & Methods. TfR1 is shown in magenta (a), TfR2 is shown in green 

(b), and colocalization is shown in white (c). Nuclei are visible in blue in the merged 

image. Scale bar is 10 1-Jm. 
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Discussion 

In this study, we show that the regulation of TfR2 by its ligand is different from 

that of other membrane receptors. Ligand binding to growth factor receptors and G

protein coupled receptors triggers receptor endocytosis and degradation, thereby 

reducing the amount of surface and intracellular receptor (reviewed in Sorkin and Von 

Zastrow, 2002). The binding of Fe2Tf to TfR2, by contrast, increases the amounts of 

surface and intracellular TfR2 by inhibiting receptor degradation. The amounts of 

surface and intracellular TfR2 increase proportionately. This indicates that the steady 

state distribution of TfR2 is unchanged and suggests that ligand binding neither 

stimulates nor inhibits endocytosis. An analysis of the kinetics of TfR2 trafficking is 

required to confirm this. 

Fe2Tf appears to play a direct role in the stabilization of TfR2. In transfected 

Hep38 cells, Fe2Tf stabilizes TfR2/WT but does not stabilize TfR2/G679A, a mutated 

TfR2 that does not bind Fe2Tf (Kawabata et al., 2004). Notably, the half-life of TfR2/ 

G679A is shorter than that of TfR2 endogenously expressed in HepG2 cells (Johnson 

and Enns, 2004) and of TfR2/WT stably overexpressed in Hep38/TfR2WT cells. This is 

consistent with the finding that TfR2, unlike TfR1, binds appreciably to bovine Fe2Tf, 

which is present in tissue culture serum (Kawabata et al., 2004). Medium supplemented 

with 10% fetal bovine serum (FBS) contains approximately 2.5 IJM (0.2 mg/ml) bovine 

Tf (Kakuta et al., 1997), a variable fraction of which is fully saturated with iron and 

capable of binding to TfR2. Thus, under standard cell culture conditions, TfR2 levels 

reflect a basal stabilization by bovine Fe2Tf. 

Monoubiquitination of membrane proteins at cytoplasmic lysine residues targets 

them to lysosomes for degradation. We had hypothesized that monoubiquitination of 
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TfR2 at lysine 31, the only lysine in the intracellular domain of TfR2, might target TfR2 

for degradation. Thus, mutating the lysine to alanine would stabilize TfR2, and TfR2 

would no longer be regulated by Fe2Tf. However, the mutation K31A did not affect 

regulation of TfR2 by Fe2Tf. Our preliminary characterization of the K31A mutation does 

not exclude the possibility that ubiquitination of lysine 31 might regulate TfR2 in other 

ways. 

We have identified a residue within the cytoplasmic domain of TfR2 that is 

critical for TfR2 trafficking. Mutation of tyrosine 23 to alanine resulted in a redistribution 

of the receptor to the cell surface in Hep3B!TfR2Y23A cells. Tyrosine 23 is part of a 

tyrosine-based, putative endocytic motif, YQRV, at residues 23-26. Tyrosine-based 

motifs patterned as YXX0, where 0 represents a hydrophobic amino acid, function as 

sorting signals in the intracellular domains of membrane proteins (reviewed in Mellman 

and Simons, 1992; Marks et al., 1997; Bonifacino and Traub, 2003). The tyrosine 

residue is required to mediate interaction with the medium (1-1) subunit of adaptor protein 

(AP) complexes. APs interact with clathrin and thereby concentrate YXX0-containing 

proteins in clathrin-coated pits. Our results indicate that tyrosine 23 mediates 

internalization of TfR2. This is likely to involve the interaction of TfR2 with AP-2, which 

functions at the plasma membrane. In the case of TfR1, a cargo-specific adaptor 

protein, called TfR trafficking protein (TTP), is also critical for endocytosis (Tosoni et al., 

2005). TTP binds to TfR1 and the endocytic machinery. Whether such an adaptor 

protein might also specifically mediate TfR2 endocytosis is not known. AP-1 and AP-3 

interact with a subset of YXX0 motifs to mediate vesicle transport between endosomes 

and the TGN and to lysosomes and lysosomal-like compartments, respectively. 
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Whether the YQRV motif has additional roles in directing TfR2 trafficking remains to be 

determined. 

Even though the endocytic motifs of TfR1 and TfR2 are similar, the trafficking of 

these receptors differs. We found that the two receptors only partially colocalized. In 

addition, Tf traffics to late endosomal compartments in Hela cells transfected with TfR2 

but not in untransfected cells expressing only endogenous TfR1 (Robb et al., 2004). 

This implies a possible role for TfR2 in Tf sequestration distinct from TfR1. Finally, 

whereas Fe2Tf does not affect the trafficking of TfR1, which internalizes constitutively 

and recycles (Watts, 1985), it does alter the trafficking of TfR2, redirecting it from a 

degradative pathway to a recycling pathway. 

The mechanism by which Fe2Tf binding to the extracellular domain of TfR2 

regulates receptor stability and trafficking is unclear. Ligand binding to the extracellular 

domain might reposition TfR2 medially in the membrane. This could bury or expose 

sites for protein interaction or post-transcriptional modification. Alternatively, such 

repositioning could alter the proximity of residues to the membrane which can in some 

cases affect their ability to function as targeting signals (Rohrer et al., 1996). Ligand 

binding might also disrupt or facilitate interaction between the extracellular domain of 

TfR2 and a second membrane protein whose intracellular domain is positioned to 

interact or mediate an interaction with the intracellular domain of TfR2. In such a way, 

an extracellular event could trigger an intracellular response. 

The consequence of ligand-induced stabilization, by increasing receptor 

number, could be the augmentation of a constitutive receptor function, be it signaling, 

delivering ligand, or interacting with other proteins. Regulated in such a manner, 

modulation of receptor number could relay changes in ligand concentration. In the 
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present case, this would enable changes in transferrin saturation to modulate 

processes that maintain iron homeostasis. In healthy individuals, the degree to which 

Tf in the circulation is saturated with iron generally reflects the supply of iron in the 

body. Because TfR2 is expressed in hepatocytes, it is positioned to regulate the 

expression of hepcidin, a small peptide hormone synthesized and secreted by 

hepatocytes that controls systemic iron levels by modulating cellular iron efflux (Nicolas 

et al., 2001; Nicolas et al., 2002; Pigeon et al., 2001; Roetto et al., 2003; Nemeth et al., 

2004). Consistent with this hypothesis, individuals and mice with disease-causing 

mutations in TfR2 fail to regulate hepcidin appropriately (Kawabata et al., 2005; Nemeth 

et al., 2005). TfR2 might, therefore, sense systemic iron levels through interaction with 

its ligand. 

Materials & Methods 

Reagents and antibodies 

Bovine serum albumin was obtained from lntergen (Burlington, MA). Bafilomycin, 

cycloheximide, poly-L-Iysine, ovalbumin, and saponin were obtained from Sigma

Aldrich (St. Louis, MO). Paraformaldehyde was from Electron Microscopy Sciences 

(Hatfield, PA). EasyTag Express Protein Labeling Mix containing [35S]-cysteine/ 

methionine was obtained from PerkinEimer Life and Analytical Sciences (Boston, MA). 

Generation of anti-TfR1 monoclonal antibody 3B82A1, anti-TfR2 monoclonal antibody 

9F81 C11, and anti-TfR2 rabbit serum was described previously (Vogt et al., 2003; 

Johnson and Enns, 2004). H4A3 anti-LAMP1 ascites, developed by J.T. August and J. 

E. K. Hildreth, was obtained from the Developmental Studies Hybridoma Bank 

(University of Iowa, Iowa City, Iowa) under the auspices of the National Institute of Child 
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Health and Human Development. Other primary antibodies were obtained from the 

following companies: mouse anti-~-actin, mouse anti-y adaptin, and rabbit anti-Rab7 

from Sigma-Aldrich (St. Louis, MO); mouse anti-EEA 1 from Abeam (Cambridge, UK); 

mouse anti-Golgin97 from Invitrogen (Carlsbad, CA); and H68.4 mouse anti-TfR1 from 

Zymed Laboratories (San Francisco, CA). HAP-conjugated secondary antibodies were 

purchased from Chemicon (Temecula, CA). Fluorescently-labeled Alexa 488, Alexa 

543, and Alexa 680 secondary antibodies were from Invitrogen. Fluorescently-labeled 

IRDye 800 secondary antibody was from Rockland lmmunochemicals (Gilbertsville, PA). 

Constructs 

Full-length TfR2 transcript was amplified by PCR from HepG2 eDNA using the forward 

primer 5'-gaattcgcaggcttcaggaggggacacaagcatg-3' and the reverse primer 5'

gcggccgcggcttattgatatcaggtgg-3', designed to introduce flanking EcoR1 and Not1 

restriction sites, respectively. The PCR product was cloned into a pGemT (Promega, 

Madison, WI) vector and subcloned into a pcDNA3.1 +IN eo vector (Invitrogen, Carlsbad, 

CA). Mutations were introduced by site-directed mutagenesis using the QuikChange 

XL Kit (Stratagene, La Jolla, CA). 

Cell culture 

HepG2 and Hep38 human hepatoma cells obtained from American Type Culture 

Collection (ATCC, Manassas, VA) were cultured in Minimal Essential Medium (MEM, 

Life Technologies, Inc.) supplemented with 10% fetal bovine serum (FBS), 1.0 mM 

sodium pyruvate, and 0.1 mM non-essential amino acids (Life Technologies, Inc.). For 

metabolic labeling, cells were washed twice with PBS and incubated in labeling 

medium (MEM without !-methionine or !-glutamine (PromoCell, Heidelberg, Germany) 
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supplemented with 1 0% FBS, 1.0 mM sodium pyruvate, 0,1 mM non-essential amino 

acids, and 100 IJM f 5S]-cysteine/methionine) without or with 25 IJM Fe2Tf for the 

indicated times at 37°C. 

Transfection 

Hep3B cells, seeded at 3.1 x 104 cells/cm2 16 hr earlier, were transfected in Opti-MEM 

(Invitrogen) using Lipofectamine (Invitrogen) according to the manufacturer's 

instructions, 0.2 j.Jg/cm2 plasmid, and a Lipofectamine:DNA ratio of 2.5 (1JL/1Jg). Normal 

medium was replaced 4 hr later. For stable transfections in 6-well plates, cells were split 

to 4 (100 mm) dishes 3 days later and selected with 400 IJg/mL G418 (Calbiochem, 

San Diego, CA). Colonies were picked after two weeks. For transient transfections in 60 

mm dishes, cells were split to 6 (4 mm) wells 30 hr later, cultured for 16 hr, and then 

cultured for an additional 24 hr in the absence or presence of 25 1-1M Fe2Tf. This 

approach was found to minimize fluctuations in expression level that result from 

variations in transient transfection efficiency. 

Sodium dodecycl sulfide-polyacrylamide gel electrophoresis and western blot 

Cells were lysed in NETT (150 mM NaCL, 5 mM EDTA (ethylenediaminetetraacetic 

acid), 10 mM Tris base (tris(hydroxymethyl)aminomethane), pH 7.4 with 1.0% (v/v) 

Triton X-1 00) with 1 x Complete Mini Protease Inhibitor cocktail (Roche Diagnostic Corp., 

Indianapolis, IN) on ice for 15 min. Lysates were collected and cleared by 

centrifugation at 5000 x g for 15 min. Total protein concentration was measured by 

bicinchoninic acid assay (Pierce, Rockford, IL). Samples containing 10-20 IJg total 

protein were diluted into 4x Laemmli buffer, heated to 95°C for 5 min, loaded on 10% 

denaturing gels, and analyzed by SDS-PAGE, followed by western blot with HRP-
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conjugated or fluorescence-conjugated secondary antibodies as described previously 

(Johnson and Enns, 2004). 

Immunofluorescence 

The subcellular localization of TfR2 was assessed by double-labeling 

immunofluorescent detection. For colocalization with Rab7, TfR2 was detected using 

the purified lgG fraction of the 9F81 C11 mouse anti-TfR2 supernatant (4.8 IJg/mL), and 

Rab7 was detected with a rabbit polycolonal antibody {1 :1 000). For colocalization with 

all other markers, TfR2 was detected using the purified lgG fraction of the 16637 rabbit 

anti-TfR2 polyclonal anti-serum (8 IJg/mL). Established markers of other intracellular 

compartments were detected with various mouse monoclonal antibodies as follows: 

TfR1 (3B82A1 at 1.5 IJg/mL, H68.4 at 1 :500), EEA1 (1 :1 00), AP-1 (1 :1 00), Golgin97 

(1 :125). Rabbit polyclonal antibodies were detected with goat anti-rabbit AlexaFiuor 

488 (1 :500). Mouse monoclonal antibodies were detected with goat anti-mouse 

AlexaFiuor 543 (1 :500). 

For colocalization with Rab7, cells were rinsed twice with wash buffer (1.8 mM 

calcium chloride, 2.5 mM magnesium acetate, 75 mM potassium acetate, 25 mM 

HEPES, pH 7.2), permeabilized and extracted with permeabilization buffer (0.1% 

saponin (w/v) and 0.1% bovine serum albumin (w/v) in wash buffer) for 30 min at RT, 

rinsed twice with wash buffer, fixed in 2% (v/v) paraformaldehyde in PBS for 30 min at 

RT, rinsed twice with wash buffer, and quenched with 10 mM glycine in wash buffer for 

10 min at RT. All subsequent dilutions and washes were done with permeabilization 

buffer to maintain cell permeabilization. Cells were incubated in primary antibodies for 

30 min, washed three times for 5 min, incubated with secondary antibodies for 30 min, 
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and washed five times for 5 min. Coverslips were rinsed an additional three times in 

wash buffer and two times in distilled deionized water prior to mounting. 

For colocalization of TfR2 with all other markers, cells were washed twice in 

Hank's Balanced Salt Solution (HBSS, Sigma-Aldrich), fixed for 15 min with 4% (v/v) 

paraformaldehyde in HBSS, quenched for 10 min in 10 mM glycine in HBSS, 

permeabilized for 10 min with 0.2% Triton-X 100 in HBSS, and blocked with 3% BSA in 

HBSS for 30 min at room temperature. Cells were incubated in primary antibodies, 

diluted into 3% BSA in HBSS, for 30 min, washed three times for 5 min with HBSS, 

incubated with secondary antibodies diluted in 3% BSA in HBSS for 30 min, washed 

five times for 5 min with HBSS, and rinsed twice with distilled deionized water. Where 

indicated, nuclei were stained by addition of ToPro3 (1 :1000, Molecular Probes/ 

Invitrogen) to the secondary antibody incubation. Coverslips were mounted in Prolong 

Gold anti-fade reagent (Molecular Probes/Invitrogen, Eugene OR). 

Confocal microscopy 

Images were acquired by laser-scanning confocal microscopy using the Zeiss 

X1 00/1.45 NA oil immersion objective lens (ex Plan-Fiuar) on a Zeiss LSM 5 Pascal 

confocal inverted microscope. AlexaFiuor 543 and AlexaFiuor 488 signals were 

sequentially excited with helium neon (543 nm) and argon (488 nm) lasers, respectively, 

and obtained using the multi-tracking function. Colocalization was quantified using the 

colocalization module in Pascal. After correcting for background in each image, 

colocalization was assessed as the fraction of TfR2 pixels colocalizing with TfR1, EEA 1, 

Golgin97, AP-1, or Rab? pixels. 

-90-



Chapter 3 

lmmunoprecipitation of [35)S-/abeled TfR2 

At the indicated times, cells were placed on ice, washed two times with ice-cold PBS, 

and lysed in NETI with 1 mg/ml ovalbumin. Lysates were pre-cleared with 50 IJL 

Pansorbin for 1 hr at 4°C. Pansorbin was pelleted by centrifugation for 2 min at 13,000 

x g. The cleared lysate was then transferred to a tube containing 2.5 IJL of 16637 rabbit 

anti-TfR2 antiserum pre-bound to 50 iJL Pansorbin and immunoprecipitated for 1 hr at 

4°C. The sample was pelleted, resuspended in 100 iJL NETT/ovalbumin, and washed 

through NED/ovalbumin containing 15% sucrose (w/v). Sample was resuspended in 

50 IJL 2x Laemmli buffer (Laemmli, 1970), heated at 95°C for 5 min, centrifuged at 

13,000 x g for 2 min to pellet Pansorbin, and electrophoresed through a reducing 1 0% 

SDS-PAGE gel. The gel was then dried and exposed to a Phosphorimager screen 

(Molecular Dynamics) for quantification and film for image acquisition. 

Rates of endocytosis of WT, Y23A, and G679A TfR2 

Hep3B cells, seeded at 2.8 x 104 cells/cm2 16 hr earlier in 10 em plates, were 

transfected in Opti-MEM (Invitrogen) using 12 IJg WT, Y23A, or G679A TfR2 plasmid 

and 36 IJL Lipofectamine (Invitrogen) according to the manufacturer's instructions. 

MEM containing 20% FBS was added to the plates 6 hr later and replaced 24 hr later 

by growth medium. Forty-eight hours after transfection both the plasmid-transfected 

and mock-transfected Hep3B cells were washed twice with ice-cold PBS and then 

detached from 1 0 em dishes using cell dissociation buffer (Gibco) for 1 0 minutes at 3r 

C. Cells were collected, divided into five tubes, and pelleted by centrifugation at 1500 

rpm for 5 minutes. To label cell-surface TfR2, cells were incubated in 25 IJg/ml rabbit 

anti-TfR2 serum diluted in ice-cold FAGS staining buffer (FSB: Hank's balanced salt 

solution without Ca, Mg or phenol red, 1 OmM HEPES, pH 7.4, 1% FBS) on ice for 30 
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minutes, after which they were washed by under-layering with FBS and centrifugation. 

Cells were transferred to 3r C assay medium for 0, 4, 8, 12, 16 minutes in 5% C02 to 

allow for internalization of TfR2/anti-TfR2 complexes. Cells were then fixed in 4% 

paraformaldehyde-PBS for 20 minutes on ice. The fixed cells were washed once with 

cold FSB. Uninternalized antibody was detected by incubating cells with an Alexa 

Fluor-488 goat anti-rabbit secondary antibody (1 :600 dilution in FSB) for 30 min on ice 

followed by washing with cold FBS. Surface antibody was quantified by fluorescence 

flow cytometry using a Becton Dickinson FACSCalibur flow cytometer. Profiles were 

gated on intact cells based on morphology. Arithmetic mean fluorescent intensity, at 

each time t, was subtracted from the Hep3B mock-transfected control. 
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Fe2Tf stabilizes TfR2 in hepatoma cells. This regulation is specific to the 

interaction of Fe2Tf with TfR2: TfR2 is not stabilized by iron or by the binding of Fe2Tf to 

TfR1. Significantly, TfR2 is half-maximally stabilized by concentrations of Fe2Tf in the 

range of 1 - 3 1-JM, which approximates the concentration of Fe2Tf in the serum of a 

healthy individual. The finding that TfR2 protein level is elevated in mice with high 

serum Tf concentrations and reduced in mice with low serum concentrations (Robb and 

Wessling-Resnick, 2004) substantiates the physiological relevance of this finding. 

Mutation of a glycine in the extracellular domain of TfR2 that is critical for Fe2Tf

binding precludes receptor stabilization. Thus, Fe2Tf must interact directly with TfR2 to 

inhibit the receptor's degradation. This mode of regulation is unusual. Ligand-binding 

often causes membrane receptors to be ubiquitinated and targeted to the lysosome for 

degradation, as with EGFR and ~-adrenergic receptor, for example. By contrast, TfR2 

undergoes lysosomal degradation, but at a slower rate upon binding Fe2Tf. Mutation of 

the only lysine in the cytoplasmic domain of TfR2 does not affect its response to Fe2Tf. 

Either ubiquitination does not mediate TfR2 degradation, or Fe2Tf further enhances the 

stability conferred by the lysine mutation. 

The mechanism by which Fe2Tf stabilizes TfR2 involves a change in the 

trafficking of the receptor. TfR2 localizes to early, recycling, and late endosomes, as 

well as to the plasma membrane and the trans-Golgi network. This pattern of 

localization is consistent with the trafficking of TfR2 along biosynthetic, recycling, and 

degradative pathways. Ligand binding directs TfR2 into a recycling pathway, thereby 

reducing degradation and increasing receptor number. 

Proper trafficking of TfR2 through endosomal compartments depends upon a 

tyrosine in the cytoplasmic domain of TfR2. This tyrosine, at residue 23, is part of 
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YXX0 motif. Such motifs in the cytoplasmic domain of membrane proteins typically 

mediate recruitment into clathrin-coated vesicles. The failure of TfR2 to internalize 

when tyrosine 23 is mutated to alanine implicates the YQRV sequence as an endocytic 

motif. By inhibiting endocytosis, the Y23A mutation prevents degradation of TfR2 and 

supersedes stabilization by Fe2 Tf. 

Redirection of TfR2 to a recycling pathway may do more than increase receptor 

number by delaying degradation. Endocytosis delivers membrane receptors to 

intracellular compartments where they encounter molecules that differentially modify 

their activity (reviewed in Sorkin and Von Zastrow, 2002; Miaczynska et al., 2004; Polo 

and Di Fiore, 2006). EGFR signaling continues after internalization in a manner that is 

dependent on molecules associated with particular endosomes and therefore distinct 

from signaling at the plasma membrane (Teis et al., 2002). Transforming growth factor

~ (TGF-~) signaling and degradation are regulated by its delivery to particular 

endosomes (DiGuglielmo et al., 2003). Clathrin-independent endocytosis (CIE) delivers 

TGF-~ receptors to caveolin-positive endosomes where a ubiquitin ligase complex 

promotes their degradation. By contrast, clathrin-mediated endocytosis (CME) delivers 

TGF-~ receptors to EEA 1-positive endosomes where an anchor protein facilitates their 

interaction with downstream effectors and thereby promotes their signaling . Thus, the 

trafficking of TGF-~ affects not only its stability, but also its activity. Recycling of TfR2 

may be important because it alters TfR2 localization, and thus possibly its interaction 

with other proteins that mediate its regulation of hepcidin. If TfR2 interacts with HFE, 

as recently reported (Goswami and Andrews, 2006), the co-trafficking of HFE with TfR2 

to a particular compartment in response to Fe2Tf binding might also be significant. HFE 

has a short cytoplasmic domain with limited capacity to mediate interactions that 
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regulate the protein's localization. Co-trafficking with TfR2, though, could direct HFE to 

subcellular compartments from which HFE relays a signal to regulate hepcidin. 

We hypothesized that TfR2 senses body iron levels by sensing the 

concentration of Fe2Tf in the circulation. This hypothesis predicts that changes in the 

concentration of Fe2 Tf will induce a response from TfR2 and that this response will 

modulate the expression of hepcidin. Our results validate the first prediction and 

suggest ways by which to test the second in the absence of a cell culture system in 

which iron regulates hepcidin. If binding of Fe2Tf to TfR2 relays a signal that modulates 

hepcidin expression, transgenic expression in mice of a TfR2 mutant unable to bind 

Fe2Tf (TfR2/G679A) should disrupt iron homeostasis and cause hemochromatosis. 

Further insight into the mechanism by which TfR2 mediates iron homeostasis could be 

gained from transgenic expression of a TfR2 mutant that does not traffic properly 

(TFR2/Y23A, for example). Such a mutant might reveal whether TfR2 trafficking to or 

signaling from a particular location is important for its function. 
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Rationale 

When characterizing lysates from HepG2 cells treated without or with Fe2 Tf 

(Chapter 2, (Johnson and Enns, 2004)), we detected by western blot an increase in Tf in 

lysates from cells treated with Fe2Tf (Figure18A). We wondered whether the additional 

Tf derived from the exogenous Tf added to the culture medium or from a change in the 

metabolism of endogenous Tf. 

Results 

In order to discriminate between endogenous and exogenous Tf in western blot 

experiments, we treated cells with a non-glycosyated form of Fe2Tf (ng-Fe2Tf} that 

migrates at a lower molecular weight than the glycosylated endogenous form for 24 hr. 

The ng-Fe2Tf is clearly visible in lysates from these cells (Figure 188, lane 3) and, to a 

lesser extent, in cells washed with acid prior to lysis to strip surface-bound Tf (Figure 

188, lane 6). Thus, the increase in Tf in cells treated with Fe2 Tf is due, at least in part, 

to the binding and internalization of exogenous Fe2Tf. 

To assess whether Fe2Tf treatment alters Tf metabolism in HepG2 cells, we 

assessed the affect of Fe2Tf on Tf transcription, secretion, and synthesis. Levels of Tf 

transcript are similar in control and Fe2Tf-treated cells (Figure 18C), indicating that Fe2Tf 

does not alter the rate at which Tf transcript is synthesized or degraded. Treatment 

with Fe2 Tf does not alter the rate of Tf secretion from HepG2 cells (Figure 180), either, 

though the overall level of Tf was lower in Fe2Tf-treated cells. Finally, the rate of Tf 

synthesis decreases, rather than increases, in cells exposed to Fe2 Tf (Figure 180). 
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Conclusions 

From the preceding experiments we conclude that the increase in Tf protein 

observed in cells treated with Fe2Tf is due to binding and internalization of exogenous 

Fe2Tf. Exogenous ng-Fe2Tf is easily distinguishable from endogenous Tf and is both 

bound and internalized by HepG2 cells. A change in the metabolism of endogenous Tf 

was not observed that could account for the observed increase in Tf. 

In these experiments treatment with Fe2Tf decreases the rate of Tf protein 

synthesis. Viewed from the perspective or iron regulation, this is consistent with a 

previous reports investigating the regulation of human Tf. Chimeric mice carrying the 5' 

untranslated region (UTR) of human Tf upstream of the chloramphenicol acetyl 

transferase (CAT} gene show decreased CAT enzyme activity correlating with 

decreased CAT protein but not mRNA levels 72 hours after interperitoneal injection of 

10mg/kg body weight ferric ammonium citrate (FAC) (Adrian et al., 1990; Cox and 

Adrian, 1993). The response was mediated by a region in the 5' UTR of Tf containing 

an iron responsive element (IRE) that binds iron regulatory protein (IRP) (Cox and 

Adrian, 1993; Cox et al., 1995). The IRE in the 5' UTR of Tf is atypical in that IRP 

binding under low iron conditions increases Tf level. The Tf IRE thus behaves more like 

the IREs in the 3' UTR of TfR1 than the IRE in the 5' UTR of Ft. When bound by IRPs, 

the former stabilizes TfR1 transcript by blocking cleavage, thereby increasing TfR1 

levels under low iron conditions (Casey et al., 1988). The latter blocks translation, 

thereby decreasing Ft levels under low iron conditions (Hentze et al., 1987; Rouault et 

al., 1988). The IRE-IRP mechanism that regulates Tf remains unclear. Our results 

support the conclusion that Tf protein synthesis is regulated through an IRE in response 

to iron level and complement results showing that desferioxamine (DFO) increases Tf 
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synthesis in HepG2 cells (Barnum-Huckins and Adrian, 2000). The regulation of Tf 

translation by iron may have physiological implications given that serum Tf levels are 

lowered in individuals with iron overload (Morgan, 1983). 

Methods 

Non-glycosylated Tf treatments Anne Brown-Mason generously provided 1 mg/ml ng

Fe2Tf. This stock solution was concentrated to 35 mg/ml using a Centricon1 0 

concentrator according to the manufacturer's instructions. HepG2 cells were seeded at 

2 x 1 04 cells/cm2 for 3 days prior to treatment with 6 ~M Fe2 Tf or ng-Fe2 Tf for 24 hr. 

Lysates were collected and analyzed by SDS-PAGE as described in Chapter 2. Tf was 

visualized by western blot using goat anti-Tf serum (1 :1 0,000) and swine anti-goat 

secondary antibody (1 :10,000, Chemicon) followed by chemiluminescent detection. 

Real-time qRT-PCR Tf transcript level was measured by real-time qRT -PCR following 

the method described in Chapter 2 (Johnson and Enns, 2004). 

lmmunoprecipitation lmmunoprecipitation of metabolically-labeled Tf followed the the 

method described in Chapter 3 (Johnson et al., 2006). Goat anti-Tf serum (2 ~L) was 

used to immunoprecipitate Tf. 
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Figure 18. Effect of exogenous diferric transferrin on endogenous transferrin. 
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Figure 18. Effect of exogenous diferric transferrin on endogenous transferrin. (A) 

An increase in the amount of Tf is observed in cells treated with Fe2Tf. HepG2 cells 

were cultured for 4-72 hours after addition of 25 ~M Fe2Tf or HBS to the medium. 

Lysates (20 ~g total protein) were transferred to nitrocellulose, probed for Tf, and 

visualized by chemiluminescence. (B) Intracellular and surface-bound exogenous Tf 

contributes to the observed increase in Tf. HepG2 cells were cultured for 24 hours after 

addition of 6 ~M Fe2Tf, 12.5 ~M non-glycosylated Fe2Tf, or HBS to the medium. One 

set of cells was washed with 0.2 N acetic acid in 0.2 M NaCI to remove surface-bound 

Tf. Lysates (20 ~g total protein) were transferred to nitrocellulose, probed for TfR2 and 

Tf, and visualized by chemiluminescence. (C) Tf transcript in HepG2 cells does not 

increase in response to Fe2Tf. Total RNA was isolated from -1 x 107 HepG2 cells 24 

hours after addition of 25 ~M Fe2Tf or equal volume HBS to the medium. Expression of 

Tf and GAPDH transcripts was measured by real-time qRT -PCR analysis of eDNA 

synthesized from 2 ~g total RNA. Tf levels are shown relative to GAPDH levels. The 

graph represents the mean of three separate experiments in which each sample was 

analyzed twice in triplicate. Error bars depict the standard deviation. (D and E) HepG2 

cells were seeded three days prior to treatment with 25 ~M Fe2Tf for 24 hr. (D) The rate 

of Tf secretion does not decrease in response to Fe2Tf. Cells were washed twice with 

PBS and incubated in labeling medium containing 100 ~M r5S]-cysteine/methionine 

without or with 25 ~M Fe2Tf for 60 min at 3rC. Cells were washed three times with PBS 

and chased for 60- 90 min in normal media in the absence or presence of 25 ~M Fe2Tf. 

Lysates were collected and immunoprecipitated as described in Methods. (E) The rate 

of Tf synthesis decreases in response to Fe2Tf. Cells were washed twice with PBS and 

incubated in labeling medium without or with 25 ~M Fe2Tf for 5- 20 min at 3rC. 

Lysates were collected and immunoprecipitated as described in Methods. 
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Rationale 

We sought to identify a hepatoma cell line in which hepcidin responds to Fe2Tf 

in order to study the relationship between Fe2Tf concentration, TfR2 stability, and 

hepcidin expression and thereby define a mechanism by which TfR2 contributes to iron 

homeostasis. To this end, we used quantitative real-time PCR (qRT-PCR) to measure 

changes in the expression of hepcidin and other iron-related genes in response to 

Fe2Tf. 

Results 

Profiles of iron-related gene expression were determined for HepG2, HepG2 

cells stably transfected with TfR2 (HepG2/TfR2), Hep3B cells, and Hep3B cells stably 

transfected with TfR2 (Hep3B/TfR2). The relative expression levels of Cp, DMT1, Ft, 

and Tf were similar in HepG2 and Hep3B cells (Figure 19A and B; Table 1 ). Hepcidin 

expression was easily detected in HepG2 cells but near the limit of detection in Hep3B 

cells. Although TfR2 expression was slightly lower in Hep3B cells than in HepG2 cells, 

consistent with the finding that TfR2 protein is only detectable in the latter (Vogt et al., 

2003). TfR1, HFE, Fpn1 expression were slightly higher in Hep3B cells than in HepG2 

cells. Stable transfection of TfR2 increased TfR2 transcript level over 1 00-fold in both 

transfected cell lines. Hepcidin expression decreased by 18-fold upon overexpression 

of TfR2 in HepG2 cells but not in Hep3B cells. The change may be attributable to 

differences in culture condition or passage number. Otherwise, TfR2 expression had 

little effect on iron-related gene expression (Figure 19 C and D; Table 1) A significant 

decrease in TfR1 expression was not observed, despite an increase in intracellular iron 

that should accompany overexpression of TfR2, due to its internalization of bovine Tf 
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from the medium. Compensatory mechanisms might normalize changes in iron level 

over time. An effect of TfR2 on TfR1 expression might be more pronounced upon acute 

expression of TfR2, as in an inducible cell culture system. 

The effect of Fe2Tf on iron-related gene expression was initially assessed in 

HepG2 cells treated with Fe2Tf for 24 hours (Figure 20A). Consistent with its iron

dependent regulation by the IREIIRP system, TfR1 expression decreased slightly, but 

significantly (see also Figure 8), in cells treated with Fe2Tf. No other significant changes 

were detected. Similar results were obtained with HepG2 (Figure 208) and HepG2!TfR2 

(Figure 20C) cells treated with Fe2Tf for 2 and 6 hr and with Hep3B (Figure 200) and 

Hep3B!TfR2 (Figure 20E) cells treated with Fe2 Tf for 2 and 24 hr. 

Conclusions 

Our results are consistent with other reports showing that iron fails to induce 

hepcidin expression in vitro as it does in vivo. Treatment of freshly isolated hepatocytes 

with ferric ammonium citrate (FAC) or the iron chelator desferrioxamine (DFO) does not 

elicit a change in hepcidin expression (Pigeon et al., 2001). Neither ferric ammonium 

citrate (FAC) nor Fe2Tf affect hepcidin expression in hepatocytes cultured in serum-free 

medium, while in medium with serum, Fe2Tf decreases, rather than increases, hepcidin 

expression (Nemeth et al., 2003). In HepG2 cells hepcidin decreases in response to 

iron nitrilotriacetate (FeNTA) and does not respond to Fe2Tf (Gehrke et al., 2003). Since 

TfR2 is required for proper regulation of hepcidin, we had surmised that the low or 

undetectable levels of TfR2 protein in hepatoma cell lines might contribute to the 

unresponsiveness of hepcidin. Fe2Tf did not induce hepcidin expression in HepG2 cells 

or Hep3B cells in which TfR2 was overexpressed (Figure 20C and E), however. 
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These results have prompted the hypothesis that molecules external to the 

hepatocyte, perhaps released by Kupffer cell macrophages or transported in the serum, 

relay iron signals to hepatocytes that regulate hepcidin expression. The role of 

cytokines IL-6 and IL-1, both released by macrophages, in regulating hepcidin in 

response to inflammation is well established (Nemeth et al., 2004b; Lee, 2005). IL-6 is 

not essential for iron signaling to hepatocytes, though, since IL-6+ mice increase 

hepcidin expression when switched to a high-iron diet (Nemeth et al., 2004b). Hepcidin 

may not appropriately respond to iron in cell culture because culture conditions do not 

accurately reproduce physiological conditions. Culture conditions may alter the 

function, interactions, or signaling of proteins upstream from hepcidin. Alternatively, 

the absence of proper hepcidin regulation by iron in cell culture might be due to the 

expression profile of the hepatic cell itself. Hepatocytes dedifferentiate after a few days 

in culture, and thus may cease to express proteins needed to mediate the effect of iron 

on hepcidin. HepG2 cells express TfR1, TfR2, Tf, Fpn1, DMT1, Ft, HFE, Hepc, Hjv, and 

ceruloplasmin but in some cases at markedly different levels than hepatocytes in vivo. 

In HepG2, cells TfR2 and TfR1 transcript levels are similar (Figure 19A), but in 

hepatocytes, levels of TfR2 transcript are considerably higher than levels of TfR1 

transcript (Zhang et al., 2004). Also in HepG2 cells, expression of HFE and Hjv is low 

(Figure 19A; Zhang et al., 2004). Thus, though the proteins that participate in iron 

regulation of hepcidin are present, the extent and stoichiometry of their expression may 

be inappropriate. 
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Methods 

Stable transfection of HepG2 cells pcDNA3. 1-f/TfR2 HepG2 cells were seeded at 6.0 x 

105 cells/cm2 24 hr prior to transfection at which time their medium was replaced with 

fresh MEM containing 10% FBS. For each 35 mm dish transfected, FuGene6 

transfection reagent (6 ~L) was added to Opti-MEM (94 ~L) in a sterile centrifuge tube 

without touching the wall of the tube. Plasmid DNA (1 ~g) was then added. The 

mixture was incubated for 15 min at RT and then added dropwise to the dish of cells. 

The medium was replaced with fresh MEM/FBS 24 hr later. Cells were trypsinized 3.5 

days later and replated to two 100 mm dishes in MEM/FBS containing 1 mg/ml G418. 

Medium was replaced every 5 days. Clones were picked approximately 2 weeks after 

transfection. HepG2/TfR2 cells were cultured in MEM supplemented with 10% FBS 

and 1 mg/ml G418. 

Real-time qRT-PCR Transcript levels was measured by real-time qRT-PCR following 

the method described in Chapter 2 (Davies and Enns, 2004; Johnson and Enns, 2004; 

Zhang et al., 2004). 
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B. Iron-related gene expression in Hep38 cells 
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Figure 19. Profiles of iron-related gene expression in human hepatoma cell lines. 

(A-D) Transcript levels were measured by real-time quantitative PCR as described in 

Chapter 2. (A and B) The expression of iron-related genes is similar in HepG2 and 

Hep38 cells. (C and D) Overexpression of TfR2 does not significantly alter the 

expression of iron related genes in HepG2 and Hep38 cells. HepG2 and Hep3B cells 

were stably transfected with plasmid encoding TfR2 as described in Methods and 

Chapter 3, respectively. ND indicates not determined. 
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Table 1. Relative expression of iron-related genes in hepatoma cells. 

FOLD-CHANGE 

HepG2 HepG2/TfR2 Hep38/TfR2 Hep3B 

relative to relative to relative to relative to 

HepG2 HepG2 Hep3B HepG2 

Cp -.73 -1.6 -1.7 1.5 

DMT1 -1.27 1.4 -1.1 2.4 

FPN1 -1.03 2.0 -1.0 4.4 

FtHC -1.8 -1.2 1.2 2.8 

FtLC -3.0 -2.4 1.2 2.1 

Hepc -2.2 -18 2.6 -417 

HFE -1.6 1.1 1.5 4.2 

Tf -1.2 1.1 -2.3 2.7 

TfR1 -0.7 1.4 -1.1 3.8 

TfR2 -0.7 132 172 -3.5 

The table shows the fold-difference in expression level of iron related genes in HepG2, 

Hep3B, HepG2/TfR2, and Hep3B/TfR2. The first column of figures compares 

expression levels in HepG2 cells measured in two different sets of experiments and 

provides a reference for variations that might be attributable to passage number, culture 

conditions, and cell line drift. The second and third columns of figures show the fold

change in gene expression upon transfection of HepG2 or Hep38 cells with TfR2. The 

final column compares the two hepatoma parent cell lines. Changes considered 

significant are highlighted. 
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Figure 20. Effect of differic transferrin on expression of iron-related genes in 

human hepatoma cell lines. (A-E) Fe2 Tf does not alter iron-related gene expression in 

human hepatoma cell lines. HepG2 (A and B), HepG2!TfR2 (C), Hep3B (D) and Hep3B/ 

TfR2 (E) cells were treated with 25 ~M Fe2Tf for the indicated lengths of time. Transcript 

levels were measured by real-time quantitative PCR as described in Chapter 2. ND 

indicates not determined. 
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Rationale 

Trfr2Y24sx mice express lower levels of hepcidin transcript than wild-type mice. 

Unlike wild-type mice, These mutant mice also fail to induce hepcidin expression after 

injection with iron dextran (Kawabata et al., 2005). Thus, TfR2 positively regulates 

hepcidin expression. The mechanism by which it does so is not understood, however, 

and at the molecular level is more amenable to analysis in a cell culture system. To 

establish a method by which to study the effects of TfR2 knockdown in cell culture we 

used siRNA to down regulate endogenous TfR2 in HepG2 human hepatoma cells. 

Results 

Transfection of HepG2 cells with siRNA targeting TfR2 reduced TfR2 protein 

level by approximately 90% (Figure 21). No significant change in TfR2 protein level was 

observed in cells transfected without siRNA or transfected with various nonspecific 

siRNA duplexes. 

Conclusions 

One approach by which to study the requirement for TfR2 in mediating the 

effect of Fe2Tf on hepcidin expression is to transfect TfR2 into a hepatoma cell line that 

does express endogenous TfR2, such as Hep3B cells, and compare the response of 

transfected and non-transfected cells to Fe2 Tf. Cell line variability is a major 

disadvantage to this approach, particularly in studying hepcidin expression, which is 

sensitive to culture conditions and numerous stimuli. Knockdown of TfR2 with siRNA is 

an alternative approach. A variety of nonspecific siRNA constructs are available to 

control for side effects of siRNA transfection. Knockdown and expressing cells can be 
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cultured under nearly identical conditions. Application of this approach, however, 

awaits identification of a cell culture system in which hepcidin responds to iron. Unlike 

mice fed an iron-rich diet, neither HepG2 cells, Hep38 cells, nor cultured hepatocytes 

upregulate hepcidin expression when treated with Fe2Tf or non-transferrin bound iron 

(Figure 20; Pigeon et al., 2001; Gehrke et al., 2003; Nemeth et al., 2003). 

Methods 

Control reagents and siRNA duplexes Control reagents and siRNA were obtained from 

Dharmacon (Lafayette, CO). Predesigned Standard siGenome siRNA duplexes (5 nmol) 

were dissolved in 250 IJL 1 x siRNA buffer to a final concentration of 20 iJM (20 pmoi/1-JL) 

and stored at -20° C in single use aliquots. Duplexes 01 and 04 were tested for 

efficacy. Duplex 01 used at 100 nM was found to be most potent and most specific in 

knocking down TfR2 expression and was used in subsequent experiments. 

siRNA transfection HepG2 cells were seeded at 2 x 1 04 cells/cm2 in 24-well plates 24 hr 

before transfection. From time of seeding to harvesting, the culture medium contained 

12.5 iJM Fe2 Tf in order to increase TfR2 protein level and thereby test the effectiveness 

of the siRNA procedure. Medium was refreshed just prior to transfection. For a single 

transfection, 50 pmol (5 iJL of 20 iJM stock) siRNA, was mixed with 50 iJL Opti-MEM 

and 2.5 IJL Oligofectamine (Invitrogen) was mixed with 1 0 iJL Opti-MEM and added to 

0.5 ml Opti-MEM to a final concentration of 100 nM. All treatments were performed in 

triplicate and reaction volumes were scaled appropriately. Mixtures were incubated 5 

min at RT, combined, incubated an additional20 min at RT, and added dropwise to 

cells. Medium was replaced 24 hr later. Cells were harvested 72 hr after transfection. 
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TfR2 protein expression was assessed by SDS-PAGE and western blot as described in 

Chapter 2 (Johnson and Enns, 2004). 

120-
100-

80-

120-
100---~·.-~ 

80-

Figure 21. Downregulation of TfR2 in HepG2 cells with siRNA. Treatment of HepG2 

cells with siRNA effectively reduces TfR2 protein level by approximately 90%. HepG2 

cells were transfected with a short siRNA duplex targeting TfR2 (siRNA-TfR2, lane 2) as 

described in Methods. As control for non-specific effects, cells were transfected without 

duplex (Mock, lane 1 ); transfected with a siRNA duplex that does not interact with the 

RNAi machinery {RISC-free); transfected with siRNA duplexes that interact with the RNAi 

machinery but do not target a gene sequence (Non Targeting, lanes 4 and 5); or 

transfected with a siRNA duplex targeting a non-essential gene (siRNA-cyclophilin lane 

6). Lysates were prepared 72 hr after transfection and assessed by SDS-PAGE and 

western blot. A significant reduction in TfR2 protein was only seen in cells transfected 

with siRNA targeting TfR2. 
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Rationale 

HepG2 cells express two transferrin receptors, TfR1 and TfR2, that bind Fe2Tf 

with different affinities. TfR1 binds Fe2Tf with -1 nM affinity (Tsunoo and Sussman, 

1983), endocytoses to early endosomes where iron is released for use by the cells, 

recycles to the cell surface, and releases apoTf. TfR2 binds Fe2Tf with- 30 nM affinity 

(Kawabata et al., 2000; West et al., 2000), but its endocytosis has not been 

characterized in HepG2 cells. The extent to which TfR2 participates in Tf-mediated 

endocytosis in HepG2 cells was measured. We used the differential abilities of the 

receptors to bind Fe2Tf and the ability of a poly lgA monoclonal antibody to 

downregulate TfR1 and block its interaction with Fe2Tf (Trowbridge and Lopez, 1982; 

Taetle et al., 1986) to distinguish between TfR1- and TfR2-mediated Tf uptake. 

Results 

Pre-treatment with the 42/6 antibody reduced the uptake of 35 nM 1251-Fe2Tf by 

80% (Figure 22, 35 nM+Ab, second set of bars), confirming that uptake of 125I-Fe2Tf is 

mediated by TfR1 at this concentration. The effectiveness of the 42/6 antibody enabled 

TfR2-mediated uptake of 1251-Fe2Tf to be assessed. Because the binding affinity of TfR2 

for Fe2Tf is low, washing removes Fe2Tf bound to TfR2 at the cell surface (not shown). 

Thus, it was not possible to compare TfR1- and TfR2-mediated uptake of Fe2Tf in a 

manner that takes into account receptor number. The absolute number of 1251-Fe2Tf 

molecules internalized by TfR2 and TfR1 within 6 min is approximately the same (white 

bars, 250 nM+Ab vs 35 nM-Ab). 1251-Fe2Tf levels are higher at steady state than during 

the initial uptake period when Fe2Tf internalization is mediated by TfR1 (Figure 22, first 
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set of bars). By contrast, when Fe2Tf internalization is mediated by TfR2, levels of 1251-

Fe2Tf are the same after 6 and 30 min incubations (Figure 22, last set of bars). 

Conclusions 

The results indicate that TfR2 does mediate Fe2Tf uptake in HepG2 cells. 

Down regulation of TfR1 by 80 - 90% inhibits 80% of Tf uptake at 35 nM, but only 60% 

of Tf uptake at 250 nM. The higher concentration of Tf required to observe TfR2-

mediated uptake is consistent with previous studies reporting that TfR2 has a -30-fold 

lower affinity for Fe2Tf than does TfR1 (Kawabata et al., 2000; West et al., 2000). 

Methods 

725/-Fe2Tf uptake experiments HepG2 cells were seeded at 5.0 x 104 cells/cm2 in six

well plates two days prior to the experiment. One set of cells, consisting of four plates 

with five wells seeded in each, was untreated; a second equivalent set of cells was 

treated with 25 IJg/mL 42/6 anti-TfR1 antibody for 4 hr prior to uptakes. All subsequent 

media used with the second set of cells included 10 IJg/mL 42/6 antibody. Cells were 

washed twice with serum-free MEM and incubated for 15 min at 3]0 C at 5% C02. 

Medium was then replaced with serum-free MEM supplemented with 35 nM or 250 nM 

1251-Fe2Tf with (medium NS, 2 wells) or without (mediumS, 3 wells) 12.5 1JM Fe2Tf. Cell 

were incubated at 37° Cat 5% C02 for 6 min or 30 min to measure the initial rate of 

uptake or the steady-state level of Tf, respectively. Cells were placed on ice, washed 

for 2 min with 3 ml acid buffer (0.2 N acetic acid, 0.2 M NaCI) to remove surface-bound 

Fe2Tf, washed four times with 2 ml final wash buffer (150 mM NaCI, 1 mM CaCI2, 5 mM 

KCI, 1 mM KCb, and 200 mM HEPES, pH 7.4), collected in 1 ml solubilization buffer 
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(0.1 N NaOH, 0.1% Triton X-1 00), and transfered to plastic tubes. A second wash with 

0.5 ml solubilization buffer was added to first. Counts, indicative of intracellular 1251-

Fe2Tf levels, were measured with a y-counter. Counts from wells incubated in medium 

NS were subtracted from counts from wells incubated in medium S to determine the 

specific binding. 
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Figure 22. Internalization of diferric transferrin by TfR1 and TfR2 in HepG2 cells. 

Cell were incubated with 35 nM 1251-Fe2Tf (35 nM-Ab) to measure Tf binding to TfR1 or 

with 250 nM 1251-Fe2Tf to measure Tf binding to TfR1 and TfR2 (250 nM-Ab). To 

measure Tf binding to TfR2, cells were pre-incubated with 25 IJg/mL 42/6 antibody (250 

nM+Ab) for 4 hr to downregulate TfR1 and block 1251-Fe2Tf binding to TfR1 then 

incubated with 250 nM 1251-Fe2Tf. Incubations for 6 min {white bars) reflect 1251-Fe2Tf 

uptake (endocytosis), whereas incubations for 30 min {black bars) reflect steady state 

levels of 1251-Fe2Tf (endocytosis and exocytosis). Graph shows results from three 

separate experiments. Treatment with 42/6 effectively blocks 1251-Fe2Tf uptake by TfR1 

(35 nM+Ab, second set of bars), indicating that uptake of 250 nM 1251-Fe2Tf in the 

presence of 42/6 antibody (250nM+Ab, last set of bars) is mediated predominantly by 

TfR2. TfR2 internalizes approximately the same absolute amount of 1251-Fe2Tf as TfR1 

{white bars, 250 nM+Ab vs 35nM-Ab). Intracellular levels of 1251-Fe2Tf mediated by TfR2 

uptake do not increase from 6 to 30 min as do those mediated by TfR1 uptake (first set 

of bars vs. last set of bars). 
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Rationale 

Hep3B!TfR2WT cells have a higher proportion of TfR2 at the cell surface (50%) 

than do HepG2 cells (30%) that express much less TfR2. This suggests that the higher 

level of TfR2 expression has saturated the endocytic machinery that mediates TfR2 

internalization. To test this, we measured the rate of TfR2 internalization in Hep3B!TfR2 

WT cells that were untreated or treated with Fe2Tf. Fe2Tf increases the expression of 

both surface and intracellular TfR2 proportionally (Figure 12). If the endocytic 

machinery is not saturated, a 3-fold increase in TfR2 expression should correlate with a 

similar 3-fold increase in the amount of TfR2 internalized. 

Results 

To measure the effect of Fe2Tf on TfR2 internalization we used iodinated anti

TfR2 monoclonal antibody C251-mAb) to label TfR2. Use of 1251-mAb also enabled us to 

distinguish TfR2 from TfR1 in hepatoma cells that express both receptors. 

The affinity of 1251-mAb for TfR2 was first measured by incubating Hep3B/ 

TfR2WT cells with 0- 3 nM 1251-mAb on ice for 90 minutes in the presence or absence 

of excess unlabeled 9F81 C11 antibody. Specific binding was readily detectable (Figure 

23A). Binding of 1251-mAb was linear over this concentration range (Figure 238) . Since 

titration to higher concentrations of 1251-mAb was unfeasible, a competitive binding 

assay was used to determine the affinity of the 9F81 C11 antibody for TfR2. Titrating 0 -

256 nM unlabeled Ab against 0.9 nM 1251-mAb and fitting the data to a one-site 

competition model yielded an EC5o of 15 nM for the interaction of 9F81 C11 antibody 

with TfR2 (Figure 23C). In subsequent experiments, cells were incubated with 90 nM 
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antibody, consisting of 9 nM 1251-Ab and 81 nM unlabeled Ab C251-mAb/mAb), to 

saturate binding. 

The effect of Fe2Tf on 1251-mAb/mAb binding was next assessed to ensure that Tf 

and the 9F81 C11 antibody do not bind to overlapping sites on TfR2. Hep3B/TfR2WT 

cells were incubated with 90 nM 1251-mAb/mAb in the absence or presence of 12.5 ~M 

Fe2Tf for 90 min on ice. The presence of Fe2Tf did not significantly alter the binding of 

1251-mAb/mAb (Figure 230), indicating that Tf does not interfere with the binding of 

9F81 C11 antibody to TfR2. 

To measure the effect of TfR2 number on the rate of TfR2 internalization, 

Hep3B/TfR2WT cells were incubated without or with 12.5 ~M Fe2Tf, 24 hrs prior to and 

throughout the uptake experiment. Internalization was measured at 2, 3, 4, and 5 min. 

Uptake increased linearly over this time course, indicating that exocytosis was not yet 

occuring. The rate of TfR2 endocytosis per cell was similar in untreated cells and Tf

treated cells when Tf antibody uptake was assessed as nanograms of antibody 

internalized (Figure 23E). However, when antibody uptake was assessed relative to the 

number of binding sites, the rate of TfR2 endocytosis per surface TfR2 was slower in Tf 

treated cells than in untreated cells (Figure 23F). 

Conclusions 

The endocytosis of TfR2 can be saturated in Hep3B cells by treating cells with 

Fe2Tf to increase TfR2 number. In uptake experiments the number of binding sites for 

antibody is higher in treated cells than in untreated cells. Consistently, Tf-treated cells 

internalize more antibody that untreated cells over the course of the experiment (Figure 

23E). If endocytosis occurs efficiently, without saturation, and at the same rate in 
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treated and untreated cells, Tf-treated cells expressing more TfR2 (Figure 13A) should 

take up more antibody throughout the experiment. The relative rates of internalization, 

taking into account cell surface receptor number, should be the same. In this 

experiment, however, the absolute rate of internalization per cell is the same in treated 

and untreated cells (Figure 23E), whereas the relative rate of internalization per surface 

TfR2 is slower in treated cells. The results suggest that the expression level of TfR2 in 

Hep3B!TfR2WT cells has saturated the endocytic machinery such that internalization 

cannot occur in proportion to receptor number. This is consistent with the higher 

proportion of overexpressed TfR2 at the surface in Hep3B!TfR2WT cells (-50%, Figure 

13) relative to endogenous TfR2 at the surface of HepG2 cells (-30%, Figure 12). We 

cannot completely exclude the possibility that treatment with Fe2Tf slows the rate of 

TfR2 internalization. However, the steady state distribution of TfR2 between the cell 

surface and intracellular compartments is the same in treated and untreated HepG2 

cells (Figure 12C) that endogenously express -1 00-fold fewer TfR2 than Hep3B/ 

TfR2WT cells. Thus, if Fe2 Tf inhibited endocytosis it would have to inhibit exocytosis to 

a similar extent. The effect of Fe2Tf on TfR2 endocytic rate can be tested by measuring 

the rate of 125mAb uptake in hepatoma cells treated or not treated with Fe2 Tf. This was 

attempted using HepG2 cells that express TfR2 at a much lower level. Due to the low 

level of TfR2, however, specific binding was not sufficiently higher than background to 

permit analysis. The saturation of the endocytic machinery in Hep3B!TfR2 cells 

precludes any assessment of the effect of Fe2Tf on TfR2 endocytosis. 
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Methods 

Antibody preparation The lgG fraction of the mouse anti-TfR2 9F8C11 ascites was 

purified using a Protein A sepharose (Zymed/lnvitrogen) column. Approximately 2 ml 

of unpurified ascites was centrifuged 2 x 15 min at 13,000 x g and diluted 1 :2 into PBS. 

Half the diluted antibody was loaded onto a Protein A sepharose column with a 2 ml 

bed volume. The column was washed with 1 0 ml PBS, and protein was eluted with 

500 j.JL 1.0 M glycine, pH 3.2 into 50j.JL 2.0 M Tris, pH 8.0. After washing the column 

with 20 ml PBS, the second half of the diluted antibody was loaded and eluted. 

Fractions were assayed for protein by measuring the absorbance at 280 nm. Fractions 

3-5 from each purification were pooled, concentrated using Microcon1 00 concentrators 

(Millipore, Billerica, MA) according to the manufacturer's instructions, and buffer

exchanged into PBS using a BioSpin column (Bio-Rad, Hercules, CA). For iodination, 

100 j.JL of the 11.36 mg/ml purified, concentrated antibody (mAb) was used. 

Antibody binding and uptake experiments Hep3B/TfR2WT cells were seeded at 3.3 x 

104 cells/cm2 in six-well plates one day prior to the experiment and cultured in MEM/ 

10%FBS without or with 12.5 !JM Fe2Tf, as indicated. Cells were washed twice with 

wash medium (MEM with 25 mM HEPES, pH 7.4). For all experiments three wells and 

two wells of a six well plate were incubated in mediumS (wash medium+ indicated 

concentration of 1251-mAb or 1251-m/mAb) or medium NS (medium S + indicated 

concentration of cold antibody), respectively. For uptake experiments, plates were 

incubated at 3r C and 5% C02, then placed on ice. Wells were washed with 2 ml 

acid buffer (0.2 N acetic acid, 0.2 M NaCI) for 2 min to remove surface-bound 1251-mAb/ 

mAb and then washed four times with 2 ml final wash buffer (150 mM NaCI, 1 mM 
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CaCb, 5 mM KCI, 1 mM KCb, and 200 mM HEPES, pH 7.4). Cells were solubilized in 1 

ml solubilization buffer (0.1 N NaOH, 0.1% Triton X-1 00). For binding experiments, 

plates were incubated on ice for 90 minutes. Wells were washed four times with final 

wash buffer and solubilized in solubilization buffer. For uptake and binding 

experiments, counts for each well were measured on a y-counter. To determine the 

specific binding, counts from wells incubated in medium NS were subtracted from 

those incubated in medium S. 
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Figure 23. Binding and uptake of anti-TfR2 antibody in HepG2 cells. 
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Figure 23. Binding and uptake of anti-TfR2 antibody in HepG2 cells. (A and B) 

Binding of 1251-mAb is linear over a low nanomolar range. Hep3B!TfR2WT cells were 

incubated in medium S containing 0.1 - 3.2 nM 1251-mAb or medium NS with 300 nM 

cold antibody for 90 min onice and processed as described in Methods. (C) The EC5o for 

1251-mAb binding to Hep3B!TfR2 cells is 15 nM. Hep3B!TfR2WT were incubated in 

medium S containing 0.9 nM 1251-mAb and 0 - 256 nM mAb for 90 min on ice and 

processed as described in Methods. Prism (GraphPad Software, Inc., San Diego, CA) 

was used to fit the data to a one-site competition curve and calculate the binding 

constant from the equation Y = Bottom + (Top-Bottom)/(1 + 1 0"(X-LogEC50)) where 

X=log(Concentration) and Y = binding. (D) Fe2Tf does not compete with 1251-mAb/mAb 

for binding. Hep3B!TfR2W cells were incubated in medium S containing 90 1-1M 1251-mAb 

without or with 12.51-JM Fe2Tf or medium NS containing 900 1-JM cold antibody for 90 min 

on ice and processed as described in Methods. (E and F) Hep3B!TfR2W cells were 

incubated in mediumS containing 90 1-1M 1251-mAb without or with 12.51-JM Fe2Tf or 

medium NS containing 900 1-1M unlabeled antibody for 2 -5 minutes at 37° C or for 90 

min on ice and processed as described in Methods. (E) The absolute rate of antibody 

uptake is similar in treated and untreated cells. Uptake is measured as nanograms of 

1251-mAb/Ab. (F) The relative rate of antibody uptake is slower in treated cells than in 

untreated cells. Uptake is measured relative to number of cell surface TfR2 molecules. 
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Rationale 

AP-3 is an adaptor protein complex that interacts with YXX0-type tyrosine

based motifs in membrane proteins. Through its interactions with YXX0 motifs and 

clathrin, AP-3 recruits membrane protein into clathrin-coated pits for transport between 

endosomes and lysosome/lysosome-like compartments. Because TfR2 is degraded in 

the lysosome, AP-3 might mediate its trafficking to this compartment. If so, 

stabilization of TfR2 by Fe2Tf might decrease its colocalization with AP-3. We 

assessed the colocalization of TfR2 with AP-3 and determined whether treatment with 

Fe2Tf affected the extent of colocalization. 

Results 

A small fraction of TfR2 colocalized with AP-3 in the perinuclear region of cells 

(Figure 24). Treatment with Fe2Tf did not alter the fraction of TfR2 that colocalized with 

AP-3. 

Conclusions 

A decrease in the association of TfR2 with AP-3-positive compartments does 

not appear to accompany the redirection of TfR2 to a recycling compartment. Our 

results do not rule out the possibility that AP-3 may play a role in TfR2 trafficking. 

Determining whether AP-3 interacts with TfR2 and whether AP-3 deletion alters TfR2 

localization will provide additional insight. 
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Methods 

Immunofluorescence The anti-8 SA4 supernatant recognizing the 8 subunit of AP-3, 

developed by Andrew A. Peden, was obtained from the Developmental Studies 

Hybridoma Bank (Iowa City, Iowa) under the auspices of the NICHD. The colocalization 

of TfR2 with AP-3 was assessed by double-labeling immunofluorescent detection as 

described in Chapter 3 (Johnson et al., 2006). AP-3 was detected with a mouse 

monoclonal antibody (1 :1 00). TfR2 was detected using the purified lgG fraction of the 

16637 rabbit anti-TfR2 polyclonal anti-serum (8 j.Jg/ml). 
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Figure 24. Colocalization of TfR2 with AP-3. (A) A small fraction of TfR2 colocalizes 

with AP-3. HepG2 cells were seeded at 6.25 x 103 cells/cm2 on poly-L-Iysine treated 

glass covers lips and cultured for 2 days prior to fixation, permeabilization, and labeling 

as described in Chapter 3. AP-3 is shown in magenta (a), TfR2 is shown in green (b), 

and colocalization is shown in white (c). (B) Fe2Tf does not alter the fraction of TfR2 

colocalizing with AP-3. Prior to the experiment, HepG2 cells were incubated for 48 hr ± 

251JM Fe2Tf. As in Figure 11, cells were double-labeled and visualized by scanning 

confocal microscopy. The effect of Fe2Tf on the subcellular localization of TfR2 was 

assessed by quantitative colocalization analysis. The fraction of TfR2 signal colocalizing 

with AP-3 signal was analyzed in 40 images per condition acquired in 3 independent 

experiments. Data was evaluated by Student's t-test. 
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