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Erythropoiesis is the biological process that consumes the highest amount of body iron for heme synthesis. Heme
synthesis in erythroid cells is finely coordinated with that of alpha (α) and beta (b)-globin, resulting in the production
of hemoglobin, a tetramer of 2α- and 2b-globin chains, and heme as the prosthetic group. Heme is not only the structural component of hemoglobin, but it plays multiple regulatory roles during the differentiation of erythroid precursors since it controls its own synthesis and regulates the expression of several erythroid-specific genes. Heme is synthesized in developing erythroid progenitors by the stage of proerythroblast, through a series of eight enzymatic reactions divided between mitochondria and cytosol. Defects of heme synthesis in the erythroid lineage result in sideroblastic anemias, characterized by microcytic anemia associated to mitochondrial iron overload, or in erythropoietic
porphyrias, characterized by porphyrin deposition in erythroid cells. Here, we focus on the heme biosynthetic pathway and on human erythroid disorders due to defective heme synthesis. The regulatory role of heme during erythroid differentiation is discussed as well as the heme-mediated regulatory mechanisms that allow the orchestration
of the adaptive cell response to heme deficiency.
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Heme biosynthesis is a complex process that occurs in all
cells through eight enzymatic reactions divided between
mitochondria and cytosol. In the hemopoietic compartment,
heme synthesis increases during differentiation of erythroid
progenitors and it is tightly coordinated with iron acquisition
and globin gene expression (Figure 1).

lation of Alas2 mRNA.6 Following its synthesis, ALA is exported to the cytosol where it is converted to coproporphyrinogen
III (CPgenIII). All the remaining steps of heme biosynthesis
take place inside mitochondria. CPgenIII is imported into the
mitochondrial intermembrane space, where it is converted to
protoporphyrinogen IX by coproporphyrinogen oxidase
(CPOX). Then, protoporphyrinogen IX is oxidized to protoporphyrin IX (PPIX) by protoporphyrinogen oxidase (PPOX).
Finally, ferrous iron is incorporated into PPIX to form heme in
the mitochondrial matrix, a reaction catalyzed by ferrochelatase (FECH)7 (Figure 2). FECH is another rate-limiting
enzyme of the heme biosynthetic pathway. FECH expression
increases during erythroid differentiation and it is controlled
by transcription factors Sp1, NF-E2 and GATA elements.8
FECH is an iron-sulfur cluster protein. At the post-transcriptional level, the expression of FECH is controlled by the availability of newly formed iron-sulfur clusters whose biogenesis
is dependent on iron as well as on functional iron-sulfur cluster
assembly machinery.9 Indeed, downregulation of FECH was
observed during iron-deficient erythropoiesis in IRP2–/– mice,
in iron-limited erythroid differentiation of MEL cells and in
conditions of impaired iron-sulfur cluster biogenesis.9
Thus, heme biosynthesis is absolutely dependent on iron
uptake by the developing erythroblast since iron is not only
required for incorporation into the PPIX ring but it also controls the expression of Alas2 and FECH. Iron is acquired by
differentiating erythroid progenitors via transferrin receptor 1
(TfR1)-mediated endocytosis and transferred to mitochondria
for heme synthesis.10-12 Two mitochondrial iron importers
localized on the inner mitochondrial membrane have been
identified: mitoferrin1 (MFRN1) and mitoferrin2 (MFRN2),
expressed in erythroid and non-erythroid tissues, respectively. They play an essential role in supplying iron for the
biosynthesis of heme and iron-sulfur clusters.13,14
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The heme biosynthetic pathway

Heme biosynthesis
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The first step in heme biosynthesis is the condensation of
succinyl-CoA and glycine to form δ-aminolevulinic acid (ALA)
in the mitochondrial matrix (Figure 2). This reaction is catalyzed by ALA synthase (ALAS) and it is considered rate-limiting. There are two isoforms of ALAS, ALAS1 and ALAS2,
which are encoded by separated genes. Alas1 gene is located
on chromosome 3 and it is ubiquitously expressed. It plays an
important housekeeping function in providing heme in nonerythroid tissues. Alas2 gene is located on the X chromosome
and it is expressed exclusively in erythroid cells.1 Alas2 expression strongly increases during the late stages of erythroid differentiation and it is essential for the terminal maturation of
red blood cells.2 The increased expression of Alas2 is a prerequisite for the full induction of the other genes of the heme
biosynthetic pathway.3 The expression of Alas2 is regulated by
erythroid-specific transcription factors, like GATA1.4,5 At the
post-transcriptional level, Alas2 expression is regulated by
iron. The Alas2 transcript contains a 5’ iron responsive element (IRE) that interacts with iron responsive proteins (IRPs),
thus linking the regulation of heme biosynthesis in erythroid
cells to the availability of iron. Under conditions of iron deficiency, the translation of Alas2 mRNA is inhibited by IRPs
binding to the 5’IRE. On the other hand, when intracellular
iron level increases, IRPs are degraded thus allowing the trans-
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Figure 1. Schematic representation of erythroid differentiation. The timing of the processes leading to hemoglobin production during erythroid differentiation is illustrated. High amount of iron is required during erythroid
differentiation to sustain heme biosynthesis. Pro-erythroblast increases iron uptake through the upregulation of TfR1. At the same time, the activity of ALAS2
also increases to provide the huge amounts of heme
needed for hemoglobin production. Soon after its synthesis, heme activates the transcription and translation
of globin chains, thus allowing hemoglobin synthesis.

Figure 2. Heme biosynthesis. Schematic representation of the heme biosynthetic pathway. Heme synthesis starts with the condensation of
Succynil-CoA and glycine to form ALA. ALA is then transported through the two mitochondrial membranes in the cytosol where it is converted
to CPgenIII through a series of enzymatic reactions. Briefly, the aminolevulinate dehydratase (ALAD) catalyzes the condensation of two molecules of ALA to form one molecule of the monopyrrole porphobilinogen. Then, the hydroxymethylbilane synthase (HMBS) catalyzes the headto-tail synthesis of four porphobilinogen molecules to form the linear tetrapyrrole hydroxymethylbilane which is converted to uroporphyrinogen
III by uroporphyrinogen synthase (UROS). The last cytoplasmic step, the synthesis of CPgenIII, is catalyzed by uroporphyrinogen decarboxylase
(UROD). CPOX is a homodimer weakly associated with the outside of the inner mitochondrial membrane and it converts CPgenIII to protoporphyrinogen IX. The following oxidation of protoporphyrinogen IX to PPIX is catalyzed by PPOX, located on the outer surface of the inner mitochondrial membrane. Finally, ferrous iron is incorporated into PPIX to form heme in the mitochondrial matrix, a reaction catalyzed by FECH.
In hematopoietic tissue, iron is imported into mitochondria by MFRN1. FECH is localized in the inner mitochondrial membrane in association
to MFRN1 and ABCB10. SLC25A38 and ABCB10 have been proposed as mitochondrial ALA exporters on the inner mitochondrial membrane.
The ALA transporter located on the outer mitochondrial membrane has not been identified yet. ABCB6 has been proposed as a putative mitochondrial CPgenIII importer. However, this role is still controversial. Finally, several data suggest that FLVCR1b is a mitochondrial heme
exporter.
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Export of ALA from mitochondria

ABCB6 (ATP-binding cassette, sub-family B, member 6)
has been proposed to transport CPgenIII from the cytoplasm to the mitochondrial intermembrane space25 (Figure
2). ABCB6 is located in the outer mitochondrial membrane and its expression is positively regulated following
the stimulation of erythroid differentiation of MEL and
G1ER cells as well as by heme levels. ABCB6 binds porphyrins, included heme, and competition assays suggest
that CPgenIII is the substrate.25
Nevertheless, the mitochondrial localization of ABCB6
as well as the role of ABCB6 in the translocation of porphyrins in mitochondria are still controversial. ABCB6
was found also on the plasma membrane, in the Golgi
compartment and in lysosomes. Some studies even fail to
detect ABCB6 in mitochondria26-28 In addition, ABCB6 has
been associated to other functions unrelated to porphyrin
homeostasis.29-31 Recently, it has been reported that Abcb6–/–
mice completely lack mitochondrial ATP-driven import of
CPgenIII whereas non-ATP-dependent CPgenIII uptake is
unaffected.32 Indeed, loss of Abcb6 causes the upregulation
of compensatory porphyrin and iron pathways. Abcb6–/–
mice are phenotypically normal but increased mortality as
well as reduced heme synthesis were observed following
phenylhydrazine administration. Taken together, these
data suggest that Abcb6 is dispensable for physiological
heme biosynthesis, but it becomes essential during conditions of high porphyrin demand.32
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While all the enzymatic steps leading to the production
of heme are well characterized, it is still not completely
understood how the compartmentalization of these reactions between mitochondria and cytosol occurs. How is
ALA exported through the two mitochondrial membranes? How is CPgenIII imported into the mitochondrial
intermembrane space? How is heme exported out of
mitochondria? Only in the last decade these issues have
began to be addressed and several novel players in the
heme biosynthetic pathway have been identified.

Mitochondrial import of CPgenIII
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Trafficking of heme and its precursors across
mitochondrial membranes

chondrial inner membrane. It remains to be understood
how ALA is transported through the outer mitochondrial
membrane.
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Due to the toxicity of intermediate products of the
heme biosynthetic pathway, the product of each reaction
has to be quickly delivered to the next enzyme in the
pathway to avoid free-intermediates accumulation. It is
still not completely understood how this is achieved and
the existence of transient multi-enzyme complexes has
been postulated.15 Recent evidence indicates that FECH is
part of a complex in the inner mitochondrial membrane
with MFRN1 and the ATP-binding cassette sub-family B,
member 10 (ABCB10) transporter. The interaction
between FECH and MFRN1 allows the coupling of iron
import in mitochondria to its incorporation in the porphyrin ring. ABCB10 stabilizes MFRN1 expression16,17
(Figure 2).
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SLC25A38 (solute carrier family 25, member 38) and
ABCB10 have been proposed to export ALA from mitochondria (Figure 2).
SLC25A38 is a member of the SLC25 family of inner
mitochondrial membrane transporters, which promotes
the exchange of one metabolite for another across the
inner mitochondrial membrane.18 SLC25A38 is highly and
preferentially expressed in erythroid cells. The knockdown of SLC25A38 in zebrafish causes anemia similar to
Alas2 deficiency.19 Yeast lacking YDL119c, the ortholog of
SLC25A38, shows a defect in the biosynthesis of ALA.19
Thus, it has been hypothesized that SLC25A38 could
facilitate the production of ALA by importing glycine into
mitochondria or by exchanging glycine for ALA across the
mitochondrial inner membrane.19
ABCB10 is a member of the ATP-binding cassette family
of transporters, which use the energy of ATP hydrolysis to
transport diverse substrates across cellular membranes.
ABCB10 is a mitochondrial inner membrane protein
which homodimerizes to form a functional transporter.20
In addition to its role in the stabilization of MFRN1,17
ABCB10 plays an important role during erythroid differentiation. In fact, its overexpression enhances hemoglobin
synthesis in differentiating MEL cells21 while its silencing
impairs hemoglobinization of differentiating K562 cells.22
Abcb10–/– mice die in utero due to severe anemia.23 It was
initially proposed that ABCB10 could export heme from
mitochondria.16,21 However, ABCB10 silencing causes a
decrease in cellular and mitochondrial heme levels associated to the reduced activity of several heme-containing
enzymes. The administration of ALA fully restores heme
levels in ABCB10-down-regulated cells whereas Alas2
overexpression fails to do this. Thus, it has been proposed
that ABCB10 could facilitate mitochondrial ALA synthesis
or its export from mitochondria.24
Both SLC25A38 and ABCB10 are located on the mitohaematologica | 2014; 99(6)

Mitochondrial heme export

Recently, we provided several pieces of evidence that
the mitochondrial isoform of the Flvcr1 (Feline Leukemia
Virus subgroup C Receptor 1) gene could be a mitochondrial heme exporter33,34 (Figure 2). There are two different
isoforms of FLVCR1: FLVCR1a and FLVCR1b, expressed
on the plasma membrane and in mitochondria, respectively. FLVCR1a, a member of the major facilitator superfamily of transporters with 12 transmembrane domains, was
initially identified as a heme exporter essential for erythropoiesis.35,36 FLVCR1b is a shorter protein33 with only 6
transmembrane domains translated from an mRNA that
arises from an alternative transcription start site located in
the first intron of the Flvcr1 gene (Figure 3). FLVCR1b is
supposed to homo- or heterodimerize to form a functional
transporter.33,37,38
The role of FLVCR1b as a mitochondrial heme exporter
is suggested by in vitro data indicating that Flvcr1b overexpression promotes heme synthesis whereas Flvcr1b silencing causes detrimental heme accumulation in mitochondria.33 Flvcr1b is essential for erythroid differentiation since
Flvcr1b overexpression or silencing in K562 cells promotes
or impairs, respectively, their differentiation.33 The comparison between different mouse models of Flvcr1 deficiency indicates that Flvcr1b controls fetal erythroid differentiation in vivo.33 Keel and collegues36 reported that mice
lacking the Flvcr1 gene die in utero due to a complete block
of erythroid differentiation. As the targeted disruption of
the Flvcr1 gene was achieved by the deletion of the third
exon, it is likely that both Flvcr1 isoforms have been deleted and thus the phenotype could result from the loss of
Flvcr1a and/or Flvcr1b. Interestingly, Flvcr1a–/– mice have
975
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normal fetal erythropoiesis and die in utero due to severe
hemorrhages and edema, indicating that Flvcr1b is able to
support erythroid differentiation in the absence of
Flvcr1a.33
FLVCR1b is the first mitochondrial heme exporter identified so far. We hypothesize that FLVCR1b function is
finely coordinated with FLVCR1a-mediated heme export
at the plasma membrane to ensure adequate heme content
in cytosolic compartments.39 The aberrant expression of
Flvcr1 isoforms may play a role in the pathogenesis of disorders characterized by heme deficiency and/or by an
imbalance between heme and globin synthesis.

moting the dimerization of the RNA-binding protein
DiGeorge critical region-8 (DGCR8).42,43 Finally, heme controls the post-translational maturation of different proteins
through a short cystein proline rich consensus sequence
named Heme Regulatory Motif (HRM).44
Here we focus on the regulatory roles of heme during
erythropoiesis. Recent data indicate that heme controls its
own synthesis in differentiating erythroid cells. Moreover,
heme controls the expression of α- and b-globin genes
thus ensuring a balanced synthesis of all constituents of
hemoglobin.

Heme regulates its own synthesis
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Heme is not only the prosthetic group of proteins
involved in multiple cellular processes, but it also modulates gene expression through gene transactivation, translation, miRNA maturation and post-translational maturation. Heme regulates the transcription of several genes by
binding to specific cis Heme Responsive Elements (HRE)40
and/or by controlling the activity of specific transcription
factors. Moreover, heme controls translation through the
heme-regulated eIF2α kinase (HRI)41 and it enhances the
efficiency of pri-miRNA processing by binding and pro-

In non-erythroid cells, heme synthesis is dependent on
the activity of ALAS1, which is directly controlled by
intracellular heme levels. Heme negatively regulates the
transcription, translation and stability of Alas1 mRNA.45,46
The mitochondrial import of ALAS1 is also regulated by
heme through the interaction with HRM.44 These represent crucial negative feedback mechanisms to maintain
appropriate intracellular heme level in non-erythroid cells.
On the contrary, erythroid precursors undergoing differentiation need to strongly increase heme levels for hemoglobin synthesis. ALAS2 is not negatively regulated by
heme.3,47 Recent data suggest that heme could enhance its
own synthesis during erythroid differentiation by the reg-
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Regulatory roles of heme during erythroid
differentiation

Figure 3. FLVCR1 isoforms. (A) Schematic representation of the Flvcr1 gene. Flvcr1a and
Flvcr1b originate from two alternative transcription start sites (arrows). Flvcr1b transcript
lacks the first exon of the Flvcr1 gene. (B) Role
of the two FLVCR1 isoforms. FLVCR1a, a 12transmembrane domain protein, is a heme
exporter localized at the plasma membrane.
FLVCR1b has 6-transmembrane domains, it is
supposed to homo/eterodimerize and it is
expressed in mitochondria. There is much evidence to indicate that FLVCR1b is a mitochondrial heme exporter.
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Heme directly regulates the transcription of several
genes50-54 by binding the transcriptional repressor Btb And
Cnc Homology 1 (BACH1).
BACH1 is a basic leucine zipper transcriptional repressor and a sensor of cellular heme levels. It antagonizes the
activity of small Maf proteins (sMaf) that bind Maf recognition elements (MAREs) to activate the transcription of
specific target genes.55 Heme binding to the BACH1 C-terminal domain inhibits its DNA binding activity, induces its
dissociation from sMaf, triggers its export from the nucleus and induces its ubiquitination and degradation.55-57 In
addition, heme stabilizes the nuclear factor erythroid-2related factor 2 (NRF2) that binds to sMAF proteins to
enhance gene transcription using specific Antioxidant
Response Elements (ARE) which are specific forms of
MAREs.58 If heme level is low, Kelch-like ECH-associated
protein 1 (KEAP1) sequesters NRF2 in the cytoplasm by
binding to its Neh2 domain.59 Oxidative stress inducers
(sulforaphane or heme) react with specific cystein residues
in Keap1 causing dissociation of the KEAP1-NRF2 complex and Nrf2 nuclear accumulation60 (Figure 4).
It has been reported that heme activates globin transcription by inhibiting the binding activity of BACH1 to
the MARE sites in the locus control region of globin
genes.52,53
In addition, heme also controls the transcription of other
ubiquitously expressed genes, like the heme degrading
enzyme heme-oxygenase-1,50 the iron storage proteins Hand L-ferritin51 and the iron exporter ferroportin.54 The role
of heme-oxygenase1 during erythroid differentiation is
still controversial. On the other hand, the transcriptional
regulation of ferroportin, H- and L-ferritin by heme during
erythroid differentiation has not been well investigated.
However, this mechanism could contribute to the reorganization of iron metabolism in developing erythroblasts to
ensure adequate iron supply to mitochondria for heme
synthesis.

Protein synthesis in erythroid progenitors is mainly
dependent on heme level that is sensed by HRI, a member
of a family of protein kinases able to phosphorylate the
α-subunit of the eukaryotic translation initiation factor
(eIF2α). Once phosphorylated, eIF2α causes the inhibition
of protein synthesis.41 HRI is predominantly expressed in
the erythroid compartment61 and its kinase activity is
directly regulated by heme level. Heme binding to the
kinase domain of HRI inhibits its activity leading to
decreased eIF2α phosphorylation and increased rate of
translation, mainly of α- and b-globin mRNAs. On the
other hand, during heme deficiency, the activation of HRI
and subsequent phosphorylation of eIF2α cause the inhibition of protein synthesis. Thus, only following the initiation of heme biosynthesis in differentiating erythroid
progenitors, the inhibition of HRI activity allows the synthesis of α- and b-globins. In this manner, HRI is fundamental to ensure that no globin is synthesized in excess of
what can be assembled into hemoglobin tetramers (Figure
5).
Hri–/– mice show a mild hyperchromic, macrocytic anemia and altered adaptive response to iron deficiency. The
normal adaptive response to iron deficiency is to shut
down the synthesis of hemoglobin thus resulting in
hypochromic, microcytic anemia. Hri–/– mice subjected to
an iron-deficient diet develop a hyperchromic anemia
with increased destruction of the late red cell precursors
and compensatory erythroid hyperplasia. Excess globins
resulting from HRI deficiency precipitate and form inclusions causing proteotoxicity, responsible for erythroid progenitor death.62 These data clearly demonstrate the essential role of HRI to shut off α- and b-globin synthesis in erythroid progenitors when iron supply is deficient, thus
avoiding the detrimental precipitation of globin chains.62
Furthermore, the activation of HRI has been reported in a
murine model of b-thalassemia intermedia as a consequence of the presence of denatured proteins and oxidative stress.63 HRI activation might represent an attempt to
limit protein synthesis when α-globin-heme aggregates
are formed as a consequence of reduced or absent b-globin
synthesis. Consistently, the absence of HRI in b-thalassemic mice causes embryonic lethality due to severe
anemia, thus indicating that HRI is required for the survival of differentiating erythroid progenitors.63
Recent data have started to elucidate the signaling pathway downstream HRI activation. It has been reported that
HRI activates the Atf4 (Activating Transcriptional Factor 4)
signaling pathway through the phosphorylation of eIF2α.
The activation of the Atf4 signaling pathway is important
to mitigate oxidative stress during chronic iron deficiency
and is required for erythroid differentiation. Consistently,
loss of Atf4 causes embryonic lethality due to severe fetal
anemia.64 Moreover, an impairment of erythroid differentiation was observed in Hri–/– mice during chronic iron deficiency.65 The modulation of the HRI-eIF2α-Atf4 pathway,
using salubrinal, a selective inhibitor of eIF2α dephosphorylation, has been proposed as a therapeutic strategy to
ameliorate b-thalassemia. The increase in eIF2α phosphorylation, achieved by salubrinal treatment in b-thalassemic
mice, results in the inhibition of protein synthesis and
reduction of α-globin aggregates together with an
enhancement of Atf4 signaling.65
Thus, by controlling HRI, heme regulates not only the
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Heme controls the transcription of erythroid-specific
genes

Heme regulates protein synthesis during erythroid
differentiation
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ulation of ALAS2 expression through the IRE-IRP systems.
The IRE binding activity of IRPs is regulated by cellular iron
content through different mechanisms. The IRE binding
activity of IRP1 is controlled by iron-sulfur clusters assembly while that of IRP2 by its oxidation, ubiquitination and
degradation by the proteasome.6 This latter process is
dependent on iron levels but also on heme. Heme interacts
with an HRM consensus sequence in IRP248,49 and mediates
the oxidation of IRP2 that triggers its ubiquitination and
degradation. In addition, it has been reported that heme
synthesis is positively regulated by the availability of iron
within the range of iron concentrations in which IRP2
degradation is regulated.49 As Alas2 transcript contains a
5’IRE, the increase of heme level in erythroid precursors
stimulates ALAS2 protein production due to the loss of
IRP2-mediated translational repression.
Apart from Alas2, the expression of several other genes
involved in iron metabolism is regulated by the IRE-IRP
system. H-Ferritin, L-Ferritin, mAconitase and Ferroportin
mRNAs contain a 5’IRE while DMT1 and TfR1 transcripts
have a 3’IRE. The binding of IRPs to a 5’IRE prevents the
initiation of translation while IRPs binding to the 3’IRE
protects the mRNA from degradation.6 By controlling IRP2
oxidation/degradation, heme participates to the control of
iron homeostasis in erythroid progenitors.
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Sideroblastic anemias are genetically and clinically heterogeneous disorders characterized by the presence of
bone marrow ‘ringed’ sideroblasts, iron-loaded mitochondria localized around the nucleus creating a ring-like
appearance.66,67 Both congenital and acquired forms of
sideroblastic anemias have been described. The inherited
sideroblastic anemias are due to genes located on the X
chromosome, genes on autosomal chromosomes or mitochondrial genes. Most of these conditions are characterized by decreased heme synthesis and mitochondrial iron
overload.66,67 Acquired sideroblastic anemias are either primary, namely refractory anemia with ring sideroblasts
(RARS) representing a type of myelodysplastic syndrome,
or secondary due to some drugs, toxins, copper deficiency,
or chronic neoplastic disease. Acquired sideroblastic anemias result from a defect in intracellular iron metabolism

X-linked sideroblastic anemia (XLSA) is the most common form of sideroblastic anemia, resulting from mutations in the gene coding for ALAS2.83-85 Recently, a novel
condition of XLSA, due to mutation in an enhancer of the
Alas2 gene, has been described. This mutation causes the
disruption of a GATA binding site important for the transcriptional regulation of the gene, thus leading to a lower
expression of Alas2 mRNA.4
Decreased activity of ALAS2 in bone marrow erythroblasts causes an impairment of heme biosynthesis and
insufficient PPIX production to use all the available iron.
Therefore, excess iron accumulates in mitochondria causing oxidative stress-induced cell damage. Patients show
hypochromic, microcytic anemia of variable severity.
Ineffective erythropoiesis, due to the increased ROS generation in erythroblasts, is also common in the most
severe forms of XLSA.86 As in other conditions of ineffective erythropoiesis, increased intestinal iron absorption
and systemic iron overload have been observed.86
Defects of ALAS2 cause a hypochromic, microcytic anemia in the sauternes (sau) zebrafish mutant. A delay in
erythroid differentiation, abnormal globin gene expression
and heme deficiency have been observed in sau mutants.70
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Sideroblastic anemias

X-linked sideroblastic anemia
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In the erythroid compartment, the alteration of heme
biosynthesis rates causes pathological conditions like
sideroblastic anemia or erythropoietic porphyria. The
pathological alteration of the heme biosynthetic pathway
may be due to different genetic abnormalities: mutation of
genes coding for specific heme biosynthetic enzymes or
for proteins involved in iron-sulfur cluster biogenesis.
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Erythroid disorders of heme biosynthesis

in erythroid cells.68 Here we focus on the inherited forms
of sideroblastic anemia, highlighting how defects in the
heme biosynthetic pathway or in iron-sulfur cluster biogenesis may lead to the pathological decrease of heme
synthesis and to mitochondrial iron overload typical of
this disorder (Table 1).69-82

ou

synthesis of α- and b-globin under physiological conditions, but also the adaptive response of erythroid progenitors to stress conditions.

Figure 4. Heme controls the transcription of α- and β-globin genes in differentiating erythroid progenitors. (A) In early
erythroid progenitors the transcription of
α- and b-globin is inhibited by the transcriptional repressor BACH1 which
antagonizes the activity of sMaf proteins
that bind MAREs in the regulatory region
of globin genes. (B) In late erythroid progenitors, when heme biosynthesis
starts, heme binds to BACH1 in the
nucleus and mediates its export in the
cytosol. Finally, heme stabilizes the transcription factor NRF2 that accumulates
in the nucleus. NFR2 associated with
sMaf proteins activates the transcription
of globin chains.
978
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Erythropoietic porphyrias

The inherited porphyrias are a group of genetic disorders resulting from mutations in specific genes coding for
enzymes of the heme biosynthetic pathway. The porphyrias are characterized by the reduction of heme synthesis
rates and accumulation of toxic heme precursors in different tissues, leading to hepatic and hematopoietic alterations, neurological and/or cutaneous symptoms.
Depending on the primary site of porphyrin deposition,
the porphyrias have been classified as hepatic or erythropoietic.92,93 Here, we focus on the erythropoietic forms of
porphyria (Table 2).
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X-linked sideroblastic anemia with ataxia (XLSA/A) is a
rare form of sideroblastic anemia, characterized by a mild
hypochromic, microcytic anemia associated with spinocerebellar ataxia and cerebellar hypoplasia. XLSA/A is
due to mutations in the gene coding for the ATP-binding
cassette sub-family B, member 7 (ABCB7) transporter,88
which is thought to be involved in the transfer of iron-sulfur clusters or their precursors from mitochondria to the
cytosol.89 It has been proposed that ABCB7 deficiency
could somehow diminish the availability of iron required
for heme synthesis or, alternatively, cause the activation of
IRP1 that interferes with the expression of Alas2.68 The
knockout of Abcb7 gene is embryonic lethal in mice and
the inducible deletion of Abcb7 in the bone marrow leads
to bone marrow failure.71,72
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X-linked sideroblastic anemia with ataxia
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Mutations in the gene coding for Slc25A38 have been
identified in patients with an autosomal recessive form of
sideroblastic anemia, similar to XLSA.19,87 It has been proposed that SLC25A38 is involved in the mitochondrial
export of ALA;19 indeed, loss of Slc25A38 causes an impairment of heme synthesis leading to mitochondrial iron
accumulation. The knockdown of SLC25A38 in zebrafish
causes anemia similar to, although not as severe as, Alas2
deficiency.19

A homozygous mutation in the gene coding for glutaredoxin 5 (Glrx5) has been found in a patient with an autosomal recessive form of sideroblastic anemia. This patient
is characterized by a hypochromic, microcytic anemia
associated to iron overload.90 The same phenotype has
been observed in the shiraz zebrafish model of GLRX5
deficiency.73,91 The molecular mechanism leading to sideroblastic anemia is similar to that observed in XLSA/A.
GLRX5 is required for the assembly of iron-sulfur clusters,
whose deficiency causes the activation of IRP1, mitochondria iron accumulation and cytosolic iron depletion that in
turn activates IRP2. Thus, the activation of IRPs determines the translational repression of Alas2 resulting in a
sideroblastic anemia.73,90,91
Therefore, a primary defect in iron-sulfur clusters biogenesis secondarily affects heme synthesis in erythroblast
resulting in mitochondrial iron loading and the same
pathophisiology of Alas2 deficiency.
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SLC25A38-related sideroblastic anemia

GLRX5-related sideroblastic anemia
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The knockout of Alas2 in mice is embryonic lethal; Alas2–/–
embryos develop a severe form of anemia characterized
by a block of erythroid differentiation. In contrast to
human patients, ring sideroblasts are not present and iron
deposition occurs in the cytoplasm.69

Figure 5. Heme controls the
translation of α- and b-globin in
differentiating erythroid progenitors. The translation of globin mRNAs is regulated by
heme through the heme regulated kinase HRI. When heme
binds HRI, HRI is inactivated
and the translation initiation
factor eIF2α is not phosphorylated allowing protein synthesis to occur.
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X-linked erythropoietic protoporphyria
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X-linked erythropoietic protoporphyria (XLEPP) is a
clinically indistinguishable X-linked form of EPP, resulting
from gain-of-function mutations of Alas2.98 In contrast to
EPP, XLEPP patients show a high amount of zinc-protoporphyrin in erythrocytes. The overexpression of Alas2 in
XLEPP patients increases PPIX production in spite of normal FECH activity. As iron becomes limiting, FECH uses
its alternative metal substrate leading to the accumulation
of Zn-protoporphyrin in erythrocytes.98 A phenotype sim-
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Erythropoietic protoporphyria (EPP) is an inherited disorder of heme biosynthesis due to a partial deficiency of
FECH activity. In most patients, EPP results from the coinheritance of a specific FECH mutation and a hypomorphic Fech allele common in the general population that
reduces FECH activity below a critical threshold (residual
activity lower than 35% of normal). In rare cases, EPP
patients carry two trans mutations in the Fech gene.94,95
The reduced FECH activity leads to abnormally high
levels of free PPIX in bone marrow, erythrocytes, plasma
and liver. The major phenotype is porphyrin-induced photosensitivity as PPIX accumulation induces tissue damage
through reactions with free radicals, triggered by light
exposure. EPP may progress to severe hepatobiliary disease and hepatic failure.95 Hypochromic, microcytic anemia occurs in 20-60% of patients.96 Similar to what occurs
in sideroblastic anemia, the presence of ring sideroblasts
has been observed in EPP patients.97 It has been demonstrated that FECH deficiency leads to a steady state in
which the decreased erythropoiesis is matched by reduced
iron absorption and supply. This response is important to
avoid the accumulation of toxic iron.96 The molecular
mechanisms leading to decreased hemoglobin levels have
been extensively studied in mouse models of the disease.
Fechm1Pas/m1Pas mice, identified by a chemical mutagenesis
screening, carry a loss of function mutation in the Fech
gene. Fechm1Pas/m1Pas mice show a dramatic increase of PPIX in
erythrocytes, plasma and liver resulting in microcytic ane-

mia, skin-photosensitivity and hepatic failure.74 Another
mouse model of EPP has been generated by the targeted
disruption of Fech gene. Fech–/– mice die during embryonic
development while Fech+/– mice show increased PPIX levels in erythrocytes and skin photosensitivity but no hepatic damage.75 The zebrafish model of Fech deficiency,
Dracula, is characterized by PPIX accumulation, lightdependent hemolysis and liver disease76 The activation of
HRI has been shown in Fechm1Pas/m1Pas mice as a consequence
of heme deficiency and it is thought to prevent the accumulation of α- and b-globins. Consistently, in the absence
of HRI, Fechm1Pas/m1Pas mice are more anemic and show a
strong precipitation of globins in ‘inclusion bodies’. HRI
deficiency in EPP also results in a dramatic increase in PPIX
and more severe manifestation of liver pathology and skin
photosensitivity.62 These data suggest a fundamental role
for HRI in the adaptive response to low heme level in EPP
patients.
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Erythropoietic protoporphyria

Gene

X-linked sideroblastic anemia (XLSA)

ALAS2

Clinical features

Animal models

References

Anemia with ringed
sideroblasts, some
pyridoxine responsive
Anemia with ringed
sideroblasts, some
pyridoxine responsive
Mild hypochromic, microcytic anemia;
spinocerebellar ataxia;
cerebellar hypoplasia
Mild hypochromic, microcytic anemia;
Iron overload

ALAS2-/- mice
sauternes (sau) Zebrafish

(69)
(70)

Slc25a38 Zebrafish
morphants

(19)

ABCB7-/- mice
Inducible ABCB7-/- mice

(71)
(72)

Shiraz (sir) Zebrafish

(73)

Clinical features

Animal models

References

Hypochromic, microcytic anemia;
skin photosensitivity;
secondary hepatic failure.
Hypochromic, microcytic anemia;
skin photosensitivity;
secondary hepatic failure.
Hemolityc anemia;
skin photosensitivity.
Hemolityc anemia;
skin photosensitivity.
Neonatal hemolytic anemia; skin lesions;
excretion of harderopophyrin in feces

m1Pas/m1Pas

Fech
mice
FECH-/- mice
Dracula (drc) Zebrafish
IRP2-/- mice

(74)
(75)
(76)
(77)

UROS-/- mice
UROS knock-in mice
UROD-/- mice
Yquem (yqe) Zebrafish
Nakano mouse

(78)
(79)
(80)
(81)
(82)
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Table 1. Sideroblastic anemias.

GLRX5-related sideroblastic anemia

ABCB7

GLRX5

Table 2. Erythropoietic porphyrias.

Disease

Gene

Erythropoietic protoporphyria (EPP)

FECH

X-linked erythropoietic
protoporphyria (XLEPP)

ALAS2

Congenital erythropoietic porphyria (CEP)

UROS

Hepatoerythropoietic porphyria (HEP)

UROD

Harderoporphyria

CPOX

980

haematologica | 2014; 99(6)

Heme and erythropoiesis

Hepatoerythropoietic porphyria

ta

St

io
n

or

ti
F

Hepatoerythropoietic porphyria (HEP) is a very rare
form of autosomic recessive erythropoietic porphyria due
to mutation in the Urod gene. The reduced UROD activity
leads to the accumulation of uroporphyrin, heptacarboxyl
porphyrin and isocoproporphyrin in erythrocytes and
liver. The phenotype of HEP is very close to that of CEP
with hemolytic anemia associated to splenomegaly.93 The
knockout of the Urod gene in mice is embryonic lethal and
heterozygous mice do not completely recapitulate the disease.80 A zebrafish model of HEP has been generated
which mimics the human disease.81

Mutations in the Alas2 and Fech genes coding for the
two rate-limiting enzymes of the heme biosynthetic pathway cause heme deficiency in erythroid compartment
responsible for sideroblastic anemia and for the
hypochromic, microcytic anemia observed in 20-60% of
patients suffering from EPP,83-85 respectively. Similar anemic phenotypes result from mutations in genes coding for
proteins involved in iron-sulfur cluster biogenesis highlighting the interplay between heme and iron
metabolism.88,90 In addition, also the inability to absorb
iron or alteration of iron transport, utilization and recycling reduce heme synthesis rates leading to iron deficiency anemia (IDA).67
As illustrated above, some studies suggested that heme,
through HRI, may control the adaptive cell response to
deficient erythropoiesis. It has been reported that HRI is
required to prevent the phenotypic severity of IDA.62 A
similar adaptive response to heme deficiency has been
shown in the Fechm1Pas/m1Pas mouse model of EPP.63
Heme also regulates the transcription of many target
genes by inhibiting BACH1. It has been demonstrated that
in this way, heme controls the expression of globin genes
in erythroid cells. In addition, heme might also control the
expression of genes regulating iron uptake, storage and
export as it has already been demonstrated in other cell
types like macrophages, where heme-mediated BACH1
derepression orchestrates the response to heme overload.54
Thus, it is time to speculate that the adaptive cell
response to heme deficiency may be manipulated pharmacologically to enhance cell performance ameliorating
anemia. The successful treatment of thalassemic mice
with salubrinal to potentiate HRI-mediated eIF2α phosphorylation highlighted the potential of these
approaches.65 In the future, clarification of the HRI signaling pathway, along with the characterization of the complex regulatory network orchestrated by heme and iron,
might open up the way to new therapeutic strategies.

at

Congenital erythropoietic porphyria (CEP) is an autosomal recessive disorder, resulting from mutations in the
UROS gene. Reduced UROS activity causes the incomplete metabolism of hydroxymethylbilane and the accumulation of non-physiological porphyrin isomers in the
bone marrow, erythrocytes, urine and other organs leading to hemolytic anemia, splenomegaly and cutaneous
photosensitivity. Other clinical manifestations include erythrodontia and bone loss.78,93
The knockout of the Uros gene in mice is embryonic
lethal. However, knock-in mouse models of CEP have
been generated which mimic the disease phenotype,
showing hemolytic anemia, hepatosplenomegaly, moderate photosensitivity and erythrodontia.78,79

Conclusions

nd

Congenital erythropoietic porphyria

do not develop cataracts, likely reflecting species differences.82

ou

ilar to XLEPP has been described in Irp2–/– mice, which are
characterized by a strong increase in ALAS2, resulting
from the loss of IRP2-dependent translational repression.
Irp2–/– mice develop erythroblast iron deficiency, microcytic anemia and erythropoietic protoporphyria.77 These data
highlight the crucial role of IRPs in sensing iron levels and
in coupling heme synthesis with iron availability in erythroid progenitors.
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Harderoporphyria
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Harderoporphyria is a rare autosomal recessive disorder
due to homozygous or compound heterozygous mutations in the Cpox gene. It is characterized by neonatal
hemolytic anemia, sometimes accompanied by skin
lesions, and massive excretion of harderoporphyrin in
feces. A mild residual anemia is chronically observed during childhood and adulthood.99 A hypomorphic mutation
in the Cpox gene has been identified in the Nakano mouse,
which is characterized by the excessive accumulation of
CPgenIII in the lens causing hereditary cataract; unlike
Nakano mice, human hereditary coproporphyria patients
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