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Iron is an essential element for diverse biological functions. In
mammals, the majority of iron is enclosed within a single pros-
thetic group: heme. In metazoans, heme is synthesized via a
highly conserved and coordinated pathway within the mito-
chondria. However, iron is acquired from the environment and
subsequently assimilated into various cellular pathways, includ-
ing heme synthesis. Both iron and heme are toxic but essential
cofactors. How is iron transported from the extracellular milieu
to the mitochondria? How are heme and heme intermediates
coordinated with iron transport? Although recent studies have
answered some questions, several pieces of this intriguing puz-
zle remain unsolved.

Cellular Iron Transport

Iron is essential to most living organisms, which have differ-
ent sophisticated ways to obtain this element from the environ-
ment. Uptake and regulation of iron in bacteria and yeast have
been described in detail (1, 2). Here, wewill highlight iron proc-
essing in higher eukaryotes, particularly mammals. The daily
requirements for iron in mammals are high, exerted mainly by
red blood cells (RBCs),4 which generate vast amounts of hemo-
globin. The majority of this iron is efficiently recycled from
senescent RBCs by macrophages (M�), but a small portion
needs to be extracted from the diet (3). Dietary iron is taken up

by the enterocytes in the proximal region of the small intestine.
The proteins involved in intestinal iron absorption and trans-
port have been reviewed in detail (4, 5). After a series of reduc-
tion and oxidation steps during its passage through the entero-
cyte, iron is released into the bloodstream by the basolateral
transporter FPN1 (ferroportin 1) and then oxidized to ferric
iron (Fe3�) by the ferroxidases hephaestin and ceruloplasmin.
Ferric iron is bound by transferrin (Tf), which has high affinity
for ferric but not ferrous (Fe2�) iron. Under normal circum-
stances, serum iron is bound to Tf and transported to all cells of
the body.
The best characterizedmechanism for cellular iron uptake is

uptake through Tf receptor-1 (TfR1; CD71) (Fig. 1). TfR1 binds
twoTfmolecules and has the highest affinity for diferric Tf. The
TfR1-Tf complexes are concentrated in clathrin-coated pits on
the cell surface and endocytosed.Once the complexes are inter-
nalized, a membrane-associated ATPase proton pump lowers
the pH in the endosome to create an environment where ferric
iron can be released fromTf. To be transported out of the endo-
some, iron must be reduced. In developing RBCs, this step is
performed by the STEAP3 (six-transmembrane epithelial anti-
gen of prostate 3) protein (6). Other members of the STEAP
family are thought to be endosomal ferrireductases in non-
erythroid cells (7). The reduced iron is exported out of the
endosomeby the divalentmetal transporter (DMT1/SLC11A2/
NRAMP2) in erythroid and non-erythroid cells (8–10). TfR1 is
returned to the plasma membrane, where it can participate in
another round of Tf-mediated iron uptake. A protein involved in
TfR1 recycling inRBCs, Sec15l1,was identified fromthehemoglo-
bin-deficit (hbd) mouse, which shows microcytic hypochromic
anemia (11). It was demonstrated that Mon1a plays a role in traf-
ficking FPN1 to the cell surface ofM� in mice (12).
The steps in cellular iron transport following release from the

endosome are poorly understood. After its release, some fer-
rous ironwill be stored in ferritin, a ubiquitously expressed iron
storage protein that regulates intracellular iron availability (13).
Storing iron in ferritin prevents free iron from generating toxic
radicals and allows the regulated release of iron. Recent work
identified a cytosolic iron chaperone, PCBP1 (poly(rC)-binding
protein 1), that transports iron to ferritin (14). The human cell
lines used in this study were non-erythroid; it remains to be
investigated if PCBP1 or any orthologs serve this role in eryth-
roid cells.

Mitochondrial Iron Uptake and Processing

The majority of cellular iron is utilized in the mitochondria
for the biosynthesis of both heme and FeS clusters (15, 16). This
makes the mitochondrion an important organelle in iron traf-
ficking. Some cytosolic iron may be used for extramitochon-
drial FeS cluster synthesis (17–19). How iron is transferred
from the endosome, the cytosol, or ferritin to themitochondria
is unknown. In developing RBCs, iron may be delivered by
docking of the endosome to themitochondrion (20). This “kiss-
and-run” mechanism would provide an efficient means for
delivering iron to mitochondria in RBCs, which generate vast
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amounts of heme. Recent evidence showed that mitochondria
fuse with each other and with the endoplasmic reticulum (21,
22). Small organic compounds or some proteins may also bind
free cellular iron (23). If and how these are involved in the traf-
ficking of iron to the mitochondrion are unknown.
The vertebrate mitochondrial iron importer was discovered

through studies with the anemic zebrafishmutant frascati (24).
The gene responsible for the anemic phenotype, Mfrn1 (mito-
ferrin-1)/SLC25A37, belongs to the SLC25 (solute carrier 25)
family of proteins, which are located primarily in themitochon-
drial inner membrane (IM). The mouse Mfrn1 knock-out in
early erythroid cells shows impairedmitochondrial iron import
and reduced heme synthesis upon terminal differentiation (24).
To import iron and regulate heme synthesis in RBCs, Mfrn1
must interact with the mitochondrial ATP-binding cassette
transporterAbcb10 (25). TheMfrn1 paralog,Mfrn2 (Slc25a28),
is ubiquitously expressed and was proposed to be the non-
erythroid mitochondrial iron importer (24, 26). How iron is
delivered toMfrn1/2 from the cytosol formitochondrial import
remains unclear.
Once delivered to the mitochondria, iron is either stored in

mitochondrial ferritin or utilized for the synthesis of heme and

FeS clusters. FeS clusters are pros-
thetic groups in proteins that play
an essential role in cell metabolism
(15). In developing RBCs, iron is uti-
lized primarily for the synthesis of
large quantities of heme. Non-
erythroid cells also make heme, but
their iron requirements are much
lower. Defects in heme synthesis
genes result in human hematologi-
cal disorders characterized by
defective cellular iron homeostasis
(27). The mechanisms that regulate
vertebrate heme synthesis and the
accompanying iron flux are begin-
ning to be illuminated.
Heme biogenesis is closely linked

to the availability of FeS clusters.
The first gene in erythroid heme
synthesis, ALAS2 (aminolevulinic
acid synthase-2), is regulated by the
FeS cluster-binding protein IRP1
(iron regulatory protein 1) (3). A
pioneering study showed that, in the
anemic zebrafish mutant shiraz,
defective FeS cluster synthesis
resulted in IRP1 binding constitu-
tively to the iron regulatory element
(IRE) in the 5�-untranslated region
(UTR) of theALAS2mRNA. Conse-
quently, translation of ALAS2 and
synthesis of heme were blocked
(28). Mammalian ferrochelatase
(FECH), the terminal enzyme in
heme synthesis, is a [2Fe-2S]-con-
taining protein (29, 30). Deletion of

the [2Fe-2S]-binding region at the C terminus of FECH abol-
ished both the binding of the cluster and the enzyme activity
(29). Similarly, inactivation of FeS clusters by nitric oxide sig-
nificantly inhibited the activity of FECH (31). A recent study
utilized a systems biology approach to analyze �35,000 cDNA
microarrays and to identify mitochondrial genes that were
tightly coexpressed and coregulated with the eight heme bio-
synthesis enzymes. Five candidate genes with putative roles in
heme synthesis were selected for studies in the zebrafish. Two
genes were known to be involved in FeS cluster synthesis,
whereas the other threeweremitochondrial transporters.Mor-
pholino knockdown of all five genes resulted in profound ane-
mia; silencing of the transporter SLC25A39 in differentiating
mouse erythroleukemia (MEL) cells strongly reduced heme
synthesis (32). These newly identified genes may play impor-
tant roles in mammalian mitochondrial iron homeostasis.
In addition to heme biosynthesis, a significant portion of iron

in the mitochondrion is utilized for the assembly of FeS clus-
ters. This pathway is highly conserved among species, and stud-
ies in yeast have guided research on the mammalian compo-
nents of the FeS cluster pathway, although additional proteins
have been identified (33). Genetic defects in several genes

FIGURE 1. Cellular iron processing. Ferric iron (Fe3�) bound to Tf is taken up by cells through TfR1. The TfR1-Tf
complex is internalized through endocytosis. The endosomal matrix is acidified by an ATPase proton pump,
which allows dissociation of Tf and Fe3� from TfR1. The ferric iron is reduced to Fe2� by the STEAP family of
proteins, and it can now be exported to the cytosol by DMT1. Ferrous iron can be delivered to ferritin for
storage by the iron chaperone PCBP1. The larger part of iron will be transported to the mitochondrion for heme
and FeS cluster synthesis. How iron is delivered to mitochondria is largely unknown. In erythrocytes, mitochon-
drial iron import is mediated by MFRN1 complexed with ABCB10. The MFRN1 paralog, MFRN2, is thought to
import iron into mitochondria of non-erythroid cells, whether or not complexed with ABCB transporters. Factors
involved in mitochondrial export of heme remain to be elucidated, whereas ABCB7 is thought to export a yet
undefined component “X” needed for cytosolic FeS cluster assembly. After delivery of iron, TfR1 and Tf are recycled
back to the cell surface, a pathway in which SEC15L1 plays an important role. mFerritin, mitochondrial ferritin.

MINIREVIEW: Iron and Porphyrin Trafficking in Heme Biogenesis

26754 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 35 • AUGUST 27, 2010

 at U
N

IV
 O

F
 M

A
R

Y
LA

N
D

, on A
ugust 30, 2010

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/content/suppl/2010/08/10/285.35.26753.DC1.html
Supplemental Material can be found at:

http://www.jbc.org/


involved in FeS cluster assembly are associated with human
diseases in which defective mitochondrial iron homeostasis is a
hallmark. Patients with mutations in GRX5 (glutaredoxin-5)
suffer from microcytic anemia with accumulation of iron in
mitochondria (34). Likewise, patients with Friedreich ataxia
have genetic defects in themitochondrial FeS cluster iron chap-
erone frataxin, which results in mitochondrial iron overload
(35). In addition, defects in ABCB7, a protein implicated in
export of mitochondrial FeS clusters, lead to anemia accompa-
nied by mitochondrial iron deposits (36). These examples
clearly indicate that the FeS cluster pathway plays an essential
role in regulating mammalian mitochondrial and cellular iron
homeostasis.

Cellular Iron Homeostasis: The IRE/IRP Regulatory
Mechanism

Because both iron overload and iron deficiency are incom-
patible with normal body physiology, mammals regulate their
iron levels at both the systemic and cellular levels. Excellent
reviews detailing advances made in the past 2 decades have
been published (37–39). This minireview focuses on the regu-
lation of cellular iron homeostasis.
Many of the genes that are involved in iron transport or uti-

lization contain one or more IREs in their mRNA. These ele-
ments are conserved RNA stem-loop structures that are recog-
nized by IRP1 and IRP2. Depending onwhere the IRE is located
in themRNA, binding of an IRP leads to blocking translation or
to stabilizing mRNA (reviewed in Ref. 40). Generally, mRNAs
of genes such as FPN1, ALAS2, and ferritin that reduce cellular
iron levels or the availability of iron have an IRE in the 5�-UTR
of their mRNA; the IRE in the mRNA of genes like TfR1 and
DMT1 that increase the availability of iron is located in the
3�-UTR. Therefore, binding of IRPs to IREs results in increased
iron uptake and availability and reduced iron utilization and
storage. This mechanism prevents a cell from becoming iron-
deficient or iron-overloaded and is essential for cellular iron
homeostasis.
The binding of IRP1 and IRP2 to their target mRNAs is dif-

ferentially regulated. IRP1 (also known as aconitase 1) is a dual
function protein that can convert citrate to isocitrate or bind
IREs. IRP1 binds an FeS cluster and acts as an aconitase under
iron-replete conditions when FeS cluster synthesis is normal.
When cellular iron levels are low, there is a corresponding
reduction in FeS cluster synthesis. Consequently, IRP1 loses its
aconitase activity, binds IREs, and alters iron uptake and utili-
zation. IRP2 does not bind an FeS cluster, and its activity is
regulated by degradation by a proteasomal complex (41, 42).
The key component of this complex is the cytosolic protein
FBXL5 (F-box and leucine-rich repeat protein 5). The FBXL5
protein contains a domain that can bind iron.When iron levels
are high, FBXL5 binds iron and targets IRP2 for degradation;
iron-depleted conditions result in FBXL5 degradation. IRP2
appears to be regulated directly by cytosolic iron levels, whereas
IRP1 binding to IREs depends on iron utilization by the mito-
chondrial FeS cluster assembly machinery. Vashisht et al. (42)
showed that FBXL5 also binds IRP1 but does not target it for
degradation under iron-replete conditions. The relevance of

this interaction andhow IRP1 escapes degradation remain to be
elucidated.
The IRE/IRP mechanism is particularly important in tissues

that regulate iron homeostasis or have high iron demands. IRPs
play an essential role in regulating iron uptake in the intestine
(43). The IRE/IRP system is also important in regulating iron
processing by developing RBCs, as deletion of IRP2 results in
microcytic anemia (44–46). The high demand for iron of
immature erythroid cells may require, however, adaptations in
the IRE/IRP network (47). In addition to being essential for
cellular iron homeostasis, the IRE/IRP mechanism is also
important in the regulation of systemic body iron levels (40).

Transport of Heme Synthesis Intermediates

With few exceptions, metazoans synthesize heme via eight
conserved, enzyme-catalyzed steps using glycine, succinyl-
CoA, and ferrous iron as substrates (Fig. 2A). In the heme syn-
thesis pathway, the first and the last three conversions take
place in themitochondria, whereas all remaining steps occur in
the cytosol. The intermediates must therefore cross mitochon-
drial membranes for heme synthesis to progress.
Aminolevulinic acid synthase catalyzes the first reaction,

which is the formation of �-aminolevulinic acid (ALA) from
glycine and succinyl-CoA. For this step, glycine needs to be
imported into the mitochondrial matrix; the product ALA
needs to be exported to the cytosol. A mitochondrial carrier
family protein, SLC25A38, was proposed recently to facilitate
glycine import or to exchange glycine for ALA across the IM
(48). Patients with mutations in this gene manifest a form of
nonsyndromic congenital sideroblastic anemia. Yeast lacking
the SLC25A38 ortholog displayed decreased levels ofALA, pos-
sibly because of the reduced glycine levels in mitochondria. In
addition, two mammalian oligopeptide transporters, PEPT1
and PEPT2, were found to transport ALA across the plasma
membrane in a pH-dependent manner (49). Expression of
either gene in Pichia pastoris yeast cells or Xenopus laevis
oocytes significantly increased the influx of ALA. Further stud-
ies may help identify molecules on the mitochondrial mem-
brane that transport ALA.
In the cytosol, ALA is converted to coproporphyrinogen III

(CPgenIII) in four enzyme-catalyzed reactions. Because the
accumulation of heme precursors is toxic to cells and usually
causes porphyrias, the product of each reaction has to be
quickly and efficiently delivered to the next enzyme. It is
unknown how this is achieved.
The sixth step in heme synthesis is the oxidative decarboxy-

lation of CPgenIII to generate protoporphyrinogen IX. This
reaction is catalyzed by coproporphyrinogen oxidase. The
majority of coproporphyrinogen oxidase is present in themito-
chondrial intermembrane space (IMS),whereas a small fraction
may be loosely attached to the IM (50). In either case, CPgenIII
must be transported from the cytosol across the mitochondrial
outer membrane (OM). This translocation is suggested to be
mediated by the OMATP-binding cassette transporter ABCB6
(51). ABCB6was initially identified as amammalian ortholog of
the yeast mitochondrial iron transporter Atm1p (52). The
expression profile of ABCB6 strongly correlates with that of
heme synthesis genes (32). Overexpression of ABCB6 in K562
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cells significantly increased the uptake of 55Fe-heme by mito-
chondria in an energy-dependent manner (51). A non-physio-
logical CPgenIII-related compound, coproporphyrin III, inhib-

ited both the heme-binding and heme uptake activities of
ABCB6. It needs to be confirmed if CPgenIII is a bona fide
ABCB6 substrate.
The final two steps are the conversion of protoporphyrino-

gen IX into protoporphyrin IX (PPIX) and the insertion of fer-
rous iron. The enzymes responsible for these reactions, proto-
porphyrinogen oxidase (PPOX) and FECH, are associated with
the IM. However, the active site of PPOX faces the IMS,
whereas the majority of FECH resides in the matrix (Fig. 2A)
(53, 54). This poses the challenge of delivering the highly reac-
tive PPIX from PPOX to FECH across the IM. A model of sub-
strate channeling between PPOX and FECHhas been proposed
(53, 55). More recently, a co-immunoprecipitation experiment
showed that PPOX and FECH physically interact in the cya-
nobacterium Thermosynechococcus elongates (56). Thus, the
newly produced PPIXmay be rapidly transferred fromPPOX to
FECH through protein-protein interactions.

Possible Mechanisms for Heme Transport from
Mitochondria to Other Organelles

Free heme has inherent peroxidase activity and can interca-
late and disrupt lipid bilayers of cell membranes, resulting in
cytotoxicity. How then is heme delivered to the target hemo-
proteins once it is synthesized in themitochondrial matrix (Fig.
2B)? A portion of heme may be shuttled from FECH to those
hemoproteins in close proximity. For example, a heme-con-
taining enzyme, cytochrome P450scc (P450 cholesterol side-
chain cleavage), exhibits a similar localization pattern to FECH
in mitochondria (57). Therefore, P450scc may acquire heme
directly from FECH through protein-protein interaction.
Hemoproteins such as cytochrome coxidase, globins, guanylate
cyclases, catalases, peroxidases, and certain transcription fac-
tors are found in distinct intracellular organelles, including the
IMS, cytosol, peroxisomes, lysosomes, nucleus, and the secre-
tory pathway (Fig. 2B) (58). In each of these cases, heme must
traffic across at least one intracellular membrane to be incor-
porated into hemoproteins.
Metallochaperones have been demonstrated to be essential

for intracellular trafficking of copper (59). It is likely that chap-
erones play a role in delivering heme from the site of synthesis
to the sites of utilization. Heme chaperones that are important
for cytochrome c biogenesis have been discovered in bacteria
and plants (60, 61). Although no heme chaperone has been
identified in mammals, several known cytosolic heme-binding
proteins may facilitate intracellular heme transfer. For exam-
ple, glutathione S-transferases (GSTs) in human RBCs and rat
liver were shown to bind heme (62, 63). In fact, GSTs were first
identified in mammalian liver as “ligandins” that could selec-
tively bind steroids, bilirubin, and organic anions (64). A mix-
ture of GSTs purified from rat liver cytosol increased the heme
transport frommitochondria into apocytochrome b5 (65). Two
other cytosolic proteins, p22HBP and HBP23, were also found
to have high affinity for heme (66, 67). In MEL cells, p22HBP
was induced during erythroid differentiation; knockdown of
the gene resulted in reduced heme content (67). However,
GSTs, p22HBP, and HBP23 are not dedicated heme-binding
proteins because they also bind other tetrapyrrole compounds

FIGURE 2. Transport of heme synthesis intermediates and heme in meta-
zoans. A, heme is synthesized via a conserved eight-step pathway involving
both mitochondrial and cytoplasmic enzymes. The intermediates ALA,
CPgenIII, and PPIX and the substrate glycine need to be transported across
mitochondrial membranes for the subsequent reactions. The solute carrier
protein SLC25A38 may be involved in translocating glycine into mitochon-
dria. The ATP-binding cassette transporter ABCB6 and the peripheral benzo-
diazepine receptor (PBR) were proposed to facilitate the import of CPgenIII
into the mitochondria, whereas the 2-oxoglutarate carrier (OGC) and the ade-
nine nucleotide translocator (ANT) may play a role in PPIX transport. The
mechanisms for the export of ALA and the shuttling of heme precursors
among the cytosolic enzymes are unknown. ALAS, aminolevulinic acid syn-
thase; CPOX, coproporphyrinogen oxidase. B, the last step of heme biosyn-
thesis occurs in the mitochondrial matrix. The nascent heme moiety must be
translocated across membranes to multiple subcellular compartments where
target hemoproteins reside. Heme can also be exported out of the cell or
imported into the cell. The cell-surface FLVCR and the ABC transporter ABCG2
have been implicated in heme export in erythroid cells, whereas HRG-1 was
identified as a heme importer. The question marks represent the presumptive
heme trafficking pathways that are currently unclear. COX, cytochrome c oxi-
dase; Cytb5, cytochrome b5.
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such as PPIX. Therefore, these molecules may not be dedicated
intracellular heme transporters.
The endoplasmic reticulum (ER) may play an important role

in intracellular heme allocation. It is likely that hemoproteins in
the secretory pathway acquire heme in the ER.When the Golgi
is disrupted by brefeldin A, the lysosomal heme-containing
enzyme myeloperoxidase still receives its heme moiety, sug-
gesting that heme incorporation occurs in the ER (68). It has
been hypothesized that a portion of the heme may be trans-
ferred from the mitochondria directly to the ER through con-
tact sites between the OM and ER, or mitochondria-associated
membranes (MAMs). This interorganellar association was first
reported 50 years ago in cells of the pseudobranch gland using
electron microscopy (69). MAM has been implicated in non-
vesicular transport of phospholipids and Ca2� transmission
from the ER to the mitochondria (70, 71). It was recently dis-
covered that a dynamin-related protein,mitofusin 2, tethers the
ER tomitochondria (72). The close contact between the ER and
OMmayprovide a local route for efficient interorganellar heme
delivery. This concept is supported by two earlier studies in
rats. Both experiments showed that radiolabeled heme prefer-
entially accumulated in the MAM fractions compared with the
conventional microsomal fractions of the hepatic ER within 4
min after the rats were injected with [3H]ALA or [14C]ALA (73,
74).

Molecules Involved in Influx or Efflux of Heme

Heme transport machinery also exists on the plasma mem-
brane.Dietary heme in the formof hemoglobin,myoglobin, and
cytochromes is readily absorbed by the intestine. A nutritional
study showed that humans absorb heme iron approximately
four times more efficiently than inorganic iron (75). Iron sup-
plementation significantly reduced the absorption of non-
heme iron but not heme iron (75). The existence of heme recep-
tors has been reported on the microvilli of pig small intestine
and in cultured human enterocytes (76, 77). HCP1 (heme car-
rier protein 1) and HRG-1 (heme-responsive gene 1) are two
newly identified molecules that may function to import heme
into cells (78, 79).
Hcp1 was identified in a screen using hypotransferrinemic

mice (79). Expression ofHCP1 inXenopus oocytes resulted in a
2–3-fold increase in heme uptake. However, Qiu et al. (80)
showed that HCP1 was a high affinity folate/proton symporter
and renamed it PCFT/HCP1. Expression of PCFT/HCP1 in
Xenopus oocytes increased folate uptake by �200-fold. The
high affinity folate transport activity suggested that folate may
be the physiological ligand for PCFT/HCP1. It is unclear
whether the low affinity heme transport activity of PCFT/HCP1
has physiological relevance.
HRG-1, the sole identified member of the SLC48 family, was

initially discovered in a Caenorhabditis elegans microarray
experiment (78). Humans have a single copy of HRG-1; worms
have four hrg-1 paralogs. Worms may have evolved redundant
heme acquisition pathways because they lack the ability to syn-
thesize heme (81). Expression of human HRG-1 in MEL cells
significantly increased the uptake of a fluorescent heme analog.
Knockdown of zebrafish hrg-1 resulted in severe anemia,
hydrocephalus, and a curved body with shortened yolk tube.

Xenopus oocytes expressing hrg-1 revealed significant heme-
induced inward currents, indicating heme uptake. These
results suggest that HRG-1 is a bona fide heme transporter and
is essential for normal metazoan development (Fig. 2B).
Whether HRG-1 is involved in intestinal heme absorption
remains to be determined.
Heme efflux may be a main mechanism of heme detoxifica-

tion and could facilitate intercellular heme transport. The cell-
surface receptor for feline leukemia virus subtype C (FLVCR)
and theABC transporter ABCG2have been implicated in heme
export in RBCs (Fig. 2B). Suppression of the FLVCR, a major
facilitator superfamily protein, by feline leukemia virus C in
feline embryonic fibroblasts significantly increased the cellular
heme content, whereas ectopic expression of the FLVCR in
renal epithelial cells reduced the intracellular heme levels (82).
This result was supported by heme export assays using a fluo-
rescent heme analog and 55Fe-heme in renal epithelial and
K562 cells. The FLVCR is highly expressed in hematopoietic
cells, and heme efflux mediated by the FLVCR is essential for
erythroid differentiation (82, 83). No erythropoiesis is observed
in FLVCR knock-out mice, which die at midgestation (84).
ABCG2, also named BCRP, was identified as a drug resis-

tance protein in breast cancer cells. ABCG2 is highly expressed
in hematopoietic progenitor cells (85); under hypoxic condi-
tions, its expression is up-regulated by the transcription factor
HIF-1 (86). Hemin-agarose pulldown assays showed that heme
interacts with ABCG2 (86). Additionally, PPIX levels were 10
times higher in the RBCs of Abcg2-null mice than in wild-type
mice (87), suggesting that ABCG2 may export porphyrin com-
pounds. However, evidence to directly demonstrate that
ABCG2 exports heme is still lacking.

Recycling of Heme and Heme Iron

In the human body, 65–75% of the total iron is present as
heme iron in RBCs (88). After a life span of �120 days, senes-
cent RBCs are phagocytosed by M� of the reticuloendothelial
system and removed from the circulation. Once RBCs are lysed
in M�, the heme moiety is released into the lumen of the
phagolysosome. HO-1 (heme oxygenase-1) degrades heme into
biliverdin, carbonmonoxide, and iron. The iron generated dur-
ing this process is either stored in ferritin or exported out of
M� by FPN1 (89). Overexpression of FPN1 increased the levels
of iron released from M� after erythrophagocytosis (90).
Expression of both FPN1 and HO-1 was dramatically induced
within 4 h after erythrophagocytosis in M� (91, 92). Whether
heme is degraded within the phagolysosome or in the cytosol is
unclear. NRAMP1 (natural resistance-associated macrophage
protein 1), a divalent metal transporter localized to late endo-
somal and phagolysosomal membranes (93), is suggested to
export iron out of phagolysosomes after erythrophagocytosis
(94, 95). However, because HO-1 is associated with the ER, it is
more likely that heme is first transported out of the phagolyso-
somes before being degraded.
The argument for heme translocation across phagolysoso-

mal membranes is further supported by the observation that
some heme is exported out ofM� as an intact molecule follow-
ing erythrophagocytosis. After J774 mouse M� phagocytosed
59Fe-labeled RBCs, 25–30% of the total 59Fe was released as
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59Fe-heme (90). The FLVCR played a critical role in heme
export fromM� during erythrophagocytosis (84). After ingest-
ing opsonized RBCs, FLVCR-deleted bone marrow-derived
M� had higher ferritin levels in both the absence and presence
of hepcidin, a negative regulator of iron export. Therefore,
when the senescent RBCs are removed from circulation, intact
heme, in addition to iron, may also be recycled.
Some heme and hemoglobin are released into the plasma

during the destruction of senescent RBCs and enucleation of
erythroblasts. Haptoglobin and hemopexin are plasma proteins
responsible for recycling this portion of heme. Haptoglobin
forms soluble complexes in an equimolar ratio with hemoglo-
bin dimers. Haptoglobin-hemoglobin complexes bind to the
CD163 receptor on the surface of monocytes and M�, and
these complexes are subsequently endocytosed (96). The recep-
tor for the haptoglobin-hemoglobin complexes also exists in
hepatic parenchymal cells (97). Hemopexin is a heme-binding
plasma protein that binds heme with high affinity. Low density
lipoprotein receptor-related protein (CD91) is the receptor for
hemopexin-heme complexes and is present in several cell types,
including hepatocytes, M�, neurons, and syncytiotrophoblasts
(98). After internalization, the haptoglobin-hemoglobin com-
plexes are degraded in lysosomes (99). In contrast, the apohe-
mopexin is recycled to the circulation after releasing heme into
the cells (100). Following the endocytosis of haptoglobin-he-
moglobin or hemopexin-heme complexes, heme is recycled as
heme or heme iron.
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3074–3089
22. Kornmann, B., Currie, E., Collins, S. R., Schuldiner, M., Nunnari, J.,

Weissman, J. S., and Walter, P. (2009) Science 325, 477–481
23. Kruszewski, M. (2003)Mutat. Res. 531, 81–92
24. Shaw, G. C., Cope, J. J., Li, L., Corson, K., Hersey, C., Ackermann, G. E.,

Gwynn, B., Lambert, A. J., Wingert, R. A., Traver, D., Trede, N. S., Barut,
B. A., Zhou, Y., Minet, E., Donovan, A., Brownlie, A., Balzan, R., Weiss,
M. J., Peters, L. L., Kaplan, J., Zon, L. I., and Paw, B. H. (2006)Nature 440,
96–100

25. Chen, W., Paradkar, P. N., Li, L., Pierce, E. L., Langer, N. B., Takahashi-
Makise, N., Hyde, B. B., Shirihai, O. S., Ward, D. M., Kaplan, J., and Paw,
B. H. (2009) Proc. Natl. Acad. Sci. U.S.A. 106, 16263–16268

26. Paradkar, P. N., Zumbrennen, K. B., Paw, B. H.,Ward, D.M., and Kaplan,
J. (2009)Mol. Cell. Biol. 29, 1007–1016

27. Sassa, S. (2006) Br. J. Haematol. 135, 281–292
28. Wingert, R. A., Galloway, J. L., Barut, B., Foott, H., Fraenkel, P., Axe, J. L.,

Weber, G. J., Dooley, K., Davidson, A. J., Schmid, B., Schmidt, B., Paw,
B. H., Shaw, G. C., Kingsley, P., Palis, J., Schubert, H., Chen, O., Kaplan, J.,
and Zon, L. I. (2005) Nature 436, 1035–1039

29. Dailey, H. A., Finnegan, M. G., and Johnson, M. K. (1994) Biochemistry
33, 403–407

30. Wu, C. K., Dailey, H. A., Rose, J. P., Burden, A., Sellers, V. M., andWang,
B. C. (2001) Nat. Struct. Biol. 8, 156–160

31. Sellers, V. M., Johnson, M. K., and Dailey, H. A. (1996) Biochemistry 35,
2699–2704

32. Nilsson, R., Schultz, I. J., Pierce, E. L., Soltis, K. A., Naranuntarat, A.,
Ward, D. M., Baughman, J. M., Paradkar, P. N., Kingsley, P. D., Culotta,
V. C., Kaplan, J., Palis, J., Paw, B. H., andMootha, V. K. (2009)CellMetab.
10, 119–130

33. Rouault, T. A., and Tong, W. H. (2008) Trends Genet. 24, 398–407
34. Camaschella, C., Campanella, A., De Falco, L., Boschetto, L., Merlini, R.,

Silvestri, L., Levi, S., and Iolascon, A. (2007) Blood 110, 1353–1358
35. Rötig, A., de Lonlay, P., Chretien, D., Foury, F., Koenig, M., Sidi, D.,

Munnich, A., and Rustin, P. (1997) Nat. Genet. 17, 215–217
36. Bekri, S., Kispal, G., Lange, H., Fitzsimons, E., Tolmie, J., Lill, R., and

Bishop, D. F. (2000) Blood 96, 3256–3264
37. Nemeth, E., and Ganz, T. (2006) Annu. Rev. Nutr. 26, 323–342
38. Andrews, N. C. (2008) Blood 112, 219–230
39. Zhang, A. S., and Enns, C. A. (2009) J. Biol. Chem. 284, 711–715
40. Muckenthaler, M. U., Galy, B., and Hentze, M. W. (2008) Annu. Rev.

Nutr. 28, 197–213
41. Salahudeen, A. A., Thompson, J. W., Ruiz, J. C., Ma, H. W., Kinch, L. N.,

Li, Q., Grishin, N. V., and Bruick, R. K. (2009) Science 326, 722–726
42. Vashisht, A.A., Zumbrennen, K. B., Huang, X., Powers, D.N., Durazo, A.,

Sun, D., Bhaskaran, N., Persson, A., Uhlen, M., Sangfelt, O., Spruck, C.,
Leibold, E. A., and Wohlschlegel, J. A. (2009) Science 326, 718–721

43. Galy, B., Ferring-Appel, D., Kaden, S., Gröne, H. J., and Hentze, M. W.
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