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Red Cell Biology & Its Disorders

Iron-heme-Bachl axis is involved in erythroblast
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ABSTRACT

ron plays the central role in oxygen transport by erythrocytes as a con-

stituent of heme and hemoglobin. The importance of iron and heme is

also to be found in their regulatory roles during erythroblast matura-
tion. The transcription factor Bachl may be involved in their regulatory
roles since it is deactivated by direct binding of heme. To address whether
Bach1 is involved in the responses of erythroblasts to iron status, low iron
conditions that induced severe iron deficiency in mice were established.
Under iron deficiency, extensive gene expression changes and mitophagy
disorder were induced during maturation of erythroblasts. Bach1” mice
showed more severe iron deficiency anemia in the developmental phase
of mice and a retarded recovery once iron was replenished when com-
pared with wild-type mice. In the absence of Bach1, the expression of glo-
bin genes and Hmox1 (encoding heme oxygenase-1) was de-repressed in
erythroblasts under iron deficiency, suggesting that Bach1 represses these
genes in erythroblasts under iron deficiency to balance the levels of heme
and globin. Moreover, an increase in genome-wide DNA methylation
was observed in erythroblasts of Bach1” mice under iron deficiency.
These findings reveal the principle role of iron as a regulator of gene
expression in erythroblast maturation and suggest that the iron-heme-
Bachl axis is important for a proper adaptation of erythroblast to iron
deficiency to avoid toxic aggregates of non-heme globin.

Introduction

In order to transport oxygen to peripheral tissues, abundant synthesis of the oxy-
gen carrier hemoglobin is required during erythrocyte maturation. Since iron is
essential for hemoglobin synthesis, erythrocyte consumes a major part of the body
iron in order to synthesize a sufficient amount of hemoglobin.! As such, elaborate
mechanisms are required to identify cellular iron status in order to maintain home-
ostasis. Several factors have been proposed to function as the sensors of iron,
including iron regulatory element (IRE)/iron regulatory protein (IRP) system and
ubiquitin E3 ligase FBXL5.>* Several lines of evidence suggest that iron affects the
gene expression profile in erythroid cells. For instance, it has been reported that iron
deficiency (ID) in pregnant mother mice affects the gene expression in definitive
erythroid cells in the fetal livers.* Since iron is a co-factor for enzymes involved in
epigenetic regulation, such as the Tet family of DNA demethylase and the Jumonji
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family of histone demethylases,* iron may directly affect
epigenetic regulations. Nevertheless, it has remained
unclear how gene expressions in erythroblast in the adult
body are affected by iron status.

While heme and globin are central to the function of
erythrocyte, excessive levels of globin lead to proteotoxic-
ity, as evidenced by f-thalassemia.” Non-heme globins
(free globins) are easily oxidized and form toxic aggre-
gates.” Therefore there must be a strict regulatory system
to balance the intracellular heme and globin. It was previ-
ously reported that heme-regulated elF2a kinase (HRI)
represses the translation of globin to maintain their bal-
ance, and this function is required for erythrocyte devel-
opment under ID.*"” However, such a mechanism that reg-
ulates the intracellular heme and globin balance at the
transcriptional level has remained elusive.

Bachl is a transcription factor whose functions are
repressed by heme."™® Since Bachl transcriptionally
represses globin genes and Hmox1 [the latter encoding
heme oxygenase-1 (HO-1)] in erythroid cell lines,"***Bach1
might have an important role in erythrocyte development
as a balancer of intracellular heme and globins. However,
Bach1” mice  show  apparently  unperturbed
erythropoiesis.”® As heme is abundantly synthesized in
erythrocytes, Bachl knockout may not exhibit an appar-
ent phenotype in an iron sufficient status. Namely, when
the heme content is reduced in erythroblasts, Bach1 is pre-
sumed to carry out its regulatory roles. This led us to con-
sider that ID may involve alterations in the gene expres-
sion regulated by Bach1.

To address these issues, we established low iron condi-
tions (LIC) that induced severe ID in mice. Under LIC,
transcriptome and DNA methylome analyses in erythrob-
lasts were performed to reveal the regulatory function of
iron. Transcriptomic analyses revealed that LIC inhibited
mitophagy in erythroblasts, suggesting a connection
between iron and mitophagy in erythroblasts. While
Bach1” mice showed iron deficiency anemia (IDA) similar
to wild-type mice when LIC was initiated after weaning,
Bach1”~ mice were more vulnerable to LIC than wild-type
mice when LIC was initiated during the embryonic stage.
In addition, DNA methylation was increased in Bach1™
erythroblasts under LIC and Bach1”" mice showed slower
recovery from IDA. These results indicate that iron plays
extremely important roles in tuning the gene expressions
in developing erythroblasts and point to a crucial function
for Bachl in erythroblasts under ID. These observations
give us new insight into the pathophysiology and molec-
ular biology of IDA, one of the most common disorders
affecting the global population."”**

Methods

Mice

All mice were from the C57BL/6] genetic background and
housed in specific pathogen-free (SPF) conditions. Backh1”™ mice
were obtained as described previously.'® All experiments were
approved by the Institutional Animal Care and Use Committee of
the Tohoku University Environmental and Safety Committee.

Diet-induced iron deficiency

In order to achieve a state of ID, mice were fed a low iron diet
(LID) containing 3.6 ppm Fe. As control, CLEA Rodent Diet CE-2,
which contains 310.2 ppm Fe, was used as normal diet (ND). Both

of these were purchased from CLEA Japan, Inc. Diets were provid-
ed ad libium. In the LID-after weaning (LID-W) regimen, mice
were fed LID starting from three weeks upon weaning. In the LID-
development and after weaning (LID-DW) regimen, LID was ini-
tiated from 0.5 days post coitum via mothers, and newborn mice
were also fed LID upon weaning till 12 weeks of age. Technical
details of hematologic and serum biochemistry analyses are
described in the Online Supplementary Methods.

Flow cytometry and cell sorting analyses

Bone marrow (BM) cells and peripheral blood (PB) cells were
collected from the bilateral femur and tibia or retro-orbital vein,
respectively. Cells were suspended in staining buffer (PBS with
3% FBS) and stained with fluorescent-conjugated antibodies spe-
cific for CD71 (clone: C2 or R17217) and Ter119 (clone: Ter119)
(BD Bioscience, eBioscience). Mitochondria staining was per-
formed using the Mitotracker Green FM (Mito-G; Thermo Fisher
Scientific) according to the manufacturer’s instructions.
Intracellular hydrogen peroxide was measured using 7’-dichlorodi-
hydrofluorescein diacetate (DCFDA; Sigma-Aldrich) as previously
described.” Cells were analyzed and sorted by FACS Aria Il (BD
Bioscience) according to the manufacturer’s instructions. Data
were analyzed using the Flow]Jo software program (TreeStar).

Quantitative PCR

Quantitative PCR (qPCR) analysis was performed as previously
described” with only slight modifications (Online Supplementary
Methods and Table S1). Levels of mRNAs were normalized to the
B-actin levels.

Chromatin immunoprecipitation

A gPCR-based chromatin immunoprecipitation (ChIP) analysis
was performed as previously described” with only slight modifi-
cations (Online Supplementary Methods). Sequences of the primers
are described in Online Supplementary Table S2.

Expression profiling by microarray analysis and DNA
methylation profiling by post-bisulfite conversion
adaptor tagging method

Technical details of the microarray analysis and post-bisulfite
conversion adaptor tagging (PBAT) method are described in the
Online Supplementary Methods. The microarray data and the
sequencing data have been deposited to Gene Expression
Omnibus (GEO) under the accession number, GSE77694 and
GSE78955, respectively.

Statistical analysis

Data were analyzed by two-tailed r-test using Student r-test or
Welch #-test, as appropriate. P<0.05 was considered statistically
significant. The numbers of mice analyzed in each experiment are
described in the figure legends. For the volcano plot analysis, mod-
erate t-test with Benjamin-Hochberg multiple testing was per-
formed to calculate statistical significance, and P<0.05 and 2-fold
change were used as cut-off value.”””® Calculations of significance
in GSEA were performed using the GSEA software.”**

Results

LID induces severe IDA

In LID-W, wild-type mice started to exhibit anemia after
three weeks and their blood parameters worsened accord-
ing to the length of time on LID. Conversely, platelet
counts and the serum total iron binding capacity were sig-
nificantly increased (Figure 1A and B). Platelet counts were
unaccountably high after seven weeks with LID. There
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was no evidence of hemolysis according to total bilirubin
concentrations (Figure 1C). These observations were sim-
ilar to the features of human IDA."® Amounts of iron of
erythroblasts were indeed decreased in LID-W (Figure
1D). These results show that LID-W can induce severe
IDA within a shorter period of time only by nutritional
iron restriction, without using iron chelators; this is in con-
trast to previous reports.***”

Maturation disorder of erythroblasts upon ID

Under LID-W, total BM cell numbers were significantly
reduced (Figure 2A). To describe the detail of erythro-
poiesis, several staining combinations are available for use.
For example, Ter119/CD44/forward scatter (FSC) combi-
nation can distinguish erythroblasts into six subsets.”
However, this approach might be inappropriate because
of the erythrocyte volume reduction induced by ID.” On
the other hand, a CD71/Ter119 combination makes it pos-

sible to classify erythroblasts into four subsets that reflect
maturation steps from subset I to subset IV.”” According to
a previous report,* CD71 (transferrin receptor 1) expres-
sion is independent of iron status in differentiating mouse
erythroblast because of the altered regulation of IRP.
Furthermore, this approach has already been used to ana-
lyze ID.* By this approach, erythroblast cell numbers were
significantly decreased from subset Il in ID (Figure 2B and
C), suggesting that maturation disorder of immature ery-
throblasts occurred in ID. As expected, subset II to whole
Ter119-positive cell ratio was unchanged by ID (Figure
2D). Therefore, an alteration of CD71 expression itself
was not the cause of the observed changes in the numbers
of BM erythroblasts.

Transcriptome analysis of BM erythroblasts in ID
Given the results of the flow cytometry analysis (Figure
2C and D), a microarray analysis of subset Il erythroblasts
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Figure 1. Complete peripheral blood (PB) counts and laboratory parameters of wi

Id-type mice under a normal diet condition or low iron condition (LIC). All mice

under LIC were fed a low iron diet after weaning (LID-W). (A) Results of complete blood counts in PB. MCV: mean corpuscular volume; WBC: white blood cells; PIt:
platelets; ND: normal diet; LID-W 3w: LID after weaning for three weeks; LID-W 7w: LID after weaning for seven weeks. N.A.: not available. (B) Concentrations of serum
Fe and TIBC (total iron binding capacity) (ND: n=9; LID-W: n=7). (C) Concentrations of total bilirubin (T-bil) (ND: n=5; LID-W: n=9). N.S.: not significant. (D) Total amount
of iron of Ter119-positive cells in bone marrow (BM) of each condition (ND: n=4; LID-W: n=3). Results shown in bar plot are expressed by average and standard error
of mean (s.e.m.). Symbols in beeswarm plots represent sex of mice: male (), female (o). *P<0.05; **P<0.01.
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sorted from wild-type mice under ND or LID-W was per-
formed to reveal the effects of ID on the gene expressions.
Three samples each from three conditions (ND, LID-W for
3 weeks, LID-W for 7 weeks) were investigated. A cluster-
ing analysis clearly separated the samples into three
groups corresponding to the experimental conditions
(Figure 3A). According to the volcano plots analysis, 1843
genes (represented by 2629 entities) and 1708 genes (3351
entities) were significantly up-regulated in LID-W for
three weeks and seven weeks, respectively. Conversely,
2289 genes (4061 entities) and 3023 genes (4631 entities)
were significantly down-regulated in LID-W for three
weeks and seven weeks, respectively (Figure 3B and
Ounline Supplementary Table S3). The gene expression pro-
files in erythroblasts change rapidly and pervasively in
response to ID. For example, expressions of genes encod-
ing heme biosynthetic enzymes Alas2 (8-aminolevulinate
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synthase) and Fech (Ferrochelatase) were up-regulated in
LID-W for seven weeks, suggesting the compensatory
reactions for lower heme induced by ID (Ounline
Supplementary Figure S1A). In contrast, expressions of cyto-
plasmic iron homeostasis related genes,* such as Dmt1
and Ferroportin1, were down-regulated by LID, suggesting
a retardation of iron transportation in ID (Ounline
Supplementary Figure S1B). GSEA showed that the expres-
sions of putative GATA-1 target genes were significantly
decreased in LID-W (Figure 3C). Therefore, ID may inhibit
the GATA-1 function, which is consistent with the find-
ings of a previous report using fetal liver hematopoiesis as
a model for IDA.* While no obvious differences in expres-
sion of selected genes related to mitochondrial iron home-
ostasis were observed (Online Supplementary Figure S1C),*
many gene sets related to mitochondrial biology were sig-
nificantly down-regulated in LID-W according to GSEA
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Figure 2. Flow cytometry analysis of bone marrow (BM) erythroblasts terminal maturation. For this analysis, low iron diet after weaning (LID-W) was continued for
7-12 weeks (for 7 weeks: n=3; for 12 weeks: n=3). (A) Total BM cells of each condition. (B) Representative density plots of freshly isolated wild-type BM (Subset I:
proerythroblasts; Subset II: basophilic erythroblasts; Subset Ill: late basophilic and chromatophilic erythroblasts; Subset IV: orthochromatophilic erythroblasts). (C)
Numbers of cells in the indicated erythroblast subsets of each condition in BM. (D) Ratio of BM erythroblast Subset Il to total Ter119-positive cells (Subset Il + Il +
IV) of each condition. N.S.: not significant. Results shown in bar plot are expressed by average and standard error of mean (s.e.m.). *P<0.05; **P<0.01.
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(Figure 3C and Ounline Supplementary Table S4). These
results suggest that iron is required for the proper expres-
sion of genes related to GATA-1 and mitochondrial biolo-

gy

Mitophagy disorder occurs under iron deficiency

One of the unique features of erythroblast maturation is
that erythroblasts undergo mitophagy, which removes
mitochondria in a manner dependent upon GATA-1.%
Since results suggested GATA-1 function and mitochondr-
ial biology were expected to be impaired in ID, we
hypothesized that mitophagy disorder would occur in
erythroblasts under ID. To address this, total mitochondr-
ial mass in erythroblasts was measured by staining ery-
throblasts by Mito-G. This analysis showed that the mito-
chondrial mass gradually decreased alongside erythroblast
maturation under ND, which was consistent with an ini-
tiation of mitophagy (Figure 4A). While there was no sig-
nificant difference in the mitochondrial mass of BM ery-
throblasts between the ND and LID-W (Figure 4A), there
was a significant increase in the mitochondrial mass under
ID in PB erythrocyte (Figure 4B and C). However, ID did
not affect enucleation of PB erythrocytes (Figure 4D).
These findings suggest that ID specifically impaired
removal of mitochondria during erythroblast maturation.
Intriguingly, the erythrocytes with higher mitochondrial
mass also showed higher expression of CD71 (Figure 4B
and C) whereas BM erythroblasts did not show alterations

A B

END M LD-W3w M LID-W7w _
| ' 320

g
15

ke
171 B
I I N Q
, £0.5

<

= =

— o

in the level of CD71 expression (see above). This altered
frequency of CD71 expressing erythrocytes is consistent
with the phenotype of the mice with mitophagy disorder
in erythrocytes.*” Therefore, downregulation of CD71 dur-
ing erythroblast maturation might be controlled by a sim-
ilar regulatory mechanism that removes mitochondria in
erythroblasts.

Since GATA-1 has been suggested to play a regulatory
role in erythroblast autophagy,” gene expression levels of
Gatat, its co-factor gene Lmo2, and autophagy-related
gene Aig4d of BM erythroblasts were analyzed. The
expression levels of Gata1, Lmo2 and Atg4d were signifi-
cantly decreased in subset III (Figure 4E), suggesting that
iron is required to maintain the expressions of these genes
during maturation. This mitochondria accumulation in
erythrocytes was recovered by returning the mice to the
ND for another eight weeks (Online Supplementary Figure
S2A and B). Therefore, defective mitophagy observed in
ID is reversible.

Bach1 plays pivotal roles in ID during the juvenile
period

Since Bach1 represses several iron-related genes, such as
Hmox1 and globin genes,* we hypothesized that Bachl
acts to balance intracellular heme and globin levels in ery-
throblast. However, no clear defect of erythropoiesis in
Bach1”~ mice was observed under ND (Figure 5A and data
not shown). Considering that Bachl is negatively regulated
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marrow (BM) under normal diet (ND), low iron diet after weaning (LID-W) for three weeks and LID-W for seven weeks. (B) Volcano plot analysis in microarray results
of LID-W for three weeks or for seven weeks compared to ND. Genes with fold change >2 and P<0.05 are highlighted in red. (C) Results of the GSEA are shown.
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®
by heme, the function of Bachl may become apparent we next compared the endurance for ID under LID-DW.
under a low heme state, which is induced by ID. We, Under this regimen, Bach1” mice exhibited more severe
therefore, compared the endurance for ID between Bach1~  anemia than wild-type mice regarding the hemoglobin
~ mice and wild-type mice using the LID-W regimen. concentration and hematocrit level (Figure 5B and C).
However, there was no significant difference in severity of  These observations suggest that Bachl facilitates adapta-
anemia under LID-W (Figure 5A), suggesting that Bachl tion of erythropoiesis to ID in embryo and/or in the juve-
was not involved in the severity of IDA under the condi-  nile period.
tion of LID-W.
Since pregnant mother and developing child are vulner-  Bachl1 controls heme and globin balance by directly
able to ID because of their high iron demands, " it was pre-  repressing its targets
sumed that Bach1 function would become more apparent The balance of heme and globin levels is critical for
under ID in that developmental period. To address this, proper erythroid development.’ Therefore, we considered
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Figure 4. Mitophagy disorder was induced by low iron condition in wild-type (WT) mice. (A) Mean fluorescent intensity (MFI) of Mito-G staining in each bone marrow
(BM) erythroblast subset of WT mice under normal diet (ND) or low iron diet after weaning (LID-W) for 12 weeks (n=3). (B) Representative results of flow cytometry
(FCM) analysis of peripheral blood (PB) samples in WT mice under ND or LID-W for 12 weeks. (Lower panels) Ter119-positive gated cells. (C) Cumulative results from
more than 3 times experiments of Mito-G and CD71 double positive populations in PB of WT mice under ND or LID-W for 7-12 weeks. (D) May-Giemsa stained PB
smear samples obtained from wild-type mice under ND or LID-W for 12 weeks. Images were obtained with a BX53 microscope and DP26 camera (Olympus, Tokyo,
Japan); an eyepiece, WHN (Olympus); objective lens, MPlanApoN (Olympus). Scale bars: 20 um. (E) Quantitative PCR (qPCR) analysis of indicated genes of each BM
erythroblast subset in WT mice under ND or LID-W for 12 weeks (n=3). Relative gene expressions normalized by f-actin expressions were shown. Results shown in
bar plot are expressed by average and standard error of mean (s.e.m.). *P<0.05; **P<0.01.

haematologica | 2017; 102(3)




- M. Kobayashi et al.

whether the globin gene expression might be altered in
Bach1” mice under LID-DW. We sorted BM erythroblasts
(subsets I and II) from wild-type and Bach1”" mice under
ND or LID-DW, and performed a qPCR analysis of Hba-a
(a-globin) and Hbb-b (B-globin). The expression levels of
the globin genes were increased in subset II compared to
subset I in both wild-type and Bach1” mice under ND
(Figure 6A), indicating that erythroid maturation is accom-
panied by an induction of the globin expression, as report-
ed previously.” In erythroblasts from wild-type mice
under LID-DW, the expression levels of globin genes were
decreased in both subsets [ and II (Figure 6A), indicating
that the iron supply to erythroblasts leads to globin gene
induction, and are consistent with the hypothesis that a
shortage of iron and/or heme down-regulates the tran-
scription of globin genes. In contrast, the expression of
globin genes was not down-regulated in subset II ery-
throblasts from Bach1” mice under LID-DW (Figure 6A).
Intriguingly, the Hmox1 expression was significantly
increased only in both subsets I and II of Bach1” mice
under LID-DW (Figure 6A). Taken together, Bach1 repress-
es the expression of Hba-a, Hbb-b and Hmox1 in erythrob-
lasts, at least under a sustained ID. There are several Maf
recognition elements (MARE) (the target sequence of
Bachl and MafK heterodimer) in the locus control regions

A

of Hba-a and Hbb-b and in the enhancer regions E1 and E2
of Hmox1 (Figure 6B), to which direct binding of Bach1 has
been reported using MEL cells and non-erythroid
cells."****** Using primary Ter119-positive BM cells isolat-
ed from wild-type mice and a chromatin immunoprecipi-
tation assay, we found enrichments of Bach1 and MafK on
MARE-containing regions of these genes (Figure 6C), sug-
gesting that Bach1 directly represses these genes in mouse
primary erythroblasts. In addition, Bachl enrichments on
its target regions were actually increased in ID (Figure 6D),
indicating an increased activity of Bachl in ID. These
results substantially support the notion that the repression
of Bachl target genes at the transcriptional level is
required under severe and/or prolonged ID to maintain
the balance of heme and globin for the prevention of accu-
mulations of free globin. Consistent with this interpreta-
tion, ROS accumulation of Bach1™ erythroblasts was
observed under LID-DW (Ounline Supplementary Figure
S3A), which might be induced by the accumulations of
free globin.’ On the other hand, no obvious difference
was observed in the mitochondria amount in PB between
wild-type and Bach1” mice even in ID (Ounline
Supplementary Figure S3B). Therefore, Bachl may not be
directly involved in the regulation of erythroblast
mitophagy in ID.
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Iron and Bach1 control the DNA methylation status in
erythroblasts

To investigate how extensive transcriptomic changes
were induced under ID and whether there are any other
roles for Bachl in the adaptation of erythropoiesis under
ID, we compared the DNA methylation status of ery-
throblasts. After seven weeks of LID-W or ND, BM ery-
throblast subset II from wild-type or Bach1” mice were

Role for iron and Bach1 in erythroblast maturation

isolated. DNA methylation levels were compared
genome-wide using the PBAT method. Hemoglobin con-
centrations of wild-type mice under the ND or LID-W and
Bach1” mice under the ND or LID-W were 13.1, 11.7, 14.1
and 4.0 g/dL, respectively. Therefore, Bach1” mouse in
LID-W showed more severe anemia in this set of the
experiment. There was no clear difference in the overall
DNA methylation status between erythroblasts from
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wild-type mice under the ND compared with that of LID-
W (Figure 7A). However, there were apparent differences
in certain genomic regions (Figure 7B). (Dot plots within
green zones indicate DNA regions where the methylation
status changed = 25% by ID). In addition, Bach1™ ery-
throblasts under LID-W showed a higher DNA methyla-
tion level compared with wild-type erythroblasts under
LID-W or Bach1™" erythroblasts under the ND (Figure 7A,
C and D). Although these results need to be interpreted
with care due to the small number of samples and varia-
tion in the anemic severity, these results suggest that iron
and Bachl may be involved in the determination of DNA
methylation status in erythroblasts and that these alter-
ations affect the pathophysiology of IDA. When DNA
regions with higher methylation levels were analyzed for
possible correlations with the expression levels of nearby
genes in WT mice, there was no clear correlation (Figure
7E). Such a relatively poor correlation between the DNA
methylation status and the gene expression profile was
consistent with previous reports.””*" Therefore, further
studies are needed to uncover the details of this mecha-
nism involving DNA methylation and its physiological
significance under ID.

Bach1 facilitates recovery from IDA

Considering that DNA methylation alterations seen in
Bach1™ erythroblasts in LID-W, we compared recovery
processes from IDA. After being fed LID for seven weeks
according to the LID-W, wild-type or Bach1” mice were
re-fed the ND. Initial recovery of the anemia was rapid
and similar for both genotypes (Figure 7F). However,
while the hemoglobin content reached 14.85+0.34 g/dL in
wild-type mice after eight weeks, that in Bach1” mice
remained around 13.23+0.33 g/dL (Figure 7F), suggesting
that Bach1 is involved in the recovery process from IDA.
The overall increase in the DNA methylation may be
related to this slower recovery seen in Bach1™" mice.

Discussion

In the present study, we established that LIC induced
severe ID and performed a comprehensive transcriptional
analysis of BM erythroblasts. Unexpectedly large numbers
of gene expressions in erythroblasts were altered under
LID-W. In addition, not only maturation disorder, but also
mitophagy disorder occurred in erythrocytes under LID-
W. Importantly, the data suggest that iron plays a pivotal
role in controlling GATA-1 function and expression of
genes related to GATA-1 and/or GATA-1 downstream
genes, including those related to mitophagy. Since it has
been reported that heme is required for the cellular differ-
entiation governed by GATA-1 in erythroid cells,”
impaired heme synthesis induced by ID can be the cause
of repression of GATA-1 downstream genes. Therefore, a
loss of iron induces the discordance of the erythroblast
maturation program, which may be the fundamental
cause of IDA.

Our results raise the possibility that iron drives the
process of mitophagy during maturation of erythroblasts.
The reduced function of GATA-1 under ID may be the pri-
mary cause of mitophagy disorder. These results also sug-
gest that the sustained presence of mitochondria and the
expression of CD71 in erythrocyte under IDA may pro-
vide differential diagnostic parameters for anemia.

Although we did not directly observe reticulocyte in PB,
mito-G high erythrocyte can be considered to be reticulo-
cyte because reticulocyte still possesses subcellular
organelle such as mitochondria. Therefore, mice in ID
might have a high percentage of reticulocyte in PB that is
not induced by increased erythropoiesis but by defective
mitophagy; this might be part of the reason why reticulo-
cyte counts do not always decrease in human IDA.* Since
we did not observe nucleated erythrocyte under ID, termi-
nal enucleation of erythroblasts is likely driven by a mech-
anism distinctive from that driving mitophagy.

Bach1™ mice showed severe anemia under the LID-DW
regimen. Because the embryonic period and early life
stage are known as periods at high risk of IDA, it is spec-
ulated that Bachl plays an important role in regulating
erythropoiesis under ID especially during the early life
stage. Because Bachl is a unique transcription factor
whose repressor function is inhibited by heme, its repres-
sor activity is expected to increase under ID. In wild-type
erythroblast, the heme concentration is decreased when
iron is low, leading to the activation of Bach1, and thereby
an inhibition of globin genes and Hmox1 transcription
(Figure 7G). Therefore, both heme and globin are main-
tained at mutually stoichiometric levels by Bachl. In con-
trast, in the absence of Bach1, globin genes and Hmox1 are
not down-regulated when the heme concentration
decreases due to ID (Figure 7H). In this case, excess free
globin may disturb erythroblast maturation. Therefore,
Bach1 plays a critical role in sustained ID by working to
balance heme and globin at the transcriptional level. This
novel mechanism might be more specific than the func-
tion of HRI at the translational level, which phosphory-
lates elF2a and therefore affects essentially global protein
synthesis.” The existence both of transcriptional and
translational mechanisms governing the heme and globin
balance indicates the importance of an appropriate main-
tenance of this balance in erythroblast maturation.

Massive alteration of the transcriptome in ID erythrob-
last may involve additional mechanisms. Although the
details of a mechanism by which iron controls the gene
expression levels remain an open question, the results of
the PBAT analysis suggest that iron is involved in regulat-
ing the DNA methylation status. Although DNA methyla-
tion was not grossly affected by ID in wild-type mice, it is
still possible that the observed DNA region-specific alter-
ations affected the expression of nearby genes and alter-
nated gene expressions induce massive transcriptomic
modification as a whole, as seen in the result of transcrip-
tomic analysis. Conversely, Jeffrey et al. previously report-
ed that global DNA methylation of erythroblasts gradually
decreases during maturation,” suggesting the importance
of the DNA demethylation in maturation. Histone methy-
lation may also be affected since many histone demethy-
lases are dependent on iron, such as non-heme iron-
dependent histone demethylases (JmjC family).”In addi-
tion, other regulators that are under the control of iron
may participate in the transcriptomic response under ID,
such as the IRE/IRP system.*® Very intriguingly, the alter-
ations in DNA methylation in Bachi-deficient cells
induced by ID were significant, indicating that Bachl
maintain the appropriate DNA methylation status espe-
cially under ID. It is also possible that such changes in
DNA methylation contributed to the severe IDA observed
in Bach1™ mice. These possibilities are consistent with the
observation that Bach1” mice showed slower recovery
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