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The mitochondrial heme exporter FLVCR1b
mediates erythroid differentiation
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Feline leukemia virus subgroup C receptor 1 (FLVCR1) is a cell membrane heme exporter that maintains the
balance between heme levels and globin synthesis in erythroid precursors. It was previously shown that Flvcr1-
null mice died in utero due to a failure of erythropoiesis. Here, we identify Flvcr1b, a mitochondrial Flvcrl
isoform that promotes heme efflux into the cytoplasm. Flvcr1b overexpression promoted heme synthesis and
in vitro erythroid differentiation, whereas silencing of Flvcr1b caused mitochondrial heme accumulation and
termination of erythroid differentiation. Furthermore, mice lacking the plasma membrane isoform (Flvcrla)
but expressing Flvcr1b had normal erythropoiesis, but exhibited hemorrhages, edema, and skeletal abnormali-
ties. Thus, FLVCR1Db regulates erythropoiesis by controlling mitochondrial heme efflux, whereas FLVCR1a
expression is required to prevent hemorrhages and edema. The aberrant expression of Flvcrl isoforms may
play a role in the pathogenesis of disorders characterized by an imbalance between heme and globin synthesis.

Introduction

Erythropoiesis is a tightly controlled process regulated by both
systemic and cellular signals. Among the latter, heme plays a cru-
cial role not only because it is an essential structural component
of hemoglobin, but also because it regulates both the transcrip-
tion and translation of globin chains through interaction with the
transcriptional repressor Btb and Cnc homology 1 (BACH1) and
the heme-regulated eIF2a kinase (HRI) respectively (1, 2). Recently,
heme export through the cell-surface transporter feline leukemia
virus subgroup C receptor 1 (FLVCR1) was proposed as an addi-
tional control step in this process to prevent intracellular heme
overload (3, 4). Consistently, Flverl-knockout mice die in utero due
to a block of erythroid differentiation at the proerythroblast stage,
suggesting that heme export at earlier stages of erythroid differ-
entiation may contribute to maintain the correct stoichiometry
between heme and globin levels (3, 4).

Heme is endogenously synthesized through 8 conserved enzy-
matic reactions, starting in the mitochondrial matrix with the con-
densation of succinyl-CoA and glycine to form d-aminolevulinic
acid (ALA), a reaction catalyzed by ALA synthase 2 (ALAS2) in ery-
throid cells and ALAS1 in other cell types (5). Following its synthe-
sis, ALA is exported to the cytosol, where it is converted through a
series of enzymatic reactions to coproporphyrinogen III (CPgenIII).
Then, this molecule is imported back to the mitochondrion and
converted to protoporphyrin IX (PPIX). Finally, ferrous iron is
incorporated into PPIX in the mitochondrial matrix, a reaction
catalyzed by ferrochelatase (FECH) (6). While all the enzymatic
steps leading to the production of heme are well characterized,
it is still not completely understood how the compartmentaliza-
tion of these reactions between the mitochondrion and cytosol
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occurs, how heme is exported out of the mitochondrion, and how
heme efflux from this organelle is regulated (7, 8). Recently, the
ATP-binding cassette transporter ABCB6 has been proposed as a
porphyrin importer into the mitochondrion (9), but no mitochon-
drial heme exporter has been identified to date.

In this work, we identify Flvcr1b as a mitochondrial isoform of
Flverl that localizes to the mitochondrion and that, by control-
ling heme efflux from this organelle, plays an essential role in ery-
throid differentiation. The analysis of a mouse model lacking the
plasma membrane isoform (herein called Flvcrla) but still express-
ing Flvcrlb indicates that FLVCR1a is dispensable for definitive
erythropoiesis, but is required to prevent hemorrhages and edema.

Results
FLVCRID is a mitochondrial protein. The analysis of predicted tran-
scripts for the human Flvcrl gene led to the identification of the
expressed sequence tag (EST) CN275423, which lacks exon 1 and
includes 95 bps of the first intron. This EST suggested the exis-
tence of a shorter Flverl mRNA that we experimentally verified
and named Flvcrlb (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JC162422DS1).
Flverlb mRNA includes a coding sequence for a protein with 6
putative hydrophobic transmembrane domains of approximately
28 kDa (Figure 1, A and B). FLVCR1b amino acid sequence corre-
sponds to amino acids 277-555 of FLVCR1a protein.

Flverlb is ubiquitously expressed in mouse tissues: the highest
transcript levels were found in the brain, followed by tissues with
high heme synthesis rates, such as the heart, skeletal muscle, bone
marrow, and spleen; lower mRNA levels were found in the kidney,
duodenum, and liver (Figure 1C). Expression of Flvcrlb was also
detected in human cell lines with erythroid features (K562) or not
(HeLa, Caco2, Hek293) (Figure 1D).

When overexpressed in vitro, FLVCR1b showed a striking differ-
ent sub-cellular localization compared with the previously identi-
fied membrane protein, which was named FLVCR1a (refs. 10, 11,
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and Supplemental Figure 2). A putative aminoterminal mitochon-
drial targeting sequence (MTS) with a cleavage site at position 38
of FLVCR1b was identified using MitoProtlI software (12). Accord-
ingly, Western blot analysis demonstrated that the myc-tagged
FLVCRI1b protein (FLVCR1b-myc) was specifically expressed in
the mitochondrial-enriched fraction (Figure 1E). Furthermore,
confocal microscopy analysis showed the colocalization between
FLVCR1b-myc and the o subunit of the mitochondrial trifunc-
tional protein HADHA (Figure 1F). The same result was obtained
following the overexpression of the GFP-tagged FLVCR1b protein
(D. Chiabrando, unpublished observations).

To support our in silico prediction concerning the identification
of an MTS in FLVCR1D protein, the ability of this sequence to direct
GFP expression into the mitochondrion was analyzed. To this end,
GFP was fused to the C terminus of the MTS of FLVCR1b (MTS-GFP),
and immunofluorescence studies were performed. Following its
overexpression in HEK293 cells, MTS-GFP colocalized with Mito-
Tracker, indicating that FLVCR1b MTS is sufficient to direct GFP
expression into the mitochondrion (Supplemental Figure 3).

Based on these preliminary findings, further biochemical
approaches were used to dissect the intracellular localization of the
endogenous FLVCR1b protein. We took advantage of a previously
developed method to further purify the mitochondria-containing
fraction (crude mitochondria) through a Percoll-based centrifuga-
tion protocol into a “pure” mitochondrial fraction free of ER and
nuclear proteins (13). Greater enrichment for mitochondrial pro-
teins in the pure mitochondrial fraction was confirmed by detect-
ing high levels of voltage-dependent anion channel (VDAC). When
probed with an antibody against the C terminus of the human
FLVCRI1 protein, a specific band of the expected size for FLVCR1b
was detected only in the pure mitochondrial fraction (Figure 1G).

Additionally, a detailed subcellular fractionation of mitochon-
dria, ER, mitochondria-associated membranes (MAMs), and cyto-
sol was performed. Consistently, FLVCR1b protein was detected
only in the pure mitochondrial fraction (Figure 1H), confirming
the exclusive mitochondrial localization of the FVLCR1Db protein.

Taken together, these data demonstrate that FLVCR1b is
expressed in the mitochondrial compartment and suggest a dif-
ferent role for FLVCR1b in intracellular heme trafficking com-
pared with FLVCR1a.

FLVCRIDb overexpression results in intracellular heme accumulation.
Due to structure similarities between FLVCR1a and FLVCR1b, we
hypothesized that FLVCR1b could be a heme exporter on the mito-
chondrion. As an initial screen to determine whether FLVCR1b
could be involved in mitochondrial heme trafficking, intracellular
heme concentration was measured in HeLa cells 72 hours fol-
lowing the overexpression of FLVCR1b-myc, FLVCR1a-myc or a
control vector (Figure 1B). As already reported (3), intracellular
heme levels slightly but significantly decreased following the over-
expression of the membrane heme exporter FLVCR1a compared
with control cells (Figure 2A). Conversely, the overexpression of
the mitochondrial isoform FLVCR1b in HeLa cells resulted in a
2-fold increase of intracellular heme content (Figure 2A); heme
increase was also indirectly demonstrated by the strong induction
of the heme degrading enzyme heme oxygenase 1 (Ho-1) mRNA
(Figure 2B). Succinylacetone, a competitive inhibitor of the sec-
ond enzyme of the heme biosynthetic pathway (ALA dehydratase
[ALAD]), completely prevented intracellular accumulation of
heme observed when FLVCR1b was overexpressed (Figure 2A),
indicating that heme biosynthesis was responsible for the eleva-
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tion of intracellular heme content. Moreover, HeLa cells overex-
pressing FLVCR1b showed an alteration of heme biosynthesis
enzymes and transporters. Real-time PCR analysis showed a sta-
tistically significant increase of AlasI (Figure 2C), Hmbs, Uros, Cpox,
and the ATP-binding cassette transporter Abch6 mRNA (Supple-
mental Figure 4A). These data are consistent with a putative role
of FLVCR1Db in the heme biosynthetic pathway.

Intracellular free-heme is highly toxic to cells, promoting lipid
peroxidation and the production of ROS (14). HeLa cells over-
expressing FLVCR1b showed increased expression of superoxide
dismutase 1 (Sod-1), an oxidative stress marker (Supplemental Fig-
ure 4B). In addition to the upregulation of Ho-1, HeLa cells over-
expressing FLVCR1b had also increased Flverla and ATP-binding
cassette subfamily G member 2 (Abcg2) mRNA levels (Supplemen-
tal Figure 4C) likely as a compensatory mechanism to counteract
the toxic effects of free heme. Therefore, increased heme content
in FLVCR1b-overexpressing cells generates oxidative stress and
activates detoxifying mechanisms, such as the upregulation of
heme degradation and promotion of heme export out of the cell
through FLVCR1a and ABCG2.

FLVCRI1D silencing results in heme accumulation in mitochondria. To
investigate the consequences of the loss of FLVCR1b on heme bio-
synthesis, silencing experiments were performed. Cells lacking only
FLVCR1a were compared with those depleted for both FLVCR1a
and FLVCR1b (Supplemental Figure 5).

Loss of FLVCR1a did not affect heme content in HeLa cells
because of compensatory mechanisms such as the induction of
heme degradation by HO1 (Figure 2, D and E). Following the stim-
ulation of heme synthesis by the heme precursor ALA, heme lev-
els strongly increased in FLVCR1a-deficient HeLa cells compared
with controls, despite the strong induction of Ho-1 (Figure 2,
D and E), supporting the important role of FLVCR1a as a heme
exporter at the cell membrane (3). Surprisingly, a slight but significant
increase of intracellular heme content was observed in FLVCR1a-
and FLVCR1b-depleted HeLa cells compared with FLVCR1a
deficient or control cells (Figure 2D). Interestingly, Ho-1 was not
induced in these conditions (Figure 2E), implying that heme
overload did not occur into the cytosol but in some intracellular
compartment. To specifically address this issue, heme content
was measured in mitochondria and in the cytosol. Only when the
expression of both the isoforms was lost, mitochondrial heme
overload was observed, while cytosolic heme content was unal-
tered (Figure 2F), thus indicating that FLVCR1b expression could
regulate heme export out of the mitochondrion. Finally, heme
content of HeLa cells lacking both FLVCR1a and FLVCR1b was
comparable under basal conditions and following ALA treatment
(Figure 2D), indicating that heme biosynthesis was completely
impaired in these cells.

To further confirm the ability of FLVCR1b to regulate heme
efflux from mitochondria, a specific siRNA against the 5’ UTR
of Flvcrlb was designed. Quantitative RT-PCR (qQRT-PCR) analy-
sis confirmed a reduction of Flvcrlb mRNA 72 hours after siRNA
transfection, with no effect on Flverla (Supplemental Figure 6).
According to previous results, the specific silencing of FLVCR1b
led to heme accumulation in mitochondria, while cytosolic heme
levels were not affected compared with controls (Figure 2G).

Finally, to rule out the possibility that the increase of mitochon-
drial heme content observed in FLVCR1b-deficient HeLa cells was
secondary to changes in electron transport chain (ETC) enzymes,
the amount of cytochrome ¢ oxidase (a component of complex IV)
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Figure 1

Identification of a mitochondrial isoform of Flver1. (A) Schematic representation of Flver1 genetic locus, Flveria and Flver1b transcripts, and the
predicted protein structures. The MTS in FLVCR1b is indicated in red; cleavage at position 38 results in a protein with 6 hydrophobic transmem-
brane domains. See also Supplemental Figure 1. (B) Western blot analysis of total protein extracts of HeLa cells overexpressing FLVCR1a-myc,
FLVCR1b-myc, or the control vector. Antibody against myc was used. (C) qRT-PCR analysis of Flver1b mRNA levels in mouse tissues and (D)
human cell lines. Values represent mean + SEM. n = 6. (E) Western blot analysis of fractionated protein extracts of HelLa cells overexpressing
FLVCR1b-myc showing that FLVCR1b is localized in the mitochondrial enriched fraction. Antibodies against GAPDH (cytosolic marker), HADHA
(mitochondrial marker), and myc (to detect FLVCR1b) were used. (F) Immunofluorescence analysis of HelLa cells overexpressing FLVCR1b-myc
showing the colocalization between FLVCR1b (detected with an antibody against myc) and HADHA. See also Supplemental Figures 2 and 3.
Original magnification, x63. (G) Endogenous FLVCR1b mitochondrial localization revealed by immunoblot analysis. Homogenate, crude, and
pure mitochondrial fraction, respectively, before and after Percoll gradient separation prepared from HeLa cells. 20 ug of proteins were loaded on
15% SDS-polyacrylamide gels. (H) Detection of endogenous FLVCR1b by immunoblotting in HEK293 fractionation. IP3R3 and SigmaR1 were
used as markers of MAM, tubulin as a marker of cytosol, and VDAC as a marker of mitochondria. 50 ug of proteins were loaded on 15% SDS-
polyacrylamide gels. H, homogenate; MC, crude mitochondria; MP,pure mitochondria; CYT, cytosol.
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Figure 2

FLVCR1b overexpression increases intracellular heme content, while its silencing results in heme accumulation in mitochondria. (A) Heme levels
in Hela cells overexpressing FLVCR1a-myc, FLVCR1b-myc, or a control vector. Succinylacetone was used as a competitive inhibitor of heme
biosynthesis. n = 6. Two-way ANOVA. (B and C) gRT-PCR analysis of Ho-1 mRNA and Alas7 mRNA in FLVCR1b-overexpressing Hela cells
compared with control. n = 6.t test. (D and E) Heme content and qRT-PCR analysis of Ho-1 transcript levels in HeLa cells in which the expression
of both FLVCR1a and FLVCR1b, or FLVCR1a alone, was downregulated using specific shRNA. Heme biosynthesis was stimulated with ALA.
n = 6. Two-way ANOVA. (F) Heme content in mitochondria and cytosol from HelLa cells, in which the expression of both FLVCR1a and FLVCR1b,
or FLVCR1a alone, was downregulated using specific shRNA compared with control cells. n = 6. One-way ANOVA. (G) Heme content in mito-
chondria and cytosol isolated from HeLa cells in which FLVCR1b expression was downregulated using a specific siRNA against the 5’ UTR of
Fiver1b with respect to controls. n = 6. Two-way ANOVA. (H) Quantity of cytochrome ¢ oxidase in control versus silenced FLVCR1a-b HelLa cells.
n = 4. (I) Mitochondrial Ca?* responses to agonist stimulation in control and silenced FVLCR1a-b Hela cells. Data were normalized to mean of
the control group. Traces are representative of 12 experiments from 3 preparations. t test. Values represent mean + SEM. *P < 0.05; ***P < 0.001.
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Figure 3

FLVCR1b controls erythroid differentiation in vitro. (A) Heme content and qRT-PCR analysis of Hba1, Flvcer1b, and Alas2 mRNAs in K562 cells
treated with 5 mM ALA to induce in vitro erythroid differentiation. n = 6. One-way ANOVA. (B) gRT-PCR analysis of spleen Flvcr1b and Alas2
mRNA levels following the stimulation of erythropoiesis by phlebotomy. n = 6.t test. (C) gRT-PCR analysis of Hba7 mRNA and (D) benzidine stain-
ing of K562 cells overexpressing FLVCR1a-myc, FLVCR1b-myc, or a control vector. n = 6. One-way ANOVA. (E) Benzidine staining of K562 cells
in which the expression of both FLVCR1a and FLVCR1b, or FLVCR1a alone, was downregulated using specific shRNA, compared with control
cells. Erythroid differentiation was induced with sodium butyrate (0.5 mM, 72 hours). n = 6. Two-way ANOVA. (F) Benzidine staining of silenced
K562 cells stimulated with hemin (5 uM; 72 hours). The percentage of benzidine-positive cells is indicated. Values represent mean + SEM.n = 6.

Two-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001.

was determined in these cells. The quantity of cytochrome ¢ oxi-
dase was unaltered (Figure 2H) in HeLa cells depleted for FLV-
CRlaand FLVCR11b compared with controls. These data indicate
that Flvcr1b silencing results in an increased free-unbound heme
in mitochondria. Taken together, these data demonstrate that
FLVCR1D is able to regulate heme efflux from the mitochondrion.

To assess whether mitochondrial heme accumulation due to
the loss of FLVCRI1b affects mitochondrial functionality, the
mitochondrial Ca?* response after agonist stimulation was mon-
itored as a highly sensitive readout of mitochondrial state. It is
well known that mitochondrial alterations cause defects in Ca?*
uptake by the organelle (15). The dynamics of agonist-dependent
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Ca?* concentration changes were measured taking advantages of
a mitochondria-targeted chimera of the Ca?*-sensitive photopro-
tein aequorin (16). We investigated the Ca?* response to hista-
mine, which acts on Gq-coupled plasma membrane receptors and
causes the production of inositol 1,4,5 trisphosphate (InsP3), thus
inducing the release of Ca?* from the ER to mitochondria (17).
The silencing of FLVCR1a and FLVCR1b in HeLa cells caused a
significant reduction of Ca?* spike in the mitochondrial matrix
evoked by agonist stimulation corresponding to a 31% decrease in
amplitude versus control cells (Figure 2I). These data suggest that
in the absence of FLVCR1b, heme accumulates in the mitochon-
dria, resulting in the alterations of mitochondrial functionality.
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FLVCR1b controls erythroid differentiation in vivo. (A) Schematic representation of the targeting strategy. The start codon in the first exon of the
Flver1 gene was disrupted by the insertion of the neomycin resistance cassette by homologous recombination in mouse ES cells. (B) Southern
blot analysis on genomic DNA extracted from a recombinant and a wild-type clone, digested with EcoRV, and hybridized with the probe shown in
A. (C) RT-PCR analysis of Flver1 isoforms levels in wild-type and Flver1a- embryos at E13.5. Two different pairs of primers were used in lanes 1
and 2. (D) gRT-PCR analysis of Flver1b mRNA on E13.5 wild-type and Flver1a”- embryos. n = 6. t test. ***P < 0.001. (E) Erythroid differentiation
is completely normal in Flvcria=- fetal liver. Representative flow cytometric analyses of E14.5 liver cells from wild-type and Flver1a®- embryos
immunostained with antibodies to CD71 and Ter119. Regions R2—-R5 corresponding to different maturational stages are indicated. The percent-
age of cells in each population is reported (F). n = 6. (G) Representative flow cytometric analyses of bone marrow cells, isolated from mice
transplanted with wild-type or Flvcr1a-- fetal liver cells, immunostained with antibodies to CD71 and Ter119. Regions R2—-R5 corresponding
to different maturational stages are indicated. The percentage of cells in each population is reported (H). n = 6. Values represent mean + SEM.

FLVCRI1Db is essential for erythroid differentiation in vitro. It is well
known that intracellular heme content in erythroid progenitors
controls differentiation by the activation of the transcription
and translation of globin chains (1, 2). As FLVCR1b regulates
heme efflux from the mitochondrion, it could likely be involved
in the hemoglobinization of erythroid precursors. This hypoth-
esis was supported by the observation that FLVCR1b expression
is regulated following the stimulation of erythropoiesis. Indeed,
K562 cells were induced to differentiate in vitro by the treat-
ment with the heme precursor ALA, which directly stimulates
heme synthesis. As a control, heme concentration and globin
mRNA levels were checked and were found to be increased
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already 24 hours after the treatment (Figure 3A). In these con-
ditions, the Flvcrlb transcript was strongly upregulated. The
increase of Flvcrlb mRNA levels positively correlated with the
increased expression of Alas2, the rate-limiting enzyme in the
heme biosynthetic pathway (Figure 3A). The same result was
obtained following the stimulation of K562 cell differentiation
with sodium butyrate (D. Chiabrando, unpublished observa-
tions) and in vivo following the stimulation of erythropoiesis by
phlebotomy (Figure 3B).

To address the role of FLVCR1Db and 1a in erythropoiesis,
overexpression and silencing experiments in K562 cells were
performed.
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Figure 5

Flveria-- embryos show hemorrhages, edema, and skeletal malformations. (A) gRT-PCR analysis showing the upregulation of Ho-7 mRNA in
Fivcria=- embryos. Values represent mean = SEM. n = 6. t test. ***P < 0.001. (B) Multifocal and extended hemorrhages and edema in E12.5 and
E15.5 Flver1a” embryos. (C) Enlarged view of E12.5 wild-type and Flveria=- limbs. (D and E) Whole-mount immunohistochemical analysis of
E11.5 wild-type and Flvcria~- embryos using anti-PECAM antibody showing abnormal vasculogenesis in Flvcr1a knockout animal. An enlarged
view of the anterior limb (D) and tail (E) is shown. (F-H) Skeletal malformations in E14.5 Flvcria~- embryos were analyzed by alcian blue/alizarin
red staining. (F) An enlarged view of the anterior limb of E14.5 embryos: digits do not form properly in the Flvcr1a”- embryo. Different grades of
skeletal malformations are shown: Meckel’s cartilage (arrows) is reduced in the Flvcr1a= embryo (G); head cartilages are severely compromised
and the lower jaw (arrows) completely absent in the Flver1a”- embryo (H).

As observed in HeLa cells, the overexpression of FLVCR1a in
K562 cells resulted in a slight but significant decrease of heme con-
tent, whereas the overexpression of FLVCR1b caused an increase of
heme levels that was prevented by the treatment with succinylac-
etone (Supplemental Figure 7). In agreement with heme content,
increased expression of globin mRNA (Figure 3C) and a higher
percentage of benzidine-positive cells (Figure 3D) were observed
in K562 cells following the overexpression of FLVCR1b compared
with control cells. On the contrary, FLVCR1a-overexpressing K562
cells were not able to differentiate (Figure 3, C and D). Therefore,
the overexpression of FLVCR1b promotes in vitro erythroid dif-
ferentiation by increasing heme biosynthesis rate.

Interestingly, shRNA-mediated downregulation of FLVCR1a
(Supplemental Figure S5) led to the elevation of the percentage of
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benzidine-positive cells compared with controls, which further
increased upon the stimulation of erythroid differentiation using
sodium butyrate (Figure 3E). Thus, the loss of the membrane
heme exporter FLVCR1a promotes in vitro erythroid differentia-
tion, likely by increasing total intracellular heme levels.

A decrease in the percentage of benzidine-positive cells was
observed in K562 cells lacking both FLVCR1 isoforms compared
with FLVCR1a-deficient cells (Figure 3E). Moreover these cells were
not able to differentiate upon stimulation with sodium butyrate
(Figure 3E). Thus, FLVCR1Db, by controlling heme efflux from the
mitochondrion, is fundamental for proper hemoglobinization of
K562 cells. The direct administration of hemin, which bypasses the
heme biosynthesis step, completely rescues the defect of FLVCR1a-
and FLVCR1b-deficient K562 cells (Figure 3F).
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Figure 6

A model for FLVCR1 isoforms function. (A) A schematic representation of heme
biosynthesis is shown (see text for details). Transferrin-bound iron (Tf-Fe) is
taken up by cells through transferrin receptor 1 (TfR1), and iron is transferred
to the mitochondrion for heme biosynthesis. It was reported that the mitochon-
drial iron importer MITOFERRIN1 (MFRN1) and FECH are part of the same
complex in the inner mitochondrial membrane. FLVCR1b could work in close
association with this complex to allow heme export out of the mitochondrion
for incorporation into new hemoproteins. Heme not used for hemoprotein syn-
thesis is exported out of the cell through the cell-surface isoform FLVCR1a.
(B) During erythroid differentiation, the expression of FLVCR1b in the mitochon-
drion regulates heme export into the cytosol, allowing hemoglobinization of ery-
throid precursors. At the cell membrane, FLVCR1a regulates the export of heme
in excess. The data reported here suggest that decreased expression of the
membrane heme exporter FLVCR1a and increased expression of FLVCR1b are
fundamental for proper differentiation of erythroid progenitors.

ropoiesis in mice lacking Flvcrla, but still expressing
FLVCR1b (Flverla”~ mice).

The specific loss of Flvcrla isoform was achieved by the
insertion of the neomycin resistance cassette in the first
exon of the Flverl gene, thus disrupting its start codon
(Figure 4, A and B). As expected, Flvcrla”/~ embryos did
not express Flvcrla mRNA (Figure 4C), while Flvcrlb
transcript was upregulated (Figure 4, C and D). Flvcrla”/~
embryos died during embryonic development between
E14.5 and birth (Supplemental Table 1). Rarely, some
dead Flverla’/-newborns were found, whereas no Flucrla~~
animal was found at weaning.

Definitive erythropoiesis was analyzed by flow
cytometry on E14.5 fetal liver cells double-stained for
Ter119 (erythroid-specific antigen) and CD71 (trans-
ferrin receptor). Normal erythroid differentiation was
observed in Flvcrla”/~ embryos (Figure 4, E and F), indi-
cating that FLVCRI1b alone is sufficient to support fetal
erythropoiesis when the expression of FLVCR1a is lost.
In addition, we tested E14.5 Flvcrla”/- fetal liver cell
repopulation capacity. Notably, Flvcrla~- cells were able
to fully reconstitute erythropoiesis when transplanted
into lethally irradiated wild-type recipients. Erythroid
differentiation was comparable between recipient mice
transplanted with wild-type or Flvcrla”- fetal liver cells
(Figure 4, G and H). Together these data indicate that
FLVCR1Db, rather than FLVCR1a, is absolutely needed to
allow erythroid differentiation.

Loss of FLVCR1a causes vascular and skeletal defects in mice.
As shown in Figure 4, C and D, Flvcrla ablation in mice
was associated with the upregulation of Flverlb expres-
sion. Based on our data on HeLa cells showing that
FLVCR1b overexpression promotes heme synthesis, we
hypothesized that Flucrla”~ embryos experienced a con-
dition of heme overload further exacerbated by FLVCR1a
deficiency. Consistently, a strong induction of Ho-ImRNA,
which is directly regulated by heme level, was observed in
Flverla”~ embryos (Figure SA).

As mentioned before, Flvcrla”~ embryos died between
E14.5 and birth (Supplemental Table 1). The embryonic
death of Flucrla”~ mice was likely due to multifocal and
extended hemorrhages, evident in the primordial limbs
at E12.5 and then throughout the head and body, associ-
ated with subcutaneous edema (Figure 5, B and C). To
investigate the overall vascular architecture, whole-mount
PECAM1 immunostaining was performed on E11.5
Flverla”~ embryos. Flverla”~ embryos showed reduced
vasculature extension and complexity compared with
controls. This was particularly evident in the primordial
limbs and tail, where vessels did not form properly and
branching was severely compromised (Figure 5, D and E).

FLVCRI1D is essential for erythroid differentiation in vivo. It has
already been reported that FluerI-null mice die in utero due to
a complete block of erythroid differentiation at the proeryth-
roblast stage (4). In that work, the inactivation of the Flvcrl
gene was obtained by deleting the third exon, thus likely affect-
ing the expression of both Flvcrla and Flverlb. Based on our
results on K562 cells, we hypothesized that the erythroid defect
in Flverl-null mice (4) was due to the lack of Flver1b rather than
to Flverla deficiency. To test this hypothesis we analyzed eryth-
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In addition to vascular defects, Flvcrla”~ embryos showed
skeletal abnormalities similar to those reported in mice lacking
both Flverl isoforms (4). Skeletal malformations were evident in
the primordial limbs where digital cartilages were shorter and in
the head where the nasal and Meckel’s cartilage were incomplete
(Figure 5, F-H). These results indicate that FLVCR1a expression is
important to prevent endothelial ruptures related to hemorrhages,
edema, and consequent malformations, thus highlighting a still
unappreciated role for FLVCR1 in these processes.
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Discussion

Heme is endogenously synthesized in the mitochondria. The
existence of a mitochondrial heme exporter has therefore been
hypothesized, as an energy-dependent mechanism is required for
heme to cross the 2 mitochondrial membranes (18). However, a
mitochondrial heme exporter has not been identified to date.

In this work, we report the identification of Flvcrlb as a mito-
chondrial isoform of the heme exporter Flvcrl. FLVCR1b is a
member of the major facilitator superfamily (MFS) and has 6
hydrophobic transmembrane domains. It is likely that FLVCR1b
homodimerizes to form a transporter with 12 transmembrane
domains similar to FLVCR1a. It has been previously reported that
other members of the MFS with 6 transmembrane domains are
able to homodimerize (19, 20). Several lines of evidence suggest
that FLVCR1b is a mitochondrial heme exporter. The overexpres-
sion of FLVCR1b in vitro results in heme accumulation in the
cytosol. In addition, FLVCR1b overexpression in Flucrla”~ embry-
os causes an increase in heme concentration, as suggested by the
upregulation of Ho-I mRNA. On the other hand, mitochondrial
heme overload was observed in FLVCR1b-silenced HeLa cells com-
pared with controls, demonstrating that FLVCR1b plays a role in
mitochondrial heme efflux. The mitochondrial heme overload
caused by FLVCRI1b silencing was associated with a deregulation
of mitochondrial Ca?* homeostasis, suggesting a toxic effect of
heme overload in the mitochondrial matrix.

The molecular mechanisms through which heme is exported out
of the mitochondrion are still unclear (21). FECH, the last enzyme in
the heme biosynthetic pathway, which catalyzes the insertion of iron
into PPIX, forms an oligomeric complex on the inner mitochondrial
membrane that include ABCB10 and MITOFERRIN1 (MFRNT1).
The association of FECH with the mitochondrial iron importer
MFRN1 allows the direct transfer of iron to FECH, facilitating heme
biosynthesis (22), while ABCB10 plays an important role in the stabi-
lization of MFRN1 expression (23). One intriguing hypothesis is that
the mitochondrial heme exporter FLVCR1b represents an additional
component of this complex, allowing the direct transfer of heme out
of the mitochondrion soon after its synthesis (Figure 6A).

It has been previously demonstrated that the loss of both Flverl
isoforms in mice leads to embryonic lethality due to an impair-
ment of erythroid differentiation at the proerythroblast stage (4).
Here, we show that erythropoiesis is completely normal in mice
only lacking Flvcrla but overexpressing Flver1b, highlighting a fun-
damental role for Fluerlb during erythroid differentiation. Trans-
plantation of Flucrla~- fetal liver cells into lethally irradiated wild-
type recipients fully confirms this hypothesis. Taken together,
these data highlight a fundamental role for FLVCR1b during ery-
throid differentiation. The comparison between Flvcrla7~ embryos
and the previously reported mouse model of Flverl deficiency (4)
suggests that the block of erythroid differentiation evident in
Flvcrla/b-null embryos (4) is likely to be due to an impairment of
heme biosynthesis caused by the loss of FLVCR1D rather than to
the accumulation of heme caused by FLVCR1a deficiency. This
conclusion is further supported by our in vitro data showing that
the depletion of FLVCR1a using shRNA promotes erythroid differ-
entiation, while the loss of both forms of FLVCR1 isoforms blocks
in vitro differentiation. In agreement with this conclusion is the
observation that mutations in the first exon of the Flvcrl gene,
which likely only affect the activity of the FLVCR1a isoform, have
been described in patients affected with posterior column ataxia
and retinitis pigmentosa (PCARP) who are not anemic (24, 25).
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This suggests that the impairment of FLVCR1a alone is not suf-
ficient to block erythropoiesis and further supports the idea that
FLVCRI1b is a major player during erythropoiesis.

Feline leukemia virus subgroup C (FeLV-C) is thought to cause
anemia in cats because, by binding to the FLVCR1 receptor, it
blocks FLVCR1 function at the cell membrane and, once inside the
cell, it binds to FLVCRI1 in the ER or Golgi apparatus, thus impair-
ing its expression at the cell surface (3, 10, 11, 26). A similar mecha-
nism has been proposed to explain why FeLV-C infection of K562
cells impairs their ability to undergo erythroid differentiation (3).
Based on structural similarity between FLVCR1a and FLVCR1b
proteins, we hypothesized that FeLV-C envelope protein could
also bind to FLVCRI1b protein in the ER soon after its synthesis,
thus preventing its expression in the mitochondrion. According to
our hypothesis, some FLVCR1 regions critical for FeLV-C envelope
protein binding are located in portions of the protein common to
FLVCR1a and FLVCR1b (27).

Flverla”~ embryos develop hemorrhages, edema, and skeletal
malformations. Similar phenotypes, displaying hemorrhages and
edema, have also been demonstrated in mouse models with altera-
tion of endothelial integrity (28), suggesting that endothelial dam-
age could lead to the observed phenotype. Accordingly, incomplete
vasculogenesis occurs in Flvcrla”~ embryos prior to the onset of
hemorrhages. Our data clearly indicate that, since E11.5 altera-
tions of vascular arborization were evident in the limbs. A similar
phenotype of hemorrhages associated with reduced vasculature
complexity was reported in another mouse model (29).

Endothelial cells are highly sensitive to heme overload. There-
fore, we could hypothesize that in Flvcrla”/~ endothelial cells, the
lack of a cell membrane heme exporter, together with enhanced
heme synthesis promoted by increased FLVCR1b expression, could
lead to intracellular heme overload and finally to oxidative stress
that could account for the observed phenotypes. These data sug-
gest that in endothelial cells, such as in erythroid progenitors, the
coordinated expression of FLVCRI1 isoforms is crucial to main-
taining heme homeostasis.

Flvcrla”~ embryos also showed skeletal malformations. It is well
known that tissue hypoxia impairs proper cartilage development
(30). Therefore, it is likely that the impairment of endothelial integ-
rity observed when the expression of FLVCR1a is lost could finally
lead to tissue hypoxia and consequent malformations. Skeletal
abnormalities have also been reported in Flvcrla/b-null mice (4),
where hypoxia is further exacerbated by the failure of erythropoiesis.

In conclusion, our data demonstrate that tissues highly sensitive
to heme are also highly susceptible to altered expression of Flvcrl
isoforms. Particularly, for erythroid progenitors, we hypothesize that
the 2 Flver] isoforms are involved in distinct steps during erythroid
differentiation. According to the model illustrated in Figure 6B,
the expression of FLVCR1b in mitochondria of differentiating
erythroid progenitors allows heme biosynthesis and heme efflux
into the cytosol, a process essential for hemoglobinization and ery-
throid differentiation. Loss of FLVCR1Db, as occurs in Flvcrla/b-null
mice (4), leads to a block of differentiation. Decreased expression of
the cell membrane heme exporter FLVCR1a also contributes to the
erythroid differentiation process by limiting the excretion of heme
through the cell membrane, as previously shown (3). Therefore, the
coordinated regulation of the 2 Flvcr] isoforms is required for a
complete in vivo differentiation of erythroid progenitors. Misregu-
lation of Flverl isoform expression could contribute to the patho-
genesis of diseases characterized by abnormal heme levels.
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Methods

Cell culture. The human epithelial HeLa cell line (ATCC no. CCL-2) and the
human lymphoblast K562 cell line (ATCC no. CCL-243) were propagated
in RPMI medium (Invitrogen). The rat renal epithelial NRK-52E cell line
(ATCC no. CRL-1571) and the human embryonic kidney HEK293 cell line
(ATCCno. CRL-1573) were propagated in DMEM (Invitrogen). All the media
were supplemented with 10% heat-inactivated low-endotoxin fetal bovine
serum (Invitrogen), 100 U/ml penicillin, and 100 ug/ml streptomycin.
Cells were maintained at 37°C under a 5% CO; atmosphere.

For in vitro differentiation studies, K562 cells were stimulated with 0.5 M
sodium butyrate (SB; 303410; Sigma-Aldrich) or 50 uM Hemin (H651-9;
Frontier Scientific), as previously described (3). To specifically activate or
inhibit heme biosynthesis, HeLa and K562 cell lines were treated with 5 mM
ALA (A3785; Sigma-Aldrich) or 1 mM succinylacetone (4,6-dioxoheptanoic
acid; D1415; Sigma-Aldrich) respectively.

Benzidine staining. To evaluate in vitro erythroid differentiation, per-
centage of benzidine-positive cells was determined according to standard
protocols (31).

Subcellular fractionation. 10° Cells were harvested, washed in phosphate-
buffered saline medium, pelleted by centrifugation at 500 g for S minutes,
resuspended in homogenization buffer (0.25 M sucrose and 10 mM Hepes
pH 7.4) and gently disrupted by dounce homogenization. The homogenate
was centrifuged twice at 600 g for 5 minutes to remove cellular debris and
nuclei, and the supernatant was centrifuged at 10.300 g for 10 minutes to
pellet crude mitochondria. The resultant supernatant was centrifuged at
100,000 g for 1 hour in a Beckman 70 Ti rotor at 4°C to pellet microsomes,
which were resuspended in homogenization buffer. The mitochondrial
pellet, resuspended in isolation medium (250 mM mannitol, 5 mM Hepes
[pH 7.4], and 0.5 mM EGTA), was layered on top of 8 ml of Percoll medium
(225 mM mannitol, 25 mM Hepes [pH 7.4], 1 mM EGTA, and 30% Per-
coll [v/v]) in a 10-ml polycarbonate ultracentrifuge tube and centrifuged
for 30 minutes at 95,000 g. A dense band containing purified mitochon-
dria, recovered approximately three-quarters down the tube, was removed,
diluted with isolation medium, washed twice by centrifugation at 6,300 g
for 10 minutes to remove the Percoll, and finally resuspended in isolation
medium. MAM, removed from the Percoll gradient as a diffuse white band
located above the mitochondria, were diluted in isolation medium and
centrifuged at 6,300 g for 10 minutes. The supernatant containing MAM
was centrifuged at 100,000 g for 1 hour in a Beckman 70 Ti rotor, and the
resulting pellet was resuspended in the homogenization buffer (13).

Western blot. For Western blot analysis, 50 ug of protein extracts
were loaded on 10% or 15% SDS-polyacrylamide gels and analyzed by
Western blotting. The following antibodies were used: anti-myc anti-
body (32), anti-GAPDH antibody (MAB374; Millipore), anti-HADHA
antibody (ab54477; Abcam), anti-IP3R3 (610312; BD), anti-panVDAC
(ab15895; Abcam), anti-f-tubulin (T5201; Sigma-Aldrich), anti-
SigmaR1 (HPA018002; Sigma-Aldrich), and anti-human FLVCR1 anti-
body (NB100-1481; Novus Biologicals).

Measurements complex IV quantity. A commercial multiplexing microplate
kit (Abcam 109910) was used to determine the quantity of cytochrome ¢
oxidase. The COX enzyme was immunocaptured within the wells of the
microplate, and the quantity of the enzyme was determined by adding a
COX-specific detector antibody and the appropriate alkaline phosphatase-
conjugated antibody; this phosphatase changes a substrate from colorless
to yellow at 405 nm. The rate of reaction was proportional to the amount
of protein captured in the wells.

Aequorin measurements. Cells grown on 13-mm round glass coverslips at 50%
confluence were transfected with mitochondrial-targeted aequorin (mtAEQ).

Allaequorin measurements were carried outin KRB (125 mM NaCl, S mM
KCI, 1 mM MgSOy, 1 mM Na,HPOy, 5.5 mM glucose, 20 mM NaHCOj3,
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2 mM L-glutamine and 20 mM HEPES, pH 7.4, and was supplemented with
1 mM CaCly). Histamine was added to the same medium. The experiments
were terminated by lysing the cells with 100 uM digitonin in a hypotonic
Ca?*-rich solution (10 mM CaCl, in H,0), thus discharging the remaining
aequorin pool. The light signal was collected and calibrated into [Ca?‘]
values, as previously described (16).

Phlebotonry. Phlebotomy was performed according to standard methods (33).

RNA extraction and real-time PCR analysis. Total RNA extraction and real-
time PCR were performed as previously reported (33). To discriminate
between Flverla and Flverlb, specific primers and probes were designed
using Primer Express Software version 3.0 (Applied Biosystems); see Sup-
plemental Table 2 for details.

Measurement of heme concentration. Intracellular heme concentration was
measured using a fluorescence assay, as previously reported (34). Briefly,
cells were collected and resuspended in 2 M oxalic acid and heated at
100°C for 30 minutes, leading to iron removal from heme. The resultant
protoporphyrin was measured by fluorescence (400 nm excitation and 662
or 608 nm emission). Data were normalized to the endogenous protopor-
phyrin content (by measuring the fluorescence of not-heated samples) and
to total protein concentration. Results were expressed as pmol of heme/mg
total protein. The same procedure was used on crude mitochondrial and
cytosolic fractions.

Generation of Flvcrla”/~ embryos. A neomycin-resistance cassette was
cloned into the ATG start codon in the first exon of Flvcrl, and this
construct was transfected by electroporation in mouse ES cells. Three
clones carrying the targeted allele were identified by Southern blotting
and 2 of them injected into C57BL/6 mouse blastocysts. Chimeras were
used to obtain heterozygous mice carrying the Flucria”/~ allele. Both
inbred 129Sv and mixed 129Sv x C57BL/6 Flvcrla heterozygous mice
(Flverla”-) were generated.

Transplantation assay. Fetal liver cells were obtained from E14.5 wild-type
and Flverla”/~ embryos. From 1 to 3 x 10° cells were injected into the tail
vein of lethally irradiated wild-type mice. Transplanted mice were analyzed
after 4 weeks of recovery. The transplantation rate was assessed on blood
genomic DNA by PCR using specific primers to amplify the wild-type or
the knockout allele (Supplemental Figure 8).

Alcian blue staining. Cartilage morphology was analyzed by alcian blue/
alizarin red staining on E14.5 and E15.5 embryos, according to previously
described methods (35).

Whole-mount immunostaining. Whole-mount staining was performed as
described (35), using anti-mouse CD31 (Pecam-1) monoclonal antibody
(BD Biosciences). DAB/hydrogen peroxide was used for visualization.

Analysis of erythroid differentiation. Erythroid differentiation was analyzed
as previously reported (4, 36). Briefly, single-cell suspensions were prepared
from freshly isolated E14.5 fetal liver cells and were immunostained with
anti-TER119-PE and anti-CD71-FITC (BD Biosciences — Pharmingen),
then subjected to flow cytometry.

Flver] cloning and lentiviral infection. The lentiviruses pCCL.ET.GFP.sin,
pCCL.ET.Flvcrla-myc, pCCL.ET.Flver1b-myc, which express GFP, murine
Flverla-myc, or murine Flverlb-myc under the control of the enhanced
transthyretin promoter, were produced in HEK293FT cells as previously
described (37-39). HeLa and K562 cells were infected with the lentivi-
ruses in the presence of Sequa-brene. To obtain FLVCR1b overexpres-
sion, cells were infected twice in a week. Expression of FLVCR1b protein
was checked 24 hours following lentiviral infection, while overexpres-
sion studies were performed 72 hours after infection. Cells were infected
once for FLVCR1a overexpression.

FLVCRI silencing. A set of 5 clones (RHS4533-NM_014053) targeting
human Flvcrl gene were purchased (Open Biosystem). A shRNA against
the first exon of human Flvcrl gene was used to specifically downregulate
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FLVCR1a expression; another one was used against exon 9, to abrogate
both Flverla and Flvcrlb expression. Following lentiviral infection, cells
were selected with 0.02 ug/ml puromycin.

To specifically target FLVCR1b expression, an siRNA against the
5" UTR of the Flvcrlb mRNA was designed (TCTGTTAATTGCCAG-
CATT). Scrambled siRNA was obtained from Darmacon. FLVCR1b and
scrambled siRNA were transiently transfected in HeLa cells using Lipo-
fectamine 2000 (Invitrogen).

Statistics. Results were expressed as mean + SEM. Statistical analyses were
performed using 1-way or 2-way ANOVA or Student’s ¢ test. A P value of
less than 0.05 was considered significant.

Study approval. Animal studies were approved by the animal ethical com-
mittee of the University of Torino, Torino, Italy.
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