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Abstract

Erythropoietin (Epo) is essential for formation of mature red blood cells (RBC). However, the
function of Epo receptor (EpoR)-dependent signaling pathways in the regulation of erythropoiesis
remains unclear. To determine whether specific Stat signals are required for RBC development, we
changed the Stat signaling specificity of the EpoR. The wild-type EpoR activates only Stat5. Thus,
we substituted the major Stat5 binding sites (residues 343 and 401) in the EpoR cytoplasmic region
with the Stat3 binding/activation motif from gp130. We demonstrated that activated EpoRs
containing a single substitution stimulate Stat5 and Stat3, whereas an EpoR with both substitutions
stimulates Stat3 but not Stat5. We then determined the ability of these receptors to support fetal liver
and adult erythropoiesis. Our results show that erythropoiesis is stimulated by EpoRs that activate
Stat5, both Stat5 and Stat3, or Stat3 in place of Stat5. These findings demonstrate that the specificity
of EpoR Stat signaling is not essential for RBC development.

INTRODUCTION

Red blood cell (RBC) development in the bone marrow is critically dependent on the levels of
circulating erythropoietin (Epo). This is dramatically demonstrated in humans with chronic
renal failure, who lack normal Epo production in the kidney and exhibit severe anemia unless
treated with recombinant Epo. Mice containing targeted disruptions of the Epo or Epo receptor
(EpoR) gene (Epo~'~ or EpoR ™~ mice, respectively) also demonstrate severe defects in RBC
production.(1-3) These animals die of anemia at approximately day 14 of gestation, a time that
corresponds to the onset of definitive (adult) hematopoiesis in the fetal liver. Therefore, Epo
and the EpoR are essential for definitive erythropoiesis in the fetal liver and adult bone marrow.

Several studies have suggested that Epo is not critical for commitment to the erythroid lineage.
(4) The Epo~/~and EpoR™~ mice support these findings. Definitive erythroid progenitor cells
are present in these animals, but they are arrested at the colony-forming unit—erythroid (CFU-
E) stage of development and do not differentiate into mature erythrocytes.(1-3) The
EpoR~'~ mice do not contain any obvious defects in the development of other blood cell
lineages, indicating that Epo is a lineage-specific growth factor.
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The EpoR belongs to the cytokine receptor superfamily, sharing structural similarity in both
extracellular and intracellular regions.(5,6) Like other members of the family, the EpoR
stimulates multiple intracellular signaling proteins, including Jak2, SHP-1, and
phosphoinositol 3-kinase.(7-9) The EpoR also specifically activates the Stat5a and Stat5h
transcription factor proteins.(10,11) As Stat proteins are critical mediators of cytokine-
specificsignals,(12,13) it was anticipated that Stat5 would be essential for erythropoiesis.
Surprisingly, however, mice lacking Stat5a and Stat5h expression do not exhibit signs of
anemia, and bone marrow cells derived from these animals give rise to normal levels of Epo-
dependent erythroid colonies in ex vivo cultures.(14) These data demonstrate that Stat5a and
Stat5b are not essential for erythropoiesis in the adult. However, the Stat5 proteins are required
for efficient erythropoiesis in the developing embryo, as evidenced by the severe anemia found
in day 13.5 embryos lacking Stat5a and Stat5h expression.(15) Therefore, erythroid progenitor
cells appear to have developmentally distinct requirements for Stat5 proteins, which may
reflect different proliferative demands at each stage of development.

Interestingly, signaling through other cytokine receptors can also support erythropoiesis. This
has been demonstrated by studies of chimeric receptors, in which the extracellular region of
the EpoR was fused to intracellular regions derived from other cytokine receptors (e.g.,
granulocyte colony-stimulating factor receptor [G-CSFR], growth hormone receptor [GHR],
prolactin receptor, thrombopoietin receptor).(16,17) In addition, other cytokines can support
the development of some erythroid colonies from EpoR~ fetal liver cells in vitro, although
the number and size of the colonies are reduced relative to wild-type cells cultured in Epo.(2,
3) Collectively, these results show that signals from other cytokine receptors can compensate,
in part, for EpoR-mediated signals. However, the cytokines and receptors used in these studies
activate many of the same signaling pathways as the EpoR, including Stat5. Therefore, the
precise function of specific signaling pathways in erythroid development remains unclear.

To examine the requirements for specific Stat signals during erythropoiesis, we generated
EpoRs that activate Stat5, both Stat5 and Stat3, or Stat3 in place of Stat5. The ability of these
receptors to support fetal liver and adult erythropoiesis was then determined. We found that
erythropoiesis at both developmental stages was supported by EpoRs with altered Stat
signaling. These results demonstrate that although the EpoR naturally activates only Stat5, this
specificity is not required for RBC development.

MATERIALS AND METHODS

Generation of EpoR mutants and retroviral vectors

The murine EpoR was mutagenized as described(18) to substitute the Stat3 binding/activation
motif from gp130(19) for the major Stat5 binding sites in the EpoR at residues 343 and 401.
(10,11) This generated ER343-S3, ER401-S3, and ER343/401-S3, which contain single
substitutions at position 343 or 401 or substitutions at both positions, respectively (Fig. 1). The
cytoplasmic regions of ER343-S3, ER401-S3, and ER343/401-S3 were fused to the
extracellular region of the constitutively active EpoR mutant R129C(20) to generate R129C/
343-S3, R129C/401-S3, and R129C/343/401-S3. R129C-containing cDNAs were subcloned
into the pMEX vector for expression studies in 32D cells or into the erythroleukemic spleen
focus-forming virus (SFFV) for erythroid progenitor and animal studies.(21) Retroviruses were
generated from SFFV-containing plasmids and were titered by quantitative anti-EpoR
immunoblot analysis as previously described.(21,22)

Cell lines, culture conditions, and transfections

Interleukin-3 (IL-3)-dependent 32D cells were maintained in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 5% conditioned
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medium (RPMI/FBS/WEHI) from the WEHI 3B cell line; the latter was used as a source of
IL-3. 32D cells were electroporated as described previously,(23) and transfected cells were
selected by growth in RPMI/FBS/WEHI containing 750 xg/ml G418. Expression of the mutant
EpoR was verified by EpoR immunoprecipitations from metabolically labeled cells or by
immunoprecipitation and immunoblotting assays (not shown).

Epo stimulations, immunoprecipitations, and antiphosphotyrosine immunoblotting assays

Antisera specific for Stat5 or Stat3 were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). The antiphosphotyrosine antibody 4G10 was obtained from Upstate Biotechnology, Inc.
(Lake Placid, NY). To perform Epo stimulations, cells were cultured in serum-free RPMI for
4 h at 37°C, then stimulated with 20 U/ml for 8 min at 37°C. Stat proteins were
immunoprecipitated from detergent cell extracts, and antiphosphotyrosine immunoblotting
assays were performed as described previously.(24)

Ex vivo colony-forming assays, in vivo erythroid development assays, and RT-PCR analysis

RESULTS

Colony-forming assays were performed as described previously.(25) Briefly, pregnant DBA-2
mice (Charles River Laboratories, Bar Harbor, ME) were dissected at day 13 of gestation, and
single cell suspensions were prepared from fetal livers. Cells (106) were washed three times
in « medium, resuspended in medium containing fresh virus and 4 xg/ml Polybrene, and
incubated for 37°C for 3 h. After infection, the cells were washed in & medium and replated
in o medium containing 30% FBS (Sterile Systems, Logan, UT), 1% crystallized bovine serum
albumin (BSA), 1.2% 1500 centipoise methylcellulose (1 poise = 0.1 Pa.sec) (Shinetsu
Chemical, Tokyo, Japan), and 50 uM S-mercaptoethanol(Sigma, St. Louis, MO) at a cell
concentration of 1 x 104/ml. CFU-E colonies were scored visually after 2 days.

For in vivo studies, adult mice were inoculated intravenously (i.v.) with a mixture of
recombinant SFFV virus (SFF.R129C, SFF.R129C/343-S3, SFF.R129C/401-S3, or
SFF.R129C/343/401-S3) and replication-competent Rauscher murine leukemia virus (MuLV)
(at a 7:3 ratio), as described.(21) Erythropoiesis was monitored by weekly hematocrit
determinations. Animals were sacrificed when their hematocrits reached 70-80, or at 8 weeks
after infection, and terminal spleen weights were determined. Total RNA was isolated from
spleens as previously described.(21) Complementary cDNA was synthesized with the
Superscript kit (Life Technologies Gaithersburg, MD), according to the manufacturer’s
instructions. PCR amplification was performed as previously described(21) with a sense primer
corresponding to the Stat3 substitution at position 343 (5'-
GGGTACATGCCTCAGGATAAG-3') and an antisense primer from the SFFV vector (5'-
CTGGAGGAGGAGGCTGAAGAG-3') or with a sense primer from the Stat3 substitution at
position 401 (5'-GGGTACATGCCTCAGGAC-3') and the SFFV primer (see legend for Fig.
3).

Signal transduction from EpoRs with altered Stat specificity

A schematic diagram of the EpoR mutants used in this study is shown in Figure 1. To confirm
that the mutations confer the anticipated changes in Stat protein signaling specificity, we
generated 32D cell lines expressing these EpoRs and analyzed Stat protein activation by
immunoprecipitation and antiphosphotyrosine immunoblotting assays. The results
demonstrate that R129C activates only Stat5, as expected, whereas R129C/343-S3 and R129C/
401-S3 activate both Stat5 and Stat3 (Fig. 2). In contrast, R129C/343/401-S3, which contains
substitutions at both Stat5 binding sites, activates only Stat3 (Fig. 2). Therefore, substitution
of the EpoR Stat5 activation sites with Stat3 activation motifs alters Stat-dependent signal
transduction from the receptor.
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Fetal liver CFU-E development is supported by EpoRs that activate Stat3

Mice transduced with R129C-containing retrovirus develop massive erythrocytosis and
splenomegaly.(21) R129C also supports Epo-independent erythropoiesis in ex vivo cultures.
(25) Collectively, these results demonstrate that R129C signaling is dominant to the
endogenous WT EpoR. Therefore, use of R129C-containing EpoR mutants is a powerful
method to analyze EpoR signaling requirements in a wild-type genetic background.

To determine the function of EpoR-mediated Stat signals in fetal liver RBC development, we
performed ex vivo colony-forming assays. Erythroid progenitor cells were isolated from fetal
livers at day 13 of gestation and were infected with SFFV stocks carrying R129C, R129C/343-
S3, R129C/401-S3, or R129C/343-S3/401-S3. Infected cells were plated in methylcellulose-
containing cultures in the absence of Epo or other cytokines to ensure that the endogenously
expressed WT EpoR or other cytokine receptors do not contribute to erythropoiesis. Because
the titers of SFF-R129C/ER343-S3, SFF-R129C/ER401-S3, and SFF-R129C/ER343/401-S3
were reproducibly one-third to one-fourth that of SFF-R129C (data not shown), we also
performed a set of infections with SFF-R129C that had been diluted 1:3 immediately prior to
infection. As expected, R129C supportedEpo-independentCFU-E development(Table 1). Epo-
independent CFU-E development was also stimulated by EpoRs containing one or more Stat3
binding sites. The differences observed in the efficiency of CFU-E formation between
recombinant retroviruses are most likely due to differences in viral titer (Table 1; data not
shown). Therefore, these data demonstrate that fetal liver CFU-E development is stimulated
by EpoRs that activate Stat5, both Stat5 and Stat3, or Stat3 in place of Stat5.

Adult erythropoiesis is stimulated by EpoRs with altered patterns of Stat activation

To examine the effect of altered EpoR Stat specificity on RBC development in the adult animal,
6-8-week-old mice were infected with SFFV stocks carrying R129C, R129C/343-S3, R129C/
401-S3, or R129C/343-S3/401-S3. Erythropoiesis was monitored by weekly hematocrit
determinations. In 75% of the animals infected with R129C/343-S3 or R129C/401-S3, hema
tocrits of 70-80 were reached by 6-8 weeks after infection. Similarly, 75% of the animals
infected with R129C/343/401-S3 had elevated hematocrit levels after 8 weeks, although the
levels were lower than in animals infected with R129C, R129C/343-S3, or R129C/401-S3 (50—
60 compared to 70-80) (Table 2). Spleen weight, an indicator of in vivo expansion of erythroid
progenitor populations,(22) was also increased in 75% of the infected animals (Table 2).

To confirm expression of the predicted EpoR isoforms in the diseased mice, RT-PCR analysis
of splenic RNA isolated from diseased animals was performed using primers specific for the
mutant Stat3 sites and SFFV sequences. In all cases examined, transcripts corresponding to
only the transduced R129C isoform were detected (Fig. 3). Therefore, these results demonstrate
that adult erythropoiesis is stimulated by EpoRs that activate Stat3.

DISCUSSION

We examined the requirement for EpoR-regulated Stat signals in fetal liver erythroid
progenitors and during adult erythropoiesis in vivo. We found that EpoRs that activate both
Stat5 and Stat3 or that activate Stat3 in place of Stat5 support the development of fetal liver
erythroid progenitors and adult RBC. Therefore, although the wild-type EpoR signals through
Statb, this specificity is not essential for definitive erythropoiesis.

We altered EpoR-mediated Stat signal transduction by replacing the sequences surrounding
EpoR tyrosines 343 and 401, the major sites of Stat5 binding and activation(10,11) with the
Stat3 binding/activation site from gp130.(19) Both Stat5 and Stat3 were stimulated by EpoRs
containing a single substitution, whereas Stat3 was activated in place of Stat5 in an EpoR
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containing both substitutions. Therefore, the Stat binding site substitutions selectively altered
EpoR-dependent Stat signals. As cell type-specific factors can contribute to the specificity of
cytokine receptor signal transduction, we analyzed the function of these EpoRs in primary
erythroid cells. To accomplish this, we fused the cytoplasmic regions of EpoRs with altered
Stat specificity to the extracellular region of the constitutively active EpoR, R129C, to generate
dominantly acting receptor isoforms. This approach has been used previously to study EpoR
functions, as it enables rapid analysis of receptor mutants in primary erythroid cells.(16,21,
22,25,26)

ER343-S3, ER401-S3, and ER343/401-S3 support CFU-E development from fetal liver
erythroid progenitors. Furthermore, mice infected with recombinant retroviruses develop
erythrocytosis and splenomegaly, demonstrating that these receptor isoforms support
erythropoiesis in the adult animal. Although the onset of disease was slower in animals infected
with viruses carrying EpoRs with altered Stat specificity, this is likely to represent differences
in viral titer, as these mutants consistently yielded lower titer virus than R129C. In support of
this, dilution of the R129C retrovirus stock supported levels of CFU-E development that were
equivalentto ER343-S3, ER401-S3, and ER343/401-S3. Therefore, the loss of Stat5 signaling
and the gain of Stat3 signaling by the EpoR does not enhance or abrogate the development of
fetal liver and adult erythroid progenitors.

The erythroid development we observed in ex vivo cultures is dependent on signals from the
constitutively active mutant EpoRs and not on signals from the endogenous EpoR or other
cytokine receptors, as these cultures were maintained in the absence of Epo or any other
cytokine. This result is significant in light of the fact that erythroid cells appear to be less
dependent on specific cytokine signals for their maturation than cells of other hematopoietic
lineages. Progenitor cells isolated from EpoR"mice can be induced to undergo erythroid
differentiation in the presence of other cytokines.(2,3) In addition, ectopic expression of other
cytokine receptors can support erythroid differentiation.(16,17) These receptors share many
signaling pathways with the EpoR, including Stat5. Therefore, it is possible that they stimulate
erythropoiesis because of common signaling mechanisms.

Homozygous deletion of the Stat5a and Stat5b genes has demonstrated that Stat5 is not required
for normal RBC development in the adult animal.(14) In contrast, normal production of
erythrocytes in the fetal liver does require Stat5a and Stat5h.(15) In the latter case, the Stats
proteins appear to have an antiapoptotic function in the developing erythrocytes. These results
are in agreement with a number of studies that have demonstrated a role for Stat5 in the
induction of cytokine-responsive genes involved in growth control and protection from
apoptosis.(27-31) Therefore, erythroid progenitors appear to have different requirements for
Stat proteins during development. In this study, we demonstrated that EpoRs that activate Stat5
and Stat3 or that activate Stat3 in place of Stat5 support fetal liver CFU-E development.
Therefore, Stat3 and Stat5 may share an antiapoptotic function. In support of this idea, Stat3
has been shown to play a critical role in IL-6-dependent T cell survival and proliferation.(32)

Recent work has shown that multiple tyrosine residues in the EpoR cytoplasmic region have
overlapping and redundant roles in supporting erythropoiesis.(26,33) Therefore, the identity
of the specific signal(s) regulating terminal erythroid development remains unclear. In light of
the clinical relevance of Epo and the search for Epo mimetics, it is particularly important to
determine if a specific signaling pathway is required or if multiple pathways can support RBC
development. Additional studies using specifically engineered mutants of the EpoR in in
vivo model systems are required to answer this question.
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FIG. L.

Diagram of R129C isoforms containing altered Stat binding regions. R129C is shown at left,
with the R129C substitution and tyrosine residues (343 and 401) required for Stat5 activation
indicated by black boxes. Other tyrosine residues in the receptor cytoplasmic region are not

shown. R129C/343-S3 has the sequence GYMPQ (Stat3 binding site) substituted for residues
342-346, R129C/401-S3 has GYMPQ substituted for residues 400-404, and R129C/343/401-
S3 has both substitutions (as indicated by hatched boxes). The substitutions preserve Y343 and
Y401 but change residues at the —1, +1, +2, and +3 positions. All other residues are identical
to wild-type (WT) EpoR.

J Interferon Cytokine Res. Author manuscript; available in PMC 2008 June 6.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

WATOWICH et al.

Page 10

R129C/ R129C/ R129C/
R129C 343-S3 401-S3 343/401-S3

@ o8 b . -

3

1 2 3 4 S 6 7 8

FIG. 2.

Stat signaling specificity of chimeric EpoR. 32D cells expressing R129C, R129C/343-S3,
R129C/401-S3, or R129C/343/401-S3 were cultured in RPMI for 4 h, then stimulated with 20
U/ml Epo for 8 min at 37°C. Stat3 (lanes 1, 3, 5, 7) and Stat5 (lanes 2, 4, 6, 8) were
immunoprecipitated from detergent cell extracts, and proteins were analyzed by
antiphosphotyrosine immunoblots. A digital image of the autora-diogram is shown.
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FIG. 3.

Detection of retrovirally transduced EpoR sequences in spleens from infected animals. (A)
Plasmid DNA (lanes 1-4) or splenic RNA (lanes 5-9) were amplified by PCR or RT-PCR with
a sense primer from the Stat3 site containing Y343 and an antisense primer from the SFFV
vector. The lanes correspond to plasmids pSFF-R129C (lane 1) pSFF-R129C/343-S3 (lane 2),
pSFF-R129C/401-S3 (lane 3), pSFF-R129C/343/401-S3 (lane 4), splenic RNA from an
uninfected mouse (lane 5) or mice infected with SFF-R129C/343-S3 (lane 6), pSFF-R129C/
401-S3 (lane 7), or pSFF-R129C/343/401-S3 (lanes 8 and 9). (B) A similar analysis was
performed with a sense primer from the Stat3 site containing Y401 and the antisense primer
from the SFFV vector. Results from the analysis of splenic RNA samples are shown in lanes
1-5, in the order indicated in A. Results from plasmid DNA analysis are shown in lanes 6-9,
in the order indicated in A.
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Table 1

Function of EpoRs with Alerted Stat Signaling in Fetal Erythropoiesis®
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Virus (dilution) Epo-independent CFU-E
None 5+3(0)
SFF-R129C 82+ 11 (77)
SFF-R129C (1:3) 20 £ 4 (15)
SFF-R129C/343-S3 28+£1(23)
SFF-R129C/401-S3 40+ 7 (35)
SFF-R129C/343/401-S3 39+7(34)

a . . . . . - . . . .

Fetal liver cells from day 13 mouse embryos were infected with retroviruses carrying constitutively active EpoR (as indicated). To adjust for differences
in viral titer, a 1:3 dilution of SFF-R129C was also used. Erythroid colony-forming assays were performed as described in Materials and Methods. Mean
colony numbers from triplicate cultures are shown for a representative experiment.
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Table 2
Function of EpoRs with Altered Stat Signaling in Adult Erythropoiesis®

Virus Hematocrit (week) Spleen weight (g)
Z
E None 44 (6) 0.15
i SFF-R129C 75 (6) 2.0
U 82 (6) 2.2
> SFF-R129C/343-S3 82 (8) 0.9
> 75 (8) 1.44
= 72 (8) d.b.a.
= No disease —
g SFF-R129C/401-S3 73(8) 2.2
= 74 (8) 3.4
72 (8) d.b.a.
§ No disease —
5 SFF-R129C/343/401-S3 61 (8) 2.2
c 55 (8) 1.0
n 59 (8) 0.8
Q No disease —
o
- a
Adult mice were infected with recombinant retroviruses as described in Materials and Methods. Blood samples were taken at weekly intervals after
infection, and the packed RBC volumes (hematocrits) were measured. Hematocrits for individual animals are shown, with the time of determination (in
weeks) indicated. Animals were killed once their hematocrit reached levels of 70-80, or at 8 weeks after infection. Spleens were removed and weighed
to determine the extent of splenomegaly. Spleen weights for individual animals are indicated (in grams). Some animals died before analysis of the spleen
(d.b.a.).
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