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Abstract

Purpose of review—Heme biosynthesis requires a series of enzymatic reactions that take place
in the cytosol and the mitochondria as well as the proper inter- and intracellular trafficking of iron.
Heme can also be acquired by intestinal absorption and intercellular transport. The purpose of this
review is to highlight recent work on heme and iron transport with an emphasis on their relevance
in erythropoiesis.

Recent findings—While the enzymes responsible for heme biosynthesis have been identified,
transport mechanisms for iron, heme, or heme synthesis intermediates are only emerging. Recent
studies have shed light into how these molecules are transported among various cellular
compartments, as well as tissues. Much of this progress can be attributed to the use of model
organisms such as S. cerevisiae, C. elegans, D. rerio, and M. musculus. Genetic studies in these
models have led to the identification of several new genes involved in heme metabolism. Although
our understanding has greatly improved, it is highly likely that other regulators exist and
additional work is required to characterize the pathways by which heme and iron are transported
within the erythron.

Summary—The identification of heme and iron transport mechanisms will improve our
understanding of blood development and provide new insight into human blood disorders.
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INTRODUCTION

One of the many important functions of heme is to serve as the oxygen-carrying moiety in
haemoglobin (Hb) that is expressed in cells along the erythroid lineage [1**]. Erythropoiesis
requires the proper biosynthesis of heme and as erythroblasts mature, their demand for iron

"Correspondence to Barry H. Paw, M.D., Ph.D., bpaw@rics.bwh.harvard.edu.

Conflicts of interest

This work was supported in part by grants from the Canadian Institutes of Health Research (J.C.), the Cooley’s Anemia Foundation
(C.C.), the March of Dimes Foundation (B.H.P.), and the National Institutes of Health grants RO1 DK070838 and P01 HL032262
(B.H.P.).

For consistency purposes, the human convention was used in reference to all genes and proteins noted in this review regardless of
species.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Chung et al.

Page 2

and heme increase dramatically [2, 3]. While all the enzymes involved in heme production
have been well-characterized, precisely how proto-porphyrin intermediates cross the
mitochondrial inner and outer membranes and are shuttled from one enzyme to another
remains largely unknown. In addition, the mechanisms of how iron may be subsequently
delivered from endosomes to the mitochondria and traverse the mitochondrial outer
membrane remain unresolved. A great deal of recent work has, thus, focused on identifying
these intracellular heme transport pathways. There is also accumulating evidence that heme
can be transported among various tissues in multi-cellular organisms.

HEME SYNTHESIS

Overview

Heme is synthesized through an eight-step enzymatic cascade (referred to as the Shemin
pathway) that occurs in the cytosol as well as the mitochondria [4, 5**]. The first step takes
place in the mitochondrial matrix and involves the condensation of glycine with succinyl-
coenzyme A by 8-aminolevulinic acid synthase 2 (ALAS2) in erythroid cells [4]. The
resulting intermediate, 8-aminolevulinic acid (ALA), is subsequently exported to the cytosol
where it is converted, through four enzymatic reactions, to coproporphyrinogen 111
(CPgenlll) [4]. CPgenlll is then transported back into the mitochondrial intermembrane
space and converted to protoporphyrin IX (PPIX) by two enzymes [4]. Finally,
ferrochelatase (FECH) catalyzes the insertion of ferrous iron (Fe2*) into PPIX to form heme

[4].

The biosynthesis of heme, thus, also relies on the intracellular availability of iron. In
humans, most cells acquire iron via transferrin receptor-mediated endocytosis of circulating
transferrin-iron(111) (Fe3*) complexes. A non-canonical transferrin-independent pathway for
iron delivery also exists in higher vertebrates and is nicely summarized by [6]. Once
internalized, transferrin-bound Fe3* is released, reduced to Fe?* by STEAP3 (Six-
Transmembrane Epithelial Antigen of the Prostate 3) [7], exits the endosome via DMT1
(Divalent Metal Transporter-1), and enters the mitochondria. Ferrous iron enters the
mitochondrial intermembrane space and is transported across the inner membrane and into
the matrix by Mitoferrinl (MFRN1, SLC25A37) in erythroblasts [1**, 8] and Mitoferrin2
(MFRNZ2, SLC25A28) in proerythroblasts and non-erythroid cells [8-10].

Given the importance of heme metabolism in erythropoiesis, an improved understanding of
heme and iron trafficking will provide insight into human blood disorders. In accordance,
several studies have linked genetic mutations in heme metabolism genes with human blood
disorders. Mutations in heme synthesis enzymes as well as porphyrin transporters have been
associated with several variants of anemias and porphyrias [11]. It has also been recently
proposed that single nucleotide polymorphisms of ALAS2 may have a modulatory effect on
erythropoietic diseases [12*]. It is highly likely that additional genes may be involved in
human blood disorders and a full understanding of iron and porphyrin transport represents
the first step in the development of better diagnostic and treatment options.
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Transport of porphyrin intermediates

Glycine is required in the first step of porphyrin synthesis and must be transported from the
cytosol into the mitochondria [4]. SLC25A38, was recently identified through positional
cloning of a gene implicated in nonsyndromic congenital sideroblastic anemia and has been
proposed as a mitochondrial glycine importer [13]. Yeast deficient in the SLC25A38
homolog, YDL119c, exhibited lower levels of ALA consistent with the notion that
SLC25A38 is required for glycine import. Subcellular localization analysis found that
SLC25A38 is expressed in the inner mitochondrial membrane [13], raising the possibility
that a second transporter may be responsible for the movement of glycine across the outer
membrane.

Using a combination of bioinformatics, genetics, and biochemical approaches, several novel
genes potentially involved in porphyrin biogenesis have recently been identified. In
particular, one of these genes, SLC25A39, encodes a mitochondrial membrane protein that is
required for heme synthesis in yeast, zebrafish, and mammalian erythroid cells [14]. Based
on these results, SLC25A39 has been proposed to function in the early steps of heme
synthesis or in the regulation of ALAS function [14]. Whether this is, indeed, the case with
SLC25A39 requires further investigation. Additional work is also needed to define roles for
several other candidate genes that were identified in this screen in blood development.

Cellular and mitochondrial iron uptake

Two models have been proposed to explain how FeZ* may reach the mitochondria from
endosomes. In the first model, Fe2* leaves endosomes via DMT1 and becomes bound to
chaperone proteins that transport Fe2* [15**]. Recently, a protein called Poly r(C)-Binding
Protein 1 (PCBP1) was identified in a screen for chaperones that may increase the loading of
iron onto ferritin. Human PCBP1 bound directly to iron and increased the amount of iron
loaded onto ferritin [16]. However, while these results are very interesting, a major caveat is
that the vast majority of this work was performed using human proteins in yeast. Further
work is required to determine a role for PCBPL1 in vertebrate erythropoiesis.

Alternatively, a second model — termed the “kiss and run” hypothesis — argues that Fe2*-
containing endosomes home to and directly contacts the mitochondria, allowing Fe?* to be
transferred without exposure to the cytosol [15**]. In support, an elegant study by Zhang
and colleagues using radioisotope ®?Fe-labelled reticulocytes showed that iron could only be
chelated when endosomes were actively trafficking [17]. Also, pharmacological inhibition
of myosins, microfilament motors that drive endosome movement, dramatically diminished
heme synthesis [17]. Transmission electron microscope analysis found that transferrin-
containing endosomes transiently and directly contact the mitochondria [18]. It should be
noted, however, that the direct exchange of proteins through microtubule-driven
mitochondrial fusion without endosome contact has been reported [19]. Although
microtubule inhibitors did not abrogate >°Fe delivery to the mitochondria, it is possible that
under those experimental conditions, inter-mitochondrial transfer of Fe2* was not prevalent
[17]. Regardless, these data make a compelling case for the latter model in which a cytosolic
chaperone may not be required in the acquisition of mitochondrial iron in developing
erythrocytes.
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How do endosomes home to mitochondria? One possibility is that endosomes in
erythroblasts express specific factors that govern their localization. To date, no direct
evidence exists to support this mechanism in mammals and additional work is needed to
examine why cells along the erythroid lineage process iron in a distinct fashion. A large part
may be explained by the tremendous demand for mitochondrial iron required for a uniquely
erythroid function — heme synthesis for hemoglobin production [17].

Regulation of mitochondrial iron import

Loss-of-function studies in zebrafish and mice have shown that MFRNL1 is required for Fe2*
insertion into PP1X and red blood cell (RBC) development [8, 20*]. In humans, aberrant
expression of MFRNL is associated with erythropoietic protoporphyria [21], underscoring
the importance of MFRNL1 in erythropoiesis. Conditional loss of MFRN1 in mouse
hepatocytes results in altered heme synthesis, leading to protoporphyria and hepatobiliary
injury [20*]. MFRNL1 is highly expressed in erythroid cells and is tightly regulated at both
the transcriptional [8, 9] and post-translational levels [10, 22**, 23].

MFRNL1 transcripts are upregulated between the second and third stages of erythroblast
differentiation coincidental with the induction of the FOG-1 and GATA-1 transcription
factors (unpublished data and [24*, 25*, 26]). GATA DNA-binding sites have been
identified in the murine regulatory transcriptional enhancers of MFRN1, and a model has
been proposed, whereby GATA-2 occupies these DNA elements early in erythroid
progenitor development (Fig. 1). The induction of GATA-1 and FOG-1 expression during
erythroblast maturation displaces GATA-2, and GATA-1/FOG-1-mediated transcription of
MFRNL1 leads to an increase in MFRN1 transcription [9] (Fig. 1). MFRNL1 is also subject to
unique post-translational regulatory mechanisms in erythroid cells. Pulse-chase labelling
experiments found that MFRN1 has a half-life of 7 hours in immature erythroblasts that
increases to over 24 hours after differentiation of Friend murine erythroleukemia (MEL)
cells [10]. A subsequent study found that ABCB10, a member of the ATP-binding cassette
transporter family that is also highly induced by GATA-1 [27], formed a molecular complex
with MFRNL1 in the mitochondrial inner membrane (Fig. 2). In the absence of ABCB10,
MFRNL1 protein half-life was unchanged in maturing MEL cells, suggesting that ABCB10 is
a critical factor that mediates the increase in MFRNL1 protein stability, thereby allowing
more Fe2* to be imported into the mitochondria [23]. The mechanisms underlying the
changes in MFRNL1 protein stability remain unknown. Thus, it appears that GATA-lisa
master regulator of mitochondrial Fe2* influx in RBCs by direct induction of MFRN1
transcription and ABCB10-mediated increase in MFRN1 post-translational steady state
levels.

Using a proteomics approach Chen and colleagues found that MFRN1 and ABCB10
actually exist as a macromolecular complex together with FECH [22**] (Fig. 2). This result
is interesting because it suggests that Fe2* import via MFRN1 is coupled to its incorporation
into PPIX by FECH to form heme. Consistent with this notion, loss of either MFRN1 [20%],
ABCB10 [28], or FECH [29] in mice is associated with similar defects in erythropoiesis. If
FeZ* import and incorporation are coupled, then a reasonable prediction is that there would
be a stoichiometric relationship between PPIX consumption and Fe2* incorporation. To
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date, such direct evidence linking these processes is lacking; however, the zebrafish mutant,
shiraz, whose defect in a Fe-S cluster biosynthesis mitochondrial enzyme, Glutaredoxin 5
(GRXb5), shows the tight inter-relationship between heme synthesis and Fe-S biogenesis
[30]. This relationship has been reinforced by the identification of a patient with
sideroblastic anemia due to a GRX5 defect [31, 32]. Another outstanding issue is the role of
ABCB10. Although ABCB10 influences MFRN1 expression and function, whether
ABCB10 directly contacts Fe2*PPIX, or heme intermediates has not been examined. Other
members of the ATP-binding cassette transporter family participate in heme metabolism [4].
Notably, ABCB6 has been implicated in the direct binding and uptake of CPgenlll into the
mitochondria and its expression profile mimics that of other heme biogenesis genes [33].
Currently, however, an association between ABCB6 function and blood defects in mice or
humans have not been documented [34]. A related ABCB? is associated with the functional
biogenesis of cytosolic Fe-S cluster from the mitochondria [35], and its deficiency is
associated with sideroblastic anemia and ataxia [36, 37]. Thus, it is possible that ABCB10
may play an active role in the transport of heme intermediates in addition to its effects on
MFRNL1.

HEME DEGRADATION AND IRON RECYCLE

Senescent RBCs are constantly removed from the circulation by macrophages that also play
a principle role in the break-down of heme and the recycling of iron. Heme is released from
lysed RBCs within phagolysosomes and is degraded by heme oxygenase-1 (HO-1) in the
endoplasmic reticulum [1**]. Germline deletion of HO-1 leads to anemia in mice [38] and
recent work suggests that HO-1 may play a cell-autonomous role in erythroblast
differentiation. Irradiated, wild-type recipient mice transplanted with HO-1*/~ bone marrow
cells have significantly fewer splenic erythroid precursors [39], indicating that HO-1 may be
required for erythropoiesis both directly by promoting RBC maturation as well as indirectly
by regulating systemic iron recycling.

The degradation of heme in macrophages releases iron that is either stored as ferritin-bound
iron or exported out of macrophages by the iron exporter, ferroportin-1 (FPN1, SLC40A1)
[1**]. Circulating iron is quickly bound by the sequestration protein transferrin and the
transferrin-iron complex can be internalized by the ubiquitously expressed transferrin
receptor where iron can then be recycled for various functions [1**, 5**]. The importance of
heme degradation and iron recycling in erythropoiesis is underscored by findings that
inactivation of heme degradation machinery in mice is associated with anemias [38, 40**,
41]. In particular, specific ablation of FPN1 in macrophages is also associated with the
development of anemia, indicating that the erythropoietic defects are not intrinsic to
erythroblasts but rather iron recycling [40**]. Further investigations into the mechanisms of
heme turnover may help in the treatment of blood disorders as evidenced by the use of the
peptide hepcidin to fine tune FPN1-mediated iron export as a means to ameliorate symptoms
of thalassemias and anemias [42, 43].
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HEME TRANSPORT
Heme uptake — possible roles of HRG-1 and HCP1

Dietary uptake of heme constitutes a major source of iron [4]. Heme carrier protein 1
(HCP1) is a membrane protein expressed by enterocytes in the duodenum implicated in the
absorption of heme in the intestine as well as Xenopus oocytes [44]. Subsequent studies,
however, have cast doubt on the physiological significance of HCP1 as a heme importer.
HCP1 has much higher affinity for folic acid and loss-of-function missense mutations in
HCP1 in humans are associated with hereditary folate malabsorption with no apparent
defects in erythropoiesis [45]. Interestingly, recent examination of HCP1-knockout mice
found that while these animals do exhibit defects in folate absorption similar to human
patients, they also develop anemia. HCP1 ™/~ erythroblasts are more prone to apoptosis and
fail to differentiate [46]. Currently, it is unclear whether the erythropoietic defects observed
in HCPl_/_ animals are the direct result of inadequate dietary heme uptake or secondary to
folic acid deficiency that per se is a major risk factor for developing megaloblastic anemia in
humans [47].

A substantial obstacle in the study of intercellular heme transport in vertebrate models is that
cells synthesize heme de novo and is intricately linked with iron metabolism. The C. elegans
model has proven to be particularly useful in this regard since it is a heme auxotroph and
requires uptake of heme from the external milieu and dissemination throughout the organism
for viability [4]. In fact, the first heme importer - HRG-1 — was identified in C. elegans and
knockdown of the HRG-1 homolog in zebrafish embryos resulted in severe anemia [48].
Recent expression analysis performed in C. elegans has identified two additional genes —
MRP-5 and F22B5.4 — that are required for proper intestinal heme transport in adult worms
[49]. Both genes encode membrane proteins and may play a role in heme transport following
dietary intake though their roles in blood development are unknown.

Heme export

In mammals, FLVCR1 (feline leukemia virus, subgroup C receptor 1) was recently shown to
be a cell-surface heme exporter and FLVCR1 ™/~ mice develop severe anemia due to the
inability to export excess cytotoxic heme from macrophages and erythroblasts [50, 51].
Mutations in FLVVCR1 cause posterior column ataxia and retinitis pigmentosa due to
dysregulation of heme homeostasis in a subpopulation of neurons in the retina and posterior
columns of the spinal cord [52]. More recently, the anopheline orthologs of FLVCR1 have
been proposed as potential targets to inhibit Plasmodium-mediated malaria transmission
[53]. A closely related homolog, FLVCR?Z, is reported to be a membrane-attached heme
importer and may play a role in the extracellular endocytosis of heme. Knockdown of
FLVCR2 in human cells resulted in a significant decline in zinc mesoporphyrin (a
fluorescent heme analog) import. Quantitative real-time PCR analysis found that FLVCR2
transcripts can be detected in a wide range of human tissues including the fetal liver [54].
However, a physiological role for FLVCR2 in erythropoiesis is lacking as many of the
experiments in this study were performed on human cancer cell lines.

Curr Opin Hematol. Author manuscript; available in PMC 2014 July 08.
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A second protein, ABCG2, has been implicated in heme export in humans. Similar to
ABCB10, ABCG2 is a member of the ATP-binding cassette transporter family that is
expressed by hematopoietic progenitors [55, 56]. Recent evidence indicates that ABCG2
binds directly to heme via an extracellular domain and delivers heme to extracellular
chaperone proteins such as albumin [55]. Currently, the importance of ABCG2 in normal
blood development is unknown. However, it is upregulated under hypoxic conditions and it
has been proposed that ABCG2 may function analogous to FLVVCR1 to protect against the
accumulation of excess heme under hypoxia [55, 56].

heme trafficking: worm HRG-3

Even in the complete absence of heme synthesis, murine and zebrafish embryos remain
viable until E3.5 or 10-25 days post-fertilization, respectively [57, 58]. One explanation for
these observations is that some heme may be transported intercellularly to the developing
embryo from a maternal source. Accordingly, work performed on cell culture models have
demonstrated that heme can be released extracellularly [59, 60].

Recently, HRG-3 was identified as a secreted protein in C. elegans that is required for
delivering heme from maternal intestine to developing embryos. While deletion of HRG-3
had no overt effect on adult worms, ~30% eggs from HRG-3 mutant mothers failed to hatch
and all the hatched progeny were growth arrested at the first larval stage. These growth
phenotypes were only observed when the mutant worms were grown under heme-limited
conditions. Remarkably, only ectopic expression of HRG-3 in maternal intestinal tissues and
not in the embryo rescued heme-restricted growth arrest of HRG-3 mutant worms [61**].
Collectively, this work provides strong evidence that HRG-3 binds to and delivers heme to
the embryo from adult tissues.

What relevance does this have on human erythropoiesis? To date, no such intercellular heme
transport protein has been identified in vertebrates that contribute to blood development.
However, it is important to note that HRG-3 is induced under heme-restricted conditions and
neither HRG-3 mutant adults nor larvae exhibited any growth defects when cultured in
normal media [61**]. This suggests that HRG-3 is an adaptive mechanism and analogous
pathways in vertebrates may only become evident in the absence of endogenous heme
synthesis. It should also be noted that vertebrate intercellular trafficking pathways do exist.
Free, circulating heme binds to and is sequestered by a plasma protein called hemopexin that
delivers it to various cells types where heme is degraded [4]. Hemopexin may also be
responsible for the systemic delivery of intravenously administered heme to human patients
suffering from blood disorders [62, 63]. Another intercellular transport mechanism in
vertebrates involves haptoglobin-mediated delivery of circulating Hb to monocytes and
macrophages, leading to heme degradation and the recycling of iron [4]. Knockout studies in
mice have revealed that while hemopexin and haptoglobin are mechanisms that guard
against haemolytic stresses, these mice do not exhibit signs of defective erythropoiesis [64].
Thus, while intercellular heme trafficking regulators have been found in vertebrates, so far
none have roles in normal blood development.

Curr Opin Hematol. Author manuscript; available in PMC 2014 July 08.
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CONCLUSION

While the enzymes involved in heme metabolism have long been identified, the transport of
iron and heme intermediates in erythroid cells remains one of the most enigmatic processes
in biology. There is an invariable connection between erythropoiesis and heme metabolism
and the identification of trafficking regulators has direct implications for human disease.
Genetic aberrations in genes encoding enzymes in the Shemin pathway as well as iron
transporters have been associated with porphyrias and anemias [11-13, 21, 65].
Characterizing these novel mechanisms will greatly enhance our understanding of human
blood disorders.
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Figure 1. Transcriptional regulation of MFRN1
In early erythropoiesis, GATA-2 binds to two GATA-sites (—37.5 kb and -20.4 kb) in the

MFRN1 distal transcriptional enhancer, but does not activate gene transcription (top panel).
As erythroblasts mature, GATA-1 becomes expressed and the GATA-1/FOG-1 complex
displaces GATA-2 from both DNA-binding sites in the MFRN1 distal enhancer (bottom
panel) and triggers MFRNL1 transcription. Reprinted with permission from J.D. Amigo et al.
(ref. 9) and The American Society of Microbiology.
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Developing erythron

Mitochondrion

Fi%ure 2. FECH, ABCB10, and MFRN1 form an oligomeric complex to import mitochondrial
Fe-* and its utilization for heme biogenesis

FECH, ABCB10, and MFRN1 form a macromolecular complex at the inner mitochondrial
membrane to facilitate the import of Fe2*. ABCB10 increases the protein half-life of
MFRNL1 in differentiating erythroblasts to accommodate the increase demand for Fe2* for
heme biosynthesis. Binding of MFRN1 to FECH suggests that the import of Fe2* may be
coupled to Fe2* incorporation into porphyrins. Reprinted with permission from W. Chen et
al. (ref. 22) and The American Society of Hematology.

Curr Opin Hematol. Author manuscript; available in PMC 2014 July 08.



