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Background: The role of the mitochondrial ABC transporter, Abcb6, in vivo is unknown.
Results:Abcb6-nullmice are incapable of ATP-dependent import ofmitochondrial porphyrins. Despite compensatory changes
in the porphyrin pathway, Abcb6-null mice are less viable after a porphyrin-inducing stress.
Conclusion: Abcb6 absence abolished ATP-dependent mitochondrial porphyrin uptake and deregulated porphyrin pathway
genes.
Significance: Disrupted Abcb6 function may produce porphyria after certain stresses.

Abcb6 is a mammalian mitochondrial ATP-binding cassette
(ABC) transporter that regulatesdenovoporphyrin synthesis. In
previous studies, haploinsufficient (Abcb6�/�) embryonic stem
cells showed impaired porphyrin synthesis. Unexpectedly,
Abcb6�/� mice derived from these stem cells appeared pheno-
typically normal. We hypothesized that other ATP-dependent
and/or -independent mechanisms conserve porphyrins. Here,
we demonstrate that Abcb6�/� mice lack mitochondrial ATP-
driven import of coproporphyrin III. Gene expression analysis
revealed that loss of Abcb6 results in up-regulation of compen-
satory porphyrin and iron pathways, associated with elevated
protoporphyrin IX (PPIX). Phenylhydrazine-induced stress
caused higher mortality in Abcb6�/� mice, possibly because of
sustained elevation of PPIX and an inability to convert PPIX to
heme despite elevated ferrochelatase levels. Therefore, Abcb6 is
the sole ATP-dependent porphyrin importer, and loss of Abcb6
produces up-regulation of heme and iron pathways necessary
for normal development. However, under extreme demand for
porphyrins (e.g. phenylhydrazine stress), these adaptations
appear inadequate, which suggests that under these conditions
Abcb6 is important for optimal survival.

ATP-binding cassette (ABC)2 transportersmove structurally
diverse compounds across membranes. We recently demon-
strated that the mitochondrial ABC transporter ABCB6 acti-
vates de novo heme and porphyrin biosynthesis and elevates
intracellular protoporphyrin IX (PPIX), whereas the loss of one

Abcb6 allele in embryonic stem (ES) cells impairs porphyrin
synthesis (1). Porphyrin synthesis requires the coordination of
cellular andmitochondrial processes, as the initial steps require
precursors from the Krebs cycle and the terminal step requires
that ferrous iron (Fe2�) be delivered to the mitochondria and
added via ferrochelatase (FECH) catalysis to the PPIX ring to
complete heme formation. It is currently unknown whether
Abcb6 is required for normal basal porphyrin synthesis or
instead has a more selective role during high demand for por-
phyrin precursors (e.g. during stress erythropoiesis).
Here, we present the first evidence that Abcb6 is the only

ATP-dependent mitochondrial importer of porphyrins. For
example, ATP-driven import of such porphyrins such as cop-
roporphyrin III (CP), is completely absent in the mitochondria
of Abcb6�/� mice, whereas non-ATP-dependent mitochon-
drial CP uptake is identical in Abcb6�/� and wild-type mice.
Moreover, there is no evident functional up-regulation of other
potential mitochondrial porphyrin importers, such as periph-
eral benzodiazepine receptor (also known as TSPO), 2-oxogl-
utarate carrier (also known as SLC25a11), the adenine nucleo-
tide translocator (ANT1), and voltage-dependent anion
channel, in the absence of Abcb6 (2–6). In addition, constitu-
tive absence of Abcb6 results in increased expression of genes
important for porphyrin biosynthesis (e.g. SLC48a) (7) and iron
homeostasis (e.g. SLC25a37) (8) in erythroid cells. During phe-
nylhydrazine toxicity, genes important for porphyrin and iron
conservation are up-regulated in wild-type mice but not in
Abcb6-null mice. Taken together, our findings suggest that
although Abcb6 is not essential for basal porphyrin synthesis, it
has an important role in coordinating heme and iron homeo-
stasis during times when high porphyrin demand occurs such
as during phenylhydrazine stress.

EXPERIMENTAL PROCEDURES

Generation of ES Cells Expressing Nonfunctional Abcb6—An
Abcb6-targeting vector was constructed in the pKO vector by
standard molecular procedures. Briefly, the 5� arm consisted of
a 3.2-kb HindIII/XhoI fragment 5� of Abcb6 exon 6 ligated into
the pKONTKV1901 vector (Stratagene). The 3� arm was a
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5.4-kb EcoRI fragment of Abcb6 containing exons 16–19. The
fragments were verified by DNA sequence analysis. The target-
ing vector was linearized with NotI and electroporated into
129/SVJ-derived ES cells. Genomic DNA from 798 ES clones
that survived 2 weeks of G418 selection was screened first by
PCR analysis and subsequently by Southern blot analysis.
Animals—All procedures involving animals were approved

by the St. Jude IAUCAC committee. All mice were born and
housed in the St. Jude Children’s ResearchHospital animal care
facility. Mice were maintained on a standard rodent diet. In
these experiments, littermates were used as controls.
Coproporphyrin III Uptake Assay—Mitochondria were iso-

lated from livers of female mice, prepared as described (9, 10),
and used immediately. Mitochondria (50–100 �g) were resus-
pended in Tris-sucrose (TS) buffer (50 mM Tris-HCl, 250 mM

sucrose, pH7.4) (final volume, 50�l). Equal volumes of reaction
mix and controlmixwere freshly prepared for each assay. Reac-
tions (in triplicate) were started by adding 50 �l of reaction or
control mix to each sample and incubated the time interval
indicated at 37 °C. Reactionswere stopped by dilutionwith 1ml
of ice-cold TS buffer, and samples were stored on ice. Blanks
were prepared by adding mitochondria and reaction/control
mix directly to 1ml of ice-cold TS buffer and incubating on ice.
Samples were centrifuged at 16,000 � g in a refrigerated table-
top centrifuge for 5 min, and the pellet was washed twice with
ice-cold TS buffer. Pellets were lysed by incubation for 10 min
in 1% Nonidet P-40 solution with agitation, and fluorescence
was measured at excitation wavelength 405 nm and emission
wavelength 630 nm. Concentration of CPwas determined from
a standard curve of CP in 1% Nonidet P-40. The rate of active
transport (pmol�min�1 mg�1) was calculated as the difference
between ATP-dependent and -independent uptake.
Determination of Kinetic Constants—Km and Vmax values

were determined for coproporphyrin transport using a combi-
nation of twomethods. First, the transport rates versusCP con-
centration graphs were transposed to generate Lineweaver-
Burke graphs and values of Km and Vmax estimated by linear
regression analysis. To confirm these estimates, nonlinear
regression was conducted using GraphPad Prism version 5.00
for Windows (GraphPad Software, San Diego). The values
obtained by these two methods varied by less than 10%.
Analysis of Expression Screening—Gene expression screening

was based on themethods of Nilsson et al. (11). Freely available
mammalianmicroarray data were used to search for genes con-
sistently coexpressed with a query dataset. 15 GEO datasets
(314 chips) were obtained from the NCBI Gene Expression
Omnibus between September and December 2009. A prior p0
value of 15% (versus 5% in the Nilsson method) was used to
calculate the integrated p value, as we started from a more nar-
rowly defined list of genes (those up-regulated in Abcb6�/�

erythroblasts). We used the following eight heme biosynthetic
genes as controls: alad, alas2, cpox, fech, hmbs, ppox, urod, and
uros. The gene expression value in each data set was calculated
by using theAffymetrixMAS5method.WemappedAffymetrix
probe sets in the Affymetrix Mouse 430_2 array to other
Affymetrix array platforms, using either the best matched
probe or probe ortholog files available from the Affymetrix web
site. When multiple probe sets were applicable to genes, those

with the maximum expression values were used. The probabil-
ity of coexpression of each gene with the eight known heme
genes was calculated within each dataset, and the genes were
ranked in order of their likelihood of coexpression with the
heme genes. The dataset weight (wd) was defined as the mean
coexpression probability across the eight heme genes.
For the heat map showing Abcb6 expression throughout

erythroid differentiation, the dataset GSE4655 (erythroid dif-
ferentiation in vitro, Homo sapiens) was used. Heat maps were
generated on the basis of Z-scores, calculated as Z � (x � m)/s,
where x is the raw gene expression value to be standardized;m
is the mean gene expression across all samples, and s is the
corresponding standard deviation.
HPLC Measurement of PPIX, ZnPP, and Heme—Samples of

peripheral blood mixed with EDTA were lysed in the HPLC
mobile phase (described below) for 30 min at room tempera-
ture and then centrifuged (50,000 � g) for 10 min at 4 °C.
Twenty microliters of supernatant was injected into the HPLC
system (Beckman SystemGold Programmable Solvent Module
126). ZnPP and PPIX were separated on a Hibar 125 � 4-mm
LiChrospher 100 RP-18 column (5 �m; Merck) with a mobile
phase containing 10% 1 M ammonium acetate buffer, pH 5.0,
30% methanol, and 60% (v/v) acetonitrile at a flow rate of 1
ml/min. ZnPP and PPIX were detected by fluorescence (ZnPP,
excitation 415 nm and emission 590 nm; PPIX, excitation 405
nm and emission 630 nm). Under these conditions, ZnPP and
PPIX were eluted at 2.5 and 6.1 min, respectively. Results were
quantified by comparison to known quantities of external
standards.
For heme and porphyrin analysis, porphyrins were extracted

from whole-blood samples with acidified acetone and centri-
fuged at 16,000� g for 10min. Heme was separated from other
porphyrins on a Shimadzu system, using a mobile phase of ace-
tonitrile in water containing 0.05% trichloroacetic acid at 1
ml/min on a reverse-phase C18 column (MC Medical), apply-
ing a 30–66% linear gradient over 5 min followed by a 66–90%
linear gradient over 20 min. Heme absorbance was read at 400
nm, whereas porphyrin fluorescence was measured at 395 nm
(excitation) and 630 nm (emission). The heme/ZnPP ratio of
each sample was determined by dividing the heme absorbance
by the PPIX fluorescence. The heme absorbance value of each
sample was normalized to the absolute reticulocyte count (as
determined by both Ter119 and thiazole-orange double-posi-
tive cells).
Erythroid Krüppel-like Transcription Factor (EKLF Also

KnownasKLF1) Binding Site Analysis—EKLFbinds specifically
to the sequenceCCACACCCT (12) and loosely to the sequence
CCNCNCCCN (13) (core binding sequence, CACCC) (14). For
each of the 71 submitted query genes, 3 kb of upstream
sequence plus 5�-UTR were derived from the UCSC genome
browser. Three EKLF binding patterns were mapped by using
DNA pattern analysis and visualized by using Feature map in
the RSA suite of tools (15).

RESULTS

Abcb6 Knock-out and Expression—Abcb6 comprises 19
exons and is highly conserved in humans and mice (16). Abcb6
was disrupted in embryonic stem (ES) cells by using homolo-
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gous recombination to replace exons 13 and 14 (encoding the
Walker A ATP-binding motif essential for ABC transporter
function) (17) with the neomycin resistance cassette (Fig. 1A),
as verified by PCR (Fig. 1B). Immunoblot analysis of mitochon-
drial lysates from various tissues revealed a gene dose effect, i.e.
loss of one allele reduced Abcb6 protein by half (supplemental
Fig. S1). After normalization with the mitochondrial protein
voltage-dependent anion channel, Abcb6 was highly expressed
in the mitochondria of multiple tissues, most highly in the liver
and spleen (Fig. 1C). In several tissues (bonemarrow andheart),
substantial proteolytic cleavage of Abcb6 resulted in a reduced
size immunoreactive band.
Abcb6�/� Mice Lack ATP-driven Coproporphyrin III Mito-

chondrial Import—Among the porphyrins that interact with
Abcb6, CP was a prime candidate substrate because it potently
disrupted the hemin-agarose interactionwithAbcb6 and inhib-
ited heme import into mitochondria (17). Although CP differs
electronically from the endogenous substrate coproporphy-
rinogen III, the main feature distinguishing the porphyrins
interacting with Abcb6 is the tetratrapyrrole structure (17).
Furthermore, unlike coproporphyrinogen III, which is highly
susceptibility to oxidation and not suitable for isolated mito-
chondrial transport assays, CP is a stable substrate that is very
similar to the endogenous coproporphyrinogen III. Mitochon-
drial CP uptake assays have been described previously (18, 19).
However, these studies did not provide unequivocal evidence
for CP transport because they either did not include ATP or the
concentrations were exceedingly high. To determine the kinet-
ics ofCPbinding and transport, we developed aCPuptake assay

using hepatic mitochondria from adult wild-type and
Abcb6�/� mice. We utilized the nonhydrolyzable ATP analog
AMP-PNP to distinguish between ATP-dependent (requiring
ATP hydrolysis) and nondependent import (Fig. 2A). The wild-
type andAbcb6�/� mice showed nearly identical non-ATP-de-
pendent CP uptake (4.5 � 0.9 and 5.4 � 1.8 pmol/mg, respec-
tively). In contrast, ATP-dependent transport (�4 pmol/min/
mg)wasmeasurable only in thewild-typemice. In thewild-type
mice, ATP-dependent CP transport was saturable and dis-
played Michaelis-Menten kinetics with a Vmax of 9.8
pmol�min

�1 mg�1 and a Km of 12.6 �M (Fig. 2B).
We hypothesized that Abcb6 up-regulation is required to

meet the increased demand for porphyrins during erythropoi-
esis. We tested this hypothesis in an immortalized erythroid
cell line, the murine MEL cells, which can be induced by hex-
amethylenebisacetamide (HMBA) to activate heme/porphyrin
synthesis. MEL cells were untreated or treated with HMBA for
120 h before mitochondrial isolation. The initial rate of ATP-
dependent CP transport was four times as great in HMBA-
treated cells (18.24 pmol�min�1 mg�1) as in untreated cells
(4.67 pmol�min�1 mg�1) (Fig. 2C, upper panel). In contrast,
non-ATP-dependent CP uptake was almost identical in treated
and untreated MEL cells (Fig. 2C, lower panel). Quantitative
analysis indicated that mitochondrial expression of Abcb6 was
increased by a factor of �5 by HMBA treatment. Although the
expression of peripheral benzodiazepine receptor (an energy-
independent porphyrin importer) also increased in HMBA-
treated MEL cells (Fig. 2D), it did not appear to substantially
contribute to the ATP-independent import of CP, consistent

FIGURE 1. Generation of Abcb6�/� mice. A, construct used. B, PCR analysis of genomic DNA from wild-type, Abcb6�/�, and Abcb6�/� mice. The wild-type allele
amplifies a 0.6-kb fragment and the null allele a 1.2-kb fragment. C, Western blot (upper panel) and quantitative graph (lower panel) of Abcb6 in mitochondria
isolated from various tissues of adult Abcb6�/� mice. A separate gel was used for bone marrow lysates. VDAC, voltage-dependent anion channel.
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with theweak affinity of peripheral benzodiazepine receptor for
CP compared with hemin or PPIX (Fig. 2C). Moreover, immu-
noblot analysis showed no greater mitochondrial expression of
other non-ATP-dependent porphyrin importers, voltage-de-
pendent anion channel, ANT1, or 2-oxoglutarate carrier, in
Abcb6�/� mice than in wild-typemice (Fig. 2D). The increased
CP transport we observed in HMBA-treated MEL cells corre-
sponded to a 20-fold increase in heme (measured by HPLC)
during the same time course of differentiation (Fig. 2E and sup-
plemental Fig. S2). Although small amounts of heme accumu-
late in the uninduced MEL cells, it is most notable that endog-
enous coproporphyrinogen III only accumulates in the

noninduced cells and not in the MEL cells in which Abcb6 was
strongly induced. Together, these data indicate that Abcb6 is
required for ATP-dependent mitochondrial import of CP and
that in MEL cells, Abcb6 expression levels parallel increased
ATP-dependentCP import. Given the parallel increase in heme
and Abcb6 function and expression, these findings suggest that
Abcb6 is crucial to coordinating porphyrin and iron pathways
to synthesize heme.
Non-Mendelian Inheritance and Increased Erythroid PPIX in

Abcb6�/� Mice—Although the Abcb6�/� mice appeared phe-
notypically normal, multiple independent intercrosses among
Abcb6�/�mice (153 viable offspring) yielded 10% fewermice of

FIGURE 2. Abcb6 is the sole ATP-dependent mitochondrial transporter of coporphyrin III. A, comparison of CP import in wild-type and Abcb6�/� mice,
showing ATP-dependent transport (ATP), non-ATP-dependent transport (A-N-P), and total transport (ATP transport with non-ATP transport subtracted).
B, import kinetics of CP in mitochondria isolated from mouse liver. C, comparison of rate of CP import into untreated and HMBA-treated MEL cells. D,
immunoblot of mitochondrial lysates shows that non-ATP-dependent carriers are not up-regulated in Abcb6�/� mitochondria and that Abcb6 is maximally
up-regulated in HMBA-treated MEL cells. E, time course of heme concentration in untreated and HMBA-treated MEL cells, as measured by HPLC and normalized
by cell number. F, HPLC analysis of intracellular porphyrins in untreated and HMBA-treated MEL cells. VDAC, voltage-dependent anion channel; PBR, peripheral
benzodiazepine receptor; OGC, 2-oxoglutarate carrier; ANT, adenine nucleotide translocator; Cpx III, coproporphyrin III.

ABCB6 Protects against Phenylhydrazine Toxicity

12682 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 16 • APRIL 13, 2012

http://www.jbc.org/cgi/content/full/M111.336180/DC1
http://www.jbc.org/cgi/content/full/M111.336180/DC1


the Abcb6�/� genotype and of the Abcb6�/� genotype than
expected (Table 1). Because of the role of Abcb6 in mitochon-
drial porphyrin transport and regulation of intracellular por-
phyrins, we examined the peripheral blood parameters of
Abcb6�/� mice (Table 2). Surprisingly, the mean erythrocyte
PPIX concentration was 41% greater in Abcb6�/� mice than in
their wild-type littermates (p � 0.006), although the mean cor-
puscular volume and hemoglobin differed only slightly. All
other hematologic parameters measured were comparable in
Abcb6�/� and Abcb6�/� animals.
Compensatory Changes in Gene Expression in Abcb6�/�

Mice—The increased erythrocyte PPIX and reduced inherit-
ance of the Abcb6-null allele suggested that mice survived by
compensation. Other knock-out animals with severe defects in
heme synthesis have been observed to survive (20–22),
although themechanisms of compensation have not been iden-
tified. In particular, the elevated erythrocyte PPIX inAbcb6�/�

mice suggested that porphyrin biosynthesis may be altered,
possibly leading to alteration of iron usage and other interre-
lated pathways. To determine whether gene expression is
altered in the absence of Abcb6, we compared transcript
expression in Abcb6�/� and wild-type erythroblasts (MACS-
purified Ter119-positive cells) by using an Affymetrix microar-
ray (Fig. 3). Pathway analysis (GENEGO, KEGG, and Gseap)
indicated the highest ranked pathways were in the porphyrin
metabolism and oxidative phosphorylation pathways (p �
2.18� 10�12 and 2.04� 10�9, respectively), consistentwith the
known role of Abcb6 in activating heme synthesis and with the
up-regulation of Abcb6 during erythroid development (10, 17).
To determine the relationship of these genes to heme biosyn-

thesis, we adapted an expression screening approach described
by Nilsson et al. (11). Analysis of public gene expression data-
sets available on GEO (23) revealed that during erythroid dif-
ferentiation Abcb6 is up-regulated in parallel with many of the
eight heme pathway (alas2, alad, hmbs, uros, urod, cpox, ppox,
and fech) genes (Fig. 3A). We focused on the 69 mitochondrial
and known erythroid-associated genes (of 175) that were up-
regulated by a factor of 2 or more in Abcb6�/� erythroblasts,
plus eight other heme pathway genes (supplemental Table S1),
of the total of more than 3500 genes, whose expression was
altered by a factor of 2 ormore (Fig. 3B and supplemental Table
S2). Nearly all of the 69 genes were independently verified by

ABI gene card analysis (supplemental Fig. S3). Thus, a total of
72 candidate genes were examined within a collection of 314
microarray datasets (supplemental Table S3) representing a
wide range of erythropoiesis-relevant conditions. The dataset
weight and individual rankings were used to select candidate
genes whose expression was highly related to heme gene
expression across a range of cell types and experimental condi-
tions as illustrated in Fig. 3C.Many of the highest ranking genes
in our final list (the top 20 candidates) were potential EKLF
targets (24), as supported by putative EKLF-binding siteswithin
1 kb upstream (supplemental Table S4). Furthermore, heme
biosynthetic pathway genes such asAlas2 andHmbs are known
to have EKLF-binding sites, and there is evidence of endoge-
nous binding to EKLF (25, 26). Importantly, Abcb6 has bona
fide EKLF-binding sites (supplemental Table 4 and supplemen-
tal Fig. S4A) and is activated by EKLF (supplemental Fig. S4B).
Elevation of EKLF and FECH in Abcb6�/� Erythroid Cells—

Several transcription factorswith known roles in erythropoiesis
(EKLF, Nfe2, and MyD116) were expressed more highly in
Abcb6�/� than in Abcb6�/�erythroid cells (supplemental
Table S1). However, EKLFwas the transcription factor with the
highest integrated p value in the expression screen of those that
play a role in regulating heme biosynthetic genes (Table 3).
Furthermore, EKLF expression was strongly up-regulated, and
FECH protein was increased in Abcb6�/� mice (Fig. 4A), con-
sistent with the observed elevation of FECHmRNAand the fact
that FECH is a known EKLF target (27).
Impaired Stress Erythropoiesis in Abcb6�/� Mice—The ele-

vated PPIX levels and up-regulation of heme biosynthetic genes
in the Abcb6�/� mice suggested erythroid cells might not
respond to an increased demand in porphyrin synthesis. To
determine this, we induced porphyrin synthesis in vivo, and
mice were injected subcutaneously with phenylhydrazine (Phz,
50 mg/kg) on days 0, 1, and 3 and monitored from day 0 to
8–10. Unexpectedly, Abcb6�/� mice showed greater mortality
during days 3–7 post-Phz (25/58 or 43% versus 11/40 or �27%
in wild-type mice) (p � 0.043, two-tailed �2 test) (Fig. 4B). The
Abcb6�/� mice that died during days 3–7 had an overall lower
mean hematocrit (12.8 versus 16%) at day 3 and a greater rate of
hematocrit decline than did survivors. Surviving Abcb6�/� mice
had hematocrits almost identical to those of Abcb6�/� mice
through day 3, when they reached a nadir of 17.4 � 1.2%
(Abcb6�/�) and 18.5 � 0.7% (Abcb6�/�). However, the time to
maximal recovery was significantly delayed in the surviving
Abcb6�/� mice (day 10 versus day 7, p � 0.004) (Fig. 4C), and
the reticulocyte count remained elevated (Fig. 4D), indicating
that Abcb6 is required for a normal stress response in erythroid
cells. The greater red cell distribution width in Abcb6�/� mice
after day 7 reflected their greater number of reticulocytes,
which are larger than erythrocytes (Fig. 4E). These findings sug-
gest thatAbcb6�/� mice remain anemic longer thanAbcb6�/�

mice, consistentwith their lower hemoglobin levels during days
5–10 (Fig. 4F). Mean corpuscular volume values, which were
slightly lower in the Abcb6�/� mice before treatment,
remained lower during days 3–10, consistent with hemoglobin
levels (Fig. 4G). These results demonstrate that loss of Abcb6
impairs the normal erythroid response to phenylhydrazine.

TABLE 1
Non-Mendelian inheritance of the Abcb6 gene

Abcb6�/� Abcb6�/� Abcb6�/�

Expected % (n)a 25% (38.25)b 50% (76.5) 25% (38.25)
Observed % (n) 35% (53) 42% (64) 23% (36)

a Expected inheritance in a population of 153 is given in parentheses.
b p � 0.02, Pearson’s �2 test with 2 degrees of freedom.

TABLE 2
Mean (�S.E.) peripheral blood hematological values in Abcb6�/� and
Abcb6�/� mice

Abcb6�/� Abcb6�/� p value

Hematocrit 34.8 � 1.2% 36.5 � 0.9% 0.2465
Hemoglobin 12.0 � 0.5 g/dl 13.0 � 0.2 g/dl 0.042
Red cell distribution width 14.3 � 0.3% 14.7 � 0.2% 0.2842
Mean corpuscular volume 45.7 � 0.3 fl 44.7 � 0.2 fl 0.0083
PPIX (mean fluorescence) 1498 � 112.6 2122 � 179.7 0.0064
Reticulocytes 9.5 � 0.9% 10.5 � 0.7% 0.3704
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Erythropoietin and Red Blood Cell Turnover—The reticulo-
cytosis observed inAbcb6�/� micemight be caused by an over-
production of erythropoietin or by altered differentiation and
maturation of erythroid progenitors. Abcb6�/� and Abcb6�/�

mice had similarly elevated serum erythropoietin concentra-
tion at day 8, followed by a return to normal levels by day 10
(Fig. 5A), ruling out sustained erythropoietin elevation as the
primary cause of the prolonged reticulocytosis.
To determine whether reduced cell survival caused the pro-

longed reticulocytosis and delayed hematocrit recovery, we
measured red cell turnover by injecting mice with N-hydroxy-
succinimide-biotin at day 7 (peak reticulocyte production; see
Fig. 4C) andmonitoring the proportion ofN-hydroxysuccinim-
ide- and Ter119-positive cells. The mean half-life of Ter119-
positive cells did not differ substantially in wild-type and
Abcb6�/� mice (10.46 versus 10.39 days) (Fig. 5B). We also
found no significant difference between the genotypes in apo-
ptosis of Ter119� cells from spleen and bone marrow during
recovery from Phz treatment (Fig. 5C).
Because the spleen becomes the primary erythroid organ

during Phz-induced stress erythropoiesis in mice (28), we also
examined splenic reticulocyte levels during recovery. At day 8,
the percentage of reticulocytes in Abcb6�/� spleens was more
than eight times that in wild-type spleens (Fig. 5D). We also
examined erythroid colony-forming units (CFU-E), the rapidly
divided progenitors that differentiate into orthochromic eryth-
roblasts and then into reticulocytes (29). Untreated wild-type

and Abcb6�/� mice showed comparable capacity to form
CFU-E (Fig. 5E), consistent with equal distribution of bone
marrow and spleen progenitors expressing the maturation
markers CD71 and Ter119 (supplemental Fig. S5). However,
splenocytes from Phz-treated Abcb6�/� mice showed a signif-
icant increase in CFU-E during recovery (Fig. 5E), consistent
with the observed elevation of reticulocytes and suggesting an
intrinsic dysregulation of porphyrin synthesis in Abcb6�/�

mice is associated with a defect in erythroid maturation.
Elevated PPIX and Deficient Heme Production in Abcb6�/�

Mice—Because erythroid-cell PPIX was elevated in untreated
Abcb6�/� mice, we measured PPIX concentration in periph-
eral and splenic erythroid cells during and after Phz treatment
(Fig. 6). The erythrocyte PPIX concentration was approxi-
mately twice as high in Abcb6�/� mice as in wild-type mice
during days 7–10 after Phz treatment (Fig. 6A). PPIX concen-
tration was also elevated in Abcb6�/� splenic erythroid cells
(Fig. 6B), particularly in splenic reticulocytes (1.9 times that in
wild-type splenic reticulocytes on day 10).
If the Abcb6�/� mouse erythrocyte heme-to-PPIX ratio is

altered it might suggest a defect in conversion of PPIX to heme.
The Abcb6�/� heme-to-PPIX ratio was less than 25% that in
wild-type mice at days 8 and 10, as was the reticulocyte heme
concentration at day 10 (Fig. 6, C and D). Although FECH is
elevated in Abcb6�/� mice, it might be nonfunctional. FECH
uses Zn2� as a cofactor when iron is insufficient. The ratio of
ZnPP to heme provides an in vivomeasure of the iron available

FIGURE 3. Gene expression screening of Abcb6�/� mice. A, during in vitro erythroid differentiation, Abcb6 is up-regulated simultaneously with heme
biosynthesis genes. B, transcripts were compared in erythroblasts from 1-month-old female wild-type and Abcb6�/� mice. Genes whose expression changed
by a factor of 2 or more included more than 110 mitochondrial genes and 66 known erythroid-associated genes (candidate genes). C, more than 314 arrays
were searched to identify genes consistently coexpressed with the candidate genes.
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for erythropoiesis rather than of general iron stores (30). This
ratio increases when mitochondrial iron delivery is impaired
and is an early indicator of iron-deficient erythropoiesis (30–
32). The ZnPP-to-heme ratio in Abcb6�/� animals was more
than twice that inwild-type animals post-Phz (Fig. 6E), suggest-
ing an inability tomeet the demand formitochondrial iron.We

determined if this was a systemic defect in iron absorption by
measuring serum iron and transferrin levels. The comparable
levels in Abcb6�/� and Abcb6�/� mice (supplemental Fig. S6)
indicate a systemic defect in iron absorption is unlikely. This
deficiency is likely to be caused by defective mitochondrial iron
regulation.

TABLE 3
The final 72 candidates identified by gene expression screening

Gene Description
Integrated
probability

EKLF
targeta

Unique heme
biosynthetic genesb Mitochondrial

CPOX Coproporphyrinogen oxidase 0.999 X X X
FECH Ferrochelatase 0.999 X X X
HMBS Hydroxymethylbilane synthase 0.999 X X X
EKLF Krüppel-like factor 1 (erythroid) 0.999 X
UROD Uroporphyrinogen decarboxylase 0.999 X X
PPOX Protoporphyrinogen oxidase 0.999 X
UROS Uroporphyrinogen III synthase 0.999 X
NFE2 Nuclear factor, erythroid-derived 2 0.998 X
EG623818 Predicted gene, EG623818 HMBS 0.998
ALAD Aminolevulinate dehydratase 0.998
ALAS2 Aminolevulinate, �-synthase 2 0.997 X
ICAM4 Intercellular adhesion molecule 4 0.996 X
EIF2AK1 Eukaryotic translation initiation factor 2� kinase 1 0.993
GLRX5 Glutaredoxin 5 homolog (Saccharomyces cerevisiae) 0.992 X X
EG627557 Predicted gene, EG627557 0.989 X X
BLVRB Biliverdin reductase B 0.988 X
BZRPL1 Benzodiazepine receptor, peripheral-like 1 0.986
TXNRD2 Thioredoxin reductase 2 0.984 X X
PCX Pyruvate carboxylase 0.981 X X
EPB4.1 Erythrocyte protein band 4.1 0.981
TFRC Transferrin receptor 0.977 X
HSCB HscB iron-sulfur cluster co-chaperone homolog (Escherichia coli) 0.977 X
MTHFD2 Methylenetetrahydrofolate dehydrogenase 2 0.976 X
CD24A CD24a antigen 0.975 X
MGST3 Microsomal glutathione S-transferase 3 0.971 X
SLC25A38 Solute carrier family 25, member 38 0.968 X
TSPO Translocator protein 0.96 X X
BNIP3L BCL2/adenovirus E1B interacting protein 3-like 0.96 X
ATPIF1 ATPase inhibitory factor 1 0.957 X X
ABCG2 ATP-binding cassette, sub-family G (WHITE), member 2 0.951
HAGH Hydroxyacyl glutathione hydrolase 0.95 X X
MCART1 Mitochondrial carrier triple repeat 1 0.945 X X
HBB-BH1 Hemoglobin Z, �-like embryonic chain 0.94 X
GLUL Glutamate-ammonia ligase (glutamine synthetase) 0.92 X
NDUFB9 NADH dehydrogenase (ubiquinone) 1 b 9 0.918 X
MGLL Monoglyceride lipase 0.916 X
PRDX2 Peroxiredoxin 2 0.909 X X X
EPB4.9 Erythrocyte protein band 4.9 0.908 X
HK1 Hexokinase 1 0.901 X X
MYD116 Myeloid differentiation primary response gene 116 0.877 X
SLC48A1 Solute carrier family 48 (Hrg1) 0.875
HAX1 HCLS1 associated X-1 0.874 X
BPGM 2,3-Bisphosphoglycerate mutase 0.857
GMPR Guanosine monophosphate reductase 0.841 X
RFESD Rieske (Fe-S) domain containing 0.826
ISCA1 Iron-sulfur cluster assembly 1 homolog (S. cerevisiae) 0.824 X X
NT5C3 5�-Nucleotidase, cytosolic III 0.808 X X
COX7A2 Cytochrome c oxidase, subunit VIIa 2 0.754 X
SLC25A37 Solute carrier family 25, member 37 0.75 X X
FTH1 Ferritin heavy chain 1 0.747
HBB-Y Hemoglobin Y, �-like embryonic chain 0.736
SOD2 Superoxide dismutase 2, mitochondrial 0.733 X
COX5B Cytochrome c oxidase, subunit Vb 0.731 X
ATP5L ATP synthase mitochondrial F0 complex 0.709 X
FARS2 Phenylalanine-tRNA synthetase 2 (mitochondrial) 0.653 X
MRS2 Magnesium homeostasis factor homolog (S. cerevisiae) 0.648 X
GPX4 Glutathione peroxidase 4 0.629 X
SLC25A39 Solute carrier family 25, member 39 0.591 X X
ATP5K ATP synthase, F1F0 complex, subunit e 0.543 X
2010107E04RIK RIKEN cDNA 2010107E04 gene 0.53 X
COX6A1 Cytochrome c oxidase, subunit VI a, polypeptide 1 0.516 X
AIP Aryl hydrocarbon receptor-interacting protein 0.503 X
LARS2 Leucyl-tRNA synthetase, mitochondrial 0.486 X
BCL2L1 BCL2-like 1 0.443 X
EBF3 Early B-cell factor 3 0.428
COX6C Cytochrome c oxidase, subunit VIc 0.425 X
UQCRH Ubiquinol-cytochrome c reductase hinge protein 0.419 X
ACTB Actin, � 0.415
NDN Necdin (Ndn), mRNA 0.41
THSD7B Thrombospondin, type I, domain containing 7B 0.398 X
ISCU IscU iron-sulfur cluster scaffold homolog (E. coli) 0.364 X
FIS1 Fission 1 homolog (yeast) 0.272 X

a Data are from Drissen et al. (24).
b Data are from Nilsson et al. (11).
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Gene Expression Changes after Phenylhydrazine Treatment—
We hypothesized that the up-regulated genes in the Abcb6�/�

micemight not be regulated appropriately under Phz stress. To
test this proposition, we compared gene transcripts in erythro-
blasts from Abcb6�/� and Abcb6�/� mice before and 10 days

after Phz treatment (Fig. 7 and supplemental Table S1).Many of
the genes found to be up-regulated during stress erythropoiesis
(by a factor of 1.5 or more) in Abcb6�/� erythroblasts were the
same genes constitutively up-regulated in the untreated
Abcb6�/� mice (Table 3). During Phz stress, the Abcb6�/�

FIGURE 4. Increased mortality and impaired stress erythropoiesis in Abcb6�/� mice. A, EKLF and FECH protein expression is greater in Abcb6�/� than
Abcb6

�/�
hematopoietic cells. B, mortality on days 3–7 of Phz treatment. C–F, mean (�S.E.) hematologic parameters of 1-month-old female mice injected with

Phz on days 0, 1, and 3 (total dose, 50 mg/kg). C, hematocrit (n � 11–30 Abcb6�/�, 13– 46 Abcb6�/� mice). D, corrected reticulocyte count (n � 9 –25 Abcb6�/�,
12–37 Abcb6�/� mice). E, red cell distribution width (RDW) (n � 10 –26 Abcb6�/�, 13– 44 Abcb6�/� mice). F, hemoglobin (n � 10 –26 Abcb6�/�, 13– 42 Abcb6�/�

mice). G, mean corpuscular volume (MCV) (n � 8 –27 Abcb6�/�, 9 –38 Abcb6�/� mice). *, p � 0.02– 0.03; **, p � 0.01– 0.02; ***, p � 0.003– 0.009; ****, p ��0.002.
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erythroblasts showed either no change or reduced expression
of these genes (including fech, blvrb, cpox, slc48a1, EKLF, nfe2,
and eif2ak1), indicating that genes that are important in stress
erythropoiesis are constitutively up-regulated in the absence of
Abcb6.

DISCUSSION

We have presented the first evidence that Abcb6 is the sole
mammalian ATP-dependent mitochondrial porphyrin
importer and is required for normal porphyrin synthesis during
phenylhydrazine stress. Non-ATP-dependent mitochondrial
porphyrin transport was not enhanced in the absence of Abcb6,
indicating that basal levels of such transport are sufficient for
unstressed survival. We demonstrated that in erythroid cells,
loss of Abcb6 is compensated for by up-regulation of multiple
genes in the porphyrin biosynthetic pathway. Although these
changes appear sufficient for survival under normal conditions,
the increased mortality, elevated PPIX levels, and decreased

production of heme in Abcb6�/� mice suggest that Abcb6 is
crucial to surviving some stresses.
In view of our previous finding that loss of oneAbcb6 allele in

embryonic stem cells was associated with reduced PPIX levels,
it was surprising to find elevated PPIX in Abcb6�/�erythroid
cells. However, loss of Abcb6 is associated with constitutive
changes in gene expression that are consistent with conserva-
tion of porphyrins. The elevated porphyrins and altered gene
expression do not produce overt effects in viable Abcb6-null
mice under normal conditions.However, the deleterious effects
of these adaptive changes become apparent during chemically
induced acute stress erythropoiesis, i.e. greater mortality and a
more sustained anemia associated with reduced erythroid
heme concentration despite elevated PPIX. Elevated PPIX can
result from iron deficiency or from defective function of FECH
(22), the final enzyme in the heme pathway. FECH incorporates
iron into the porphyrin ring of PPIX in the presence of an iron-
sulfur cluster (ISC) (33). Under normal conditions, serum and
tissue iron levels are similar in Abcb6�/� and Abcb6�/� mice,
arguing against a general iron storage defect or malabsorption
of dietary iron. Systemic iron usage appears to be unimpaired

FIGURE 5. Erythroblast response to stress erythropoiesis is altered in
Abcb6�/� mice. A, serum erythropoietin assayed by ELISA in Abcb6�/� mice
that were untreated (n � 7), at day 8 of Phz treatment (n � 5), or at day 10 of
Phz treatment (n � 5) and in Abcb6�/� mice that were untreated (n � 7), at
day 8 of Phz treatment (n � 4), or at day 10 of Phz treatment (n � 8). B, dura-
tion of erythrocyte survival in 2– 4 Abcb6�/� and 6 –7 Abcb6�/� Phz-treated
mice. Day 0 of N-hydroxysuccinimide-biotin labeling � day 6 or 7 of the Phz
regimen. C, apoptotic spleen and bone marrow Ter119-positive cells on day 8
of Phz treatment in 9 Abcb6�/� and 10 Abcb6�/� mice. D, percentage of
splenic reticulocytes on days 8 and 10 in 3– 4 Abcb6�/� and 5– 6 Abcb6�/�

mice. E, erythroid CFU in spleens of Abcb6�/� mice that were untreated (n �
5), at day 8 of Phz treatment (n � 11), at day 10 of Phz treatment (n � 9), and
Abcb6�/� mice that were untreated (n � 6), at day 8 of Phz treatment (n � 14),
or at day 10 of Phz treatment (n � 7) on days 8 and 10. Values are means
(�S.E.).

FIGURE 6. PPIX and ZnPP are elevated in Phz-treated Abcb6�/� mice.
A, PPIX was assayed in blood samples from 7 to 23 Abcb6�/� and 5–26
Abcb6�/� mice on the indicated days after treatment. B, PPIX in splenic
erythroid cells from Abcb6�/� mice that were untreated (n � 8), at day 8 of
Phz treatment (n � 11), or at day 10 of Phz treatment (n � 3) and from
Abcb6�/� mice that were untreated (n � 8), at day 8 of Phz treatment (n � 14),
or at day 10 of Phz treatment (n � 5). C, heme/PPIX ratio in blood from 4
Abcb6�/� and 2– 6 Abcb6�/� mice. D, reticulocyte heme on day 10 of Phz
treatment in 4 Abcb6�/� and 6 Abcb6�/� mice. E, ZnPP/heme ratio on day 10
in blood from 4 Abcb6�/� and 4 Abcb6�/� mice. Values are means �S.E.
**, p � 0.01– 0.02; ***, p � 0.003– 0.009; ****, p � 0.002. NS, not significant.
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after stress erythropoiesis, as serum iron and transferrin levels
inAbcb6�/� andAbcb6�/�mice are similar at that time.Defec-
tive FECH activity could explain the increased PPIX, but the
increase in ZnPP indicates that FECH is functional (23, 34),
ruling out defective FECH.
The basal up-regulation of many heme and iron genes in the

Abcb6�/� mice strongly resembled that in the wild-type mice
after phenylhydrazine treatment. However, loss of Abcb6 is
associated with up-regulation of many ISC biogenesis genes. In
vertebrates, GIrx5 deficiency provided the first indication that
ISC biogenesis and heme biosynthesis are related (35, 36). Of
these, Glrx5, Isca1, Rfesd, andHSCB showed a strong association
(integrated p values 	0.82) with the heme biosynthetic genes in
our expression screening. We propose that the impaired stress
response to phenylhydrazine is partially compensated by up-reg-
ulation of Glrx5 and Isca1. However, the inadequate response
reflected in a lower survival ofAbcb6�/�mice suggests compensa-
tion is incomplete. Deficiencies in the mitochondrial ISC trans-
porterAbcb7 produces anemia characterized by elevated erythro-
cyte PPIX and elevated ZnPP-to-heme ratio (37). The lack of
change in Abcb7 gene expression in the Abcb6�/� mice suggests
this is a potential explanation for poor compensation.
Limitation of a factor required for mitochondrial iron acqui-

sition might also explain the reduced heme in Abcb6�/� mice.
One potential candidate isAbcb10, amitochondrial ABC trans-
porter that forms a complex with FECH and the mitochondrial
inner membrane transporter Slc25a37 (mitoferrin) (8).

Slc25a37 is responsible for importing iron for heme synthesis.
Abcb10 interacts with and stabilizes Slc25a37, resulting in
increased mitochondrial iron in differentiated MEL cells (38).
Targeted deletion of Abcb10 in mice results in embryonic
lethality due to defective erythropoiesis (39). The constitutive
level of Abcb10, unlike that of FECH and Slc25a37, is not
increased in Abcb6�/� erythroid cells. Thus, one possible
explanation of impaired heme formation despite adequate
PPIX and active FECH is insufficient availability of Abcb10 to
form the necessary complexes with FECH and Slc25a37. Under
these conditions, decreased mitochondrial iron might account
for the reduced heme production.
Other associated gene expression changes suggest that

Abcb6�/� erythroblasts preserve pre-existing heme within the
cell. Our microarray analysis indicated that Abcb6�/� erythro-
blasts express lower levels of heme oxygenase 1 (Hmox 1),
which catalyzes heme degradation. This finding is consistent
with the observed reduction in heme,which positively regulates
Hmox1 (40–42). Slc48a1 (Hrg-1), a heme-binding protein that
associates with the endosomes and acts as a heme chaperone (7,
43), was also up-regulated in Abcb6�/� erythroblasts, suggest-
ing additional possible mechanisms to conserve heme and
maintain iron homeostasis.
Elevated intracellular PPIX is highly cytotoxic to red blood

cells and can lead to damage from free radicals. In the disease
protoporphyria, excess PPIX causes extensive tissue damage
(44). The sustainedPPIX levels observed inAbcb6�/� red blood
cells after phenylhydrazine treatment are a possible explana-
tion for the greatermortality ofAbcb6�/�mice. Themembrane
transporter Abcg2 is known to modulate the effects of proto-
porphyria and may serve to export excess intracellular PPIX,
reducing potential cytotoxic damage (1, 44). The increased
expression of Abcg2 mRNA in the splenic erythroblasts of
Abcb6�/� micemay be a survival response to elevated PPIX. As
an adaptive change, the increased Abcg2 expression may
reduce the concentration of PPIX, under normal conditions.
However it’s reduction during phenylhydrazine treatment may
be insufficient to protect against PPIX-induced cytotoxicity,
consistent with the increased mortality observed.
We have shown that the absence of Abcb6 results in loss of

ATP-dependent mitochondrial porphyrin import. One impli-
cation of these findings is that developmental absence of Abcb6
is survivable, provided rapid porphyrin import is not required.
However, given the requirement of functional Abcb6 for an
optimal porphyrin metabolism, it is possible that deficiency of
Abcb6 (because of mutations or drug inhibitors) contributes to
sporadic acute porphyrias.
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