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Erythropoietin (Epo)-independent differentiation of erythroid pro-
genitors is a major characteristic of myeloproliferative disorders,
including chronic myeloid leukemia. Epo receptor (EpoR) signaling
is crucial for normal erythroid development, as evidenced by the
properties of Epo—/~ and EpoR~/~ mice, which contain a normal
number of fetal liver erythroid progenitors but die in utero from a
severe anemia attributable to the absence of red cell maturation.
Here we show that two constitutively active cytoplasmic protein
tyrosine kinases, P210BCR-ABL and v-SRC, can functionally replace
the EpoR and support full proliferation, differentiation, and mat-
uration of fetal liver erythroid progenitors from EpoR~/~ mice.
These protein tyrosine kinases can also partially complement the
myeloid growth factors IL-3, IL-6, and Steel factor, which are
normally required in addition to Epo for erythroid development.
Additionally, BCR-ABL mutants that lack residues necessary for
transformation of fibroblasts or bone marrow cells can fully sup-
port normal erythroid development. These results demonstrate
that activated tyrosine kinase oncoproteins implicated in tumori-
genesis and human leukemia can functionally complement for
cytokine receptor signaling pathways to support normal erythro-
poiesis in EpoR-deficient cells. Moreover, terminal differentiation
of erythroid cells requires generic signals provided by activated
protein tyrosine kinases and does not require a specific signal
unique to a cytokine receptor.

E rythropoietin (EpoR) signaling is crucial for erythroid de-
velopment. During days 11-14 of gestation, the embryonic
liver becomes the major site of erythropoiesis. Disruption of
either Epo or the Epo receptor (EpoR) genes in mice leads to
embryonic lethality at around days 13-15 (1-3) because of
deficiency in definitive erythropoiesis and severe fetal anemia.
Fetal livers of Epo~/~ or EpoR™/~ mice contain normal num-
bers of primitive burst-forming-unit (BFU-E) and mature col-
ony-forming-unit (CFU-E) erythroid progenitors, but these fail
to differentiate into red blood cells in the absence of EpoR
signaling (1). Retroviral transduction of the EpoR into EpoR~/~
fetal liver progenitors rescues normal Epo-dependent erythro-
poiesis, demonstrating the essential requirement for EpoR sig-
naling during differentiation of committed BFU-E and CFU-E
progenitors (1).

Epo-independent proliferation and differentiation of ery-
throid progenitors in vitro is a property common to all myelo-
proliferative disorders and serves as a diagnostic criterion (4).
Chronic myeloid leukemia (CML) is a biphasic, multilineage,
and clonal myeloproliferative disorder caused by a reciprocal
chromosomal translocation t (9:22) (5) that fuses 5’ BCR gene
sequences upstream of the second c-ABL exon, resulting in the
formation of the fusion oncogene BCR-ABL (6). The product of
this gene is a chimeric 210-kDa protein (P210B¢R-ABL) expressed
in all hematopoietic cells of CML patients. The P210 protein is
a constitutively active tyrosine kinase that is significantly more
active than the nuclear c-ABL protein tyrosine kinase (7, 8).
Expression of P210BCR-ABL in a primitive hematopoietic stem
cell (9) results in the initial chronic phase of CML, characterized
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by an expansion of the myeloid hematopoietic compartment that
leads clinically to increased numbers of well differentiated
granulocytes and often massive splenomegaly (10, 11). Expres-
sion of P210BCR-ABL jn established myeloid cell lines confers
cytokine-independent proliferation. Classic studies of primary
bone marrow from CML patients failed to demonstrate any
abrogation of growth factor requirement for granulocytic-
macrophage progenitors in vitro (12), but more recent analysis of
the most primitive progenitors suggests that these early cells
indeed proliferate and differentiate in the absence of added
cytokines (13). Erythroid progenitors are also increased in the
peripheral blood of CML patients. Although CML granulocytic
progenitors require cytokines for proliferation and differentia-
tion in vitro, CML erythroid progenitors can proliferate and
differentiate in cultures supplemented with Steel factor (SF) in
the absence of Epo or any other cytokines (4, 14). Given the
Epo-independence of CML erythroid progenitors, we reasoned
that BCR-ABL might be complementing for EpoR signaling.

The EpoR activates a number of signaling proteins and
pathways, including JAK2, STATS, PI3-kinase, Ras MAPK,
SHP1 and SHP2, SHIP, Bcl-2, Bcl-X and AKT (reviewed in ref.
15). Most, if not all, of these proteins are also activated by
BCR-ABL (reviewed in ref. 16). A constitutively active tyrosine
kinase is crucial for transformation by BCR-ABL (8, 17).
BCR-ABL domains such as the oligomerization region in the N
terminus or the SH3 domain are thought to regulate the activity
of the tyrosine kinase and also affect transformation by BCR-
ABL (18-20). Critical residues of BCR-ABL, including tyrosine
177 (Y177) and the SH2 domain, do not regulate BCR-ABL
tyrosine kinase activity but nevertheless impact cellular trans-
formation by BCR-ABL (21, 22). Phosphorylated tyrosine 177
binds Grb-2 and couples BCR-ABL to activation of the Ras
pathway (23, 24); Y177 is essential for transformation of fibro-
blasts and bone marrow cells by BCR-ABL (23) but has been
reported to be dispensable for tumorigenesis in vivo (22). The
ABL SH2 domain within BCR-ABL binds phosphotyrosine
residues of several proteins and is also required for BCR-ABL
transformation of fibroblasts and leukemogenesis in vivo
(21, 22).

The highly transforming v-SRC protein of chicken Rous
sarcoma virus is also a constitutively active cytoplasmic protein
tyrosine kinase. The carboxy-terminal region of ¢-SRC is trun-
cated in v-SRC, which results in deletion of tyrosine 527 and in
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constitutive activation of the v-SRC protein tyrosine kinase (25).
A wide range of cellular substrates such as JAK and STAT
proteins become phosphorylated in response to SRC (26, 27);
v-SRC transforms fibroblasts and SRC kinase activity is en-
hanced in a variety of solid tumors (28).

Here we demonstrate that the BCR-ABL protein tyrosine
kinase complements the EpoR and induces normal proliferation
and differentiation of committed EpoR~/~ fetal liver erythroid
progenitors. A functional tyrosine kinase domain is essential for
this rescue of erythropoiesis, but two BCR-ABL domains (res-
idue Y177 and SH2 domain) that are essential for transformation
of fibroblasts and/or bone marrow cells are dispensable. Finally,
v-SRC, another constitutively active cytoplasmic protein ty-
rosine kinase unrelated to BCR-ABL, also induces normal
erythroid development in EpoR~/~ cells. These results indicate
that terminal differentiation of erythroid cells requires generic
signals provided by activated protein tyrosine kinases and pro-
ceeds without a specific set of signals unique to a cytokine
receptor.

Methods

Cell Preparation and Retroviral Transduction. Individual EpoR~/~
fetal livers obtained at day 12.5 of embryogenesis were dissected
in PBS containing 2% FCS, were disaggregated into single cell
suspensions, were passed through a cell strainer (70 um), and
were washed two times in PBS with 2% FCS (1). A portion of the
cells were diluted in 2% acetic acid to lyse mature erythrocytes
and were counted. Retroviral supernatants were generated as
follows: 10 ug of either MSCV-P210, MSCV-P210 kinase de-
fective, MSCV-P210 Y177F, MSCV-P210 ASH2, MSCV-v-SRC-
IRES-GFP or MSCV-EpoR-IRES-GFP DNA together with the
PCL-Eco vector (29) were cotransfected (Invitrogen calcium
phosphate kit) into the Phoenix packaging cell line (Garry
Nolan, Stanford University), and the resulting viral supernatant
was collected 48 hours later and used for infection of fetal liver
cells. Fetal liver cells were resuspended in either viral superna-
tants at a multiplicity of infection of 5-10 or in the control
Phoenix packaging line media and were incubated at 37°C for 3
hours in the presence of 4 ug/ml of polybrene, then were
centrifuged at 2,000 rpm (Sorvall RT7, Sorvall) for 30 minutes.
The viral titers were determined by infecting 3T3 cells using
dilutions of viral supernatants. Western blot analysis determined
the level of expression of retroviral-encoded proteins in Phoenix
cells. Supernatants of equal viral titers were used in each
experiment.

Erythroid-Colony-Forming Assays. After retroviral transduction,
day 12.5 EpoR~/~ fetal liver cells were washed once in PBS, were
resuspended in Iscove’s modified Dulbecco’s medium contain-
ing 2% FCS, and were plated in duplicate in cultures of 0.9%
methylcellulose in Iscove’s modified Dulbecco’s medium con-
taining 15% FBS, 1% BSA, 10 png/ml bovine insulin, 200 wg/ml
human transferrin, 10~ M 2-mercaptoethanol, and 2 mM L-
glutamine (MethoCult M3234, StemCell Technologies, Vancou-
ver). The CFU-E assay was performed in these methylcellulose
cultures containing 1% spleen conditioned media with or with-
out Epo (3 units/ml; Amgen Biologicals). The BFU-E assay was
performed in methylcellulose cultures containing either Epo
alone (3 units/ml) or a combination of IL-3 (10 ng/ml), IL-6 (10
ng/ml), and SF (100 ng/ml) with or without Epo. The number
of CFU-E colonies was determined after diaminobenzidine
staining of hemoglobin and was counted after 2 days. BFU-E
colonies of hemoglobinized red cells were counted after 8 days.
Colonies were picked for cytospin, and their erythroblast mor-
phology were determined after May—Griinwald Giemsa staining.
Plates were coded and colonies were counted by a blinded
observer.
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Retroviral Constructs. MSCVP210 was created by inserting a
BCR-ABL cDNA encoding the 210-kDa form of BCR-ABL (10)
into EcoRI-digested pMSCVpac (30); MSCVP210Y177F was
created by ligating an EcoRI-Xhol fragment from P185BCR-ABL
(Y177F) containing the Y177F Grb2 mutation (23) and an
Xhol-EcoRI fragment from MSCVP210 containing the 3’ end of
the P210BCR-ABL ¢DNA into EcoRI-digested pMSCVpac.
MSCVP210K™ was created by ligating an EcoRI-Kpnl fragment
fromMSCVP210 containing the 5’ end of the P210BCR-ABL
c¢DNA and a KpnI-EcoRI fragment from P185BCR-ABL (Y813F)
(Kinase-mutant) containing the Y813F Kinase mutation into
EcoRI-digested pMSCVpac (31). The P210 ASH2 cDNA (32)
was subcloned as an EcoRI fragment into the retroviral vector
pMSCVpac. The EpoR c-DNA was amplified by PCR using 5’
(5'CGACGCGTCCTGAAGCTAGGGCTGCATCATGGAC-
3") and 3'(5'CGACGTCGACGCGGCCGCCTGGAGTCCTA-
GGAGCAGGC3') primers containing 5"MLU1 and 3'Sall, Not1
restriction sites and ligated into the MLU-1, Xhol sites of the
MSCV-IRES-GFP vector. v-SRC cDNA was PCR amplified
from MMTV-v-SRC using 5’ Hpal (5'CGCGATGTTAACAG-
CCGACCACCATGGGGAGTAGC3') and 3'Xhol (5'CGAT-
CGCTCGAGGCTCGCGCACTACTCAGCGACC3') ligated
into the Hpal, Xhol sites of MSCV-IRES GFP vector. All
c-DNAs amplified by PCR were subsequently sequenced.

Genomic PCR. Individual BCR-ABL transduced BFU-E colonies
plated in the presence of 15% serum only or serum supple-
mented with IL-3, IL-6, and SF were picked and genomic DNA
was isolated [blood sample purification kit (Qiagen, Chatsworth,
CA)] and was subjected to a PCR reaction using a 5’ primer from
BCR (5’AGCATGGCCTTCAGGGTGCACAGCCGCAACG-
GCAA3’) and a 3’ primer from ABL (5TCACTGGGTCCA-
GCGAGAAGGTTTTCCTTGGAGTT3') (33).

Results

Using retroviral transduction, we introduced P210BCR-ABL into
fetal liver progenitors cells obtained at day 12.5 of embryogen-
esis from EpoR~/~ mice and observed rescue of erythroid
CFU-E colonies (Fig. 14). With viral supernatants of compa-
rable high titers, BCR-ABL induced the formation of the same
number of CFU-E colonies in the absence of Epo as in those
infected with the EpoR retrovirus and supplemented with Epo
(Fig. 14). The CFU-E colonies generated by BCR-ABL were
indistinguishable in size, morphology, and degree of hemoglo-
binization from CFU-E colonies generated by the EpoR and
cultured in the presence of Epo (data not shown). The efficiency
of retroviral infection of fetal liver cells is ~10-20% (34, 35);
given that wild-type fetal livers contain ~2,000 CFU-Es per 10°
cells at day 14 of embryogenesis, we conclude that virtually every
CFU-E expressing a transduced EpoR or P210BCR-ABL protein
differentiates into an erythroid colony (refs. 34 and 35; see Fig.
1). To examine the specificity of BCR-ABL protein tyrosine
kinase in rescue of the erythroid phenotype, we expressed
v-SRC, an unrelated cytoplasmic protein tyrosine kinase in
EpoR~/~ fetal liver cells. Surprisingly, v-SRC also supported
erythroid differentiation of CFU-E progenitors (Fig. 14). As
with colonies generated by BCR-ABL, the v-SRC-induced ery-
throid colonies were normal in size, morphology, and degree of
hemoglobinization (data not shown).

For maximal proliferation and differentiation of BFU-E pro-
genitors from wild-type or EpoR ™/~ fetal liver cells transduced
by the EpoR retrovirus, Epo is required together with a mixture
of growth factors including IL-3, IL-6, and SF (2, 36, 37). We
confirmed this requirement for IL-3, IL-6, and SF, in addition to
Epo (Fig. 1B). In the absence of the EpoR, addition of IL-3, IL-6,
and SF induced only background levels of erythroid colonies
(Fig. 1B, Bar 2), which contained nonhemoglobinized apoptotic
erythroblasts (data not shown).
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Fig. 1. Hematopoietic progenitor assays for BCR-ABL and v-SRC transduced

EpoR~/~ fetal liver cells. CFU-E (A) and BFU-E (B) colonies were generated in
cultures of 10° EpoR~/~ fetal liver cells infected with retroviral constructs
encoding EpoR, BCR-ABL, and v-SRC. Total CFU-E and BFU-E were counted
after 2 (A) and 8 days (B), respectively. Results are presented as percentage of
EpoR rescued colonies in the optimum conditions (cultures containing Epo,
IL-3, IL-6, and SF) shown by the hatched bars. Graphs are from duplicate
cultures of 3 (v-SRC) to 10 (all other constructs) independent experiments.
Under the optimum condition (cultures containing spleen conditioned media
and Epo), the average of the absolute number of CFU-E colonies rescued by
EpoR was 1,698 = 426 (n = 4) per 10° cells plated. Similarly, the average of
absolute number of BFU-E rescued by EpoR-infected cells under the optimum
condition (Epo, IL-3, IL-6, and SF) was 68 + 12 per 105 cells (n = 10).

Infection of EpoR~/~ fetal liver cells with either the
P210BCR-ABL o1 y-SRC retrovirus fully supported differentiation
of BFU-E progenitors and erythroid maturation in the presence
of IL-3, IL-6, and SF (Fig. 1B). Importantly, a small but
significant number of erythroid bursts were obtained from both
P210BCR-ABL and v-SRC expressing EpoR ™/~ cells cultured in
the absence of added IL-3, IL-6, and SF (Fig. 1B), suggesting that
BCR-ABL and v-SRC partially complement these signaling
pathways as well. Even in the absence of growth factor supple-
mentation, all BCR-ABL and v-SRC generated bursts were
comparable in size, morphology, and degree of hemoglobiniza-
tion to BFU-E colonies generated by the EpoR and cultured in
the presence of Epo and added growth factors (Fig. 2.4 and B).
Comparable results were obtained with wild-type fetal liver cells
subjected to retroviral transduction of BCR-ABL (data not
shown). Interestingly, Epo and BCR-ABL did not appear to have
any synergistic effect on erythroid colony-formation of wild-type
fetal liver cells, indicating that they stimulate overlapping sig-
naling pathways.

Genomic PCR performed on individual Epo-independent
erythroid colonies induced by BCR-ABL demonstrated that
they contained the BCR-ABL gene (Fig. 2C). Variation between
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Fig. 2. BCR-ABL and v-SRC expression reconstitute the erythroid phenotype
in EpoR~/~ fetal liver cells. (A) Epo-independent BCR-ABL-generated bursts
(BFU-E) cultured eitherin 15% serum alone (a) or in serum supplemented with
IL-3, IL-6, and SF (b); Epo-dependent EpoR-generated colony cultured in Epo
and IL3, IL-6, and SF is shown as control (c) (X 100). (B) Cytospin preparations
and May-Grunwald Giemsa staining of individual BCR-ABL-generated BFU-E-
derived colonies generated in the absence (a) or presence of IL-3, IL-6, and SF
(b) show erythroid cells at different stages of differentiation (x1,000). (C)
Genomic PCR of BCR-ABL on individual BFU-E from EpoR (lanes 1 and 2)- or
BCR-ABL (lanes 3-6)-derived colonies plated in the presence of 15% serum
only (lanes 5 and 6), serum supplemented with IL-3, IL-6, and SF (lanes 3 and
4), or Epo and IL-3, IL-6, and SF (lanes 1 and 2). The PCR reaction was run on a
1.5% agarose gel and shows a band of 404 bp corresponding to the amplified
breakpoint region of BCR-ABL. A positive control using a BCR-ABL containing
plasmid MSCV-P210 is shown (lane 7). (D) GFP-positive v-SRC reconstituted
BFU-E from EpoR~/~ fetal liver cells (X 100). Results are from one representa-
tive experiment.

intensity of nonquantitative PCR bands was attributable to the
variation of size of colonies picked. The bicistronic retroviral
vector used to express v-SRC also expressed the green fluores-
cent protein (GFP). All erythroid colonies rescued by infection
with the v-SRC retrovirus demonstrated green fluorescence,
indicating that they expressed the MSCV-v-SRC-IRES-GFP
construct (Fig. 2D).

A kinase-defective mutant of P210BCR-ABL fajled to induce any
significant erythroid maturation (Fig. 1 4 and B), indicating that
a functional tyrosine kinase domain is essential for rescuing
erythroid differentiation in EpoR~/~ progenitors. In contrast,
expression of a BCR-ABL containing a point mutation of the
Y177 residue (Y177F) or a deletion of the SH2 domain effi-
ciently rescued erythroid differentiation in EpoR~/~ fetal liver
cells (Fig. 3 A and B). The titers of these viruses were the same
as those expressing the wild-type BCR-ABL, and these mutants
rescued the erythroid phenotype in EpoR~/~ fetal liver cells as
well as native BCR-ABL. Genomic PCR confirmed the inte-
gration of BCR-ABL mutants in erythroid progenitors (data not

Ghaffari et al.
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Fig. 3. BCR-ABL mutants rescue erythroid phenotype in EpoR~/~ fetal liver
cells. CFU-E (A) and BFU-E (B) colonies generated in cultures of 10° EpoR~/~
fetal liver cells infected with retroviral constructs encoding BCR-ABL mutants
(P210Y177F and P210 ASH2), wild-type P2108CR-ABL or EpoR. Total CFU-E and
BFU-E were counted after 2 (A) and 8 days (B), respectively. Results are
presented as percentage of EpoR-rescued colonies in the optimum conditions
shown by hatched bars (see legend of Fig. 1 A and B). Graphs are from
duplicate cultures of at least four independent experiments.

shown). These results indicate that BCR-ABL rescue of ery-
throid development does not depend on activation of Ras via
Grb-2-binding to tyrosine Y177 or on protein—protein interac-
tions mediated by the ABL SH2 domain.

Discussion

Recent work suggests that a major function of the EpoR is to
prevent apoptosis of committed erythroid progenitors (38).
Some of this function can likewise be provided by the cytoplas-
mic signaling domains of a variety of hematopoietic and non-
hematopoietic receptors, including thrombopoietin, granulocyte
colony stimulating factor, growth hormone, and prolactin re-
ceptors (3, 34, 35, 39). Here we showed that two nonreceptor
tyrosine kinase oncoproteins, BCR-ABL and v-SRC, can com-
plement for EpoR signaling and fully support normal erythroid
development in EpoR-deficient fetal liver cells. These results
demonstrate that activated cytoplasmic protein tyrosine kinases
can fully replace EpoR function in terminal red blood cell
development by mimicking critical signaling cascades.

Of the many signaling proteins activated by the EpoR, the
importance of two, JAK2 and STATS, have been validated by
gene knock-out studies in mice (38, 40-42). JAK2~/~ mice have
a very similar phenotype to EpoR ™/~ mice and die around day
13-15 of embryogenesis from a severe anemia (40, 41).
STAT5a~/~STAT5b~/~ embryos, although viable, are severely
anemic (38). Erythroid progenitors of these mice show high rates
of apoptosis and a blunted response to Epo, findings explained
by a crucial role for STATS in anti-apoptotic signaling by the
EpoR. STATS mediates the immediate-early gene induction of
bcel-X in erythroid cells through direct binding to the bcl-X gene
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(38). Presumably, cytokine receptors such as the prolactin
receptor support EpoR~/~ fetal liver erythropoiesis through
activation of the JAK2/STATS pathway.

The BCR-ABL oncoprotein has been demonstrated to pro-
vide a potent anti-apoptotic signal to hematopoietic cells (43,
44). Both BCR-ABL and v-SRC have been shown to activate
several JAK and STAT proteins (26, 27, 45-47). In addition,
activation of STATS5 by BCR-ABL is essential for BCR-ABL
leukemogenesis in vivo (48). However, because STATS mediates
only some of the anti-apoptotic signals generated by the EpoR
(38), BCR-ABL and v-SRC oncoproteins likely activate survival
pathways in addition to STATS to rescue EpoR™/~ erythroid
progenitors. Whether BCR-ABL or v-SRC activate JAK2 or
STATS in EpoR~/~ fetal liver cells is unknown, but it is probable
that the constitutive tyrosine kinase activity of these oncopro-
teins complements the tyrosine kinase function of JAK2 in
addition to activating the STATS5 survival pathway.

BCR-ABL and v-SRC were as efficient as the EpoR in
rescuing the development of erythroid colonies from EpoR~/~
fetal livers. Importantly, BCR-ABL and v-SRC alone, in the
absence of any added growth factors, supported normal prolif-
eration and differentiation of a significant number of EpoR~/~
bursts (Fig. 1B). This suggests that both of these oncoproteins
partially complement signaling pathways induced by a number of
cytokine receptors, including those for IL-3, IL-6, and SF, which
are required to cooperate with the EpoR to allow full develop-
ment of the erythroid lineage. Complementation of the BCR-
ABL oncoprotein with these other cytokine receptors that act on
early myeloid progenitors may play a role in the myeloprolifer-
ative phenotype observed in CML patients. We are currently
testing whether BCR-ABL will rescue progenitors from the bone
marrow of strains of mice deficient in myeloid cytokine recep-
tors.

Although the EpoR prevents apoptosis and promotes differ-
entiation of committed erythroid progenitors, expression of a
constitutively active form of the EpoR (R129C) or the native
EpoR itself in more primitive bone marrow cells has a very
different effect: It induces proliferation of nonerythroid as well
as immature erythroid progenitor cells but does not skew
differentiation of nonerythroid lineages (49-51). Ectopic ex-
pression of the EpoR reveals its capacity to induce proliferation
of multipotential progenitors; conversely, expression of trans-
forming oncoproteins in committed erythroid progenitors, as in
our experiments, demonstrates their ability to mimic signals that
provide for terminal differentiation. Therefore, the cellular
response to expression of the EpoR or activated cytoplasmic
signaling proteins undoubtedly reflects the constellation of
signaling proteins, transcription factors, and other proteins
already expressed in the target cell.

Whether the BCR-ABL oncoprotein provides signals that
induce cell differentiation has been controversial. In the
human erythroleukemic cell line K562, derived from a CML
patient, inhibition of BCR-ABL function results in erythroid
differentiation (24). Although these results suggest that BCR-
ABL expression in K562 cells inhibits erythroid differentia-
tion, our results clearly demonstrate that expression of BCR-
ABL in committed primary erythroid progenitors enables
differentiation and production of fully hemoglobinized ery-
throid cells. In CML patients, there is a parallel increase in
granulocytic and erythroid progenitors in peripheral blood
(12), yet CML patients manifest granulocytosis, not erythro-
cytosis. The possibility of a block in differentiation of BCR-
ABL-expressing erythroid progenitors appears unlikely, as our
experiments show that Epo-independent colonies rescued by
BCR-ABL are indistinguishable from their wild-type coun-
terparts. Erythrocytosis may not be observed in CML patients
because the red cell lineage remains dynamically regulated by
Epo levels. Moreover, massive splenomegaly causes seques-
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tration and destruction of red blood cells, which actually
contributes to anemia in some patients (52).
Epo-independent growth and differentiation of erythroid
progenitors in culture is a general characteristic of myelopro-
liferative diseases, disorders of hematopoietic stem cells char-
acterized by a massive myeloid hyperplasia. In addition to
CML, these include thrombocythemia, polycythemia vera, and
myelofibrosis. The molecular basis for the other myeloprolif-
erative disorders remains unknown, but it is likely that these
diseases, like CML, share pathologic activation of cytokine
signaling pathways. Our results provide a direct demonstration
in primary cells that P210BCR-ABL can complement for cyto-
kine receptor signaling. The inability of a kinase-defective
BCR-ABL mutant to mediate rescue erythroid development
and the ability of v-SRC to complement for EpoR function
demonstrates that terminal differentiation of erythroid cells
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