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Abstract
Heme is critical for a variety of cellular processes, but excess intracellular heme may result in
oxidative stress and membrane injury. Feline leukemia virus subgroup C receptor (FLVCR1), a
member of the SLC49 family of 4 paralogous genes, is a cell surface heme exporter, essential for
erythropoiesis and systemic iron homeostasis. Disruption of FLVCR1 function blocks
development of erythroid progenitors, likely due to heme toxicity. Mutations of SLC49A1
encoding FLVCR1 are noted in patients with a rare neurodegenerative disorder: posterior column
ataxia with retinitis pigmentosa. FLVCR2 is highly homologous to FLVCR1 and may function as
a cellular heme importer. Mutations of SLC49A2encoding FLVCR2 are observed in Fowler
syndrome, a rare proliferative vascular disorder of the brain. The functions of the remaining
members of the SLC49 family, MFSD7 and DIRC2 (encoded by the SLC49A3and SLC49A4
genes), are unknown, although the latter is implicated in hereditary renal carcinomas. SLC48A1
(Heme responsive gene-1, HRG-1), the sole member of the SLC48 family, is associated with the
endosome and appears to transport heme from the endosome into the cytosol.
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1. Introduction
Heme, a complex of protoporphyrin IX and iron, is ubiquitous in nature and indispensable
for myriad cellular processes. For example, it serves as the prosthetic group of
hemoproteins, including cytochromes, peroxidases, catalases, synthases, and the oxygen
storage and transport proteins, myoglobin and hemoglobin (Hb) [reviews: (Khan and
Quigley, 2011; Ponka, 1997; Ryter and Tyrrell, 2000)]. Heme is important for erythropoiesis
—it regulates erythroid gene transcription, inhibiting repression of the globin locus by the
transcription factor BACH1 (Ogawa et al., 2001); gene translation, inhibiting an erythroid-
specific eIF-2a kinase that controls globin translation (Crosby et al., 2000; de Haro et al.,
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1996); as well as the targeting and stability of heme synthesis proteins (Lathrop and Timko,
1993; Qi et al., 1999). More recent studies indicate that intracellular heme levels also
modulate circadian rhythm, microRNA processing, and ion-channel functions (Faller et al.,
2007; Imaizumi et al., 2007; Wang et al., 2009).

An excess of free or non-protein–bound heme, however, promotes lipid peroxidation and
increases oxidative stress through generation of reactive oxygen species, which can give rise
to membrane injury and, ultimately, cell apoptosis (Balla et al., 2003; Halliwell and
Gutteridge, 1990; Ryter and Tyrrell, 2000). Thus, intracellular heme levels must be kept
within a narrow range, ~0.1 μM (Ryter and Tyrrell, 2000; Sassa, 2004). Control occurs
through a coordination among heme biosynthesis, utilization by hemoproteins,
compartmentalization into organelles and catabolism, primarily by heme-inducible heme
oxygenase–1 (HO-1) (Ponka, 1997). The recent identification of heme transporters
moreover suggests further layers of complexity. Despite the lipophilic nature of heme, the
presence of anionic carboxylate side chains—responsible for binding to heme carrier
proteins—limits diffusion through the membrane (Light and Olson, 1990), indicating the
need for specific transmembrane heme transporters at the cell surface (e.g., FLVCR1), in
mitochondria (the site of heme synthesis), and in endosome-lysosomes (e.g., HRG-1), where
hemoproteins are degraded (Goldman et al., 1998; Keel et al., 2008; Quigley et al., 2004;
Ricchelli et al., 1995; Yang et al., 2010); for reviews, see (Khan and Quigley, 2011;
Severance and Hamza, 2009; Thöny-Meyer, 2009).

Here we describe the SLC49 and SLC48 transporters. Studies of three of these five
transporters indicate they are involved in heme transport. FLVCR1 (encoded by SLC49A1),
the founding member of the SLC49 family, has three identifiable paralogs in the human
genome, SLC49A2, SLC49A3 and SLC49A4. These genes all encode members of the Major
Facilitator Superfamily (MFS) of secondary active (or facilitative transport) permeases,
which usually have 12–14 transmembrane domains (TMDs) with the N- and C-termini in the
cytosol. The MFS permeases transport small solutes (e.g., sugars, iron, and amino acids)
across membranes in response to chemico-osmotic gradients (Pao et al., 1998). In the
Transporter Classification (TC) database (www.tcdb.org), the FLVCR family forms the
MFS subgroup 2.A.1.28 (Saier et al., 2009). In contrast, the SLC48 family is comprised of
only one human gene to date, SLC48A1, which also appears to encode a facilitative
transporter, HRG-1. This protein is predicted to have 4 TMDs and thus is not an MFS
permease (O’Callaghan et al., 2009; Rajagopal et al., 2008). In the TC database, HRG-1 and
its C. elegans ortholog, CeHRG-1 comprise the subgroup 9.A.61 (the heme transporter,
heme-responsive gene protein family).

2. SLC49 Family
2.1. SLC49A1, FLVCR1, TC: 2.A.1.28.1

FLVCR1 is the cell surface receptor for Feline leukemia virus subgroup C (FeLV-C) [see
also Online Mendelian Inheritance in Man (OMIM) website, www.ncbi.nlm.nih.gov/omim;
OMIM ID: 609144]. The retrovirus infects all hematopoietic cells, impairing cell FLVCR1
function due to continual binding of FLVCR1 proteins by FeLV-C envelope synthesized
within the cell. Infected cats, however, usually present with severe anemia, a red blood cell
(RBC) aplasia that is characterized by an absence of circulating reticulocytes and a paucity
of erythroid progenitors in the bone marrow. As these findings indicated a critical function
for FLVCR1 during erythropoiesis (Abkowitz et al., 1987; Onions et al., 1982), the feline
ortholog of FLVCR1 and FLVCR1 were cloned (Quigley et al., 2000; Tailor et al., 1999).

FLVCR1 is conserved throughout evolution with orthologs present in animals, plants,
insects, and bacteria (Lipovich et al., 2002). SLC49A1, the human gene, contains 10 exons,
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and spans ~40 Kb on chromosome 1q32. Topology predictions suggest the protein has 12
TMD with intracellular N- and C-termini [~108 amino acids (aa) and ~43 aa, respectively]
(Fig. 1). By homology, FLVCR is an MFS permease, but the specific transport function of
FLVCR1 was not readily apparent.

In subsequent studies, FLVCR1 was identified as a mammalian cell heme exporter that
appears to protect erythroid progenitors from potential heme toxicity during the heme
synthesis phase of erythropoiesis (Quigley et al., 2004). Similar to the phenotype of FeLV-
C–infected cats, conditional deletion of murine SLC49A1 in neonatal mice results, within 6
weeks, in a severe macrocytic anemia due to a block in erythroid differentiation (hematocrit
= 13.2 ± 1.1% in deleted mice and 49.6 ± 2.0% in controls; n = 11 and 13, respectively)
(Keel et al., 2008). Of interest, knockdown of murine FLVCR1 is embryonic lethal with the
embryos displaying a phenotype similar to that of patients with Diamond-Blackfan anemia
(DBA), a congenital syndrome that includes red cell aplasia (Lipton and Ellis, 2009).
Neonatal deletion of Slc49a1 in mice also results in the rapid development of systemic iron
overload, which may be due in part to the impaired recycling of heme-iron that occurs
following erythrophagocytosis of senescent RBC by SLC49A1-deleted macrophages.
Compared to controls, SLC49A1-deleted macrophages have elevated ferritin levels
following erythrophagocytosis, suggesting that macrophages normally re-export some RBC
heme via FLVCR1. The murine model of FLVCR1 deficiency demonstrates the importance
of FLVCR1 in both systemic iron and heme biology.

2.1.1. Tissue distribution and cellular localization—The protein is abundantly
expressed at potential sites of heme trafficking, such as the liver and small intestine. Protein
expression is also noted in the brain, kidney, lung, spleen, uterus, and placenta (Keel et al.,
2008). The subcellular localization of FLVCR1 has not been examined in detail. When GFP-
tagged FLVCR1 is ectopically expressed in HEK293T cells, the fusion protein is observed
predominantly at the plasma membrane [our unpublished observations; see also (Rey et al.,
2008)], consistent with FLVCR1 function as a cell surface heme exporter and its use by
FeLV-C for entry into cells (Quigley et al., 2000; Quigley et al., 2004). In addition,
incubation of K562 cells with a specific anti-FLVCR1 polyclonal antibody impairs heme
export, supporting its functional presence on the cell surface (Quigley et al., 2004).

2.1.2. Functional studies—NRK, a “normal rat kidney” epithelial cell line engineered to
overexpress human FLVCR1 exports 2-fold more heme than control NRK cells, as
measured by quantitative microscopy utilizing the fluorescent heme analog ZnMP; by
quantification of the export of radioactively labeled 55Fe-hemin; or by HPLC-based
quantification of export of exogenously supplied heme (Quigley et al., 2004). As predicted,
FLVCR1-mediated heme export is impaired in K562 cells that are infected with FeLV-C
(and thus expressing large amounts of FeLV-C envelope protein, which interferes with
FLVCR1 cell surface expression). As noted, incubation of K562 cells with specific anti-
FLVCR1 polyclonal antibody also impairs heme export. In addition to exogenous or
endogenous heme, FLVCR1 can export protoporphyrin IX or coproporphyrin, but not
unconjugated bilirubin (Yang et al., 2010).

Heme export by FLVCR1 requires the presence of an extracellular heme-binding protein,
such as albumin or hemopexin (Hpx) in the media, and export is not observed in the absence
of a carrier protein (Yang et al., 2010). By analogy to the gram-negative bacterial
hemophore HasA (Deniau et al., 2003; Letoffe et al., 2003), CcsBA (Frawley and Kranz,
2009), and other heme-binding proteins, the aa residues His 145, Tyr 153, and His 198 of
FLVCR1 are likely involved in the heme transport route and/or heme transfer to
extracellular heme-binding proteins (Khan and Quigley, 2011) [predicted motif: H-x(7)-Y-
x(44)-H, using the Prosite system and pattern syntax (Hulo et al., 2008)]. The histidine

Khan and Quigley Page 3

Mol Aspects Med. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



residues, conserved in mammalian FLVCR1 proteins, are predicted to lie in extracellular
loops 1 and 2 (E1, E2) and are thus situated to coordinate heme docking and export (Fig. 1).
The motif is absent in the other SLC49 paralogs that do not export heme. Observations
indicate that Hpx—with a similar arrangement of His residues—may function
physiologically to acquire heme bound to FLVCR1. Notably, export of heme by NRK/
FLVCR1 cells is 100-fold more efficient when the media contains Hpx rather than albumin
(Yang et al., 2010), in keeping with the relative affinities of Hpx and albumin for heme (Kd
<1 pM vs. Kd = 5 nM) (Hargrove et al., 1996; Hrkal et al., 1974). Thus, heme may be
channeled from the cytosol through FLVCR1, docked at the E1 and E2 histidine residues,
and subsequently released to a heme carrier protein.

2.1.3. Regulation—Analysis of the SLC49A1 promoter region that lies within 1 Kb of the
translation initiation site indicates four potential STAT5a binding sites, as well as consensus
GATA-1–, GATA-2–, c-myb–, and NF-E2–binding sites, providing potential mechanisms
for upregulation of transcription during early erythroid commitment and differentiation
(Quigley et al., 2004). However, these findings have not been confirmed experimentally. In
addition, a consensus binding motif for the heme-regulated transcriptional repressor BACH1
lies 4.2 kb upstream of the translation initiation site, suggesting potential regulation by
heme.

Notably there are marked disparities between SLC49A1 transcript and FLVCR1 protein
levels in diverse tissues and cell lines, indicating that FLVCR1 is regulated by post-
translational mechanisms (Keel et al., 2008; Quigley et al., 2004). The N-terminus of
FLVCR1 contains a consensus sequence for both a tyrosine-based motif (YXXφ, where φ
denotes a bulky or hydrophobic residue) and a non-canonical di-leucine motif (consensus
[DE]XXXL[LI]), (Fig. 1). It is known that sorting motifs within the N- and C-termini of
MFS transporters like FLVCR1 are important for trafficking and proper localization,
especially in polarized epithelial cells of tissues, such as the intestine and kidney (Muth and
Caplan, 2003; Royle and Murrell-Lagnado, 2003; van Beest et al., 2006). The cross-species’
conservation of the di-leucine motif suggests a potential role in FLVCR1 membrane sorting;
we therefore mutated both leucines to alanines. As expected, the mutant protein does not
localize to the plasma membrane in HEK293 cells (unpublished data). The predicted C-
terminal sequences of FLVCR1 in mammals also contain a motif—a class I PSD95/Dlg/
ZO1 (PDZ) domain consensus binding sequence (X-S/T-X-φ) that suggests interaction with
a PDZ domain–containing protein(s). PDZ domains promote protein-protein interactions and
act as scaffolds between transmembrane proteins and the cytoskeleton (Sugiura et al., 2011;
van Ham and Hendriks, 2003). Preliminary studies suggest that PTPN3, a non-receptor
protein tyrosine phosphatase containing a PDZ domain, interacts with the C-terminus of
FLVCR1, modulating transporter function (unpublished data).

2.1.4. Pathological implications—DBA is a rare congenital form of red cell aplasia that
usually presents in infancy [see review, (Da Costa et al., 2010)]. The disease is
heterogeneous with ~50%–60% of patients exhibiting mutations of the ribosomal protein
(RP) genes (Farrar et al., 2011). Up to 40% of patients have associated congenital
malformations (cranio-facial or upper limb). Mutations of at least 13 RP genes have been
identified, with the RPS19 gene the first characterized (Draptchinskaia et al., 1999) and the
most commonly affected gene [see review (Chiabrando and Tolosano, 2010)]. RPS19
deficiency or mutation affects erythroid progenitor development in zebrafish and mouse
models and in human primary hematopoietic cells (Danilova et al., 2008; Devlin et al., 2010;
Flygare et al., 2005; Jaako et al., 2011). These studies indicate that the block in erythroid
development occurs at the CFU-E/pro-erythroblast stage, the same progenitor affected by
FLVCR1 deficiency (Keel et al., 2008).
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It is postulated that defects in RP genes result in abnormal RP maturation, with a subsequent
defect in ribosome function and protein translation. Such defects should preferentially
impact cells with high levels of protein synthesis as occurs in maturing erythroid cells.
However it is unclear why defective protein translation does not also affect other tissues (Da
Costa et al., 2010). Investigators have postulated that perhaps dysfunction of other genes
important for erythropoiesis, such as TP53 or SLC49A1 acting in concert with the RP
mutation result in the DBA phenotype (Chiabrando and Tolosano, 2010; Jaako et al., 2011).

A small group of patients with non-RPS19-related DBA were reported to have reduced
levels of SLC49A1 mRNA in erythroid progenitors (defined as CD71high cells) with a
concomitant increase in alternatively spliced isoforms lacking exon 2 (E2) or E3 (± E6
deletion) (Rey et al., 2008). Deletion of E2 should result in a prematurely terminated
transcript, whereas E3 is predicted to encode the central cytoplasmic loop, believed to be
critical for protein stability (Keel et al., 2008). Of interest, the E3-deleted protein is not
present on the cell surface when overexpressed in a murine fibroblast cell line and does not
transport heme (Rey et al., 2008). In previous studies, we analyzed 4 patients with non-
RPS19–related DBA and found no SLC49A1 mutations, but we did not look for abnormal
splicing (Quigley et al., 2005). Interestingly, down-regulation of RPS19 protein in K562
cells also promotes alternative splicing of SLC49A1, suggesting perhaps that the described
alternative splicing of SLC49A1 was caused by abnormalities of RP genes not examined in
this study. To examine the possibility that non-specific alternative splicing of genes occurs
in DBA erythroid cells, cDNAs encoding for the erythropoietin receptor and for a phosphate
transporter (Pit1) were sequenced. These genes did not have evidence of abnormal splicing
(Rey et al., 2008). Another possibility is that the alternative splicing of SLC49A1 and the
resultant defect in heme export causes DBA in these patients. An imbalance between globin
and heme synthesis due to either RP (impeding protein, predominantly globin translation) or
FLVCR1 dysfunction (impairing heme export) during erythropoiesis may present with the
same disease (Chiabrando and Tolosano, 2010). As mentioned, SLC49A1-deleted mice
recapitulate not only the erythroid phenotype but also anatomical features including
hypertelorism, flattened facies, and digit/hand abnormalities frequently seen in patients with
DBA (Keel et al., 2008).

Studies describe homozygous missense mutations within the predicted TMD of FLVCR1 in
affected individuals with a rare childhood-onset, autosomal-recessive, neurodegenerative
disorder characterized by sensory ataxia and retinitis pigmentosa (PCARP, OMIM ID:
609033) (Ishiura et al., 2011; Rajadhyaksha et al., 2010), (Fig. 1). The selective
degeneration of sensory neurons in both the retina (rod photoreceptors) and the posterior
columns of the spinal cord (predominantly large-fiber somatic afferent nerves) in this
disease suggest that both groups of neurons are affected by a common disease mechanism
(and perhaps have a common cell origin). Analysis of murine CNS tissues shows specific
high expression of SLC49A1 in the posterior columns and retina (as measured by qPCR)
(Rajadhyaksha et al., 2010). The mRNA for the hemoglobin-related protein neuroglobin is
>100-fold higher in the retinal photoreceptor layer compared to the CNS; thus, it is proposed
that FLVCR1 functions normally to moderate any increases in heme levels during synthesis
of this neuroprotective hemoprotein (Rajadhyaksha et al., 2010). Alternatively, FLVCR1
may serve to protect these tissues from heme toxicity related to heme release during local
hemorrhages. Notably, there are no reports of anemia in patients with PCARP (or of PCARP
in patients with DBA), suggesting that for example, with these mutations FLVCR1-mediated
erythroid progenitor heme export is reduced but present.

2.2. SLC49A2, FLVCR2, TC: 2.A.1.28.4
In previous studies SLC49A2, encoding FLVCR2 (OMIM ID: 610865), was identified as a
gene highly homologous to SLC49A1, located on chromosome 14q24 (Quigley et al., 2000).
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Even the exon sizes are highly conserved between these genes—in keeping with their
derivation from a genome block duplication involving chromosomes 1 and 14 [1q24–q42
and 14q21–q32; (Lipovich et al., 2002)]. The predicted MFS proteins encoded by these
genes are characterized by 60% aa sequence identity across their 12 TMD. Unlike FLVCR1
however, di-leucine or tyrosine-based motifs are not discernible in the intracellular termini
of FLVCR2, but a series of six novel hexad repeats in the N-terminus (P-S-[VS]-[SL]-
[VIA]-[HNQ], using the Prosite syntax) and a polyglutamate sequence in the C-terminus,
are conserved in mammals. FLVCR2 does not export ZnMP from NRK cells engineered to
overexpress the protein (Quigley et al., 2004), but a recent study indicates it imports
extracellular heme, and mutations of the SLC49A2gene are now linked to a rare CNS
proliferative vasculopathy, Fowler syndrome (Duffy et al., 2010; Meyer et al., 2010).

2.2.1. Tissue distribution and cellular localization—SLC49A2 is ubiquitously
expressed with highest transcript levels observed in the placenta, liver, kidney, brain, lung,
and hematopoietic tissues including fetal liver and bone marrow (Duffy et al., 2010). A
variant transcript, NP_001182212.1 (UniProtKB ID: B7Z485), predicted to encode a protein
with a distinct N-terminus peptide of 18 aa, but otherwise identical to aa 224-526 of the
canonical isoform, is of unknown significance. FLVCR2 can be utilized by the FeLV-C
variant FY981 to enter cells, indicating its expression on the cell surface (Shalev et al.,
2009). In addition, in cell lines, FLVCR2 appears to import extracellular heme, supporting
its presence on the plasma membrane (Duffy et al., 2010; Shalev et al., 2009). Interestingly,
murine FLVCR2 was reported to be expressed in the columnar cells that overlie the fetal
blood vessels in the placental yolk sac at day E20, suggesting that, like FLVCR1, it is
important for materno-fetal transfer of substrate (Brasier et al., 2004; Keel et al., 2008).

2.2.2. Functional studies—A single report describing the cloning and expression of
SLC49A2 and the structure of the predicted protein proposed a role for FLVCR2 in calcium
transport, based on its expression in tissues associated with rapid calcium exchange (Brasier
et al., 2004). However, to date, there are no functional studies indicating a role for FLVCR2
in calcium metabolism.

Investigations suggest FLVCR2, when overexpressed, is an importer of extracellular heme
(Duffy et al., 2010). CHO cells overexpressing FLVCR2 or Xenopus oocytes injected with
cRNA encoding FLVCR2 both show a significant (~2-fold) increase in uptake of ZnMP
or 55Fe-hemin, respectively. In addition, ZnMP uptake is reduced by ~30% when cells are
treated with siRNA against SLC49A2; conversely, the susceptibility of CHO cells to heme
toxicity is increased by overexpression of FLVCR2 (and, as expected, decreased by
FLVCR1 overexpression) (Duffy et al., 2010). It is estimated that at least two-thirds of
Western dietary iron intake is derived from dietary heme; thus, identification of the
intestinal heme importer would be of major significance (Carpenter and Mahoney, 1992).
Previous studies identified another MFS member, HCP1 (SLC46A1), as the intestinal heme
importer using similar transport assays, yet subsequent studies demonstrated that HCP1
functions physiologically as a folate transporter (Qiu et al., 2006; Shayeghi et al., 2005).
More recent assays of FLVCR2 overexpression in heme synthesis–deficient yeast cells (the
hem1Δ strain, deficient in HEM1, which encodes for 5-aminolevulinate synthase, the first
enzyme of the heme synthesis pathway) overexpressing FLVCR2 show no evidence of heme
import despite the presence of abundant protein on the cell surface (Yuan&Hamza, 2012).
To date there are no studies of conditional knockdown of murine FLVCR2, which may help
clarify its potential role in heme import (ES cell lines available, see MGI ID: 2384974 at
www.informatics.jax.org).

2.2.3. Pathological implications—Recent papers describe SLC49A2 gene mutations in
Fowler syndrome (OMIM ID: 225790), a rare lethal autosomal-recessive cerebral
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proliferative vasculopathy that results in hydranencephaly-hydrocephaly. There are no
visceral malformations in this disease and no evidence of proliferative microangiopathy
outside of the CNS. A total of fifteen mutations (10 missense, 2 nonsense, 1 deletion, 1
splice site mutation, and 1 deletion/insertion) were identified in 13 cases of Fowler
syndrome (Meyer et al., 2010; Thomas et al., 2010). The effects of these mutations on
FLVCR2 localization or function are unknown.

It is postulated that the disordered angiogenesis is a disease of pericytes, which provide
mural support to developing capillaries (Bessieres-Grattagliano et al., 2009; Thomas et al.,
2010), but why the disease is confined to the CNS is not apparent. Notably, FLVCR2 is
widely expressed in the CNS and in endothelial cells in particular (Brasier et al., 2004;
Meyer et al., 2010). As heme deficiency appears to affect assembly of mitochondrial
electron transport chain complex IV in human lung fibroblasts, heme deficiency related to
FLVCR2 dysfunction was proposed as a potential cause of the mitochondrial dysfunction
noted in a muscle biopsy from a patient with hydranencephaly-hydrocephaly (Castro-Gago
et al., 1999). However, Fowler syndrome is only one of a number of diseases that manifest
as hydranencephaly-hydrocephaly syndrome (Aicardi, 1992).

2.3. SLC49A3, MFSD7, TC: 2.A.1.28.2
SLC49A3, originally named major facilitator superfamily domain containing 7
(MFSD7),was identified as 1 of 14 genes that are predictive of time to relapse of ovarian
cancer following therapy (Hartmann et al., 2005). A follow-up study identified a promoter
region SNP that correlates with reduced risk of invasive ovarian cancer (Peedicayil et al.).
The gene spans an 8 Kb region on chromosome 4p16.3 and has 10 exons. As expected for
MFS members, the predicted protein has 12 TMD, and has ~30% aa identity to FLVCR1.
The topology predictions suggest a short ~20 aa N-terminal segment and a relatively long,
~100 aa, C-terminal segment. No experimental evidence is available as to protein
localization or transport function. The EST profile indicates expression in pancreas,
mammary gland, ovary, brain, lung and spleen. The murine gene knockout is available, but
has not been analyzed to date (see MGI ID: 2442629 at www.informatics.jax.org).

2.4. SLC49A4, DIRC2
The SLC49A4 gene, “FLVCRL3q” (OMIM ID: 602773), was originally discovered using in
silico gene cloning from annotated genomic sequences (Lipovich et al., 2002). In subsequent
studies it was identified as a gene on 3q21 that spans a recurrent breakpoint—the
translocation t(2;3)(q35;q21)— present in affected members of a family with hereditary
renal cell carcinoma and was therefore named disrupted in renal cancer 2 (DIRC2) (Bodmer
et al., 2002). However, DIRC2 transcript expression was normal, with no aberrant
transcripts detected in these tumors, suggesting a position effect of the breakage on a
neighboring gene. DIRC2 has since been renamed SLC49A4. Of interest, a recent massively
parallel paired-end transcriptome sequencing study to identify novel gene fusions in cancer
cell lines describes another translocation, t(2;3)(p14;q21) that involves SLC49A4(Maher et
al., 2009). This second translocation, present in a prostate cancer cell line, suggests that
SLC49A4 may indeed play an important role in carcinogenesis.

The gene encompasses a region of ~86 Kb on chromosome 3q21.1 and contains 9 exons.
The predicted MFS transporter protein is 478 aa in length with ~30% aa identity with
FLVCR1 (from aa 100-473). The transcript is expressed ubiquitously, albeit at low levels in
the kidney, pancreas, skeletal muscle, placenta, heart, and brain (Bodmer et al., 2002). The
murine gene knockout is available, but has not been analyzed to date (MGI ID: 2387188 at
www.informatics.jax.org). SLC49A4 is predicted to have 12 TMD, a di-leucine motif in its
N-terminus, and 2 potential tyrosine-based motifs in the C-terminus. The protein appears to
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localize to lysosomes in HeLa cells, with mutation of the N-terminal di-leucine motif
(DIRC-LL/AA), resulting in increased cell surface expression (Savalas et al., 2011).
Interestingly, SLC49A4 normally undergoes proteolytic cleavage into 2 proteins by a
lysosomal cathepsin, whereas the mutated construct, which traffics to the plasma membrane,
is not cleaved. Studies of transport by the SLC49A4 -LL/AA construct (not the native
protein) expressed on the cell surface of Xenopus oocytes suggests the protein exports an
electrogenic metabolite(s) from the lysosomal lumen into the cytosol.

2.5. SLC49 Family—Conclusions
All four SLC49 members are paralogous MFS transporters. FLVCR1 exports heme and its
importance is still being recognized. It may prove to play a protective role in disease states
characterized by the release of free (toxic) heme from, for example, erythroid cells,
including both congenital and acquired hemolytic anemias, malaria, and the myelodysplastic
syndromes. The uptake of heme into cells may be mediated by FLVCR2, but confirmatory
studies including evaluation of the knockout mouse are needed. The specific transport
substrates of SLC49A3/MFSD7 and SLC49A4/DIRC2 are unknown; however, the latter is
found in the lysosome, functioning perhaps as two half-transporters, which is of interest
since heme derived from cell hemoproteins may be recycled from this organelle.

3. SLC48 Family
3.1. SLC48A1, HRG-1, TC: 9.A.61.1.1

Caenorhabditis elegans and related helminths are heme auxotrophs, lacking endogenous
heme synthesis and depending on heme absorption from the environment (Rao et al., 2005).
Thus, C. elegans—studied as a model organism for more than 40 years—provides a “clean”
background to study both organismal heme transport and intracellular heme trafficking
pathways. Genome sequencing reveals that many human genes are conserved in C. elegans.
In addition, the ease of genetic manipulation makes it a highly tractable model system to
identify heme transporters (Hamza, 2006; Severance and Hamza, 2009).

Heme uptake is regulated in C. elegans; when worms grown in optimal-to-low heme
conditions (<20 μM) are exposed to ZnMP, there is rapid internalization of ZnMP, yet
uptake is significantly impaired when worms are first grown in medium containing 100 μM
heme (Rajagopal et al., 2008). Using microarray analyses of C. elegans genes derived from
worms during growth under low heme (4 μM) versus optimal (20 μM) versus high heme
conditions (500 μM), Hamza’s group identified 288 heme-responsive genes (Severance et
al., 2010). To identify heme transporters, they focused on genes upregulated in low heme
conditions, sorting them based on the predicted presence of TMD, known transporter
function and/or heme- or metal-binding domains. A heme-responsive gene fulfilling these
criteria—termed hrg-4—and a paralog, hrg-1 (~30% overall aa identity), were studied in
more detail (Rajagopal et al., 2008). CeHRG-4, expressed in worm intestinal cells, appears
to be a plasma membrane-associated heme importer, but mammalian orthologs are lacking
(Rajagopal et al., 2008). In contrast, the intracellular heme transporter CeHRG-1 (TC: 9.A.
61.1.2) has orthologs from arthropods to vertebrates, including zebrafish (Danio rerio), frogs
(Xenopus laevis), and mammals.

The HRG-1 proteins differ from heme transporters of the SLC49 family in that they are
present predominantly on the endosomal membrane. The human ortholog, HRG-1 or
SLC48A1 (OMIM ID: 612187), has ~20% aa identity to CeHRG-1. In silico predictions
using protein topology prediction programs (e.g., TMHMM 2.0, SOSUI) indicate the protein
has 4 TMD with both N- and C-termini located in the cytosol (Rajagopal et al., 2008; Yuan
et al., 2012). Another group however, provide experimental evidence that the N- and C-
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termini of HRG-1 lie on opposite sides of the endosomal membrane (in studies using an
antibody raised against the C-terminus and an antibody to a HA-tag on the N-terminus), with
the N-terminus in the cytosol, and predict that the protein contains one transmembrane and
three half-transmembrane helices (see Fig. 2, (O’Callaghan et al., 2009)).

Further analysis of HRG-1, CeHRG-1 and orthologs identified in zebrafish, chicken, and
frog genomes indicates a conserved potential heme-binding histidine residue in predicted
TMD2 (H56 in HRG-1 and H90 in CeHRG-1), another highly conserved residue in the
second predicted exoplasmic (i.e., endosome lumen) E2 loop (H100 in HRG-1, H135 in
CeHRG-1) and, in the C-terminus, a cluster of aromatic and basic residues that may interact
with and orient heme side chains (FARKY in CeHRG-1 and YAHRY in HRG-1) (Rajagopal
et al., 2008; Yuan et al., 2012). As described above for FLVCR1, the transporter also
contains a conserved YXXxØ trafficking motif (but located in the C-terminus).

In the human genome, SLC48A1 is located at 12q13, ~3 Mb from the SLC11A2 gene
encoding the principal cellular iron importer, DMT1 (which incidentally is expressed on the
cell surface and in endosomes) (Fleming et al., 1997; Gunshin et al., 1997).

3.1.1. Tissue distribution and cellular localization—CeHRG-1 is initially expressed
in all C. elegans embryonic somatic cells, yet, with maturation of the embryo, expression is
confined to intestinal cells (Sinclair and Hamza, 2010). In D. rerio, slc48a1b mRNA is
expressed throughout the developing embryo, including the CNS, the intermediate cell mass,
and the developing blood island (Rajagopal et al., 2008). In humans, two mRNA species are
identified (1.7 and 3.2 Kb), which differ in the length of the 3′ UTR. The short form is
predominantly expressed. Both species are predicted to encode a protein of 146 aa (UniProt
ID: Q6P1K1) that is highly expressed in the liver, heart, CNS, kidney, skeletal muscle, and
small intestine (O’Callaghan et al., 2009). Although a second isoform of HRG-1 has been
proposed (missing aa 1-57 and 2 of the 4 TMD), this may result from sequencing errors
(UniProt ID: Q6P1K1-2).

The location of HRG-1 within cells remains controversial. Three groups have examined
HRG-1 expression using confocal microscopy. It is agreed that HRG-1 is predominantly
expressed in the endosomal compartment, but whether it also traffics to the cell membrane
and is also present, as proposed, in lysosomes is not clear (O’Callaghan et al., 2009;
Rajagopal et al., 2008; Yanatori et al., 2010). Of relevance, it is known that the cell
lysosomal/vacuolar system is heterogeneous and includes, for example, early endosomes
that contain endocytosed receptor–ligand complexes and pinocytosed/phagocytosed
extracellular contents (Ciechanover, 2005). Reports indicate ~10% of overexpressed HRG-1
protein is present on the plasma membrane and in polarized MDCK cells, HRG-1 appears on
the basolateral but not the apical surface (Yanatori et al., 2010). All of these studies analyze
overexpressed HRG-1 constructs, not endogenous HRG-1, in various human cell lines (e.g.,
HEK-293, MCF, HeLa), which can potentially cause mislocalization of the overexpressed
protein (Berger, 2002; Padash-Barmchi et al., 2010).

3.1.2. Functional studies—To date, studies of the heme transport function of HRG-1
have been performed in yeast, worms, zebrafish, frog oocytes and mammalian cell lines
(O’Callaghan et al., 2009; Rajagopal et al., 2008; Yuan et al., 2012).

(i) S. cerevisiae: Studies by Yuan et al. indicate that C. elegans has at least 4 HRG-1–related
family members that transport heme (CeHRG-1, -4, -5 and -6). Thus, to analyze the function
of CeHRG-1 or HRG-1 in isolation, they overexpressed the genes in hem1Δ mutant yeast
cells, which do not express HRG-1 proteins and, despite a lack of endogenous heme
synthesis, absorb exogenous heme poorly (Protchenko et al., 2008). Using 3 established
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independent assays of yeast heme transport they prove that overexpression of HRG-1 (or
CeHRG-1) in hem1Δ mutant yeast cells increases heme import (Yuan et al., 2012).
Moreover, by expressing mutant CeHRG-1 or HRG-1 proteins, they demonstrate, using
these assays that the HRG-1 histidine residue, H56, conserved from nematodes to humans is
critical for heme transport into yeast when environmental heme levels are low. The C-
terminus motif (FARKY) and to a lesser extent the E2 histidine residue are also important
for heme uptake by CeHRG-1 (HRG-1 not examined). Note that ectopically expressed
HRG-1 is found on the yeast vacuolar membrane, an organelle equivalent to the mammalian
lysosome.

(ii) C. elegans: Knockdown of CeHRG-1 in the nematode paradoxically appears to increase
uptake of ZnMP in the worm intestine (perhaps because the imported ZnMP is unable to
escape from the endosome-lysosome) and does not impair uptake of gallium protoporphyrin
(a cytotoxic heme analog), suggesting the heme transporter is not present on the cell surface
of intestinal cells and/or compensatory uptake by CeHRG-1 paralogs. In addition, the
transport function appears specific to heme as a construct comprised of GFP fused to the
CeHRG-1 promoter is repressed by heme, but not by protoporphyrin or iron.

(iii) D. rerio: Injection of an antisense morpholino of the D. rerio ortholog of CeHRG-1
(21% aa identity) into D. rerio embryos results in marked anemia and defective embryonic
development with hydrocephalus, a curved body axis and a foreshortened yolk tube.
Notably, while zebrafish myelopoiesis and megakaryopoiesis appear unaffected,
erythropoiesis, as assessed by production of wild-type levels of β e1-globin mRNA, is
present in the intermediate cell mass and developing blood islands at 24 h post-fertilization,
but absent at 48 h. These results suggest DrHRG-1 is required for maintenance and/or
hemoglobinization of D. rerio embryonic erythroid cells. Of note, a murine SLC48A1 (gene
trap) knockout is available (MGI:2678417 at www.informatics.jax.org); initial
characterization indicates no obvious phenotypic abnormality.

(iv) X. laevis: To assay heme transport directly, X. laevis oocytes were injected with
CeHRG-1, HRG-1, or control hKv1 (K+ channel) cRNA and the generation of ionic currents
monitored using voltage clamps (Rajagopal et al., 2008). Incubation of oocytes injected with
CeHRG-1 or HRG-1 in media containing 20 μM heme results in the generation of
significant inward currents (vs. controls), indicating heme-dependant transport across the
oocyte plasma membrane.

(v) Mammalian cell lines: Overexpression of HRG-1 in Friend mouse erythroleukemia
(MEL), MCF (breast cancer), or HeLa (cervical cancer) cells increases ZnMP import 2-fold
(O’Callaghan et al., 2009; Rajagopal et al., 2008), similar to the ZnMP export rate observed
in cells overexpressing FLVCR1 (Quigley et al., 2004). In contrast, suppression of
SLC48A1 in HeLa cells by siRNA reduces ZnMP uptake by 30%. To demonstrate in vivo
binding of heme by HRG-1, cell lysates from HEK293 cells overexpressing HRG-1 were
incubated on a hemin-agarose column, washed extensively and then the column-bound
protein eluted. CeHRG-4, CeHRG-1, and HRG-1 proteins bound to the column, suggesting
they all bind heme. In keeping with the predominant location of HRG-1 in endosome-
lysosomes, its binding to heme was significantly reduced by raising the pH (alkalinization),
suggesting it is unlikely that HRG-1 binds significant amounts of heme at the (alkaline) cell
surface.

Together, these studies indicate that the HRG-1 protein transports heme. Rajagopal et al.
(2008) propose a model whereby HRG-1 transports heme present in the endosomal and/or
lysosomal compartment into the cytosol. The increase in ZnMP import observed with
overexpression in mammalian cells may be due to trafficking of some HRG-1 protein to the
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cell surface. An alternate possibility is that there is feedback between the various
intracellular heme compartments—for example, there may be a relationship between heme
levels in the endosomal-lysosomal compartment and the rate of heme import (or export) on
the cell surface.

Endocytosis and the trafficking of receptors and cell surface transporters to the cell
membrane are dependent on an acidic endosomal environs, which is maintained by the
vacuolar H+-ATPase (V-ATPase) rotary proton pump [review, (Forgac, 2007)]. An
important example of this function is recycling of the transferrin receptor (TfR1) to the cell
surface upon the pH-dependent release of its ferric ions within the acidic endosome. A
yeast-two-hybrid study demonstrates that HRG-1 interacts with V-ATPase, increasing
assembly of the V-ATPase subunits, V-ATPase activity, endosomal acidity, and TfR1
recycling (O’Callaghan et al., 2009). Of interest, siRNA knockdown of endogenous HRG-1
expression in HeLa cells decreases acidification of endosomes (but not lysosomes—see
Section 3.1.1) and, reminiscent of its affects in D. rerio embryonic erythroid cells, decreases
cell viability after 48 h, perhaps through effects on TfR1 or growth factor receptor recycling.

There are potential reasons why an intracellular heme transporter interacts with V-ATPase
in the endosome. For example, by increasing V-ATPase activity and endosome acidity,
HRG-1 may potentiate both release of iron from TfR1 and TfR1 recycling—important for
iron acquisition during de novo cell heme synthesis, especially in erythroid progenitors. As
heme is more soluble below physiological pH (values <7.0), the recycling of heme from cell
hemoproteins within the endosome [e.g., from Hb in macrophages ingesting RBCs
(erythrophagocytosis) or endocytosed Hpx-heme complexes] is likely more efficient.
SLC48A1 may be a proton symporter, with the V-ATPase-derived proton gradient driving
transport of heme into the cytosol. Finally, the increase in recycling of various cell
membrane proteins (e.g., growth factor receptors and transporters) as a result of the
interaction of HRG-1 and V-ATPase may allow coordination of heme availability with an
increase in the availability of other environmental micronutrients (e.g., glucose and
biometals) for cell growth or proliferation, as observed in yeast (Tu et al., 2007).

3.1.3. Regulation—As described, CeHRG-1 is specifically expressed in the worm
intestine, and is highly upregulated (>60-fold) when environmental heme levels are low
(Rajagopal et al., 2008). Fusion of GFP to the proximal 3 Kb of the Cehrg-1 promoter
demonstrates that expression is regulated by heme. Subsequent promoter deletion studies
identified a repressor site, a 23 bp heme-responsive element in the promoter both necessary
and sufficient to mediate a transcriptional response to changing heme levels (called HERE).
In addition, analysis of conserved areas of the promoter sequence across Caenorhabditis
species genomes identified 5 GATA sites that bind ELT proteins—GATA family
transcription factors known to regulate expression of intestinal genes. It is hypothesized that
ELT proteins acting at GATA sites in the CeHRG-1 promoter together with other
transcription factors (repressors and activators) binding at the HERE site orchestrate HRG-1
expression (Sinclair and Hamza, 2010).

Few studies of mammalian HRG-1 regulation have been performed. The murine Slc48a1
gene appears to be upregulated by insulin-like growth factor (or serum starvation) in an
embryonic fibroblast cell line (O’Callaghan et al., 2009). However, induction of “erythroid”
differentiation of MEL cells, which results in marked upregulation of iron transporters (e.g.,
TfR1), heme synthesis enzymes (e.g., ALAS2), and globin genes for hemoglobinization,
does not modulate SLC48A1 mRNA levels (Rajagopal et al., 2008). In addition, no change
in SLC48A1 expression is observed in a human cell line (HEK293) in response to depletion
of cellular iron and inhibition of cell heme synthesis, or to the subsequent repletion of
cellular iron or heme (Rajagopal et al., 2008).
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The binding of heme to cysteine-proline motifs of the transcription factors BACH1 and
BACH2 relieves their transcriptional repression of numerous genes (Sun et al., 2004;
Watanabe-Matsui et al., 2011). Recent studies demonstrate that when intracellular heme
levels are low, BACH1 mediates repression of anti-oxidant response genes, including those
encoding HO-1, the ferritin light and heavy chains and HRG-1 in HEK293 cells (Warnatz et
al., 2011). With an increase in intracellular heme, repression by BACH1 is released,
resulting in increased expression of SLC48A1 and ~60 other genes involved in heme
degradation, redox regulation, cell cycle, and apoptosis pathways. These studies are in
contrast to the lack of murine Slc48a1 mRNA regulation by heme in MEL cells observed by
Rajagopal et al. (2008). Murine B-cell lymphocyte differentiation involves heme regulation
of BACH2. Despite an increase in intracellular heme levels during lymphocyte
differentiation, there is no change in Slc48a1 mRNA levels. However, exposure of activated
B-lymphocytes to heme does increase Slc48a1 expression (Watanabe-Matsui et al., 2011).

In summary, hrg-1 mRNA expression in nematodes increases in response to low levels of
heme, while conversely in mammals the response to heme is tissue dependant, with some
studies indicating enhanced expression with increasing intracellular heme. Notably, these
studies examine mRNA levels and do not rule out a role for intracellular heme levels in the
post-translational regulation of HRG-1 protein expression (e.g., post-translational regulation
of FLVCR1 protein is important; see Section 2.1.3).

3.2. SLC48 Family—Conclusions
SLC48A1 is a 4 TMD–containing endosomal heme transporter, present in genomes from
arthropods to vertebrates. It likely serves to export endosomal heme that is delivered to the
vacuole from the plasma membrane or from cytosolic hemoproteins back into the cytosol,
which may be particularly relevant during macrophage erythrophagocytosis. SLC48A1/
HRG-1 appears to interact with the V-ATPase that acidifies endosomes, increasing V-
ATPase activity, which mediates an increase in cell membrane transporter and receptor
recycling. HRG-1 heme-binding decreases in the relatively alkaline pH conditions found at
the cell surface; nevertheless, when overexpressed in cell lines HRG-1 is present on the
plasma membrane and seems to increase cell heme import directly or indirectly.

4. Therapeutic potential of the SLC48 and SLC49 Families
While the pathophysiologic effects of knockdown or mutation of SLC49A1 in humans, cats,
and mice are well described, the therapeutic value of upregulation of FLVCR-mediated
heme export is unknown at present. Because FLVCR (with heme oxygenases such as HO-1)
should help protect tissues from heme toxicity, it may be of importance in diseases
characterized by hemolysis and the release of free (toxic) heme, including hemolytic
anemias, sickle cell disease, thalassemias, and malaria, as well as various pathophysiologic
states, including ischemia-reperfusion injury, hemorrhage (e.g., CNS), and rhabdomyolysis.
However, overexpression of murine FLVCR1 in murine BM results, with time, in a mild
microcytic anemia (Keel et al., 2008) that may complicate its therapeutic uses. Of interest,
FLVCR is also present on hematopoietic stem cells, thus FeLV-C enveloped
(“pseudotyped”) retroviral vectors can be used to target FLVCR on these cells for gene
therapy (Doty et al., 2010; Lucas et al., 2005). Further analysis of the links between FLVCR
and the pathogenesis of DBA and PCARP may lead to therapies for these diseases.

As discussed, the majority of iron absorbed in Western diets is in the form of heme;
therefore, identification of the heme importer in the small intestinal epithelium would be of
major therapeutic significance. If further studies support such a role for FLVCR2 then
pharmaceutical regulation of its expression or function could be used to modulate (heme)
iron absorption in iron deficiency anemia or iron overload diseases (hemochromatosis). The
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importance of FLVCR2 for angiogenesis may become apparent from analysis of the
SLC49A2 knockout mouse. Note that it should be possible to design small molecule
inhibitors of FLVCR1 and 2, based on studies of the viral envelopes of the viruses that
specifically interact with these proteins [see (Brown et al., 2006; Shalev et al., 2009)].

In addition to C. elegans, the phylogenetically related parasitic nematodes (which infect >2
billion people) are also heme auxotrophs; therefore, CeHRG-1 and related nematode heme
transporters may have therapeutic relevance as targets for antihelminthics. Finally, the
majority of iron used for erythropoiesis (to create 3 × 1011 RBC daily) stems from the
recycling of heme that is derived from senescent RBC Hb breakdown within macrophage
endophagolysosomes. Thus if HRG-1 is involved in the transfer of heme across these
macrophage organelles, it has the potential to impact systemic iron homeostasis.
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Fig. 1.
(A)Predicted topology of FLVCR1. The protein is predicted to have 12 TMD with both N-
and C-termini in the cytosol. The tyrosine-based, di-leucine, and PDZ domain–binding
motifs are shown. By analogy to other heme-binding proteins, H145, Y153, and H198
residues are predicted to constitute a heme-binding pocket. A potential N-linked
glycosylation signal (NIS) is located in exofacial loop 3. Four mutations identified in
patients with PCARP, N121D, C192R, A241T, and G493R are shown in TMD 1, 3, 5, and
12, respectively. Note that the predicted topology of the other SLC49 members—FLVCR2,
SLC49A3/MFD7, and SLC49A4/DIRC2—is similar. (B) Predicted topology of HRG-1. The
transporter is predicted to have 4 TMD (Rajagopal et al., 2008). The residues H56 and H100
and the YAHRY motif in the C-terminus are predicted to be important for heme transport.
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Fig. 2.
Cellular localization of SLC48 and SLC49 family members. SLC49A1/FLVCR1 and
SLC49A2/FLVCR2 are plasma membrane proteins. SLC49A4/DIRC2 is predominantly
located in the lysosome where it may exist as two half-transporters. The protein can also be
found on the cell surface. The cellular location of SLC49A3/MFSD7 is unknown.
SLC48A1/HRG-1 is located primarily in the endosome-lysosomal compartment. Alternative
predicted topologies for SLC48A1 are shown (O’Callaghan et al., 2009; Rajagopal et al.,
2008), see section 3.1. for details.
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