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Abcb10, member 10 of the ABC transporter family, is reportedly a part of a complex in the mitochondrial inner membrane with mito-
ferrin-1 (Slc25a37) and ferrochelatase (Fech) and is responsible for heme biosynthesis in utero. However, it is unclear whether loss of
Abcb10 causes pathological changes in adult mice. Here, we show that Abcb10�/� mice lack heme biosynthesis and erythropoiesis abil-
ities and die in midgestation. Moreover, we generated Abcb10F/�; Mx1-Cre mice, with Abcb10 in hematopoietic cells deleted, which
showed accumulation of protoporphyrin IX and maturation arrest in reticulocytes. Electron microscopy images of Abcb10�/� hemato-
poietic cells showed a marked increase of iron deposits at the mitochondria. These results suggest a critical role for Abcb10 in heme
biosynthesis and provide new insights into the pathogenesis of erythropoietic protoporphyria and sideroblastic anemia.

Heme plays a critical role in various biological processes. Thus,
failure of heme biosynthesis causes severe inherited or ac-

quired disorders in humans (1). Biosynthesis of heme consists of
the eight-step reaction pathway involving both the mitochondria
and the cytoplasm. The delta-aminolevulinate synthase gene
(ALAS), which codes for the first enzyme in the heme biosynthetic
pathway, was identified as being responsible for X-linked sidero-
blastic anemia (XLSA) (2, 3). Additionally, the final step of the
heme biosynthetic pathway, the insertion of iron into protopor-
phyrin IX (PPIX) to produce heme, is catalyzed by ferrochelatase
(FECH), which is localized in the mitochondrial inner membrane
(4, 5). Erythropoietic protoporphyria (EPP) is an inherited disor-
der caused by partial FECH deficiency (6). Iron, the prosthetic
atom of the heme group, is imported into the mitochondrial
matrix by mitoferrin (Slc25a37) and is required for embryonic
hematopoiesis (7, 8). Both Fech and Slc25a37 have been shown to
interact with Abcb10, which functions to stabilize an oligomeric
complex (5, 9). Abcb10, a mitochondrial inner membrane ATP-
binding cassette transporter, was found to be a key protein that is
highly induced by GATA1 and is involved in heme production
during mouse erythroleukemia cell differentiation (10–12).

Recently, studies of Abcb10 knockout (KO) mice have been
reported. Since the loss of 1 allele of Abcb10 led to an increase in
damage to mitochondria and sarcoplasmic reticulum calcium
ATPase, Abcb10 heterozygous (�/�) mice showed an increased
susceptibility to oxidative stress induced by ischemia and reperfu-
sion. Therefore, Abcb10 was shown to determine the ability to
tolerate cardiac ischemia/reperfusion (13). Further, Abcb10 ho-
mozygous (�/�) mice died during the embryonic stage because
of increased apoptosis in Abcb10�/� erythroid precursor cells
(14). Previous reports have also shown that Abcb10 deletion re-
sults in oxidative stress, leading to mitochondrial dysfunction;
however, little is known regarding whether Abcb10 is associated
with heme biosynthesis.

In this study, we inactivated the Abcb10 gene in germ line and
in adult hematopoietic cells in conditional Abcb10 KO and 2 Cre
transgenic mouse lines. The cytomegalovirus (CMV) enhancer
containing a chicken beta-actin transcription start site and a rab-
bit beta-globin intron fused with Cre (CAG-Cre) showed ubiqui-

tous KO of Abcb10 in all mouse tissue. In contrast, interferon-
induced Cre (Mx1-Cre) showed KO of Abcb10 in the liver, spleen,
and bone marrow (BM). Here, we show that Abcb10 is essential
for hematopoietic differentiation in both embryos and adults.
Particularly, hematopoietic tissue-specific Abcb10 KO mice
showed high levels of PPIX accumulation in the erythrocytes and
iron deposits in the mitochondria of BM cells (BMCs) as well as
arrest of erythropoiesis at reticulocytes. These results indicate that
Abcb10 plays a critical role in heme biosynthesis during insertion
of iron into PPIX.

MATERIALS AND METHODS
Generation of mice carrying a conditional Abcb10 allele (Abcb10F/�)
and hematopoietic tissue-specific inducible deletion of Abcb10. The
murine Abcb10 gene consists of 13 exons spread over more than 30 kb of
mouse chromosome 8 on the reverse strand. We first planned to disrupt
Abcb10 mRNA through removal of exon 3.

The EagI fragment (11 kb) for the 5= long arm and the EcoRI fragment
(9.5 kb) for the 3= short arm, each of which includes exons 2 to 5, were
obtained from a bacterial artificial chromosome (BAC) clone library (Ad-
vanced Geno Techs Co.). The targeting vector was constructed by inserting a
loxP-FRT fragment and a loxP-pMC1 neo-FRT-loxP fragment upstream and
downstream of exon 3 for Cre- or FLP-mediated recombination and positive
selection, respectively. The diphtheria toxin A chain gene was inserted into the
genomic fragment for negative selection (Fig. 1A).

After the targeting vector was transfected into TT2 embryonic stem
(ES) cells, G418-resistant colonies were selected. Homologous recombi-
nant clones were then serially assessed by using Southern blot analysis
with a 3= outside probe as previously described (15).

Two homologous recombinant cells were injected into C57BL/6 blas-
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tocysts, resulting in male chimeric mice (F0). Next, the F0 generation was
intercrossed to generate the targeted homozygous allele (Abcb10Tg/Tg).

To exclude the possibility that expression of neor resulted in produc-
tion of a particular phenotype, we crossed Abcb10Tg/Tg mice with CAG-
FLP mice expressing FLP recombinase to generate a neo�-targeted allele
(Abcb10F/�). The floxed allele homozygous mice (Abcb10F/F) were gener-
ated by intercrossing Abcb10F/� mice.

Mice with one of the Abcb10 alleles knocked out (Abcb10�/�) were
obtained by mating F0 mice with the ubiquitous Cre-expressing strain of
mice (CAG-Cre). Abcb10�/� mice carrying an inducible Cre gene
(Abcb10�/�; Mx1-Cre) were obtained by mating Mx1-Cre mice with
Abcb10�/� mice.

Offspring in which the Abcb10 allele had been deleted by inducible Cre
expression in a hematopoietic tissue-specific manner (Abcb10F/�; Mx1-
Cre) were bred by mating Abcb10�/�; Mx1-Cre mice with Abcb10F/F mice.
To induce deletion of the floxed Abcb10 allele in Abcb10F/�; Mx1-Cre
mice, Cre was induced under the control of the myxovirus resistance 1
(Mx1) promoter by use of intraperitoneal injections of poly(I·C) (pI-pC)
double-stranded RNA (dsRNA) (250 �g/mouse; Sigma-Aldrich) 3 times
at intervals of 2 days, unless otherwise indicated. Peripheral blood cells or
BM cells were analyzed 2 days after the last pI-pC injection. For all param-
eters evaluated in this study, the phenotypes of Abcb10F/�; Mx1-Cre,
Abcb10F/�, and Abcb10F/� mice were indistinguishable from those of
wild-type mice, regardless of the Cre strain used. CAG-FLP, CAG-Cre, and
Mx1-Cre mice were obtained from the Center for Animal Resources and
Development (CARD), Kumamoto University. All procedures involving
animals were approved by the Animal Care Committee of Kagoshima
University.

Mouse genotyping. Genotyping of the Abcb10 alleles was performed
by using Southern blot analysis and PCR. EcoRI-digested DNAs were used
for Southern blotting, using genomic DNA probes from the region down-
stream of the 3= arm (between exons 6 and 7) outside the targeting con-
struct (Fig. 1A). For PCR, we used the oligonucleotide primers abcb10 7F
(5=-CATGTACAGATTAATGCTCCAGGTC-3=) (sense) and abcb10 8R
(5=-CAGTGCATTGAGGAATCACTAGGAAC-3=) (antisense) for the de-

leted allele, abcb10 8F (5=-AAGGTCATTCTTGGCTGCACAATCC-3=)
(sense) and abcb10 8R for the floxed allele, and Cre1 (5=-ACATGTTCAG
GGATCGCCAGG-3=) (sense) and Cre2 (5=-TAACCAGTGAAACAGCA
TTGC-3=) (antisense) for the Cre transgenes.

Histology. Embryos or the tissues of adult mice were fixed in 10%
phosphate-buffered formalin (pH 7.4), embedded in paraffin, cut into
8-�m sections, deparaffinized, and stained with standard hematoxylin
and eosin (H&E; Muto Pure Chemicals) or Berlin blue (Wako Pure
Chemicals) and nuclear fast red (Muto Pure Chemicals).

Immunostaining. After boiling for 20 min in 10 mM citric acid to
activate the antigen and blocking for 30 min with 0.05% Tween 20 and
10% horse serum–phosphate-buffered saline (PBS) (working buffer) at
room temperature, tissue slides were incubated with primary antibodies
in working buffer overnight on 4°C, followed by incubation with second-
ary antibodies in working buffer for 1 h at room temperature. A polyclonal
anti-cleaved caspase 3 antibody (Cell Signaling Technology) at 1:100 and
a monoclonal antibromodeoxyuridine (anti-BrdU) antibody (BD Biosci-
ences) at 1:200 were used as primary antibodies. Goat anti-rabbit or rabbit
anti-mouse antibody (ABC Elite kit) was used as the secondary antibody
according to the manufacturer’s protocol (Vector Laboratories).

Construction and transfection of mouse Abcb10 expression plas-
mid. The entire open reading frame of mouse Abcb10 (accession no.
BC054793.1) was inserted into the p3XFLAG-CMV-14 vector (Sigma-
Aldrich) between the HindIII and SmaI sites. This expression vector was
referred to as m-Abcb10. Transfection of m-Abcb10 or p3XFLAG-
CMV-14 as a control vector (referred to as CV) into a Cos7 cell was
conducted using 12 �g of DNA per plate and Lipofectamine (Life Tech-
nologies Corporation) according to the manufacturer’s protocol.

Western blot analysis. Subcellular fractionation of mouse embryos
and Cos7 cells transfected with m-Abcb10 or CV was conducted as de-
scribed previously (16). Briefly, the samples were homogenized in 220
mM mannitol, 70 mM sucrose, and 5 mM potassium HEPES buffer, pH
7.5 (MSH). The homogenate was centrifuged at 600 � g for 10 min to
precipitate the nuclei and cell debris, and the resulting supernatant frac-
tion was centrifuged at 5,500 � g for 10 min to precipitate the mitochon-

FIG 1 Generation of conditional Abcb10 knockout mice and assessment of Cre- and FLP-mediated deletion. (A) Schematic representation of the targeting strategy. The
figure shows the structure of the mouse Abcb10 gene before and after its recombination with the targeting vector, after deletion of the FRT-neo-FRT cassette, and after
further deletion of its floxed region. Positions of the loxP and FRT sites are designated by white and black triangles, respectively. The exons, deduced by comparison with
the cDNA sequence, are denoted by black boxes (E2 to E9). The position of the 3= external genomic DNA probe used for Southern blot analysis is bold and underlined
(3=Probe). EcoRI sites (Ec) are marked by vertical lines. The sizes and positions of the EcoRI fragments of each genome as detected by Southern blotting using the 3=probe
are indicated with bidirectional lines and numbers. (B) Cre-loxP and FLP-FRT-mediated deletion of the flanked Abcb10 gene. Southern blot analysis (by using the 3=
probe shown in panel A) of DNA from Abcb10�/�, Abcb10Tg/Tg, and Abcb10F/� mice. The 5.3-kb fragment corresponding to the deleted allele (�) was observed only in
Abcb10Flox/� mice. (C) Western blotting with anti-Abcb10 antibody of the whole embryo extract (E11.5) and mouse Abcb10-transfected Cos7 cells (upper, long
exposure; middle, short exposure). The numbers under “CV” and “m-Abcb10” indicate numbers of hours after transfection. A sodium dodecyl sulfate (SDS) gel stained
with Coomassie brilliant blue (CBB) shows that the same amount of protein (40 �g) was loaded in each lane (lower panel).
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drial fraction. The resulting supernatant fraction was composed of cyto-
sol. Protein oxidation analysis was performed using the OxyBlot protein
oxidation detection kit (Millipore). Carbonylated proteins were deriva-
tized with 2,4-dinitrophenylhydladine (DNPH) according to the manu-
facturer’s protocol. These samples were subjected to sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) and electroblotted
on polyvinylidene fluoride (PVDF) membranes. Western blot analysis
was performed using anti-Abcb10 antibody (1:100) derived from the sera
of a rabbit immunized with the mouse Abcb10 peptide (CRQPRLPFNEG
MVLDEK), anti-heat shock protein 60 (anti-HSP60) (1:2,000; Cell Sig-
naling), and anti-glyceraldehyde 3-phosphate dehydrogenase (anti-
GAPDH) (1:10,000; Cell Signaling) as the primary antibody and a
horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibody (1:
2,000; GE Healthcare) as the secondary antibody. Anti-Fech antibody
(1:200; Santa Cruz Biotechnology) was used as a primary antibody, and an
HRP-conjugated rabbit anti-goat antibody (1:2,000; GE Healthcare) was
used as the secondary antibody.

OxyBlot analysis was performed using rabbit anti-2,4-dinitrophenyl
(anti-DNP) antibody (1:150; Millipore) as a primary antibody.

Measurements of heme and PPIX. Heme level was measured using a
heme assay kit (BioChain Institute, Inc.). To extract porphyrins, periph-
eral blood (0.5 ml) was mixed with 5 ml of ether-acetic acid (4:1, vol/vol),
followed by centrifugation to remove the precipitate. The supernatant was
then vortexed with 3 ml of 2.7 M HCl. The PPIX concentration in the
lower aqueous acid layer was determined using high-performance liquid
chromatography (HPLC) as described previously (17). Zn-PPIX and
PPIX (Frontier Scientific) were used as the internal standard substance
and the calibrator, respectively.

Electron microscopy. For ultrastructural analysis, specimens were
fixed in 2.5% glutaraldehyde in phosphate-buffered saline and postfixed
for 1 h in 2% buffered osmic acid solution. After dehydration with etha-
nol, tissues were embedded in epoxy resin (Epon 812; Taab Laboratories
Equipment, Ltd.). Semithin sections were stained with toluidine blue, and
ultrathin sections were contrasted with uranyl acetate and lead citrate.
Stained sections were examined using an electron microscope (H-7650;
Hitachi). For analytical electron microscopy, unstained ultrathin sections
were inspected using a JEM-2500SE microscope (Jeol, Ltd.) to observe the
sample surface architecture and inner structure as well as to contrast the
image to reflect composition (i.e., scanning secondary electron image
[SEI], light field scanning transmitted image [STEM-BF], and dark field
scanning transmitted image [STEM-DF], respectively).

Peripheral blood count. Abcb10F/�; Mx1-Cre mice and control mice
were anesthetized with isoflurane. Blood was withdrawn from the heart
using a 22-gauge needle. The syringes were coated with 0.5 M EDTA to
prevent coagulation. The blood was immediately placed into EDTA-
coated tubes and mixed thoroughly. Peripheral blood analysis was per-
formed by the clinical pathology laboratory.

RESULTS
Targeted disruption of Abcb10. We generated mice with a condi-
tional Abcb10 allele by use of a targeting construct designed to
excise exon 3, which causes a frameshift mutation at the splice
junction site across exons 2 and 4. This results in disruption of 3
transmembrane motifs and an ATP-binding domain that is en-
coded by the downstream region of exon 3 (Fig. 1A). The targeted
and disrupted allele of the Abcb10 gene in mice was confirmed by
using Southern blot analysis (Fig. 1B). Inactivation of Abcb10 in
embryos was confirmed by using Western blot analysis, which
showed that Abcb10 protein expression was dependent on the
gene dosage in the embryonic genotype and was not detectable in
Abcb10�/� mice (Fig. 1C).

Embryonic lethality of Abcb10�/� mice. Interbred Abcb10�/�

mice yielded no null offspring among newborn mice. A reduction
of Abcb10�/� genotype embryos to less-than-Mendelian ratios

and an increase in embryo resorption indicated that embryonic
lethality in Abcb10�/� mice occurred between embryonic day 10.5
(E10.5) and E11.5 (Table 1.).

Compared with Abcb10�/� embryos at E11.5, Abcb10�/� em-
bryos were noticeably paler due to the absence of hemoglobinized
cells in the heart and fetal liver (Fig. 2A).

We examined the presence of hemoglobin and heme in these
embryos by using benzidine staining and heme quantitative anal-
yses. Benzidine-positive cells were present in abundance in the
lumen of the heart and liver in Abcb10�/� embryos (Fig. 2B) but
not in Abcb10�/� embryos. Additionally, a striking decrease in
heme level was observed in the Abcb10�/� embryos compared
with the level in Abcb10�/� embryos (Fig. 2C). These data suggest
that Abcb10�/� embryos exhibit severely impaired heme biosyn-
thesis followed by hemoglobin defects.

Abcb10 may play a role in heme biosynthesis by interacting
with and stabilizing Fech, which is essential for inserting iron into
the heme precursor (9). Thus, we assessed the status of Fech in
Abcb10�/� embryos by using Western blot analysis. In the mito-
chondrial fraction, Fech protein expression in Abcb10�/� em-
bryos was comparable to that in Abcb10�/� embryos. However, in
the supernatant fraction, the Fech protein expression level in
Abcb10�/� embryos was lower than that in Abcb10�/� embryos
(Fig. 2D). Therefore, it appears that Abcb10 contributes to the
stability of Fech prior to translocation into the mitochondria but
does not affect the amount of Fech in mitochondria.

To evaluate embryonic cells, we investigated the proliferation
and apoptosis of constituent cells in embryonic bodies (E11.5 em-
bryos) by use of immunohistochemical analyses with the anti-
BrdU antibody and anti-cleaved caspase 3 antibody. As shown Fig.
2E, Abcb10�/� embryos exhibited BrdU-positive cells, which were
not observed in Abcb10�/� embryos. In contrast, a number of cells
positive for cleaved caspase 3 were observed in the fetal livers of
Abcb10�/� embryos, but no cleaved caspase 3-positive cells were
present in Abcb10�/� embryos. These observations and the loss of
hemoglobinized cells support the suggestion that Abcb10�/� em-
bryos died because of embryonic hematopoietic failure.

Abcb10�/� hemocytes do not contain heme and contain free
iron in the mitochondria. Next, we used Berlin blue staining to
examine whether iron metabolism and trafficking properties dif-
fered depending on the Abcb10 genotype since iron is an essential
ion of heme. Abcb10�/� embryos displayed significant iron accu-
mulation in circulating cells (Fig. 2B).

To examine the appearance and localization of these iron de-
posits, we acquired transmission electron micrographs of

TABLE 1 Embryonic lethality due to Abcb10 deletiona

Embryonic day

No. of mice with embryos of
indicated genotype

No. of mice with
resorption embryos�/� �/� �/�

E9.5 7 16 6 0
E10.5 5 18 6 3
E11.5 6 8 3 3

Total 18 40 15 6
a The genotypes of Abcb10 embryos were derived from intercrossing Abcb10�/� mice.
The numbers of mice with embryos of each genotype or with resorption embryos on
the indicated embryonic days (E9.5 to E11.5) are shown. Genotype information for
resorption embryos was not available.
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FIG 2 Comparative analysis of the morphology, hemoglobin, iron, and cell death in Abcb10�/� and Abcb10�/� mice. (A) Comparative morphological studies
of Abcb10�/� (�/�) and Abcb10�/� (�/�) embryos. The left panels (�/� and �/�) show stereomicroscopic images of E11.5 embryos. The �/� embryo is
much paler than the �/� embryo, including the heart (H) and liver (L). The right panels (�/� and �/�) show hematoxylin-eosin (HE)-stained embryos. The
�/� embryo shows faint eosin staining due to the sparseness of the cytosolic component followed by apoptosis in most of these cells (as shown in panel E). (B)
Benzidine and Berlin blue-stained section of heart and liver from �/� and �/� embryos. The benzidine stain showed hemoglobinized cells in �/� but not in
�/� embryos. In the Berlin blue stain, Fe-accumulating cells in the heart (arrows), vessels (open arrowhead), and liver (filled arrowheads) of only �/� embryos
were stained in blue. (C) Total heme level of embryos. Data are expressed as the means � standard deviations (SDs) of results from 3 embryos per genotype. �/�,
Abcb10 heterozygous embryos; �, P values of �0.001. (D) Analyses for Fech and Abcb10 expressions in �/� and �/� embryos. Western blot analyses of whole
embryos were performed with antibodies against Abcb10, Fech, HSP60, and GAPDH. HSP60 and GAPDH were used as mitochondrial and supernatant fraction
loading controls, respectively. Two hundred micrograms of protein for the mitochondrial fraction (Mit) and 70 �g protein for the supernatant fraction (Sup)
were applied to the each lane. (E) Identification of growing and apoptotic cells by staining for BrdU in the heart (H) and the liver (L) or cleaved caspase 3 in the
liver (L) from �/� and �/� embryos.
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Abcb10�/� and Abcb10�/� embryos. In mice, hematopoiesis is
autonomously initiated by the aorta-gonad-mesonephros (AGM)
region at E9.5 (18). On this day, morphological differences in
AGM region and circulating blood cells were not observed be-
tween Abcb10�/� and Abcb10�/� embryos (Fig. 3A). At E10.5 and
E11.5, the Abcb10�/� embryo liver was composed of definite
hematogenous tissues, but the Abcb10�/� embryonic liver showed

wide spaces between cells, indicating reduced cell-cell interactions
(Fig. 3B and C). As shown in Fig. 3C, on E11.5, even in Abcb10�/�

embryos, hematopoietic cells in the vessel remained immature
since they preserved organelles (nuclei and mitochondria). How-
ever, strikingly, in Abcb10�/� embryos at E10.5 and E11.5, marked
electron-dense materials, which localized to the mitochondria of
hemocytes but not to hepatocytes, were observed (Fig. 3B and C).

FIG 3 Analytical electron microscopy and ROS accumulation of Abcb10�/� embryos. (A to C) Electron micrographs of �/� and �/� embryonic hepatocytes
(or the AGM region) and hemocyte at embryonic days 9.5, 10.5, and 11.5, respectively. Arrows show mitochondria, and arrowheads show strong electron-dense
deposits in the mitochondrial matrix. All the subsets are higher magnificent images. (D and E) Data from analytical electron microscopy of �/� and �/�
embryonic hemocytes at E10.5. (D) The transmission electron micrograph (TEM) (left) and the density of Fe (right) of the mitochondria of �/� and �/�
embryonic hemocytes is shown. (E) Charts of elemental analysis from the field represented in panel D. The x axis indicates energy (keV), and the y axis indicates
X-ray generation (count). The elements recognized by the analyzer are indicated at each peak. The arrow indicates the specific signal of Fe in �/� embryonic
hemocytes. (F) Comparison of protein oxidation in �/� and �/� embryos. The carbonylated proteins with oxidization stress were derived with DNPH and
detected with anti-DNP antibody by use of the OxyBlot protein oxidation detection kit. Mit, 20 �g mitochondrial protein; Sup, 10 �g supernatant protein. The
�/� and �/� embryos shown in panels A to F were obtained by breeding Abcb10�/� and Abcb10�/� mice. CBB-stained SDS-PAGE gel is shown at the bottom.
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Additionally, at E11.5, embryo cell membranes and the cyto-
plasms of hepatocytes and hemocytes were fragmented (Fig. 3C).

Therefore, we evaluated the high-density materials in the mi-
tochondria of hemocytes at E10.5 of Abcb10�/� embryos by use of
analytical electron microscopy. Iron peaks were detected in high-
density deposits in the mitochondria of hemocytes in an
Abcb10�/� embryo but not in the mitochondria of hemocytes in
an Abcb10�/� embryo (Fig. 3E).

Iron accumulation was expected to induce reactive oxygen spe-
cies (ROS) production, which can be highly toxic (19, 20). We
next evaluated whether iron accumulation affected protein oxida-
tion with ROS in Abcb10�/� embryos by detecting oxidized pro-
teins. Figure 3F shows that the oxidation level of proteins in the
mitochondrial and supernatant fractions from Abcb10�/� em-
bryos was higher than that in Abcb10�/� embryos. Collectively,
these data suggest that Abcb10 deletion induces heme biosynthesis
deficiency and iron accumulation in the mitochondria of hemo-
cytes, causing severe damage and cell death to hemocytes.

Postnatal ablation of Abcb10 results in impaired erythroid
cell maturation. To examine the physiological functions of
Abcb10, we generated an interferon-inducible Cre transgene
(Mx-Cre) to excise the floxed-Abcb10 allele from adult mice
(Abcb10F/�; Mx1-Cre). After inducing Mx-Cre with pI-pC, an in-
terferon inducer in hematopoietic stem cells, approximately 40%
of floxed-Abcb10 alleles in Abcb10F/�; Mx1-Cre mouse BMCs had
been converted into the deleted allele (date not shown).

Since Abcb10�/� mice show hematopoiesis failure and impair-
ment of heme biosynthesis, we performed peripheral blood counts
and estimated hemoglobin and heme concentrations in Abcb10F/�;
Mx1-Cre mice and controls (Fig. 4). Strikingly, Abcb10F/�; Mx1-Cre
mice developed anemia, as exhibited by a decrease in red blood cell
(RBC) number and hemoglobin, whereas white blood cell (WBC)
number and platelet count were comparable. Further, Abcb10F/�;
Mx1-Cre mice showed a marked increase in the number of reticulo-

cytes compared to the level for controls. According to the low mean
corpuscular volume (MCV) and mean corpuscular hemoglobin con-
centration (MCHC), the anemia was classified into microcytic type
and hypochromic type, which is primarily caused by impaired hemo-
globin synthesis. Additionally, heme was reduced in Abcb10F/�; Mx1-
Cre mice compared with the level for controls in peripheral blood
(Fig. 5A). These findings are consistent with impaired heme biosyn-
thesis in Abcb10F/�; Mx1-Cre mice.

Abcb10 is indispensable to heme biosynthesis. Figure 5B
shows electron micrographs of controls and Abcb10F/�; Mx1-Cre
mouse BM cells. Abcb10F/�; Mx1-Cre mitochondria showed
prominent contours of the membranes and appeared to be swol-
len. Most mitochondria in control reticulocytes appeared to de-
generate as they matured into definitive erythrocytes. The magni-
fied Abcb10F/�; Mx1-Cre panel shows the highly dense deposit
localized in the mitochondria. Additionally, diffuse deposition
was observed in the matrix (Fig. 5B, arrowheads). No comparable
electron densities were observed in controls (note the presence of
intracellular organelles). An appearance in electron micrographs
similar to that of Abcb10�/� mice and analytical electron micros-
copy data for Abcb10�/� mice suggested that these deposits were
the result of iron accumulation.

To examine the impaired step of heme biosynthesis, we evalu-
ated the concentration of the heme precursor PPIX and observed
that PPIX concentrations in Abcb10F/�; Mx1-Cre mice were more
than 50 times higher than those in the control mice (Fig. 5C).
Thus, PPIX accumulation in Abcb10F/�; Mx1-Cre mice sug-
gests that iron utilization was defective. Collectively, these data
suggest that Abcb10 plays an essential role in incorporating iron
into PPIX during heme biosynthesis.

DISCUSSION

Abcb10�/� mice were embryonic lethal between E10.5 and E11.5.
These embryos appeared to be paler in the absence of erythropoi-

FIG 4 Mx1-Cre-mediated Abcb10 deletion leads to anemia and impaired erythroid cell maturation in adult mice. Control (Cont.) (n � 3) and Abcb10F/�;
Mx1-Cre (n � 9) mice were subjected to peripheral blood counts. Results are shown as means � SDs (error bars). RBC, red blood cell count; WBC, white blood
cell count; MCV, mean cell corpuscular volume; MCHC, mean corpuscular hemoglobin concentration.
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esis than in its presence. These phenomena are consistent with the
phenotype of erythrocyte deficiency, similar to what has been ob-
served for Gata1 KO mice (21, 22). The concentration of oxidized
protein in Abcb10�/� mice was much higher than that in normal
mice. These results suggest that Abcb10 deficiency induces pro-
duction of ROS and damage to proteins. Abcb10F/�; Mx1-Cre
mice suffered from severe anemia with accumulation of PPIX and
iron in erythroid cells. The numbers of WBCs and platelets are
comparable to those in normal controls, suggesting that Abcb10
deficiency did not affect hematopoietic cells other than erythroid
cells. These findings are consistent with the function of ABCB10 as
a scaffold protein of FECH and the SLC25A37 complex on the
mitochondrial inner membrane (9). Although the level of Fech
protein in mitochondria in the Abcb10�/� mice was comparable
to that in the wild-type mice, heme biosynthesis stopped, and its
precursor iron and PPIX were accumulated. These data suggest
that Abcb10 might also be involved in the protein stability of
Slc25a37; furthermore, Abcb10 might function not only as a scaf-
fold protein but also as a part of heme biosynthesis machinery
with Fech and Slc25a37.

Although Abcb10�/� mice showed an increased susceptibility
to oxidative stress caused by ischemia/reperfusion, we did not
observe clear morphological or hematological changes between
Abcb10�/� and Abcb10�/� mice (13). Upon a sudden increase in
ROS production, Abcb10�/� mice are thought to have an insuffi-
cient capacity to adapt to this rapid metabolic change. It remains
unclear whether Abcb10�/� mice are unable to produce heme
proteins such as catalase and dismutase, which protect tissues
from oxidative stress, or whether Abcb10 plays other roles in re-
ducing ROS production in mitochondria. Further studies are
needed to clarify these points.

Two major congenital diseases related to heme biosynthesis are
protoporphyria and sideroblastic anemia (SA). Protoporphyria is
a disorder caused by protoporphyrin accumulation due to partial
deficiency of metabolic enzymes in the heme biosynthesis path-
way. EPP is a major type of protoporphyria caused by low enzyme
activity of FECH with genetic abnormality. Two mouse models,

consisting of heterozygotes of mice with Fech exon 10 deleted and
homozygous Fechm1pas mice containing the point mutation M98K
in the Fech protein, have been reported. The protoporphyria-like
phenotypes of these mice are consistent with low Fech enzyme
activity (23–25). In contrast, ALAS2 is known to be a major caus-
ative gene of XLSA. Heterozygous Alas2 KO mice show a normal
phenotype, while Alas2 homozygous KO mice and X-linked pseu-
dohemizygous Alas2�/y mice show embryonic lethality; ring sid-
eroblasts were not observed in mouse embryos (26). A transgenic
mouse whose Alas2 activity was partially rescued in an Alas2-null
background was reported to be a model of human XLSA (27).
Since both of these diseases are rare, it is more difficult to establish
effective treatments for them than for common diseases. There-
fore, animal models are very useful for treatment evaluation. It has
been reported that 43% of human congenital SA cases are caused
by unidentified genes or mutations (28).

We found that Abcb10 is essential for heme biosynthesis and
that Abcb10�/� mice have pathological conditions, including iron
accumulation in the mitochondria and PPIX accumulation, sim-
ilar to those of SA and EPP. These findings indicate that mutations
in Abcb10 may modify these hematopoietic diseases since the
Abcb10 homozygous deletion showed wide effects on function in
the heme biosynthesis cascade and erythroblast differentiation.
However, there have been no reports showing abnormalities in
ABCB10 in human SA and EPP (28, 29). This discrepancy between
our finding and the results of human genetic analysis can be ex-
plained by the complex combination of genetic abnormalities
and/or the difficulty of genetic and epidemiologic analysis of SA
because of its rarity and the variety of symptoms and severities
caused by the disease (30, 31). Crossbreeding of Abcb10 heterozy-
gous deletion mice with KO mice carrying other heme synthesis-
related genes may provide important clues regarding the genetic
background of heme synthesis abnormalities.
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