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Iron is an essential element for most living organisms. Due to its chemical
properties, iron plays an important role in many vital biochemical processes. Both
iron excess and deficiency have detrimental effects in human health. Therefore,
iron metabolism must be tight regulated. Maintenance of cellular iron homeostasis
requires coordinate posttranscriptional regulation of iron metabolism genes by
Iron Regulatory Proteins 1 and 2 (IRP1 and IRP2). IRP2 is targeted for

proteasomal degradation in iron replete cells by the E3 ubiquitin ligase complex

Vi



containing F-box and Leucine-rich Repeat Protein 5 (FBXLS5). Depletion of
FBXLS5 leads to aberrant accumulation of IRP2 and misregulation of IRP2 under
high iron conditions, underscoring FBXL5 importance in regulation of iron
metabolism. Interestingly, FBXLS is regulated in an inverse fashion to IRP2 as
it is stabilized under iron-replete conditions and preferentially degraded
when iron or oxygen becomes limiting. However, FBXLS5’s iron- and oxygen-
dependent regulation and its role in the maintenance of systemic iron
homeostasis are poorly understood. Biochemical and molecular biology
assays revealed that FBXLS features a hemerythrin-like domain that serves as a
direct sensor of cellular iron as well as oxygen availability and subsequently
governs FBXL5’s own stability. Importantly, in vivo deletion of the ubiquitously-
expressed murine Fbxl5 gene results in a failure to sense increased cellular iron
availability, accompanied by constitutive IRP2 accumulation and misexpression
of IRP2 target genes. FBXLS5-null mice die during embryogenesis, though
viability is restored by simultaneous deletion of the IRP2, but not IRP1, gene.
Fbxl5 heterozygous mice behave like their wild type littermates when fed an iron-
sufficient diet. However, unlike wild type mice that manifest decreased
hematocrit and hemoglobin levels when fed a low-iron diet, Fbxl5 heterozygotes
maintain normal hematologic values due to increased iron absorption. IRP2’s
responsiveness to low iron is specifically enhanced in the duodena of the

heterozygotes and is accompanied by increased expression of the Divalent Metal
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Transporter-1. These results confirm FBXL5’s role in the in vivo maintenance of
cellular and systemic iron homeostasis and reveal a privileged role for the

intestine in their regulation by virtue of its unique FBXLS5 iron sensitivity.
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Chapter 1: Principles of Iron Metabolism

Introduction

Iron is the second most abundant metal in the Earth’s crust (90), and it was
present in the prebiotic times (31). The chemoautotrophic theory suggests that
iron sulfide may have been one of the most important catalysts for the formation
of complex organic compounds over a billion years ago (41, 161). Iron’s unique
electrochemical properties arising from its flexible coordination chemistry and
redox reactivity make iron an ideal cofactor for many biological processes (3, 31,
90, 115). Specifically, iron-utilizing proteins participate in many vital oxidation
and transport reactions. Heme-containing proteins constitute the majority of iron-
using proteins (141). Heme is a prosthetic group that binds iron in the center of a
heterocyclic ring called protoporphyrin (28, 141). Living organisms use a variety
of heme-containing proteins to carry out redox reactions (109, 125) and electron
transport processes (109, 126, 174). For example, hemoglobin and myoglobin
utilize heme molecules to transport or store oxygen in red blood cells and muscle
cells, respectively (117, 125). Together with heme-containing proteins, iron-sulfur
cluster assembling proteins participate in the process of electron transport during
oxidative phosphorylation, the major source of energy for the cell (14, 128). Iron

is also required in many other essential biochemical



processes such as oxygen sensing (13) and DNA synthesis (176). Therefore, iron
has become an indispensable nutrient in most living organisms.

Iron’s property of easily gaining and losing electrons also makes it
potentially harmful. Iron can donate electrons to oxygen and hydrogen peroxide
resulting in the formation of damaging reactive oxygen species (3, 50, 51, 165).
Disruption of iron homeostasis has detrimental effects on human health.
Hemochromatosis, an iron overload disorder, is characterized by the progressive
accumulation of iron in the liver, pancreas and heart leading to hepatic cirrhosis,
diabetes and cardiomyopathy (58, 119). On the other hand, iron’s poor solubility
under physiological conditions make its acquisition problematic (63). Iron
deficiency in humans results in developmental and cognitive defects as well as
insufficient hemoglobinization of red blood cells also known as anemia (86, 99).
Currently, iron deficiency anemia is the most common nutritional disorder in the
world (43, 113). Thus, organisms must tightly regulate iron homeostasis since its
excess or deficiency is deleterious.

Accordingly, organisms have developed sophisticated molecular
mechanisms that allow them to regulate iron metabolism both at the systemic and

the cellular levels.



Systemic Iron Homeostasis

Most of the iron in the body is found bound to hemoglobin in erythrocytes.
Recycling of iron from senescent red blood cells provides the majority of iron
required by the body (8, 86). However, humans lose a small, but steady, amount
of iron by sweating, menstruation and physiologic exfoliation of cells from
epithelial surfaces including the skin, genitourinary track and gastrointestinal
track (7). This means that humans must continue to absorb iron to balance the
loss. Importantly, the lack of a regulated iron excretory system in mammals (7)

obligates iron absorption to be tightly regulated.

Intestinal Non-Heme Iron Absorption

Dietary iron absorption takes place in the duodenum (Fig. 1-1). A typical
Western diet contains 15-20 mg of iron, most of which exists in a highly insoluble
ferric (Fe’™) form, which must be reduced to Fe*" before it can be internalized (76,
112).

Duodenal cytochrome B (DcytB), a ferric reductase that uses ascorbate as
a coenzyme, catalyzes the reduction of Fe’* to Fe*" (104, 105). DcytB is highly
expressed in the apical surface of the duodenal epithelium and its expression is

induced by iron deficiency and hypoxia suggesting it plays a role in iron uptake



(104, 105). However, when DcytB”" mice are fed a low iron diet or exposed to
hypoxia, though iron uptake is diminished, they do not develop iron deficiency
(48, 104). This implies that another mechanism of iron reduction must exist.
While DcytB may not be required, iron reduction is necessary as the iron
importer, Divalent Metal transporter 1 (DMT1), is selective for ferrous iron.

DMT1, a proton symporter, carries Fe’" across the duodenal membrane
(8). In addition to Fe*", DMT!1 also transport other divalent metals including Zn*",
Mn®", Co®" and Cu®’(66). Although DMTI is found in late endosomes and
lysosomes in all cell types (19), it is mainly expressed in the apical membrane of
duodenal enterocytes especially in response to iron deficiency (18, 157). Mice and
rats having a missense mutation (G185R) display defects in iron absorption
resulting in microcytic anemia (46, 47, 150). Furthermore, Dm¢I”" mice are born
without abnormalities, but succumb to anemia in the first week of life (65).
Similar results were observed when DMT1 was selectively inactivated in the
intestine (48). These observations confirmed that DMT1 plays a major role in iron
absorption and erythroid iron utilization.

Once internalized, cytosolic iron can be exported to the circulation to be
distributed to all tissues. Ferroportin (FPN), a multipass transmembrane protein
located in the basolateral surface of duodenal enterocytes (38, 106, 166), is the
only known iron exporter in mammals (1, 37, 106). Ferroportin’s iron exporting

capabilities were demonstrated by expressing it in Xenopus oocytes. Addition of



iron to media resulted in increased cytosolic iron and subsequent increase in
ferritin levels. When iron was removed from the media, FPN expressing oocytes
exported iron resulting in decreased cytosolic iron and ferritin levels (103).
Experiments in mice revealed that ferroportin is essential for life. Fpn” mice die
early in utero due to defective iron transfer from the mother (38). During
embryonic development, prior placenta formation, the extraembryonic visceral
endoderm (exVE) transport nutrients to the embryo. Immunohistochemistry
showed that FPN is highly expressed in the exVE. If FPN is deleted in every
tissue but the exVE, pups are born, but they die due to severe anemia by day 10 as
iron stores are depleted and intestinal absorption is the only source of iron (38).
Postnatal deletion of FPN in the intestine results in severe anemia that can be
reversed by parenteral administration of iron (38). These findings indicate that
FPN is a major iron exporter in the exVE and the intestine.

Fe*™ must be oxidized before it can bind to its carrier transferrin in the
blood. Hephaestin (Heph), a membrane bound multicopper ferroxidase located in
the basolateral membrane of the duodenal mucosa, catalyzes the oxidation of Fe**
to Fe*™ (8, 22, 76). Heph’s role in iron absorption was discovered by studying the
sex-linked anemia (sla) mice. In these mice, the Heph gene has an in-frame
deletion of 582 bases. Affected homozygous mice develop microcytic,
hypochromic anemia. Iron uptake is normal, but iron accumulates inside the

enterocytes as iron export is impaired (160). This suggests that Heph is required



for iron release from the duodenum and that the functions of both FPN and Heph
are coupled for iron transport (23). Another multicopper ferroxidase,
Ceruloplasmin (Cp), is found in the plasma (73). It is believed Cp facilitates iron
export from the reticuloendothelial system and parenchymal cells, as it is not
expressed in the duodenum (24). Like Heph, Cp also plays an important role in
iron homeostasis as humans suffering from aceruloplasminemia, also known as
Wilson’s disease develop iron accumulation in brain, liver and other tissues (74).
Serum Fe" binds rapidly to Transferrin (TF), an abundant iron-binding
plasma glycoprotein (138). Each TF molecule binds 2 iron atoms (139) with high
affinity (Kd = 10%> M) at physiological pH (4). TF is synthesized in liver in
response to changes in iron, estrogen and nutritional status (30). During iron
overload, serum TF levels decrease whereas iron deficiency increases serum TF
concentration (175). In addition to facilitating iron delivery to tissues, TF also
helps to solubilize and decrease iron’s reactivity. Iron-laden TF is recognized by
Transferrin Receptor 1 (TfR1), which is ubiquitously expressed (59). The
complex is then internalized via receptor-mediated endocytosis. Once in the
endosome, the acidic environment maintained by ATPase proton pumps promote
the dissociation of iron from TF. Freed Fe’™ is reduced to Fe*” by STEAP3, an
endosomal ferrireductase, and transported to the cytosol by DMTT1 (Fig. 1-2) (7).
Experiments in mice have demonstrated that TfR1 is essential for early

development, as 7fi-/”" mice die in utero (48). On the other hand, mice (Zr/"”"")



and humans suffering from hypotransferrinemia develop growth retardation and
severe anemia (9, 156). Interestingly, hypotransferrinemic humans and mice also
develop massive iron overload in liver and heart suggesting that a TF-independent
iron uptake mechanism must exist. It has been shown that calcium channels
promote iron uptake in neurons and cardiomyocytes (21, 77, 114). Furthermore,
several groups have demonstrated that lipocalin 24p3 can bind iron and deliver it
to or remove it from cells (36, 62, 172). However, the severe anemia observed in
hypotransferrimic patients indicates that TF-dependent iron uptake is the main
mechanism used by the erythroid system to acquire iron. Once in the cytosol, iron
can be stored, used by iron-containing proteins or exported by ferroportin (Fig. 1-

2).

Iron Storage

As free iron can react with oxygen and water to generate damaging
reactive oxygen species, excess cytosolic iron is tightly regulated and
compartmentalized by nature to diminish these effects (78). Ferritins form
spherical “iron nanocages” consisting of 24 protein subunits of ferritin heavy
chain and ferritin light chain that store iron in a soluble and non-toxic form (78,
101). Up to 4500 iron atoms bound to oxygen can be kept within ferritin (43). The

ferritin heavy chain has ferroxidase activity that allows iron to be stored in a less



reactive ferric form (101). Ferritin is also found in the serum (155). Measurement
of serum ferritin levels is a common clinical test used to determine body iron
stores. The function of circulating ferritin is still not well understood. It has been
suggested that it may play a role in immunity and iron delivery (112). The
importance of ferritin in iron homeostasis is reflected in the fact that mutations in
a ferritin gene are associated with many human diseases (32, 61) and, that ferritin

gene deletion is embryonic lethal in mice (44).

Iron Recycling

Macrophages play a critical role in maintaining plasma iron at adequate
levels (92). Since only 10% of the requisite iron is covered by intestinal
absorption of dietary iron, most of the iron required by the body is recycled from
old or damaged red blood cells through the action of macrophages (143). Once
phagocytated, iron is extracted from heme by hemoxygenase, an enzyme that
catalyzes the degradation of heme (167). Freed iron is then transported to the
cytosol through NRAMPI1, an enzyme located in the phagolysosomal membrane
that is homologous to DMT1 (148). Finally, iron is exported to the plasma by
ferroportin. Due to the important role played by ferroportin in various aspects of
iron homeostasis, its expression is regulated at multiple levels. Transcription of

ferroportin is induced by erythrocyte phagocytosis and the presence of heme iron.



Post-transcriptionally, ferroportin translation is inhibited by the iron regulatory
proteins (IRPs) (see cellular iron homeostasis), and its protein stability is

regulated by hepcidin (see regulation of systemic iron homeostasis).

Iron Utilization

Cells utilize internalized iron in several ways. Iron is incorporated into
iron-sulfur containing proteins that play a major role in electron transport during
mitochondrial oxidative phosphorylation (14). Ribonucleotide reductase uses iron
as a cofactor to catalyze the formation of deoxyribonucleotides from
ribonucleotides, which are later used for DNA synthesis (176). Iron is also needed
for oxygen sensing by the HIF-prolyl hydroxylases (13). However, most of the
recycled iron is dedicated to hemoglobin synthesis (76). In the erythroid system,
iron uptake is carried out mainly by the TF-TfR1 axis (7). Hypotransferrinemic
mice and humans undergo iron overload in the liver and other tissues but they
develop severe iron deficiency anemia (156); thus, emphasizing the importance of
the TF-TfR1 system in iron uptake by the erythrocyte progenitor cells. Imported
iron is immediately delivered to mitochondria by an inner membrane protein
mitoferrinl (126). When the demand for red blood cells is high, iron is thought to
bypass the cytosol and moved directly into the mitochondria through a “kiss-and-

run” mechanism that requires the fusion of the endosome with mitochondria
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(140). Once in the mitochondria, iron is utilized for the production of heme. The
synthesis of the organic heterocyclic ring, protoporphyrin IX is coordinated to
iron availability by the IRPs. When bioavailable iron is limiting, IRP1 inhibits the
synthesis of the rate-limiting enzyme, d-aminolevulinic acid synthase 2 (ALAS?2)
(168). Genetic defects that lead to constitutively active IRP1 result in anemia due

to ALAS2 down-regulation (16, 168).

Intestinal Absorption of Heme

Dietary iron can also be absorbed as heme, an important iron-containing
molecule. Unlike non-heme inorganic iron that is highly insoluble under
physiological conditions, heme is easily and more effectively absorbed (8).
Dietary heme is derived from animal sources in the form of hemoglobin and
myoglobin. The iron released as result of heme degradation constitutes 2/3 of the
iron stores in the body (131). Although heme is an important source of iron, its
absorption mechanism is poorly understood.

One major obstacle to study heme transport is that mammals are capable
of synthesizing heme de novo in an iron-dependent manner (6). In contrast,
Caenorhabditis elegans turned out to be an ideal model organism for studying
heme transport. These helminthes are heme auxotroph and must uptake heme

from the environment to survive (124). Performing genome-wide microarrays in
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C. elegans, the Hamza lab identified the first heme transporter the Heme
Responsive Gene 1 (HRG1). Knockdown of the HGR1 homolog in zebrafish
resulted in severe anemia, which can be rescued by adding worm HRG1 (123).
Homologs of HRG1 have been found in human that, like worm HRG1, bind and
transport heme suggesting an evolutionary conserved function for the HRGI.

Heme Carrier Protein 1 (HCP1) is a putative heme transporter localized in
the intestinal mucosa (142). Although initially described as a heme transporter,
HCPI1 function has been challenged. HCP1 binds folic acid with higher affinity
than heme (93), and humans carrying a loss-of-function mutation in HCPI
develop folate malabsorption, but no problems in erythropoiesis (170). However,
HepI™”” mice develop severe anemia (135). Therefore, the role of HCP1 in heme
absorption is yet to be clarified.

The mechanism by which heme iron gets to the circulation is not well

understood, but it is believed that it follows a common pathway to non-heme iron.

Regulation of Systemic Iron Homeostasis

The main regulator of systemic iron homeostasis is Hepcidin (HAMP), a
25 amino acids peptide hormone produced in the liver. Hepcidin regulates iron
transport across the mucosal as well as the release of recycled iron from

macrophages (56). Hepcidin synthesis is regulated by iron and inflammation (33).
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When iron is abundant, hepcidin production is increased, while under iron
deficient conditions, hepatocytes produce less hepcidin. Circulating Fe-TF levels
are sensed by the transferrin receptors 1 and 2 (TfR1 and TfR2, respectively)
together with HFE, which are found in the hepatocyte membranes. HFE, a
membrane protein similar to MHC class I proteins, regulates the interaction of
TfR1 with iron-bound transferrin (holotransferrin). The most accepted mechanism
proposes that as iron levels increase, HFE is displaced from TfR1 as its binding
site overlaps with holotransferrin. Free HFE interacts with TfR2, which also gets
stabilized by holotranferrin. The FeTF/TfR2/HFE complex initiates a signal
transduction cascade that together with the binding of bone morphogenetic protein
(BMP) ligands to its receptor in the cell surface promotes hepcidin transcription.
However, the interaction between BMPs and its receptor is weak resulting in an
ineffective production of hepcidin. A more robust transcription of hepcidin is
achieved by the presence of BMP co-receptor hemojuvelin (HJV), which
significantly increase the affinity of BMP receptor for its ligand (57) (Fig. 1-3).
Genetic mutations resulting in hepcidin deficit cause iron overload.
Mutations have been found in most factors involved in the regulation of hepcidin
transcription (35). However, mutations in hepcidin and HJV cause more severe
forms of iron overload. Interestingly, misregulation of HJV protein levels can also
lead to anemia. HJV levels are regulated by a cell surface protease known as

TMPRSS6, which under iron deficient conditions cleaves HIJV resulting in



13

reduced hepcidin synthesis (40, 145). During Iron Resistant Iron Deficiency
Anemia (IRIDA), mutations in TMPRSS6 results in uncontrolled production of
hepcidin and, thus, reduced recycled iron release and iron absorption (86).

In order for absorbed, recycled or stored iron to reach the circulation, it
must cross the plasma membrane via the iron exporter ferroportin. Therefore,
inhibition of ferroportin prevents iron from reaching the plasma. In conditions
where iron is abundant, hepcidin is synthesized and released from the liver.
Hepcidin binds to ferroportin, promoting its internalization and degradation (34).
In pathologic situations where FPN cannot be internalized but can bind hepcidin,
iron export still takes place, suggesting that hepcidin does not control FPN
activity but its stability (166). Hepcidin binding to FPN results in the recruitment
of the tyrosine kinase JAK2, which, after undergoing autophosphorylation,
phosphorylates FPN. Phosphorylated FPN is internalized by clathrin-coated pits.
Internalized FPN gets ubiquitinated in a critical lysine residue (K253), which is
required for endosome and lysosome fusion where it gets degraded (33).
Mutations in ferroportin also result in iron overload. Expression of a hepcidin-
resistant ferroportin due to a mutation in the hepcidin-binding site results in
dysregulated iron absorption. Likewise, impeded phosphorylation of FPN
following hepcidin binding results in the same outcome (86). Therefore, hepcidin-
mediated FPN internalization and degradation regulates the levels of bioavailable

iron in the plasma.
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Cellular Iron Homeostasis

Iron homeostasis must be tightly regulated as failure to maintain iron
concentration within appropriate levels may result in disease. Iron Regulatory
Proteins (IRPs) regulate the post-transcriptional expression of genes involved in
iron uptake, storage, utilization and export upon binding to Iron Responsive
Elements (IREs) within the 5’ and 3’ Untranslated Region (UTR) of their

mRNAs.

Iron Responsive Elements

The study of two iron regulated proteins involved in iron storage and
uptake, ferritin and TfR1 respectively, provided the initial step in the elucidation
of the iron-dependent post-transcriptional regulation of iron metabolism genes.

Initially, the fact that iron administration to cultured cells resulted in
recruitment of ferritin mRNA to polysomes and increased ferritin translation (10),
led researchers to elucidate the structural features of these mRNAs. Fusion of the
5’ untranslated region (UTR) of the rat ferritin light chain mRNA to the bacterial
chloramphenicol acetyl-transferase (CAT) mRNA resulted in increased CAT
activity upon iron addition. However, this iron dependent response was lost when
the 5° UTR lacking a few key residues was fused to CAT (11). Bioinformatics

analysis of the 5 UTR of ferritin revealed that 30 nucleotides conserved in
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human, rat, chicken and frog adopt a stem-loop structure. These 30 nucleotides
were necessary and sufficient for ferritin mRNA to be post-transcriptionally
regulated by changes in intracellular iron. Biophysical and structural studies
revealed that these stem loop structures consist of 9-10 base pairs with a terminal
conserved loop containing the sequence CAGUGU/C. Five base pairs 5’ of the
loop; there is a bulge nucleotide region that varies in size depending in the mRNA
analyzed. This bulge region contains an unpaired cytosine that is critical for IRE
function (Fig. 1-4) (11, 42). This motif was named Iron Responsive Element
(IRE).

Shortly after the discovery of an IRE in ferritin mRNA, it was determined
that the region conferring iron-dependent regulation to Tranferrin Receptor 1
(TfR1) is localized in the 3 UTR of the mRNA. This region contains 5 stem loop
structures resembling the description of IREs found in ferritin (20, 91). However,
the iron-dependent regulation of TfR1 is different from ferritin. While TfR1
synthesis is increased under iron deplete conditions, ferritin levels drop (69). This
observation suggested that the location of cis-acting IREs within the UTR has
opposite effects on the iron-dependent regulation of the gene. Furthermore, IREs
located in the 5> UTR are involved in translation initiation whereas IREs found in
the 3° UTR control mRNA stability. Currently, in addition to both ferritins, Light
and Heavy chain, 5 more genes have been found to have IREs in their 5° UTR

including ferroportin (FPN), mitochondrial aconitase (m-acon), erythroid amino
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levulinate synthase 2 (eALAS2), succinate dehydroxygenase (SDH) and hypoxia
inducible factor 2 o (HIF-2a). Genes containing IREs in their 3 UTRs, besides

TfR1, include divalent metal transporter 1 (DMT1) and CDC14A (133).

Iron Regulatory Proteins

During the discovery of ferritin’s IRE, it was observed that deletion of this
cys-regulatory motif rendered ferritin unresponsive to changes in iron
concentration. This suggested that an iron-sensitive factor(s) in the cytoplasm
might bind this sequence and regulate ferritin mRNA accessibility for translation
(97). Using a combination of affinity chromatography and RNA gel retardation
assays, where ferritin light chain IRE was used as bait, two independent groups
identified and purified an IRE-binding protein (IRE-BP) (97, 130). The
interaction of the IRE/IRE-BP was iron dependent. Iron deprivation induced
complex formation whereas high iron promoted complex dissociation (97, 130).
This IRE binding protein was later named Iron Regulatory Protein 1 (IRP1).

While cloning IRP1, a cDNA closely related to IRP1°s ¢cDNA was also
cloned. Characterization of this protein revealed that it shared 70% homology to
IRP1 except for a unique stretch of 73 amino acids (136). Like IRP1, it also
recognized and bound to IREs in an iron-dependent manner. This second IRE

binding protein was named Iron Regulatory Protein 2 (IRP2).
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In iron deficient cells, both IRPs bind IRE with high affinity (Kd = 0.02 —
0.1 nM) (42). Binding to an IRE located in the 5° UTR of ferritin mRNA prevents
its translation whereas binding to IREs in the 3 UTR of TfR1 transcript protects
it from endonuclease degradation (76, 96). Consequently, under low iron
conditions, cells promote iron uptake via TfR1. At the same time, iron storage is
inhibited; thus, making iron readily available for its utilization. On the other hand,
when iron is plentiful, IRPs do not bind IREs, and ferritin and other transcripts
containing IREs in their 5° UTR are translated while TfR1 mRNA get degraded
by endonucleases (76, 96). Hence, in the presence of abundant iron, cells inhibit
iron uptake while promoting its storage, thus, preventing accumulation of excess

iron in the cytosol.

Regulation of Iron Regulatory Proteins

Despite sharing >70% identity, the mechanisms by which the IRE-binding
activity of IRP1 and IRP2 are inactivated in iron-replete cells largely differ (98).
IRP1 is a bifunctional cytosolic protein that belongs to the family of Fe-S
isomerases. When iron is abundant, IRP1 assembles an 4Fe-4S cluster (holo-
IRP1) and acquires aconitase activity (70, 88). Like other aconitases (i.e.
mitochondrial aconitase), holo-IRP1 catalyzes the interconversion of citrate and

isocitrate. However, the physiological significance of IRP1 aconitase activity is
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poorly understood. Importantly, 4Fe-4S-loaded IRP1 lacks of IRE binding
activity. Biophysical studies have shown that the Fe-S cluster binding site in IRP1
overlaps with the IRE binding site (162). Thus, IRP1 functions are mutually
exclusive (Fig. 1-5).

In addition to iron concentration, IRP1 RNA binding activity is regulated
by nitric oxide (NO), reactive oxygen species (ROS) and hypoxia (71, 75, 116).
Treatment of cells with ROS promotes IRP1’s IRE binding activity (116).
Although poorly understood, it is believed that ROS promote the disassembly of
Fe-S cluster from IRP1. On the other hand, hypoxia negatively regulates IRP1
binding to IRE (71). This observation created a regulatory link between iron
metabolism, oxygen availability and response to oxidative stress.

Evidence suggests that an Fe-S cluster-independent regulatory mechanism
controlling IRP1 IRE binding activity must exist. This alternative regulatory
mechanism could control IRP1 IRE binding when assembly of Fe-S clusters is
perturbed. Clarke et al. used IRP1 mutants that destabilize or block the assembly
of Fe-S cluster to mimic IRP1 response to disruption of Fe-S metabolism. In these
mutants, IRP1 protein levels dropped when iron was sufficient. Similar results
were observed in mice lacking enzymes involved in neutralizing oxidative stress
(29, 164). Therefore, iron-dependent degradation of IRP1 is an alternative

mechanism controlling IRP1 IRE binding activity.
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IRP2 differs from IRP1 in two aspects. First, although it is also a member
of the aconitase gene family, it lacks aconitase activity (68). Second, unlike IRP1,
whose protein levels remain practically unchanged as a function of iron
bioavailability, iron-replete conditions induce IRP2 protein degradation and,
therefore, decrease IRE binding. When iron is plentiful, IRP2 synthesis and
mRNA remain unchanged. Instead, iron promotes IRP2 polyubiquitination follow
by degradation at the proteasome (67).

Like IRP1, IRP2 is also regulated in an oxygen-dependent manner.
However, in contrast to IRP1, low oxygen conditions induce IRP2 RNA binding
activity by preventing its polyubiquitination and degradation. Therefore, both iron
and oxygen bioavailability control IRP2’s activity.

Identification of the iron regulatory proteins and elucidation of their
regulatory mechanisms facilitate our understanding the iron-dependent regulation
of IRE-containing genes. Under iron deplete conditions, both IRPs interact with
IREs. Binding of IRPs to the ferritin 5° UTR IRE inhibits its translation by
preventing ribosome binding. Conversely, IRP binding to TfR1’s multiple IREs in
the 3° UTR protects the transcript from endonucleolytic degradation, thus,
increasing its stability and expression. When iron is plentiful, IRP1 assembles a
[4Fe-4S] cluster and acquires cytosolic aconitase activity. Concurrently, IRP2 is

polyubiquitinated and degraded by the proteasome. Under these conditions, IRE
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binding activity is drastically reduced resulting in increased translation of ferritin

and TfR1 mRNA endonucleolytic degradation (Figs. 1-5 and 1-6).

Physiological Role of Iron Regulatory Proteins

In mammals, the IRP/IRE system is responsible for the coordinated
regulation of iron metabolism genes and the maintenance of cellular iron
homeostasis. Generation of mice in which the expression of either or both IRPs
was ablated gave a great insight to the physiological role of the IRPs in vivo.

Initial studies showed that both iron regulatory proteins are
simultaneously expressed in most tissues and cells (111) and that IRE containing
genes can be bound by either IRP, suggesting IRPs are functionally redundant
(89). However, IRP1 seemed to be more abundant than IRP2 in cells. Therefore, it
was believed that IRP1 would play a major role in the post-transcriptional
regulation of iron metabolism genes.

Surprisingly, when IrpI”" mice were generated, they did not display an
overt phenotype (107). On the other hand, Irp2”" mice developed microcytic
anemia, high serum ferritin and adult onset neurodegeneration characterized by
ataxia, tremor and postural abnormalities. However, the neurodegeneration

phenotype is not observed in all rp2”" mice as its penetrance is limited (52). In
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addition, Irp2'/ “mice also exhibited iron accumulation in the cerebellum, liver and
small intestine (54, 94).

The temporal and spatial expression pattern of both IRPs helped to
rationalize the phenotypes observed. While both IRPs are ubiquitously expressed,
IRP2 expression is highly increased in the forebrain, cerebellum, spinal cord and
retina. On the contrary, IRP1 levels were only elevated in the brown fat of
newborn pups and kidneys (52, 107).

Expression of the IRPs target genes, ferritin and TfR1, was altered in most
tissues of Jrp2”" mice. Ferritin levels were elevated in several tissues, consistent
with ferritin translation derepression. Meanwhile, TfR1 was decreased in the
cerebellum, forebrain and other tissues, which can explain anemia. On the other
hand, ferritin levels were aberrantly increased only in brown fat and kidneys of
IrpI”" mice (107). This suggested that in the absence of IRP2, IRP1 was unable to
maintain normal levels of iron metabolisms genes in most tissues and, therefore,
IRP2 ostensibly plays a more dominating role regulating iron homeostasis in
mice.

The secondary role played by IRP1 in maintaining iron homeostasis in
vivo can be explained by the fact that under normal physiological conditions, only
4-18% of IPR1 is found in an IRE-binding state (107). Furthermore, Irp2”;
IrpI”™" mice develop a more severe form of anemia and neurodegenerative disease

(146). This observation confirms that IRP1 contributes to the regulation of iron
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metabolism, but since only a small fraction is in a RNA binding state, it is unable
to rescue the Irp2”” phenotype.

Emphasizing the physiological importance of both IRPs is the early
embryonic lethality observed in Irpl”; Irp2” mice (147). Irpl”; Irp2™”
blastocysts showed abnormal morphology and brown discoloration due to
accumulation of ferric iron bound to ferritin. Thus, IRPs are essential for
embryonic development and viability.

A deeper insight about the physiological role of IRPs was achieved by the
generation of tissue-specific IRP knockout mice (53). Selective ablation of IRP2
in the intestinal mucosa (Irp2""“") resulted in iron accumulation associated with
ferritin up-regulation (45). Unlike global Irp2”" mice, Irp2""“* did not develop
either microcytic anemia or neurodegeneration suggesting that these could be cell-
autonomous phenotypes explained by impaired iron acquisition in erythroid cells
due to TfR1 down-regulation, and ferritin up-regulation in the brain (45).
Interestingly, deletion of both IRPs in duodenum results in an even higher
increase in ferritin expression associated with DMTI1 down-regulation and
increased ferroportin expression. Although hematologic and serum iron values are
normal, IrpI”"; Irp2”" mice die before weaning due to severe growth retardation
and dehydration (55). Overall these data suggest that ferritin derepression in the

ZViICre

intestines is partially limited by IRP1 in Irp mice explaining the more

drastic increase in ferritin levels in duodenum specific Irpl”"; Irp2” mice. These
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data also suggested that the opposite effects in DMT]1 and ferroportin in Irp2™;
IrpI”" mice balance each other to maintain normal serum iron levels.

Specific deletion of IRP2 in the hepatocytes (Irp2*?") resulted in iron
accumulation in the liver. Iron loading may be secondary to hepatic ferritin up-
regulation because TfR1 mRNA levels remain normal. As such, increased ferritin
iron might not be sensed as iron overload; thus, explaining the normal systemic
iron homeostasis (45).

In conclusion, mouse studies using single or double IRP ablation have
delineated a specific role for each IRP. While IRP1 may be predominantly
functioning as an aconitase, IRP2 is responsible for responding to changes in iron
bioavailability by regulating IRE containing mRNAs and, therefore, plays a more
important role in maintaining iron homeostasis. Importantly, the IRE/IRP system

exerts its affect in a cell-autonomous manner.

Role of FBXLS in Cellular Iron Homeostasis

The Ubiquitin-Proteasome System (UPS) plays an important role in
maintaining protein homeostasis by clearing abnormal and damaged proteins as
well as those proteins undergoing regulated degradation (84). Proteins are
targeted for degradation at the proteasome by covalent modification of a lysine

residue with ubiquitin. Ubiquitination is carried out by the coordinated action of
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three enzymes. In the first step, the ubiquitin-activating enzyme (E1) hydrolyzes
ATP and adenylates an ubiquitin molecule. This adenylated ubiquitin is then
transferred to an E1 active site cysteine through a high-energy thioester bond. In
the next step, ubiquitin is transferred to a cysteine in the active site of a second
enzyme, the ubiquitin-conjugating enzyme (E2) (84, 100). Finally, an ubiquitin
ligase (E3) recognizes the specific protein to be ubiquitinated and catalyzes the
transfer of ubiquitin from E2 to this target protein in the case of the majority of
E3’s including the RING family. Therefore, the E3 enzyme gives specificity to
the system (25). Target proteins containing at least 4 ubiquitin subunits held
together by isopeptide bonds are degraded at the proteasome. After a protein has
been ubiquitinated, they are recognized by the proteasome, a multiprotein
cylindrical complex, unfolded and then translocated into the proteasome where
they undergo proteolysis (132).

IRP2 is regulated in an iron-dependent manner. The protein accumulates
under iron and oxygen deficient conditions but is polyubiquitinated and degraded
by the proteasome when iron is plentiful (67). However, the mechanism
underlying IRP2 iron-dependent degradation has been difficult and controversial
to delineate.

Because IRP1 and IRP2 amino acid composition differ by the presence of
a unique 73 amino acids stretch in IRP2, initial studies to understand IRP2 iron-

dependent regulation were focused on this unique domain. Deletion of this
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domain from IRP2 rendered the protein unresponsive to changes in iron levels,
and IRP2 aberrantly accumulated under iron-replete conditions. In addition,
insertion of this domain to IRP1 resulted in iron-dependent degradation of the
protein (83). These observations suggested that this unique 73 amino acid stretch,
termed Iron-Dependent Degradation (IDD) domain, conferred iron-dependent
regulation to IRP2.

Later, it was shown that, in the presence of oxygen and iron, cysteines
located in the IDD were oxidized. In vitro ubiquitination assays revealed that
oxidized IRP2 was better ubiquitinated than unmodified IRP2 (82). Subsequent
studies using recombinant IRP2 treated with iron and DTT in the presence of
oxygen revealed that cysteine 178 located in the IDD domain underwent
oxidation as determined by mass spectrometry (85). As a result, it was proposed
that iron promoted the oxidation of cysteine 178, which allowed IRP2 to be
recognized by an unidentified E3 ubiquitin ligase followed by its degradation by
the proteasome.

A putative E3 ubiquitin ligase that ubiquitinated IRP2 was identified
performing a yeast two-hybrid screen. Heme-oxidized IRP2 ubiquitin Ligase 1
(HOIL-1) interacted with IRP2’s IDD domain under aerobic conditions, but the
interaction was blocked under anaerobic conditions. In mammalian cells, IRP2
and HOIL-1 interaction was demonstrated by co-immunoprecipitation assay.

Furthermore, HOIL-1 ubiquitinated IRP2 in vitro when both proteins were
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recombinantly expressed (171). Interestingly, it was also shown that IRP2’s IDD
domain binds heme and, heme-loaded IRP2 was a better substrate for HOIL-1
dependent polyubiquitination than oxidized IRP2 (81). Overall, these data
suggested a model where heme binding to IRP2’s IDD domain induced cysteine
178 oxidation. Oxidized IRP2 is then recognized by HOIL-1, which promotes
IRP2 polyubiquitination targeting for degradation by the proteasome.

Shortly after this model of IRP2 regulation was proposed, several lines of
evidence were published challenging its veracity. Initially, it was shown that IRP2
constructs lacking the IDD domain underwent normal iron-dependent degradation
when expressed in HEK 293 cells (72, 163). Subsequently, it was demonstrated
that neither HOIL-1 overexpression nor HOIL-1 depletion altered IRP2
degradation. Finally, it was proven that HOIL-1 and IRP2 interact, but this
interaction is not iron-dependent (179). Furthermore, Hoil-I"" mice did not show
IRP2 misregulation nor altered iron homeostasis (154). These observations
suggested that in most cells IRP2 stability is regulated in a HOIL-1 independent
manner.

Recently, our laboratory reported that an E3 ubiquitin ligase complex
containing the F-box and Leucine-rich repeat protein 5 (FBXLY5) regulates IRP2
stability (134). Identification of FBXLS5 was achieved performing a high
throughput siRNA screening using a HEK 293 cell line stably transfected with a

plasmid expressing N-terminal hemagglutinin (HA)-tagged and C-terminal
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FLAG-tagged IRP2. When iron was depleted upon treatment with the chelator
deferoxamine mesylate (DFO), these cells accumulated IRP2. On the other hand
when cells were treated with ferric ammonium citrate (FAC), IRP2 levels were
significantly reduced as measured by immunobloting or luminescent proximity
assay (AlphaScreen).

Depletion of FBXL5 by siRNA resulted in aberrant accumulation of IRP2
under iron-replete conditions. Consistent with the inappropriate increase in IRP2
levels, TfR1 mRNA, an IRP2 target, was abnormally increased as well. Co-
immunoprecipitation assays revealed that FBXLS5 and IRP2 physically interact in
an iron- dependent manner. Moreover, recombinant SCF"®*" polyubiquitinates
IRP2 in vitro. Similarly, depletion of FBXLS5 by siRNA in cells expressing an
IRP1 mutant form unable to assemble an 4Fe-4S clusters aberrantly accumulated
this IRP1 variant when iron is abundant (134). Together, these data suggest that
FBXLS5 can recognize and regulate IRP2 and IRP1 stability in an iron-dependent
manner.

Remarkably, immunoblot analysis of lysates prepared from cells treated
with DFO or FAC revealed that FBXLS5 is regulated in a reciprocal manner to
IRP2. The protein is stabilized under iron-replete conditions and degraded when
iron and oxygen are limiting. Since FBXL5 mRNA levels remained constant
regardless of the iron levels, it was determined that FBXLS5 protein levels change

as a function of iron availability. Domain mapping studies showed that the first
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161 residues of the N-terminus are responsible for FBXLS5 iron-dependent
regulation. Deletion of this domain rendered FBXL5 unresponsive to iron.
Moreover, expression of FBXLS residues 1 to 161 was sufficient to recapitulate
iron-dependent regulation. Bioinformatic analysis predicted that FBXLS residues
1-161 adopt a hemerythrin (Hr)-like structure (134). Hemerythrin domains are
found in a few marine invertebrates and bacteria and are involved in oxygen
transport, storage and chemotaxis. Previously reported Hr domains are composed
of a bundle of a-helices surrounding a di-iron center capable of oxygen binding.
Biophysical and structural studies of FBXL5 Hr domain determined that it consist
of an extended bundle of 5 a-helices held together by a di-iron center (134, 152).
Therefore, FBXL5’s iron dependent regulation and iron-binding property suggest

that FBXLS5 may serve as an intracellular iron sensor.

Specific Aims of Dissertation Research

In cell culture systems, disruption of FBXLS5 expression promotes IRP2
accumulation and misregulation of its target genes, thus, underscoring FBXLS5
importance in maintaining cellular iron homeostasis. Proper regulation of IRP2
requires cells to be able to sense and respond to changes in bioavailable iron and
oxygen. FBXL5 has emerged as a potential intracellular iron and oxygen sensor.

However, the mechanism governing FBXLS5’s iron and oxygen-dependent
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regulation remains poorly understood. Additionally, given FBXL5’s important
role in the maintenance of cellular iron homeostasis, it is likely that it may also
play a vital role in the regulation of systemic iron homeostasis, a function that has
not been studied yet. Therefore, I began my dissertation research asking two

central questions:

1. What are the molecular mechanisms governing FBXL5’s

iron- and oxygen-dependent regulation?

2. What is FBXL5’s role in the in vivo maintenance of

systemic and cellular iron homeostasis?

Understanding FBXLS5 iron- and oxygen-dependent regulation might
allow elucidating how cells linked iron and oxygen availability to IRP2 stability
and, consequently, to the maintenance of cellular iron homeostasis. Furthermore,
determining FBXLS5’s physiological role may provide a new insight in the
relationship between cellular and systemic iron homeostasis, which may result in
the development of new therapies for the treatment of human diseases such as

hemochromatosis and iron deficiency.
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Figure 1-1. Dietary iron absorption at the duodenal enterocytes. Duodenal
cytochrome B (DcytB) reduces Fe’* to Fe?", which is subsequently internalized by
Divalent Metal Transporter 1 (DMT1). Cytosolic iron is stored bound to ferritin
or exported to the circulation via ferroportin. Hephaestin oxidizes Fe*" to Fe’,
which binds transferrin to be delivered to the tissues. Adapted from Biol. Res.
2006, 39: 113-124.
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Figure 1-2. Cellular iron uptake. Iron-laden transferrin (Fe-Transferrin) binds to
the tranferrin receptor 1 (TfR1). The Fe-transferrin-TfR1 complex is internalized
by receptor mediated endocytosis. A reduction in endosomal pH induces iron
release, which is later oxidized by the ferric oxidase STEAP3. Ferrous iron is
transported to the cytosol by DMT1. Once in the cytosol, iron can be stored bound
to transferrin, utilized by iron-dependent biochemical processes or exported via
ferroportin (FPN). Adapted from Cell 117:285-297, 2004.
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Figure 1-3. Regulation of Hepcidin expression by hepatocytes. Binding of
iron-laden transferrin to transferrin receptor 1 releases HFE. Freed HFE interacts
with transferrin receptor 2 (TfR2), which together with ligand-bound bone
morphogenetic protein receptor (BMPR) in the presence of hemojuvelin (HJV)
initiates a signal transduction cascade involving Smad4 that results in hepcidin
transcription. Adapted from Blood. 2011, 117:4425-33.
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Figure 1-4. Structure of Transferrin Receptor 1 Iron Responsive Element
(IRE). TfR1 IREs consist of 10 base pairs with a terminal conserved loop
containing the sequence CAGUGC. Five base pairs 5’ of the the loop; there is a
bulge nucleotide that contains an unpaired cytosine that is critical for IRE
function. Adapted from RNA. 2007, 13: 952-966.
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Figure 1-5. IRP1 mediated regulation of iron metabolism genes. Under
iron-deplete conditions, IRP1 binds to IREs located in ferritin 5° UTR and in
transferrin receptor 1 (TfR1) 3’ UTR inhibiting ferritin translation and
promoting TfR1 transcript stabilization. When iron is plentiful, IRP1
assembles an Fe-S cluster, acquires aconitase activity and loses its IRE-
binding properties. Under these conditions, ferritin is freely translated and
TfR1 mRNA is degraded. Adapted from Cell. 2004, 117:285-97.
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Figure 1-6. Cellular iron homeostasis regulation by IRP2. Under iron-deplete
conditions, IRP2 binds to IREs in ferritin 5 UTR and TfR1 3” UTR inhibiting
iron storage and promoting iron uptake. When iron is plentiful, IRP2 gets
polyubiquitinated and degraded by the proteasome resulting in increased iron
storage and diminished iron uptake. Adapted from Cell. 2004, 117:285-97.



Chapter 2: Iron- and Oxygen-Dependent Regulation of
FBXLS

Introduction

As both iron excess and iron deficiency have detrimental effects, cells
must tightly regulate iron metabolism to maintain iron concentration within
normal levels. Cellular iron homeostasis is regulated by the Iron Regulatory
Proteins 1 and 2 (IRP1 and 2) that post-transcriptionally regulate the coordinate
expression of genes involved in iron metabolism (76). These RNA-binding
proteins interact with cis-regulatory stem loop structures called Iron Responsive
Elements (IREs) found in the 5’ and 3’ untranslated regions (UTRs) of target
mRNA (41, 42). Under iron deplete conditions, IRPs bind IREs with high affinity
inhibiting iron storage and promoting iron uptake. Binding of IRPs to a single IRE
in the 5> UTR of ferritin mRNA prevents its translation while binding to multiple
IREs in TfR1 mRNA 3° UTR protects the transcript from endonuclease
degradation, thus, inducing its synthesis (79, 126, 175). When iron is plentiful,
IRPs lose their IRE binding activity, ferritin mRNA is freely translated and TfR1

mRNA is degraded.

36
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In vivo studies revealed that IRP2 has a more prominent role in
maintaining iron homeostasis tha IRP1 (107). IRP2 stability is regulated in an
iron-dependent manner. When iron and oxygen are limiting, IRP2 accumulates
and binds IRE-containing mRNAs while in conditions where iron and oxygen are
abundant, IRP2 gets degraded by the proteasome (67). IRP2 stability is regulated
by a Skpl/Cullinl/F-box (SCF) E3 ubiquitin complex containing the F-box and
Leucine-rich repeat protein 5 (FBXLS) (134, 159). Interestingly, FBXLS is
regulated in a reciprocal manner to IRP2. Under iron-replete conditions, FBXLS5
recruits IRP2 to the SCF complex where it gets polyubiquitinated targeting it for
degradation by the proteasome. When iron is limiting, FBXLS5 is degraded and
IRP2 becomes stabilized capable of binding IREs (134, 159).

FBXLS5’s protein levels change as a function of iron availability; however,
the mechanism of its iron-dependent regulation is unclear. Elucidation of this
regulatory mechanism will help to understand how IRP2 stability is tied to
intracellular iron levels. Therefore, our laboratory sought to reveal the

mechanisms governing FBXL5 regulation.

FBXLS is Post-Translationally Regulated in an Iron- and Oxygen-Dependent

Manner
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In conditions where iron is plentiful, FBXLS5 polyubiquitinates IRP2
targeting it for degradation by the proteasome. It has been also demonstrated that
oxygen availability regulates IRP2 stability. Low oxygen concentrations such as
those at which most tissues are exposed to, promote IRP2 accumulation (72, 107).
To understand these regulatory mechanisms, cells expressing FLAG-tagged
FBXLS5 were treated with either ferric ammonium citrate (FAC) or an iron
chelator deferoxamine mesylate (DFO). Immunoblot analysis revealed that,
opposite to IRP2, FBXL5 protein levels accumulate under high iron condition but
they are considerably reduced when iron is limiting (Fig. 2-1A). In cells treated
with DFO, FBXLS5 degradation was significantly reduced upon addition of the
proteasome inhibitor MG132 (Fig. 2-1A). Likewise, FBXLS5 levels were
decreased when cells were exposed to hypoxia even in the presence of excess iron
(Fig. 2-1B). Thus, the iron- and oxygen-dependent regulation of FBXLS5 may

reciprocally regulate IRP2 stability.

FBXLS is Polyubiquitinated and Degraded by the Proteasome Under Low
Iron Conditions

Treatment of cells with the proteasome inhibitor MG132 blocks FBXL5
degradation under iron limiting conditions (Fig. 2-1A). This suggested that
FBXLS5 degradation is proteasome-dependent. To further investigate whether

FBXLS5 degradation by the proteasome is preceded by polyubiquitination, HEK
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293 cells stably expressing FLAG-tagged FBXLS were treated with FAC or DFO
in the presence or absence of MG132. FBXL5-FLAG was immunoprecipitated
and immunoblotting analysis was done using an ubiquitin antibody. FBXLS5 is
polyubiquitanated under iron deficient conditions as depicted by increased
laddering distinctive of heterogeneous polyubiquitination but diminished under
high iron conditions (Fig. 2-2). Thus, these data suggest that FBXLS is selectively
polyubiquitinated when bioavailable iron is limiting, thereby tagging the protein

for proteasomal degradation.

FBXLS Hr Domain Confers Iron-Dependent Regulation to a Heterologous
Protein

Previously, our laboratory reported that the region conferring FBXLS iron-
dependent regulation is located in residues 1 to 161. When this domain is deleted,
FBXLS5 accumulates under both high and low iron conditions (134).
Bioinformatic analysis predicted that FBXLS residues 1-161 adopt a hemerythrin-
like (Hr) structure. Previously characterized hemerythrin domains consist of a
bundle of a-helices enveloping a di-iron center that binds oxygen. Biophysical
and structural studies confirmed the predictions and reported that FBXLS
hemerythrin (Hr) domain consist of a bundle of 5 a-helices encircling a di-iron
center that, unlike previously characterized hemerythrin domains, does not seem

to bind oxygen (134). This suggests that FBXLS5 oxygen-dependent regulation is
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independent of oxygen binding. However, oxygen in the environment may alter
the oxidation state of the di-iron center, which could affect FBXL5 Hr domain
folding. Interestingly, expression of FBXL5 Hr domain was sufficient to
recapitulate iron- and oxygen-dependent regulation (134). Therefore, I sought to
determine whether FBXL5 Hr domain was both necessary and sufficient to confer
iron- and oxygen-dependent regulation.

To answer this question, I tested whether FBXLS5 Hr domain could
regulate a heterologous protein. HEK 293T cells were transiently transfected with
constructs expressing FBXLS5 Hr domain fused to either the N-terminus (Hr-Luc)
or C-terminus (Luc-Hr) of firefly luciferase. When both fusion constructs were
treated with FAC, luciferase activity was increased at least 2-fold but it was
reduced in low iron conditions (Fig. 2-3, upper panel). These results correlated
with changes in fusion protein accumulation (Fig. 2-3, lower panel). Incubation at
low oxygen conditions also reduced luciferase activity and protein accumulation
(Fig. 2-3). Therefore, fusion of FBXL5 Hr domain to a heterologous protein
convey iron- and oxygen- dependent regulation suggesting that this domain is

both necessary and sufficient to confer iron- and oxygen-dependent regulation.

Iron- and Oxygen-Dependent Degradation of FBXLS Hr Domain is Preceded
by its Polyubiquitination
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Expression of FBXLS5 Hr domain recapitulates FBXLS iron- and oxygen-
dependent regulation. In the presence of sufficient bioavailable iron and oxygen,
FBXLS5 Hr domain levels are dramatically increased, but it gets degraded when
both iron and oxygen are low (134).

To determine whether FBXL5 Hr domain degradation under low iron and
oxygen is proteasome-dependent and preceded by its polyubiquitination, HEK
293 stably expressing N-terminus FLAG-tagged and C-terminus HA-tagged
FBXLS5 Hr domain were incubated with FAC or DFO and in the presence or
absence of the proteasome inhibitor MG132. FBXLS5 Hr domain was
immunoprecipitated using a FLAG antibody and protein accumulation was
determined by immunoblotting. In the presence of MG132, FBXL5 Hr domain
degradation was significantly reduced under low iron and oxygen conditions (Fig.
2-4). When iron is limiting, FBXL5 Hr domain becomes polyubiquitinated
irrespective of the oxygen concentration (Fig. 2-4). Interestingly, under low
oxygen conditions, FBLXS5 Hr domain gets polyubiquitinated even in the
presence of excess iron (Fig. 2-4). Thus, FBXL5 Hr domain becomes
polyubiquitinated under low iron and oxygen conditions prior to being degraded

by the proteasome.

FBXLS does not Promote its own Polyubiquitination
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FBXLS5 responsiveness to changes in iron bioavailability is dependent on
its N-terminal hemerythrin-like domain (134). Under iron deficient conditions,
FBXL5 Hr domain gets polyubiquitinated and degraded by the protesome (Fig. 2-
4). Deletion of this domain leads to constitutive accumulation of FBXLS
independent of iron concentration. In addition, fusion of FBXLS5 Hr domain to a
heterologous protein makes the protein responsive to changes in bioavailable iron
and oxygen (Fig. 2-3). These data suggested that FBXL5 Hr domain might
contain a degron that allows FBXL5 to be recognized and ubiquitinated by an E3
ubiquitin ligase.

Several reports indicate that the F-box subunits of Skp1/Cull/F-box (SCF)
E3 ubiquitin ligase complexes can undergo autoubiquitination (49, 137, 169). To
investigate whether FBXLS promotes its own ubiquitination, endogenous FBXL5
was depleted using a siRNA selectively targeting full length FBXLS in cells
stably expressing N-terminus FLAG-tagged and C-terminus HA tagged FBXL5
Hr domain. Then, cells were treated with FAC or DFO in presence or absence of
MG132 and protein accumulation and polyubiquitination was determined by
immunoblotting. FBXL5 depletion was sufficient to stabilize IRP2 under high
iron conditions; however, it neither reduced FBXLS5 Hr domain polyubiquitination
nor prevented its degradation under low iron conditions (Fig. 2-5), thus,
suggesting that autoubiquitination does not take place. These data indicates that a

FBXLS5 specific E3 ubiquitin ligase is yet to be identified.
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FBXLS Hr Domain Residues 77-81 are Part of a Regulatory Sequence
Required for FBLXS Iron-Dependent Regulation

To identify the region within FBXL5 Hr domain responsible for targeting
the protein for degradation, several FBXL5 N-terminal deletion constructs were
generated. Deletion mutants A1-33, A1-59 and Al-76 were constitutively
degraded. On the other hand, A1-81 and A1-100 proteins accumulated under both
high and low iron conditions suggesting a regulatory sequence might exist C-
terminal of residue 76 (Fig. 2-6A). To narrow this region, constructs containing
adjacent 5 amino acids deletions in the region spanning residues 67-91 were
generated. Interestingly, deletion mutant A77-81 protein constitutively
accumulates (Fig. 2-6B) suggesting that these residues are part of regulatory

sequence required for FBXLS5 proteasomal degradation.

Conclusions

Cellular iron homeostasis is primarily regulated by IRPs, which regulate
the post-transcriptional expression of genes involved in iron metabolism. IRP2
stability is regulated in an iron- and oxygen-dependent manner. The protein
accumulates under iron and oxygen deficient conditions, but it gets degraded by

the proteasome when iron is plentiful.
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FBXLS, the substrate recognition subunit of a SCF E3 ubiquitin ligase
complex, controls IRP2 stability. Depletion of FBXLS5 leads to uncontrolled
accumulation of IRP2 with concomitant misregulation of its target genes, thus,
underscoring the importance of FBXLS in the regulation of iron homeostasis
(134, 159).

Interestingly, FBXLS is regulated in a reciprocal manner to IRP2 as the
protein is stabilized under iron-replete conditions (Fig. 2-1). However, when iron
and oxygen bioavailability is limited, FBXL5 is polyubiquitinated and degraded
by the proteasome (Fig. 2-2). These data suggest that the iron- and oxygen-
dependent regulation of IRP2 may be coupled to reciprocal effects on FBXL5’s
stability.

FBXL5 N-terminal residues 1 to 161, which adopt a hemerythrin-like (Hr)
structure, confer the protein its iron- and oxygen-dependent regulation. Deletion
of FBXLS5 Hr domain renders the protein constitutively stable and accumulates
under high and low iron conditions. Furthermore, fusion of FBXLS5 Hr domain to
firefly luciferase confers the protein iron- and oxygen-dependent regulation (Fig.
2-3).

Expression of FBXL5 Hr is sufficient to recapitulate the iron- and oxygen-
dependent regulation observed in FBXLS5 (134). When iron and oxygen are
plentiful, FBXLS5 Hr domain accumulates but it gets polyubiquitinated and

degraded by the proteasome when iron and oxygen are limiting (Fig. 2-4). These
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data suggested that FBXLS5 Hr domain may contain a regulatory sequence that is
recognized by an E3 ubiquitin ligase that targets it for its degradation.

It is not uncommon that the F-box subunits of SCF E3 ubiquitin ligases
promote their own ubiquitination (49, 137, 169). However, depletion of
endogenous FBXL5 had no effect on FBXLS5 Hr domain polyubiquitination or
degradation; thus, arguing against the possibility that FBXL5 could ubiquitinate
FBXL5 Hr domain in trans (Fig. 2-5). N-terminal deletion constructs of FBXLS5
revealed that residues 77-81 might be part of a regulatory sequence mediating
FBXLS5 proteasomal degradation (Fig. 2-6B). This region may be recognized by a
yet to be identified E3 ubiquitin ligase.

Overall, the data presented here suggest that mammalian cells, by means
of FBXL5 Hr domain, are capable of sensing intracellular iron and oxygen
availability and consequently alter the stability of the IRPs in a mechanism
mediated by the SCF™™*" E3 ubiquitin ligase complex. In addition, structural
data revealed some unique features that could contribute to its iron and oxygen
sensing ability including a fifth helix, not observed in previously characterized Hr
domains, that contributes a residue in the iron coordination, and a truncated helix
preceded by a extended loop that contains a regulatory element (134, 152). These
data were generated in cell-based assays; therefore, the importance of FBXLS5 in

the regulation of iron homeostasis in vivo must be addressed.
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Figure 2-1. FBXLS is regulated in an iron- and oxygen dependent manner.
(A) Immunoblot analysis of stably transfected FBXLS-FLAG protein
accumulation under high (FAC) or low (DFO) iron conditions. (B) Immunoblot
analysis of FBXL5-FLAG accumulation exposed to normoxia (21% O) or
hypoxia (1% O,). Figure courtesy of Joel Thompson.
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Figure 2-2. FBXLS degradation under iron-deplete conditions is preceded by
its polyubiquitination. Immunoblot analysis of immunoprecipitated FLAG-
FBXLS5 from cells treated with FAC or DFO in the presence or absence of the
proteasome inhibitor MG132.
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Figure 2-3. FBXLS hemerythrin domain confers iron- and oxygen-dependent
regulation to a heterologous protein. Luciferase activity (upper panel) and
protein accumulation levels (lower panel) in HEK 293T cells transiently
transfected with fusion proteins. E.V., empty vector.
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Figure 2-4. FBXLS Hr domain gets polyuquitinated before being degraded
by the proteasome under low iron and oxygen conditions. Immunoblot
analysis of immunoprecipitaed N-terminus FLAG-tagged and C-terminus HA-
tagged FBXL5 Hr domain from cells treated with FAC or DFO. MG132 was
added where indicated to promote accumulation of polyubiquitinated protein.
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Figure 2-5. Ubiquitination of FBXLS Hr domain is not dependent on FBXLS.
HEK 293 cells stably expressing FLAG- and HA-tagged FBXLS5 Hr domain were
depleted of endogenous FBXLS5 using siRNA prior treatment with FAC or DFO
in the presence or absence of MGI132. Protein accumulation and

polyubiquitination of immunoprecipitacd FBXLS5 Hr domain were determined by
immunoblotting.
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Figure 2-6. FBXLS Hr domain contains a degron required for targeting the
protein for degradation. (A) Immunoblot analysis of FBXLS5 N-terminal
deletion constructs treated with FAC or DFO. (B) Immunoblot analysis of FBXLS5
short internal N-terminal deletion constructs treated with FAC or DFO. Figure

courtesy of Joel Thompson.



Chapter 3: FBXLS is Required for Maintenance of
Cellular and Systemic Iron Homeostasis

Introduction

Iron is widely employed as a cofactor throughout biology. Failure to
maintain bioavailable iron concentrations within appropriate levels may result in
deleterious consequences ranging from iron overload to anemia (17, 64). Iron
overload or hemochromatosis is a disease characterized by an increase in the rate
of intestinal iron absorption and progressive accumulation of iron in various
tissues (119). The most commonly affected tissues include the liver, heart and
endocrine glands resulting in cirrhosis, cardiomyopathy and diabetes,
respectively. Most types of iron overload disorders are of genetic origin (12, 120).
These can be either autosomal recessive or dominant (86). All types of recessive
genetic disorders leading to iron overload are the result of a deficit in hepcidin
(HAMP) synthesis. Under normal circumstances, in response to high iron serum
levels, hepcidin is released from the liver and promotes ferroportin internalization
and degradation resulting in decreased iron absorption (57, 58, 166). Pathological
reduction of HAMP production results in augmented ferroportin and increased
iron absorption. Mutations have been found in HAMP or genes involved in

HAMP synthesis. The majority of patients with hemochromatosis have mutation

52
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in HFE or TfR2, which affects 1:500 people of European descent (119). The more
severe cases of iron overload are seen in patients with mutations in HAMP or
hemojuvelin. Unlike mutations in HFE or TfR2 that severely reduce hepcidin
synthesis, mutations in HAMP and hemojuvenil completely abrogate hepcidin
production (86, 119, 120). Dominant genetic disorders that lead to
hemochromatosis affect ferroportin. Mutations in ferroportin’s hepcidin binding
site or defective phosphorylation following hepcidin binding render ferroportin
resistant to hepcidin (86). To date, all patients identified are heterozygous for
mutations in ferroportin as homozygosity would be lethal as suggested by the
embryonic lethality of FPN”" mice (38, 86). Hemochromatosis can also result as a
consequence of severe chronic hemolysis, frequent blood transfusions as those
needed for patients with Thalassemia or sickle cell disease or excess iron diet
(60). Iron overload is treated with regularly scheduled phlebotomies or use of
chelating agents such as deferoxamine and deferiprone (119).

Iron deficiency anemia is the most common nutritional disorder in the
world (149). More than 30% of the world’s population is anemic due to iron
deficiency (43). It affects mainly children and pregnant women contributing to
20% of all maternal deaths (87). It is caused by insufficient consumption and
absorption of iron or intestinal bleeding. Parasitic worm infections involving
hookworms, whipworms and roundworms cause constant, unnoticeable intestinal

bleeding leading to iron loss. Parasitic infections including malaria and worms
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constitute the main cause of iron- deficiency anemia worldwide (39). Less
common types of anemia include Anemia of Inflammation and Iron Resistant Iron
Deficiency Anemia (IRIDA). The inability to absorb iron is due to an increase in
hepcidin production which results in diminished ferroportin in the cell surface and
decreased iron export. In Anemia of Inflammation, hepcidin production is
stimulated by inflammatory stimuli such as increased levels of inflammatory
cytokines IL-1 and IL-6 (86). Hepcidin transcription persists as long as the
inflammatory stimuli are present. IRIDA results as a consequence of mutations to
TMPRSS6, a cell surface protease that regulates hemojuvelin levels (17, 40). Loss
of TMPRSS6 results in increased hemojuvelin and, therefore, hepcidin up-
regulation (86, 145). Clinicopathological features of anemia include low
hematocrit, moderate to low hemoglobin and reduced mean cell volume (17, 149).
Since both iron excess and deficiency are pathologic, iron homeostasis must be
tightly regulated.

Iron Regulatory Proteins 1 and 2 (IRP1 and 2) regulate the post-
transcriptional expression of several iron metabolism genes upon binding Iron
Responsive Elements (IREs) within the 5" or 3’ untranslated regions (UTRs) of
their mRNAs in iron depleted cells (76, 129). For example, translation of the iron
storage protein Ferritin heavy chain 1 (FTH1) is reduced upon binding of IRPs to
its 5" IRE (129, 153). Conversely, iron uptake is promoted by stabilization of the

mRNAs encoding the iron import factors TfR1 and DMT-1 upon IRP binding to
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IREs within their 3" UTRs (96). As iron bioavailability increases, IRPs lose their
RNA binding capacity, either through conformational changes resulting from the
enhanced FeS cluster assembly within IRP1 (70) or enhanced proteasomal
degradation of IRP2 (67).

Selective degradation of IRP2 is preceded by its iron-dependent
polyubiquitination via a Skpl/Cull/Rbx1 (SCF) E3 ubiquitin ligase complex
containing the F-box and Leucine-rich Repeat Protein 5 (FBXLS5) (134, 159).
FBXLS5 contains an N-terminal hemerythrin-like (Hr) domain characterized by a
helical bundle held together by a di-iron center (27, 144, 152). When iron and
oxygen are abundant, this domain resides in a compact conformation that masks a
degron within the Hr domain itself, promoting FBXLS5 accumulation and
subsequent IRP2 degradation (27, 134, 152). When low levels of bioavailable iron
limit assembly of the di-iron center, the Hr degron becomes accessible and
FBXLS5 is degraded by the proteasome (27, 151, 152). These properties of the
FBXLS5 Hr domain suggest that it is a key sensor of bioavailable ferrous iron
within cells (27, 133, 152). The importance of FBXLS5 to the maintenance of
cellular iron homeostasis was initially confirmed through siRNA-mediated
knockdown of FBXL5 expression, which resulted in inappropriate stabilization of
IRP2 in iron-replete cells (134). Such cells aberrantly repress ferritin expression
while promoting continued iron uptake through stabilization of the TfR1 mRNA

(134, 159), exacerbating the metabolic stress of excessive iron.
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Although the importance of FBXLS in cellular iron homeostasis has been
previously addressed, the physiological role of FBXLS5 is unknown. Specifically,
FBXL5’s roles in iron absorption, storage, erythropoiesis and development
remain unanswered. To investigate the in vivo role for FBXLS in the maintenance
of iron homeostasis, we generated mice in which the Fbx/5 gene locus has been

disrupted.

FBXLS is Ubiquitously Expressed

As all mammalian cells have a requirement for iron, yet are susceptible to
damage when bioavailable iron accumulates, a bona fide cellular iron sensor
should be ubiquitously expressed. FBXL5 mRNA levels were measured by
quantitative Real-Time PCR (qRT-PCR) across panels of human and murine
tissue extracts. As predicted, FBXLS5 expression was detected in all samples with
the highest relative levels present in the brain, particularly the metal-rich
cerebellum (122), eye and testis (Fig. 3-14 and B). These same FBXL5 mRNA-
abundant tissues also tend to express relatively high levels of IRP1 and IRP2
mRNAs (Fig. 3-14 and B and (107)). In the mouse, FBXLS5 expression is high at
embryonic day (E) 7.5 (Fig. 3-1B), suggesting a role in early embryogenesis,
though its expression decreases as the embryo progresses through development

(E11 and E15).
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Mice Lacking a Functional Fbxl/5 Gene Die During Embryogenesis

To determine the physiological role of the iron sensor FBXLS5 in the
maintenance of iron homeostasis, we generated mice where FBXLS5 expression
has been globally ablated using gene trap technology. The trapping vector
contains a splicing acceptor (SA) site follow by a promoterless selection marker
(Neo) with a polyadenylation (pA) signal. Insertion of this gene-trapping (GT)
vector downstream of FBXL5’s second exon generated a disrupted allele
(FbxI5°"; Fig. 3-2A). Disruption of the FBXL5 locus was confirmed by
genotyping PCR (Fig. 3-2B). Progeny from mice containing one copy of this non-
functional allele were genotyped at various developmental time points. While
wild type (FbxI5™™), heterozygous (FbxI57°") and homozygous null (Fbx/5°7¢T)

embryos were initially observed in a Mendelian 1:2:1 ratio, no FbxI5°7°"

pups
were born (Table 1). In the mixed genetic background of our mice, E9.5
Fbx157T embryos exhibited growth retardation as compared to wild type and
heterozygous littermates (Fig. 3-3). Although developmentally delayed,
histopathological analysis revealed that E9.5 Fbx/5°7“" embryos had undergone
normal placentation as demonstrated by the fusion and formation of the

chorioallantoic plate (Fig. 3-4A) with subsequent mixing of maternal and fetal

blood (Fig. 3-4B). Furthermore, gastrulation and cardiovascular development
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(Fig. 3-5) were normal as well. However, at E10.5 these embryos appeared very

distorted and were completely absorbed by day E12.5.

Iron Metabolism Genes are Aberrantly Regulated in FbxI15°7“T Mouse

Embryonic Cells

Given FBXL5’s proposed role in mediating cellular iron homeostasis in
vivo, we suspected that FbxI5°"" embryos would fail to properly regulate IRE-
containing mRNAs. The early embryonic lethality of the FbxI5°7“" mice
prematurely precluded the in-depth analysis of FBXL5’s role in iron homeostasis.
To circumvent this problem, we generated mouse embryonic cell (MEC) lines
from FbxI5™", Fbx157°" and FbxI5°"“" embryos harvested on day E8 (Fig. 3-
64). FbxI5"" and FbxI157°" cells depleted of bioavailable iron with the metal
chelator deferoxamine mesylate (DFO) strongly accumulate IRP2 compared to
iron-replete cells incubated with ferric ammonium citrate (FAC). However,
Fbx15°7T cells aberrantly accumulate IRP2 under both conditions (Fig. 3-7A).
Total IRP1 protein levels remained constant under all conditions and in all cell
types (Fig. 3-74). This inappropriately accumulated IRP2 is competent for IRE
binding (Fig. 3-7B) and FbxI5°7°" cells exhibit increased TfR1 expression and
decreased ferritin expression under iron-replete conditions (Fig. 3-7A and 3-6B).

An increase in iron uptake, coupled with a decrease in iron storage capacity, could
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result in the over-accumulation of iron accompanied by increased oxidative stress

in these FBXL5-null cells.

Ablation of IRP2 but not IRP1 Rescues FBXLS5 Knockout Early Mortality

To ascertain whether embryonic lethality was due to deregulated IRP2
expression, we crossed FbxI57" mice with IRP2 knockout mice (52). Viable
Irp2”"; Fbx15°7“" mice were born from Irp2™"; Fbx15"“" intercrosses, though no
Irp2"; Fbx15°7“" mice were observed (Table 2). Like their littermates, Irp2”;
Fbx15°7“" mice grow normally and are fertile. This result suggests that the early
embryonic mortality of FBXLS5-null animals is due to the constitutive
accumulation of IRP2 with concomitant misregulation of its target genes.

+ . /-
ST mice were crossed, no Irpl ! K Fbxl5°7CT

Interestingly, when Irpl™"; Fbxi5
pups were observed at birth (Table 3), despite the significant redundancy in IRP1

and IRP2 function as assessed in cell culture models(52, 89, 107, 127).

FbxI57¢T Mice Differ from FbxI5"" Littermates When Fed a Low Iron Diet

In contrast to the embryonic lethality of FBXLS5-null mice, Fbxl5
heterozygous (FbxI5"°") mice are born at expected ratios, grow normally, and are
fertile. To determine if Fbx/57°" mice manifest a non-overt iron related

phenotype(s), we challenged wild type and heterozygous mice with a low iron (5
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ppm) diet and compared their results to mice weaned onto an iron-sufficient (50
ppm) diet (107, 127). After 3 weeks ingesting the specified diets, blood was
collected by cardiac puncture from anesthetized mice and complete blood counts
(CBC) and serum iron levels were determined. Wild type mice fed a low iron diet
exhibited an expected 77% decrease in serum iron levels despite a compensatory
149% increase in the total iron binding capacity (TIBC) of transferrin (Table 4).
Consistent with the low dietary iron availability, wild type animals report
significant reductions in hematocrit and hemoglobin levels, and a modest
reduction in the number of red blood cells (RBC) (Table 4).

All measurements taken from Fbx/57" mice fed an iron sufficient (50
ppm) diet were indistinguishable from control wild type mice. Even Fbx/57¢"
mice fed a low iron diet exhibit similar changes in serum iron and TIBC values to
those of their wild type counterparts (Table 4). However, this reduced iron
availability does not subsequently result in any corresponding reductions in
hematocrit, hemoglobin, or erythrocyte levels in the Fbxl5 heterozygotes (Table
4).

To discard the possibility that this phenotype is due to the mixed
background of our mice, Fbx/57°" mice were backcrossed to 129/SvEv mice to
generate syngeneic Fbx/5"7°" mice. Similar to mixed background FbxI5"" mice,

+/GT

syngeneic Fbxl5 " mice have normal hematocrit, hemoglobin and red blood cell

5+/GT

values when fed a low iron diet (Table 5). These data suggest that Fbx/ mice
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have altered systemic iron homeostasis so as to make iron preferentially available

to the erythroid compartment irrespective of genetic background.

No Additional Iron is Mobilized from FbxI57¢T Liver Stores

5"6T mice retain normal hematocrit and

Unlike wild type mice, Fbxl
hemoglobin values when dietary iron availability is limited. We hypothesized that
the requisite iron needed to maintain these levels in the heterozygous could be
made available either through depletion of iron stores or through increased
intestinal absorption. A major site of iron storage is the liver (76). To examine
whether the iron content of livers differed between wild type and heterozygous
mice fed the low iron diet, total metal content was determined by inductively
coupled plasma mass spectrometry (ICP-MS). As shown in Fig. 3-8, total iron
content in the liver was reduced an equivalent amount in all mice fed the low iron

diet for three weeks, providing no indication that additional iron was mobilized

from Fbxl57¢T liver stores.

Iron Absorption and Systemic Distribution are Altered in FbxI57°" Mice Fed
a Low Iron Diet
To determine if FbxI5"°" mice are more efficient than wild type mice at

absorbing limiting dietary iron, *’Fe was directly introduced via gastric gavage
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into the stomachs of mice that had been fed a low iron diet for three weeks. These
mice were sacrificed at various time points and the distribution of *’Fe in various
tissues was measured. At the earliest time point (1 hr), almost 80-fold more *°Fe

N . ) )
56T mice on low iron diets as

was incorporated within the duodena of Fbx!/
compared to wild type animals (Fig. 3-94). This increased efficiency in intestinal
uptake was accompanied by a corresponding 3-fold increase in serum >Fe levels
at 1 hr (Fig. 3-9B). The whole body distribution of *’Fe is also markedly different
in the FbxI5"°" mice, as this newly absorbed iron is made preferentially available

to the bone marrow (Femur; Fig. 3-9C) and spleen (Fig. 3-9D) for rapid

incorporation into red blood cells (Fig. 3-9F), rather than sites of storage (liver;

Fig. 3-9F).

Fbxl5 Haploinsufficiency Specifically Alters the Iron-Responsiveness of the
Duodenum

Though FbxI5°" mice are indistinguishable from FbxI5"" mice when fed
an iron sufficient diet, the heterozygous mice take up iron more efficiently when
dietary availability is limiting. To determine the underlying cause of this
difference, immunoblot analysis was used to examine the expression of iron

metabolism genes in the intestines of Fbxl5™"

mice. In wild type mice fed a low
iron diet, intestinal iron absorption is typically promoted in multiple ways. At the

cell autonomous level (45, 54), IRP activity is induced within iron-depleted
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intestinal epithelial cells (Fig. 3-10A), stabilizing an IRE-containing DMTI
transcript (Table 5) and subsequently promoting iron uptake through increased
DMT1 expression (Fig. 3-104). At the same time, reduced serum iron levels
attenuate hepcidin (HAMP) transcription in the liver (Table 5) (57, 58). A
reduction in circulating hepcidin levels stabilizes the iron export protein
ferroportin (Fig. 3-104) to facilitate iron absorption through the intestine. In the
FbxI57°" animals, the systemic, ferroportin-dependent, response is identical to
FbxI5™" mice, both at the level of hepcidin expression in the liver (Table 5) and
ferroportin accumulation in the duodenum (Fig. 3-104). However, the cell
autonomous response to low iron is dramatically altered in the duodena of mice
containing only a single functional copy of the FbxI5 gene. In these Fbxl5™%"
mice fed a low iron diet, IRP2 protein levels are 7-fold higher than in the
corresponding wild type mice (Fig. 3-10A and Table 6). The accompanying 2-
fold increase in IRP-binding activity (Fig. 3-11) mimics the 2-fold additional
increase in the IRE-containing DMT-1 mRNA (but not the IRE-independent
DMT-1 mRNA isoform; Table 5) and DMT-1 protein levels (Fig. 3-10A and
Table 6) in the Fbx/57°" duodenum samples. Interestingly, this enhanced IRP
responsiveness appears to be primarily limited to the intestine as the expression of

iron metabolism genes was identical between wild type and heterozygous livers

(Fig. 3-10B), spleens, and brains (Tables 5 and 6).
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Conclusions

While FBXLS5 clearly contributes to the regulation of cellular iron
homeostasis by coupling intracellular iron levels to IRP2 degradation (134, 159),
the in vivo roles of FBXLS5 are only beginning to be delineated.

Disruption of the ubiquitously-expressed (Fig. 3-1) murine Fbxl5 gene
results in a failure to sense changes in cellular iron availability accompanied by
constitutive IRP2 accumulation and misexpression of IRP2 target genes under
iron replete conditions (Figs. 3-6B and 3-7A). Mice lacking a functional FBXL5
gene die during embryogenesis (Fig.3-2 and table 1), though viability can be
restored by simultaneous deletion of the IRP2, but not IRP1, gene (Tables 2 and
3). Mice containing a single functional Fbx/5 allele behave similar to their wild
type littermates when fed an iron-sufficient diet. However, unlike wild type mice
that manifest decreased hematocrit and hemoglobin levels when fed a low-iron
diet, Fbx/5 heterozygotes maintain normal serum levels (Table 4). In these mice,
the increased iron available to the erythroid lineage does not come at the expense
of total liver stores (Fig. 3-8) but is instead due to increased iron absorption (Fig.
3-9). Molecular characterization of various tissues suggests that the iron-
sensitivity of the FBXLS5 sensor differs in the duodenum, altering the iron-
responsiveness of Divalent Metal Transporter-1 (DMT-1) expression (Fig. 3-10

and Tables 5 and 6). Together these results provide new insights into the
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relationship between cellular and systemic iron homeostasis and the privileged

role of the intestine in their regulation.
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Figure 3-1. FBXLS is ubiquitously expressed in humans and mice. Relative
mRNA levels of FBXLS, IRP1, and IRP2 were quantitated by qPCR from human
(A) and murine (B) tissue samples. Each column represents the average of three
experiments = SD.
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Figure 3-2. Disruption of the murine FBXL5 gene. (4) Embryonic stem cells
containing a gene-trapped (GT) FBXLS allele were used to generate FBXL5-null
mice. A trapping vector containing a promoter-less neomycin (Neo) resistance
cassette flanked by a splicing acceptor (SA) site and a polyadenylation signal
sequence (pA) was inserted 3° of FBXL5 exon 2. Utilization of the SA site
generates a truncated FBXL5 mRNA transcript competent for Neo expression.
The trapping vector also contains the first exon of the Bruton’s tyrosine kinase
(Btk) gene flanked by the PGK promoter sequence and a splicing donor site (SD).
The resultant chimeric fusion transcript was used to generate a sequence tag of the
trapped gene by 3' RACE. (B) Genotypic analysis by PCR using genomic DNA

isolated from wild type mice (FbxI5""), heterozygous mice (Fbxi57¢T), or
FBXL5-null mice (Fbx15°7°).




Table 1. Genotypes of embryos from heterozygous matings

No. of Progeny

Stage ++ +/GT GT/GT Total
E9.5 20 44 18 82
E10.5 11 22 9 42
E11.5 12 28 10* 50
E12.5 10 22 0 32
Postnatal 85 155 0 240

* Partially absorbed Embryos
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FbxI5** FbxI5*CT FbxI5¢7CT

Figure 3-3. Fbx15°7¢T embryos exhibit growth retardation with respect to
+/+

their wild type (FbxI5"") and heterozygous (FbxI57°") littermates. Embyos
were harvested at day E9.5 and fixed in 4% paraformaldehyde. Bar = 1mm.
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A FbxI5** FbxI5*6T FbxI5676T

Figure 3-4. FbxI°”®" embryos undergo normal placentation. Histological
analysis (H&E stained) of sagittal section of FbxI5"", FbxI57°T and Fbx15°7¢T
embryos (E9.0) reveals (4) formation of the chorioallantoic plate (allantois, gray
arrows; chorioallantoid plate, black arrows) and (B) maternal (*) and fetal blood
mixing in the chorioallantoic plate.
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FbxI5** FbxiI5*CT FbxI5C7CT

Figure 3-5. FbxI15°7°T embryos have normal heart development. Histological
analysis (H&E stained) of sagittal sections of FbxI5"", FbxI5"°T and Fbx15°7¢T
embryonic hearts (E9.0). A = atrium; V = ventricle.
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Figure 3-6. Generation of FbxI5™", FbxI57¢" and FbxI5°"" mouse
embryonic cells. (4) Mouse embryonic cells genotypes assessed by PCR assay
(Fig. S1). (B) Relative TfR1 mRNA accumulation measured by qPCR. Each
column represents the average of three experiments = SD.
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Figure 3-7. Iron metabolism genes are aberrantly regulated in Fbx15°7¢T

mouse embryonic cells. (4) Immunoblot analysis of IRP1 and IRP2 and their
target genes Transferrin Receptor 1 (TfR1) and Ferritin Heavy Chain 1 (FTH1)
from mouse embryonic cells treated with FAC and DFO. Actin levels were
assessed as a loading control. (B) Assessment of RNA binding activity from
mouse embryonic cells treated with FAC or DFO.



Table 2. Genotypes of mice produced from FbxI57C7; Irp2*- intercrosses

No. of Animals

Irp2+* Irp2+" Irp2” Total
FbxI5** 11 20 7 38
FbxI5*cT 24 36 7 67
FbxI5676T 0 0 5 5
Total 35 56 19 110

p-value for the Chi-Square test was 0.0698 indicating that the genotype
distribution was not significantly different from expected Mendelian ratios.
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Table 3. Genotypes of mice produced from Fbx/5*¢7; Irp1*~intercrosses

No. of Animals

Irp1+* Irp 1+ Irp1” Total
FbxI5** 37 54 21 112
FbxI5+¢T 39 124 37 200
Ebx|5676T 0 0 0 0
Total 76 178 58 312

p-value for the Chi-Square test was 0.0042 indicating that the genotype
distribution was significantly different from expected Mendelian ratios.
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Table 4. Hematological parameters and serum values from Fbx/5** and Fbx/5*¢T

mice fed either an iron sufficient or low iron diet

FbxI5* Fbxi5+6T
Sufficient Fe Low Fe Sufficient Fe Low Fe
RBC (M/pl) 9.21+0.26 7.62+043% 919+0.23 9.32+0.36°
Hematocrit (%) 52.64+2.19 33.53+1.87° 51.29+1.73 4884 +2.11°
Hemoglobin (g/dL) 13.76 £+ 0.33  9.91+0.79¢ 13.72+0.45 13.17+£0.51°
Iron (ug/dL) 253.3+20.17 58.50+9.71 2528+536 53.25+10.3
TIBC (ug/dL) 3375+78 504.2+9.44 3345+26.3 556.25+34.8
Saturation (%) 75.25 £ 6.32 1275+ 141 76.75+4.95 10.00+2.12

Note. Values expressed as mean + SD of 12 replicates. In the rows, differences between
paired values denoted by superscript letters are statistically significant as determined by

t-test. @ p = 0.0069; ® p < 0.0001; © p < 0.005.
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Table 5. Hematological parameters and serum values from syngeneic FbxI5** and

FbxI5*¢T mice fed either an iron sufficient or low iron diet

FbxI576T
Sufficient Fe Sufficient Fe Low Fe
RBC (M/pl) 9.98 £0.32 7.01+£0.532 8.93+1.12 8.74+0.21°
Hematocrit (%) 5144 +1.26 28.55+1.76° 4893241 44.94+269
Hemoglobin (g/dL) 15.26 £ 0.33 9.21+0.56° 14.96+1.06 12.60+0.33°
Iron (ug/dL) 2852 +3596 57.01+13.1 298.7+48.6 51.03+10.2
TIBC (ug/dL) 343.75+ 20 576 +18.71  333.5+28.1 579+13.78
Saturation (%) 87.25+4.83 10.75+3.86 89.5+11.09 9.75+1.72

Note. Values expressed as mean + SD of 12 replicates. In the rows, differences between
paired values denoted by superscript letters are statistically significant as determined by

t-test. 2 p = 0.0033; ® p < 0.0051; © p < 0.0006.
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Figure 3-8. Total element concentrations in FbxI5"”" and FbxI57¢" mice. The
iron (Fe), copper (Cu), manganese (Mn), cobalt (Co), nickel (Ni), zinc (Zn),
molybdenum (Mo) and phosphorus (P) content in perfused livers from FBXL5""
and FBXL5"°" mice fed either an iron sufficient (S; 50 ppm) or a low (L; 5 ppm)
iron diet for 3 weeks. Each column represents the average of 4 mice + SD and
statistically-significant differences were determined by t-test: *** p < 0.0001, **
p <0.003, * p<0.05.
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Figure 3-9. FbxI157¢" mice fed a low iron diet for three weeks have altered
Fe absorption and distribution profiles compared to wild type littermates.
*Fe levels were measured in the (4) duodenum, (B) serum, (C) femur, (D) spleen,
(E) red blood cells and (F) liver at the indicated time points. Each point represents
the average values from 4 mice £+ SD.
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Figure 3-10. The duodena of FbxI57°" mice display a heightened
responsiveness to a low iron diet. Immunoblot analysis of IRP2 and its targets
DMT1, TfR1, ferroportin (FPN1) and FTHI in the duodenum (A4) and liver (B) of
FbxI5™" and Fbx15"°" mice fed either an iron sufficient (S; 50 ppm) or low (L; 5
ppm) iron diet for three weeks. Actin levels were assessed as a loading control.
Quantitation is provided in Table 6.
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Figure 3-11. The IRE binding activity of IRP1 and IRP2 are increased in
Fbx15"¢" mice fed a low iron diet. (4) Measurement of IRE binding activity by
EMSA from duodenum lysates made from FbxI5"" and FbxI57“" mice fed either
a low iron (L; 5 ppm) or iron sufficient (S; 50 ppm) diet for 3 weeks.
Quantification of IRE binding activity is indicated below. (B) Immunoblot
analysis and quantification of IRP1 and IPR2 protein levels from the same
duodenum lysates. Each column represents the average of 4 mice + SD and
statistically-significant differences were determined by t-test: * p < 0.05; ** p <
0.03.



Chapter 4: Discussion and Future Directions

Iron- and Oxygen-Dependent Regulation of FBXLS

Cellular iron homeostasis is regulated primarily by the IRPs (107), which
controls the post-transcriptional expression of genes involved in iron metabolism
in a coordinated fashion (76). Under oxygen and iron deplete conditions IRP2
inhibits the translation of the iron storage protein ferritin upon binding to its 5’
IRE (41, 90, 101). At the same time, iron uptake is promoted by stabilization of
mRNA encoding the iron import factor TfR1 (96, 153, 165). When iron is
abundant, IRP2 loses its IRE binding capacity through enhanced proteasomal
degradation (67).

Regulation of IRP2 necessitates that cells sense both bioavailable iron and
oxygen and couple this information to changes in IRP2 stability. Work from our
laboratory and others reported that a Skpl/Cullin/F-box (SCF) E3 ubiquitin
complex containing the F-box and Leucine rich repeat protein 5 (FBXLY)
regulates IRP2 stability (134, 159). Depletion of FBXL5 leads to aberrant
accumulation of IRP2 with concomitant misregulation of its target genes; hence,
underscoring FBXLS5 importance in iron homeostasis (134, 159). Interestingly,
FBXLYS5 is regulated in an inverse fashion to IRP2. The protein is stabilized under

iron-replete conditions but polyubiquitinated and degraded by the proteasome

82



83

when iron and oxygen are low (Fig. 2-1A and B, Fig. 2-2). Therefore, the ironand
oxygen-dependent regulation of IRP2 is coupled to reciprocal effects on FBXLS5’s
stability.

Deletion mutagenesis mapped the region conferring FBXLS5 iron- and
oxygen-dependent to the N-terminal 1-161 residues. Deletion of this domain
renders the protein constitutively stable and accumulates under both high and low
iron conditions (134). Furthermore, expression of this domain is sufficient to
recapitulate iron-dependent regulation (134). Biophysical and structural studies
revealed that FBXLS5 1-161 residues adopt a hemerythrin-like (Hr) folding
consisting of a bundle of 5 a-helices held together by a di-iron center and its
stability is better increased in presence of iron as compared to other metals (27,
144, 152). These data suggested that FBXLS5 Hr domain serves as an iron sensor
that regulates FBXL5 stability.

Since deletion of FBLXS hr domain resulted in constitutive accumulation
of FBXLS5 and fusion of this domain to firefly luciferase conferred the protein
iron- and oxygen-dependent regulation (Fig. 2-3), a regulatory sequence (degron)
that directs recognition by an E3 ubiquitin ligase must exist in this domain. A
series of deletion constructs revealed that removal of amino acids 77-81 from the
hemerythrin domain leads to constitutive accumulation of FBXL5 under both high

and low iron conditions (Fig. 2-6A and B).
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Identification of a putative degron in the hemerythrin domain, together
with the fact that FBXL5 Hr domain is polyubiquitinated and degraded by the
proteasome under iron- and oxygen-deplete conditions (Fig. 2-4), suggested that
FBXLS5 iron- and oxygen-dependent degradation is mediated by an E3 ubiquitin
ligase. There are many examples in nature where the F-box subunit of a SCF E3
ligase complex undergoes autoubiquitination. The F-box proteins Grrl, Cdcdp
and Met3op are components of different SCF complexes, and they are degraded
in an ubiquitin-proteasome dependent manner (49). However, their ubiquitination
requires the presence of all SCF components as well as an intact F-box suggesting
that these proteins undergo autoubiqutination in a cis manner (49). This type of
regulation is unlikely to occur in FBXL5 as the hemerythrin domain, unable to
assemble into a SCF complex, gets ubiquitinated and degraded (Fig 2-4).
Autoubiquitination can also occur in trans. The F-box protein Skp2 is has been
shown to undergo autoubiquitination in trans (169). Unlike Skp2, depletion of
endogenous FBXLS, capable of stabilizing IRP2, does not affect neither FBXLS5
Hr domain polyubiquitination nor its degradation (Fig. 2-5). Interestingly, a report
indicates that overexpression of dominant negative Cul-1 results in increased
accumulation of FBXLS5 suggesting that a SCF E3 ligase complex not containing
FBXLS5 may regulate FBXL5’s stability (173). Overall, these data argues against
FBXLS5 promoting its own ubiquitination and, therefore, an E3 ubiquitin ligase

responsible for targeting FBXLS5 for degradation is yet to be found.
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FBXL5 Hr domain compact tertiary structure makes the degron
inaccessible for an E3 ubiquitin ligase to promote its ubiquitination. Therefore, in
order for FBXLS to be targeted for degradation, it must undergo a conformational
change that exposes this regulatory sequence. Thermal denaturation assays
showed that iron removal from the FBXLS5 Hr domain results in a significant
conformational change that disrupts the compact tertiary structure of the domain
(133, 152, 171). This remark was confirmed by limited proteolysis experiments
(27, 152). In the presence of iron, FBXL5 hemerythrin (Holo-FBXL5 Hr) domain
is resistant to proteolysis but is degraded in cells depleted of iron. These
observations suggest that in response to changes in iron bioavailability, FBXL5
undergoes conformational changes that control its stability (27, 152).

Overall, these data propose a model in which in the presence of abundant
iron and oxygen, FBXL5 Hr domain resides in a compact conformation that
masks a degron within the domain itself, promoting FBXL5 accumulation and
subsequent IRP2 degradation. When low levels of bioavailable iron limit
assembly of the di-iron center, FBXLS5 Hr degron becomes accessible, FBXL5 is
degraded and IRP2 is stabilized. These properties of FBXL5 Hr domain suggest

that it is a key sensor of bioavailable iron within the cell.
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Physiological Role of FBXLS5

FBXLS5 plays a critical role in the maintenance of cellular iron
homeostasis (134, 159). Its Hr domain serves as direct sensor of cellular iron
availability and governs the selective accumulation of FBXLS5 in iron replete
cells. In turn, FBXL5 assembles into an E3 ubiquitin ligase complex that mediates
the polyubiquitination of IRP2 (134, 159). Subsequent proteasomal degradation of
IRP2 promotes cellular adaptation to elevated iron bioavailability in part by
alleviating repression of ferritin translation to promote iron storage while
attenuating expression of proteins engaged in iron import.

Here I show that previous in vitro findings extend to a required in vivo role
for FBXLS. Global inactivation of the Fbx/5 gene results in embryonic lethality,
with growth defects readily apparent prior to day E9 despite normal placentation,
gastrulation, and cardiovascular development (Figs. 3-3, 3-4 and 3-5). Similarly,
Ching et al. performing forward genetic mutagenesis using N-ethyl-N-nitrosourea
(ENU) in mice identified a mutation where methionine 127 was replaced by
lysine, which resulted in midgestation death (26). This mutation, located in
FBXLS5 hemerythrin domain, may perturb proper folding of the hemerythrin
domain rendering the protein constitutively unfolded and, therefore, degraded.

As predicted, cells derived from FBXLS5-null embryos are unable to
sufficiently degrade IRP2 when incubated in the presence of excess iron and are

apt to import iron that cannot be appropriately sequestered within the limiting
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amount of ferritin available (Fig. 3-7A). Using an independently generated Fbx/5
knockout mouse, it was recently shown that FBXL5-null embryos accumulate
excess ferrous iron and are exposed to damaging levels of oxidative stress (110).
Likewise, mice where ferritin heavy chain expression has been ablated (Fth™) die
at day E3.5 because entering iron cannot be sequestered leading to overproduction
of reactive oxygen species, which are detrimental for cell macromolecules (44).
Because many E3 ligases ubiquitinate multiple substrates (80), it remains
possible that unregulated accumulation of additional putative FBXLS substrates,

including the dynactin component p150%"“

(177), could contribute to embryonic
death. However, simultaneous inactivation of both the Fbxl5 and Irp2 genes is
sufficient to reverse the embryonic lethality and produce viable pups despite the
absence of a functional copy of the Fbx/5 gene (Table 2), also consistent with a
prior report (110). Though these results do not preclude the possibility of
additional FBXL5 substrates, a critical role for the iron-sensing SCF'™™*" E3
ligase in the maintenance of in vivo cellular iron homeostasis, through its
regulatory effects on IRP2, has been validated.

Despite sharing >70% identity (98), the mechanisms by which the IRE-
binding activity of IRP1 and IRP2 are inactivated in iron-replete cells largely
differ. Under normal cellular conditions the primary mechanism through which

IRP1 RNA binding is inactivated by iron involves insertion of an iron-sulfur

cluster, converting IRP1 to the holo- or cytosolic isoform of aconitase that cannot
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bind IREs (118, 162). In this holo conformation, IRP1 is refractory to both
degradation and IRE recognition. Though the apo form of IRP1 is also a substrate
for FBXL5-mediated degradation (29, 134, 164), the contribution of protein
degradation to IRP1 regulation is not completely understood. Enhanced IRPI
degradation is important when the Fe-S cluster switch mechanism is not fully
operative (29). In extracts from both mouse embryonic cells and duodenum, IRE
binding by IRP1 is enhanced upon partial or complete FBXLS5 inactivation (Fig.
3-7B), even though total IRP1 protein accumulation remains relatively constant
(Fig. 3-7A). However, if only a small percentage of IRP1 protein were competent
for RNA-binding, as is the case in liver ad perhaps other tissues (107), significant
changes in the accumulation of this apo form directly stemming from a block
SCF™*_mediated degradation may be difficult to detect by immunoblot analysis
over the background of bulk holo-IRP1. Alternatively, iron-sulfur cluster
assembly on IRP1 may be compromised in FBXL5-deficient cells as a result of

increased oxidative stress (51, 116) or some other mechanism.

IRP1 and IRP2 are generally thought to bind the same mRNA targets in
vivo (89) and their physiological roles are also presumed to be largely redundant
(107). However, despite FBXL5-dependent effects on IRP1 activity, simultaneous
inactivation of the /rpl gene product did not rescue the embryonic lethality in
FXBL5-null mice (Table 3). This result was somewhat surprising given that in

extracts from both mouse embryonic cells and duodenum, IRP1 has a total RNA
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binding capacity comparable IRP2’s (Fig. 3-7B and Fig. 3-11). If rescue of
embryonic lethality upon IRP2 ablation were solely due to a reduction in the total
IRE-binding capacity within cells, IRP1 inactivation might be expected to result
in similar compensatory changes in total IRE-binding capacity in many iron-
replete, FBXL5-null, tissues. Though indicating that IRP1 and IRP2 have distinct
physiological roles, these results cannot distinguish between the possible
underlying mechanisms including IRP2-selective IRE targets (15), differences in
temporal and spatial expression patterns (Fig. 3-1), or differential responsiveness

in the context of additional physiological stresses such as hypoxia (71, 72, 108).

In addition to the similar results observed upon global FBXLS5
inactivation, Moroishi and colleagues also constructed a mouse model in which
FBXLS5 was selectively ablated in the liver. Though viable, these mice exhibited
both cell-autonomous effects, including hallmarks of liver damage, and systemic
effects, consisting of increased serum iron levels likely due to decreased hepcidin
expression in the liver. When challenged with a high iron diet, severe iron
overload was restricted to the liver and proved fatal within a day (110). In this

+ .
56T mice was of

context, the phenotype we observed with the heterozygous Fbx/
particular interest in at least two key respects: 1) the phenotype was manifested

with a low iron diet and 2) the phenotype suggests that the intestine has distinct

iron-sensing characteristics that may underlie a more privileged role in the
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maintenance of systemic iron homeostasis in response to iron deficiency than
previously appreciated.

Fbxl5 haploinsufficiency had no observed effect on the behavior of most
tissues we examined, including the liver, either from animals fed a low iron (5
ppm) or iron-sufficient (50 ppm) diet (Fig. 3-10B and Table 6). We also saw no
difference in animals fed standard chow that contains excess iron (250 ppm, data
not shown), though it remains possible that new phenotypes could emerge in the
FbxI57°" mice when challenged with supraphysiological dietary iron.
Nevertheless, Fbx15"°T mice fed a low iron diet were more effective than their
wild type littermates at absorbing iron to maintain their hematocrit and
hemoglobin levels. These systemic adaptations were mirrored by corresponding
changes in gene expression within the duodenum, including increased induction
of IRP2 protein levels, IRE-binding capacity, and DMT1 expression (Figs. 3-10A,
3-11 and Table 6). TfR1 also contains IREs within its 3" UTR (91) and likewise

accumulates in the intestines of the Fbx/5CT

mice fed the low iron diet (Fig. 3-
10A and Table 6), though the relevance of this observation in iron absorption is
unclear as TfR1 is not responsible for iron uptake from the lumen. Because IRP2
levels are normal in the mice fed a high iron diet (Fig. 3-10A), there does not
appear to be an overall diminished capacity for IRP degradation. Rather, the

intestines of these heterozygotes are responding as though they were further iron-

deficient than their wild type counterparts. IRP2 induction is exacerbated under
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iron-deficient conditions, perhaps revealing that the iron-sensing “set point” of the
duodenum is distinct from most other tissues. Disruption of iron-responsive
regulatory proteins in the intestine, including deletion of the IRPs (55) or Hypoxia
Inducible Factor 2a genes (102), has been previously shown to compromise iron
absorption and initiate systemic responses in the liver. However, hemoglobin and

hematocrit levels are maintained in the Fbxl5"7°"

mice despite no changes from
the wild type expression levels of traditional systemic regulators of iron
mobilization (liver hepcidin) or erythropoiesis (Renal erythropoietin; EPO) (Table
5).

While the serum values in Table 4 reflect steady-state measurements, the
flux measurements in Fig. 2-9 clearly show preferential targeting of serum iron to
the erythron. It remains unclear as to whether the liver “refuses” iron or whether
the erythron is more effective in its capture. Immature RBC have much higher
TfR1 levels than hepatocytes (121), and it remains possible that iron homeostasis
is also altered in erythropoietic tissues to further facilitate uptake of absorbed
iron, though we detected no comparable changes in gene expression in the spleen
(Tables 5 and 6).

Together these results validate an important physiological role for the
iron-sensing FBXL5 protein in the regulation of IRPs and the maintenance of both

cellular and systemic iron homeostasis. Cells lacking FBXLS5 expression fail to

recognize their metabolic iron status and continuously accumulate toxic levels of
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bioavailable iron in an unregulated fashion. These effects are specifically
mediated through IRP2 stabilization and further reaffirm that IRP1 and IRP2 are
not fully redundant. FBXL5 also plays a role in establishing IRP responsiveness
when iron is limiting, as revealed by the altered behavior of the duodenum in
Fbxl5 heterozygotes.

The damage incurred in iron-replete livers lacking FBXL5 suggests that it
may be a genetic modifier of hemochromatosis, perhaps further exacerbated by
increased iron absorption. It would be of great interest to cross Hfe” mice, a
model of hemochromatosis (178), with Fbx/5™" mice. Hfe” mice develop iron
overload at 8 weeks of age (178). This is characterized by increased intestinal
absorption, elevated serum iron levels and high liver iron concentration regardless
of the iron content of the diet (2, 158, 178). Progeny from Hfe” and FbxI5™"
crosses are likely to show an exacerbated iron overload phenotype as FbxI5™"
mice have augmented iron absorption

Interestingly, that FBXLS5 haploinsufficient mice maintain normal
hematocrit and hemoglobin levels indicates that a partial inhibition of FBXLS5
expression may also have physiological benefits, as iron deficiency is the most
common nutritional disorder worldwide (43). Lastly, as revealed upon FBXLS5
depletion, the intestine has iron-responsive characteristics distinct from those of
other tissues, conferring the capacity to influence systemic iron homeostasis in a

previously unappreciated manner. It will be of great interest to investigate those
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responsible factors that work in conjunction with the FBXL5 iron sensor to
establish the homeostatic iron setpoint.

It is also possible that the increased iron absorption in the intestine of
FbxI5™" mice is secondary to misregulation of iron homeostasis in the erythroid
system. As erythropoiesis uses 80% of the bioavailable iron, it is believed that, in
addition to the liver, the erythroid system may regulate iron absorption as well.
Hfe”” mice, which are hepcidin deficient, are still capable of down regulating,
slightly, intestinal iron absorption when fed a high iron diet (5). This suggests that
a yet-to-be-found factor controlling iron absorption might be released from the
erythroid system to secure iron availability for erythrocyte production. Generation
of mice where FBXLS5 is selectively deleted in erythrocytes progenitor cells may

help to elucidate this question.

Summary

Biochemical and molecular biology assays revealed that FBXLS
features a hemerythrin-like domain that serves as a direct sensor of cellular iron
and oxygen availability and subsequently governs FBXLS5’s own stability.
Importantly, in vivo deletion of the ubiquitously-expressed murine Fbxl5 gene
results in a failure to sense increased cellular iron availability, accompanied by
constitutive IRP2 accumulation and misexpression of IRP2 target genes. FBXL5-

null mice die during embryogenesis, though viability is restored by simultaneous
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deletion of the /RP2, but not IRPI, gene. Fbxl5 heterozygous mice behave like
their wild type littermates when fed an iron-sufficient diet. However, unlike wild
type mice that manifest decreased hematocrit and hemoglobin levels when fed a
low-iron diet, Fbx/5 heterozygotes maintain normal hematologic values due to
increased iron absorption. IRP2’s responsiveness to low iron is specifically
enhanced in the duodena of the heterozygotes and is accompanied by increased
expression of the Divalent Metal Transporter-1. These results confirm FBXL5’s
role in the in vivo maintenance of cellular and systemic iron homeostasis and
reveal a privileged role for the intestine in their regulation by virtue of its unique

FBXLS5 iron sensitivity.



Chapter S: Materials and Methods

Animals

Murine 129 Sv/Ev embryonic stem (ES) cells heterozygous for the gene-
trapped Fbx/5 allele (clone OST386421) were obtained from Texas A&M
Institute for Genomic Medicine. The trapping vector (VICTR 74) contains a
promoterless selectable marker Neo flanked by a splicing acceptor (SA) site and a
poly A sequence (pA). Insertion of the vector into a gene leads to the splicing of
the endogenous upstream exons into this cassette to generate a truncated fusion
transcript. The trapping vector also contains the first exon of Bruton’s tyrosine
kinase (Btk) gene controlled by a promoter that is active in mouse embryonic
stem cells, phosphoglycerate kinase (Pgk), upstream of a splicing donor (SD).
Splicing from this signal gives rise to a fusion transcript that can be used to
generate a sequence tag of the trapped gene by 3’ Rapid Amplification of cDNA
Ends (RACE). The Btk exon contains termination codons in all reading frames to
prevent translation of the fusion transcripts. In clone OST386421, the trapping
vector is inserted downstream of FBXLS5 second exon as determined by 3° RACE.
ES cells were injected into C57BI1/6J blastocysts at the UTSW Transgenic
Technology Center and resulting chimeric mice were crossed to C57B1/6J mice

(Jackson Laboratories) to produce heterozygous anima

95
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Genotyping

Mouse genomic DNA was isolated from tail biopsies following overnight
digestion at 55°C in buffer containing 50 mM Tris-HCI (pH 8.0), 10 mM EDTA,
100 mM NaCl, 0.1% SDS and 1mg/ml proteinase K, followed by heat
inactivation. PCR was performed using the primer pairs to distinguish the FBXLS5
wild type (oligo F; 5-GGGCTGAAGAATGTCAAGGTAAGTCGCA-3' and
oligo R; 5-CTTGCTATAAGCCTTCACTGTAACCAATCCTC-3") and gene
trap (oligo F; 5'-GGGCTGAAGAATGTCAAGGTAAGTCGCA-3" and oligo L;
5'-ATAAACCCTCTTGCAGTTGCATC-3") alleles (Fig. S1B). PCR conditions

were as follows: 30 cycles at 94°C for 30 s, 57°C for 30 s, and 72°C for 60 s.

Feeding and Determination of Iron Absorption and Distribution

Fbxl5 wild type and Fbxl5 heterozygous mice were weaned onto ad
libitum iron sufficient (50 ppm) or low iron (5 ppm) diet (Harlan-Teklad) for 3
weeks. For the *Fe feeding experiments, mice fed a low iron diet for three weeks
were then fasted for 24 hrs and gavaged with an olive-tipped needle containing
200 pl of PBS supplemented with 2.5 pCi *’FeCl; (PerkinElmer) and 0.5 M
ascorbic acid. At the indicated time points, animals were exsanguinated and *’Fe
accumulation in tissues was measured in a Packard Cobra Gamma Counter. Blood

samples were collected from the tail vein or via cardiac puncture following



97

intraperitoneal administration of anesthetic rodent cocktail
(ketamine/xylazine/acepromazine). Complete Blood Count analysis was
performed by the UTSW Diagnostic Lab. Serum iron concentration, iron
saturation and total iron binding capacity (TIBC) were measured by Idexx
laboratories, Cornell University. The [rpI” and Irp2”" mice were generously
provided by Matthias Hentze. They were bred, mated to Fbx/5"" mice and
maintained by Dr. Richard Eisenstein at the University of Wisconsin-Madison.
All animal experiments were performed with the approval of the UT

Southwestern Medical Center Institutional Animal Care and Use Committee.

Embryo Isolation and Histology

Timed pregnancies were set up by mating Fbx/5 heterozygous mice. Day
E0.5 was determined upon finding of vaginal plugs. Embryos were isolated at
days E9.5, E10.5, E11.5 and E12.5 and fixed in 4% paraformaldehyde for 48 hrs
at room temperature. Fixed embryos were serially sectioned (5 um), and stained
with hematoxylin and eosin (H&E). Review and photography of all histologic
preparations were performed with a Leica DM2000 photomicroscope equipped
with brightfield and epifluorescence illumination and an Optronics Microfire

digital CCD color camera interfaced with a Macintosh G4 computer. Images were
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captured using PictureFrame 2.0 acquisition and software (Optronics,Inc. Goleta,

CA, USA) and processed with Adobe Photoshop CSS5.

Isolation, Culture and Characterization of Mouse Embryonic Cells

Mouse embryonic cells were prepared as described (95). Briefly, ES8
embryos were digested with trypsin at 37°C for 30 min. Cells were cultured on a
layer of mitotic inactivated mouse embryonic fibroblast feeder cells in Dulbecco’s
Modified High Glucose Eagles Medium (Hyclone) supplemented with 20% fetal
bovine serum (Atlanta Biological), 1X nonessential amino acids (HyClone), 1X
penicillin and streptomycin (HyClone), 2 mM Glutamine (HyClone), 55 uM -
mercaptoethanol (Sigma) and 110 mg/L of pyruvate (Hyclone). After 4 weeks,
cells were grown without feeder cells and immortalized upon transfection of the
SV40 large T antigen (pSV3-Neo, ATCC) with Lipofectamine 2000 (Invitrogen).

Stably transfected cells were selected in the presence of 500 pg/ml G418.

Immunoblot Analysis

Cells and tissues were lysed in buffer containing 150 mM NaCl, 50 mM
Tris-HC1 pH 7.4, 1% Triton X-100, 1X Protease Inhibitor Cocktail (Sigma) and
250 uM phenylmethylsulfonyl fluoride. Tissue samples were briefly homogenized
and cleared through 22G needles. Samples were resolved by SDS-PAGE. Rabbit

anti-mouse IRP2 antibodies were kindly provided by Dr. Tracey Ruoualt and Dr.
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Rick Eisenstein. Rabbit anti-Ferroportin 1 and rabbit anti-DMT1 antibodies were
a gift from Dr. Jerry Kaplan. Additional antibodies are listed in Table 7. Immune
complexes were detected by enhanced chemiluminescence, quantified on a Kodak
Image Station (4000R Pro), and analyzed using Carestream molecular imaging

software (version 5.0.2.30). All values were normalized to actin levels.

RNA Isolation and Quantitative Real Time PCR

Total RNA was isolated from cells and tissues using the RNeasy kit
(Qiagen) as per manufacturer’s instructions. RNA was DNase I (Roche) treated
and reverse transcribed using the superScrip® II kit (Invitrogen). Quantitative
Real Time PCR was performed using PowerSYBR green mix (Applied
Biosystems) on the 7900HT Fast Real-Time PCR System (Applied Biosystems).
Genes and primers sets used are listed in Table 5. mRNA expression levels were
normalized against Glyceraldehyde 3 Phosphate Dehydrogenase (GAPDH) or
cyclophilin and analyzed using the SDS 2.2 software (Applied Biosystems). The
thermal cycle conditions were as follow: 2 minutes at 50°C and 10 minutes at
95°C followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. For
determination of FBXLS5, IRP1 and IRP2 expression pattern, human and mouse

total RNA master panels were obtained from Clonetech.
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Electrophoretic Mobility Shift Assay (EMSA)

Cells treated with 100 uM FAC or 100 uM DFO for 16 hours or tissues
from animals fed an iron sufficient or a low iron diet for 3 weeks were washed
with 1X PBS and incubated with lysis buffer (20 mM HEPES (pH 7.4), 3 mM
MgCl,, 40 mM KCl, 5% glycerol, 0.2% Nonidet P-40, 1 mM DTT, 250 uM
PMSF, 1X protease inhibitor cocktail (Sigma)). Lysates containing 12 ug of
protein were incubated with 100 Kcpm of **P-labeled rat L-ferritin IRE RNA
probe for 30 minutes at room temperature in a reaction containing 1 mM DTT,
0.06 U/puL RNase inhibitor (New England Biolabs), 5% glycerol, 20 mM HEPES
(pH 7.4), 40 mM KCIl, and 3 mM MgCl,. Heparin (2mg/ml) and RNAse T1 (10U)
were added and the samples incubated another 10 minutes. Protein-bound RNA
complexes were resolved by electrophoresis in a 5% nondenaturing

polyacrylamide gel at 4°C and visualized by phosphorimager analysis.

Inductively Coupled Plasma Mass Spectroscopy (ICP-MS)

Mice were anesthetized with rodent cocktail and blood collected from tail
vein. A 25G infusion needle connected to a peristaltic pump was inserted into the
left ventricle of exposed hearts and the right atrium was clipped. Mice were
perfused with Ringer’s buffer (155 mM NaCl, 5 mM KCl, 2 mM CaCl,, 1 mM

MgCl,, 2 mM NaH;PO4, 10 mM HEPES, 10 mM glucose, and ~10 U heparin/ml)
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for 7 minutes. Once pale, livers were harvested and ICP-MS analysis of total

metal content was performed.

Cell Culture Based Ubiquitination Assay

HEK 293 cells stably expressing N-terminal 3xFLAG-tagged and C-
terminal HA-tagged FBXL5 Hemerythrin (Hr) domain were treated with or
without 30 uM MG132 (Boston Biochem) for 1 hour follow by addition of 50 uM
Ferric Ammonium Citrate (FAC) or 50 uM Deferoxamine (DFO). Cells were then
incubated for 16 hours under atmospheric (~20%) or low (1%) oxygen conditions.
Cell extracts were prepared by adding lysis buffer containing 5S0mM Tris-HCI
(pH 8), 150mM NaCl, 1% triton X-100, 250 uM PMSF, 1X protease inhibitor
cocktail and 10mM N-ethylmaleimide. Lysates were incubated 20 minutes at 4°C,
and cysteine (0.1% final conc.) was added to neutralize the N-ethylmaleimide.
Lysates were clarified by centrifugation at 17,000 xg for 20 minutes and protein
concentration was determined by the Bradford assay.

Lysates (~1mg) were incubated with 12 ul of FLAG M2 resin (Sigma)
overnight to immunoprecipitate Hr. Resin was washed three times with lysis
buffer, and immunoprecipitated Hr was eluted using FLAG peptide. Proteins were
resolved by SDS-PAGE and analyzed by immunobloting using antibodies against

ubiquitin (Santa Cruz), FLAG (Sigma) and tubulin (Sigma).
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The ubiquitination assay of full length FBLXS5 was carried out using a
HEK 293T cell line stably expressing N-terminal 3X FLAG-tagged FBXLS5. Cells
were treated with or without 30 uM MG132 for 1 hour followed by incubation
with 50 uM Ferric Ammonium Citrate (FAC) or 50 uM Deferoxamine (DFO) for
6 hours. The rest of assay was carried out as described above. To suppress
endogenous FBXLS5 expression, HEK-Hr cells were transfected with a FBXLS
siRNA (Dharmacon, catalog number D-012424-04) and a non-targeting

siRNA (Dharmacon, cat. #D-001210-01) for 48 hours.

Luciferase Gene Reporter Assay

I pg of N-terminal or C-terminal FBXL5 Hr domain fused to firefly
luciferase was transfected into HEK 293T cells using lipofectamine 2000 as per
manufacturer’s intructions. 24 hours following transfection, cells were treated
with either 100 uM FAC or 100 uM DFO and incubated an additional 24 hours
under atmospheric (~21%) or low (1%) oxygen conditions. Cells were disrupted
using lysis buffer containing 30 mM Tricine (pH 7.8), 8 mM magnesium acetate,
0.2 mM EDTA and 1% triton at 4°C. Lysates were then transferred to a 96-well
plate and ATP, Coenzyme A, b-mercaptoethanol and D-luceferin (Molecular

probes) were added to final concentration of 375 uM, 375 uM, 50 mM and 125
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uM respectively. Luminescence was measured in a plate reader (Bio-Tek,

Synergy HT). Assays were performed in triplicate.

Degron Mapping

FBXLS5 deletion constructs were generated either by standard methods or
by the PCR overlap extension method using the oligonucleotides as listed in table
6. For constructs containing a V5 epitope tag, the pcDNA 3.1 vector (Invitrogen)
was used, whereas constructs containing a FLAGepitope were generated in the
pCI vector (gift from X. Wang). Deletion constructs were transiently transfected
into HEK 293T cells using lipofectamine 2000 as per manufacturer’s instructions.
24 hours following transfection, cells were treated with 100 um FAC or 100 uM
DFO for 16 hours. Finally, cells were harvested using 1X sample buffer and

protein accumulation was measured by immunoblotting.



Table 6. qRT-PCR primers
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Mouse Transferrin Receptor 1 | Forward | 5>-GAGCCCAGAGAGACGCTTTG-3’
Reverse | 5’-GACCTGTTCCCACACTGGACTT-3’
Mouse FBXL5 Forward | 5>-TTGCACAAATGGAAAAACGTGTA-3’
Reverse | 5’-GAGGTACCAACATATGGCAGAACA-3’
Mouse IRP2 Forward | 5>-GTCATGAGGGAGGCAGTGAAAA-3’
Reverse | 5’-GGACAGGCAGGGTGGACTTT-3’
Mouse IRP1 Forward | 5’>-CTTCTTCCCGGTTGATGAAGTTA-3’
Reverse | 5’-TTCCTCGCGGCCTGTCT-3"
Mouse Ferritin Forward | 5>-GCTTCTTTTTTGATCGGGATGA-3’
Reverse | 5’-GCCAATTCGCGGAAGAAGT-3’
Mouse GAPDH Forward | 5>-GGTGAAGGTCGGTGTGAACG-3’
Reverse | 5’-CTCGCTCCTGGAAGATGGTG-3’
Mouse DMT1 (IRE) Forward | 5'-~AGCTAGGGCATGTGGCACTCT-3'
Reverse | 5'-ATGTTGCCACCGCTGGTATC-3'
Mouse DMT1 (No IRE) Forward | 5'-GTGGTGGCTGCAGTGGTTAGCG-3'
Reverse | 5'-GCGGTCAGTCCCAGGCGGTACG-3'
Mouse Ferroportin Forward | 5’-GCTGCTAGAATCGGTCTTTGGT-3’
Reverse | 5’-CAGCAACTGTGTCACCGTCAA-3’
Mouse Hepcidin Forward | 5’-TCTTCTGCATTGGTATCGCA-3’
Reverse | 5’-GAGCAGCACCACCTATCTCC-3’
Mouse DcytB Forward | 5’-CATCCTCGCCATCATCTC-3’
Reverse | 5’-GGCATTGCCTCCATTTAGCTG-3’
Mouse Erythropoietin Forward | 5’-ATTGATGTCGCCTCCAGATACCAC-3’
Reverse | 5’-TAGACCCGGAAGAGCTTGCAGAAA-3’
Mouse Cyclophilin Forward | 5>-TGGAGAGCACCAAGACAGACA-3
Reverse | 5’-TGCCGGAGTCGACAATGAT-3’
Human Cyclophilin Forward | 5>-TGCCATCGCCAAGGAGTAG-3’
Reverse | 5’-TGCACAGACGGTCACTCAAA-3’
Human IRP2 Forward | 5>-TGAGGGAGGCAGTGAAAACTCT-3’
Reverse | 5’-CTGTAAGATCTGTCGGACAAGCA -3’
Human IRP1 Forward | 5>-TGGGTGTGATCCCACTTGAA-3’
Reverse | 5’-GATGGCTTCTACCACAGGTTCAG-3’
Human FBXLS5 Forward | 5>-CTTACCCAGACTGACATTTCAGATTC-3"
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Reverse | 5’-GAAGACTCTGGCAGCAACCAA-3’
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Table 7. Deletion constructs PCR primers

FBXL5 F | 5-GGAGGTCGACTCATTCGCCAGAGCGGCAGC-3’
FBXL5 R | 5-GGAGGGATCCACCATGGCGCCCTTTCCTGAAGAAGTGGAC-3’
Al1-33 | 5'-GGAGGATCCACCATGGCGTTTTCCAACAACAACGATTTCCG-3’
Al1-59 | 5'-GGAGGATCCACCATGGCGATTGAAAATGAATACATTATTGGTTTG-3’
Al1-76 | 5'-GGAGGATCCACCATGTATAATGTACATTCTGACAATAAACTCTCC-3’
Al-81 5'-GGAGGATCCACCATGGCGGACAATAAACTCTCCGAGATGCT-3’
Al1-100 | 5'-GGAGGATCCACCATGGCGAATGAATATGAACAGTTAAATTATGCAA
A67-71 5S'-GAATACATTATTCGCAGCCAGACCATTTATAATGTACATTCTG-3’
5'-GGTCTGGCTGCGAATAATGTATTCATTTTCAATCTG-3’
AT2-76 S-TTGCTTCAACAATATAATGTACATTCTGACAATAAACTCTCCG-3’
S'-ATGTACATTATATTGTTGAAGCAAACCAATAATGTATTC-3”
A77-81 5'-AGCCAGACCATTGACAATAAACTCTCCGAGATG-3’
S'-GAGTTTATTGTCAATGGTCTGGCTGCGTTGTTG-3’
AR2-86 S'-AATGTACATTCTGAGATGCTTAGCCTCTTTGAAAAGG-3’
5'-GCTAAGCATCTCAGAATGTACATTATAAATGGTCTGGC-3’
AR7-91 S'-AATAAACTCTCCTTTGAAAAGGGACTGAAGAATGTTAAGAATG-3’
S'-TCCCTTTTCAAAGGAGAGTTTATTGTCAGAATGTACATTATA-3’
A143-161 S'-GAATATTTTACCAAGGATACTGCAGAACTCCTTAGA-3’

S'-TGCAGTATCCTTAAAATATTCCATTAACATGGGCTG-3’




Table 8. Antibody information
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Antibody Vendor Catalog #
Mouse Anti-FLAG M2 Sigma F3165
Mouse Anti-V5 Invitrogen R960-25
Mouse Anti-Tubulin Sigma T6199
Mouse Anti-Ubiquitin Santa Cruz SC-8017
Mouse Anti-Transferrin Receptor 1 Invitrogen 136800
Mouse Anti-Actin MP Biomedicals 863793
Rabbit Anti-Ferritin Cell Signaling 3998
Goat Anti-Mouse [gG-HRP Santa Cruz SC-2055
Goat Anti-Rabbit IlgG-HRP Santa Cruz SC-2054




APPENDIX

Table 9. Relative mRNA accumulation as measured by qRT-PCR

Fbxl5™* Fbxl5"
Sufficient Fe Low Fe Sufficient Fe Low Fe
Duodenum
DMT1 0.28 £0.02 0.47 +0.01% 0.13 £0.004 1 +0.06"
DMTI1 No
IRE 1+0.023 0.96 +£0.02 0.90 = 0.04 0.78 £0.05
FPN 1+0.09 0.13 £ 0.006 0.60 = 0.03 0.45+0.06
TfR1 0.05+0.003 | 0.52+0.02° 0.15 +0.01 1+0.02°
DcytB 0.04 + 0.002 1+£0.04 0.03 +£0.001 0.76 £0.18
FBXL5 1+0.01 0.87 £0.02 0.93 +£0.03 0.94 +£0.05
IRP2 0.64+ 0.05 0.71+0.03 0.68+ 0.06 1+0.15
FTHI1 1+0.03 0.90+0.01 091 +£0.09 0.88 £0.02
Liver
DMT1 0.87 £ 0.06 0.99 +£0.04 0.99 +£0.05 1+0.04
FPN 1+0.03 0.64 +£0.04 0.85+0.03 0.45+0.02
TfR1 0.15+0.11 0.87+0.1 0.41 +0.06 1£0.07
HAMP 1+£0.03° | 6E™+4E" 0.5+0.01° 4B+ 2E
DcytB 0.94 +0.08 0.96 = 0.06 1+0.1 091 +0.1
FBXLS5 1+0.03 0.89 +0.07 0.85+0.02 0.85 +0.09
IRP2 0.85+0.05 0.79 +£0.02 0.95+0.02 1+0.06
FTHI1 1+0.01 0.99 +£0.02 0.89 +0.03 0.92+0.02
Brain
TfR1 0.82+0.12 0.90 +0.02 0.86 = 0.03 1+0.02
FBXL5 1+0.02 0.93+0.04 0.92 +£0.03 0.86 £0.1
IRP2 0.95+0.02 0.95+0.07 1+0.05 0.87 +£0.09
FTHI1 0.94 +0.02 1+0.03 0.92 +0.03 091 £0.02
Spleen
TfR1 0.68 £0.08 0.92+0.02 0.81 £0.01 1+0.01
FBXL5 0.82 +0.02 1+0.017 0.80 +0.03 0.84 +£0.04
IRP2 0.85+0.02 0.98+£0.016 0.99 +0.01 1+0.07
FTHI1 0.90 +0.02 1+0.01 0.94 +0.03 0.90 = 0.03
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Jejunun
TfR1 0.063 £ 0.007 | 0.90+0.07 0.075+0.08 1+0.05
FBXL5 1+0.04 0.83 +£0.01 0.81 £0.1 0.89 +£0.02
IRP2 0.76 £ 0.1 0.75 +0.05 1+0.08 0.89 + 0.04
FTHI1 0.96 £ 0.02 0.91 £0.02 1+0.01 0.99 +0.01
Ileum
TfR1 0.37 +0.05 0.61 +£0.03 0.081 +£0.01 1+0.05
FBXL5 1+0.03 0.90 +0.02 0.91 +£0.09 0.89 +0.02
IRP2 0.87+0.1 0.89 +0.02 1+0.03 0.90 + 0.09
FTHI1 0.84 £ 0.01 0.90 £ 0.01 1+£0.01 0.82 +0.02
Kidney
EPO 0.02 +£0.01 1+£03 0.036 +£0.01 0.69+0.2

Note. Values expressed as mean + SD of 12 replicates. In the rows, differences
between paired values denoted by superscript letters are statistically significant
as determined by t-test. °p = 0.0073; °p = 0.008; °p = 0.0027.



Table 10. Protein accumulation assessed by immunoblot analysis
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Fbxl5™" Fbxl5"°"
Sufficient Fe Low Fe Sufficient Fe Low Fe
Duodenum
IRP2 0.11£0.006 | 0.14£0.087" | 0.10+0.004 1 £0.056"
b 0.023 + b
DMT]1 0.02+0.002 | 0.49+0.01 0.002 1+£0.16
T{R1 0.05 £0.003 0.06 +0.02° 0.64 £0.01 1+0.02°
FPN 0.20+£0.02 0.81 £0.078 0.38 £0.01 1 £0.086
FTHI1 0.76+ 0.04 0.09 £ 0.006 1+0.05 0.19 £ 0.008
Liver
IRP2 0.24 £0.06 1+0.11 0.19+0.04 | 0.94+0.063
DMT1 0.87 £0.06 0.99 £0.04 0.99 £0.05 1+0.04
T{R1 0.19+£0.01 0.85+£0.001 0.36 £ 0.05 1+0.16
FPN 0.64 £0.04 1 +0.03 0.45+0.02 0.85+0.03
FTH1 1+0.01 0.09 £0.02 0.79+0.17 | 0.01 £0.002
Spleen
IRP2 0.87+£0.12 1+0.13 0.82+£0.09 0.87+0.09
DMT1 0.92+0.04 1 +0.093 0.89 £0.06 0.92+0.04
T{R1 1 +0.05 0.93+£0.03 0.90+0.13 0.89+0.11
FPN 0.75+0.15 0.83 £0.04 1 +0.096 0.86 £0.04
FTHI1 1+0.11 0.24 £0.001 0.71 +£0.007 | 0.22 £0.008
Brain
IRP2 0.83 £0.06 0.89 £0.04 0.86 £0.08 1+0.11
T{R1 0.90 £ 0.08 0.89+£0.03 0.84 £0.02 1+£0.07
FPN 0.93+0.12 0.82+£0.07 0.88 £0.09 1+0.13
FTHI1 0.91 £0.07 1+0.04 0.71 £0.21 0.74 £0.24
Jejunun
IRP2 0.21 £0.01 0.38 £0.012 0.11 +£0.01 1 +£0.05
T{R1 0.11 £0.008 1+£0.1 0.54+0.1 0.78 £0.07
FPN 0.42 +0.01 1+0.02 0.35+0.01 0.83 £0.09
FTH1 0.84 £0.08 0.18 £0.09 1+0.1 0.22+0.17
Ileum
IRP2 0.18+£0.02 1+0.03 0.42+0.01 0.73 £0.08
T{R1 0.80 £ 0.07 0.72 £0.06 1+0.02 0.62 £0.06




FPN

0.18+0.01

0.90 = 0.04

0.63 +0.08
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1+0.07

FTHI

1+£0.1

0.08 = 0.02

0.61+0.16

0.13+0.1

Note. Values expressed as mean + SD of 12 replicates. In the rows, differences
between paired values denoted by superscript letters are statistically significant as

determined by t-test. @ p = 0.0053; b p = 0.0046; € p = 0.0061.
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