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Abstract
The process of erythropoiesis in the fetal liver and adult bone marrow is regulated by the hormone
erythropoietin (Epo), which is produced in the kidney at low levels under homeostatic conditions.
Defects in Epo production result in severe anemia; use of recombinant hormone has improved the
lives of patients suffering from renal failure or anemia due to bone marrow suppression. Deletion
of the Epo gene in mice leads to embryonic lethality at day 13–15, coincident with the
establishment of definitive (adult-type) erythropoiesis and underscoring the absolute necessity of
Epo function in vivo. Epo has proven to be a successful pharmaceutical agent, one of the early
triumphs of recombinant protein technology. Due to its clinical importance, a great deal of
attention has focused upon the molecular mechanisms of Epo-regulated erythropoiesis. This
review highlights basic concepts of Epo signal transduction within the hematopoietic system, the
major site of Epo action in vivo.

INTRODUCTION
Epo is present in low amounts in the circulation under homeostatic conditions while
erythropoietic stress such as hypoxia or anemia can stimulate a dramatic increase in Epo
production in the kidney, leading to a significant rise in circulating hormone amounts and
subsequently increased erythropoiesis (Koury et al., 1989; Lacombe et al., 1988; reviewed in
Krantz, 1991). Epo stimulates red blood cell production by binding and activating a high
affinity receptor (EpoR) that is expressed predominantly on the surface of immature
erythroid cells (Broudy et al., 1991). The EpoR is a member of the type I cytokine receptor
superfamily, sharing specific structural motifs with other members of this receptor family
including two extracellular immunoglobulin-like domains, four similarly spaced cysteine
residues and the sequence WSXWS (Bazan, 1990; Cosman et al., 1990). Signal transduction
through the EpoR is initiated by ligand binding, which induces a dimerization and/or
reorientation of EpoR monomers within a dimeric receptor structure (Livnah et al., 1999;
Philo et al., 1996; Syed et al., 1998; Watowich et al., 1994; Watowich et al., 1992), a
process that remains poorly understood despite its clear importance in terms of developing
Epo agonists. The general mechanisms used by EpoR to activate intracellular signal
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transduction pathways are shared by other members of the Type I and Type II cytokine
receptor families, namely ligand-dependent oligomerization and/or structural reorientation
of clustered receptor molecules (Hibi and Hirano, 1998). The predominant pathway
activated by EpoR and other cytokine receptors is the Jak/STAT signaling cascade (Darnell
et al., 1994; Darnell Jr., 1997; Hibi and Hirano, 1998). Jak tyrosine kinases are
constitutively associated with the membrane-proximal regions of cytokine receptor
intracellular domains and are activated upon ligand binding and receptor reorientation. The
EpoR associates selectively with the Jak2 kinase (Witthuhn et al., 1993). Following EpoR
activation, Jak2 phosphorylates tyrosine residues in the intracellular region of the EpoR,
providing docking sites for signaling molecules with phosphotyrosine binding motifs,
including the signal transducer and activator of transcription protein STAT5, which
mediates the principal intracellular signaling pathway elicited by the EpoR (Cui et al., 2004;
Socolovsky et al., 1999) (Fig. 1). Here, I will discuss EpoR structural features and
mechanisms of EpoR signal transduction via Jak2 and STAT5 that regulate erythropoiesis.

Role of dimerization in EpoR activation
The activation mechanism for EpoR was elucidated first through investigation of a
constitutively acting (hormone-independent) form of the EpoR, which was isolated from a
retroviral transduction screen in the interleukin-3-dependent murine cell line Ba/F3 by virtue
of its ability to support cytokine-independent proliferation (Yoshimura et al., 1990).
Initially, the biochemical basis for the constitutive activity was unclear, however a point
mutation at residue 129 in the extracellular region that rendered an arginine to cysteine
substitution (EpoR R129C) (Yoshimura et al., 1990) suggested the possibility that aberrant
disulfide bond formation was involved. The constitutive activity of EpoR R129C is
attributed to acquisition of cysteine and not loss of arginine (Watowich et al., 1992).
Moreover, EpoR R129C but not the wild type receptor forms disulfide-linked homodimers
in the absence of Epo (Watowich et al., 1994; Watowich et al., 1992). These data
collectively implicate dimerization as an important feature of the EpoR activation
mechanism. Studies with the constitutive EpoR provided a paradigm for the process of Type
I and Type II cytokine receptor activation as it was subsequently recognized that
oligomerization or structural reorientation of receptor subunits was a common activation
mechanism within the cytokine receptor family (reviewed in Foxwell et al., 1992; Hibi and
Hirano, 1998; Ihle et al., 1995).

Equilibrium binding experiments with iodinated Epo demonstrated that Epo:receptor
complexes containing either wild type EpoR or EpoR R129C were governed by a single
affinity (dissociation constant ∼100–700pM) (Broudy et al., 1991; Mayeux et al., 1987;
Watowich et al., 1992), indicating that the three-dimensional structure of EpoR R129C is
similar to the wild type receptor, at least within the Epo-binding domain. This suggested that
covalent dimerization of EpoR R129C mimics the Epo/EpoR conformation, further
supporting a role for receptor dimerization in the activation process. To determine whether
the signals elicited by EpoR R129C are similar to or distinct from the ligand-occupied wild
type receptor, the ability of EpoR R129C to support erythropoiesis was assessed. EpoR
R129C stimulates Epo-independent colony forming unit-erythroid (CFU-E) development, as
judged by ex vivo assays (Longmore et al., 1994; Pharr et al., 1993), indicating it supports
erythroid proliferation and differentiation. Moreover, mice infected with retrovirus carrying
EpoR R129C develop erythrocytosis and splenomegaly, and show increased amounts of
circulating red blood cells (Longmore and Lodish, 1991; Longmore et al., 1993a),
demonstrating that EpoR R129C stimulates expansion of the erythroid compartment in vivo
and indicating deregulation of homeostatic mechanisms most likely due to constitutive
signaling of EpoR R129C. Thus, EpoR R129C appears to mimic the biological activity of
the Epo:EpoR complex in terms of directing proliferation and differentiation of red blood
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cell precursors, without perturbing the erythroid developmental program. Interesting,
overexpression of EpoR R129C in hematopoietic progenitor cells can enhance the
generation of other myeloid lineages (Longmore et al., 1993a; Longmore et al., 1994; Pharr
et al., 1993), early evidence that suggested redundancy in the signal pathways between
blood cell growth factors.

Several methods have been employed to test the hypothesis that the wild type EpoR is active
as a dimer at the cell surface, upon ligand binding. Biochemical assays to probe for EpoR
dimers using covalent cross-linking agents were largely unsuccessful (Watowich and Hilton,
1992). This is most likely due to the low cell surface expression of the receptor and specific
features of the EpoR extracellular region such as the presence of only 3 lysine residues
(K10, K14, K65 in the human; K10, K14, K64 in the murine EpoR) located distal to all
binding interfaces (Livnah et al., 1996; Syed et al., 1998), which would be substrates for
many of the cross-linkers available. However, studies with co-expressed wild type and
carboxy-terminally truncated EpoRs demonstrated that mutant EpoRs exhibited dominant
inhibitory activity, suggestive of interactions with the wild type EpoR that interfere with
receptor signaling (Barber et al., 1994; Watowich et al., 1994). Moreover, EpoR
dimerization by bivalent antibodies, analysis of chimeric receptor molecules or biochemical
studies of the purified EpoR extracellular region further supported the idea that receptor
clustering is an important step in the activation process (Elliot et al., 1996; Philo et al., 1996;
Schneider et al., 1997; Watowich et al., 1999a). The most definitive evidence for receptor
dimerization was obtained by three dimensional structure analyses of the EpoR extracellular
region bound to Epo or erythropoietic peptide agonists (Livnah et al., 1996; Syed et al.,
1998). The EpoR:Epo complex is a dimeric receptor occupied by a single Epo molecule in a
2:1 EpoR:Epo ratio (Syed et al., 1998). These data indicate the strong likelihood for a
dimeric receptor structure as the principal EpoR signaling complex. Evidence from EpoR
R129C metabolic pulse-chase labeling experiments, showing intracellular disulfide-linked
dimers, as well as structural analyses of the EpoR extracellular region without bound ligand,
suggest the EpoR dimer forms during receptor synthesis within the cell (Livnah et al., 1999;
Watowich et al., 1992). Hence, dimeric EpoRs appear to be transported to the plasma
membrane, where ligand activation induces a conformational change in the orientation of
receptor subunits within the dimer.

The quaternary structure of the EpoR has important implications for hematopoiesis in
humans as it suggests EpoR-mediated signal transduction could be altered in individuals
with heterozygous mutation of the EpoR gene resulting from inherited or acquired events
(Arcasoy et al., 1997; Arcasoy et al., 2002; de la Chapelle et al., 1993a; de la Chapelle et al.,
1993b; Kralovics et al., 1997; Watowich et al., 1999b). Individuals from an extended
Finnish family with dominant benign familial erythrocytosis provide such an example;
fortunately in this instance the phenotype is mild. Certain individuals within this Finnish
family were found to have enhanced erythrocytosis, accompanied by increased hematocrits
and hemoglobin amounts (de la Chapelle et al., 1993a; de la Chapelle et al., 1993b).
Erythroid progenitor cells isolated from these individuals demonstrate hypersensitivity to
Epo in culture, as judged by their ability to undergo effective proliferation and
differentiation in reduced Epo amounts ex vivo, compared to progenitor cells from
unaffected individuals (de la Chapelle et al., 1993a; de la Chapelle et al., 1993b). The
individuals exhibiting erythrocytosis possess a mutation in one copy of the EpoR gene,
which generates a premature stop codon and truncated receptor isoform lacking
approximately 70 amino acids from the carboxy-terminus (de la Chapelle et al., 1993b). This
truncated EpoR is missing an important negative regulatory region in the cytoplasmic
domain that is responsible for recruitment of hematopoietic cell phosphatase 1, which has
been shown to suppress signaling from the EpoR as well as other cytokine receptors upon its
association with activated receptor complexes (D'Andrea et al., 1991; Jiao et al., 1997;
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Klingmuller et al., 1995; Tapley et al., 1997; Yi et al., 1993). Assuming both wild type and
mutant EpoR alleles are co-expressed in individuals with erythrocytosis, these individuals
may express different EpoR complexes versus those with only wild type EpoR. The EpoR
complexes may include homodimers of the truncated EpoR and heterodimers of wild type
and mutant EpoRs, which may alter receptor signal transduction resulting in hypersensitivity
to Epo and mild erythrocytosis. Co-expression of wild type and truncated EpoRs in tissue
culture cells validated this model. Cytokine-dependent cells that were engineered to express
both wild type and truncated EpoRs mimicking the Finnish mutation, or a similarly
truncated EpoR expressed in affected members of a Swedish family with dominant
erythrocytosis, exhibited enhanced Epo-mediated signal transduction and cellular
proliferation compared to cells expressing only wild type EpoR (Watowich et al., 1999b). In
both Finnish and Swedish families, the EpoR mutation appears to be inherited with
Mendelian frequencies (de la Chapelle et al., 1993a; de la Chapelle et al., 1993b; Watowich
et al., 1999b). Moreover, the EpoR mutation functions in a dominant manner relative to the
wild type allele of the EpoR gene (de la Chapelle et al., 1993a; de la Chapelle et al., 1993b;
Watowich et al., 1999b). These data are collectively indicative of association between co-
expressed mutant and wild type EpoRs and subsequent enhancement of EpoR signal
transduction.

Molecular structure of the EpoR
The three-dimensional structure of the EpoR extracellular region was first determined at
2.8Å resolution in complex with the agonist peptide EMP1 (Livnah et al., 1996), and later in
complex with Epo at 1.9Å resolution (Syed et al., 1998). Both approaches showed the EpoR
extracellular region comprises two immunoglobulin-like domains, each formed by a β-
sandwich-like structure containing 7 β-strands. The membrane-distal (D1) domain and
membrane-proximal (D2) domain are linked by a short hinge, and are oriented at
approximately 90° to one another (Fig. 1). The D1 domain contains the four conserved
cysteine residues, which form two intramolecular disulfide bridges that stabilize D1 (Livnah
et al., 1996; Syed et al., 1998), while D2 contains the conserved WSXWS motif. As
predicted from saturation mutagenesis experiments of the EpoR WSXWS motif, this motif
appears to stabilize the EpoR tertiary structure (Hilton et al., 1994; Livnah et al., 1996; Syed
et al., 1998).

The EpoR:Epo complex revealed that Epo has two discrete binding sites for the EpoR (Syed
et al., 1998). One binding interface of the ligand governs a high affinity interaction with the
receptor, comprising a hydrophobic core surrounded by hydrophilic residues, a motif that
has been referenced as a “hot-spot” in terms of directing cytokine:cytokine receptor
interactions (Clackson and Wells, 1995). The high affinity site exhibits a dissociation
constant of approximately 1nM and is thought to contribute the majority of the ligand
binding energy (Syed et al., 1998). A second binding site that utilizes a distinct set of
determinant residues on Epo as well as EpoR has an affinity approximately 1000-fold lower
(dissociation constant of ∼1µM) (Philo et al., 1996). Thus a sequential binding model for
ligand-mediated activation of EpoR has been proposed, in which ligand interacts first via the
high affinity site with one receptor chain and then through the low affinity interaction with
the second EpoR monomer (Matthews et al., 1996). Despite the asymmetry of this complex,
both monomers appear to be functionally similar in terms of activating signal transduction
(Zhang et al., 2009). Moreover, interactions between the transmembrane and membrane-
proximal cytoplasmic domains of EpoR monomers facilitate dimerization and/or
stabilization of the EpoR dimeric complex (Constantinescu et al., 2001; Gurezka et al.,
1999; Kubatzky et al., 2001; Seubert et al., 2003). The importance of the asymmetric
complex and the dimerization model of receptor activation is supported by the observation
that an Epo molecule mutated in the “site 2” region (R103A) or EpoRs mutated at the
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binding region for Epo “site 1” or “site 2” fail to elicit receptor signaling in hematopoietic
cells (Matthews et al., 1996; Zhang et al., 2009). The Epo R103A mutant has also provided
an opportunity to characterize the EpoR complex on non-hematopoietic cells. Cytoprotective
activities of Epo on the differentiated neuroblastoma SH-SY5Y cell line were suppressed
considerably with Epo R103A or via RNA-mediated interference of EpoR expression (Um
et al., 2007), indicating that survival signaling elicited by Epo on neuronal cells is most
likely due to low levels of the EpoR expressed in the configuration of the hematopoietic
receptor (i.e., EpoR homodimer).

The dimeric EpoR structures formed by interaction with Epo or the EMP1 agonist differ in
several aspects, likely explaining the fact that EMP1 exhibits reduced potency in terms of
EpoR activation, as EMP1 is required at significantly higher concentrations than Epo to
elicit erythropoietic responses (Livnah et al., 1996; Syed et al., 1998). The angle between the
D1 domains differs in each EpoR:ligand complex (∼120° in the EpoR:Epo complex versus
∼180° in the EpoR:EMP1 complex). Moreover, the EpoR:Epo complex shows the D2
domains positioned within the same plane while they are twisted at an approximate 45°
angle in the EpoR:EMP1 structure (Livnah et al., 1996; Syed et al., 1998). This distinction
may affect the ability to activate the associated Jak2 kinase, as a particular orientation may
be favored for full Jak2 activation via autophosphorylation. Hence, efficient Epo agonists
will likely need to more closely mimic the ligand-occupied receptor orientation.

Roles for EpoR-mediated Jak2 and STAT5 signaling in erythropoiesis
One of the earliest detectable signaling events elicited upon EpoR activation is tyrosine
phosphorylation of several intracellular proteins (Miura et al., 1991; Yoshimura and Lodish,
1992). Since the receptor lacks a kinase domain within its cytoplasmic region, these results
indicated that protein tyrosine kinase function is carried out by a distinct factor.
Subsequently, the Jak2 protein tyrosine kinase was identified as associating with the EpoR
and serving as the principal kinase involved in mediating Epo-responsive signal transduction
(Miura et al., 1994; Witthuhn et al., 1993; Yoshimura and Lodish, 1992). Jak2 is
constitutively bound to the EpoR intracellular region (Fig. 1), and appears to provide a
chaperone function for newly assembled EpoR molecules, aiding their transit through the
secretory pathway from the endoplasmic reticulum to the plasma membrane (Huang et al.,
2001). Deletion of the Jak2 gene in mice causes embryonic lethality at d 12–13 accompanied
by severe anemia (Parganas et al., 1998). The phenotype of Jak2−/− animals closely
resembles the Epo−/− or Epor−/− mice (Parganas et al., 1998; Wu et al., 1995);
hematopoietic progenitors from Jak2−/− fetal livers are deficient in responses to Epo,
indicating Jak2 is essential for Epo-dependent definitive erythropoiesis (Parganas et al.,
1998). Jak2−/− hematopoietic progenitors also fail to respond to other myeloid cytokines
such as GM-CSF and interleukin-3 (Parganas et al., 1998), hence the embryonic lethality of
Jak2−/− animals most likely represents the first essential role for Jak2 during development
but not all aspects of Jak2 function in vivo.

Significantly, Jak2 function is important in human erythropoiesis. A mutation within the
Jak2 pseudokinase domain rendering a valine to phenylalanine substitution at residue 617
(V617F) and hormone-independent kinase activity was identified in individuals with a
spectrum of myeloproliferative disorders (MPDs) including polycythemia vera (Baxter et
al., 2005; James et al., 2005; Kralovics et al., 2005). In vitro and in vivo approaches to study
Jak2 V617F show this mutant protein mediates Epo-independent erythroid progenitor
growth and development as well as erythroid cell expansion in vivo (James et al., 2005;
Zaleskas et al., 2006). Jak2 is therefore a feasible target for pharmacological intervention as
a new approach for treatment of Jak2 V617F-positive MPDs.
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The EpoR contains eight tyrosine residues within the membrane-distal portion of
cytoplasmic tail; upon phosphorylation, several of these serve as docking sites for
intracellular signaling molecules, including the transcription factors STAT5A and STAT5B,
the p85 subunit of phosphoinositol 3'-kinase (PI3K), the cytokine suppressor CIS and the
phosphatase SHP-1 (Chin et al., 1996; Damen et al., 1995a; Damen et al., 1993; Damen et
al., 1995b; Gobert et al., 1996; Iwatsuki et al., 1997; Klingmuller et al., 1996; Klingmuller et
al., 1995; Klingmuller et al., 1997; Matsumoto et al., 1997; Wakao et al., 1995). Tyrosine
phosphorylated Jak2 also appears to interact directly with STAT5A and STAT5B (Fujitani
et al., 1997), indicating it can serve as a scaffold for signal protein activation in addition to
its enzymatic role in EpoR signal transduction. Recruitment of signaling molecules in
proximity to Jak2 in the EpoR complex enables their tyrosine phosphorylation, which is an
important step in subsequent activation of their respective signaling cascades (Fig. 1). The
STAT5A and STAT5B proteins are predominant signal transducers for EpoR (Cui et al.,
2004; Damen et al., 1995b; Klingmuller et al., 1996; Socolovsky et al., 1999; Wakao et al.,
1995); these proteins are activated within seconds of Epo binding and accumulate in the
nucleus to mediate Epo-responsive transcription.

The first report of mice deficient in both STAT5A and STAT5B indicated that STAT5
activity was non-essential for adult erythropoiesis in homeostatic conditions, evidenced by a
normal hematocrit in mice with targeted gene disruption (Teglund et al., 1998). However,
STAT5 deficiency was found to cause a severe effect upon fetal erythropoiesis, which
proceeds at a high rate in the liver during gestation (Socolovsky et al., 1999), as well as
adult red blood cell formation during erythropoietic stress (Socolovsky et al., 2001),
indicating a critical role for STAT5 in demand-driven erythropoiesis. These studies showed
that STAT5 operates by regulating erythroid survival, and highlighted a key mechanism via
STAT5-mediated control of the survival gene BclXL (Socolovsky et al., 1999; Socolovsky et
al., 2001). It was later determined that the original STAT5-deficient animals corresponded to
a hypomorphic STAT5 model (Stat5abΔN/ΔN), in which an N-terminally-truncated STAT5
protein is detectable within certain cell types (Moriggl et al., 2005). The Stat5abΔN/ΔN mice
have been a valuable resource for understanding STAT5 structure-function relationships in
vivo and have revealed critical roles for the STAT5 N-domain in mechanisms such as
leukemia progression (Moriggl et al., 2005). However, since Stat5abΔN/ΔN mice are not
completely deficient in STAT5 function, work in this model could not definitively delineate
the role for STAT5 in red blood cell development. Fortunately a complete Stat5a−/−

Stat5b−/− knockout mouse model was developed within Dr. Lothar Hennighausen’s lab (Cui
et al., 2004). Stat5a−/− Stat5b−/− mice exhibit severe anemia, as judged by significantly
reduced hematocrits compared to wild type littermates (Cui et al., 2004). Stat5a−/− Stat5b−/−

mice have a perinatal lethality, although this is not thought to be a consequence of the severe
anemia as a small proportion of Stat5a−/− Stat5b−/− are able to survive despite low red
blood cell numbers. Thus, STAT5 serves an essential role in controlling erythropoiesis in
vivo.

Summary and future perspectives
The EpoR has provided a paradigm for understanding cytokine receptor structure and signal
transduction, as well as cytokine function in normal and aberrant hematopoiesis (Goyal and
Longmore, 1999; Longmore et al., 1993b; Socolovsky, 2007; Watowich et al., 1996;
Wojchowski et al., 1999). Functioning as a dimeric molecule, the ligand-occupied receptor
activates the Jak2 protein tyrosine kinase, which in turn phosphorylates tyrosine residues on
the receptor and associated intracellular signaling molecules (Fig. 1). STAT5 is a principal
signaling protein activated upon receptor ligation, and its function is essential for normal red
blood cell development in vivo. While mutations in Jak2 have been identified in MPDs and
leukemia, it is not yet clear if STAT5 mutations are associated with human disease.
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However, persistently activated STAT5 is found in many hematological cancers (Benekli et
al., 2003; Benekli et al., 2009; Sternberg and Gilliland, 2004) and thus a greater
understanding of STAT5-mediated signaling cascades is necessary to reveal molecular
mechanisms that may contribute to disease. Moreover, other signaling cascades such as the
PI3K/Akt and Ras/MAPK pathways are elicited upon EpoR activation and appear to play a
role in erythropoiesis as judged by studies with primary red cell progenitors ex vivo or
hematopoietic cell lines (Carroll et al., 1991; Ghaffari et al., 2006; Gobert et al., 1995;
Haseyama et al., 1999; Klingmuller et al., 1997; Nagata et al., 1997a; Nagata et al., 1997b;
Nagata and Todokoro, 1999; Shan et al., 1999; Zhao et al., 2006), however, we have limited
knowledge of the function of these signaling responses during steady state and stress
erythropoiesis due to the lack of appropriate genetic mouse models. Future work should
include dissection of non-Jak-STAT signaling cascades in the erythropoietic response.
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Figure 1. Model for EpoR activation mechanism
The EpoR is thought to be expressed at the cell surface as a dimer in the absence of ligand.
Epo binding proceeds by an asymmetrical association, first via the high affinity Epo site 1
followed by the lower affinity site 2 interaction (not shown), which stimulates a
reorientation of EpoR monomers within the dimeric complex and subsequent activation of
the receptor-associated Jak2 kinase, presumably by a transphosphorylation mechanism. Jak2
phosphorylates tyrosine residues in the EpoR cytoplasmic domain and itself, providing
docking sites for molecules with phosphotyrosine binding motifs. STAT5 proteins are
principal signaling molecules for EpoR, undergoing homodimerization after recruitment and
phosphorylation by the receptor-Jak2 complex. STAT5 mediates erythroid survival,
proliferation and differentiation signals. Additional signaling cascades are activated by the
EpoR (not shown), however their role in erythropoiesis in vivo remains less understood
relative to STAT5.
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