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   1 Introduction 

 Iron is an essential nutrient for all mammalian cells, and numerous proteins are dedicated to the 
uptake and distribution of iron within cells. As discussed in previous chapters, there are proteins that 
facilitate iron uptake, including transferrin receptors 1 and 2 (TfR1 and TfR2)  [  1  ]  and DMT1  [  2  ] , 
proteins dedicated to iron storage, including ferritin H and L chains  [  3,   4  ] , and an iron exporter, fer-
roportin  [  5,   6  ] . Most cellular proteins are synthesized in the cytosol and those that require an iron 
cofactor generally acquire their iron from the cytosolic iron pool. The nature of the cytosolic iron 
pool remains uncharacterized, as the iron is not associated with a specifi c known iron carrier mole-
cule. The iron in this accessible iron pool may be bound with low affi nity to abundant negatively 
charged molecules, including citrate and ATP. Because the cytosol of cells is a reducing environ-
ment, most cellular iron is likely in the ferrous (Fe 2+ ) rather than in the ferric (Fe 3+ ) state. Iron that 
enters the endosome in the transferrin cycle is initially in the ferric state, but an endosomal reductase, 
Steap3  [  7  ] , reduces it to ferrous iron, the form that is transported into cytosol by DMT1. When iron 
is taken up by ferritin, it is oxidized by ferroxidase activity of the ferritin H chain  [  3,   4  ] , which facili-
tates precipitation and storage of iron in the ferritin heteropolymer. 

 To ensure that iron supplies are suffi cient to support synthesis of new proteins and growth, cells 
coordinate iron uptake, storage, and export activities by regulating expression levels of the proteins 
responsible for these activities. Iron regulatory proteins 1 and 2 (IRP1 and IRP2) are homologous 
proteins that sense cytosolic iron levels and regulate expression of TfR1, one isoform of DMT1, fer-
ritin H and L chains, ferroportin and several other iron metabolism proteins (reviewed in  8–  10  ) . 
In cells that are iron starved, IRP1 and IRP2 bind to conserved stem-loop structures found in the 
mRNAs that encode these proteins, which are known as iron-responsive elements (IREs). In the fer-
ritin and ferroportin transcripts, the IREs are found in the 5 ¢ UTR near the cap-binding site where 
translation factors initially assemble. In TfR1 and DMT1, the IREs are found in the 3 ¢ UTR, a region 
of mRNA that is often important in determining the half-life of transcripts. The mechanism by which 
IRPs sense cytosolic iron levels and accordingly increase or decrease their capacity to bind to IREs 
is the major subject of this chapter.  
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   2 The IRE–IRP Regulatory System 

 The IRE–IRP regulatory system is based on the ability of cytosolic IRPs to affect the stability of a 
previously synthesized mRNA, or to alter the effi ciency with which a given transcript is translated. 
Unlike many cellular regulatory systems, most of the regulatory activity in the IRE–IRP system 
occurs post-transcriptionally  [  8–  10  ] . An important key to the system is that target transcripts have 
evolved to contain one or more IREs. An IRE consists of conserved sequence and structural fea-
tures  [  11–  13  ] . It contains an upper stem composed of fi ve base-paired residues that assume a heli-
cal structure, which is generally separated from a lower base-paired stem by an unpaired “bulged” 
cytosine near the 5 ¢  end. The bulged C divides the upper from the lower stem, functioning as a 
hinge that enables the upper and lower stems to fl exibly alter their relative alignments. In some 
IREs, such as those found in ferritin, the lower stem contains a second characteristic bulged “U” 
residue, which may further facilitate bending of the lower stem relative to the upper stem. In addi-
tion, IREs contain a six-membered loop, which contains a base-pair between residues 1 and 5 that 
structures the loop, enabling the A, G, and U residues at positions 2, 3, and 4 to protrude out 
(Fig.  3.1 ). The “bulged” C and the “AGU” pseudotriloop of the loop are distinctive molecular fea-
tures that are separated from one another by a fi xed distance and angle. They constitute the two 
major recognition features for binding by iron regulatory proteins  [  13,   14  ] . The bulged C fi ts into a 
binding pocket of domain 4 of IRP1, and the AGU residues fi t into a binding pocket that opens 
between domains 2 and 3 of apo-IRP1.  

 Mammalian cells contain two iron regulatory proteins, IRP1 and IRP2, which differ in the mecha-
nism by which they sense cellular iron status. IRP1 is a bifunctional protein, which, like IRP2, is 
expressed in virtually all mammalian cells. In cells that are iron replete, IRP1 contains a cubane 
iron–sulfur cluster and is a functional aconitase enzyme that interconverts citrate and isocitrate in 
cytosol, similar to the reaction catalyzed by mitochondrial aconitase in the citric acid cycle. Two 
distinct but homologous genes encode the cytosolic and mitochondrial aconitase genes. As there is 
also a distinct cytosolic isocitrate dehydrogenase, active cytosolic aconitase likely contributes to 

  Fig. 3.1    The IRE is an RNA 
stem-loop structure. The 
upper and lower stems are 
composed of Watson–Crick 
base-pairs which are in a 
helical conformation. In the 
six-membered loop, the C at 
position 1 of the loop forms a 
base-pair with the G at 
position 5. The C–G 
base-pair structures the loop, 
allowing the A, G, and U 
residues (denoted by 
 asterisks ) to form a 
pseudotriloop of residues that 
can form multiple hydrogen 
bonds with protein(s). The 
upper and lower stems are 
separated by an unpaired 
“bulge” C that confers 
fl exibility on the structure 
by interrupting the helix       
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extra-mitochondrial metabolism in several ways, particularly perhaps by facilitating NADPH 
synthesis by cytosolic isocitrate dehydrogenase  [  15  ] . The iron–sulfur cluster of cytosolic aconitase 
is crucial for aconitase activity, as it is one of the ligands for the substrates citrate and isocitrate, 
along with over 23 amino acid residues that line that enzymatic active site cleft  [  16,   17  ] . 

 The status of the iron–sulfur cluster is also the key to transformation of IRP1 into an IRE-binding 
protein, as the IRE-binding form lacks the cluster. The mechanism by which IRP1 converts into the 
apo-form devoid of an iron–sulfur cluster may involve the fundamental chemical properties of 
exposed iron–sulfur clusters. Iron–sulfur clusters are notoriously sensitive to oxidation events, which 
can cause spontaneous disassembly of the cluster. In the aconitases, iron–sulfur clusters are unusu-
ally sensitive to oxidation because the cluster is exposed to solvent  [  18  ] . Although disassembly of 
iron–sulfur clusters may depend on random oxidation events, it is also thought that disassembly of 
the cluster is facilitated when IRP1 is phosphorylated at serine 138  [  19,   20  ] . In contrast to cluster 
disassembly, numerous proteins dedicated to assembly of iron–sulfur clusters are expressed in mam-
malian cells and it is likely that the iron–sulfur cluster of cytosolic aconitase is reconstituted by 
reassembly after spontaneous degradation in cells, but only when cells contain suffi cient iron to 
resynthesize the cluster  [  21–  23  ] . 

 Loss of the iron–sulfur cluster of IRP1 permits IRP1 to undergo a conformational change that 
transforms it into an IRE-binding protein. Solution of the structure of the IRE bound to IRP1 con-
fi rmed that major conformational changes were required for acquisition of IRE-binding activity  [  13, 
  14  ]  (Fig.  3.2 ). The bulged C fi ts into a pocket within domain 4 of IRP1, which the RNA can access 
because domain 4 of apo-IRP1 (apo-IRP1 refers to IRP1 devoid of an iron–sulfur cluster) rotates on 
a hinge linker that connects it to domains 1–3. Opening of the active site cleft allows the residues that 
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  Fig. 3.2    IRP1 functions as a cytosolic aconitase or an IRE-binding protein. When IRP1 contains an iron–sulfur cluster, 
it functions as a cytosolic aconitase, whereas upon loss of the cluster, it undergoes a signifi cant conformational change 
that enables it to bind IREs with high affi nity. The bulged C of the IRE fi ts into a pocket in domain 4, whereas residues 
of the pseudotriloop reach into a pocket opened by movement of domain 3 relative to domain 2       
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normally face into the aconitase active-site cleft to interact with large molecules that would otherwise 
be excluded from the narrow cleft. Another important change occurs between domains 2 and 3 in 
apo-IRP1, where conformational changes create a pocket that accommodates the unpaired AGU 
residues of the loop. Most of the important RNA–protein interactions occur between the bulged C 
and its binding pocket, and the AGU pseudotriloop and its pocket, and the multiple hydrogen bonds 
at both sites (about 12 per site) account for the very high-affi nity binding (in the picomolar range) 
that has been observed  [  13  ] . Thus, IRP1 functions as an aconitase when it contains an intact iron–
sulfur cluster, whereas it functions as an IRE-binding protein when it lacks an iron–sulfur cluster.  

 IRP2 is a second IRE-binding protein that is highly homologous to IRP1 and binds with high 
affi nity to IREs  [  24,   25  ] . However, unlike IRP1, IRP2 does not appear to have another function or 
to bind an iron–sulfur cluster. In addition, IRP2 is very diffi cult to fi nd in iron-replete cells, 
because it undergoes iron-dependent degradation in vivo  [  26,   27  ] . Complicating matters further, 
IRP2 is subject to rapid degradation in lysates that contain iron and are exposed to oxygen, and 
analysis of IRP2 levels and binding activity can be misleadingly low unless assays are performed 
in lysates that contain a strong iron chelator such as desferrioxamine, or in lysates that are made 
and tested under anaerobic conditions  [  28  ] . The initial step of iron-dependent degradation of IRP2 
in cells likely involves some type of iron-dependent oxidation, but its exact nature is not known 
 [  29  ] . Although there is agreement that the degradation pathway of IRP2 involves ubiquitination 
and proteasomal degradation, the initial identifi cation of the ubiquitin ligase  [  30  ]  has been dis-
puted  [  31  ] . IRP2 contains a 73 amino acid insertion relative to IRP1 that was initially thought to 
be important for degradation  [  26  ] , but it appears that features outside of this cysteine- and proline-
rich domain are more important for iron-dependent degradation  [  32,   33  ] . Thus, much remains to 
be discovered about the intracellular iron-dependent degradation pathway of IRP2. Nevertheless, 
IRP2 levels and binding activity appear to accurately refl ect cytosolic iron status, and since the 
intracellular iron pool that is sensed by IRP2 cannot be directly measured, IRP2 levels often are 
used to indirectly assess intracellular iron levels. 

 Thus, in iron-replete cells, IRE-binding activities of both IRP1 and IRP2 are reduced, either 
because insertion of an iron–sulfur cluster promotes a conformational change, or an iron-dependent 
modifi cation promotes degradation by the ubiquitin–proteasome system. In each case, IRE-binding 
activity correlates with levels of iron in the cytosolic pool of iron. Both IRP1 and IRP2 bind to most 
IREs with similar affi nity and they therefore each have the potential to provide backup to a system 
that relies on their combined binding activity. In iron-starved cells, IRP binding represses translation 
of mRNAs that contain IREs near the 5 ¢  end of the transcript, including ferritin and ferroportin  [  34  ] , 
whereas it stabilizes the transcript of TfR1 and thereby increases expression of TfR1 protein. These 
changes are appropriate for intracellular iron homeostasis, as expression of ferritin should be dimin-
ished in cells that are iron starved, whereas expression of TfR1 should be increased to bring more 
iron into the cell (Fig.  3.3 ).  

 Many questions have been raised about the specifi city of binding of each IRP for different IRE 
targets  [  12,   35  ] , with the hypothesis advanced that IRP2 binds well to ferritin-type IREs that contain 
a complex bulge in the lower stem, but not to simple IREs in which helical base-pairs in the upper 
and lower stems are separated only by the bulged C. A major difference between IREs of ferritin and 
other IREs is that ferritin IREs have an unpaired U in a position two residues 5 ¢  of the bulged C. 
Since nucleotides that are exposed and are not engaged in base-pairing mediate most contacts with 
RNA binding proteins, the unpaired U has the potential to be important in specifi city  [  13  ] . IRP1 and 
IRP2 were equally effi cacious in translationally repressing ferritin expression in one study  [  36  ] , sug-
gesting that both IRPs contribute to translational regulation of ferritin. Questions about specifi city 
cannot be defi nitively resolved using in vitro studies, but target specifi cities can be assessed in ani-
mals engineered to lack either IRP1 or IRP2. These studies revealed that IRP2 has a major role in 
regulation not only of ferritin IREs, but also of other transcripts that contain simple IREs such as the 
TfR1 transcript  [  37  ]  and the eALAS transcript  [  38  ] , as is discussed below.  
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   3 The Role of IRPs in Physiology 

 Based on experiments performed in cell lines, it was not clear what role each IRP played in physiology 
and it seemed likely that each IRP would have the ability to function as a backup for the other. 
However, targeted deletion of the IRP1 or IRP2 genes yielded very different phenotypes in mice. 
Somewhat unexpectedly, the IRP1 “knockout” mouse appeared to have fairly normal iron status in 

  Fig. 3.3    IRP binding to IREs results in repression of translation of ferritin and stabilization of the TfR1 mRNA. In 
iron-depleted cells, IRPs bind to the ferritin IRE at the 5 ¢  end of the transcript and interfere with assembly of transla-
tion initiation factors. Ferritin IREs typically have a bulged C, and an unpaired U, as depicted. In the TfR1 mRNA, 
there are fi ve IREs, each of which can bind an IRP. Binding of IRPs protects the transcript from being cleaved by an 
endonuclease. Upon cleavage, the mRNA cleavage products are rapidly degraded       
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most tissues  [  28  ] . In contrast, the IRP2 “knockout” mouse (Irp2 −/− ) developed a mild microcytic 
anemia  [  38,   39  ]  and progressive adult-onset neurodegeneration characterized by an abnormal gait 
and tremor  [  37  ] . The symptoms and neuropathologic changes in Irp2 −/−  animals are subtle and pro-
gressive. One group suggested that their mice did not develop “symptomatic” neurodegeneration, 
although they reported a signifi cant compromise in motor abilities of their mouse based on testing 
with a rotarod, which indicated that their mice were not neurologically normal  [  40  ] . In the erythroid 
cells and brain tissue of Irp2 −/−  mice, ferritin levels are high, whereas Tfr1 levels are low, consistent 
with the results expected if there is a marked decrease in IRE-binding activity. Since Irp1 is present 
in the affected tissues in mice, it was interesting to observe that Irp1 is mainly in the cytosolic aco-
nitase form in mammalian tissues, and it does not readily convert to the IRE-binding form in the 
tissues of iron-starved mice, even in the absence of Irp2  [  28  ] . 

 Since activation of the IRE-binding activity of IRP1 was repeatedly observed in cell lines that 
were treated with iron chelators or otherwise deprived of iron, it was initially diffi cult to reconcile 
the results of multiple tissue culture experiments with the phenotypes of Irp −/−  animals. However, 
culture of cells under different oxygen concentrations yielded an important insight into IRP activi-
ties. Because oxygen must be transported over signifi cant distances to various tissues by heme in red 
cells, mammalian tissues are exposed to oxygen concentrations far below those in the atmosphere. 
At oxygen concentrations similar to those of mammalian tissues (oxygen concentrations of 3–6% 
compared to atmospheric concentrations of 21%), it is diffi cult to induce IRE-binding activity of 
IRP1, even by starving cells of iron. It is likely that the inability to activate IRE-binding activity of 
IRP1 is related to the fact that the iron–sulfur cluster is more stable at lower oxygen concentrations. 
Conversely, levels of IRP2 increase signifi cantly in cells that are maintained at low oxygen concen-
trations, perhaps because the degradation pathway of IRP2 appears to be initiated by an oxidation 
event. The contrary effects of low oxygen on the IRE-binding activities of IRP1 compared to IRP2 
can explain much about the phenotypes of Irp −/−  mice  [  41  ] . At normal tissue oxygen concentrations 
(3–6% O 

2
 ), IRP1 mainly functions as an aconitase, contributing less than half of total IRE-binding 

activity in most tissues, whereas IRE-binding activity of IRP2 increases concomitantly with an 
increase in protein levels at low tissue oxygen concentrations. 

 Although the differential effects of low tissue oxygen concentrations on IRE-binding activities of 
the two IRPs explain much about the phenotypes of Irp1 −/−  and Irp2 −/−  animals, there is yet another 
feature that is crucial in developing iron misregulation and the phenotypes of these mice. In Irp1 −/−  
animals, Irp2 levels increase such that total IRE-binding activity levels almost equal the IRE-binding 
activities contributed by both Irp1 and Irp2 in wild-type animals  [  41  ] . Increased Irp2 levels compen-
sate for the loss of Irp1 and its IRE-binding activity. It is not clear how Irp2 levels increase, but it is 
possible that loss of Irp1 and its IRE-binding activity leads to a minor increase in ferritin synthesis 
and a concomitant decrease in Tfr1 levels, resulting in a subtle diminution of cytosolic iron pools. 
Since Irp2 levels appear to correlate directly with cytosolic iron levels, the increase in Irp2 levels 
may directly refl ect and oppose this subtle iron depletion. 

 In animals that lack both Irp2 alleles and one functional Irp1 allele, the anemia and neurodegen-
erative symptoms previously observed in Irp2 −/−  are much more severe. In addition, ferritin levels are 
higher, and Tfr1 levels are lower than in Irp2 −/−  mice  [  42  ] . These results suggest that both IRP1 and 
IRP2 contribute to regulation of target transcripts, a conclusion supported by the fact that animals 
that are bred to lack both alleles of Irp1 and Irp2 die at the blastocyst stage of development, before 
embryos have developed suffi ciently to implant in the uterus  [  43  ] . Thus, the IRE–IRP system is 
indispensable in animals at the earliest stages of development. To analyze the effects of IRPs in 
specifi c tissues, animals were generated in which IRP activity could be eliminated in specifi c tissues. 
Animals engineered to lack IRP activity in the intestinal mucosa died within weeks of birth and 
levels of ferroportin in the intestinal mucosa were abnormally high, indicating that ferroportin is a 
true target of the IRP regulatory system  [  44  ] . 
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 The reason that neurons and red cells are compromised by loss of IRPs is likely because these 
cells are functionally iron starved. When ferritin is over-expressed, it competes with other proteins 
for iron, and sequesters iron that could otherwise be used for synthesis of proteins and prosthetic 
groups such as heme  [  45  ] . The fact that ferritin competes with other proteins for iron and effectively 
sequesters iron may be the central reason that ferritin translation is repressed by IRPs in iron-
defi cient cells. In the absence of IRE-binding activity, not only does ferritin expression increase, but 
iron uptake simultaneously decreases, which contributes further to iron depletion. Thus, cells that 
lack suffi cient IRE-binding activity can misallocate iron reserves, allowing ferritin to sequester iron 
that should be available to meet basic metabolic needs, even though incoming iron supplies are also 
diminished.  

   4 The Evolution and Scope of the IRE–IRP System 

 The IRE–IRP regulatory system coordinates iron metabolism in a sophisticated and highly sensitive 
manner in mammalian cells, but the regulatory system does not appear to be well developed in lower 
animal forms or simple eukaryotes. There is no cytosolic aconitase in  Saccharomyces cerevisiae , 
and although there is a cytosolic aconitase in  Caenorhabditis elegans , there is no evidence that the 
 C. elegans  aconitase can function as an IRE-binding protein  [  46  ] . Ferritin IREs are present in meta-
zoans, including sea anemones and sponges, but these organisms do not contain IREs in other tran-
scripts  [  47  ] . In  Drosophila melanogaster , there are two cytosolic aconitases, one of which binds 
IREs  [  48  ] , and there is evidence that IRE-binding activity regulates synthesis of ferritin and succi-
nate dehydrogenase in fl ies  [  49  ] . Thus, fl ies contain a rudimentary IRE–IRP system. 

 Since the IRE–IRP system is highly developed in mammalian cells, many of its characteristics 
must have evolved in mammals. As cytosolic aconitase activity, but not IRE-binding activity, is 
found in worms  [  46  ] , it is likely that the IRE–IRP system developed by exploiting the potential 
instability of the iron–sulfur cluster of cytosolic aconitase. The cubane iron–sulfur cluster of cytoso-
lic aconitase can be readily oxidized by superoxide, oxygen, nitric oxide, and other oxidants 
(reviewed in  [  8,   9  ] ). When these oxidants remove an electron, the entire structure of the cluster is 
destabilized and it spontaneously disintegrates. Proteins dedicated to the synthesis of iron–sulfur 
clusters likely provide replacement clusters to cytosolic aconitase when the iron–sulfur clusters 
undergo oxidative degradation  [  22,   23  ] . However, if these iron–sulfur cluster assembly proteins 
obtain their iron from the cytosolic iron pool, and the pool has become depleted of iron in the time 
that elapsed since initial synthesis and cluster degradation, cells may be unable to synthesize a 
replacement iron–sulfur cluster. Failure to replace the iron–sulfur cluster of IRP1 would result in a 
buildup of apoprotein. In the absence of the iron–sulfur cluster, the apoprotein form of IRP1 may 
assume new conformations, because the cluster constrains the conformational space. It does this by 
binding to three cysteines of cytosolic aconitase as well as the substrates citrate and isocitrate. The 
substrates bind both to the cluster and to residues on the opposite side of the active-site cleft. 
Accumulation of apoprotein in cells would be expected to correlate with development of iron deple-
tion. Thus, if this apoprotein could be recruited into a process that would reverse the iron depletion, 
it could offer cells a competitive advantage  [  50  ] . 

 How might accumulation of the apoprotein form of cytosolic aconitase work to reverse cellular 
iron depletion? Since the apoprotein accumulates in the cytosol, it could either act upon transcripts 
in the cytosol, or it could be transported to the nucleus to function as a transcriptional repressor or 
activator. Transport into the nucleus would require developing a specialized nuclear transport signal, 
whereas acting upon cytosolic transcripts would require no extra modifi cations in the apoprotein 
form of cytosolic aconitase. In addition, the apoprotein would be in the correct location to resume its 
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enzymatic activities if the iron–sulfur cluster was repaired or replaced. To transform the apoprotein 
into an important regulatory molecule, targets that would fi t the conformation of the apoprotein 
likely had to evolve. 

 In eukaryotic mRNAs, the 5 ¢  and 3 ¢ UTRs can evolve rapidly, as these portions of the mRNA are 
not constrained by the specifi c sequence requirements of protein-coding regions. If mutations in the 
5 ¢ UTR produced an RNA stem-loop that could be bound tightly by the apo form of cytosolic aco-
nitase, that RNA stem-loop might be retained in evolution. For example, ferritin H and L chains 
contain an IRE near the 5 ¢  end of the transcript, and binding by apo-IRP1 inhibits translation by 
interfering with assembly of the translation machinery. Repression of ferritin synthesis produces a 
desirable result for cells because ferritin does not compete with other proteins to bind iron. Similarly, 
an IRE could have evolved near the 5 ¢  end in ferroportin, since cells that are iron depleted need to 
hoard iron rather than allow their iron to be exported from the cell. As 3 ¢ UTRs tend to contain ele-
ments that determine the rate of mRNA decay, binding of apoprotein in the 3 ¢ UTR could interfere 
with degradation processes and could lengthen the mRNA half-life in transcripts such as TfR1. 
Increasing the levels of TfR1 mRNA results in increased TfR1 biosynthesis, which reverses cellular 
iron depletion by enhancing iron uptake. 

 As IREs in different transcripts differ from one another, particularly in the sequences that 
provide base-paired stems and structure, it is reasonable to suggest that each IRE arose as an inde-
pendent evolutionary selection event. This scenario is compatible with the discovery of IREs in 
many different transcripts in many different species  [  47  ] . A functional IRE present in the mito-
chondrial aconitase transcript reduces synthesis of this iron–sulfur protein when cells have dimin-
ished iron stores  [  51–  53  ] . IREs that likely affect mRNA half-life have been found in one transcript 
of DMT1  [  54  ]  and in the cell cycle protein Cdc14a  [  55  ] . In addition, a functional IRE is present 
in the 5 ¢ UTR of the hypoxia inducible factor 2  α  (HIF2  α ) transcript  [  56  ] . The discovery of an IRE 
in the HIF2  α  transcript is important, because HIF1 and 2  α  are important oxygen sensors that 
regulate transcription of numerous genes involved in the switch from normoxia to hypoxia, includ-
ing glycolysis enzymes and the production of erythropoietin, the major growth factor that regu-
lates erythropoiesis  [  57  ] .  

   5 Diseases and the IRE–IRP System 

 Several diseases in humans and mice are caused by problems with the IRE–IRP regulatory system. 
Humans that have mutations in the ferritin L chain develop hereditary hyperferritinemia and bilateral 
cataract syndrome  [  58  ] . They have markedly elevated serum ferritin levels and cataracts, but they do 
not have other more serious symptoms. The reason for high serum ferritins is that these patients have 
mutations in the ferritin L chain IRE that reduce the ability of IRPs to bind and to repress translation. 
The severity of disease correlates with the reduction of IRE-binding ability  [  9  ] . 

 Mice that lack Irp2 develop microcytic anemia, erythropoietic protoporphyria, and adult-onset 
neurodegeneration. These phenotypes arise as a result of increased ferritin, decreased TfR1 expres-
sion, and misregulation of other known IRP targets such as eALAS  [  38  ] , ferroportin  [  44  ] , and per-
haps HIF2  α . The IRP2 gene is located on human chromosome 15q25, and thus far, no mutations of 
IRP2 have been described that cause human disease. However, it is fairly likely that mutations or 
deletions of IRP2 will prove to be a cause of human disease, as many diseases characterized by 
anemia and neurodegeneration are not yet well understood. The incentive to fi nd such diseases is 
high, because studies in the mouse Irp2 −/−  mouse have demonstrated that the neurologic compromise 
of Irp2 −/−  animals can be prevented. When animals are treated with the stable nitroxide, Tempol, 
normal regulation of ferritin and Tfr1 is restored in the brain. Tempol can be supplied by supplementation 



593 Intracellular Iron Regulation 

of food, as Tempol is absorbed in the duodenum and crosses the blood-brain barrier. In cells, it 
causes disassembly of the iron–sulfur cluster of IRP1, which converts IRP1 into the IRE-binding 
form and counteracts the defi ciency of IRE-binding activity caused by loss of IRP2  [  59  ] . 

 In cancer syndromes such as Von-Hippel Lindau (VHL) disease, many of the features of the renal 
cancer are thought to be attributable to high levels of HIF2  α , which is normally ubiquitinated by the 
VHL complex in normoxic cells  [  60  ] . HIF2  α  is a transcription factor that increases expression of 
glycolysis enzymes, erythropoietin, VEGF, and numerous other genes. In normoxic cells, an iron-
dependent prolyl hydroxylase modifi es HIF residues, which then enables the VHL ubiquitination 
complex to bind to HIF and mark it for degradation. The fact that HIF2  α  has an IRE in the 5  UTR 
 [  56  ]  links its expression to the IRE–IRP system and indicates that reagents such as Tempol might be 
useful in treatment of VHL renal cancer.  

   6 Transcriptional Regulation of Iron Metabolism Genes 

 Although posttranscriptional regulation of TfR1, ferritin, and other IRP targets is very important in 
intracellular iron homeostasis, transcription of these genes is also regulated. In TfR1, several HIF-
binding sites are important in transcription  [  61,   62  ] , with transcription of TfR1 increasing in cells 
that over-express HIF1 α   [  63  ] . More recently, it has been reported that HIF2 α  is required to tran-
scriptionally activate DMT1 and Dcytb in response to iron defi ciency  [  64  ] . Thus, HIF1 and 2 α  
increase transcription of targets such as TfR1, DMT1, and Dcytb. Interestingly, HIF α  inhibits tran-
scription of hepcidin  [  65  ] . 

 In addition to the emerging role of HIF  α  transcription factors, other transcription factors impor-
tant in iron metabolism include Stat 5, Nrf2, and SMAD4. Both TfR1 and IRP2 are transcriptional 
targets of the signal transducer and activator of transcription, Stat5, in erythroid cells, which enables 
signaling through the erythropoietin receptor to increase expression of both TfR1 and IRP2  [  66  ] . 
Increased transcription of both ferritin H and L chains is mediated by the transcription factor Nrf2 
in response to oxidants and prooxidant xenobiotics  [  67,   68  ] , which helps cells to avert some of the 
damage associated with oxidative stress by sequestering iron and reducing its participation in Fenton 
chemistry. Much remains to be learned about transcriptional regulation of genes that are important 
in iron metabolism. For instance, transcriptional regulation of ferroportin is clearly important, par-
ticularly in the intestinal mucosa  [  69  ] , but this is poorly understood. Studies of the hepcidin pro-
moter demonstrate important roles for Stat 3  [  70,   71  ] , for SMAD4  [  72  ]  and for HIF α   [  65  ] .  

   7 Posttranscriptional Modifi cations of IRPs 

 Both IRP1 and IRP2 have been observed to undergo phosphorylation and the phosphorylation status 
potentially affects function. In IRP1, phosphorylation at serine 138 destabilizes the iron–sulfur clus-
ter and facilitates conversion to the IRE-binding form  [  19,   20  ] . Phosphorylation of IRP1 at serine 
711 inhibits the conversion of citrate to isocitrate  [  19  ] . IRP2 also undergoes phosphorylation in cells 
treated with phorbol esters  [  73  ] . This phosphorylation occurs at serine 157 and is coordinated with 
cell cycle progression, with phosphorylation mediated by Cdk1/cyclin B and dephosphorylation 
mediated by Cdc14a. The phosphorylation reduces the IRE-binding activity of IRP2 during mitosis, 
which increases ferritin synthesis and reduces TfR1 synthesis, perhaps to diminish free iron and 
iron-dependent oxidation events during a time when the DNA of the cell is exposed and vulnerable 
to damage  [  74  ] .  
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   8 Summary 

 The IRE–IRP regulatory system is found in rudimentary form in fl ies, but its breadth and importance 
in regulation of cytosolic iron status is most extensive in mammalian cells. The regulatory system is 
based mainly on the ability of IRP1 and IRP2 to change their ability to bind to IREs in various tran-
scripts, depending on cellular iron status. Binding to an IRE in the 5 ¢ UTR of transcripts generally 
represses translation, whereas binding to IREs in the 3 ¢ UTR likely generally increases mRNA stabil-
ity. Functional IREs are found in numerous transcripts of iron metabolism genes and it is likely that 
the list of IRE-containing target transcripts will continue to grow as new genes are found and 5 ¢  and 
3 ¢ UTRs are carefully sequenced and analyzed.      
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