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Abstract

Iron regulatory proteins 1 and 2 (IRP1 and IRP2) are two cytosolic proteins that maintain cellular 

iron homeostasis by binding to RNA stem loops known as iron responsive elements (IREs) that 

are found in the untranslated regions of target mRNAs that encode proteins involved in iron 

metabolism. IRPs modify expression of iron metabolism genes, and global and tissue-specific 

knockout mice have been made to evaluate the physiological significance of these iron regulatory 

proteins (Irps). Here, we will discuss the results of the studies that have been performed with mice 

engineered to lack expression of one or both Irps, and made in different strains using different 

methodologies. Both Irp1 and Irp2 knockout mice are viable, but the double knockout 

(Irp1−/−Irp2−/−) mice die before birth, indicating that these Irps play a crucial role in maintaining 

iron homeostasis. Irp1−/− mice develop polycythemia and pulmonary hypertension, and when 

these mice are challenged with a low iron diet, they die early of abdominal hemorrhages, 

suggesting that Irp1 plays an essential role in erythropoiesis and in the pulmonary and 

cardiovascular systems. Irp2−/− mice develop microcytic anemia, erythropoietic protoporphyria 

and a progressive neurological disorder, indicating that Irp2 has important functions in the nervous 

system and erythropoietic homeostasis. Several excellent review articles have recently been 

published on Irp knockout mice that mainly focus on Irp1−/− mice (referenced in the 

introduction). In this review, we will briefly describe the phenotypes and physiological 

implications of Irp1−/− mice, and will discuss the phenotypes observed for Irp2−/− mice in detail 

with a particular emphasis on the neurological problems of these mice.
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Introduction

In mammals and most organisms, iron is indispensable because of its essential role in DNA 

synthesis, mitochondrial respiration, hemoglobin synthesis and formation of iron sulfur 

clusters. Iron is a transition metal with two stable oxidation states, +2 (Ferrous, Fe2+) and +3 

(Ferric, Fe3+). Since the redox potential of aqueous Fe3+/Fe2+ system (0.77 V) is neither too 

high, nor too low, conversion from one oxidation state of iron to the other does not require 

much energy. Thus, iron has a unique ability to act both as an electron acceptor and an 

electron donor, making it indispensible for many biological reactions involving electron 

transfer and oxygen transport.

Maintenance of iron homeostasis is extremely vital. When cellular iron concentrations are 

low, the functions of numerous iron proteins are impaired, causing diseases such as anemia 

and cognitive deficits that affect millions of people worldwide. On the contrary, excess 

cellular iron catalyzes the formation of reactive oxygen species that are associated with 

diseases like hemochromatosis. In addition, excess iron in the brain is associated with 

diseases like Alzheimer’s, Parkinson’s and Friedreich’s ataxia (Zecca et al., 2004). Thus, 

organisms and cells must tightly regulate iron metabolism to ensure that sufficient, but not 

excess, iron is supplied to heme, the iron-sulfur prosthetic groups of mitochondrial 

respiratory chain complexes, and other cellular iron proteins. This elegant regulation of iron 

is largely orchestrated at the cellular level by two iron regulatory proteins, IRP1 and IRP2, 

and at the systemic level by iron regulatory hormone, hepcidin (reviewed in Rouault, 2006, 

2013; Hentze et al., 2010; Anderson et al., 2012; Ganz et al., 2012; Wilkinson et al., 2014; 

Zhang et al, 2014).

Cellular iron metabolism

Iron absorption in the enterocyte

Dietary ferric iron is first reduced in duodenum by the ferrireductase, duodenal cytochrome 

B (DcytB) (McKie et al., 2001; Choi et al., 2012). The divalent ferrous iron is then 

transported by a membrane iron transporter, divalent metal transporter 1 (DMT1) into the 

enterocyte (Gunshin et al., 1997). Internalized ferrous iron either remains accessible in a 

labile iron pool (LIP) by binding to hitherto unknown molecules, is stored in the iron storage 

protein ferritin, or exits the enterocyte through the basolateral iron exporter, ferroportin 1 

(FPN1) (Abboud et al. 2000; Donovan et al., 2000; McKie at al., 2000). Exported ferrous 

iron is then oxidized by hephaestin to ferric iron (Vulpe et al., 1999) which binds to 

transferrin (Tf), and the resulting diferric transferrin complex (diferric-Tf) circulates through 

the plasma to deliver iron to the tissues (Fig. 1).

Iron transport

In most tissues, the circulating pool of diferric-Tf serves as the major source of iron. This 

diferric-Tf binds to transferrin receptor 1 (TfR1) on the plasma membrane, and the resulting 

diferric-Tf -TfR1 complex internalizes into the endosome where V-ATPase-mediated 

acidification causes conformational changes in Tf and TfR1, facilitating release of ferric iron 

from diferric-Tf. Ferric iron is reduced to ferrous iron by the endosomal ferrireductase 

known as six-transmembrane epithelial antigen of the prostate 3 (Steap3) (Ohgami et al., 
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2005). Ferrous iron is then transported by DMT1 into the cytosol (Fleming et al., 1998). The 

apo-Tf -TfR1 complex is unstable because apo-Tf has a very low affinity for TfR1. Thus, 

after the release of iron, both Tf and TfR1 recycle back to the cell surface. DMT1 can also 

directly transport non-transferrin-bound iron (NTBI) into cells, especially in conditions of 

hemochromatosis and hemolytic anemia when serum iron concentrations exceed the binding 

ability of Tf (Chua et al., 2004; Sarkar 1970). ZIP14, a member of the SLC39A zinc 

transporter family, also transports NTBI in iron overload conditions (Liuzzi et al., 2006; Gao 

et al., 2008; Bishop et al., 2010; Pinilla-Tenas et al., 2011). In the cytosol, iron is 

incorporated into iron-proteins or transported to cellular organelles, and excess iron is 

sequestered and stored in the iron storage protein, ferritin. The iron that is not used or stored, 

is exported by the iron exporter, FPN1 into plasma where it is oxidized to ferric iron by 

ceruloplasmin or hephaestin (Wolf et al., 2006; Vulpe et al., 1999). Tf binds ferric iron and 

circulates iron to other cells and tissues (Fig. 1).

Regulation of cellular iron metabolism by IRPs

Cells maintain optimum cytosolic iron levels by regulating expression of the iron import 

protein TfR1, the iron transport protein, DMT1, the iron storage protein, ferritin, and the 

iron export protein, FPN1. The expression levels of TfR1, DMT1, ferritin and FPN1 are 

post-transcriptionally regulated by binding of IRP1 or IRP2 to IREs in the transcripts that 

encode these iron metabolism proteins.

IRP1 and IRP2 are homologous proteins with 56% sequence identity (Pantopoulos, 2004). 

IRP2 has an additional cysteine-rich 73 amino acid domain with unknown function 

(Bourdon et al., 2003; Wang et al, 2004). Both IRP1 and IRP2 are expressed ubiquitously. 

The expression of Irp1 is dominant in kidney, liver and brown fat, whereas the expression of 

Irp2 is dominant in the central nervous system (Meyron-Holtz et al., 2004). The activities of 

these iron regulatory proteins are also regulated by iron, but through different mechanisms 

(Rouault, 2006).

IRP1 is a bifunctional protein that exists in an equilibrium between the [4Fe-4S] containing 

holo-form which has cytosolic aconitase activity, and its apo-form which binds to IREs. At 

high cellular iron concentrations, this equilibrium shifts towards cytosolic aconitase, and at 

low cellular iron levels, the equilibrium shifts towards the IRE-binding form. Thus, iron 

changes the IRE-binding activity of IRP1, but usually not the protein concentration. In 

contrast, at high iron concentrations, IRP2 undergoes proteasomal degradation by an E3 

ubiquitin ligase complex that contains an F-box protein, FBXL5, which is activated when 

iron and oxygen bind to a hemerythrin domain in FBXL5 (Salahudeen et al., 2009; Vashisht 

et al., 2009; reviewed in Rouault, 2009). Therefore, both the activity and protein level of 

IRP2 decrease when the cells are iron-replete (reviewed in Rouault, 2006).

Thus, at low intracellular iron concentrations, both IRP1 and IRP2 bind to IREs with high 

affinity. If an IRE is located in the 5′UTR of target mRNAs, binding of iron regulatory 

proteins inhibits the translation of target mRNAs. Ferritin (both L and H chain transcripts) 

(Hentze et al., 1987; Theil, 1990), FPN1 (Abboud et al., 2000; Donovan et al., 2000; McKie 

et al., 2000), mitochondrial aconitase (ACO2) (Kim et al., 1996; Schalinske et al., 1998), 
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erythroid 5-aminolevulinic acid synthase (eALAS) (Dandekar et al., 1991) and hypoxia 

inducible factor 2α (HIF2α) (Sanchez et al., 2007; Zimmer et al., 2008) have IREs in the 

5′UTR of their mRNAs. In contrast, if the IRE is located in the 3′UTR of the target mRNAs, 

binding of IRPs can increase protein expression by stabilizing the mRNA. TfR1 (Casey et 

al, 1988; Mullner et al., 1988) and DMT1 (Garrick et al., 2003) have the IREs in the 3′UTRs 

of their transcripts. Thus, when the cells are iron depleted, expression levels of the mRNAs 

of the iron import proteins TfR1 and DMT1 increase, whereas translation of the iron storage 

protein ferritin, the iron export protein FPN1, the first enzyme for heme synthesis eALAS, 

the protein involved in energy production ACO2, and the hypoxia and erythropoiesis sensor 

and effector protein HIF2α decreases. These changes lead to an increase in iron absorption 

and decrease in iron sequestration, thus restoring intracellular iron hemostasis.

Regulation of iron metabolism by hepcidin

While cellular iron hemostasis is regulated by IRP1 and IRP2, systemic iron hemostasis is 

regulated by hepcidin, a peptide hormone that is mainly secreted by the liver (Ganz, 2013). 

Circulating hepcidin regulates the expression of FPN1 on the plasma membrane by binding 

to it and inducing its internalization and degradation (Nemeth et al., 2004). Thus, 

overproduction of hepcidin causes reduction of iron influx into blood, leading to 

hypoferremia and anemia of inflamation, and deficiency of hepcidin causes iron overload, 

leading to hemochromatosis (Ganz and Nemeth, 2011, 2012).

Ablation of Irp1 and Irp2 in mice

To evaluate the physiological significance of Irp1 and Irp2, mice with ablations of Irp1 

(Irp1−/−) or Irp2 (Irp2−/−) were created. Although life expectancies of these Irp1−/− and 

Irp2−/− mice at standard conditions were not remarkably different from those of wild type 

(WT) animals (Ghosh et al., 2006, 2013), the double knockouts, Irp1−/−Irp2−/− mice, did 

not survive through the blastocyst stage (Smith et al., 2006), highlighting the physiological 

significance of these iron regulatory proteins. Early death (within 1 month) of conditional 

knockout mice that lacked both Irp1 and Irp2 in intestine or in hepatocytes (Galy et al, 2008; 

2010) further established the essential physiological role of these iron regulatory proteins. 

The fact that the life-span and fertility of either global Irp1−/− or Irp2−/− mice do not differ 

remarkably from the WT animals (Ghosh et al, 2006, 2013; Meyron-Holtz et al, 2004a) 

indicated that each Irp can compensate for the loss of the other, at least partially, and these 

Irps are functionally redundant.

Irp1 knockout mice

The physiological significance of Irp1 remained elusive in the initial years of research since 

Irp1−/− mice did not show overt phenotypes. Misregulation of TfR1 and ferritin was initially 

observed only in kidney and brown fat, the two tissues in which the expression level of Irp1 

exceeded that of Irp2 (Meyron-Holtz et al., 2004a, b).

However, three papers were published in 2013 by the Rouault, Eisenstein and Pantopoulos 

labs, and all these three groups reported that Irp1−/− mice develop polycythemia (Ghosh et 

al., 2013; Anderson et al., 2013; Wilkinson et al., 2013). HIF2α has an IRE that is located in 
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the 5′UTR, and binding of iron regulatory proteins with this IRE inhibits the translation of 

HIF2α. Since Irp1 is generally more abundant in kidney than Irp2, deletion of Irp1 enhanced 

HIF2α protein expression in the kidney lysates of Irp1−/− mice, and this led to increased 

erythropoietin (EPO) expression causing polycythemia and concomitant tissue iron 

deficiency. Derepression of HIF2α was particularly apparent in renal interstitial fibroblasts, 

the cells that sense oxygen tension and accordingly synthesize EPO. Interestingly, when 

Irp1−/− mice were fed with a low iron diet, their hematocrit increased further to 60%, 

compared to the normal level of 45% in WT animals, serum EPO levels increased seven-

fold, and the mice died prematurely at an average age of 10 months due to abdominal 

hemorrhages (Ghosh et al., 2013). The observed polycythemia in Irp1−/− mice and its 

exacerbation by a low iron diet establishes an important and crucial role of Irp1 in regulation 

of systemic iron homeostasis and erythropoiesis.

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

hypertrophy (Ghosh et al., 2013), two serious human diseases for which the pathogenesis is 

not yet clear in humans. Both mRNA and protein levels of endothelin-1, another 

transcription target of HIF2α, were increased about 2-fold in lungs of Irp1−/− mice, and 

HIF2α protein levels were significantly increased in primary pulmonary endothelial cells 

isolated from Irp1−/− mice compared to those isolated from WT controls. Interestingly, 

although the iron-deficient diet increased EPO expression and exacerbated the polycythemia 

of Irp1−/− mice, probably due to stabilization of HIF2α, it did not change endothelin-1 

levels, and did not exacerbate pulmonary hypertension in Irp1−/− mice (Ghosh et al., 2013). 

Similarly, when Irp1−/− mice were placed in hypoxia chambers (10% O2) for 23 days, the 

hematocrits increased dramatically, but there was no further increase in right ventricular 

pressure, which increases in response to pulmonary hypertension (Ghosh et al., unpublished 

data) emphasizing the difference, at least in part, between the molecular pathophysiology of 

polycythemia vs. pulmonary hypertension.

The first Irp2 knockout mouse model

Iron misregulation and neurodegeneration

The first study on Irp2 knockout mice was reported by the Rouault lab in 2001 (LaVaute et 

al., 2001). Global Irp2−/− mice were generated by inserting a PGK-neomycin gene into exon 

3/4 of the Irp2 gene. These Irp2−/− mice developed progressive neurodegeneration after 6 

months of age characterized initially by abnormal gait and subtle kyphosis followed by 

gradual onset of pronounced gait difficulties, tremor, and postural abnormalities. When 

these mice were subjected to hanging wire tests, their balance and grip strength were 

impaired compared to WT controls. These phenotypes became more pronounced in the 

animals that were bred to lack one copy of Irp1 in addition to lacking both copies of Irp2 

(Irp1+/−Irp2−/−) (Smith et al., 2004), suggesting that there was a dose-dependent effect.

Increased iron accumulation in different parts of the brain was observed when the 

neuropathology of these Irp2−/− mice was evaluated (Fig. 2). Since Irp2 is the predominant 

iron regulatory protein in many cells of the brain, loss of Irp2, but not Irp1, caused increased 

levels of iron deposition in axons and oligodendrocytes (Fig. 2). Amino cupric silver 

staining of the brain sections of Irp2−/− mice, but not Irp1−/− animals, showed axonal 
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degeneration in comparison to WT controls, and the signs of axonal degeneration were more 

prominent in Irp1+/−Irp2−/− animals (Fig. 3). High ferritin expression and reduced levels of 

TfR1 were observed in tissue lysates from the cerebellum and other tissues of these mice, 

and ferritin iron overload was detected in the magnetic resonance imaging (MRI) of Irp2−/− 

mouse brain (Grabill et al., 2003). Total iron levels in the liver and duodenal mucosa were 

higher in 8–14 months old Irp2−/− mice compared with WT controls (Table 1), and Prussian 

blue staining showed more ferric iron in epithelial cells of the duodenal mucosa. Serum 

ferritin levels were elevated (Table 2), and ferritin expression levels in epithelial cells of the 

distal villi of 12 month-old Irp2−/− mice were higher compared to WT animals (LaVaute et 

al., 2001). Misregulation of ferritin and TfR1 was even more pronounced in Irp1+/−Irp2−/− 

animals (Smith et al., 2004). More than three-fold increases of ferritin were directly 

observed in the 3D distribution of ferritin by electron tomography in different regions of 

brains of Irp1+/−Irp2−/− mice, and structural damage was observed within the axons (Zhang 

et al., 2005). The Kirsch group found that both loosely bound iron and non-heme iron 

increased during development between 6 and 12 weeks of age in Irp2−/− mice, whereas the 

reverse was observed for WT mice (Magaki et al., 2007).

Myelin dense bodies (MDB), which develop when axons degenerate and the myelin sheaths 

collapse to fill the region formerly occupied by an intact axon, accumulated in the ventral 

and lateral white matter in spinal cords of these Irp2−/− mice (Jeong et al., 2011). Loss of 

Irp2 caused lower motor neuronal degeneration in these mice with more swollen axons and 

fewer myelinated fibers in the ventral nerve roots. In addition, motor neurons of these mice 

showed a number of hallmarks of retrograde cell body degeneration including distorted 

shapes, with rounding of cell bodies and loss of multipolarity. Since the lower motor 

neurons are involved in control of movements, lower motor degeneration was consistent 

with the hind limb weakness and the abnormal gait observed in these mice. Irp2−/− mice 

likely also had abnormalities in the upper motor neurons. Histochemical stains revealed 

some chromatolysis of upper motor neurons, a sign of nuclear dysfunction, but this 

observation needs more firm support. Increased anti-ubiquitin immunoreactivity in the 

motor neuronal cell bodies of these mice also indicated stress in the neurons. Loss of Irp2 

caused decreased TfR1 and increased ferritin expression in motor neurons. The resulting 

functional iron deficiency led to decreased activities of iron-sulfur containing Complex I and 

Complex II (but not Complex IV which does not contain an Fe-S cluster). As a result, 

Irp2−/− mice had decreased mitochondrial function and swollen mitochondria (Jeong et al., 

2011). Intact mitochondria are particularly important in axons, because they generate the 

energy that drives pumps important in axonal function. Our hypothetical model to explain 

axonal degeneration of Irp2 deficient mice is shown in Fig. 4.

To characterize the dopamine (DA) system in these Irp2−/− mice, Salvatore et al harvested 

CNS tissue from 16–19 month-old WT and Irp2−/− animals, and observed a modest 

decrease of tyrosine hydroxylase (TH) and an increase in phosphorylation of serine 40 of 

TH in both the dorsal and ventral striata of Irp2−/− mice in comparison to those of WT 

controls (Salvatore et al., 2005). These researchers also found a moderate decrease in 

dopamine transporter (DAT) and vesicular monoamine transporter (VMAT2) levels and a 

mild decrease in DA levels in the ventral striatum, but not in the dorsal striatum of Irp2−/− 
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mice, supporting that misregulation of iron in Irp2−/− animals affects DA regulation in the 

striatum. Chen et al (2010) observed 8.4–11 fold increases in striatal ferritin in Irp2−/− mice, 

but not in Irp1−/− mice in comparison to the WT animals 3 days after steriotactic injection 

of artificial cerebrospinal fluid (CSF) or autologous blood, and they suggested that the IRE-

binding activity of Irp2 reduces ferritin expression in the striatum after intracerebral 

hemorrhage (ICH). This is consistent with the observation made by Regan et al (2008) in 

cortical cell cultures that Irp2−/− neurons with high ferritin expression are protected from 

iron-dependent injuries produced by hemoglobin and hydrogen peroxide.

Partial protection of Irp2−/− mice from neuronal abnormality through pharmacological 
activation of Irp1 by Tempol

Oral treatment with Tempol (4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl), a membrane-

permeable stable nitroxide, prevented the symptoms of neurodegeneration of these Irp2−/− 

mice, and the Tempol-treated Irp2−/− axons were found to be partially spared from 

degeneration (Ghosh et al., 2008; Jeong et al., 2011). Tempol converted Irp1 from the 

cytosolic aconitase to the IRE-binding form of the protein, resulting in stabilization of the 

TfR1 transcript and repression of ferritin systhesis. Thus, Tempol treatment restored iron 

homeostasis in the cerebellums, brain stem and forebrains of these mice (Ghosh et al., 

2008). Moreover, Tempol treatment restored the Complex I activity of these Irp2−/− mice 

back almost to the WT level, suggesting that the motor neuronal degeneration was probably 

caused by functional iron starvation, and that Tempol exerted its therapeutic effect partly by 

increasing TfR1 expression (Jeong et al., 2011).

Interestingly, Tempol treatment did not prevent disease progression in Irp1+/−Irp2−/− mice, 

suggesting that Tempol protects Irp2−/− animals by recruiting the latent IRE-binding 

activity of Irp1, and activation of one allele of Irp1 is not enough to compensate for the loss 

of Irp2 activity. These findings strongly suggested that the observed neurodegeneration of 

these Irp2−/− mice results from the loss of most cellular IRE-binding activity in affected 

cells (Ghosh et al., 2008). The neurodegenerative symptoms of Irp1+/−Irp2−/− mice were 

also improved by deletion of one allele of ferritin-H chain (Jeong et al., 2011), which would 

be expected to reduce ferritin sequestration of iron and increase bioavailability of 

intracellular iron.

Anemia and erythropoietic protoporphyria

These Irp2−/− mice developed microcytic anemia which was more severe in Irp1+/−Irp2−/− 

animals (Cooperman et al., 2005). Levels of hemoglobin, hematocrit and mean cell volume 

(MCV) were 25–30% lower in these Irp2−/− mice in comparison to WT animals, but RBC 

counts remained unchanged (Table 3). Tf saturations were normal in these mice, 

distinguishing the phenotype from iron deficiency anemia (Table 2). Serum ferritin levels 

were more than 8-fold increased, and TfR1 levels were significantly decreased in erythroid 

precursors in Irp2−/− mice, and these effects were more pronounced in Irp1+/−Irp2−/− 

animals (Cooperman et al., 2005). Although Tempol treatment prevented symptoms of 

neurodegeneration, Tempol did not correct the anemia in Irp2−/− mice (Ghosh et al., 2008). 

To determine why Tempol failed to improve the anemia in Irp2−/− mice, the authors 

isolated erythroblasts from WT mice, and observed that erythroblasts have much lower 

Ghosh et al. Page 7

Neurobiol Dis. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



relative Irp1 activity compared to brain. In addition, β-mercaptoethanol, which converts Irp1 

from the cytosolic aconitase to IRE binding form, did not increase the IRE-binding activity 

of Irp1 in erythroblasts, although it increased IRE binding about 5-fold in brain lysates, 

suggesting that erythroblasts lack a significant amount of Irp1 in the cytosolic aconitase 

form that can be converted to the IRE binding form by treatment with Tempol (Ghosh et al., 

2008).

Interestingly, these Irp2−/− mice also developed erythropoietic protoporphyria. Alas2 (5-

aminolevulinic acid synthase 2), a transcript which has an IRE in the 5′ end, was highly 

overexpressed in Irp2−/− mice. Since Alas2 encodes the rate-limiting enzyme in the heme 

biosynthetic pathway, levels of the downstream intermediate, protoporphyrin IX, increased 

tremendously in red cells of these mice (Cooperman et al., 2005). Iron deficiency would 

then interfere with insertion of iron into protoporphyrin IX to generate heme.

A second Irp2 knockout mouse model

In 2004, three years after the Rouault group published their first study on Irp2−/− mice, the 

Hentze lab (Galy et al., 2004) reported a second Irp2−/− mouse model that was generated 

differently by using 129P2/OlaHsd ES cell line and backcrossing to C57Bl/6J mice. As was 

observed by the Rouault group, these researchers also found decreased TfR1 expression and 

increased ferritin expression in brain lysates (Galy et al., 2006). These Irp2−/− mice 

displayed significantly lower self-grooming activity and a tendency towards reduced rearing 

compared to WT animals, suggesting a trend toward decreased vertical locomotor activity. 

In addition, these Irp2−/− mice showed significant compromise in motor ability when tested 

on a rotarod, indicating that these mice had impaired motor coordination and strength. 

However, Hentze and his colleages did not find any iron deposits in the brain of their 

Irp2−/− mice compared to WT controls. This group also did not detect any tremors, gait 

abnormalities or postural problems in Irp2−/− animals, and they concluded that their Irp2−/− 

mice displayed only a mild clinical phenotype without pathological signs of 

neurodegeneration (Galy et al., 2006).

However, in agreement with the observation made by Rouault group in their mouse model, 

Hentze and co-workers found that their Irp2−/− mice had a mild microcytic anemia with 

decreased serum hematocrit and hemoglobin levels (Table 3). These Irp2−/− animals had 

unchanged serum iron and transferrin saturation, indicating that the microcytosis was not 

due to systemic iron deficiency (Table 2). The observed reduction of TfR1 expression was 

also suggested to cause microcytosis in Irp2−/− mice (Galy et al., 2005).

A third Irp2 knockout mouse model

The third total body Irp2−/− mouse model reported by the Leibold group in 2014 was 

generated by inserting a self-excision cassette containing neomycin linked to Cre-

recombinase into exon 3 of the mouse Irp2 gene (Zumbrennen-Bullough et al., 2014). These 

Irp2−/− mice showed reduced locomotion, speed of movement and vertical exploratory 

activities. Rotarod performances of old Irp2−/− mice (45–63 weeks), but not young ones (20 

weeks), were slightly impaired indicating that neuromuscular compromise could be a 

progressive disorder. In addition, they observed nociceptive heat tolerance in these Irp2−/− 
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animals, indicating that sensory impairments were present. However, these mice did not 

show tremors, kyphosis or abnormal gait, even at 45–63 weeks of age (Zumbrennen-

Bullough et al., 2014).

As reported by Rouault group and Hentze group, these authors also did not see any 

significant change in total brain iron content in their Irp2−/− mice in comparison to WT 

controls (Table 1). Moreover, in agreement with the Rouault group, the Leibold group found 

marked iron deposition in various regions of the brain including in the cortex, thalamus and 

cerebellum of their Irp2−/− mice. They also observed iron accumulation in axonal tracts, 

cerebellar white matter and oligodendrocytes, and detected significant iron deposition in the 

cerebral cortex and corpus callosum of Irp2−/− mice. These researchers concluded that 

abnormal iron metabolism in their Irp2−/− mice was associated with mild neurological and 

behavioral impairments (Zumbrennen-Bullough et al., 2014).

Similar to the Rouault lab mice and Hentze lab mice, the Irp2−/− mice of the Leibold lab 

also had significantly lower hemoglobin and hematocrit levels, unchanged RBC counts, 

transferrin saturation and serum iron levels, and increased serum ferritin levels (Tables 2, 3). 

As observed by the Rouault group, these researchers also found dramatic increases in 

protoporphyrin IX level in serum, as well as in the liver and bile duct of these Irp2−/− 

animals, where protoporphyin deposits were visible at autopsy (Zumbrennen-Bullough et al., 

2014).

Notably, both the Rouault and Leibold groups concluded that certain cells of the CNS 

showed histological abnormalities. The Rouault group found that lower motor neuron counts 

were low, and axon tracts were degenerating throughout the brain (Jeong et al., 2011; Smith 

et al., 2004). The Leibold group reported that iron was reduced in Purkinje neurons and in 

CA1 pyramidal neurons in Irp2−/− mice, but they did not perform silver stains, and could 

not detect any degeneration, though their mice showed neuromuscular impairments 

(Zumbrennen-Bullough et al., 2014). Both the Rouault and Leibold groups concluded that 

Irp2−/− animals are adversely affected because they develop functional iron deficiency. As a 

result of synthesizing too much ferritin, they sequester iron rather than making it available 

for mitochondria and cytosolic and nuclear proteins. Moreover, they express less TfR1, and 

reduced iron uptake further exacerbates the problem of low iron availability. Axons are 

particularly dependent on good mitochondrial function, because mitochondria provide the 

ATP that energizes pump activities at the nodes of Ranvier along the axon (Fig. 4). Without 

functional healthy mitochondria, it is not surprising that axons cannot maintain their 

integrity. Loss of axonal integrity appears to be the first sign of neuronal problems in 

Irp2−/− mice (LaVaute et al., 2001), and it manifests when silver penetrates the degenerating 

axonal membrane and binds to the negatively charged neurofilaments that give shape to 

axons (Fig. 4).

Tissue specific ablation of Irp2 in mouse

The Hentze group made tissue-specific ablations of Irp2 in enterocytes, hepatocytes or 

macrophages using Cre/Lox technology to evaluate the effect of local Irp2 deficiency 

(Ferring-Appel et al., 2009). Red blood cell and plasma iron parameters in all three of these 
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enterocyte-, hepatocyte-, or macrophage-specific Irp2 deficient mice were normal. In 

contrast to enterocyte- and hepatocyte-specific Irp2 deficiency, selective Irp2 ablation in 

macrophages did not recapitulate the splenic iron deficiency phenotype observed in global 

Irp2−/− mice. They concluded that splenic iron misregulation probably resulted from 

deletion of Irp2 in other cell types in global Irp2−/− mice (Ferring-Appel et al., 2009).

Tissue specific ablation of both Irp1 and Irp2 in mouse

Since Irp1 and Irp2 double knockout mice are embryonically lethal, Hentze and coworkers 

(Galy et al., 2008; 2010; 2013) made mice lacking expression of both Irp1 and Irp2 in 

specific tissues using Cre/Lox technology to study the function of the Irp/IRE regulatory 

network in vivo. For simplicity, we will call these mice tissue specific double knockouts.

Intestine specific double knockout mice died at 4 weeks of age. Two weeks-old mice 

showed weakness and signs of dehydration with wrinkled skin and sparse fur. Interestingly, 

serum iron levels and transferrin saturations were normal. However, as expected, protein and 

mRNA levels of TfR1 were decreased, and those of ferritin H and ferritin L were increased. 

Ferroportin protein levels dramatically increased in these mice, although Fpn1 mRNA levels 

remained normal, and hepcidin expression levels increased (Galy et al., 2008).

Liver specific double knockout mice died within 8 to 12 days after birth due to liver failure. 

Eight day-old mice had mitochondrial iron deficiency and suffered from mitochondrial 

dysfunction. Surprisingly, hematological and blood parameters were normal in these mice, 

although hepcidin expression in the livers was 30% down-regulated in comparison to the 

WT controls. As expected, the activities of the iron-sulfur cluster containing electron 

transport chain complexes I, II and III were decreased, and that of complex IV which does 

not contain a [Fe-S] cluster, remained unchanged. Activities of citric acid cycle enzymes 

were also reduced. Non-heme iron levels decreased, post-transcriptional expression of 

ferritin (both H and L) increased, and protein and mRNA levels of TfR1 were reduced in the 

liver of these mice. In addition, the activity of ferrochelatase, the enzyme that catalyzes iron 

insertion into protoporphyrin to make heme was also reduced, resulting in decreased hepatic 

heme levels. Interestingly, duodenal iron contents and ferritin levels remained unaffected in 

the liver-specific double knockout mice, indicating that dysregulated iron homeostasis in the 

duodenum of global Irp2−/− mice is probably cell autonomous (Galy et al., 2010).

Duodenal enterocyte specific adult double knockout mice generated by ligand induced 

deletion of both Irp1 and Irp2 are viable (Galy et al., 2013). Although expression levels of 

ferritin and ferroportin of these mice were high and TfR1 expression was low as expected, 

DMT1 was upregulated in the intestine. The stimulation of DMT1 was possibly mediated by 

HIF2α, the translational derepression of which was observed in Irp1−/− mice (Ghosh et al., 

2013; Anderson et al., 2013; Wilkinson and Pantapoulos, 2013). Even though there was 

upregulation of both the apical and basolateral iron transporters DMT1 and FPN1, these 

enterocyte-specific adult double knockout mice displayed reduced iron absorption. This has 

been explained by ferritin-mediated “mucosal block” which prevents iron delivery to the 

plasma (Galy et al., 2013). In an intestine specific ferritin H knockout mouse model, ferritin 

H has been shown to control iron absorption (Vanoaica et al., 2010).
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Mouse model for ablation of Fbxl5 and Irp2

The importance of Irp2 in cellular iron metabolism was further established by F-box and 

leucine-rich repeat protein 5 (Fbxl5) deficient mice. Fbxl5 is an E3 ubiquitin ligase that 

contains an iron- and oxygen-binding hemerythrin domain, senses iron and oxygen 

availability, and facilitates proteasomal degradation of Irp2 in iron-replete cells. Deletion of 

Fbxl5 was embryonically lethal, and was associated with excessive iron accumulation and 

oxidative stress in embryos. This embryonic lethality of Fbxl5−/− mouse was prevented by 

additional ablation of Irp2, but not Irp1, suggesting that impaired Irp2 degradation was 

primarily responsible for the death of Fbxl5−/− animals. Fbxl5−/−Irp2−/− mice developed 

normally, and were fertile and phenotypically indistinguishable from WT littermates. Iron 

metabolism in Fbxl5−/−Irp2−/− mice was similar to that in Irp2−/− mice with 

indistinguishable hematologic parameters (Moroishi et al., 2011; Ruiz et al., 2014).

Iron regulatory proteins and Alzheimer disease

Studies from several research groups have implicated the involvement of Irps in 

Alzheimer’s disease. Smith and colleagues showed abnormal localization of IRP2 in the 

brain tissue of Alzheimer patients more than a decade ago (Smith et al., 1998). Kirsch and 

his collaborators reported decreased levels of copper and increased expression of amyloid β 

precursor protein (AβPP) in the hippocampus of Irp2−/− mice suggesting that IRP2 may 

have a significant role in Alzheimer’s disease (Mueller et al., 2009). Recently, Rogers and 

his colleagues found that the amyloid precursor protein (APP) also has an IRE-like RNA 

stem loop in its 5′ untranslated region, and that IRP1 selectively binds to this APP IRE in 

human neural cells (Bandyopadhyay et al., 2013, 2014; Cho et al., 2010). High expression of 

Irp1 in the cortex suggests that Irp1 might play an important role in Alzheimer’s disease.

Conclusions

Irp1 knockout mice

All three research groups that worked with Irp1−/− mice, found that Irp1−/− mice developed 

polycythemia. In addition, the Rouault lab observed that these mice also developed 

pulmonary hypertension, and died early of abdominal hemorrhages when they were fed with 

a low iron diet. All three groups attributed the phenotype to changes in expression of HIF2α, 

which has a 5′IRE and is regulated by iron regulatory proteins.

Irp2 knockout mice

Three research labs independently made complete Irp2 knockout mice, and discovered that 

these mice develop microcytic anemia. The Rouault and Leibold groups found 

erythropoietic protoporphyria in these mice. All three groups observed increased ferritin and 

decreased TfR1 expression in brain lysates of these mice. However, different observations 

and conclusions were reached by these groups on whether there was iron deposition and 

neurodegeneration in the brains of Irp2−/− mice. The Rouault and Leibold groups found 

marked iron deposition in different parts of the brain, but the Hentze group did not find iron 

deposits in Irp2−/− mouse brain. The Rouault group reported a progressive 

neurodegenerative phenotype in their mice, whereas Hentze lab concluded that their Irp2−/− 
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mice show ‘only a mild clinical phenotype without pathological signs of 

neurodegeneration’, and Leibold group observed mild neurological and behavioral 

phenotype in their Irp2−/− mice. Genetic background has been suggested as one of the few 

possible reasons for the observed differences in these three lines of Irp2−/− mice (Galy et 

al., 2006; Zumbrennen-Bullough et al., 2014). However, the observation of anemia was 

made in all three of these models, and protoporphyria was reported in the mouse models of 

Rouault lab and Leibold lab. In addition, Galy et al (2005) did not observe significantly 

increased ferroportin and DMT1 expression in duodenum of their mixed C57BL6/Sv129 

genetic background mice whereas LaVaute et al (2001) found increased FPN1 and DMT1 in 

duodenum of their Irp2−/− mice of similar background, suggesting that genetic background 

may not be responsible for the differences observed in these mouse models. The iron content 

of the foods provided to the mice in Rouault lab, Hentze lab and Leibold lab are 206 mg/kg, 

200 mg/kg and 270 mg/kg respectively. This suggests that the differences in the 

neurological phenotype observed in the mice of these three labs probably were not caused 

by differences of the iron in the diet.

Different methods of creation of mice using targeting strategies that differed from those of 

the Rouault group were suggested to be another possible reason for the differences in 

neurological problems observed in their Irp2−/− mice (Galy et al., 2006). If the 

neurodegenerative phenotype observed in the Rouault lab mice were not due to ablation of 

Irp2, loss of one allele of Irp1 would not have worsened neurodegeneration in 

Irp1+/−Irp2−/− animals. In addition, the observation that activation of Irp1 by Tempol 

reduced the symptoms of neurodegeneration, restored iron homeostasis in cerebellum, brain 

stem and forebrain, and restored the Complex I activity of these Irp2−/− mice back almost to 

the WT level, suggests that more activity of Irp1, the homologous protein of Irp2, can 

partially compensate for the loss of Irp2. The Hentze group and Leibold group have not 

made Irp1+/−Irp2−/− mice yet. Generating Irp1+/−Irp2−/− animals using the Irp2−/− mice of 

the Hentze lab and Leibold labs could help with analysis of phenotypes by using genetic 

dosage effects to substantiate conclusions.

Why do Irp1−/− mice suffer from polycythemia and pulmonary hypertension, whereas 
Irp2−/− mice develop neurological problems and anemia?

To understand why Irp1−/− mice suffered from polycythemia and pulmonary hypertension 

whereas Irp2−/− mice developed neurological impairments, it was important to know 

whether both Irp1 and Irp2 can regulate HIF2α expression through their binding to the 

HIF2α IRE. Although Zimmer et al (2008) reported binding of HIF2α IRE to only Irp1, but 

not Irp2, Sanchez et al (2007) and Ghosh et al (Fig. 5) have found that both Irp1 and Irp2 

bind efficiently to HIF2α IRE. Since Irp1 is the major contributor towards IRE-binding in 

specific cells of kidney and lung tissues, whereas Irp2 is the major contributor towards IRE-

binding in neurons, Ghosh et al (2013) concluded that tissue and cell-specific differences in 

relative expression levels of Irp1 and Irp2 are responsible for different phenotypes of 

Irp1−/− and Irp2−/− mice.
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Possible human diseases from mutation in iron regulatory proteins and future directions

Although clear phenotypes have been observed for both Irp1−/− and Irp2−/− mice, no 

human patient has yet been identified with mutation in either of the iron regulatory proteins. 

Since human genomes contain at least 20 loss-of-function mutations per genome 

(MacArthur et al., 2012), and there are seven billion people in the world, there is a high 

probability that there are human patients with loss of function mutations in either of the two 

IRPs, but they are yet to be found. Patients suffering from both polycythemia and pulmonary 

hypertension should be tested for mutations in IRP1, and when any such patient is detected, 

iron deficiency should be avoided to prevent exacerbation of the polycythemia. Patients with 

combined microcytic anemia, erythropoietic protoporphyria and neurological disorders 

should be tested for mutations in IRP2, and when these patients are found, they could be 

treated with a drug like Tempol that can activate the IRE binding of IRP1, and can thereby 

partially compensate for the loss of IRP2.
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Fig. 1. 
Iron uptake and systemic distribution. Dietary iron, predominantly in the form of Fe3+ is 

absorbed in the enterocyte through a concerted action between DcytB, which reduces Fe3+ 

to Fe2+, and DMT1, which imports this Fe2+ into the enterocyte. After internalization, Fe2+ 

passes through a poorly characterized labile iron pool, from which it is stored in ferritin or 

exported across the basolateral membrane by FPN1. Exported Fe2+ is then oxidized by the 

membrane-bound ferroxidase, hephaestin, to Fe3+ which binds to Tf, and the diferric 

transferrin complex then circulates through the plasma. This holo-Tf binds to TfR1 on the 

plasma membrane of most cells, and the resulting complex is endocytosed. Fe3+ is released 
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from the complex in the acidic environment of endosome, and is reduced by Steap3 to Fe2+ 

which is transported by DMT1 into cytosol. Fe2+ is utilized by several cellular organelles, or 

stored in ferritin, and unused Fe2+ is exported out by FPN1. This Fe2+ is then oxidized by 

hephaestin or ceruloplasmin to Fe3+ which then binds to Tf and is recycled back to plasma.
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Fig. 2. 
Increased iron staining in the cerebellums of Irp2 deficient mice. Perls’DAB stain of brain 

sections of WT (Irp1+/+Irp2+/+), Irp1+/+Irp2−/−, Irp1+/−Irp2−/−, Irp1−/−Irp2+/+, Irp1−/− 

Irp2+/− mice showed iron accumulation in different parts of Irp1+/+Irp2−/− and 

Irp1+/−Irp2−/− mouse brains. One-year old mice were perfused with 4% paraformaldehyde/

PBS. Gelatin-embedded brains were sectioned, and sequential sections were stained with 

DAB as described (LaVaute et al., 2001; Smith et al., 2004). Abbreviations: CDN - 

Cerebellar deep nuclei, W – White matter, G – Granular cell layer, P – Purkinje cell layer, M 

– Molecular layer, the blue dotted lines represent the Purkinje cell layers of cerebellar folia.
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Fig. 3. 
Evidence for axonal degeneration in cerebellum of Irp2 deficient mice. Amino cupric silver 

stains of brain sections of WT (Irp1+/+Irp2+/+), Irp1+/+Irp2−/−, Irp1+/−Irp2−/−, 

Irp1−/−Irp2+/+, Irp1−/−Irp2+/− mice showed axonal degeneration in white matter tracts of 

Irp1+/+Irp2−/− and Irp1+/−Irp2−/− mouse brains, illustrated here in the cerebellum. One-

year old mice were perfused with 4% paraformaldehyde/PBS. Gelatin-embedded brains 

were sectioned, and sequential sections were stained with amino cupric silver stain for 

detection of degenerating axons as previously described (LaVaute et al., 2001; Smith et al., 

2004). Note the black strands, which represent axons that have lost integrity and allowed 

silver to stain their neurofilaments, particularly in the Irp1+/− Irp2−/− animals. 

Abbrebiations: CDN - Cerebellar deep nuclei, W – White matter, G – Granular cell layer, P 

– Purkinje cell layer, M – Molecular layer.
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Fig. 4. 
Hypothetical model to explain axonal degeneration of Irp2 deficient mice. IRP2 is the 

predominant IRP protein in many neurons, where it stabilizes TfR1 mRNA and represses 

ferritin translation, thus maintaining intracellular iron homeostasis. IRP2 deficiency 

decreases iron absorption by reducing TfR1 expression and increases iron sequestration by 

enhancing ferritin translation, resulting in a deficiency of available cytosolic iron, even 

though much iron can be sequestered in ferritin, leading to “functional iron deficiency”. 

Deficiency of bioavailable iron impairs the synthesis of iron-sulfur clusters, heme and other 

iron proteins, which compromises mitochondrial function. Consequently, mitochondria 

cannot provide enough ATP to support activity of ion channels and pumps in axons, leading 

to the potential loss of electrical potential and inability to maintain axonal integrity and 

function.
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Fig. 5. 
Both Irp1 and Irp2 bind to the HIF2α IRE. Band-shift experiments were done with MEF 

cells to measure the HIF2α IRE and ferritin IRE binding activities of Irp1 and Irp2 

following a published method (Ghosh et al., 2008). HIF2α is highly expressed in brain 

endothelial cells (Tian et al., 1997).
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