
Epo Gene Regulation 233Tohoku J. Exp. Med., 2015, 235, 233-240

233

Received January 30, 2015; revised and accepted February 23, 2015.    Published online March 17, 2015; doi: 10.1620/tjem.235.233.
Correspondence: Norio Suzuki, Division of Interdisciplinary Medical Science, Center for Oxygen Medicine, United Centers for  

Advanced Research and Translational Medicine, Tohoku University Graduate School of Medicine, 2-1 Seiryo-machi, Aoba-ku, Sendai,  
Miyagi 980-8575, Japan.

e-mail: sunorio@med.tohoku.ac.jp
Dr. Norio Suzuki is a recipient of the 2014 Gold Prize, Tohoku University School of Medicine.

Invited Review

Erythropoietin Gene Expression: Developmental-Stage Specificity, 
Cell-Type Specificity, and Hypoxia Inducibility

Norio Suzuki1

1Division of Interdisciplinary Medical Science, Center for Oxygen Medicine, United Centers for Advanced 
Research and Translational Medicine, Tohoku University Graduate School of Medicine, Sendai, Miyagi, Japan

Erythrocytes play an essential role in the delivery of oxygen from the lung to every organ; a decrease in 
erythrocytes (anemia) causes hypoxic stress and tissue damage.  To maintain oxygen homeostasis in adult 
mammals, when the kidney senses hypoxia, it secretes an erythroid growth factor, erythropoietin (Epo), 
which stimulates erythropoiesis in the bone marrow.  Recently, studies using genetically modified mice 
have shown that the in vivo expression profile of the Epo gene changes dramatically during development.  
The first Epo-producing cells emerge in the neural crest and neuroepithelium of mid-stage embryos and 
support primitive erythropoiesis in the yolk sac.  Subsequently, Epo from the hepatocytes stimulates 
erythropoiesis in the fetal liver of later stage embryos in a paracrine manner.  In fact, erythroid lineage cells 
comprise the largest cell population in the fetal liver, and hepatocytes are distributed among the erythroid 
cell clusters.  Adult erythropoiesis in the bone marrow requires Epo that is secreted by renal Epo-producing 
cells (REP cells).  REP cells are widely distributed in the renal cortex and outer medulla.  Hypoxia-inducible 
Epo production both in hepatocytes and REP cells is controlled at the gene transcription level that is mainly 
mediated by the hypoxia-inducible transcription factor (HIF) pathway.  These mouse studies further provide 
insights into the molecular mechanisms of the cell-type specific, hypoxia-inducible expression of the Epo 
gene, which involves multiple sets of cis- and trans-regulatory elements.
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Introduction
Erythropoietin (Epo) is a 34-kDa glycoprotein essen-

tial for erythropoiesis.  One Epo molecule binds to a 
homodimer of its specific receptors (EpoR) on the surface 
of immature erythroid cells, and transduces signals that 
repress apoptosis and promote cell proliferation and differ-
entiation into mature erythrocytes (Wojchowski et al. 2010).  
Epo binding to the receptors causes conformation changes 
in the intracellular domains of an EpoR homodimer, bring-
ing it into close proximity to initiate Epo-EpoR signal 
transduction (Suzuki et al. 2015).  Because EpoR is highly 
expressed only in committed erythroid progenitors and 
erythroblastic cells, the principal function of Epo is funda-
mentally restricted to erythropoiesis; it is not involved in 
the growth of other cell lineages (Suzuki et al. 2002; 
Paffett-Lugassy et al. 2007).  Additionally, Epo signaling is 
important for the growth and terminal maturation of ery-

throid cells and not for the commitment of hematopoietic 
stem cells to the erythroid lineage (Wu et al. 1995).

The human Epo gene encodes the Epo precursor pro-
tein, which consist of 193-amino acids, and the mature 
166-amino-acid Epo is secreted from Epo-producing cells 
into the bloodstream after cleavage of the amino-terminal 
signal sequences.  The Epo gene has been cloned from a 
variety of mammals as well as fish and frogs (Miyake et al. 
1977; Jacobs et al. 1985; McDonald et al. 1986; Shoemaker 
and Mitsock 1986; Chou et al. 2004; Nogawa-Kosaka et al. 
2010).  However, even though anemic chicken plasma has 
historically exhibited high erythropoietic activity, avian Epo 
genes have not yet been identified (Yamamoto et al. 1985).  
The human Epo amino acid sequence exhibits an overall 
sequence homology of 80% to mouse Epo but less than 
33% of the fish Epo protein (Chu et al. 2008).  Interestingly, 
human Epo administration can stimulate not only mamma-
lian erythropoiesis but also erythropoiesis in frogs, even 
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with the amino acid sequence of Xenopus laevis Epo being 
only 38% identical to human Epo (Nogawa-Kosaka et al. 
2010).

During mammalian development, the sites of erythro-
poiesis change twice.  Between mouse embryonic day 8 
(E8) and E11, the yolk sac produces the majority of eryth-
rocytes.  After E11, the liver becomes the major erythropoi-
etic organ (Fig. 1).  After birth, the bone marrow begins 
erythropoiesis, and in adult mice, the spleen also produces 
erythrocytes.  Between the yolk sac and liver stages, the 
placenta and para-aortic tissues of the aorta-gonad meso-
nephros region produce hematopoietic progenitors, but they 
do not produce erythrocytes (Minegishi et al. 2003; Rhodes 
et al. 2008; Ivanovs et al. 2011; Golub and Cumano 2013).  
Erythropoiesis in the yolk sac is distinguished from that of 
other stages by the generation of primitive erythroid cells.  
These cells are released from the yolk sac at an immature 
stage at which they still contain nuclei, and they are termi-
nally maturated (enucleated) in the blood (Kingsley et al. 
2004; Fraser et al. 2007).  In contrast, only mature, enucle-
ated erythrocytes circulate in adult mammals.  The primi-
tive erythrocytes express specific globin isoforms that have 
a higher affinity for oxygen than those of adult erythrocytes 
(Wilber et al. 2011).

When the oxygen supply is disrupted by anemia or low 
oxygen (hypoxic) conditions, the Epo concentration in the 
peripheral blood dramatically increases.  At the transcrip-
tional level, Epo gene expression is tightly regulated by 
hypoxia-inducible factors (HIFs), which are the master 
transcription factors for oxygen-dependent gene regulation 
(Suzuki et al. 2007; Miyata et al. 2013; Franke et al. 2013).  
Because non-mammalian Epo genes also respond to 

hypoxic stimuli (Paffett-Lugassy et al. 2007), Epo is con-
sidered to be evolutionarily indispensable for maintaining 
oxygen homeostasis in animals with hemoglobins encapsu-
lated by erythrocytes.

In adult mice, the expression of the Epo gene is high 
in the kidney and low in the liver (Suzuki et al. 2011).  
Therefore, we analyzed the Epo gene regulatory system to 
understand how the Epo gene is regulated in a tissue-spe-
cific and hypoxia-inducible manner.  These studies, which 
used genetically modified mice, demonstrate that the sites 
of Epo production and the erythropoietic tissues change 
simultaneously during development (summarized in Fig. 1).  
In addition, we provide novel information on the transcrip-
tion factors that are involved in Epo gene regulation.

Sites of Epo production
Renal Epo-producing (REP) cells

Adult erythropoiesis largely depends on kidney-
derived Epo.  In fact, kidney diseases often cause anemia 
due to insufficient production of Epo; this is true even if the 
patient still has a healthy liver, which is the other Epo-
producing organ in adult mammals.  Epo is produced by 
fibroblastic cells that are located in the interstitial spaces 
between the renal tubules.  The kidney cells that produce 
Epo are called REP cells; REP cells are widely distributed 
in the renal cortex and the deeper regions of the renal 
medulla (Obara et al. 2008; Pan et al. 2011; Yamazaki et al. 
2013).  Importantly, REP cells express neural genes, such 
as microtubule-associated protein 2 (Map2) and nerve 
growth factor receptor (Ngfr) as well as fibroblastic genes 
(Obara et al. 2008; Asada et al. 2011), and it has been sug-
gested that REP cells developmentally originate from neu-

Fig. 1.  Developmental changes in the sites of erythropoiesis and Epo production.
	 The sites of erythropoiesis (red) and Epo production (green) change during mouse development.  Note that the placenta 

and the para-aortic tissues of the aorta-gonad mesonephros region (AGM) produce hematopoietic progenitors, but they 
do not produce erythrocytes.
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ral crest cells (Asada et al. 2011; Suzuki et al. 2013).  This 
idea is supported by the observation that kidney progenitor 
cells produce renal tubules and glomeruli but not blood ves-
sels or interstitial tissues, which contain REP cells 
(Matsumoto et al. 2012; Taguchi et al. 2014).

Most interstitial fibroblasts in the renal cortex have the 
potential to produce Epo, but even under chronic severe 
anemia, only 10% of these cells express the Epo gene 
(Yamazaki et al. 2013) (Fig. 2A).  This observation sug-
gests that all REP cells can be divided into 2 groups: OFF-
REP cells that are at rest and ON-REP cells that produce 
Epo.  The larger OFF-REP cell population may be an emer-
gency reserve for Epo production.  The total number of 
REP cells is constant, but the fraction of ON-REP cells 
increases in proportion to the severity of anemic or hypoxic 
stress (Obara et al. 2008; Yamazaki et al. 2013).  Because 
the expression of hypoxia-inducible genes is higher in 
ON-REP cells than in OFF-REP cells, it has been suggested 
that ON-REP cells are more hypoxic than OFF-REP cells 
(Yamazaki et al. 2013) (Fig. 2B).  Thus, hypoxia is the prin-
cipal inducer of Epo gene expression in REP cells, and REP 
cells control oxygen homeostasis by regulating erythropoie-
sis in adult mammals.

Because the blood delivers oxygen to REP cells after 
passing through the glomeruli, the basal oxygen supply to 
the REP cells seems to be lower than in other tissues.  
Additionally, the tubular cells around the REP cells may 
consume high amounts of oxygen to produce ATP for urine 
reabsorption.  Thus, in the microenvironment of the REP 
cells, oxygen flux is very rapid due to low supply and high 
consumption.  The oxygen state of the REP cells may help 

sense decreases in oxygen uptake into the body, and it pro-
vides insight into the reason why the kidneys produce Epo.

During the progression of kidney disease, fibrosis 
begins with the emergence of myofibroblasts in the intersti-
tial tissue between damaged renal tubules.  We have dem-
onstrated that most myofibroblasts originate from the REP 
cells (Asada et al. 2011; Souma et al. 2013; Miyata et al. 
2013).  After their transformation to myofibroblasts, the 
REP cells begin producing smooth muscle actins and colla-
gens, whereas the expression of neural and fibroblastic 
genes is repressed.  Despite disease conditions that make 
the kidney much more hypoxic, the myofibroblastic-trans-
formed REP cells lose their Epo-producing ability (Fig. 
2B).  Therefore, REP cells are responsible for both fibrosis 
and anemia in chronic kidney diseases.

Hepatocytes
At the point during embryonic development when the 

liver is an erythropoietic organ, hepatocytes are the major 
source of Epo (Fig. 1).  In E15 embryos, erythroid lineage 
cells comprise the largest cell population in the fetal liver, 
and hepatocytes surround the erythroid cell clusters (Fig. 
3A).  Thus, Epo stimulates fetal liver erythropoiesis in a 
paracrine manner, whereas erythropoiesis in the yolk sac 
and bone marrow is promoted by endocrine Epo (Fig. 1).

The adult liver can still produce Epo in response to 
hypoxia, but the Epo production of each hepatocyte is very 
low compared with that of each REP cell.  Therefore, the 
kidney is the major Epo-producing site in adults; hepatic 
Epo production is dispensable for normal adult erythropoie-
sis (Suzuki et al. 2011).  However, in embryos and neo-

Fig. 2.  ON-REP, OFF-REP and MF-REP cells.
	 (A) Kidney cryosection from a mouse suffering from chronic anemia.  The green fluorescence is derived from the Epo-

GFP transgene and indicates the ON-REP cells with active Epo gene expression.  The red fluorescence is derived from 
a tracer for cells that have expressed the Epo-Cre transgene in Rosa26R-tdTomato::Epo-Cre mice, and indicates total 
REP cells (Yamazaki et al. 2013).  The nuclei are stained with DAPI (blue).  The arrowheads indicate ON-REP cells that 
are positive for both green and red fluorescence.  The OFF-REP cells express red fluorescence but not green fluores-
cence.  (B) Subtypes of REP cells.  Most REP cells do not produce Epo under normal oxygen conditions (OFF-REP), 
whereas hypoxic microenvironments induce Epo production (ON-REP).  Healthy REP cells are reversibly transformed 
to myofibroblastic REP cells (MF-REP) by kidney diseases (Souma et al. 2013).
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nates, hepatic Epo production is essential for erythropoiesis; 
Epo or EpoR knockout mice commonly show embryonic 
lethality due to severe anemia at E13, which occurs before 
the kidneys initiate Epo production (Wu et al. 1995).

We have generated a genetically modified mouse line 
(referred to as the ∆EpoHE mouse) in which the liver-spe-
cific Epo gene enhancer (EpoHE) is deleted from the 
genome (Suzuki et al. 2011).  In the late embryonic stages 
in ∆EpoHE mice, the expression of the Epo gene is reduced 
in the liver but normal in the kidney.  The livers of ∆EpoHE 
mice are pale during the perinatal stages, whereas erythro-
poiesis in their spleens and bone marrow is normal (Fig. 3B 
and C).  This observation indicates that liver-derived Epo 
primarily stimulates fetal liver erythropoiesis.  In contrast, 
kidney-derived Epo is required for adult erythropoiesis in 
the spleen and bone marrow (Fig. 1).

Neural Epo-producing (NEP) cells
In Epo knockout mice, primitive erythropoiesis in the 

yolk sac is partially defective (Wu et al. 1995; Suzuki et al. 
2013).  The abnormality in the differentiation of primitive 
erythroid cells is observed at approximately E9, before the 
fetal liver initiates Epo production (Makita et al. 2005; 
Obara et al. 2008; Suzuki et al. 2013).  To determine the 
source of the Epo used for primitive erythropoiesis, we 
used the genetically modified mouse lines expressing green 
fluorescent protein (GFP) as a reporter under the control of 
the Epo gene regulatory system (the Epo-GFP mice).  As 
expected, GFP efficiently labeled the Epo gene-expressing 
cells in the Epo-GFP mice, and the Epo-GFP+ cells in the 
neural crest and neuroepithelium were identified as neural 
Epo-producing cells (NEP cells in Fig. 4A and B) (Suzuki 
et al. 2013).

NEP cells produce functional Epo that induces the dif-
ferentiation of yolk sac erythrocytes.  As with neural crest 
cells, a subset of the NEP cells migrates from the dorsal 
areas of the neural tube toward the abdominal region during 
mouse development (Fig. 4A).  However, because Epo 
expression in NEP cells is extinguished around E11, it is 
impossible to trace their fate using the Epo-GFP reporter.  
Because REP cells exhibit neural features (Obara et al. 
2008; Asada et al. 2011), an attractive hypothesis is that 
NEP cells migrate into the kidney and differentiate into 
REP cells.  In the embryonic brain, the NEP cells are pri-
marily found in the rhombencephalon (Fig. 4B and C), and 
we have detected Epo-GFP+ cells expressing the endoge-
nous Epo gene in the brain of hypoxic adult mice.  This 
evidence suggests that NEP-derived cells in organs other 
than the kidney and liver may retain their ability to produce 
Epo under pathological conditions.  Interestingly, in 
Zebrafish, one of the major Epo-producing sites is the brain 
(Paffett-Lugassy et al. 2007).  Therefore, transient Epo pro-
duction by NEP cells in mouse embryos may support the 
so-called “recapitulation theory”, which argues that ontog-
eny recapitulates phylogeny (Sander 2002).

Regulatory factors in Epo gene expression
GATA factors

Because there are no kidney cell lines that inducibly 
express the Epo gene, human hepatoma cell lines (Hep3B 

Fig. 3.  Expression and function of Epo in the liver.
	 (A) Hepatocytes that are positive for Epo-GFP transgene 

expression (brown color staining) are surrounded by ery-
throid lineage cells (round shape, nuclei are counter-
stained blue by hematoxylin) in the fetal liver of Epo-
GFP transgenic mice at E15.  (B) The liver of a day 0 
∆EpoHE neonate is pale compared to that of a control lit-
termate mouse.  (C) No significant differences between 
the spleens of ∆EpoHE and control neonates were ob-
served.
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and HepG2) that produce Epo in a hypoxia-inducible man-
ner have been used to study Epo gene regulation (Goldberg 
et al. 1987; Pugh et al. 1991; Tarumoto et al. 2000).  The 
genomic sequences flanking the Epo coding region are 
highly conserved among mammals, and these sequences 
have been analyzed to understand the regulatory mecha-
nisms of Epo gene expression (Suzuki et al. 2007).

The upstream flanking region contains a basal pro-
moter and a GATA factor-binding motif (Fig. 5).  In hepa-
toma cell lines, the promoter activity is enhanced when the 
GATA sequence is mutated (Tarumoto et al. 2000).  Mouse 

lines bearing mutant Epo-GFP transgenes in which the 
GATA motif has been mutated have demonstrated that the 
GATA motif is required for the suppression of ectopic and 
constitutive Epo gene expression and dispensable for the 
hypoxia-induced Epo gene expression in REP cells and 
hepatocytes (Obara et al. 2008).  The ectopic expression of 
the transgene is observed exclusively in cells of the epithe-
lial lineage, including those of the renal tubules, bile ducts 
and alveolar epithelia (Fig. 5).  This tissue-specific suppres-
sion system is a regulatory mechanism that is unique to the 
Epo gene.  There may be an epithelial enhancer sequence 
near the Epo gene, and the GATA motif strongly inhibits 
this activation signal in epithelial cells.

All 6 GATA transcription factors except GATA1 are 
expressed in epithelial-lineage cells; these proteins may 
complementarily suppress ectopic Epo gene transcription 
by binding to the GATA motif (Obara et al. 2008).  Thus, 
the upstream GATA motif and the GATA transcription fac-
tors play essential roles in cell type-specific, hypoxia-
inducible Epo production in vivo (Fig. 5).  GATA factors in 
the epithelial cells are plausible drug targets to pharmaco-
logically induce Epo production in Epo-deficiency anemia.

The prolyl-hydroxylase (PHD)-HIF system
The downstream flanking sequence of the Epo gene 

was first identified as a hypoxia-responsive enhancer (Fig. 
5), and a HIF complex has been isolated as a factor that 
binds to this enhancer (Semenza and Wang 1992; Wang and 
Semenza 1993).  To determine the in vivo roles of this 
enhancer sequence, we deleted it from the mouse genome.  
The resulting mice exhibited a reduction in Epo production 
in the liver, whereas Epo production in the kidneys was 
unaffected by the deletion (Suzuki et al. 2011).  This obser-
vation indicates that the downstream flanking sequence, 
EpoHE (Hepatic Enhancer), is a hepatocyte-specific, 
hypoxia-responsive enhancer of the Epo gene (Fig. 5).  REP 
and NEP cells utilize a different cell-type specific 
enhancer(s) to regulate Epo gene expression, but the 
enhancer(s) has not been identified (Fig. 5).  Interestingly, 
EpoHE is required for Epo production in the hepatocytes 
after E14, indicating that the Epo gene regulatory system 
changes during liver ontogeny (Suzuki et al. 2011).

The HIF complex consists of α and β (also known as 
ARNT) subunits and regulates a large set of hypoxia-induc-
ible genes by binding to a specific sequence (the hypoxia-
responsive element, or HRE) in the regulatory regions of its 
target genes (Wang et al. 1995).  Mammalian cells have 3 
HIF-α isoforms: HIF1α, HIF2α and HIF3α.  Under normal 
conditions, HIF-α proteins are degraded via the hydroxyl-
ation of specific proline residues, which is mediated by 
HIF-prolyl-hydroxylases (PHDs) that use oxygen as a sub-
strate (Greer et al. 2012).

To elucidate the regulatory mechanisms of Epo pro-
duction in vivo, we have analyzed mouse lines harboring 
conditional deletions of genes encoding HIF-prolyl-
hydroxylase isoforms (PHD1, PHD2 and PHD3) (Takeda et 

Fig. 4.  NEP cells are located in the neural crest and neuroepi-
thelium.

	 (A) NEP cells (green, arrowheads) migrate from the dor-
sal regions to the ventral regions around the neural tube 
(NT) and the otic vesicle (e) at E11, and CD31-positive 
capillaries (red) are located around the path of the NEP 
cells.  (B and C) Dorsal view of Epo-GFP transgene ex-
pression (green in B) and neural crest marker (Rosa26R-
LacZ::Wnt1-Cre) expression (blue in C) at E11.
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al. 2006).  Inactivation of PHD2 in REP cells causes poly-
cythemia, which is prevented by the loss of HIF2α.  
Surprisingly, under disease conditions, the loss of PHD2 in 
REP cells restores Epo production in myofibroblastic-trans-
formed REP cells.  These results demonstrate that a PHD2-
HIF2α cascade regulates the Epo gene in REP cells and that 
this cascade is involved in the inactivation of Epo produc-
tion in injured kidneys (Fig. 5).  Indeed, gene expression 
analyses have demonstrated that, compared with other iso-
forms, PHD2 and HIF2α are highly expressed in REP cells.  
In the liver, deleting any combination of two PHD isoforms 
induces polycythemia, whereas the liver-specific deletion of 
a single isoform causes no apparent phenotype.  Poly
cythemia is prevented by the loss of either HIF2α or 
EpoHE.  These results demonstrate that hepatic Epo expres-
sion is regulated by a PHDs-HIF2α-EpoHE cascade and 
that the combined activity of all PHDs is more important 
than the specific function of each PHD isoform in this cas-
cade.  Thus, analyses of genetically modified mice have 
demonstrated the existence of distinct regulatory systems 
for hypoxia-induced Epo gene expression in the kidneys 
and liver.

Perspectives
Studies using genetically modified mouse lines have 

provided important information on the tissue-specific and 
hypoxia-inducible Epo gene expression profile and the in 
vivo regulatory mechanisms of Epo production, which are 
mainly regulated in a hypoxia-dependent manner by the 
PHD-HIF system (Fig. 5).  Further studies may elucidate 

the developmental fate of newly identified NEP cells in the 
neural crest and the Epo-producing potential of NEP cell-
derived cells in adult mice.  The liver-specific enhancer of 
the Epo gene (EpoHE) has been identified in the proximal 
region downstream of the coding region, but little is known 
about the enhancer(s) for NEP and REP cells.  Transgenic 
reporter analyses may identify the enhancer sequences in 
the mammalian genome in the near future.

Cells in the carotid body, which are derived from neu-
ral crest and reside in the carotid bifurcation, play essential 
roles in the maintenance of oxygen homeostasis by regulat-
ing respiration and blood pressure (Platero-Luengo et al. 
2014).  The carotid body senses hypoxic stresses in the 
carotid artery through channel molecule depolarization and 
acutely releases neurotransmitters toward the central ner-
vous system.  In addition to the regulation of respiration 
and blood pressure by carotid body cells, erythropoietic 
induction by REP cells is also important for the mainte-
nance of oxygen homeostasis in adults through Epo produc-
tion.  The molecular basis of hypoxic responses in REP 
cells, which requires PHD-HIF system-mediated transcrip-
tional induction, is completely different from the carotid 
body, which uses neurotransmitters.  REP cell-mediated 
erythropoietic induction may contribute to chronic phases 
of hypoxic adaptation, compared with the acute response of 
the carotid body.  Thus, elucidation of the mechanism of 
renal Epo production is important for understanding sys-
temic responses to hypoxic stressors.  However, because of 
the difficulty in culturing REP cells in vitro, little is known 
about the regulatory mechanisms of Epo gene expression in 

Fig. 5.  Schema of cell-type specific Epo gene regulation.
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these cells.  The development of REP cell culture tech-
niques will allow a deeper understanding of the mecha-
nisms of hypoxia sensing, Epo gene regulation and kidney 
fibrosis.
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