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Erythropoietin (Epo) and its cognate
receptor (EpoR) are required for main-
taining adequate levels of circulating
erythrocytes during embryogenesis and
adulthood. Here, we report the functional
characterization of the zebrafish epo
and epor genes. The expression of epo
and epor was evaluated by quantitative
reverse transcriptase–polymerase chain
reaction (RT-PCR) and whole-mount in
situ hybridization, revealing marked paral-
lels between zebrafish and mammalian
gene expression patterns. Examination

of the hypochromic mutant, weissherbst,
and adult hypoxia-treated hearts indicate
that zebrafish epo expression is induced
by anemia and hypoxia. Overexpression
of epo mRNA resulted in severe polycythe-
mia, characterized by a striking increase
in the number of cells expressing
scl, c-myb, gata1, ikaros, epor, and
�e1-globin, suggesting that both the ery-
throid progenitor and mature erythrocyte
compartments respond to epo. Morpho-
lino-mediated knockdown of the epor
caused a slight decrease in primitive and

complete block of definitive erythropoi-
esis. Abrogation of STAT5 blocked the
erythropoietic expansion by epo mRNA,
consistent with a requirement for STAT5
in epo signaling. Together, the character-
ization of zebrafish epo and epor demon-
strates the conservation of an ancient
program that ensures proper red blood
cell numbers during normal homeostasis
and under hypoxic conditions. (Blood.
2007;110:2718-2726)
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Introduction

The glycoprotein erythropoietin (Epo) is essential for definitive
erythropoiesis during ontogeny and for maintaining appropriate
numbers of circulating erythrocytes in the adult.1,2 Epo binds the
erythropoietin receptor (EpoR) on erythroid progenitors and stimu-
lates an intracellular signaling cascade initiated by autophosphory-
lation of the receptor-associated Janus kinase 2 (Jak2) and subse-
quent tyrosine phosphorylation of EpoR (reviewed in Richmond et
al3). Proteins with Src homology 2 (SH2) domains, such as STAT5
(signal transducer and activator of transcription factor 5) and
phosphoinositide 3-kinase (PI3K), associate with the EpoR and are
activated by Jak2 phosphorylation.4 One primary action of Epo is
to inhibit apoptosis,5 which is mediated by STAT5 induction of the
antiapoptotic B-cell lymphoma-XL (bcl-XL) response pathway and
activation of Akt by PI3K.6 The Epo-EpoR interaction also
activates the Ras–mitogen-activated protein kinase (MAPK) path-
ways7 and nuclear factor-�B (NF�B)–dependent transcription.8

In mammals, Epo is produced by hepatocytes during develop-
ment and by interstitial peritubular cells in the adult kidney.9-11 In
response to chronic hypoxia, extrarenal Epo is expressed by the
adult liver and spleen. In contrast, EpoR is expressed by primitive
and definitive erythroid progenitors, endothelial cells, neural cells,
and at low levels in cardiomyocytes.12-16 Mice lacking Epo or EpoR
have fewer primitive erythrocytes in the yolk sac blood islands and
die between embryonic day 13 and embryonic day 15 due to severe
anemia.17-19 Analysis of these mice revealed that neither Epo nor
EpoR is required for erythroid lineage commitment, or for the

proliferation and differentiation of burst-forming unit–erythroid
(BFU-E) progenitors into colony-forming unit–erythroid (CFU-E)
progenitors. Epo is essential for the survival, proliferation, and
terminal differentiation of late CFU-E progenitors, resulting in the
formation of mature circulating red blood cells.17

The maintenance of red cell volume is critical for the supply of
oxygen to all tissues, and Epo expression is tightly regulated to
ensure appropriate levels of circulating erythrocytes. Hypoxia, due
to congenital or acquired anemia, causes Epo levels in the plasma
to increase exponentially, thereby stimulating erythropoiesis and
raising the oxygen carrying capacity of the blood (reviewed in
Fandrey and Fisher2,20). While decreased Epo causes anemia,
excess Epo results in secondary erythrocytosis (reviewed in
McMullin and Percy21). Increased red blood cell number is
associated with greater blood viscosity and thereby with increased
hypertension, heart failure, myocardial infarction, seizures, and
thromboses.22 Epo signaling is therefore essential for balancing the
dynamics of erythropoiesis.

As in other vertebrates, zebrafish hematopoiesis occurs in
several anatomic locations during ontogeny (reviewed in Davidson
and Zon23). Primitive hematopoietic cells originate from bilateral
stripes in the posterior lateral plate mesoderm and migrate medially
to form the intermediate cell mass (ICM), a structure analogous to
the mammalian yolk sac blood islands. Primitive erythroid cells
enter circulation concomitant with the onset of heart contractions at
24 hours after fertilization (hpf). The transition to definitive
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hematopoiesis occurs around 36 hpf and is characterized by the
formation of self-renewing hematopoietic stem cells (HSCs) from
the ventral wall of the dorsal aorta, corresponding to the mamma-
lian aorta-gonad-mesonephros (AGM) region. By 4 days after
fertilization (4 dpf), hematopoietic cells are found in the kidney
primordium, the mammalian bone marrow equivalent and the site
of adult hematopoiesis.24

To date, Epo signaling has been primarily investigated in
mammalian systems. Here, we report the characterization of
cDNAs for zebrafish epo and epor. Our analysis reveals moderate
sequence identity of zebrafish epo and epor to their mammalian
orthologs, yet the zebrafish genes do share respective tissue-
specific expression, with the exception of zebrafish epo expression
in the adult heart. Furthermore, epo was up-regulated in response to
hypoxia and anemia, epo overexpression induced polycythemia,
morpholino (MO)–mediated knock-down of epor caused erythro-
poietic defects, and abrogation of STAT5 blocked epo-induced
erythrocytosis. Taken together, our data establishes zebrafish epo
and epor as essential components of a conserved signaling program
that regulates vertebrate erythropoiesis.

Materials and methods

Fish maintenance

Zebrafish were staged, raised, and maintained as described.25,26 Embryos
were obtained by pairwise matings of adult Tü, AB, TL, weissherbst
(weh),27 and gata1DsRed28 fish.

Genetic mapping

The epo and epor genes were genetically mapped onto the Goodfellow RH
panel by the Children’s Hospital Genome Initiative group using the
following primer sets: epo: forward (5�-TAATGAAATGGTCGAGGACGC-3�),
reverse (5�-ATGAGTGCAGGCTTGCCAGATCTT-3�); and epor: forward
(5�-CCCGCTGAAGGTGTTATCTGA-3�), reverse (5�-GGAGCGG-
GAGCGTTTC-3�).

Comparison of predicted peptide sequences

The deduced amino acid sequence of zebrafish epo was aligned with the
predicted translation of Takifugu rubripes (fugu) epo29 and to Mus musculus
and Homo sapiens Epo protein sequences using the CLUSTALW
alignment algorithm30 of the MacVector 8.0 software package (Accelrys
Software, San Diego, CA). An identical comparison was performed
between the predicted translation of zebrafish epor to Xenopus laevis,
X tropicalis, T rubripes, Tetraodon nigroviridis, M musculus, and
H sapiens EpoR proteins.

Adult hypoxia treatment

Adult zebrafish were incubated in a modular incubator chamber (Billups-
Rothenberg, Del Mar, CA) equilibrated with 5% O2 balanced with N2 for
6.5 hours at 25°C. Hearts were removed following treatment and placed in
Trizol (Invitrogen, Carlsbad, CA); untreated hearts were used as a control.
After homogenization (Tekmar Tissumizer, Tekmar Cincinnati, OH), total
RNA was extracted, cDNA was generated, and gene expression was
assessed by quantitative real-time polymerase chain reaction (PCR) as
described in “Quantitative PCR analysis.”

RNA isolation and cDNA preparation

Zebrafish embryos (3 pools of 50 embryos each) and dissected adult tissues
(3 pools of 10 organs each) were placed in Trizol and homogenized (Tekmar
Tissumizer). Total RNA was isolated and treated with DNase I (Roche
Applied Science, Indianapolis, IN) to remove genomic DNA. cDNA was
synthesized from DNA-free total RNA using the BD Sprint PowerScript

Double PrePrimed 96 plate with oligo(dT)18 and random hexamer primers
(BD Sciences, Palo Alto, CA). Total RNA was extracted and cDNA
generated from weh embryos as described.31

Quantitative PCR analysis

Quantitative real-time PCR was performed on an iCycler iQ5 Real-Time
PCR detection system (Bio-Rad, Hercules, CA) using SYBR Green
Supermix (Bio-Rad), and fold change was determined using the Gene
Expression Analysis for iCycler iQ Macro (Bio-Rad).32 PCR primers were
designed using Beacon Designer software (PREMIER Biosoft Interna-
tional, Palo Alto, CA). epo: forward (5�-AGGAGGCAGGATATGGACTAT-
TAC-3�), reverse (5�-ACAGTTGGAGGTGCTTGAGG-3�); epor: forward
(5�- GTCAGATACGCTGTGGAGGA-3�), reverse (5�- TCACAGGACTG-
GTCCAAGAA-3�); and beta-actin: forward (5�-GCTGTTTTCCCCTCCAT-
TGTT-3�), reverse (5�-TCCCATGCCAACCATCACT-3�). Reaction mix-
tures were denatured at 95°C for 3 minutes, followed by 40 cycles of 95°C
for 15 seconds, 53°C for 20 seconds, and 60°C for 45 seconds. cDNA
starting material was normalized to beta-actin expression and the mean
threshold cycle (Ct) was used to determine relative expression.

Whole-mount in situ hybridization and O-dianisidine staining

Digoxigenin-labeled RNA probes were transcribed from linear cDNA
constructs (Roche Applied Science, Indianapolis, IN). Whole-mount in situ
hybridization was performed as described.33 Embryos that had developed
melanocytes were bleached.33 Staining for hemoglobinized red cells was
achieved by incubating embryos in a solution containing O-dianisidine
(Sigma, St Louis, MO) as described.33

epo overexpression

epo cDNAs were subcloned into pCS2� for mRNA synthesis using
mMESSAGE mMACHINE High Yield Capped RNA Transcription Kit
(Ambion, Austin, TX). A total of 1 nL transcribed epo mRNA was injected
into 1- to 4-cell embryos at 20 ng �L�1.

MO-mediated knockdown of epor and STAT5

Antisense morpholino oligos (Gene Tools, Corvalis, OR) for epor (5�-AA-
CTGGGCCACTGAACAATCAAATT-3�; 5�-TATGCGATTGACTTACAT-
GTATGTA-3�) and STAT5 (5�-AATCCACACGGCCATGATCACTCT-3�;
5�-CTTGTGACTTACCAGAGTTGTCCC-3�) hybridize to the start site
and predicted exon/intron junctions. Control 4-bp mismatch morpholinos
(bold letters) were also created for the epor (5�-AACAGGGCCAGTGAA-
GAATCTAATT-3�; 5�-TATGCCATTGAGTTACATCTATCTA-3�) and
STAT5 MOs (5�-AATGCACACCGCCATGTTCACACT-3�; 5�-CTT-
GAGACTAACCAGACTTGTGCC-3�). MOs were resuspended in Danieau
solution and 1 nL was microinjected at the 1- to 4-cell stage at a
concentration of 0.8 mM (epor) or 0.2 mM (STAT5) for each MO. A subset
of embryos was coinjected with epor MO (0.8 mM) or STAT5 MO (0.2 mM)
and epo mRNA (10 ng �L�1).

Microscopy

Visible light imaging was performed using a Leica MZ16 stereomicroscope
(Leica, Northvale, NJ) with 10�/21 B eyepiece and rotary objective
6.3-8.0� using a Nikon E995 digital camera (Nikon, Melville, NY).
Embryos were photographed in 100% glycerol and images were prepared
using Adobe Photoshop CS version 8.0 (Adobe, San Jose, CA). gata1DsRed

embryos were imaged with a Hamamatsu Orca-ER digital camera
(Hamamatsu Photonics, Bridgewater, NJ) and Openlab software (Improvi-
sion, Lexington, MA).

Results

Isolation of epo and epor cDNAs

Efforts to isolate zebrafish homologs of mammalian cytokines and
cytokine receptors from zebrafish sequence databases have had
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little success, most likely due to a high degree of evolution since
the divergence of the mammalian and fish lineages 450 million
years ago.34 A cDNA clone for zebrafish epo was isolated from a
zebrafish cardiac library in a screen to identify transcripts up-
regulated under hypoxic conditions (C. Yang and R. H., unpub-
lished results, July 2001). Radiation hybrid mapping of zebrafish
epo placed it on linkage group 7 (LG7). A cDNA for epor was
recovered by synteny and homology searches between murine
EpoR and zebrafish sequences,35 resulting in the identification
of a conserved domain. epor-directed oligonucleotides were
used to probe a kidney cDNA library, yielding a partial clone;
the full-length cDNA was cloned from 24 hpf zebrafish embryos
and RH mapped to LG3.

Structure of predicted zebrafish Epo and EpoR proteins

Alignment of zebrafish epo and epor protein sequences to other
vertebrate orthologs revealed a moderate level of sequence conser-
vation (Figure 1A). Zebrafish Epo shares 55% identity with epo
cDNA from T rubripes,29 yet is 35% and 33% identical to mouse

and human, respectively. While the sequences are largely dissimi-
lar, residues known to be required for folding and glycosylation in
mammals are conserved in zebrafish Epo. The tertiary structure of
mammalian Epo contains an antiparallel bundle of 4 �-helices with
4 cysteine residues that form 2 disulfide bridges.36 The main bridge,
between Cys7 and Cys161, links the amino and carboxyl terminal
ends and is required for stability and function.37 The zebrafish Epo
protein sequence was predicted to be a member of the 4-helical
cytokine superfamily using the Superfamily HMM Library and
Genome Assignments Server (data not shown).38 Structural model-
ing using the Swiss-Prot program (Geneva, Switzerland) shows
that zebrafish Epo forms a bundle of 4 alpha-helices with conserved
disulfide bridges (data not shown).39,40 Thus, despite dissimilarity
between mammalian and zebrafish Epo sequences, the structural
homology of the predicted tertiary structure suggests functional
conservation.

The glycosylation of Epo is essential for in vivo function; nearly
40% of its molecular weight is attributed to carbohydrate moieties,
which are required for synthesis and secretion.41 Sialylation of the

Figure 1. Alignment of vertebrate Epo and EpoR Sequences highlights conserved functional residues. Amino acid sequence comparison of Epo (A) and EpoR (B) from
various vertebrate species (see “Results” for percentage of identity and similarity). (A) F marks cysteines known to be required for the formation of disulphide bridges in
mammals; the cysteines near the N- and C- termini are essential for stability and function. Double black circles indicate conserved N- and O-linked glycosylation sites; double
gray circles indicate a predicted N-linked glycosylation site. (B) Conserved cysteines in the extracellular domain, required for ligand binding, are indicated by E; the WSXWS
domain, box 1, and box 2 are demarcated by black boxes; and the transmembrane domain (240-262) is marked by a thick black line. The 5 residues that comprise the
hydrophobic patch are shaded in blue. Murine phosphotyrosines (with the exception of Y343) are boxed in black and labeled according to the mouse EpoR sequence. Murine
Y343 is shaded in red within a red box, believed to be a consensus site for STAT5 binding; putative STAT5 binding sites in fish and frog are likewise marked. Identical amino
acids are shaded in dark gray; similar residues, in light gray. The signal peptide is depicted above the mature EpoR.
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carbohydrates both reduces the affinity of Epo to its receptor and
extends its half-life.42,43 Human Epo contains 3 N-linked sugar
chains (Asn24, Asn38, and Asn83) and 1 O-linked sugar chain
(Ser126).37 The N-linked (N-X-S/T) and O-linked glycosylation
sites are conserved in mammals except for rodents, which lack the
O-glycosylation site.36 Zebrafish Epo is predicted to maintain
2 N-linked glycosylation sites, at Asn38 and proximal to Asn83,
and 1 O-linked glycosylation site at Ser126 (Figure 1A). fugu Epo
lacks all 3 N-linked glycosylation sites, yet contains the O-linked
glycosylation site.29 Addition of glycan moieties to Epo in mam-
mals and teleosts underscores the importance of posttranslational
modifications for in vivo function, yet the localization and number
of glycosylation sites appear to have diverged.

EpoR belongs to the type I superfamily of single-transmem-
brane cytokine receptors.21 This family shares conserved extracel-
lular ligand–binding regions and a cytoplasmic box 1 motif, which
selectively binds Jaks, conferring kinase activity to the receptor.
Sequence identity between zebrafish EpoR and other vertebrates is
relatively low: T rubripes, 44%; T nigroviridis, 41%; X laevis,
22%; X tropicalis, 22%; M musculus, 26%; and H sapiens, 27%.
Alignment of fish, frog, and mammalian proteins, however, reveals
key features of single-transmembrane cytokine receptors that have
been maintained in EpoR throughout evolution (Figure 1B). These
include 4 cysteines in the extracellular domain that are required for
homodimerization and for transmitting a conformational change
through the transmembrane domain upon ligand binding, a WSXWS
domain, a hydrophobic patch, and a box 1 domain, both of which
are essential for binding and activation of Jak2, as well as a box 2
domain. Also conserved are 5 of 8 tyrosines in the distal cytoplas-
mic domain (corresponding to murine P-Y429, P-Y431, P-Y443,
P-Y460, and P-Y464) that are phosphorylated after Epo stimulation
and act as docking sites for downstream signaling molecules
(Figure 1B). Of the 3 nonconserved phosphotyrosines, 2 (P-Y343
and P-Y401) are recognized by STAT5 and 1 (P-Y479) is
recognized by PI3K.3 Upon further sequence analysis, we observed
6 residues flanking P-Y343 (DT[b]YLVL), which appear to be
similarly conserved in fish (DT[b]YITL) and frogs (DS[b]Y-
VVL), raising the possibility that zebrafish STAT5 uses these
binding sites. The maintenance of these functionally relevant
motifs throughout evolution highlights their importance and is
suggestive of functional conservation between zebrafish and
mammalian Epo signaling.

Expression of epo and epor in the zebrafish

The expression of epo and epor was evaluated by quantitative
reverse transcriptase (RT)–PCR using cDNA isolated from a
progressive developmental series of zebrafish embryos and from
adult tissues. Maternal transcripts for zebrafish epo are detected at
low levels from prezygotic transcription (32-cell stage) to 24 hpf
(Figure 2A). A subtle peak in expression occurs at 36 hpf,
coinciding with AGM hematopoiesis, after which expression levels
are constant until 8 to 14 dpf. In adults, epo transcripts are
detectable at high levels in the heart, and at lower levels in the
brain, liver, and kidney, but are not expressed in the spleen or gut
(Figure 2B).

The first wave of epor expression begins at the 5-somite stage
(12 hpf) and peaks at 24 hpf (Figure 2A). A second wave is
apparent between 4 and 8 dpf, corresponding to the observed
expansion of hematopoietic cells in the kidney primordium.24 In the
adult, epor transcripts are highly expressed in the kidney, and are
also found in brain, heart, liver, and spleen (Figure 2C). With the
exception of epo transcripts in the adult heart, the expression

profiles of zebrafish epo and epor are consistent with their
mammalian counterparts.

The localization of epor expression was determined by whole-
mount in situ hybridization. Transcripts for zebrafish epor are first
detected in presumptive hematopoietic precursors in bilateral
stripes of lateral plate mesoderm at 11 somites (data not shown).
These cells express epor as they migrate to the midline, ultimately
residing in the ICM at 18 somites to 24 hpf (Figure 2F). Circulating
erythrocytes express epor until 32 hpf, and by 48 hpf epor is only
observed in the brain. By 4 dpf, epor transcripts are restricted to the
brain and heart. Transcripts for epor are localized to heart and
kidney primordia at 14 dpf, consistent with the hematopoietic
nature of the kidney in the zebrafish adult. epo expression was
not detected by whole-mount in situ hybridization in embryonic
stages, which is likely due to the low expression level of this
potent cytokine.

Zebrafish epo is regulated by anemia and hypoxia

The induction of Epo expression in response to anemia and hypoxia
is fundamental to Epo function in regulating erythrocyte number in
mammals, and we sought to ascertain whether zebrafish epo is
similarly controlled. Quantitative RT-PCR was used to compare
transcript levels between 3-dpf hypochromic weh mutant em-
bryos,27 which exhibit severe anemia by 48 hpf, and their wild-type
siblings. This analysis revealed a 70-fold increase in epo transcripts
in response to anemia (Figure 2D). In a similar analysis, adult
zebrafish were incubated at 5% O2 for 6.5 hours, resulting in a
2-fold increase in epo expression in hypoxia-treated hearts com-
pared with untreated controls (Figure 2E). This modest induction
may be an underestimate of the hypoxic response as exposures of
longer duration had a high mortality rate. These findings highlight
the conservation of epo signaling in response to oxygen tension,
which is integral to its function.

Exogenous zebrafish epo expands erythroid populations

In mammals, excess Epo production causes polycythemia. Microin-
jection of zebrafish epo mRNA into 1-cell–stage gata1DsRed em-
bryos caused an increase in the number of circulating gata1� cells
at 4.5 dpf (Videos S1-S2, available on the Blood website; see the
Supplemental Videos link at the top of the online article), providing
strong evidence that the isolated epo clone was functionally
analogous to mammalian Epo. This polycythemia continued, such
that by 7 dpf, embryos exhibited increased circulation viscosity
associated with cardiac regurgitation, inhibited blood flow, local-
ized vascular stasis, and an enlarged posterior tail-vein lumen
(Video S3-S6). The lack of blood flow caused widespread necrosis,
and all embryos died between 9 and 12 dpf with no other
morphologic abnormalities.

To characterize the circulating cells, hematopoietic gene expres-
sion was evaluated by whole-mount in situ hybridization. epo-
injected embryos exhibited increased numbers of circulating scl�

and beta e1-globin� cells at 36 hpf, compared with their uninjected
siblings (Figure 3A-B). The expansion of scl, a transcription factor
expressed in hematopoietic stem cells and erythroid precursors,23

and beta e1-globin, a gene found in mature erythrocytes,23 demon-
strates an increase in early and late erythroid populations. This
expansion was observed in circulation, as well as in the kidney
primordium at 4.5 dpf, and continued until 7 dpf. While both
populations increased, the number of beta e1-globin� cells ex-
ceeded the number of scl� cells at all stages, suggesting that
erythroblasts proliferated in response to epo. Exogenous epo also
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increased the expression of primitive erythroid progenitor markers
c-myb, epor (Figure 3C), ikaros (data not shown), and gata1.
Expression of hematopoietic precursor markers gata2 and runx1,
myeloid markers pu.1 and mpo, lymphoid markers rag1 and lck,
and the vascular marker fli1 was unaffected (data not shown). The
expansion, proliferation, and differentiation of erythroid progeni-
tors into mature erythrocytes in response to exogenous epo
indicates that zebrafish and mammalian Epo signaling are function-
ally analogous. There appears to be no cross-reactivity between
mammalian Epo and zebrafish EpoR, as 24- and 48-hpf zebrafish
embryos injected with human EPO (103 U/mL) did not display an
erythroid expansion (data not shown)

epor morphants exhibit erythropoietic defects

In mammals, loss of Epo or EpoR causes a slight decrease in
primitive and a complete block in definitive erythropoiesis.17 To
examine the function of zebrafish epor, 2 MOs were designed

against its exon-intron boundaries, and resulting morphants were
evaluated by whole-mount in situ hybridization for beta e1-globin
expression. As in mammals, loss of zebrafish EpoR caused a
modest decrease in primitive erythrocyte number at 36 hpf (Figure
4A,B). A more significant reduction was apparent at 2.5 dpf, and by
4 dpf, only a few cells remained (Figure 4C; Video S7, S8). The
absence of erythrocytes at 4 dpf suggests a complete block to
definitive erythropoiesis, consistent with the mouse EpoR knock-
out data. No other morphologic differences were detected between
morphants and their uninjected siblings. MO-mediated knock-
downs are transient; the morphants recovered normal levels of
blood by 6 or 7 dpf. Embryos coinjected with 2 4-bp mismatch
controls exhibited normal erythropoiesis (data not shown). To
examine whether zebrafish epo and epor are a functional ligand-
receptor pair, epor morphants were coinjected with epo mRNA.
Injection of epo mRNA alone induces erythropoiesis, but coinjec-
tion of epor MO with epo mRNA blocks this erythroid expansion

Figure 2. Conservation of zebrafish epo and epor expression. Detection of transcripts for epo and epor during ontogeny (A) and in select adult tissues (B,C) by quantitative
RT-PCR. Expression of epo peaks slightly at 36 hpf, followed by an increase between 4 and 8 dpf. A total of 2 waves of epor expression are detected, 1 peak at 24 hpf, and
another between 4 and 8 dpf. Expression of epo is induced in the hypochromic mutant weh, with respect to wild-type siblings (D) as well as in adult hypoxia-treated hearts, with
respect to untreated controls (E). The average transcript abundance is represented by the bar graphs with standard deviations. (F) Spatiotemporal expression of epor was
evaluated during embryonic development by whole-mount in situ hybridization. Transcripts were detected in the ICM from 18 somites until the onset of circulation at 24 hpf.
Circulating erythroid cells maintain expression of epor until 32 hpf. At 4 dpf, epor is weakly expressed in the heart (*), and by 14 dpf, epor is localized to the heart (*) and is
strongly expressed in the head kidney (�). Lateral views, anterior to the left, a dorsal view of the 14-dpf embryo is also shown.
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(Figure 4C,D). These data clearly demonstrate that epor is function-
ing downstream of epo.

epo signaling uses STAT5

EpoR lacks intrinsic kinase activity and recruits Jak2 to mediate
downstream signaling upon Epo binding. This leads to STAT5
phosphorylation, which translocates to the nucleus as a transcrip-
tion factor. Zebrafish have 2 STAT5 genes, STAT5.1, which is most
homologous to mammalian STAT5a and STAT5b, and STAT5.2,
which has no apparent mammalian ortholog.44 To ascertain whether
zebrafish EpoR uses STAT5 similarly to mammals, we tested the
function of zebrafish STAT5.1, hereafter referred to as STAT5,
using MOs targeted to the start site and a splice junction. Loss of
STAT5 caused anemia, as assessed by O-dianisidine staining
(Figure 5A,B) at 36 hpf. The anemia persisted until 4 dpf, when
only a few erythrocytes remained in circulation. The STAT5
morphants appeared otherwise morphologically normal. Embryos
coinjected with 4-bp mismatch controls were unaffected (data not
shown). To evaluate whether STAT5 is required for Epo signaling,
we overexpressed epo mRNA in the STAT5 morphants. The STAT5
MO blocked the epo-induced erythrocyte expansion, indicating
that STAT5 is required for signaling (Figure 5C,D). This finding
demonstrates that Epo signaling is conserved in zebrafish and
opens new avenues for investigating signaling pathways resulting
from EpoR activation.

Discussion

Here we describe the characterization of epo and epor genes in
zebrafish, and our evaluation demonstrates that their hematopoietic
function remains highly conserved with respect to mammals.
Several lines of evidence, namely the conservation of functionally
critical residues in Epo and EpoR, the regulation of epo by anemia
and hypoxia, the resulting polycythemia upon epo overexpression,
and the erythropoietic defect in epor morphants, indicate that these
genes are the zebrafish homologs of their mammalian counterparts.

Structure and expression of zebrafish epo is conserved

Alignment of the predicted amino acid sequence of zebrafish and
fugu Epo with mammalian Epo proteins revealed only a moderate
degree of sequence identity. The preservation of residues essential
for N-/O-linked glycosylation and formation of key disulfide
bridges, as well as the prediction that zebrafish Epo forms a bundle
of 4 �-helices, suggests that the structure and posttranslational
modifications are largely conserved. Differences in glycosylation
and sialylation between mammalian and zebrafish Epo proteins
may be relevant to hormone function. Biochemically, deglycosy-
lated Epo can bind EpoR, yet, in vivo, it is rapidly metabolised.45

The isolation and description of additional divergent Epo proteins

Figure 3. Overexpression of epo expands erythroid
populations. Capped epo mRNA was injected into
1-cell–stage zebrafish embryos and evaluated by whole-
mount in situ hybridization. A clear increase in (A) scl�

and (B) beta e1-globin� cell number in response to
exogenous epo is evident in circulation at all stages
examined, as well as in the kidney primordium beginning
at 4.5 dpf. The arrowhead marks the enlarged vein lumen
caused by excess cells in circulation. Lateral views,
anterior to the left. (C) An expansion of c-myb� and epor�

cells can be observed in the kidney primordium (boxed)
at 7 dpf, dorsal views, anterior to the left.

Figure 4. Loss of EpoR decreases primitive and
blocks definitive erythropoiesis. beta e1-globin expres-
sion in (A) uninjected, (B) epor MO–injected, (C) epo
mRNA–injected, and (D) epor MO:epo mRNA–injected
embryos at 36 hpf, 2.5 dpf, and 4 dpf. Embryos injected
with epor MO show a slight decrease in erythropoiesis
beginning at 36 hpf, and by 4 dpf there is a complete
absence of circulating erythrocytes. Injection of epo
mRNA alone causes a progressive increase in the num-
ber of beta e1-globin� cells in circulation throughout
ontogeny. To demonstrate that epo and the epor are a
functional ligand-receptor pair, epor MO was coinjected
with epo mRNA. Loss of EpoR effectively blocks the
expansion of erythrocytes by epo overexpression as
shown by a decrease in beta e1-globin� cell numbers.
Lateral views, anterior to the left.
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may shed light on the importance of these posttranslational
modifications, which is relevant toward developing therapeutic
proteins with improved molecular potency and therefore advan-
tages over their natural counterparts.

Transcripts for mammalian epo have been notoriously difficult
to detect due to its low level of gene expression. In adult mammals,
epo is predominately expressed in the kidney, at lower levels in the
liver, and at barely measurable levels in the brain and spleen.36,46

Zebrafish epo expression was not detectable by in situ hybridiza-
tion, yet quantitative RT-PCR revealed epo expression in the
adult heart, brain, liver, and kidney. The abundant localization
of epo transcripts in adult zebrafish hearts was unexpected given
that there is no evidence of heart-specific expression in mam-
mals, yet our finding is consistent with epo expression in adult
fugu cardiac tissue.29

Differences in epo expression between fish and mammals may
be explained in several ways. The fugu report postulates that the
heart was the original source of epo prior to the split between the
common mammalian and teleost ancestor. The heart-specific
expression is believed to have been lost during mammalian
evolution and instead localized to the kidney.29 The expression of
epo in the adult zebrafish kidney is in contrast to fugu, in which
kidney-expressed epo was not detected. Determining the localiza-
tion of epo expression in additional nonmammalian vertebrates
should resolve this contradiction.

Zebrafish epo is induced by anemia and hypoxia

The regulation of epo by oxygen tension is central to its function as
a modulator of erythroid cell mass, guaranteeing adequate oxygen
supply to all tissues. Our results demonstrate that, as in mammals,
zebrafish epo expression is induced in hypochromic weh mutants
and in adult hypoxia-treated hearts. In contrast, a recent study
tested the promoter and 3� flanking region of fugu epo using a
luciferase reporter in a zebrafish hepatic cell line and discovered
that fugu epo is not hypoxia inducible.29 The discrepancy in results
may be attributable to the nature of the in vitro fugu experiments, as
opposed to our in vivo studies. Specifically, it is unclear if the cell
line used in the fugu study was competent to initiate a hypoxic
response. The induction of zebrafish epo by hypoxia in vivo
demonstrates the conservation of a critical response pathway for
erythroid homeostasis.

The modest 2-fold increase in zebrafish epo expression in
response to hypoxia was surprising given that, in mammals, EPO
induction can be exponential.2,20 Our finding may underestimate
the actual hypoxia induction because of the nature of our treatment,
which stressed the fish considerably. Future studies will be
designed to further dissect the zebrafish hypoxic response.

Conserved signal transduction in zebrafish EpoR

The comparison of zebrafish and mammalian EpoR sequences
highlights significant residues that have been maintained through-
out evolution. Alignment of multiple cytokine receptor family
members reveals conserved hydrophobic residues proximal to the
transmembrane domain.47 In the murine EpoR, this cytosolic
juxtamembrane domain contains a precisely oriented hydrophobic
motif that couples ligand-induced conformational changes in the
receptor to intracellular activation of Jak2.47 A total of 3 of the
hydrophobic residues in this hydrophobic patch, L253, I257, and
W258, are required for Jak2 activity. The zebrafish EpoR juxtamem-
brane domain and the hydrophobic patch are conserved, suggesting
that, as with mammals, this region is critical for associating with
Jak2, enabling proper EpoR folding, presentation to the cell
membrane, and intracellular activation of signaling upon binding of
Epo.48 The conservation of this interaction is of particular interest
given that patients with myeloproliferative disorders maintain a
mutation in Jak2,49-52 which may confer an altered orientation with
respect to the EpoR, and places the zebrafish in a unique position to
investigate the etiology of myeloproliferative diseases.

The type I receptor superfamily contains cytoplasmic tyrosine
residues that are phosphorylated by Jak2 and function as docking
sites for signal transduction factors containing SH2 domains.53 For
a few cytokine receptors, such as EpoR, the contributing roles of
certain phosphotyrosine sites have been postulated.54 In the ze-
brafish EpoR, 5 of 8 tyrosines are maintained, some of which are
required for cell proliferation and differentiation in mammals. For
instance, the adapter Grb2 is believed to associate with EpoR at the
consensus site P-Y464ENS and can couple to mSOS/Ras/Raf,
leading to MAPK activation, an effector of mitogenesis.55,56 The
interaction between tyrosine kinase Lyn with P-Y464 is important
for differentiation in response to Epo signaling, but not for
viability.57 Negative EpoR regulation is executed by the phospha-
tase SHP-1, which binds to P-Y429 and P-Y431, resulting in the
dephosphorylation and inactivation of Jak2.58

Among the Jak2 substrates is STAT5, and the role of STAT5
activation in erythroid proliferation and differentiation has been
well examined. Mice deficient in both isoforms of STAT5 exhibit
decreased numbers of peripheral T cells, reduced bone marrow
colonies, and extramedullary hematopoiesis.59 Subsequent studies
demonstrated fetal anemia in vivo as well as defects in Epo-
dependent production and survival of fetal liver hematopoietic
colonies.60 Loss of zebrafish STAT5 blocked the expansion of
erythrocytes by exogenous epo expression, suggesting a conserved
role for STAT5 in zebrafish and implicating STAT5 in the
proliferation of erythroid cells in response to epo.

Figure 5. Abrogation of STAT5 blocks epo-induced
polycythemia. O-dianisidine expression in (A) unin-
jected, (B) STAT5 MO–injected, (C) epo mRNA–injected,
and (D) STAT5 MO:epo mRNA–injected embryos at
36 hpf, 2.5 dpf, and 4 dpf. Embryos injected with STAT5
MO show a slight decrease in erythropoiesis beginning at
36 hpf, and by 4 dpf there are very few erythrocytes in
circulation. Injection of epo mRNAalone causes a progres-
sive increase in the number of O-dianisidine� cells in
circulation. To demonstrate that STAT5 is required for
signaling through the EpoR, STAT5 MO was coinjected
with epo mRNA. Loss of STAT5 effectively blocks the
expansion of erythrocytes by epo overexpression as
shown by a decrease in O-dianisidine� cell numbers.
Lateral views, anterior to the left.
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The phosphotyrosine recruitment sites for murine STAT5
(P-Y343 and P-Y401) and PI3K (P-Y479) are notably absent in
zebrafish EpoR. The 6 residues surrounding murine P-Y343 are
similarly present in fish and frog sequences, suggesting that SH2
binding sites have shifted throughout evolution. Our finding that
zebrafish STAT5 is required for EpoR signaling corroborates this
hypothesis. Furthermore, a putative p85 binding site was predicted
to occur in the fish at P-Y444 (YSPM), corresponding to murine
P-Y443, using Scansite 2.061 (data not shown). The isolation of the
zebrafish EpoR may reveal the functional significance of phospho-
tyrosine sites in steady-state and disease hematopoiesis. Future
studies will address the function of these sites and the involvement
of downstream mediators in zebrafish EpoR signaling.

Conserved function of zebrafish epo and epor

The exogenous expression of epo caused an increase in the number
of circulating cells. Based on hematopoietic marker expression, we
conclude that the expanded population includes proerythroblasts
and fully differentiated cells. This expansion is functionally
analogous to the induction of polycythemia in mammals in
response to increased Epo levels.22,62

While injection of zebrafish epo induced a strong response,
injection of human EPO failed to stimulate zebrafish erythropoi-
esis. The low degree of sequence identity between the human and
zebrafish EpoR may prevent binding of human EPO. With the
exception of the 4 conserved cysteines, the extracellular domain of
EpoR is dissimilar between the 2 species. Furthermore, the
importance of sugar residues in ligand-receptor interactions has
been well established, and it is plausible that zebrafish and
mammalian carbohydrate chains are divergent enough to pre-
clude sufficient recognition. The binding specificity between
Epo and EpoR may have evolved as a ligand-receptor pair
within each species. Future studies will determine the degree of
cross-reactivity of Epo and EpoR between other nonmammalian
and mammalian species.

Gene ablation studies in the mouse have demonstrated that the
Epo-EpoR signaling pathway is crucial for definitive hematopoi-
esis.17 Evaluation of zebrafish epor morphants demonstrates a
similar erythropoietic phenotype, with a slight defect in primitive
erythropoiesis and a complete block in definitive erythropoiesis.
The mouse knockout also maintains defects in angiogenesis,
cardiac development, and neural development, yet zebrafish epor
morphants do not exhibit nonhematopoietic abnormalities. These

findings are consistent with recent work in which epor was
expressed under the gata1 promoter to rescue the hematopoietic
and nonhematopoietic defects in epor-null mice, demonstrating
that Epo signaling is not required in nonhematopoietic tissues
during development.63

In summary, we present the characterization of epo and epor in
the zebrafish, demonstrating both marked parallels to their mamma-
lian homologs as well as interesting divergences that have occurred
over the course of evolution. The introduction of these critical
factors in the zebrafish system creates innovative avenues for
studying the Epo signaling pathway. For instance, the zebrafish is
amenable to genetic and chemical screens, facilitating the identifi-
cation of novel factors and further elucidating important pathways.
Epo is used for diverse applications in the clinic, stressing the need
to clarify the function of Epo signaling in nonhematopoietic tissues
and in diseased states. The zebrafish system provides another
model to accelerate the analysis of Epo signaling.

Acknowledgments

We acknowledge Chun Yang for his work on cloning and
sequencing the zebrafish epo cDNA and for contributing unpub-
lished results. We are grateful to Jenna Galloway, Trista North,
Michael Dovey, and Gerhard Weber for critical reading of this
manuscript. We thank Alan Davidson and Caroline Burns for
helpful discussions and members of the zebrafish community for
donated cDNAs.

This work was supported by a grant from the National Institutes
of Health (R01 HL48801-13).

Authorship

Contribution: N.P.L. designed and performed research, analyzed
data, and wrote paper; N.H., P.G.F., B.P., I.L., B.B., and N.B.
performed research; J.C., R.H., and L.I.Z. designed research.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Leonard I. Zon, Children’s Hospital and
Dana-Farber Cancer Institute, Howard Hughes Medical Institute,
Stem Cell Program and Division of Hematology/ Oncology, Karp
7, 1 Blackfan Circle, Boston, MA 02115; e-mail:
zon@enders.tch.harvard.edu.

References

1. Williams D, Bunn HF, Sieff C, Zon LI. Hematopoi-
esis. In: Handin RI, Lux SE, Stossel TP, ed.
Blood. 2nd ed. Philadelphia, PA: Lippincott Wil-
liams and Wilkins; 2003;147-208.

2. Fisher JW. Erythropoietin: physiology and phar-
macology update. Exp Biol Med (Maywood).
2003;228:1-14.

3. Richmond TD, Chohan M, Barber DL. Turning
cells red: signal transduction mediated by eryth-
ropoietin. Trends Cell Biol. 2005;15:146-155.

4. Gouilleux F, Pallard C, Dusanter-Fourt I, et al.
Prolactin, growth hormone, erythropoietin and
granulocyte-macrophage colony stimulating fac-
tor induce MGF-Stat5 DNA binding activity.
EMBO J. 1995;14:2005-2013.

5. Koury MJ, Bondurant MC. Erythropoietin retards
DNA breakdown and prevents programmed
death in erythroid progenitor cells. Science. 1990;
248:378-381.

6. Bao H, Jacobs-Helber SM, Lawson AE, Penta K,
Wickrema A, Sawyer ST. Protein kinase B (c-Akt),

phosphatidylinositol 3-kinase, and STAT5 are ac-
tivated by erythropoietin (EPO) in HCD57 ery-
throid cells but are constitutively active in an
EPO-independent, apoptosis-resistant subclone
(HCD57-SREI cells). Blood. 1999;93:3757-3773.

7. Cheung JY, Miller BA. Molecular mechanisms of
erythropoietin signaling. Nephron. 2001;87:215-
222.

8. Digicaylioglu M, Lipton SA. Erythropoietin-medi-
ated neuroprotection involves cross-talk between
Jak2 and NF-kappaB signalling cascades. Na-
ture. 2001;412:641-647.

9. Fandrey J, Bunn HF. In vivo and in vitro regula-
tion of erythropoietin mRNA: measurement by
competitive polymerase chain reaction. Blood.
1993;81:617-623.

10. Blanchard KL, Fandrey J, Goldberg MA, Bunn
HF. Regulation of the erythropoietin gene. Stem
Cells. 1993;11:1-7.

11. Krantz SB. Erythropoietin. Blood. 1991;77:419-
434.

12. Liu ZY, Chin K, Noguchi CT. Tissue specific ex-
pression of human erythropoietin receptor in
transgenic mice. Dev Biol. 1994;166:159-169.

13. Anagnostou A, Liu Z, Steiner M, et al. Erythropoi-
etin receptor mRNA expression in human endo-
thelial cells. Proc Natl Acad Sci U S A. 1994;91:
3974-3978.

14. Ribatti D, Presta M, Vacca A, et al. Human eryth-
ropoietin induces a pro-angiogenic phenotype in
cultured endothelial cells and stimulates neovas-
cularization in vivo. Blood. 1999;93:2627-2636.

15. Wu H, Lee SH, Gao J, Liu X, Iruela-Arispe ML.
Inactivation of erythropoietin leads to defects in
cardiac morphogenesis. Development. 1999;126:
3597-3605.

16. Lee R, Kertesz N, Joseph SB, Jegalian A, Wu H.
Erythropoietin (Epo) and EpoR expression and 2
waves of erythropoiesis. Blood. 2001;98:1408-
1415.

17. Wu H, Liu X, Jaenisch R, Lodish HF. Generation

EPO-EPOR IN ZEBRAFISH 2725BLOOD, 1 OCTOBER 2007 � VOLUME 110, NUMBER 7

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/110/7/2718/483762/zh801907002718.pdf by guest on 23 M

ay 2024



of committed erythroid BFU-E and CFU-E pro-
genitors does not require erythropoietin or the
erythropoietin receptor. Cell. 1995;83:59-67.

18. Lin CS, Lim SK, D’Agati V, Costantini F. Differen-
tial effects of an erythropoietin receptor gene dis-
ruption on primitive and definitive erythropoiesis.
Genes Dev. 1996;10:154-164.

19. Kieran MW, Perkins AC, Orkin SH, Zon LI.
Thrombopoietin rescues in vitro erythroid colony
formation from mouse embryos lacking the eryth-
ropoietin receptor. Proc Natl Acad Sci U S A.
1996;93:9126-9131.

20. Fandrey J. Oxygen-dependent and tissue-spe-
cific regulation of erythropoietin gene expression.
Am J Physiol Regul Integr Comp Physiol. 2004;
286:R977-R988.

21. McMullin MF, Percy MJ. Erythropoietin receptor
and hematological disease. Am J Hematol. 1999;
60:55-60.

22. Wagner KF, Katschinski DM, Hasegawa J, et al.
Chronic inborn erythrocytosis leads to cardiac
dysfunction and premature death in mice overex-
pressing erythropoietin. Blood. 2001;97:536-542.

23. Davidson AJ, Zon LI. The “definitive” (and “primi-
tive”) guide to zebrafish hematopoiesis. Onco-
gene. 2004;23:7233-7246.

24. Willett CE, Cortes A, Zuasti A, Zapata AG. Early
hematopoiesis and developing lymphoid organs
in the zebrafish. Dev Dyn. 1999;214:323-336.

25. Westerfield M. The Zebrafish Book. Eugene, OR:
University of Oregon Press; 1993.

26. Kimmel CB, Ballard WW, Kimmel SR, Ullmann B,
Schilling TF. Stages of embryonic development of
the zebrafish. Dev Dyn. 1995;203:253-310.

27. Donovan A, Brownlie A, Zhou Y, et al. Positional
cloning of zebrafish ferroportin1 identifies a con-
served vertebrate iron exporter. Nature. 2000;
403:776-781.

28. Traver D, Paw BH, Poss KD, Penberthy WT, Lin
S, Zon LI. Transplantation and in vivo imaging of
multilineage engraftment in zebrafish bloodless
mutants. Nat Immunol. 2003;4:1238-1246.

29. Chou CF, Tohari S, Brenner S, Venkatesh B.
Erythropoietin gene from a teleost fish, Fugu ru-
bripes. Blood. 2004;104:1498-1503.

30. Higgins DG, Thompson JD, Gibson TJ. Using
CLUSTAL for multiple sequence alignments.
Methods Enzymol. 1996;266:383-402.

31. Fraenkel PG, Traver D, Donovan A, Zahrieh D,
Zon LI. Ferroportin1 is required for normal iron
cycling in zebrafish. J Clin Invest. 2005;115:1532-
1541.

32. Vandesompele J, De Preter K, Pattyn F, et al. Ac-
curate normalization of real-time quantitative RT-
PCR data by geometric averaging of multiple in-
ternal control genes. Genome Biol. 2002;3:
RESEARCH0034.

33. Paffett-Lugassy NN, Zon LI. Analysis of hemato-
poietic development in the zebrafish. Methods
Mol Med. 2004;105:171-198.

34. Kumar S, Hedges SB. A molecular timescale for
vertebrate evolution. Nature. 1998;392:917-920.

35. Sanger Center. Ensembl database. http://www.
ensembl.org/Danio_rerio/. 2004. Accessed Au-
gust 2004.

36. Wen D, Boissel JP, Tracy TE, et al. Erythropoietin
structure-function relationships: high degree of
sequence homology among mammals. Blood.
1993;82:1507-1516.

37. Boissel JP, Lee WR, Presnell SR, Cohen FE,
Bunn HF. Erythropoietin structure-function rela-
tionships: mutant proteins that test a model of
tertiary structure. J Biol Chem. 1993;268:15983-
15993.

38. Madera M, Vogel C, Kummerfeld SK, Chothia C,
Gough J. The SUPERFAMILY database in 2004:
additions and improvements. Nucleic Acids Res.
2004;32:D235-D239.

39. Schwede T, Kopp J, Guex N, Peitsch MC.
SWISS-MODEL: an automated protein homol-
ogy-modeling server. Nucleic Acids Res. 2003;
31:3381-3385.

40. Guex N, Peitsch MC. SWISS-MODEL and the
Swiss-PdbViewer: an environment for compara-
tive protein modeling. Electrophoresis. 1997;18:
2714-2723.

41. Dube S, Fisher JW, Powell JS. Glycosylation at
specific sites of erythropoietin is essential for bio-
synthesis, secretion, and biological function.
J Biol Chem. 1988;263:17516-17521.

42. Spivak JL. The in vivo metabolism of recombinant
human erythropoietin. Contrib Nephrol. 1989;76:
67-75, discussion 75-67.

43. Darling RJ, Kuchibhotla U, Glaesner W, Mi-
canovic R, Witcher DR, Beals JM. Glycosylation
of erythropoietin affects receptor binding kinetics:
role of electrostatic interactions. Biochemistry.
2002;41:14524-14531.

44. Lewis RS, Ward AC. Conservation, duplication
and divergence of the zebrafish stat5 genes.
Gene. 2004;338:65-74.

45. Sytkowski AJ. Denaturation and renaturation of
human erythropoietin. Biochem Biophys Res
Commun. 1980;96:143-149.

46. Conrad KP, Benyo DF, Westerhausen-Larsen A,
Miles TM. Expression of erythropoietin by the hu-
man placenta. FASEB J. 1996;10:760-768.

47. Constantinescu SN, Huang LJ, Nam H, Lodish
HF. The erythropoietin receptor cytosolic jux-
tamembrane domain contains an essential, pre-
cisely oriented, hydrophobic motif. Mol Cell.
2001;7:377-385.

48. Huang LJ, Constantinescu SN, Lodish HF. The
N-terminal domain of Janus kinase 2 is required
for Golgi processing and cell surface expression
of erythropoietin receptor. Mol Cell. 2001;8:1327-
1338.

49. James C, Ugo V, Le Couedic JP, et al. A unique
clonal JAK2 mutation leading to constitutive sig-
nalling causes polycythaemia vera. Nature. 2005;
434:1144-1148.

50. Baxter EJ, Scott LM, Campbell PJ, et al. Acquired
mutation of the tyrosine kinase JAK2 in human
myeloproliferative disorders. Lancet. 2005;365:
1054-1061.

51. Steensma DP, Dewald GW, Lasho TL, et al. The
JAK2 V617F activating tyrosine kinase mutation
is an infrequent event in both “atypical” myelopro-
liferative disorders and the myelodysplastic syn-
drome. Blood. 2005;106:1207-1209.

52. Levine RL, Wadleigh M, Cools J, et al. Activating
mutation in the tyrosine kinase JAK2 in polycy-
themia vera, essential thrombocythemia, and my-
eloid metaplasia with myelofibrosis. Cancer Cell.
2005;7:387-397.

53. Hibi M, Hirano T. Signal transduction through cy-
tokine receptors. Int Rev Immunol. 1998;17:75-
102.

54. Wojchowski DM, Gregory RC, Miller CP, Pandit
AK, Pircher TJ. Signal transduction in the erythro-
poietin receptor system. Exp Cell Res. 1999;253:
143-156.

55. Gram H, Schmitz R, Zuber JF, Baumann G. Iden-
tification of phosphopeptide ligands for the Src-
homology 2 (SH2) domain of Grb2 by phage dis-
play. Eur J Biochem. 1997;246:633-637.

56. Wu H, Klingmuller U, Acurio A, Hsiao JG, Lodish
HF. Functional interaction of erythropoietin and
stem cell factor receptors is essential for erythroid
colony formation. Proc Natl Acad Sci U S A. 1997;
94:1806-1810.

57. Tilbrook PA, Ingley E, Williams JH, Hibbs ML,
Klinken SP. Lyn tyrosine kinase is essential for
erythropoietin-induced differentiation of J2E ery-
throid cells. EMBO J. 1997;16:1610-1619.

58. Klingmuller U, Lorenz U, Cantley LC, Neel BG,
Lodish HF. Specific recruitment of SH-PTP1 to
the erythropoietin receptor causes inactivation of
JAK2 and termination of proliferative signals.
Cell. 1995;80:729-738.

59. Socolovsky M, Fallon AE, Wang S, Brugnara C,
Lodish HF. Fetal anemia and apoptosis of red cell
progenitors in Stat5a-/-5b-/- mice: a direct role for
Stat5 in Bcl-X(L) induction. Cell. 1999;98:181-
191.

60. Socolovsky M, Nam H, Fleming MD, Haase VH,
Brugnara C, Lodish HF. Ineffective erythropoiesis
in Stat5a(-/-)5b(-/-) mice due to decreased sur-
vival of early erythroblasts. Blood. 2001;98:3261-
3273.

61. Obenauer JC, Cantley LC, Yaffe MB. Scansite
2.0: proteome-wide prediction of cell signaling
interactions using short sequence motifs. Nucleic
Acids Res. 2003;31:3635-3641.

62. Madan A, Lin C, Wang Z, Curtin PT. Autocrine
stimulation by erythropoietin in transgenic mice
results in erythroid proliferation without neoplastic
transformation. Blood Cells Mol Dis. 2003;30:82-
89.

63. Suzuki N, Ohneda O, Takahashi S, et al. Ery-
throid-specific expression of the erythropoietin
receptor rescued its null mutant mice from lethal-
ity. Blood. 2002;100:2279-2288.

2726 PAFFETT-LUGASSY et al BLOOD, 1 OCTOBER 2007 � VOLUME 110, NUMBER 7

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/110/7/2718/483762/zh801907002718.pdf by guest on 23 M

ay 2024


