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Mitochondrial iron levels are tightly regulated, as iron is essential
for the synthesis of Fe/S clusters and heme in the mitochondria,
but high levels can cause oxidative stress. The ATP-binding
cassette (ABC) transporter ABCB8 is a mitochondrial inner mem-
brane protein with an unknown function. Here, we show that
ABCBS is involved in mitochondrial iron export and is essential for
baseline cardiac function. Induced genetic deletion of ABCBS in
mouse hearts resulted in mitochondrial iron accumulation and
cardiomyopathy, as assessed by echocardiography and invasive
hemodynamics. Mice with ABCB8 deletion in the heart also
displayed mitochondrial damage, and higher levels of reactive
oxygen species and cell death. Down-regulation of ABCB8 in vitro
resulted in decreased iron export from isolated mitochondria,
whereas its overexpression had the opposite effect. Furthermore,
ABCB8 is needed for the maturation of the cytosolic Fe/S proteins,
as its deletion in vitro and in vivo led to decreased activity of
cytosolic, but not mitochondrial, iron-sulfur-containing enzymes.
These results indicate that ABCB8 is essential for normal cardiac
function, maintenance of mitochondrial iron homeostasis and mat-
uration of cytosolic Fe/S proteins. In summary, this report provides
characterization of a protein involved in mitochondrial iron export.

TP-binding cassette (ABC) proteins compose one of the

largest families of proteins (1), and use energy derived from
ATP hydrolysis to transport various substrates across a mem-
brane (2). Although many cellular ABC proteins have been
characterized, mitochondrial ABC proteins are only beginning to
emerge as important regulators of this organelle’s function. So
far, 11 mitochondrial ABC proteins have been identified: three
yeast isoforms, four in mammals, and four in plants. However,
only a fraction of them have a known function. Atmlp, a mito-
chondrial ABC protein, plays a role in the maturation of cyto-
solic Fe/S clusters in yeast (3—6). The mammalian homologue of
ATM1, ABCBT7, can complement growth defect caused by ATM1
deletion in yeast, and mutations in ABCB7 are associated with
X-linked sideroblastic anemia and cerebellar ataxia in humans
(7-9). Both Atmlp and ABCB7 affect mitochondrial iron ho-
meostasis, although the mechanism is not clear. Another yeast
mitochondrial ABC protein, MDLI, only partially rescues the
ATM]1 deletion, regulates mitochondrial iron content and sen-
sitivity to oxidative stress (10), and plays a role in mitochondrial
peptide export (11). MDL1 and MDL?2 share sequence homology
with the mammalian ABCBS (also known as mABC1) protein
(12, 13). ABCBS is a half-molecule ABC protein that localizes to
the inner mitochondrial membrane (14), and contains single
transmembrane- and nucleotide binding-domains (15). ABCBS
has been shown to protect against oxidant induced cell death
(16); however, its primary function is not known.

Iron is an essential molecule in all organisms from single-cell
bacteria to humans. Its ability to easily gain and lose electrons
makes it a suitable constituent of hemoglobin, myoglobin, and
cytochromes (17). Furthermore, iron is a component of the Fe/S
cluster, an ancient biological molecule that is essential for many
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fundamental processes including cellular respiration, DNA repli-
cation and repair, as well as heme synthesis. Iron-sulfur cluster
(ISC) assembly occurs in the mitochondria (18, 19), however, cy-
tosolic isoforms of ISC machinery have also been identified (20).
Iron is also a component of heme. Heme synthesis starts in the
mitochondria, with intermediate steps in the cytoplasm and final
reactions, including the incorporation of iron into protoporphyrin
IX, in the mitochondria (21). As high levels of mitochondrial iron
can be toxic through the formation of reactive oxygen species
(ROS), mitochondrial iron levels are tightly regulated (22). Two
proteins, mitoferrin 1 and 2, transport iron into this organelle, and
mitochondrial ferritin is involved in mitochondrial iron storage
(22). However, it is not known how iron is exported out of the
mitochondria and whether mitochondrial iron export is needed for
the activity of cytosolic Fe/S-containing proteins.

Although other ABC transporters have been studied in the
heart, the role of mitochondrial ABC proteins in this organ has
not been investigated. To characterize the function of ABCBS in
the heart, we created a mouse model of cardiac-specific ABCBS
KO, and studied the effects of this deletion on cardiac function
and mitochondrial iron homeostasis. We demonstrate that car-
diac deletion of ABCBS results in a severe cardiomyopathy and
mitochondrial iron accumulation. We also show that ABCBS is
required for maintenance of normal cardiac function, influences
mitochondrial iron export, and plays a role in the maturation of
cytosolic ISC-containing enzymes.

Results

Genetic Deletion of ABCB8 in Heart. The primary function of
ABCBS is unknown; however, its yeast homologue MDL1 partially
restores mitochondrial iron content in Aatm! cells (10). Thus, we
hypothesized that ABCBS also plays a role in mitochondrial iron
homeostasis. To test this, we generated mice with loxP sequences
flanking exon 1 of ABCBS (Fig. 1 A and B and Fig. S1). ABCBS
floxed mice (ABCB8") were then bred with mice that contained
a mutated estrogen receptor MER-Cre-MER (MCM) regulated
by the cardiac-specific a-myosin heavy chain promoter (23). A 2-
wk protocol of oral administration of tamoxifen resulted in suc-
cessful KO of ABCBS in the hearts of ABCBS"' mice. The de-
letion of ABCB8 was confirmed at the level of genomic DNA (Fig.
1C), mRNA expression (Fig. 1D), and protein levels (Fig. 1 E and
F). The residual ABCBS protein in the hearts of tamoxifen-treated
ABCBS8"" mice likely came from noncardiomyocyte sources, such
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as fibroblasts and endothelial cells, and the degree of gene de-
letion was comparable to that achieved in a similar tamoxifen-
inducible cardiac-specific KO mouse model (24). There was no
change in the levels of two additional mitochondrial ABC pro-
teins, ABCB10 (also known as mABC2) and ABCB7 (Fig. S2),
and there was no significant reduction in ABCBS in other tissues
(Fig. S3). For all subsequent studies, age- and sex-matched lit-
termates were used as controls.

Loss of ABCB8 Severely Compromises Cardiac Function. Compared
with control mice (MCM transgenic mice treated with tamoxifen
chow and MCM transgenic mice in the background of ABCBS"*
treated with normal chow), ABCB8 KO mice displayed reduced
heart pump function, or contractility, after 4 wk. We observed
lower fractional shortening [FS; the ratio of left ventricular (LV)
diameter in relaxation vs. contraction; Fig. 2 A and B], which
correlates with reduced ejection fraction, the measure of LV
volume in relaxation vs. contraction. Furthermore, cardiac out-
put (CO; the volume of blood pumped per minute) per body

Fig. 2. Cardiac function is compromised A
in ABCB8 KO mice. (A) M-mode echo-

X . MCM x ABCB8**
cardiography images of control and + tamoxifen chow
ABCB8 KO mice. Two sets of control I:,
animals are used in these studies: MCM x
ABCB8*"* mice treated with tamoxifen
chow (white bars) and MCM x ABCB8™*

flox/+
mice treated with regular chow (gray  Mon<ABCBS

+ control chow

C ABCBS* A'gcnsns):/* Fig. 1. ABCB8 KO in the heart. (A) Southern
blot analysis of WT (lane 1) and targeted ES
cells (lane 2). Homologous recombination
results in a detection of a smaller band after
genomic DNA is digested with Sca | restriction
enzyme, as shown in A. (B) PCR results of the
5" arm of ABCB8 heterozygote and homozy-
gote floxed mice. Presence of LoxP sequence

allele

Deleted _|
allele results in a larger fragment. (C) Tamoxifen-
mediated genetic ablation of ABCB8 in the
heart. DNA samples from two untreated (la-
beled 1 and 2) and two tamoxifen-treated
(labeled 3 and 4) mice are shown. (D) ABCB8
120 mMRNA levels are significantly lower in MCM x
100 [ ABCB8"f mice 2 wk after treatment with per-

oral (PO) tamoxifen compared with WT

ABCB8** mice. (E) Levels of ABCB8 protein

after treatment of MCM x ABCB8"f mice with

per-oral tamoxifen for 2 wk are significantly

20 * lower than in control mice. (F) Summary of
04 -—. densitometry analysis of Western blot (n = 3).
ABCB8**  ABCB8™ Data are presented as mean + SEM (*P < 0.05).

weight (BW) was also reduced as early as 4 wk after tamoxifen
treatment (Fig. 2C). However, heart weight (HW)/BW and LV
diastolic diameter (LVDd; the measure of cardiac chamber di-
lation) were not significantly altered (Fig. 2 D and E). When
ABCB8*'* mice were examined by echocardiography 8 wk after
tamoxifen treatment, LVDd and HW were significantly elevated
in addition to lower FS and CO compared with ABCB8*/* mice,
indicating compromised cardiac pump function (Fig. 2 F-I).
Examination of ABCB8** hearts by invasive hemodynamic
catheterization 8 wk after tamoxifen treatment showed lower LV
end-systolic pressure (measure of systolic function), dP/dt;.x
(strength of contraction), and dP/dt,;, (measure of relaxation)
compared with the control animals, thus confirming the de-
pressed contractility and relaxation, whereas no significant
change was observed in the heart rate (Fig. 2 J-L). These find-
ings suggest that deletion of ABCBS results in compromised
systolic function as early as 4 wk and systolic and diastolic dys-
function approximately 8 wk after deletion of the gene. How-
ever, these mice did not display gross features of heart failure,
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Fig. 3. ABCB8 KO hearts display struc- A
tural abnormalities. (A) Histological
analysis of hearts from control (MCM x
ABCB8** treated with tamoxifen) and
ABCB8“"2 mice 4 and 8 wk after tamox-
ifen treatment. Upper: H&E eosin stain-
ing. Lower: Masson trichrome staining.
Blue staining represents cardiac fibrosis.
(B) Representative EM images of hearts
from ABCB8"* and ABCB8“* mice. Ar-
rows indicate mitochondria. The graph
below shows quantification of mito-
chondrial number and size (n = 5). (C)
Representative EM images of hearts from
ABCB8** and ABCB8** mice. Hearts from
ABCB8** mice show well aligned mito-
chondria with clearly distinguishable cris-
tae. Mitochondria from ABCB8*'* mouse
hearts show accumulation of electron-
dense material (asterisks), disruption of
cristae, and deformed morphology. (D)
LV myocardial sections from ABCB8"*
and ABCB8“* mice subjected to TUNEL
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and DAPI (nuclei) staining after 4 wk reveal higher cell death in ABCB8*'* mice. (E) Quantitative analysis of five fields as shown in D (n = 6). (F) Mitochondrial
nonheme iron levels are higher in ABCB8 KO in the heart (n =5). (G) The levels of mitochondrial heme are not altered in the hearts of ABCB8%2 mice (n = 3). Data

are presented as mean + SEM (*P < 0.05).

implying a mild degree of cardiomyopathy or activation of com-
pensatory mechanisms.

Consistent with deteriorating cardiac function, histological
examination of ABCB8** hearts revealed distorted and wavy
myofiber architecture when examined 4 wk after tamoxifen
treatment, and exacerbated cardiac fibrosis after 8 wk (Fig. 34).
EM demonstrated subcellular disorganization in ABCB8**
hearts, with accumulation of vacuoles, mitochondria showing
diversity in size, profoundly disrupted alignment, and a rounder
and more densely packed appearance compared with the hearts
from WT mice (Fig. 3 B and C). Furthermore, ABCB8*'* hearts
displayed loss of mitochondrial cristae, suggestive of the damage
to mitochondrial architecture (Fig. 3C). Compared with WT
mice, the average size of mitochondria was significantly smaller
in ABCB8*'* mice, although the number was similar (Fig. 3B).
Mitochondrial deformities accompanied by electron-dense ma-
terial were also present in ABCBS** cardiomyocytes (Fig. 3C),
and were similar to those observed in iron-loaded mouse hearts
(25), suggesting iron aggregation. In addition, ABCB8*'* hearts
displayed greater number of TUNEL-positive nuclei (Fig. 3 D
and E), indicating increased apoptosis.

Finally, mitochondrial iron content was elevated in ABCB8*/*
mouse hearts 4 wk after tamoxifen treatment (Fig. 3F and Fig.
S4), but there was no difference in mitochondrial heme levels in
ABCBS8*'2 mouse hearts compared with WT animals (Fig. 3G).
Taken together, our results suggest that ABCBS is important for
maintenance of mitochondrial function and integrity, plays a
role in mitochondrial iron homeostasis, and its deletion leads to
cardiac dysfunction.

Finally, as we showed that deletion of ABCBS results in car-
diac dysfunction, we assessed the levels of this protein in
explanted hearts from patients with end-stage cardiomyopathy.
The levels of ABCBS protein were significantly reduced in the
explanted hearts, further supporting a role for ABCBS in normal
cardiac function (Fig. S5 4 and B).

Modulation of ABCB8 in Vitro Alters Mitochondrial Iron Levels. To
better characterize the primary function of ABCBS, we mea-
sured mitochondrial iron levels after ABCB8 down-regulation
with siRNA in neonatal rat cardiomyocytes (NRCMs). We first
confirmed that our purification protocol yields a highly enriched
mitochondrial fraction by Western blot (Fig. 44). The ABCB8

4154 | www.pnas.org/cgi/doi/10.1073/pnas.1119338109

siRNA led to a significant decrease in ABCBS protein levels
(Fig. 4 B and C), consistent with a previous work (16), and was
associated with a significant accumulation of nonheme iron in
the mitochondria, confirming our in vivo findings (Fig. 4D). We
also measured mitochondrial iron levels by using radioactive
iron. NRCMs were treated with ABCBS8 siRNA in the presence
of *Fe, followed by measurement of mitochondrial >*Fe content.
Consistently, down-regulation of ABCBS in these cells resulted in
a significant accumulation of *°Fe in the mitochondria (Fig. 4FE).

To provide further evidence for the role of ABCBS in the
regulation of mitochondrial iron homeostasis, we studied the
effect of ABCBS8 overexpression on mitochondrial iron levels.
Transduction of ABCB8-GFP adenovirus in NRCM led to a
significant increase in the levels of ABCBS protein (Fig. 4 F and
G) and a significant decrease in the mitochondrial iron content
(Fig. 4 H and I).

Accumulation of iron can exacerbate ROS production by
catalyzing the Fenton reaction and converting superoxide anion
and H,0, into the most toxic ROS, OH (26). ABCB8*’* mice
displayed higher levels of lipid peroxidation products 8 wk after
deletion of ABCBS, suggestive of elevated ROS production and
oxidative damage to the heart (Fig. S64). Unlike the ABCB8**
hearts, down-regulation of ABCBS8 in NRCM did not change
ROS levels at baseline (Fig. S6 B and C), but increased ROS in
the presence of exogenously added H,O, (Fig. S6 D and E).
Furthermore, overexpression of ABCBS8 reduced ROS levels in
NRCM in response to exogenously added H,O, (Fig. S6 F and
G) and is consistent with previously published work showing that
ABCBS overexpression is protective against oxidant-induced cell
death (16). These results indicate that a reduction in ABCBS is
associated with increased susceptibility to oxidative stress, whereas
overexpression of ABCBS has the opposite effect, indicative of
a link between ABCBS levels and cellular ROS.

ABCB8 Regulates Mitochondrial Iron Export. Based on our results
that modulation of ABCBS leads to changes in mitochondrial
iron content, we hypothesized that ABCB8 may facilitate iron
export out of mitochondria. To address this hypothesis, we de-
veloped an in vitro assay to measure the export of radioactive
iron from isolated mitochondria. This assay requires large
quantities of mitochondria that could not be attained from the
primary NRCM cells; thus, the subsequent export studies were

Ichikawa et al.
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Fig. 4. ABCB8 down-regulation and overexpression in NRCMs result in an increase and a decrease in mitochondrial iron levels, respectively. (A) Western blot
of cytosolic and mitochondrial fractions from NRCMs. (B) Western blot of NRCMs treated with control and ABCB8 siRNA. Actin is used as an internal control

(n = 3). (C) Densitometric analysis of the Western blot in B (n = 3). (D) Mitochol

ndrial nonheme iron levels are increased in NRCMs treated with ABCB8 siRNA

compared with control (n = 4). (E) Radiotracer (**Fe) in the mitochondrial fraction is in a higher amount in cells treated with ABCB8 siRNA compared with
control siRNA (n = 3). (F) Confocal images of NRCMs transduced at a multiplicity of infection (MOI) of 0, 1, 5, and 10 of ABCB8 adenovirus with a GFP coding

sequence. (G) Western blot of extracts from NRCMs transduced with increasin

g amounts of the ABCB8 or GFP adenovirus. (H) Mitochondrial nonheme iron

levels are lower in NRCMs transduced at an MOI of 5 of ABCB8 adenovirus compared with GFP-transduced cells (n = 4). () Mitochondrial >*Fe levels in NRCMs
treated with ABCB8 adenovirus are lower than in GFP (n = 4). Data are presented as mean + SEM (*P < 0.05).

?erformed in established HEK293 cells. Cells were treated with

SFe, followed by mitochondrial isolation, incubation in an ac-
tivity-preserving buffer to allow for >>Fe export, and isolation of
the soluble fraction to assess mitochondrial iron export. First,
we demonstrated effective reduction in ABCBS levels with the
siRNA approach in HEK293 cells (Fig. 54). There was no dif-
ference in the membrane potential of the purified mitochondria
with ABCB8 modulation (Fig. 5B), indicating their functional
equivalency following the isolation procedure. We then assessed
the export of iron from the isolated mitochondria. We observed
minimal *°Fe release at time point zero in control and ABCB8
siRNA-treated cells (0.78% vs. 1.05% of total radioactivity for
control and ABCBS siRNA treated cells, respectively; P = 0.28).
ABCBS siRNA treatment of the cells resulted in a significantly
lower *°Fe content in the soluble fraction compared with control
siRNA after 60 min of incubation (Fig. 5C). Furthermore,
overexpression of ABCBS resulted in a significant increase in
Fe in the soluble fraction after 60 min, indicating that ABCBS
modulation alters iron export (Fig. 5D). To further confirm that
the results are not caused by the nonspecific release of >>Fe, we
also measured the effects of ABCBS siRNA on the export of
another radioactive molecule, *>P. ABCBS siRNA treatment of
the cells did not alter **P release from isolated mitochondria
(Fig. SE), confirming that the observed effects on *Fe are not
caused by the nonspecific leakage. Taken together, our results
indicate that ABCBS regulates mitochondrial iron export, either
as the actual transporter, or functioning as a positive regulator of
another protein that exports iron.

Ichikawa et al.

Reduction in ABCB8 Results in Decreased Activity of Cytosolic Fe/S
Proteins. Mitochondria are believed to be essential for the mat-
uration of cytosolic Fe/S cluster proteins (18, 27). Having found
a way to modify mitochondrial iron export, we examined the
effects of ABCB8 down-regulation on the maturation of cyto-
solic Fe/S proteins. We hypothesized that a reduction in mito-
chondrial iron export by ABCBS would lead to a reduction in
cytosolic Fe/S protein activity. In ABCB8 KO mice, the activity of
the cytoplasmic Fe/S proteins xanthine oxidase (XO) and cyto-
solic aconitase, and the levels of glutamate phosphoribosylpy-
rophosphate amidotransferase (GPAT) were significantly lower
than in WT animals (Fig. 6 A-C). The stability of GPAT depends
on the presence of Fe/S cluster, and GPAT levels decrease with
a reduction in Fe/S cluster assembly (28). In contrast to cytosolic
Fe/S proteins, the activity of complex II, a mitochondrial electron
transport chain complex dependent on Fe/S-containing proteins
for its function, was not altered (Fig. S74), indicating that the
synthesis and availability of Fe/S clusters in the mitochondria are
not affected by the reduction of mitochondrial iron export. To
confirm these results, we measured the activity and levels of cy-
tosolic Fe/S cluster proteins in NRCM with ABCBS knockdown.
Although ABCBS8 down-regulation decreased XO activity and
GPAT levels (Fig. 6 D and E), it did not change the activity of
mitochondrial respiratory complexes I, II, and IV (Fig. S7 B-D).
These results suggest that a decrease in mitochondrial iron export
through ABCBS8 down-regulation reduces the maturation of cy-
tosolic, but not mitochondrial, Fe/S proteins.
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Fig. 5. ABCB8 modulation alters mitochondrial iron export. (A) Western
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treated HEK293 cells (n = 3). Unstained mitochondria were used as a blank.
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total cellular radioactivity (n = 3). (D) Export of >*Fe was increased in isolated
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(n = 4). (E) ABCB8 siRNA treatment did not alter 32p export, suggesting the
effect on °Fe export is specific to ABCB8 modulation (n = 3). Data are pre-
sented as mean + SEM (*P < 0.05).

Discussion

Mitochondria play an essential role in the synthesis of heme and
Fe/S clusters in eukaryotic cells, but iron can also be a source of
oxidative stress and cellular damage. Our results show that a re-
duction in ABCBS leads to mitochondrial iron accumulation, an
increase in ROS production, a decrease in mitochondrial iron
export, and a reduction in the activity of cytosolic Fe/S proteins.
Furthermore, cardiac-specific deletion of the ABCBS gene in mice
results in cardiomyopathy, mitochondrial iron accumulation, and
increased cell death. We conclude that ABCBS functions to
modulate mitochondrial iron export and plays a critical role in
mitochondrial iron homeostasis.

Assessment of mitochondrial iron levels and export can be
technically difficult, so we used multiple approaches and included
adequate control experiments in our studies. We used different
methods to assess mitochondrial iron: (i) bathophenanthroline
sulfonate and spectrophotometric assay, (ii ) radioactive iron, (iii)
EM, (iv) Prussian blue staining, and (v) measurement of iron
export in isolated mitochondria. In the export studies, to exclude
the possibility of nonspecific leakage of radioactivity from
damaged mitochondria, we performed overexpression and down-
regulation studies and observed consistent results. Furthermore,
there was no difference in the membrane potential of the mi-
tochondria isolated from control and ABCBS8 siRNA-treated
cells. Finally, we assessed the effects of ABCB8 down-regulation
on another radioactive molecule (i.e., 32P) and demonstrated no
difference in its movement out of the mitochondria with ABCBS
knockdown. These results indicate that the changes in iron ex-
port are not caused by differences in mitochondrial integrity or
nonspecific leakage of iron, and represent the specific effects of
ABCBS8 modulation on iron export out of the mitochondria.
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Fig. 6. ABCB8 knockdown results in the decreased activity of cytosolic Fe/S
proteins. (A) XO activity (n = 8), (B) cytosolic aconitase activity (n = 6), and (C)
GPAT levels (n = 3) in WT and ABCB8*'* hearts. (D) XO activity (n = 4) and (E)
GPAT levels (n = 3) in NRCMs treated with ABCB8 siRNA. Data are presented
as mean + SEM (*P < 0.05).

It may be argued that the increase in mitochondrial iron with
ABCBS knockdown is a result of ROS production rather than the
direct effect of ABCB8 down-regulation. Our data refute this
possibility. First, ABCBS8 overexpression in NRCMs also led to
changes in mitochondrial iron levels in the absence of an increase
in cellular ROS levels. Second, our data suggest that an increase in
mitochondrial iron levels and the reduction of the activity of cy-
tosolic Fe/S cluster proteins in vitro occur before an increase in
ROS. Finally, with ABCBS8 down-regulation, the activity of mito-
chondrial Fe/S cluster proteins and heme levels, which are sensi-
tive to ROS, do not change. Thus, the major and primary effects of
ABCBS knockdown are through the increase in mitochondrial
iron levels, rather than the increase in ROS. However, because
ABCBS deletion in mice is associated with mitochondrial iron
accumulation, oxidative stress, as well as decreased activity of cy-
tosolic Fe/S cluster proteins, it is not known which of these factors
is the primary cause of cardiomyopathy observed in ABCB8 KO
mice. Although all three are likely to disrupt cardiac function and
may have an additive effect, the relative contribution of each
factor to the development of cardiomyopathy needs to be studied.

Our results demonstrate a role for ABCBS in iron export, but
they do not directly implicate ABCBS as an iron exporter. Al-
though ABCBS could be directly involved in iron export, it may
also function as a positive regulator of another transporter that
exports iron. To explore the potential iron export activity of
ABCBS, we have tried to purify the protein for the direct as-
sessment of its iron export activity in an exogenous lipid bilayer
system. However, our multiple attempts to generate sufficient
quantities of the protein were not successful. Furthermore, being
a half-transporter, ABCB8 may potentially interact with other
mitochondrial ABC proteins, including ABCB7, to form a
functional multimeric complex involved in the transport of iron.
In fact, ABCBS8 was previously shown to exist in a complex with
other mitochondrial membrane proteins (15, 29), and these
interactions may be indispensable for its iron export function.
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The form of iron whose export is regulated by ABCBS is not
known. It is possible that iron is exported: (i) as an iron atom in
a chelator-bound form, (ii) as a part of a Fe/S cluster, or (jii) as
a complex with other ions. Furthermore, as the activity of cyto-
solic Fe/S proteins is reduced by ABCB8 down-regulation, this
suggests that at least one of the mitochondrial molecules needed
for the maturation of cytosolic Fe/S proteins [referred to as
molecule X (18)] is an iron-containing molecule.

Similar to yeast, in which both Atm1p and Mdl1p contribute to
mitochondrial iron homeostasis, mammalian cells also require
both ABCB7 and ABCBS to maintain their mitochondrial iron
levels. It is thought that the function of ABCB7 in the mam-
malian cells is analogous to that of Atmlp in yeast, whereas the
role of ABCB8 may more closely resemble that of Mdllp. Pre-
vious work suggests that, in addition to its role in mitochondrial
iron homeostasis, Mdll regulates mitochondrial peptide trans-
port (11). Whether ABCBS also participates in the export of
peptides or other substrates besides iron is not known at this
point. The role of ABCB7 in mitochondrial iron homeostasis is
not clear, as KO of this protein in all organs but liver is em-
bryonic-lethal as a result of a failure in development of multiple
tissue types (30). The analysis of livers lacking ABCB7 ex-
pression revealed significant iron accumulation in the organ, but
no accumulation of iron specifically in the mitochondria. This
finding suggests that the role of ABCB7 in iron homeostasis
may be different from that of ABCBS. On the contrary, down-
regulation of ABCB7 in HelLa cells parallels the mitochondrial
iron accumulation phenotype observed with ABCBS8 knockdown
in NRCM (31), suggesting a functional overlap between the two
proteins. Future studies on ABCB7 and ABCBS and their roles
in mammalian mitochondrial iron homeostasis should focus on
their potential ability to dimerize and/or interact with other
mitochondrial membrane proteins, as well as to examine the
effects of these interactions on iron export out of the mito-
chondria and cytosolic Fe/S protein maturation.

The synthesis of heme requires several enzymatic reactions,
some of which occur in the mitochondria, including the last step
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of incorporating iron into protoporphyrin IX by a Fe/S-con-
taining enzyme ferrochelatase to generate heme (21). We ob-
served no change in mitochondrial heme levels in ABCB8 KO
hearts, suggesting that the activity of ferrochelatase is not im-
paired under these conditions. Consistent with this, we observed
no changes in the activites of other mitochondrial Fe/S proteins,
including complexes I and II. These results indicate that the
increase in ROS as the result of ABCB8 KO is not sufficient to
damage Fe/S clusters in the mitochondria.

In summary, our results demonstrate that cardiac deletion
of ABCBS leads to cardiomyopathy and mitochondrial iron accu-
mulation. We also show that ABCBS is involved in mitochon-
drial iron regulation and plays a role in the maturation of cyto-
solic Fe/S cluster-containing enzymes. This represents the
characterization of a protein that modulates mitochondrial iron
export. Furthermore, our studies demonstrate that mitochon-
drial iron accumulation as a result of decreased iron export is
detrimental to cellular health and can lead to cardiomyopathy.

Materials and Methods

Methods for culturing of NRCMs and ABCB8 modulation in vitro, generation
of ABCB8 loxP and ABCB8%’* mice, cardiac function analysis, histological and
transmission EM, assessment of mitochondrial iron content and export, cell
viability studies, Fe/S cluster enzyme activity measurements and assessment of
ROS levels are presented in SI Materials and Methods and Table S1. Data are
expressed as mean + SEM. Statistical significance was assessed with the unpaired
Student t test; a P value of less than 0.05 was considered statistically significant.
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