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Anemia burden is high, affecting 27% of the world’s population

Iron-deficiency is the dominant cause (≥60%) of anemia globally
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• In healthy humans, steady-state erythropoiesis involves the production of 200 billion new RBCs

per day (∼2.4 million/second)

Erythropoiesis is the greatest consumer (80%) of circulating iron

EPO-dependent IRON-dependent

∼20-25 mg/day

Iron is essential:

• Respiration

• Energy production

• Enzymes function

• DNA sythesis

• Cell proliferation

• Erythropoiesis
• …

Besarab A et al., The Oncologist 2009



Most of the iron needed daily is provided through recycling by 

macrophages

3-4 g

mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38 As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat
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result, ferritin protein production is abrogated under low iron
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needed for cellular functions. On the other hand, when iron is
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ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body
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entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for
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Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38 As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewofironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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that most tissues develop normally without Tfr1, but erythroid
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bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid
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appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,
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5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38 As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in
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uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38 As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38 As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38 As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38 As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38 As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38 As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewofironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38 As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38 As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38 As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewofironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38 As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38 As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.

220 ANDREWS BLOOD, 15 JULY 2008 VOLUME 112, NUMBER 2

 For personal use only. at SWETS INFORMATION SERVICES on July 8, 2008. www.bloodjournal.orgFrom 

mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38 As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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mutant zebrafish.17 Interestingly, mutations in mitoferrin result in a

clinical disorder that is very similar to erythropoietic protoporphy-

ria caused by ferrochelatase mutations.17

Although many tissues express TFR1 at low levels, relatively

few cell types are strictly dependent on the transferrin cycle for iron

uptake. Targeted disruption of the Tfr1 gene in mice demonstrated

that most tissues develop normally without Tfr1, but erythroid

precursors, early lymphoid cells, and neuroepithelial cells require

Tfr1 for differentiation.18,19 The likely role of TFR1 in erythropoi-

esis is obvious—the transferrin cycle serves to concentrate iron in

the vicinity of DMT1 to maximize iron assimilation for hemoglo-

bin production. However, it is less clear why lymphopoiesis and

neurodevelopment should require TFR1.

In the past it was assumed that iron assimilated by erythroid

precursors was incorporated into hemoglobin, remaining within the

cells until erythrocyte senescence. Recently, however, Quigley and

colleagues20 have described a heme exporter, FLVCR, which

appears to be necessary for normal erythroid development. They

hypothesize that erythroblasts need to have a pop-off valve for

extra heme to avoid its toxicity. Targeted disruption of the mouse

gene encoding FLVCR demonstrated the importance of this protein

in vivo.21 FLVCR-null mice had a failure of definitive erythropoi-

esis, resulting in fetal demise. Interestingly, the fetuses had

craniofacial and limb deformities suggestive of Diamond-Blackfan

anemia. When the FLVCR gene was inactivated after birth the

animals developed severe, macrocytic anemia, implying that heme

export is important for normal erythropoiesis.

Regulationof intracellular ironhomeostasis

Intracellular iron homeostasis is maintained, at least in part,

through a very elegant posttranscriptional regulatory mechanism.

In 1987, investigators observed that conserved sequences in the

5 untranslated regions (UTRs) of both H- and L-ferritin mRNAs

were needed to control a ready but quiescent pool of ferritin mRNA

in the cell, which could quickly be mobilized to produce ferritin

protein when iron was abundant.22,23 Thermodynamic predictions

indicated that the UTR sequences could form stable RNA hairpins

with a characteristic secondary structure, termed iron responsive

(or regulatory) elements (IREs).24 Soon afterward it was shown that

cytoplasmic proteins, now known as iron regulatory proteins (IRPs,

formerly IREBPs), recognize and bind to the IREs.25-28

The 2 known IRPs share sequence homology but have distinc-

tive properties. At the time of its discovery, IRP1 was recognized to

bear strong similarity to aconitase, a mitochondrial enzyme of the

tricarboxylic acid cycle. Remarkably, IRP1 also has aconitase

activity, making it a prime candidate for a previously described

cytoplasmic aconitase.29,30 But the aconitase and IRE-binding

activities are mutually exclusive, providing a clue to a clever

regulatory switch. Similar to a number of other iron-containing

proteins, IRP1 incorporates an iron-sulfur cluster (4Fe•4S). The

iron-sulfur cluster forms when iron is abundant, but disassembles

when iron is scarce. Haile and Rouault showed that the aconitase

activity of IRP1 is present only when the iron-sulfur cluster is

complete; when it is not, IRP1 acts as an RNA binding protein,

recognizing IREs.31 IRP2, on the other hand, does not incorporate

an iron-sulfur cluster. Rather, its activity is regulated at the level of

protein stability. Under low iron conditions IRP2 accumulates, but

when iron is abundant it triggers IRP2 degradation.32-36 It is still not

entirely clear why it is necessary to have 2 IRPs, but recent observations

suggest that the 2 may respond differently over the physiologically

relevant range of oxygen tensions.37 They may also have somewhat

different target selectivity among IRE-containing mRNAs.

The ferritin IRE is located just upstream of the start codon for

protein translation. Muckenthaler and colleagues showed that IRP

binding sterically blocks recruitment of the small ribosomal

subunit to the initiation complex, thus preventing translation.38 As a

result, ferritin protein production is abrogated under low iron

circumstances when the small amount of intracellular iron is

needed for cellular functions. On the other hand, when iron is

abundant, translational repression is relieved and newly made

ferritin subunits assemble to provide iron storage capacity.

Figure1.Overviewof ironhomeostasis. The central

portion of the figure depicts the flow of iron into the body

(through the small intestine), to transferrin (Tf), to the

major site of utilization (the erythroid bone marrow), to

circulating erythrocytes, to tissue macrophages that

phagocytose senescent erythrocytes and recycle iron

(spleen), to storage in hepatocytes, and back to TF

through mobilization of iron stores. Cellular iron trans-

port is described in detail in the text and shown in

schematic form on the outside edges of this figure.

(A) Nonheme iron transport across an intestinal entero-

cyte. (B) Erythrophagocytosis and iron recycling in a

tissue macrophage. The aqua oval in the cytoplasm

represents a storage depot for ferroportin protein within

the cell. (C) Hepatocyte iron transport, with arrows

indicating that neither import nor export is well under-

stood. (D) Iron uptake through the transferrin cycle in

the erythoblast. Illustration by Kenneth Probst.
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HEP-(atic) CIDIN (antimicrobial)

• small (25 aa) peptide mainly produced by 

the liver

• defensin-like (innate immunity-related 

peptides with natural antimicrobial activity)

• interact with its receptor (ferroportin, the 

only known iron exporter from the cells, 

ubiquitous but highly expressed in duodenal 

cells, macrophages, hepatocytes) 

control + 1 g/ml hepcidin

FPN localized on cell

membrane

 Iron export

FPN internalized and 

degraded

Iron export blocked

The main role of hepcidin is to control surface expression of FPN

Nemeth E, Science 2004



Spleen

Liver

Duodenum

Hepcidin

Fpn

Fpn

Fpn

Plasma

Fe-Tf

Bone marrow

and other sites

of iron usage

Hepcidin-ferroportin axis regulates the flow of iron into plasma, and 

thereby regulates the distribution of iron in the body



Hepcidin is regulated by multiple (contrasting) stimuli

Girelli D et al., Blood 2016



High hepcidin levels, induced by inflammation (IL-6), plays a central role in 

the pathogenesis of anemia of chronic disease
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• The global burden of anemia and iron deficiency

• Pathophysiology of iron metabolism and its connections with 

erythropoiesis

• Hepcidin and iron deficiency (absolute vs functional)

• Diagnosis (biomarkes, cut-off, challenges and pitfalls)

Outline



• Extracellular

• Function: transport 

• Binds 2 Fe atoms 

• Abundant (g/l) in serum

• TSAT < 20% = iron restricted 
erythropoiesis likely

• Intracellular (ubiquitous)

• Function: storage

• Binds up to 4,500 Fe atoms

• trace (ng/ml) in serum

• Ferritin <30 ng/ml excellent marker of 
“pure” absolute iron deficiency

• Acute phase reactant

Classical markers of iron deficiency anemia

Ferritin TSAT
TSAT% =  serum iron (µg/dl)    

Tf (g/l) x 1,42

IDA = anemia (Hb<12 g/dl females, <13 males) 

with ↓ MCH (<26 pg), ↓ MCV( <80 fl), and ↓ reticulocytes



The diagnosis of iron deficiency anemia in the context of inflammation is

challenging (but possible!)

• Higher ferritin cut-off ± TSAT <20% 
e.g., < 100 ng/ml or <300 ng/ml if TSAT<20% in chronic heart failure

• Proportion of hypochromic RBCs
useful in CKD; >6% indicative of IDA

• Reticulocyte Hb content (CHr or Ret-He)
useful in CKD; diagnostic if <27.2 pg; 

poor sensibility in thalassemia and ↑ MCV

• sTfR; sTfR/Log Ferritin ratio
absence of standardized cut-off, inflammation?

useful for distinguishing IDA and AI; e.g. ratio<1 AI; ratio>2-3 IDA

• Bone marrow aspiration
gold standard, but invasive and expensive
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P-FOLATI

 

8,7 *↓ nmol/L [10,4 - 42,4]

3,8 *↓ ng/mL [4,5 - 18,7]

Er-RETICOLOCITI

 1,53 % [0,50 - 2,10]

 60,9 10̂9/L [15,0 - 98,0]

ad alto contenuto di RNA

 

8,0 *↓ % [0,0 - 2,0]

a medio contenuto di RNA

 

15,1 *↓ % [2,9 - 11,1]

a basso contenuto di RNA

 

76,9 *↓ [87,2 - 97,0]

Ret IRF

 

23,10 *↓ % [3,00 - 12,80]

Ret He

 

24,8 *↓ pg [29,5 - 35,5]

P-B12 VITAMINA

 

229 pmol/L [141 - 490]

310 pg/mL [191 - 663]

Referto sottoscritto con firma digitale conforme alla normativa vigente. Questa rappresentazione è

conforme all'originale conservato presso AOUI - Verona

Lopez A et al., Lancet 2016



Hepcidin measurement in clinical practice

• Refer to age- and sex-specific ranges

• Interpret the value into a minimum laboratory context (full blood

count, ferritin, transferrin saturation, C reactive protein, serum

creatinine, liver function test)

• Be aware of many potential confounders/comorbidities in the 

individual patient

Girelli D et al., Blood 2016



Lower GI blood losses: colon-rectal cancer
or pre-malignant polyps, IBD*, ano-rectal
lesions (e.g. hemorrhoids), angiodysplasia, 
hookworm infestation, (antithrombotic
drugs)

Malabsorption: HP infection, atrophic
gastritis, celiac disease, inflammatory bowel
disease*, hookworm infest., drugs (e.g. PPI)

Management of ID/IDA requires a systematic search for the causes

(physiologic and pathologic)

Increased demand: infancy, rapid growth
(adolescence), menstrual blood loss, 
pregnancy, blood donation, elite athletes

Insufficient intake: poverty, malnutrition, 
diet (e.g. vegeratian, vegan, iron-poor)

Upper GI blood losses: esophagitis, 
gastritis, ulcers, cancer* or pre-malignant
lesions, (antithrombotic drugs, NSAIDs)

Genitourinary blood losses: heavy menses, 
menorrhagia, march hemoglobinuria

Genetic: IRIDA (TMPRSS6 
mutations)

Chronic hemolysis: e.g. damage heart valves, 
paroxysmal nocturnal hemoglobinuria, 
mycroangiopathic hemolysis

Iron-restricted erythropoiesis**: 
inflammation, ESAs, CKD

high

*also anemia of inflammation; ** functional and absolute ID may coexist



• ID/IDA are global health problems and common medical conditions in everyday

clinical practice

• Associated with multiple adverse outcomes in all age groups

• Diagnosis is based on ferritin <30 ng/ml ± TSAT <20% (but determination of iron

status may be more challenging if inflammation coexists ➜ it is necessary to 

consider more indicators)

• Detection of causes is mandatory in order to:

- recognize evolutionary and potentially fatal diseases (e.g. GI cancer)

- improve symptoms and patient’s quality of life

- avoid relapse after the treatment

- ensure optimal treatment’s efficacy

Concluding remarks


