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The mitochondrial transporter ABC-me (ABCB10),
a downstream target of GATA-1, is essential for
erythropoiesis in vivo

BB Hyde'®, M Liesa'®, AA Elorza', W Qiu', SE Haigh', L Richey?, HK Mikkola®, TM Schlaeger* and OS Shirihai*’

The mitochondrial transporter ATP binding cassette mitochondrial erythroid (ABC-me/ABCB10) is highly induced during
erythroid differentiation by GATA-1 and its overexpression increases hemoglobin production rates in vitro. However, the role of
ABC-me in erythropoiesis in vivo is unknown. Here we report for the first time that erythrocyte development in mice requires
ABC-me. ABC-me—/— mice die at day 12.5 of gestation, showing nearly complete eradication of primitive erythropoiesis and lack
of hemoglobinized cells at day 10.5. ABC-me—/— erythroid cells fail to differentiate because they exhibit a marked increase in
apoptosis, both in vivo and ex vivo. Erythroid precursors are particularly sensitive to oxidative stress and ABC-me in the heart
and its yeast ortholog multidrug resistance-like 1 have been shown to protect against oxidative stress. Thus, we hypothesized
that increased apoptosis in ABC-me—/— erythroid precursors was caused by oxidative stress. Within this context, ABC-me
deletion causes an increase in mitochondrial superoxide production and protein carbonylation in erythroid precursors.
Furthermore, treatment of ABC-me—/— erythroid progenitors with the mitochondrial antioxidant MnTBAP (superoxide
dismutase 2 mimetic) supports survival, ex vivo differentiation and increased hemoglobin production. Altogether, our findings
demonstrate that ABC-me is essential for erythropoiesis in vivo.
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A central event during erythroid development is the induction
of the components responsible for heme biosynthesis.
Although heme is also produced in non-erythroid cells, its
biosynthesis is specifically regulated during erythroid differ-
entiation.3 Thus, mutations in some specific genes involved
in heme production have been shown to cause several human
blood disorders, such as sideroblastic anemias.* This type of
anemia is characterized by abnormal erythroid differentiation
with a reduction in the total number of erythrocytes.* In
addition, there are idiopathic anemias (either genetic or drug-
induced) in which the primary molecular defect is unknown.
Recently, a novel bioinformatic approach identified new genes
involved in heme biosynthesis that could be potential
therapeutic targets for these disorders.® Furthermore, this
large-scale computational screen identified again the ATP
Binding Cassette mitochondrial erythroid transporter (ABC-
me/ABCB10) as an important protein for heme biosynthesis.®

We previously identified ABC-me as a downstream target of
an essential transcription factor for terminal erythroid
differentiation, namely GATA-1 .8 ABC-me is a homodimeric
transporter located in the inner mitochondrial memb-
rane, which shows the highest expression levels in erythroid
tissues.®” Importantly, during early stages of mouse

development (day 10 post coitus, pc), ABC-me expression
is detected exclusively at the primitive sites of hematopoiesis,
namely the yolk sac blood islands.® Furthermore, at day 9.5—
10.5 pc, 95% of circulating blood cells are primitive nucleated
erythroblasts (most of them basophilic and polychromatophi-
lic) and a large number of these erythroblasts express high
levels of transferrin receptor (CD71, responsible for iron
uptake and required to synthesize hemoglobin) and Ter119
(membrane protein used as a marker for terminal erythroid
differentiation).®° Therefore, maximal iron uptake and hemo-
globin synthesis rates in embryonic blood cells occur at the
same stage as the detection of ABC-me expression in the yolk
sac. In addition, ABC-me (ABCB10) has been demonstrated
to be required for maximal (not basal) iron import into
mitochondria during in vitro erythroid differentiation, as it
stabilizes the iron importer mitoferrin 1 (Mfrn1).'°

The mitochondrial topology of ABC-me transporter makes it
a likely candidate as a novel exporter having a role in
mitochondria detoxification and/or regulating the compart-
mentalization of heme biosynthesis intermediates between
mitochondria and cytosol. Finely tuned compartmentalization
and proper mitochondrial function are not only relevant for the
rates of heme production but also are essential for cell viability,
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as accumulation of heme intermediates or regulators of their
production in cytosol and/or mitochondria can lead to oxidative
stress and toxicity."2*'" In this regard, ABC-me overexpres-
sion in erythroid derived cells (murine erythroleukemia cells)
increases both the total levels and production rates of
hemoglobin, without affecting the shape or the number of
mitochondria.® Furthermore, ABC-me and its yeast ortholog
multidrug resistance-like 1 were shown to protect from
increased mitochondrial oxidative stress caused by ischemia-
reperfusion in the heart or by atm deletion in yeast, respec-
tively.'>~'* Altogether, these data highlight an important role of
ABC-me transporter in heme and hemoglobin synthesis and in
protection from oxidative stress. However, the role of ABC-me
in erythroid differentiation in vivo, the effects of ABC-me loss-of-
function on hemoglobin synthesis and oxidative stress in
erythroid cells and whether ABC-me is necessary for erythroid
development still remained unknown until now.

Here we show that mice lacking ABC-me (ABC-me—/—) are
embryonic lethal atday 12.5 pc. ABC-me—/— embryos show a
significant defect in primitive erythroid development present-
ing a cardiovascular system empty of red blood cells at day
10.5 pc, before definitive erythropoiesis starts in the liver. We
show that ABC-me—/— erythroid precursors (CD71 ") under-
go apoptosis at day 10.5 pc or during ex-vivo differentiation
of embryonic blood progenitors or embryonic stem cells
(ES cells). Mitochondrial oxidative stress contributes to
ABC-me—/— erythroid precursor apoptosis, as both their
survival and hemoglobin levels are increased by the mito-
chondrial antioxidant MnTBAP (superoxide dismutase 2
mimetic). In all, we demonstrate that ABC-me is essential
for erythroid development and that its loss-of-function reduces

Table 1 Numbers of ABC-me—/— embryos and their phenotype

hemoglobin production, increases oxidative stress and
apoptosis in erythroid cells.

Results

Generation and characterization of ABC-me—/—
mouse. During embryogenesis, ABC-me expression is
found exclusively in the erythroid precursors found in the
yolk sac blood islands on embryonic day 10 pc, which are the
primitive sites of hematopoiesis.® Given this embryonic pattern
of ABC-me expression, a global knockout mouse model was
used to study the role of ABC-me in hematopoiesis. ABC-
me +/— mice were generated in a C57BI6/129SvEvBrd mixed
background by replacing ABC-me exons 2 and 3 with an insert
containing a neomycin-resistance cassette (a strategy designed
and executed by Lexicon Genetics, The Woodlands, TX, USA;
today Taconic).'® ABC-me +/— mice were backcrossed onto
C57BI6 background and bred to generate ABC-me—/— mice.
Western blot analyses show no ABC-me expression in
day 10.5 embryonic ABC-me—/— blood lysates (see
Supplementary Figure S1 and Liesa et al.'3).

ABC-me—/— mice were embryonic lethal and ABC-me +/—
mice were viable, with no obvious phenotype in the post-natal
life under basal conditions.'® Given that embryonic lethality
caused by severe anemia was previously detected in day
10.5-11.5 pc GATA-1—/— embryos (ABC-me is a down-
stream target of GATA-1), we decided to investigate ABC-
me—/— embryo development between days 10.5 and 13.5 pc.
ABC-me—/— embryos were found to be dead and smaller at
day 12.5 pc, as determined by the absence of a visually
detectable heartbeat (Table 1). ABC-me—/— embryos were

Day 10.5
Phenotype Hemoglobinized (alive) Non-hemoglobinized (alive)
Genotype WT ABC-me+/— ABC-me—/— WT ABC-me+/— ABC-me—/—
Embryos
107 (11 Litters) 22 55 3@ 0 4 23
% Detected 20.5 51.4 2.8% 0 3.7 215
% Expected 25 50 25 0 0 0
Day 12.5
Phenotype Alive (heart beat) Dead (no heart beat)
Genotype WT ABC-me+/— ABC-me—/— WT ABC-me+/— ABC-me—/—
Embryos
40 (5 Litters) 10 13 0 1° 6° 10°
% Detected 25 32,5 0 2.5° 15° 25°
% Expected 25 50 25 0 0 0
Day 13.5
Phenotype Alive (heart beat, non-resorbed)
Genotype WT ABC-me+/— ABC-me—/—
Embryos
27 (6 Litters) 11 16 0
% Detected 7 59.3 0
% Expected 25 50 25

#Much paler than wild type, but some hemoglobin could be seen by naked eye. These seven dead embryos (WT and ABC-me+/—) were detected in the same female

(one out of the five litters). °Smaller, partially resorbed
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completely resorbed by the uterus by day 13.5 pc (Table 1).
Upon pathological examination, ABC-me—/— embryos pre-
sented severe anemia at day 10.5 pc, as shown by the lack of
red coloring of the yolk sac vasculature (Table 1, Figures 1a
and b). Histological examination and hematoxylin and eosin
(H&E) staining revealed that ABC-me—/— day 10.5 pc yolk
sac blood islands show a significant reduction in the total
number of cells, as well as few cells with pyknotic nuclei
(Figures 1c and d).

Effects of ABC-me loss-of-function on erythroid
precursors cell death. The histological findings in ABC-
me—/— yolk sac blood islands suggested an increase of cell
death in erythroid precursors. To test this hypothesis, frozen
sections of day 10.5 pc embryos with intact yolk sac were
stained with DAPI to detect nucleated cells (Figures 2a and
b) and terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL)-bromodeoxiuridine (BrdU) to detect
apoptotic cells (Figures 2c and d). An abnormal low
number of nucleated cells were detected in ABC-me—/—
yolk sac blood islands, which is in marked contrast with wild-
type (WT) embryos (Figures 2a and b). There was little or no
TUNEL-BrdU detection in WT blood islands (Figure 2c),
whereas most ABC-me—/— cells show positive TUNEL-BrdU
staining indicative of activation of apoptosis (Figure 2d).
These results were also confirmed by analysis of activated
caspase 3 and an earlier marker of apoptosis, Annexin V, in
WT and ABC-me—/— yolk sacs (Supplementary Figure S2).

To corroborate increased apoptosis in erythroid precursors,
isolation of circulating blood from WT, ABC-me+/— and

-
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ABC-me—/— yolk sacs and embryos (day 10.5 pc) was
performed. After isolation, blood cells were co-labeled with a
phycoerythrin (PE)-conjugated anti-CD71 antibody (transfer-
rin receptor, a surface marker of erythroid precursors) and
TUNEL-BrdU, which was detected with an anti-BrdU antibody
conjugated to fluorescein isothiocyanate (FITC). Double-
labeled blood cells were analyzed by flow cytometry, and
TUNEL-BrdU (FITC) signal was only quantified in CD71-
positive cells. Most erythroid precursors from ABC-me—/—
embryos were apoptotic (72%), whereas only 10 and 20% of
WT and ABC-me+/— CD71-positive cells, respectively,
showed detectable TUNEL-BrdU signal (Figure 2e). These
findings were also confirmed by propidium iodide (PI) staining
(75% of cell death in ABC-me—/— versus an approximate 40%
in WT and ABC-me +/—) and caspase 3 activation (30% in
ABC-me—/— and 15% in WT and ABC-me +/-) in erythroid
precursors (Figures 2f and g).

Effects of ABC-me loss-of-function in primitive erythroid
differentiation. Primitive and definitive erythropoiesis can
be tracked by measuring CD71 together with Ter119
(Figure 3a).%'® ABC-me—/— embryos are severely anemic
at day 10.5 pc (Figure 1), when 95% of circulating blood cells
are primitive nucleated erythroblasts in WT embryos.®
Furthermore, a large percentage of these circulating blood
cells (70-80% at day 9.5 pc®; around 30—-40% at day 10.5;
(Figures 3a and b)) harbor high levels of expression and
are positive for both CD71 (CD71* ") and
Ter119 (Tert19* ") |nterestingly, in adult definitive
erythropoiesis models (i.e., bone marrow), CD71* M9" cells

Figure 1 ABC-me deletion results in severely anemic embryos at day 10.5 pc. (a) Wild-type and (b) ABC-me—/— intact embryos (day 10.5 pc) light microscopy images.
Note that in (b) ABC-me—/— embryo is not hemoglobinized, whereas the vasculature of the yolk sac is present (black arrow). HE-stained sections of yolk sac blood
islands from (¢) WT and from (d) ABC-me—/— day 10.5 pc embryos. Note a significant reduction in erythroid cells and the remaining cells showing pyknotic nuclei only in

(d) ABC-me—/—, as pointed to by the arrow (n=5 embryos)
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Figure2 ABC-me—/— embryos display higher level of apoptosis in erythroid precursors. (a—d) Representative images of the yolk-sac blood islands obtained from ( x 40,
epi-fluorescence microscope) frozen sections from day 10.5 pc embryos co-stained with DAPI and TUNEL-BrdU. (a) Wild-type sections show high number of cells (DAPI
nuclear staining), whereas (b) ABC-me—/— sections show a reduction in cell number within the yolk-sac blood island. (¢) Wild-type blood islands displayed minimal TUNEL-
BrdU signal, whereas (d) ABC-me—/— yolk sac blood islands displayed higher levels of TUNEL-BrdU signal. (e-g) Quantification of flow cytometry analysis of isolated
embryonic blood from WT and ABC-me—/— day 10.5 pc embryos. (e) Cells were co-stained with CD71 (conjugated to PE) and with BrdU (conjugated to FITC) antibodies.
Percentage of TUNEL-BrdU-positive cells was quantified in cells positively gated for CD71 (transferrin receptor), as a marker for the erythroid lineage. (f) Cells co-stained with
CD71 antibody conjugated to FITC and P, representative of dead cells. Percentage of Pl-positive cells was quantified in cells positively gated for CD71. (g) Cells were
co-stained with CD71 antibody conjugated to FITC and FLICA-PE fluorescent substrate activated by caspase 3-mediated cleavage. Percentage of FLICA-positive cells was
quantified in cells positively gated for CD71. Statistically significant differences are shown: ABC-me—/— CD71 " cells versus WT (#); n= 3 independent experiments; 1 x 10°

cells per sample; P<0.05 ANOVA. Error bars represent standard deviation

mostly correspond to basophilic and polychromatophilic
erythroblasts, in which hemoglobin synthesis rates are
maximal'® (Figure 3a). The same holds true for primitive
embryonic erythropoiesis.®

In Figures 3a and b, we have defined five regions (R1-R5)
of a flow cytometry scatter plot according to the expression
levels of CD71 and Ter119 in circulating blood cells from day
10.5 embryos. The majority of these cells in day 10.5 WT
embryos are CD71 """ (mostly located in R3, few in R2),
consistent with a majority of polychromatophilic and basophi-
lic erythroblasts at this stage in embryonic blood (Figures 3a, b
and c and Fraser et al.®) Interestingly, the R3 population (the
one harboring the highest levels of CD71 expression and
therefore high hemoglobin synthesis rates) is almost absentin
ABC-me—/— embryos (Figures 3b and c). In addition, the R3
population is also reduced (but to a lesser extent) in ABC-
me +/— embryos (Figures 3b and c). However, this reduction
does not cause any lethality'® or pathologic anemia in ABC-
me +/— embryos or during their post-natal life under basal
conditions (data not shown). Thus, these data together with
the apoptosis measurements (Figure 2) suggest that
R3 population (mostly polychromatophilic erythroblasts) is
reduced due to increased apoptosis in R2 and R3 populations
and/or during transition from R2 to R3 (CD71*"9" cells).

To further confirm that differentiation is stalled during the
peak of hemoglobin synthesis (R2 and R3 populations),
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benzidine and Okajima stainings were performed in fixed
sections of the yolk sac and in isolated blood cells from WT
and ABC-me—/— day 10.5 pc embryos (Figure 3d). Both
staining methods revealed, in immunohistological sections, a
significant reduction in hemoglobinized cells in ABC-me—/—
yolk sac blood islands, when compared with the WT
(Figure 3d). Quantification of cytospine- and benzidine-
stained embryonic blood cells revealed that only 8% of
ABC-me—/— isolated blood cells were hemoglobinized, in
marked contrast with the 35-40% detected in WT and
ABC-me +/— blood cells (Figure 3e). Furthermore,
May—Grumwald—Giemsa staining revealed less hemoglobi-
nized erythroid precursors in ABC-me—/— cells (most of them
showing the size and morphology of basophilic erythroblasts,
R2, nucleated but with a bigger cytoplasm; Figure 3d). This
phenotype was again in marked contrast with WT blood cells,
where a higher number of circulating blood cells displayed the
size and morphology characteristic of polychromatophilic
erythroblasts (nucleated, with a darker color and a smaller
cytoplasm, R3; Figure 3d).

Increased ROS and oxidative stress caused by the lack
of ABC-me—/— triggers apoptosis and the concomitant
deficiency in erythrocyte development. Defects in
mitochondrial detoxification, hemoglobin synthesis and/or in
the compartmentalization of its intermediates are known to
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Figure 3 Effects of ABC-me loss-of-function in primitive erythroid differentiation. The expression levels (as determined by flow cytometry) of CD71 and TER119, allows
for the identification and gating of five regions (from R1 to R5) within a flow cytometry scatter plot. These five regions contain distinct cell types found in the different stages of
erythrocyte differentiation (as described in Kina et al® and Zhang et al."®). (a) CFU-E and proerythroblasts are mostly located in R1, basophilic erythroblasts mostly in R2,
polychromatophilic erythroblasts mostly in R3, orthochromatophilic erythroblasts mostly in R4, reticulocytes and erythrocytes in R5. (b) Representative flow cytometry scatter plot of
isolated embryonic blood from day 10.5 pc embryos analyzed for CD71 (antibody conjugated to FITC) and Ter119 (antibody conjugated to PE). ABC-me—/— blood is deficient in
R3 (hemoglobinized erythroblasts) as compared with WT. (¢) Quantification of erythroid progenitor and precursor populations in isolated embryonic blood (day 10.5 pc). ABC-
me + /— (*) and ABC-me—/— (#) embryonic blood show a reduction in R3 hemoglobinized erythroblasts in comparison with WT R3 population (n = 3 experiments; 1 x 10° cells
per sample; P<0.05 ANOVA). Error bars are representative of standard deviation. (d) Isolated blood from day 10.5 pc embryos was cytospun and stained with May-Grunwald—
Giemsa. Wild type blood cells demonstrated size and morphology consistent with normal erythroid precursors, mostly nucleated polychromatophilic normoblasts. Isolated
ABC-me—/— cells contained a low number of erythroid precursors, with a size and morphology indicative of a less differentiated population of primarily basophilic normoblasts
(larger nuclei and cytoplasm, see red scale bars representing the diameter in um of the cells and the colonies, respectively). Sections of day 10.5 pc embryonic yolk sac were
stained both with H&E/benzidine and with Okajima hemoglobin stain to detect the presence of hemoglobin (n=5 mice for all groups and slides were examined by multiple
investigators at x 40 magnification). (e) Percent benzidine-positive cells in blood isolated from 10.5 pc embryos (n=5 mice per group). Error bars represent standard deviation

cause and exacerbate oxidative stress.”**'® Given the role from protein oxidation by reactive oxygen species (ROS).
of ABC-me in hemoglobin synthesis and the protection from Mitochondrial protein fractions were obtained from day 10.5
increased mitochondrial oxidative stress in cardiac cells and pc embryonic blood and derivatized in order to measure
yeast,'®'® we hypothesized that lack of ABC-me could be protein carbonylation by western blot (see Materials and
triggering oxidative stress in erythroid cells. A reliable marker Methods). ABC-me—/— mitochondria showed a fourfold

of oxidative stress is protein carbonylation, which results increase in carbonylated proteins compared with WT
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mitochondria (Figures 4a and b). Furthermore, the band
pattern of carbonylated proteins was different in ABC-me—/—
mitochondria when compared with WT or ABC-me+/—
mitochondria, suggesting increased oxidative damage of
some specific mitochondrial proteins in ABC-me—/—
precursors (Figure 4a). Interestingly, protein carbonylation
was not increased in total lysates from ABC-me—/—
embryos, suggesting that increased oxidative damage is
specific and only detectable in the mitochondrial
compartment of circulating blood cells (data not shown).
Increased levels of oxidized proteins caused by ABC-me
deficiency may be the result of increased ROS production.
To test this possibility, day 10.5 circulating blood cells were
co-labeled with the mitochondrial matrix ROS probe Mitosox
(which detects superoxide) and FITC-conjugated anti-CD71
antibody. ABC-me—/— CD71% blood cells showed an

a WT  +- -/- b

increased percentage of cells with detectable levels of
superoxide (72% ABC-me—/— versus 32% WT CD71" cells
positive for Mitosox staining; Figures 4c and d). In addition, the
majority of ABC-me—/— CD71% erythroid cells had higher
levels of mitochondrial ROS, as measured by Mitosox
fluorescence intensity (68% ABC-me—/— versus 18% WT
and 34% ABC-me +/— CD717 cells; Figures 4c and e).

To determine the contribution of increased ROS levels to
ABC-me—/— erythroid development phenotype, we tested the
effect of treatment with antioxidants on erythropoiesis. As
ABC-me—/— erythroid cells show an increase in mitochondrial
superoxide, a superoxide dismutase 2 (SOD2) mimetic
compound (MnTBAP) was used to reduce mitochondrial
superoxide levels."” Isolated blood cells from day 10.5 pc
embryos were differentiated in a hematopoietic semi-solid
media (see Materials and Methods). The number of the
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Figure 4 ABC-me—/— blood cells exhibit elevated mitochondrial ROS and oxidative damage. (a) Carbonylated proteins in mitochondrial fractions isolated from WT, ABC-
me +/— and ABC-me—/— day 10.5 pc embryonic blood. (b) Protein carbonylation was determined by densitometry of 2,4-dinitrophenylhydrazine derivatized carbonyl
groups, then detected using anti-2,4-dinitrophenol antibody. Note that ABC-me—/— mitochondria contained significantly more oxidized proteins than WT (n=3, # P<0.05
Student's ttest). Error bars representative of standard error. () CD71 cells from day 10.5 pc embryonic blood stained with mitochondrial superoxide probe Mitosox. A
representative plot of cell number (y axis) and Mitosox fluorescence intensity (x axis) demonstrates an increase in the number of ABC-me—/— cells with high values Mitosox
fluorescence intensity. (d) Quantification of percentage of CD71 ™ cells positive for Mitosox staining (right side of the black bar, gated using unstained cells). ABC-me—/— exhibits
significantly elevated percentage of Mitosox-positive cells in comparison with WT (# n= 3 experiments; 1 x 10° cells per sample; P<0.05 ANOVA.). Error bars representative of
standard deviation. (e) Quantification of percentage of CD71 ™ cells exhibiting high Mitosox fluorescence. These were identified as erythroid precursors showing a value of Mitosox
fluorescence intensity that is above the peak of ABC-me—/— cells count. ABC-me—/— samples contain increased percentage of cells with high Mitosox fluorescence as compared
with WT (#) and ABC-me +/— (*; n=3 experiments; 1 x 10° cells per sample; P<0.05 ANOVA). Error bars representative of standard deviation
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colonies formed reflects the initial number of surviving progenitors formed approximately 20 colonies per plate,
progenitor cells together with their ability to differentiate. After whereas WT and ABC-me+/— blood generated approxi-
5 days of differentiation, ABC-me—/— embryonic blood mately 60 colonies (Figure 5a). Furthermore, ABC-me—/—
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Figure 5 Antioxidant treatment partially rescues ABC-me—/— erythroid development and hemoglobinization. (a) Isolated day 10.5 pc embryonic blood differentiated
in vitro in erythroid colony assay media for 5 days was treated with 200 um of the SOD2 mimetic MnTBAP at day 0. MnTBAP significantly increased the number of CFU-E
colonies present (black bars) per plate over untreated controls (open bars) in WT, ABC-me + /— (*) and ABC-me—/— (#) (n= 15 experiments; all samples scored in duplicate;
multiple examiners used, P<0.05 ANOVA). (b) Images of day 5 CFU-E colonies in a methyl-cellulose erythroid colony assay. Note the reduced size, transparency and
abnormal cellularity of the ABC-me—/— colony in comparison with those treated with 200 .M MnTBAP (image representative of multiple CFU-E colonies from five independent
experiments). Scale bar, 20 um. (c) ABC-me—/— colonies treated with 200 uM MnTBAP showed significantly increased levels of hemoglobin per cell as detected by the
increase in absorbance (percentage of absorbance obtained from MnTBAP-treated cells over untreated cells) corrected by cell number (n= 3 independent experiments; WT
versus ABC-me—/—; # P<0.05 ANOVA). (d) Effects of anti- and pro-oxidants on apoptosis of ABC-me—/— erythroid progenitors. Isolated day 10.5 embryonic blood cells
were differentiated in vitro for 5 days in the presence of 200 M MnTBAP (black bars) or 20 uM of the oxidant Paraquat (PQ, gray bars) or the corresponding vehicles (open
bars for MnTBAP, light gray for PQ). Apoptosis was determined by flow cytometry analysis of TUNEL-BrdU-stained cells detected with an anti-BrdU antibody conjugated to
FITC. ABC-me—/— and ABC-me + /— cells treated with MnTBAP exhibited significantly reduced level of apoptosis when compared with untreated (*). Paraquat significantly
increased apoptosis only in WT and ABC-me +/— cells (# n=4 experiments performed in duplicate; P<<0.05 ANOVA). (e) The effect of anti- or pro-oxidant treatments on
hemoglobinization of ABC-me -+ /— (open bars) and ABC-me—/— (black bars) ES cells differentiated in vitro in an erythroid colony assay. The pro-oxidant paraquat and the
scanvenger antioxidant NAC did not have significant effects on hemoglobin synthesis. ABC-me—/— cells treated with 200 .M MnTBAP demonstrated significantly increased
levels of total hemoglobin per cell as detected by absorbance over ABC-me +/— (*; n=3; P<0.05 ANOVA). Error bars representative of standard deviation
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colonies were smaller and more transparent (denoting lack of
hemoglobinization; Figure 5b). On the other hand, the
mitochondrial antioxidant MnTBAP increased by nearly
twofold the formation of colonies in ABC-me—/— embryonic
blood (40 colonies MnTBAP versus 20 colonies untreated).
Although this data illustrated that MnTBAP fostered the
survival of ABC-me—/— erythroid progenitors (closer to the
60 colonies detected in WT untreated), this fold increase was
similar (approximately twofold) in WT and ABC-me—/— blood
cells (Figure 5a). Therefore, the reduction of mitochondrial
ROS levels can improve erythroid progenitor survival in all
backgrounds. However, MnTBAP specifically rescued the
aberrant phenotype of ABC-me—/— colonies, showing a
bigger size and hemoglobinization (Figure 5b). To further
confirm the rescue in hemoglobin synthesis, we measured the
increase in hemoglobin levels per cell after MNTBAP treat-
ment both in WT and ABC-me—/— colonies (Figure 5c). Wild-
type cells treated with MNnTBAP showed a modest increase in
hemoglobin levels per cell (10%), whereas MnTBAP-treated
ABC-me—/— cells showed a 40% increase in hemoglobin
(fourfold over the WT). Altogether, these experiments show
that MnTBAP specifically restored the capacity of surviving
ABC-me—/— erythroid progenitors to differentiate and synthe-
size hemoglobin.

To address whether apoptosis was also responsible for
these defects in ex-vivo differentiation caused by the deletion
of ABC-me, we stained dispersed colonies with TUNEL-BrdU
and analyzed them by flow cytometry. ABC-me—/— (55%)
differentiated cells were apoptotic, a higher percentage than
detected in ABC-me +/— (around 30%) and WT cells (19%;
Figure 5d). Of note, MnTBAP significantly reduced the
percentage of apoptotic cells in ABC-me—/— (to 40%) and in
ABC-me +/— (to 12%), but not in WT cells (Figure 5d). On the
other hand, the addition of the pro-oxidant paraquat only
increased apoptosis in WT (19% untreated cells versus
30% paraquat-treated cells) and ABC-me +/— cells (30%
untreated versus 48% paraquat-treated cells), but not in
ABC-me—/— cells (Figure 5d). The lack of a mitochondrial
pro-oxidant-induced apoptosis in ABC-me—/— cells suggests
that the lack of ABC-me fully activates the apoptotic response
associated with oxidative stress (Figure 5d). Interestingly, a
mainly cytosolic ROS scavenger (N-acetyl-cysteine, NAC) did
not induce any significant increase in hemoglobin levels per
cell of ABC-me—/— erythroid cells differentiated ex vivo
(Supplementary Figure S3).

To further confirm these ex-vivo rescues in hemoglobin
synthesis by MnTBAP and the erythroid cell autono-
mous defect of ABC-me loss-of-function, we also used
ABC-me +/— and ABC-me—/— ES cells differentiated to the
erythroid lineage. To differentiate these cells, dispersed
embryonic bodies obtained from ABC-me+/— and
ABC-me—/— ES cells were also subjected to the erythroid
colony assay, together with distinct treatments. MnTBAP
treatment induced a remarkable 400% increase in hemoglo-
bin levels in the erythroid cells derived from ABC-me—/— ES
cells as compared with only 60% increase in hemoglobin in
cells derived from the ABC-me +/— ES cells (Figure 5e).
Consistent with the ex-vivo data, NAC did not increase the
hemoglobin levels in differentiated ABC-me—/— ES
cells (Figure 5e). On the other hand, treatment with the
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mitochondrial pro-oxidant paraquat caused a tendency to
decrease hemoglobin levels in ABC-me + /— differentiated ES
cells and no changes in the low hemoglobin levels detected
in ABC-me—/—-differentiated ES cells (Figure 5d).

Discussion

We have identified that the mitochondrial transporter ABC-me
is required for erythrocyte development. We show that the
lack of ABC-me function causes a profound decrease in the
erythrocyte precursor cell population by triggering apoptosis.
Deletion of ABC-me causes severe anemia by day 10.5 pc
and mouse embryonic lethality by day 12.5 pc. This lethality
confirms the physiological relevance of the previous findings
showing that ABC-me was exclusively detected in the first
hematopoietic sites during development (yolk sac blood
islands, during embryonic day 10.5 pc). Of note, ABC-me—/—
embryo phenotype has important similarities with GATA-1—/—
mice (ABC-me transcriptional regulator) phenotype. GATA-1
deletion causes severe anemia at day 10.5 pc embryos, such as
in ABC-me—/— embryos. Furthermore, GATA-1—/— embryonic
blood shows impaired differentiation beyond the proerythroblast
stage (such as in ABC-me—/— embryos) and erythroid colony
assays of GATA-1—/— ES cells show colonies lacking
hemoglobin (such as we report here in isolated embryonic
blood cells from ABC-me—/— mice).'®'® ABC-me joins the list
of GATA-1 downstream factors that are required for erythroid
differentiation. Interestingly, the GATA-1 downstream factor
B-cell lymphoma extra large (BCL-xL), a mitochondrial anti-
apoptotic protein, was shown to be dispensable for primitive
erythropoiesis.2>2! In this regard, deletion of BCL-x did not
increase apoptosis during primitive erythropoiesis,?' in marked
contrast to ABC-me deletion. Thus, our study identifies, for the
first time, that ABC-me is a previously unknown mitochondrial
factor downstream of GATA-1 required to prevent apoptosis
during primitive erythropoiesis.

The next set of experiments addressed the mechanism by
which the lack of ABC-me causes apoptosis in erythroid cells.
In this regard, we find that ABC-me deletion caused oxidative
stress, by increasing mitochondrial ROS (specifically, mito-
chondrial superoxide levels) and mitochondrial protein oxida-
tion in erythroid cells. Oxidative stress was sufficient to trigger
apoptosis, as MnTBAP (a catalytic antioxidant of the
mitochondrial matrix, SOD2 mimetic), rescued to some extent
the apoptotic phenotype in erythroid cells. Given the previous
data demonstrating the role of ABC-me in hemoglobin
synthesis and protection from oxidative stress,'>'® we
propose that defects caused by ABC-me deletion are a
consequence of the roles played by ABC-me, both in
protecting from mitochondrial oxidative stress and regulating
heme synthesis. In addition, this protective role of ABC-me
cannot be entirely explained by its capacity to stabilize the
mitochondrial iron importer Mfrn1. This hypothesis is sup-
ported by the following evidence: the lack of ABC-me would
reduce Mfrn1 protein levels, which in turn would reduce
mitochondrial iron uptake. Therefore, it is unlikely that
increased mitochondrial oxidative stress would be caused
by mitochondrial iron overload, as the iron import should be
decreased in ABC-me—/— erythroid cells. Indeed, flow
cytometry data of ABC-me—/— surviving cells show lower



levels of CD71 expression, suggesting less import of iron to
the cell and to the mitochondria to synthesize hemoglobin
(Supplementary Figure S4). Furthermore, the lack of rescue
by NAC, (an antioxidant with lower efficiency in the mitochon-
dria), together with the absence of increased protein
carbonylation in total lysates, suggests that other subcellular
compartments do not show a marked increase in oxidative
stress. These data are complementary to the treatment with a
mitochondrial pro-oxidant (paraquat), which is unable to
further stimulate apoptosis in ABC-me—/— cells.

The rescue of apoptosis by MNnTBAP is not complete in
ABC-me—/— cells. This result suggests that increased
superoxide production in the mitochondria might not be the
unique contributor to apoptosis. Therefore, a reduction in an
additional unknown function of ABC-me beyond oxidative
stress handling and related to hemoglobin synthesis could
also be contributing to apoptosis. It is likely that this function
related to hemoglobin synthesis would be partly through Mfrn1
stabilization. Indeed, we detect a specific reduction in
Mfrn1 protein in ABC-me—/— embryos (see Supplementary
Figure S1).

We have recently reported that ABC-me protects from
oxidative stress induced by ischemia-reperfusion in cardiac
cells. ABC-me +/— hearts showed decreased protection from
oxidative stress in the absence of changes in Mfrn1 protein
levels.'® This further demonstrates the existence of a
conserved function of ABC-me preventing oxidative damage
independent of its role stabilizing Mfrn1.

Altogether, the demonstration that ABC-me is essential for
erythroid differentiation in mice identifies a new possible target
of orphan blood diseases showing defective erythrocyte
differentiation (either genetic or drug-induced). In addition,
our work also shows that antioxidant treatment could help
to treat blood disorders potentially related to ABC-me
inactivation.

Materials and Methods

Animals. ABC-me +/— mice were generated by a gene-targeted KO strategy
by Lexicon Genetics on a C57BL6/129SvEvBrd mixed background and
backcrossed up to four generations onto C57BL6 background. All procedures
and experiments were carried out according to the institutional guidelines for animal
care at the Tufts University and Boston University in compliance with the United
States Public Health Service regulations.

Embryonic blood isolation and May-Grunwald-Giemsa
staining. Embryonic blood was isolated from day 10.5 pc embryos, by
surgical separation of embryo and yolk sac from maternal tissue, and by their
subsequent bleeding and flushing in chilled PBS with heparin. Isolated embryonic
blood was fixed in 6% paraformaldehyde (Sigma, St. Louis, MO, USA) for 1h,
washed in 70% ethanol, mounted on slides following cytospine and then stained
with May-Grunwald-Giemsa for morphological analysis of hematopoietic lineages.

Histology and Immunofluoresence. Surgically isolated embryos were
fixed in Botulinum Toxin (Sigma) for 24 h and kept in 70% ethanol. Intact embryos
were paraffin-embedded, sectioned and stained with H&E, benzidine or Okajima
staining for analysis of cell number, morphology and hemoglobin content according
to standard protocols. For immunofluorescence, intact isolated embryos were flash-
frozen in mounting media. Mounted sections of frozen tissue were first dehydrated
in acetone, then processed and stained with a FITC-conjugated antibody to detect
TUNEL-BrdU and DAPI nuclear stain. TUNEL-BrdU labels damaged DNA and can
be detected using an anti-BrdU antibody conjugated to FITC. DAPI stains all types
of DNA. Images were analyzed using Image J software (NIH, Bethesda, MD, USA)
on a Zeiss (Thornwood, NY, USA) inverted fluorescence microscope.
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Cell lines. ABC-me +/— ES cells were generated by targeted KO strategy
by Lexicon Genetics. ES Cells were maintained and expanded in ES cell media
(Stem Cell Technologies, Seattle, WA, USA), in the presence of mLIF (Stem Cell
Technologies), on a monolayer of growth inactivated murine embryonic fibroblasts
(Chemicon Intl Millipore, Temecula, CA, USA). ABC-me—/— ES cells were selected
after treatment with geneticin (Sigma) for 2 weeks, then expanded and genotyped.
In vitro hematopoietic differentiation of ES cells was carried out as previously
described and detailed in the Stem Cell Technologies Technical Manual (and briefly
discussed in the colony assay chapter).

Colony assay. Isolated embryonic blood or dispersed embryonic bodies
generated from ES cells (1-5 x 10°) were added to MethoCult complete hematopoietic
media with cytokines (EPO, IL-6, c-KIT; Stem Cell Technologies). All samples were
analyzed in duplicate in each experiment. Formation of CFU-E colonies was scored
under multiple conditions and was analyzed both in terms of number, size and
morphology of the colonies. Samples were obtained after differentiation of these
colonies and apoptosis was analyzed using flow cytometry (TUNEL-BrdU, as described
below for embryonic blood) and also for hemoglobin content by measuring absorbance
(after lysis of colonies) as previously described.®'”

Fluorescence-activated cell sorting (FACS) analysis. Isolated
embryonic blood from day 105 pc (~1x10% was immunostained
simultaneously with PE-conjugated anti-TER119 (1:100) (BD Pharmingen,
San Diego, CA, USA) and FITC-conjugated anti-CD71 (Transferrin receptor)
(1:100; BD Pharmingen). For apoptosis analysis, PE-conjugated anti-CD71
(1:100) either with FITC-conjugated anti-TUNEL-BrdU (1:100), anti-Annexin V
(3:100) (APC-conjugated, BD Pharmingen) or the caspase 3 FLICA (FAM-VAD-FMK)
substrate (Immunochemistry Technologies, LLC, Bloomington, MN, USA) was
used according to the manufacturer’s instructions. Flow cytometry was performed
using a FACS Calibur and LSRII (Becton Dickinson, San Jose, CA, USA) and
R1-R5 gating was selected as previously described.'?? FACS data analysis was
performed with the FCS Express V3 software, Los Angeles, CA, USA. Cell debris
was excluded by gating on the forward and side scatter plot.

Mitochondrial isolation. Mitochondrial isolation from embryonic blood was
achieved using a mitochondrial isolation kit for tissue (Pierce, Rockford, IL, USA)
following the manufacturer’s instructions.

Protein oxidation detection. To detect oxidized proteins, we used the
Oxyblot protein oxidation detection kit (Chemicon Intl) according to the
manufacturers manual. It is based on detection of carbonyl groups that are
introduced into protein side chains when proteins are exposed to oxidative stress.
These carbonyl groups are derivatized with dinitrophenylhydrazine, which then can
be detected using specific antibodies by western blot.

ROS detection. Isolated embryonic blood was collected as described and
1 x 108 cells were stained with 5 M Mitosox (Invitrogen, Eugene, OR, USA) for
30 min at 37 °C. Mitosox-stained samples were also treated simultaneously with
10 uM Verapamil (Sigma-Aldrich, St. Louis, MO, USA), as a control to avoid
differences in staining due to hypothetical different multi-drug resistance activity of
the cells. In addition, samples (duplicates) were also stained with 10 um TMRE
(Invitrogen), as Mitosox loading is dependent on mitochondrial membrane potential
(no differences in TMRE staining were detected in all measurements performed).
After the incubation time, cells were washed twice in warm PBS-1% BSA and
immunostained with FITC-conjugated anti-CD71 antibody, as described above, and
analyzed by FACS. Unstained cells (no Mitosox and no FITC anti-CD71) were used
as a control to detect the specific Mitosox signal.

Western blot. Samples were prepared from cell lysates or mitochondrial fractions,
loaded in 12% polyacrylamide gel and transferred onto PVDF membrane using a
semi-dry transfer machine (Bio-Rad, Hercules, CA, USA). ABC-me antibody was
diluted 1/2000 and used as described.® Porin (Calbiochem, San Diego, CA, USA) and
o-actin (Novus Biologicals, Littleton, CO, USA) antibodies were used according to
manufacturer's instruction. Mfm1 and BCL-xL (Cell Signalling, Danvers, MA, USA)
antibodies were used as previously described®232* (Supplementary Figure S1).

Antioxidants and chemicals. Agents used as supplements in in vitro
differentiation assays include; Mn(lll)TBAP (Cayman Chemical, Ann Harbor, MI, USA),
N-acetyl-Cysteine (Sigma) and Paraquat (Sigma). These chemicals (and their vehicles
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in duplicate wells, as control for the treatments) were added to cells in MethoCult
complete hematopoietic media when plated (day O of differentiation). The final
concentrations in the MethoCult media were as follows: 200 uM for both NAC and
MnTBAP, 20 M for Paraquat (PQ).

Statistical analysis. Data were analyzed by Student's ttest or ANOVA
(o =0.05) with the GraphPad Prism software (La Jolla, CA, USA).
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