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Abstract

To maintain an adequate iron supply for hemoglobin synthesis and essential metabolic functions 

while counteracting iron toxicity, humans and other vertebrates have evolved effective mechanisms 

to conserve and finely regulate iron concentration, storage, and distribution to tissues. At the 

systemic level, the iron-regulatory hormone hepcidin is secreted by the liver in response to serum 

iron levels and inflammation. Hepcidin regulates the expression of the sole known mammalian 

iron exporter, ferroportin, to control dietary absorption, storage and tissue distribution of iron. 

At the cellular level, iron regulatory proteins 1 and 2 (IRP1 and IRP2) register cytosolic iron 

concentrations and post-transcriptionally regulate the expression of iron metabolism genes to 

optimize iron availability for essential cellular processes, including heme biosynthesis and iron

sulfur cluster biogenesis. Genetic malfunctions affecting the iron sensing mechanisms or the main 

pathways that utilize iron in the cell cause a broad range of human diseases, some of which are 

characterized by mitochondrial iron accumulation. This review will discuss the mechanisms of 

systemic and cellular iron sensing with a focus on the main iron utilization pathways in the cell, 

and on human conditions that arise from compromised function of the regulatory axes that control 

iron homeostasis.
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Introduction

Iron is one of the most abundant trace elements in the human body. It plays a crucial role 

in vivo by participating in many essential biological functions, including but not limited to, 
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oxygen transport, nucleotide synthesis, and ATP production. Iron acts as a catalyst for these 

processes by serving as a ligand in heme-, iron-sulfur cluster-, and iron-containing proteins. 

Iron deficiency compromises red blood cell (RBC) production resulting in anemia, a primary 

manifestation of iron deficiency. On the other hand, iron overload is equally detrimental 

by promoting oxidative stress that causes damage to lipids, proteins, and DNA molecules, 

which can ultimately lead to cell death and tissue damage. Iron levels must therefore be 

tightly regulated in vivo to maintain iron availability while avoiding iron overload.

Most iron is utilized during erythropoiesis to generate heme in erythroid cells, accounting 

for about 90% of daily iron consumption. Therefore, erythroid cells have the highest 

iron content within the body, accumulating as many as 1.2 billion iron atoms per cell. 

Thus, iron metabolism and erythropoiesis are intertwined with one another via regulatory 

networks that coordinate systemic iron homeostasis and RBC production. Intestinal 

absorption accounts for only 10% of the daily iron requirement, whereas 90% is recycled 

through erythrophagocytosis of senescent RBCs in the spleen, liver, and bone marrow by 

reticuloendothelial macrophages [1].

Dietary iron is absorbed by the intestinal mucosa through a highly regulated process. On 

the apical membrane, divalent iron transporter 1 (DMT1) transports iron into the cells 

with the facilitation of a ferrireductase duodenal cytochrome b561 (DcytB) [2, 3]. On the 

basolateral membrane, ferroportin (FPN) transports iron across to apotransferrin facilitated 

by the ferroxidase hephaestin or ceruloplasmin[4–6]. Diferric transferrin (Tf) then transports 

iron throughout the body via the circulation to cells that import iron via Tf/TFR1 (transferrin 

receptor) cycles. Excess cellular iron is either exported by FPN or stored into ferritin, a 

24-mer composed of L- and H- subunits that assemble into a sphere that can store as many 

as 4500 iron atoms [7]. The details of the process can be found in excellent reviews [8, 

9] and in papers of this same issue. FPN is highly expressed in cells that are important 

for iron trafficking, including splenic macrophages that phagocytose senescent red cells, 

enterocytes that mediate gastrointestinal iron uptake, and hepatocytes, which store iron 

in ferritin and constitute the main iron storage depot in the body. In addition, FPN was 

recently found to be present at high levels in erythroblasts and mature RBCs [10, 11], 

where it accounts for up to 1% of the total human and murine RBC membrane proteins. 

Erythroid-specific FPN deficiency was found to significantly decrease blood iron levels, 

suggesting that iron released by erythroid cells is a major previously unrecognized source 

of iron that replenishes circulating diferric transferrin and contributes to maintenance of 

systemic iron homeostasis[10]. As more iron is released into the circulation and transferrin 

saturation levels increase, hepatocytes secrete hepcidin, a 25 amino acid peptide hormone, 

which decreases FPN activity, thereby reducing the iron flux across membranes[12]. When 

systemic iron levels are low, hepcidin transcription is downregulated to allow increased 

iron flux from storage and diet. While the hepcidin-FPN axis controls iron homeostasis 

systemically, Iron Regulatory Proteins 1 and 2 (IRP1 and IRP2) regulate iron homeostasis at 

the cellular level, as outlined in the following sections.
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Regulation of cellular iron homeostasis by Iron Regulatory Proteins 1 and 2

IRP1 and IRP2 bind to the cis-regulatory iron-responsive elements (IREs) [13] in the 

mRNAs of iron metabolism genes to regulate their expression and thereby optimize cellular 

iron availability. IREs are RNA secondary structures of about 30 base pairs, consisting of a 

conserved “CAGUGN” loop (N could be A, T, C, but not G), followed by a stem composed 

of base-pairs interrupted by a conserved C-bulge 5 nucleotide upstream of the loop (Fig. 1). 

Under iron deficiency, IRPs bind to IREs in order to decrease iron storage and export, and 

increase iron uptake, thus restoring cellular iron balance. Binding of IRPs to IREs inhibits 

the translation of mRNAs that have IREs in the 5’-untranslated region (5’UTR), such as 

H- and L-ferritin [14, 15], FPN [5, 6], mitochondrial aconitase (ACO2)[16], the erythroid

specific 5-aminolevulinate synthase (eALAS, aka ALAS2)[17], hypoxia-inducible factor 2 

alpha (HIF2α)[18], and Drosophila succinate dehydrogenase B (dSDH)[19] mRNAs, and 

stabilizes, by preventing endoribonuclease digestion, the mRNAs that have IREs in their 

3’UTR, such as TFR1 [20], DMT1[3], cell division cycle 14A (CDC14A)[21], myotonic 

dystrophy kinase-related Cdc42-binding kinase α (MRCKα)[22], and profilin 2 (Pfn2)[23]. 

Some of the genes that encode mRNAs with IRE elements also express non-IRE-containing 

isoforms, such as FPN, DMT1, and CDC14A, which might provide a mechanism for 

bypassing regulation by IRPs under specific conditions, as in the case of FPN transcripts, 

which will be the focus of a dedicated section. By IRP/IRE complex immunoprecipitation 

and microarray analysis, 35 putative IRE-containing mRNAs were reported[24]. However, 

the significance of these IREs remains to be elucidated. Mutations of the L-ferritin IRE 

cause hereditary hyperferritinemia-cataract syndrome [25–27], and a mutation in the ALAS2 
IRE was reported to contribute to the severity of the erythropoietic protoporphyria associated 

with loss of function mutations in the ATP-dependent Caseinolytic Mitochondrial Matrix 

Peptidase Chaperone Subunit X, CLPX [28], emphasizing the essential function of IREs in 

the regulation of these target genes and of systemic iron homeostasis.

Human IRP1 and IRP2 have 889 and 963 amino acids, respectively, and share ~70% 

sequence similarity. Nevertheless, they are regulated differently. IRP1 is a bifunctional 

enzyme with a [4Fe-4S] cluster that functions as iron and oxygen sensor (Fig. 1). Under 

iron-replete conditions, IRP1 coordinates an iron-sulfur cluster (holo-form) and functions as 

cytosolic aconitase (ACO1), whereas under iron deficiency, IRP1 loses the cluster and binds 

to IREs to regulate cytosolic iron availability (Fig. 1). By contrast, IRP2 does not ligate 

an iron-sulfur cluster, and the protein levels are regulated by the F-box and leucine-rich 

repeat protein 5 (FBXL5)-mediated ubiquitination and proteasomal degradation in an iron- 

and oxygen-dependent manner[29–31] (see section entitled “Iron sulfur cluster cofactors are 

required at several steps in mammalian heme biosynthesis“).

Physiological significance of iron regulatory proteins

The physiological significance of IRPs is evident from the fact that mouse embryos with 

deletions of both Irp1 and Irp2 do not survive through the blastocyst stage[32]. Blastocysts 

from crosses between Irp1−/−Irp2+/− mice, from which 25% of the embryos are expected 

to harbor an Irp1−/−Irp2−/− genotype, displayed abnormal morphology and brown color 

likely due to ferritin overexpression. The lack of viability of Irp1−/−Irp2−/− mice further 
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establishes the indispensable role of IRPs in iron homeostasis and overall physiology in 

mammals [32]. Mice with deletion of either Irp1 or Irp2 are viable indicating that IRPs are, 

at least partially, functionally redundant and each IRP can compensate for the loss of the 

other[33, 34]. Regulation of transcription of each IRP has not been thoroughly investigated, 

and it is not clear why the ratios of expression of the two IRPs differ among cells and 

tissues. However, differences in relative expression levels have been observed in RNA seq 

atlases, likely explaining why complete loss of one of the two Irps results in different 

phenotypic manifestations. For instance, transcript levels of IRP2 are approximately three 

times higher than expression of IRP1 in the cerebral cortex, throughout the central nervous 

system, and in erythroid and immune cells (Human Protein Atlas available from http://

www.proteinatlas.org). In contrast, IRP1 transcript levels are relatively high in kidneys, liver, 

and adipose tissue, approaching 10-fold higher expression levels in proximal renal tubule 

cells (Human Protein Atlas available from http://www.proteinatlas.org).

Physiological significance of IRP1

Mice with targeted deletion of Irp1 exhibit extramedullary hematopoiesis, splenomegaly, 

polycythemia (also known as erythrocytosis)[35–37] and pulmonary hypertension[35]. 

One of the targets of the IRP/IRE system is HIF2α, also known as endothelial PAS 

domain protein 1 (EPAS1), which has a 5’-IRE [38]. HIF2α is one of the members of 

a family of heterodimeric transcriptional factors that mediate the physiological response 

to low oxygen (hypoxic) conditions, by heterodimerizing with the aryl hydrocarbon 

receptor nuclear translocator (aka the β subunit) and translocating to the nucleus where 

it regulates the expression of genes involved in the adaptive response to hypoxia. Under 

normoxia, HIFα proteins undergo proline hydroxylation by the iron-, oxygen- and α

ketoglutarate- dependent prolyl hydroxylases (PHDs) followed by proteasomal degradation 

mediated by the VHL (Von Hippel-Lindau) E3 ubiquitin ligase[39–41]. At low oxygen 

and low iron conditions, stabilized HIF2α transcriptionally activates several target genes, 

including erythropoietin (EPO)[40]. Binding of IRPs to the HIF2α 5’-IRE inhibits HIF2α 
translation[18], thereby reducing EPO production. Irp1 is the major IRE binding protein 

in kidney, liver, heart, brown fat and lungs [33–35]. The Hif2α-IRE binding activity of 

Irp1 is more than 10-fold higher than Irp2 in kidney lysates [42](Fig. 2). Thus, deletion 

of Irp1 causes translational de-repression of Hif2α mRNA and subsequent accumulation 

of Hif2α protein in the kidney, which leads to upregulation of EPO causing increased 

erythropoiesis and polycythemia[35–37]. Overall, polycythemia has been reported to result 

from mutations in genes encoding various proteins, including erythropoietin receptor 

(EPOR), hemoglobins (HBB, HBA), HIF2α (EPAS1), IRP1, and proteins involved in the 

HIFα regulatory pathways, VHL and PHD-2 (EGLN1)[35–37, 43–48]. There are two types 

of polycythemia. Primary polycythemia, also known as polycythemia vera, is mainly caused 

by mutations in JAK2[49] that lead to hypersensitivity to EPO signaling and production of 

excess red blood cells, whereas secondary polycythemia is caused by increased EPO levels. 

Secondary polycythemia developed in Irp1−/− mice as early as 4–6 weeks of age[36, 37]. 

Although two research groups [36, 37] reported polycythemia only in young (4–6 weeks 

old) Irp1−/− mice, a third group observed polycythemia in adult (6–11 months old) Irp1−/− 

mice that were fed either a normal or iron deficient diet[35, 50]. When Irp1−/− mice were 
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challenged with an iron deficient diet, Hif2α protein levels increased even further as a result 

of its stabilization due to impaired Hif2α degradation mediated by PHDs. Hematocrit levels 

increased up to 65% or more, which caused sluggish blood flow and possibly clots that led 

to early death of the mice by abdominal hemorrhages[35], which may have been caused 

by blood vessel occlusion and increased pressure as the blockage impaired circulation and 

pre-occlusion venous pressure increased, leading to rupture of the relatively delicate venous 

endothelia. Thus, Irp1−/− mice that were fed a low iron diet developed severe polycythemia, 

tissue iron deficiency and underwent sudden death, which establishes the essential role of 

Irp1 in systemic iron homeostasis and erythropoiesis[35]. Mice that inducibly expressed 

a constitutively active Irp1 developed macrocytic anemia[51], likely because of impaired 

erythropoiesis caused by translational repression of Hif2α by Irp1, which reduced Epo 

levels.

In addition to polycythemia, Irp1−/− mice developed pulmonary hypertension, and cardiac 

hypertrophy and fibrosis[35] which emphasizes the crucial role of Irp1 in the physiology of 

the pulmonary and cardiovascular system. This is not unexpected considering that in lung 

and heart, Irp1 is the major contributor towards IRE-binding[33], and Hif2α is involved 

in the pathogenesis of pulmonary hypertension[52]. Right ventricular pressure (RVP), a 

hallmark of pulmonary hypertension, which is best measured by cardiac catheterization, 

was about 30% higher in Irp1−/− mice, compared to age-matched WT mice. A strikingly 

abnormal motion of the interventricular wall during systole was a further indication 

that pulmonary hypertension was present in Irp1−/− mice[35]. Pulmonary hypertension 

developed in Irp1−/− mice as early as 3 months of age, and RVP increased only 10% more 

when mice lived up to 12 months[35]. Endothelin-1, a HIF target, is a potent vasoconstrictor. 

The mRNA and protein levels of endothelin-1 were 2–3-fold higher in the lungs of Irp1−/− 

mice compared to WT mice. Strikingly, in cultured primary endothelial cells derived from 

Irp1−/− mice, endothelin-1 protein levels were more than 40-fold higher and as expected, 

Hif2α expression was significantly increased[35]. Interestingly, in Irp1−/− mice that were 

fed a low iron diet, Epo expression and hematocrit levels further increased, whereas 

endothelin-1 and RVP levels did not change. The reason for this mechanistic difference 

in the pathophysiology of polycythemia and pulmonary hypertension remains unclear.

Treatment of polycythemia and pulmonary hypertension caused by 

mutations in genes encoding proteins that regulate Hif2α in mice

The discovery that mice with ablation of Irp1 developed EPO-dependent polycythemia 

and pulmonary hypertension led us to evaluate activation of the IRE-binding activity of 

Irp1 as a potential therapy for these diseases in mice [42]. The mouse model chosen 

for this work carried a homozygous mutation in the VHL tumor-suppressor gene that 

resulted in a R200W amino acid substitution and it is also known as Chuvash polycythemia 

mouse model in reference to the patients who carry the same homozygous VHLR200W 

mutation[53], which is endemic to the Chuvash population of the Russian Federation. 

VHL targets HIFα proteins for proteasomal degradation. The VHLR200W mutation, both 

in patients and mice, is known to stabilize HIFα proteins and promote the transcription of 

multiple HIFα targets including EPO (Fig. 2) due to impaired HIFα protein degradation [54, 

Maio et al. Page 5

Semin Hematol. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



55]. The VhlR200W mice were initially treated with a diet supplemented with TEMPOL (4

hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl), a small, stable nitroxide radical that is known 

to activate the IRE-binding activity of Irp1 by shifting the equilibrium from the holoprotein 

to the IRE binding apoform[56]. TEMPOL treatment normalized the hematocrit, corrected 

splenomegaly, lowered Epo production, decreased Hif2α protein levels and increased the 

lifespans of VhlR200W mice[42]. TEMPOL attenuated the polycythemia of the VhlR200W 

mice by decreasing Hif2α expression through the increased binding of Irp1 to the Hif2α

IRE[42] (Fig. 2). As expected, TEMPOL did not decrease the elevated hematocrit level 

of Irp1−/− mice or the even higher hematocrit (as high as 84%) of the VhlR200W;Irp1−/− 

double mutant mice, confirming that the amelioration of polycythemia by TEMPOL was 

mediated by Irp1 activation. TEMPOL therapy also attenuated hypoxic polycythemia in 

mice[42], analogous to human polycythemia, indicating that TEMPOL might potentially 

be a therapeutic approach for treatment of polycythemia in humans who develop high 

hematocrits at high-altitude.

Since polycythemia and pulmonary hypertension are caused by impaired degradation 

of Hif2α in VhlR200W mice, and translational de-repression of Hif2α in Irp1−/− mice, 

we recently used MK-6482 (previously known as PT2977), a second generation HIF2α 
inhibitor for the oral treatment of these genetically defined murine models of human 

diseases[50]. MK-6482 treatment normalized Epo and endothelin-1 levels, reversed 

polycythemia, decreased RVP, normalized the movement of the cardiac interventricular 

septum and attenuated pulmonary hypertension in VhlR200W mice, Irp1−/− mice and double 

mutant VhlR200W;Irp1−/− mice[50]. Moreover, this drug lowered the elevated expression 

of CxCl-12, which in association with its receptor CXCR-4, promotes fibrocyte influx, 

potentially causing fibrosis in the hearts and lungs of VhlR200W mice, suggesting that 

MK-6482, a drug with a favorable safety profile in human[57, 58], could possibly be a 

therapeutic option for pulmonary and cardiac fibrosis. Pharmacological inhibition of Hif2α 
by a Hif2α translation inhibitor C76 was found to reduce pulmonary hypertension in PHD2–

deficient Egln1Tie2Cre mice and Sugen 5416/hypoxia PAH (pulmonary arterial hypertension) 

rats[59]. Suppression of Hif2α signaling by another small-molecule, PT2567, diminished 

pulmonary hypertension in rodents exposed to hypoxia for 4 to 5 weeks[60].

Human patients with IRP1 mutations

Recently, seven novel variants at the ACO1 locus, which encodes IRP1, were found to 

be associated with altered hemoglobin concentrations in a genome-wide association study 

from 684,122 individuals from Iceland and the UK[45]. The two most frequent variants 

were found to be the missense Cys506Ser and the nonsense Lys334Ter mutations. Serine 

substitution of Cys506 affects one of the three cysteines that directly coordinate the [4Fe-4S] 

cluster in cytosolic aconitase, leading to disassembly of the cluster and consequently to 

increased IRE-binding activity of IRP1[45, 61], which, by repressing HIF2α translation, 

reduces EPO production, leading to anemia. Conversely, the variant Lys334Ter affects an 

amino acid residue located within domain 2 of IRP1, which together with domains 3 and 

4, is involved in interacting with the IRE; the mutation leads to premature truncation of the 

full-length 889 amino acid protein at position 334, causing loss of its IRE-binding activity, 

which leads to elevated EPO production and increased risk of polycythemia[45]. Notably, 
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there was no report of pulmonary hypertension for the carriers of Lys334Ter, possibly 

because the carriers are heterozygous for the mutation. It is also worth noting that loss of 

only one functional IRP1 allele in the patients was sufficient for the development of subtle 

polycythemia. In a separate study, a somatic IRP1 mutation, which prematurely truncated 

the protein, dramatically increased HIF2α and EPO production and induced polycythemia 

[62]. Patients with increased risk of EPO-dependent polycythemia might potentially be 

treated with the second generation HIF2α inhibitor, MK-6482, since the drug has been 

found to attenuate EPO-dependent polycythemia in Irp1−/− mice[50]. Chuvash and other 

patients with polycythemia and/or pulmonary hypertension caused by upregulation of Hif2α 
might be treated with MK-6482[50] as well. Patients with only polycythemia caused by 

mutations in critical genes known to be involved in the HIF2α pathway but without any 

mutation in Irp1 might be potentially treated with TEMPOL[42].

Physiological significance of IRP2

Mice with targeted deletion of Irp2 develop progressive neurodegeneration, microcytic 

anemia and erythropoietic protoporphyria[34, 63, 64], and are characterized by significant 

cytosolic iron accumulations into ferritin heteropolymers throughout the brain and duodenal 

mucosa and by decreased expression of the iron import protein transferrin receptor 1 [34]. 

Iron misregulation caused axonal degeneration and a movement disorder characterized by 

tremor, abnormal gait and motor weakness prominent when the mice were older than 6 

months[34]. Complete loss of Irp2 and loss of one allele of Irp1 in mice (Irp+/−Irp2−/−) 
increased the severity of neurodegeneration, indicating a dosage effect of combining partial 

Irp1 deficiency with complete Irp2 loss[65]. The decreased TfR1 and increased ferritin 

expression in Irp2−/− mice caused functional iron deficiency, which led to impaired activities 

of mitochondrial complexes I and II[34, 66] that rely on iron-sulfur and heme cofactors 

for function. A second group of researchers working with their Irp2−/− mice also reported 

decreased TfR1 and increased ferritin expression in brain lysates[67]. Despite the fact that 

this group observed only a discrete impairment of balance and/or motor coordination, they 

did not report iron deposition or evidence of neuronal degeneration in the brains of their 

mice[67]. A third group observed locomotor dysfunction and increased iron deposits in the 

brain, without cellular degeneration[68]. Genetic ablation of Irp2 also caused microcytic 

hypochromic anemia in mice[63] and erythropoietic protoporphyria, due to the loss of 

translational repression of Alas2 mRNA [63]. The functional iron deficiency was reported 

to impair iron-sulfur cluster assembly in pancreatic β cells compromising biogenesis of 

the iron-sulfur enzyme Cdkal1, which catalyzes the methylthiolation of the tRNALysUUU, 

leading to reduced insulin secretion and diabetes in Irp2−/− mice[69]. We refer the readers 

to a number of excellent reviews in which the phenotypes associated with global and 

tissue-specific ablation of Irps have been discussed [8, 70, 71].

The neurodegenerative symptoms of Irp2−/− mice were ameliorated by oral treatment with 

TEMPOL[56]. The axons of TEMPOL-treated Irp2−/− mice were partially spared from 

degeneration[56, 66]. Moreover, TEMPOL treatment restored complex I activity in Irp2−/− 

mice, further suggesting that functional iron deficiency was the cause of motor neuronal 

degeneration[66]. Interestingly, TEMPOL treatment did not prevent anemia in Irp2−/− mice, 

likely because TEMPOL’s action on converting cytosolic aconitase to the IRE-binding form 
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would suppress translation of erythrocytic Alas, thereby blocking heme biosynthesis[56]. 

Additionally, in the kidney, TEMPOL reduced EPO expression and accordingly diminished 

erythropoiesis and promoted development of anemia, by increasing binding of Irp1 to the 

Hif2α-IRE.

Human patients with IRP2 mutations

The possibility that autosomal recessive IRP2-related disorders would be found in humans 

had been hypothesized for several years. With the use of exome sequencing, the first 

patient with bi-allelic loss-of-function variants in IRP2, leading to complete absence 

of IRP2 protein, was recently identified in a study from our group in collaboration 

with clinicians at the Toronto Children’s Hospital[72]. The patient, a 16-year-old male, 

had neurological and hematological features that paralleled those of Irp2−/− mice, 

including disabling neurodegeneration, a treatment-resistant choreiform movement disorder, 

microcytic hypochromic anemia unresponsive to iron supplementation and markedly 

elevated zinc protoporphyrin IX levels. Several months after we reported the first IRP2

deficient patient [72], a second case was described[73]. An Australian patient with 

progressive neurological symptoms and bi-allelic IRP2 missense variants was identified 

through trio exome sequencing[73]. Although biochemical studies on patient-derived 

lymphoblasts were not performed, in silico predictions revealed that the two mutations 

harbored by the Australian patient, namely substitution of Gly785 into arginine and 

deletion of the highly conserved Ser444, were likely to be pathogenic and to impair the 

IRE-binding activity of IRP2[73, 74]. The Australian patient[73] was of particular interest 

as it expanded the scope of IRP2-related disorders and underscored the possibility that 

severe clinical symptoms might be present even in the absence of nonsense mutations that 

would substantially truncate the encoded IRP2 protein[72, 74]. As more IRP2 patients 

are identified and diagnosed, it may be possible to correlate the spectrum of the disease 

manifestations with the impact of the mutations on the IRE-binding activity of IRP2, as it is 

conceivable that less obvious neurological impairments may be attributable to IRP2 variants 

that have a less deleterious effect on IRE binding.

There is the potential of translating into clinical trials oral treatment with TEMPOL, which 

was found to mitigate the neurological disorder of Irp2−/− mice[56]. We anticipate that 

ongoing studies on the molecular mechanisms of cellular iron homeostasis will continue to 

lead novel clinical and therapeutic discoveries.

In summary, the phenotypes of patients harboring mutations in either IRP1 or IRP2 resemble 

those of the murine models with genetic ablations of either Irp1 or Irp2 and are consistent 

with the expression profiles of Irps in different tissues, with Irp1 being the dominant iron 

regulatory protein in the kidneys whereas IRP2 is relatively more highly expressed in 

the central nervous system. IRP1 is also highly expressed in adipose tissue. Consistently, 

IRP1 expression was found to positively correlate with adipogenic markers in subcutaneous 

and visceral adipose tissue in two human independent cohorts[75]. Because each IRP is 

equally efficacious at repressing ferritin translation and stabilizing TFR1 mRNA, differences 

in relative levels of expression of IRPs in differentiated cells and tissues are the most 

likely cause for differences in the overall phenotypes associated with genetic ablation and 
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or mutations in IRPs [76, 77]. Nevertheless, considering the complexity of the cytosolic 

environment, including the concentration of IRE-containing mRNAs, the ratios between 

IRPs and IRE-containing targets, the location of the IRE in the mRNAs and the subcellular 

distribution of IRPs and IREs, the regulation and interaction of the IRP/IRE system remains 

a very dynamic and complex process with several critical questions that remain to be 

elucidated.

The importance of an alternative FPN transcript in erythropoiesis

In addition to the well-known post-translational regulation of FPN levels by hepcidin [12], 

hepcidin binding to FPN has been reported to directly block FPN iron transport activity 

[11, 78], by causing a physical obstruction that presumably plays a significant role in 

regulating iron efflux from mature red blood cells, which have high FPN levels on their 

membranes, but lack the necessary machinery to facilitate hepcidin-mediated internalization 

and degradation. Of note, the same direct arrest mechanism of FPN transport activity by 

hepcidin is likely to play a role in tissues that are less sensitive to the post-translational 

modulation of FPN levels by hepcidin, such as intestinal epithelial cells [79], where the 

direct blocking mechanism may help to mitigate fluctuations of blood iron levels between 

meals. Not surprisingly, mutations that disrupt the hepcidin-FPN interaction cause disorders 

such as hemochromatosis, iron deficiency and anemia, thus emphasizing the essential 

interplay between hepcidin and FPN in systemic iron homeostasis [80, 81].

As already mentioned, FPN expression is regulated at the post-transcriptional level by the 

IRP/IRE system, as the major transcript of FPN mRNA, FPN1a, has an IRE in its 5’UTR, 

which causes repression of FPN translation and therefore reduces iron export, under low 

iron conditions [4–6]. However, in intestinal epithelial cells, FPN expression must be able to 

evade repression by the IRE-IRP system, in order to maintain systemic iron stores, as iron 

deficiency in intestinal mucosal cells would otherwise repress expression of FPN needed 

to export iron into the circulation to satisfy overall bodily iron demands. Thus, intestinal 

epithelial cells generate an alternative FPN mRNA (FPN1b) that does not contain an IRE 

[82]. The FPN1b mRNA is transcribed from an upstream promoter; however, it still encodes 

the same protein as the FPN1a transcript. Expression of the mRNA that lacks the 5’-IRE 

in intestinal epithelial cells ensures that FPN protein synthesis is not repressed by IRPs 

when intestinal epithelial cells are themselves iron deficient. Thus, the expression of a FPN 
transcript that lacks a 5’IRE enables the organism to increase systemic iron uptake. Though 

high expression of FPN might induce cellular iron scarcity in the intestinal epithelium, it 

enables the organism to transfer iron into the bloodstream before these cells are shed every 

4–5 days, which could result in excreting and losing large amounts of needed iron (Fig. 

3)[83].

FPN1b mRNA is also highly expressed in erythroblasts (Fig. 3). While the FPN1b transcript 

accounts for ~20% of total FPN mRNA in the small intestine, it accounts for ~40% of FPN 
mRNA in the bone marrow and ~60% in erythroblasts, suggesting that FPN1b likewise plays 

an indispensable role in erythropoiesis [82]. During erythroid differentiation and maturation, 

erythropoietin binds to the EPO receptor of erythroblasts to promote their proliferation and 

differentiation to proerythroblasts. Proerythroblasts subsequently develop into basophilic, 
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polychromatic, and orthochromatic erythroblasts. Erythroblasts then lose their nuclei and 

develop into reticulocytes, which lose their mitochondria and mature into RBCs. Throughout 

this differentiation process, erythroblasts accumulate a large amount of iron via the Tf/TFR1 

cycle for hemoglobin synthesis. TFR1 expression increases progressively in erythroblasts 

and throughout the proerythroblast stages. High levels of TFR1 are maintained through the 

orthochromatic and reticulocyte stages before its levels drop prior to RBC maturation[84]. 

In G1E cells, an erythroblast cell line engineered to differentiate from the erythroblastic to 

the orthochromatic stage upon administration of estrogen, FPN1b mRNA initially accounts 

for 60% of the total FPN mRNA. However, the proportion of FPN1b decreases to less 

than 10% by the end of differentiation (equivalent to the orthochromatic stage)[82]. In 

contrast, FPN1a mRNA increases from less than 40% of the total FPN mRNA at the 

beginning of differentiation to more than 90%. As differentiation nears completion, thereby 

largely restoring IRP-dependent regulation of FPN expression. Of note, FPN protein levels 

gradually decrease during erythroblast differentiation, suggesting that FPN1b mRNA is the 

major contributor to FPN protein synthesis[10, 11, 82]. The switch from FPN1b to FPN1a 
mRNA over the course of differentiation suggests that these two mRNAs play distinct roles 

during erythropoiesis. FPN1b mRNA enables erythroblasts to express FPN regardless of 

cellular iron status, whereas FPN1a mRNA ensures that sufficient cellular iron is retained 

in the developing erythroblast to support hemoglobin synthesis. The high expression of 

FPN1b mRNA in erythroblasts allows these precursors to export iron even when IRPs are 

highly active. As a result, erythroblasts can retain their iron stores only when hepcidin 

levels increase due to liver iron sufficiency[85](Fig. 3). Thus, by reducing the amount of 

iron invested in RBC production, the body can spare iron for other essential cells and 

organs such as the brain and heart, to survive iron scarcity. Once an iron-replete state is 

restored, the body can start reactivating erythropoiesis once again. Therefore, the expression 

of FPN1b mRNA enables the system to finely tune iron distribution among all tissues, 

ensuring survival of the organism under iron scarcity.

The abundance of FPN in mature RBCs implies that FPN plays a critical role in the 

mature RBCs[10, 11]. Interestingly, FPN-deficient RBCs have a much shorter lifespan than 

wild-type and undergo increased hemolysis both in vitro and in vivo due to their inability to 

export free iron and protect themselves from iron-mediated oxidative damage[10, 11]. The 

increased hemolysis and shorter lifespan of FPN-deficient RBCs underscore the essential 

role that FPN plays in the antioxidative system of RBCs[10, 11].

The FPN1b mRNA isoform is conserved among different species and its promoter has 

a conserved GATA1 transcription factor binding site, consistent with the cell-specific 

expression in erythroid cells[82, 86]. However, the transcriptional mechanisms that regulate 

FPN1b and FPN1a expression and their switching of promoter use during erythroid 

differentiation are not yet understood. Additionally, the FPN1b mRNA is specifically 

expressed in the epithelial cells of the intestine and in erythroblast precursors. The 

physiological significance remains to be fully explored in vivo preferably through the use of 

promoter-specific knockout animal data that would eliminate expression of one of the two 

alternative transcripts.
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The role of ferritin-bound iron availability and ferritinophagy in 

erythropoiesis

The terminal step of erythroblast maturation relies on the exceptionally high amounts of iron 

needed to support hemoglobin synthesis. To prevent toxicity due to free cytosolic iron, the 

majority of the endocytosed iron is stored into ferritin. The recent characterization of two 

ferritin regulators, poly rC-binding protein 1 (PCBP1) [87] and nuclear receptor coactivator 

4 (NCOA4) [88] that facilitate the obligatory flux of iron through ferritin has dissected 

an important route of iron trafficking in developing erythroid cells, in which PCBP1 was 

shown to function as an iron chaperone that delivers iron to ferritin and NCOA4 as a 

selective cargo receptor for the autophagic turnover of ferritin. Consistently, depletion of 

PCBP1 in murine erythroid cells led to decreased iron incorporation into ferritin, which 

impaired hemoglobinization[87]. A conditional Pcbp1 knockout (ko) mouse model showed 

similar phenotypes and developed microcytic anemia regardless of cellular iron availability. 

Interestingly, prolonged PCBP1 depletion resulted in systemic iron deficiency that was 

shown to activate the EPO-ERFE (erythroferrone)-hepcidin regulatory axis to increase iron 

uptake and RBC production[87, 89].

Insights into how iron is delivered to ferritin have been followed by progress in 

understanding how iron is released from ferritin. Several independent groups have 

characterized the role of NCOA4 as a receptor for the autophagic degradation of ferritin 

in the lysosomes by a process called ferritinophagy [87, 88, 90, 91]. Depletion of NCOA4 

in cell culture, and in zebrafish and mice resulted in hemoglobinization defects [87, 88, 90]. 

Similar phenotypes were observed in two different mouse models, the global Ncoa4-ko [92] 

and the Ncoa4 conditional knockout [93]. In both cases, mice developed microcytic anemia 

with an overall decrease in RBC count and hemoglobin levels, despite an inappropriate 

accumulation of tissue iron into ferritin, which was indicative of inefficient iron mobilization 

from ferritin in the absence of Ncoa4 [92]. Remarkably, the anemia observed in the adult 

mice was less severe as compared to the mice examined at post-natal stage [93], suggesting 

the potential activation of an Ncoa4-independent pathway that reversed the progression 

of acute anemia at adulthood. A separate Ncoa4 ko mouse model, in which Ncoa4 was 

genetically ablated in the iron-rich Sv129/J mouse strain, provided further insights into 

the tissue specific physiological role of Ncoa4 [94]. Three- to nine-month-old Ncoa4 ko 
mice in the iron rich background showed microcytic red cells without anemia. Transferrin 

saturation, serum iron levels and liver, spleen and kidney non-heme iron content were 

comparable to those in WT mice, despite the abnormal retention of tissue iron into ferritin, 

which activated a signal of iron deficiency, with upregulation of TfR1, likely due to 

a reduced free iron pool secondary to ferritin iron sequestration [94]. Additionally, to 

assess the erythropoietic capacity of the hematopoietic stem cells, the authors performed a 

reciprocal bone marrow transplant experiment between WT and Ncoa4 ko mice, in which 

the lethally irradiated Ncoa4 ko mice were transplanted with the bone marrow derived from 

the WT mice and viceversa[94]. Two months after the transplant, both genotypes exhibited 

full recovery with comparable RBC count and hemoglobin levels. The only remaining 

abnormalities were the low erythrocyte MCV (mean corpuscular volume) and MCH (mean 

corpuscular hemoglobin) of WT mice transplanted with Ncoa4-ko bone marrow. Overall, 

Maio et al. Page 11

Semin Hematol. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



these experiments pointed to the loss of Ncoa4 exclusively in bone marrow-derived cells as 

the leading cause of microcytosis. However, considering not only the normal erythropoiesis 

reported in the Ncoa4-ko mice but also the ability of ko bone marrow cells to completely 

reconstitute erythropoiesis in lethally irradiated animals, the authors ruled out that a major 

defect in erythroid precursors lacking Ncoa4 was likely to occur in vivo[94]. While further 

investigation on the role of NCOA4 in erythropoiesis is required, it is plausible that NCOA4 

plays a crucial role in hemoglobinization and erythropoiesis only during chronic iron 

deficiency and/or at the post-natal stages and that additional mechanisms, which can bypass 

the requirement of NCOA4, may be triggered later during the animal’s life. Consistently, 

a long-term depletion of NCOA4, was found to activate a compensatory mechanism via 

the HIF-2α-EPO axis to normalize the acute anemia and erythropoiesis defects in the 

conditional Ncoa4 ko mouse model[93]. Nevertheless, while depletion of Ncoa4 does not 

seem to have a profound impact on erythroid differentiation [93, 94], ferritinophagy in 

macrophages has been found to play a significant role in erythropoiesis [94].

NCOA4-mediated ferritinophagy is responsive to cellular iron status and is activated in 

response to systemic iron deficiency[90]. Conversely, under iron-replete conditions, NCOA4 

is targeted for proteasomal degradation[88] by the E3 ubiquitin ligase HERC2 (HECT and 

RLD domain containing E3 ubiquitin protein ligase 2), thereby promoting the storage of iron 

safely into the ferritin heteropolymers[88]. Interestingly, the HERC2 binding site on NCOA4 

overlaps with the ferritin H-subunit binding site suggesting the possibility that competitive 

binding may regulate the steady-state levels of NCOA4 in vivo[90]. Given the role of 

NCOA4 in releasing free iron into the cytosol, an aberrant increase in the activity of NCOA4 

may lead to pathologies associated with elevated free iron levels [90, 95]. Therefore, 

NCOA4 activity must be regulated at multiple levels. In addition to its regulation at the 

post-translational level by HERC2, the transcriptional regulation of NCOA4 by GATA-1 

in erythroid lineages[96], and HIF1α and HIF2α transcriptional factors in hepatocytes has 

also been reported[97]. NCOA4 was originally discovered in a yeast-two hybrid screen as 

a coactivator of androgen receptor[98]. Subsequently, it was also reported as a regulator of 

other nuclear receptors and a repressor of DNA replication[99]. A recent study reported the 

regulation of NCOA4 by the thyroid hormone, which promoted its binding to chromatin 

regions and induced a transcriptional program supporting erythropoiesis[100]. Further 

investigations are required to reconcile the various reported roles of NCOA4 and their 

potential involvement in cellular iron homeostasis. Taken together, the studies summarized 

here support a model whereby a balance in PCBP1 and NCOA4 levels regulate iron storage 

into ferritin and iron mobilization via ferritinophagy during the early to mid-stages of 

erythroid differentiation.

Iron sulfur cluster cofactors are required at several steps in mammalian 

heme biosynthesis

As discussed throughout the previous sections of this review, heme biosynthesis and 

iron-sulfur (Fe-S) cluster biogenesis are the two major pathways that utilize iron in 

cells [9]. Fe-S clusters (ISCs) are ubiquitous cofactors essential to numerous fundamental 

cellular processes, including mitochondrial respiration, photosynthesis, metabolism, nitrogen 
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fixation, DNA replication and repair, tRNA modifications, cell growth and proliferation 

[101, 102]. ISCs are composed of iron and inorganic sulfide and are typically, but 

not exclusively, ligated by cysteinyl sulfur in proteins [103]. The most common types 

are the rhombic [2Fe-2S] clusters, which are present in enzymes such as mammalian 

ferrochelatase, mitochondrial respiratory complexes I and II, ferredoxins, and Rieske 

proteins, and the tetranuclear [4Fe-4S] clusters [103]. ISCs are by far the most flexible 

cofactors in facilitating a variety of chemical activities, including electron transfer, as 

in the mitochondrial respiratory chain complexes, binding of substrates to one of the 

irons in the cubane clusters of a class of dehydratases that includes mitochondrial and 

cytosolic aconitases (ACO2 and ACO1), enabling radical reactions, as in the radical S

adenosylmethionine (SAM) family of enzymes [104], and functioning as iron and oxygen 

sensors [105]. Assembly of ISCs and their insertion into apoproteins involves the function 

of complex cellular machineries that operate in parallel in the mitochondrial and cytosolic/

nuclear compartments of mammalian cells[106–108]. De novo ISC assembly involves 

an initial critical step catalyzed by a pyridoxal-phosphate (PLP)-dependent homodimeric 

transaminase, the cysteine desulfurase NFS1, which, in complex with the accessory protein 

LYRM4, the allosteric effector frataxin, and the acyl-carrier protein, converts cysteine 

into alanine and donates sulfur for the initial ISC assembly on the main scaffold protein 

ISCU[101, 107] (Fig. 4A). Transfer of newly assembled ISCs downstream of the main 

scaffold protein ISCU in mammalian cells relies on the activity of a highly conserved 

chaperone/cochaperone system analogous to the yeast Ssq1/Jac1 and the bacterial HscA/

HscB complexes[109–112]. In mammalian cells, the multifunctional member of the HSP70 

family, HSPA9 (also known as GRP75), works with the specialized DnaJ-type III protein, 

HSC20 (also referred to as DNAJC20 or HSCB), to either directly facilitate ISC transfer 

to recipient proteins or to secondary carriers, which then target specific recipients [109, 

113–116](Fig. 4A). Given the involvement of Fe-S enzymes in several fundamental cellular 

processes, it is not surprising that defects in the components of the ISC biogenesis pathway 

cause an increasingly recognized number of rare human diseases[102, 115, 117].

On the other hand, the most abundant iron cofactor in mammals, heme, consists of the 

protoporphyrin IX ring complexed with ferrous iron and it is necessary for the function 

of multiple proteins, including hemoglobin and myoglobin, cytochromes of the electron 

transport chain, catalase, and nitric oxide synthase. Heme is synthesized in eight sequential 

enzymatic steps [118](Fig. 4B), the first of which takes place in the mitochondrial matrix, 

where 5-aminolevulinate synthase (ALAS) catalyzes the condensation of succinyl-CoA with 

glycine to generate aminolaevulinic acid (ALA) [119]. Vertebrates rely on the activities 

of two ALAS enzymes, a ubiquitously expressed ALAS1 and the erythroid specific 

ALAS2 [120, 121]. The mRNA of ALAS2 has an IRE in its 5’-UTR, which permits 

translational regulation by IRPs. Interestingly, the reaction catalyzed by ALAS2, which is 

the rate-limiting step of heme biosynthesis, represents one of four major points at which 

the heme and ISC biosynthetic pathways intersect. Since IRP1 loses its IRE-binding activity 

when it ligates an ISC, ALAS2 protein levels are indirectly regulated by ISC biogenesis, 

because in conditions of iron deficiency or defective ISC biogenesis, IRP1 is converted 

into its apo form, which binds to the IRE present in the 5’UTR of the ALAS2 mRNA 

and represses its translation (Fig. 4B), thereby preventing accumulation of toxic porphyrin 
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intermediates when heme biosynthesis cannot be sustained due to limited availability of iron. 

A compelling point of intersection between ISC biogenesis and heme biosynthesis came 

from studies in zebrafish deficient in the ISC biogenesis protein glutaredoxin 5 (GLRX5, 

in human)[122]. Genetic experiments demonstrated that in the shiraz zebrafish mutants, 

characterized by hypochromic anemia, loss of glutaredoxin 5 led to translational repression 

of ALAS2 mRNA due to activation of IRP1[122]. Subsequent studies in fibroblasts derived 

from a patient affected by sideroblastic anemia caused by an inactivating mutation in 

GLRX5 and in cells depleted of GLRX5 by short interfering RNAs (siRNAs) confirmed 

that hyperactivation of IRP1 discrupted cellular iron homeostasis and repressed ALAS2 
translation upon loss of function of GLRX5 [123, 124]. A recent study revealed an 

additional point of intersection between heme biosynthesis and ISC biogenesis that hinges 

on the presence of an oxidation-sensitive [2Fe-2S] cluster in the C-terminal domain of the 

F-box and leucine-rich repeats protein FBXL5[125] that recognizes IRP2 and promotes its 

iron- and oxygen-dependent degradation. Interestingly, studies for over a decade reported 

increased IRE-binding activities of IRPs upon loss of components of the ISC biogenesis 

machinery[109, 123, 126–128]. While loss of the cubane cluster in IRP1 in cells with 

defective ISC biogenesis accounted for its increased IRE-binding activity, the mechanism 

that led to stabilization of IRP2 upon loss of ISC biogenesis components had previously 

remained elusive until the discovery of an ISC in FBXL5[31, 125]. By impairing ISC 

incorporation into FBXL5, defective Fe-S cluster biogenesis hampers the interaction of 

FBXL5 with IRP2, leading to stabilization of IRP2 and consequently to the increase in its 

IRE-binding activity that represses ALAS2 translation (Fig. 4B).

For the sake of completeness, we must say that ALAS1, which catalyzes in non-erythroid 

cells the same rate-limiting step of heme biosynthesis as ALAS2, lacks a 5’-IRE and is 

instead subject to a negative feedback regulation by cellular heme content[129, 130].

Once synthesized in mitochondria, ALA is exported to the cytosol, where ALA dehydratase 

(ALAD) catalyzes the second step of heme biosynthesis by condensing two ALA molecules 

into porphobilinogen (Fig. 4B). A recent study, contributed by our group in collaboration 

with colleagues at the Penn State University, shed light on a previously unrecognized 

connection between heme biosynthesis and ISC biogenesis with the discovery that human 

ALAD is a Fe-S protein[131]. Our previous investigations had defined the requirement 

of a three amino acid residue sequence, known as LYR motif, to serve as a binding site 

for the cochaperone HSC20 dedicated to ISC biogenesis[109, 116]. The LYR motif was 

experimentally defined as a three amino acid residue sequence that contained an aliphatic 

residue in the first position, usually leucine, isoleucine, alanine or valine, either tyrosine 

or phenylalanine in the second position, and arginine or lysine in the third position[116]. 

We therefore screened heme biosynthetic enzymes for the presence of LYR-like motifs and 

found that ALAD contained an A306F307R308 motif, that was shown to be required for 

binding to the cochaperone HSC20 and for acquisition of a [4Fe-4S] cluster by ALAD, 

yielding an enzyme with a total of 8 cubane clusters in its most active octameric form[131].

After three additional enzymatic reactions in the cytosol and two in mitochondria, the final 

insertion of ferrous iron into protoporphyrin IX occurs in the mitochondrial matrix and 

is catalyzed by ferrochelatase (FECH) (Fig. 4B). Ferrochelatase of higher eukaryotes, but 
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not yeast, contains a [2Fe-2S] cluster[132] that was found to contribute to the structural 

stabilization of the enzyme[133, 134], thereby representing yet another point of convergence 

between the heme and ISC biosynthetic pathways. Thus, defects that interfere with ISC 

biogenesis impair heme biosynthesis by repressing ALAS2 synthesis in erythroid cells, and 

by inactivating the second and the last steps of heme biosynthesis catalyzed by the ISC 

enzymes ALAD and FECH, respectively (Fig. 4B).

In addition to the already mentioned points of intersection between heme biosynthesis 

and ISC biogenesis, impaired Fe-S cluster biogenesis has been reported to elicit profound 

alterations in cellular iron homeostasis[61, 115]. Mutations in several ISC biogenesis 

factors, including GLRX5[122, 123], HSC20[135] and HSPA9[136] have been reported 

to cause inherited forms of sideroblastic anemia, a heterogenous group of bone marrow 

disorders defined by an impaired ability to produce normal red blood cells and by 

pathological iron accumulation in the mitochondria of erythroid precursors[137, 138] (Fig. 

4B). Congenital sideroblastic anemias are inherited diseases of mitochondrial dysfunction 

due to defects in heme biosynthesis, ISC biogenesis, generalized mitochondrial protein 

synthesis, or the synthesis of specific mitochondrial proteins involved in oxidative 

phosphorylation[137]. Interestingly, mitochondrial iron accumulation has also been reported 

in individuals affected by X-linked sideroblastic anemia and ataxia caused by mutations 

in the ATP-binding cassette (ABC) transporter of the inner mitochondrial membrane 

ABCB7[139, 140]. The yeast ortholog of ABCB7, Atm1, has been proposed to export 

a special sulfur species from the mitochondrial matrix to be utilized in the cytosol as a 

building block for cytosolic Fe-S cluster biogenesis[141, 142]. However, the phenotype 

associated with loss-of-function mutations in ABCB7 remains largely unexplained by the 

proposed role assigned to its yeast ortholog Atm1.

Multiple studies for more than two decades have demonstrated the existence of a de novo 

cytosolic ISC pathway in mammalian cells, which can supply the elemental components 

(i.e., iron and sulfur) and the biogenesis proteins required to build ISCs in the cytosol of 

mammalian cells[102, 108]. Consistent with this model, the pool of NFS1 that localizes 

to the cytosol[143] is a functional enzyme that mobilizes sulfur from cysteine[144, 145], 

an observation that obviates the need for the export of a sulfur-containing compound out 

of mitochondria. Alternative isoforms of the core ISC biogenesis components have been 

detected in the cytosol of mammalian cells[109, 126, 127, 143, 146, 147], suggesting that 

ISC biogenesis machineries independently operate in parallel to generate nascent ISCs in 

multiple subcellular compartments of multicellular eukaryotes.

To interrogate the role of ABCB7 and examine the time-dependent consequences of its 

loss in mammalian cells, we generated inducible ABCB7-knockdown cell lines [148]. We 

found that depletion of ABCB7 led to significant loss of mitochondrial Fe-S proteins, 

which preceded the development of milder defects in cytosolic Fe-S enzymes [148]. 

Similarly, studies in Atm1-depleted yeast cells reported a profound growth defect caused by 

mitochondrial dysfunction, which included loss of oxidative phosphorylation and defective 

heme biosynthesis [149–152]. Consistent with the phenotype observed in patients affected 

by inactivating mutations in ABCB7 [153], loss of the transporter in erythroid cells altered 

cellular iron distribution and caused mitochondrial iron overload due to activation of the 
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IRE-binding activities of IRPs in the cytosol and to upregulation of the mitochondrial 

iron importer, mitoferrin-1 (MFRN1) [148]. Despite the exceptionally large amount 

of iron imported in mitochondria, erythroid cells lacking ABCB7 showed a profound 

hemoglobinization defect and underwent apoptosis triggered by oxidative stress [148]. 

By combining chemical crosslinking, tandem mass spectrometry and mutational analyses, 

we were able to characterize a complex formed of ferrochelatase, ABCB7 and ABCB10 

[148]. We found that a dimeric ferrochelatase physically bridged ABCB7 and ABCB10 

homodimers by binding near the nucleotide-binding domains of each ABC transporter. A 

previous model was proposed based on the identification of a FECH/ABCB10/MFRN1 

complex [154], in which the interaction of FECH with ABCB10 and MFRN1 was required 

to integrate mitochondrial iron import with its utilization for heme synthesis. In the 

same study [154], a separate interaction of FECH with ABCB7 was also reported. With 

the identification of an ABCB7-FECH-ABCB10 complex, our studies [148], not only 

underscored the importance of ABCB7 for the integrity of mitochondrial Fe-S biogenesis 

and for the maintenance of cellular iron homeostasis, but also provided the biochemical 

characterization of a multiprotein complex required for heme biosynthesis, suggesting that 

more definitive experiments employing the coordinated activity of the entire complex may 

aid identification of its physiological substrates.

Mitochondrial iron accumulation is also a distinctive biochemical feature of cells derived 

from patients affected by Friedreich ataxia (FRDA) [155–157]. FRDA patients harbor a 

homozygous GAA repeat expansion within intron 1 of the frataxin (FXN) gene [158], which 

causes profound loss of the ISC biogenesis protein frataxin (FXN). Several hypotheses 

have been proposed to explain the intimate connection between Fe–S cluster biogenesis 

and iron homeostasis. One possibility could be that an ISC protein is directly or indirectly 

involved in the sensing of iron levels in mitochondria, so that compromised Fe–S biogenesis 

might be registered as insufficient provision of iron to the mitochondrial compartment. 

This could result in a feedback regulation and activation of a response that includes the 

increased delivery of iron to mitochondria and concomitant depletion of the cytosolic iron 

pool, which finally engages the cell in a vicious cycle in which increased cellular iron 

uptake further exacerbates mitochondrial iron overload [159, 160]. In support to this idea, 

transcriptional expression of the mitochondrial iron importer mitoferrin was increased in 

frataxin-deficient mouse hearts [161], and in muscle biopsies from ISCU myopathy patients 

[162]. An attractive possibility is also that a molecule exported from mitochondria acts as 

a signal that drives iron import. Active export of peptides from the mitochondrial matrix 

to the intermembrane space in S. cerevisiae is accomplished by the ABC transporter Mdl1, 

which was proposed to be crucial for yet-to-be-determined signal transduction pathways 

in yeast [163]. Several cellular pathways, such as the stress caused by protein misfolding 

in the mitochondrial matrix, have been dissected, and they were found to rely on export 

of signaling molecules, which activated nuclear-encoded mitochondrial genes [164–166]. 

Uncovering the molecular mechanisms that coordinate functional ISC biogenesis and 

maintenance of cellular iron homeostasis will likely illuminate the elaborate mechanisms 

required to manage iron availability and distribution in the cell.
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Concluding remarks

As outlined throughout this review, heme biosynthesis and iron-sulfur cluster biogenesis 

are the two major pathways in mammalian cells that rely on iron utilization and that are 

regulated by iron availability. Intriguingly, there are several points of intersection between 

the two pathways. In erythroid cells, the ALAS2 transcript that encodes the first heme 

biosynthetic enzyme contains a 5’IRE that enables IRPs to repress its translation when 

cells lack sufficient iron to support heme synthesis. The second enzyme of heme synthesis, 

ALAD, depends on the insertion of a cubane iron sulfur cluster for function, and the 

terminal enzyme of the pathway, mammalian ferrochelatase, requires an iron sulfur cluster to 

catalyze the insertion of iron into protoporphyrin IX.

IRP1 and IRP2 sense cytosolic iron concentrations and post-transcriptionally regulate the 

expression of iron metabolism genes to optimize iron availability for essential cellular 

processes. Mutations affecting either IRP1 or IRP2 cause distinctive phenotypes highlighting 

that, despite their inherently redundant functions, differential expression and relative 

abundance dictate which IRP dominates regulation of cellular iron homeostasis in a specific 

cell type and/or tissue. IRP2-deficient patients develop neurodegeneration and anemia, IRP1 
loss-of-function mutations cause polycythemia and pulmonary hypertension, and IRP1 gain 

of function mutations cause anemia.

Erythroid cells express a FPN transcript that cannot be translationally repressed by IRPs, 

permitting red cells to return iron to the circulation and to other tissues in conditions of 

systemic iron deficiency. This mechanism protects the organism from rendering other tissues 

iron deficient due to overwhelming iron consumption by erythropoiesis and may explain 

why iron-deficiency anemia is one of the first physiological indicators of iron deficiency.

In this review, we have highlighted some of the mechanisms that regulate iron homeostasis 

and the pathways that utilize iron. Several questions remain unanswered, and further 

investigations will be required to fully understand mammalian iron homeostasis and the 

many intersections of iron utilizing pathways at both the cellular and systemic level.
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cytosolic aconitase

ACO2 
mitochondrial aconitase

ACP
acyl carrier protein

ALA
aminolaevulinic acid

ALAD
ALA dehydratase

ALAS
5-aminolevulinate synthase

CDC14A 
cell division cycle 14A

CLPX 
ATP-dependent Caseinolytic Mitochondrial Matrix Peptidase Chaperone Subunit X

DcytB
duodenal cytochrome b516

DMT1
divalent iron transporter 1

dSDH 
drosophila succinate dehydrogenase B

eALAS/ALAS2 
erythroid specific 5-aminolevulinate synthase

EPO
erythropoietin

EPOR 
erythropoietin receptor

ERFE
erythroferrone

FBXL5
F-box and leucine-rich repeat protein 5

Fe-S
iron-sulfur
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FECH
ferrochelatase

FPN
ferroportin

FPN1a 
major FPN mRNA transcript with 5’UTR IRE

FPN1b 
alternative FPN mRNA transcript without IRE

FRDA
Friedreich ataxia

FXN
frataxin

GLRX5
glutaredoxin 5

HBB/HBA 
hemoglobin subunit B/A

HERC2
HECT and RLD domain containing E3 ubiquitin protein ligase 2

Hif2α/EPASI 
hypoxia-inducible factor 2 alpha/endothelial PAS domain protein 1

IRE
iron-responsive elements

IRP1/IRP2
iron regulatory protein ½

ISC(s)
Fe-S cluster(s)

KO
knockout

MFRN1
mitoferrin-1

MRCKa 
myotonic dystrophy kinase-related Cdc42-binding kinase α

NCOA4
nuclear receptor coactivator
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PAH
pulmonary arterial hypertension

PCBP1
poly rC-binding protein 1

Pfn2 
profilin 2

PHDs
prolyl hydroxylases

PLP
pyridoxal-phosphate

RBC
red blood cell

RVP
right ventricular pressure

SAM
S-adenosylmethionine

siRNAs
short interfering RNAs

TF
transferrin

TFR1
transferrin receptor

UTR
untranslated region

VHL
Von-Hippel-Lindau
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Figure 1. IRP1, a protein with dual function.
IRP1 alternates between function as a cytosolic aconitase, which contains a [4Fe-4S] cluster 

in the active site cleft, to an apoprotein form that lacks the cluster and binds to IRE 

stem-loop structures present in several transcripts encoding iron metabolism proteins. Upon 

binding, IRP1 represses translation of transcripts that contain IREs near the 5’-end and 

stabilizes from endonucleolytic degradation mRNAs that contain IREs at the 3’-UTR. Apo

IRP1 undergoes a large conformational change that creates a complex IRE-binding pocket, 

in which the bulge C binds to domain 4, and three residues of the loop make finger-like 

projections into newly accessible regions of domain 3. The length of the upper stem of 

the IRE optimizes the distance between its two main IRP contact points, resulting in high 

binding affinity (From[167]).
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Figure 2. Model for the mechanism of preventive action of TEMPOL on VhlR200W mice.
Hif2α expression is regulated at multiple levels. At normal conditions, Vhl degrades Hif2α. 

In VhlR200W mice, Hifα proteins are not degraded, which increases their levels and activates 

expressions of their transcriptional targets, including EPO, a Hif2α specific target. Hif2α 
is also translationally regulated by the IRE-Irp regulatory system (red arrows). TEMPOL 

treatment increases binding of Irp1 to the Hif2α-IRE, thus reducing Hif2α protein levels, 

which lead to diminished EPO expression and restoration of normal hematocrit levels (green 

arrows). (Reproduced from Ghosh et al., [42]).
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Figure 3. Physiological functions of FPN and its mRNA isoforms in systemic iron homeostasis.
FPN exports iron into the blood circulation, and it is highly expressed in enterocytes, 

where it enables iron absorption, in erythroblasts and macrophages, where it functions in 

iron recycling, and in hepatocytes for iron storage. While FPN1a isoform is ubiquitously 

expressed, FPN1b isoform is selectively expressed in enterocytes and erythroblasts. The 

existence of these two FPN isoforms enable these two cell types to express FPN protein 

under iron deficiency, thereby providing iron to the circulating blood where it becomes 

available to essential cells and tissues. FPN is also abundant in mature RBCs where it exerts 

a protective effect against iron-induced oxidative stress. See the main text for detail.
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Figure 4. An overview of the two main pathways utilizing iron in mammalian cells.
A. Iron-sulfur cluster (ISC) biogenesis in mammalian cells: an overview of the main steps. 

Nascent ISCs are assembled de novo on the main scaffold protein ISCU. A cysteine 

desulfurase, NFS1, forms a dimer to which monomers of the primary scaffold ISCU bind at 

either end. LYRM4 (aka ISD11) and acyl carrier protein (ACP) with its bound acyl chain 

are structural components of the core complex in eukaryotes. NFS1, aided by its cofactor 

pyridoxal phosphate (not shown), provides inorganic sulfur, abstracted from cysteine, to the 

nascent cluster. Transient binding of frataxin (FXN) in a pocket-like region between NFS1 

and ISCU promotes sulfur transfer from NFS1 to ISCU. The cluster assembles upon ISCU 
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when iron is provided together with the reducing equivalents needed to generate the final 

electronic configuration of the cluster. A chaperone-cochaperone complex binds to ISCU 

and facilitates direct cluster transfer to recipient proteins or to intermediary carriers which 

then target specific recipients.

B. Overview of the main steps of heme biosynthesis in which the intersections with the ISC 

biogenesis pathway are highlighted. Heme is synthesized in eight sequential steps that take 

place in the mitochondrial matrix and in the cytosol of mammalian cells. Four major points 

of intersection have been characterized between ISC biogenesis and heme biosynthesis in 

mammalian cells (see the main text for detailed description). Mitochondrial dysfunction due 

to defects in heme biosynthesis or in ISC biogenesis is the leading cause of a heterogenous 

group of inherited diseases, known as congenital sideroblastic anemias (see main text for 

details), characterized by ineffective heme biosynthesis and mitochondrial iron overload 

in erythroid progenitors, in which iron accumulation in the mitochondria surrounding the 

nucleus gives erythroblasts their characteristic appearance of ringed sideroblasts.
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