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The erythropoietin receptor (EPO-R), a member of the cytokine receptor superfamily, can be activated to
signal cell growth by binding either EPO or F-gp55, the Friend spleen focus-forming virus glycoprotein.
Activation by F-gp55 results in constitutive EPO-R signalling and the first stage of Friend virus-induced
erythroleukemia. We have generated a truncated form of the EPO-R polypeptide [EPO-R(T)] which lacks the
critical cytoplasmic signal-transducing domain of the EPO-R required for EPO- or F-gp55-induced cell growth.
EPO-R(T) specifically inhibited the EPO-dependent growth of EPO-R-expressing Ba/F3 cells without changing
the interleukin-3-dependent growth of these cells. In addition, Ba/F3 cells that coexpressed wild-type EPO-R
and EPO-R(T) were resistant to transformation by F-gp55 despite efficient expression of the F-gp55
transforming oncoprotein in infected cells. EPO-R(T) inhibited the EPO-dependent tyrosine phosphorylation
of wild-type EPO-R, the tyrosine kinase (JAK2), and the SH2 adaptor protein (Shc). In conclusion, the
EPO-R(T) polypeptide is a dominant negative polypeptide which specifically interferes with the early stages of
EPO-R-mediated signal transduction and which prevents Friend virus transformation of erythroblasts.

The erythropoietin receptor (EPO-R), a 507-amino-acid
(aa) membrane protein (12), exerts its biological activity in
erythroid precursors through the binding of its 34-kDa glyco-
protein ligand, thereby functioning as the primary regulator of
erythroid mitogenesis and differentiation. The Friend spleen
focus-forming virus (SFFV) glycoprotein (F-gp55) binds to the
EPO-R, causing constitutive receptor signalling and the first
stage of Friend virus-induced erythroleukemia (2). There is no
amino acid similarity between EPO and F-gp55, and each
protein appears to bind to a discrete site on the EPO-R (5).
Little is known of the mechanisms by which the EPO-R
transduces a growth signal. Activation of the EPO-R by EPO
or F-gp55 (44) results in the tyrosine phosphorylation of the
EPO-R cytoplasmic region (9, 15, 27), and this phosphoryla-
tion correlates with mitogenic activity.

Although the EPO-R does not itself contain a tyrosine
kinase catalytic domain (13), it contains a critical regulatory
domain which interacts with cytoplasmic tyrosine kinases and
other cytoplasmic effector molecules. Recent studies demon-
strated that EPO activates the cytoplasmic tyrosine kinase
(JAK2) (43). The tyrosine kinase Fes has been shown to be
tyrosine phosphorylated in response to EPO in TF-1 cells, a
human erythroleukemia cell line (18). Other tyrosine kinases
may be recruited to the EPO-R, as observed with a variety of
cytokine receptors (31); however, their identification remains
elusive. EPO stimulation results in the rapid tyrosine phosphor-
ylation of the EPO-R (9, 15, 27), JAK2 (43), and the SH2
adaptor protein (Shc) (8, 10). A number of other biochemical
events have been associated with activation of the EPO-R,
including an increase in the activities of phosphatidylinositol
3-kinase (11, 20, 25), p2lras (40), and Raf-1 (4), as well as an
increase in the phosphorylation of p120 GAP (40). The relative
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sequence of these events and their importance to EPO-
induced growth and differentiation have not been established.
Homodimerization is likely to play a role in EPO-R signal

transduction, as shown by multiple studies. First, the growth
hormone receptor, a related member of the cytokine receptor
superfamily, forms a homodimeric complex with a single
molecule of growth hormone (7, 14), suggesting the possibility
of an analogous model for the EPO-R. Second, an Arg-to-Cys
substitution (aa 129) in the extracellular domain of the EPO-R
results in EPO-independent growth of transfected Ba/F3 cells
(45) and in constitutively formed homodimers of the EPO-R
complex (42). Third, a recent report (29) demonstrated oli-
gomerization of wild-type EPO-R and a truncated EPO-R
(-221) mutant by coimmunoprecipitation.

Functional interactions between receptor subunits have
been demonstrated with dominant negative mutants of several
growth factor receptors, including the epidermal growth factor
receptor (22, 36), the fibroblast growth factor receptor (1), and
the tumor necrosis factor receptor (3), although the actual
mechanism of wild-type receptor inhibition is not known.
Ueno et al. (41) demonstrated that a truncated, dominant
negative mutant of the platelet-derived growth factor receptor
inhibits the wild-type platelet-derived growth factor receptor
by forming heterodimeric, nonproductive complexes which are
defective for autophosphorylation. We were therefore inter-
ested in testing the ability of a truncated EPO-R to affect
EPO-dependent signal transduction and in perturbing the
interaction between wild-type EPO-R and F-gp55.

In this study, we examined the biological properties of a
truncated EPO-R(-221) mutant (13, 29), hereafter called
EPO-R(T). We showed that the overexpression of EPO-R(T)
relative to wild-type EPO-R produced a dominant negative
phenotype which specifically inhibited the EPO-mediated but
not the interleukin-3 (IL-3)-mediated growth of hematopoietic
cells. Also, EPO-R(T) efficiently blocked the transformation of
hematopoietic cells by the F-gp55 polypeptide. The coexpres-
sion of wild-type EPO-R and EPO-R(T) blocked the EPO-
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dependent tyrosine phosphorylation of wild-type EPO-R,
JAK2, and Shc, confirming that this event is required for
mitogenic activity. The dominant negative activity of EPO-
R(T) supports a model of homodimerization for EPO-R
signalling.

MATERIALS AND METHODS

Cells and cell culture. Ba/F3 cells (32) were maintained as
previously described (13) in RPMI 1640 medium supple-
mented with 10% (vol/vol) fetal calf serum (FCS) and 10%
(vol/vol) conditioned medium from WEHI-3B cells as a source
of IL-3 (IL-3 medium).
Plasmid construction. EPO-R(T) was generated by the PCR

by introducing a stop codon (TAG) at aa 248 of the EPO-R.
The mutant EPO-R(T) cDNA sequence was confirmed by
dideoxy DNA sequence analysis and subcloned into mamma-
lian expression vector PXM (13) or retroviral vector PLXSN
(26).
DNA transfection of Ba/F3 cells. Ba/F3 cells (107 cells) were

transfected by coelectroporation with PXM-EPO-R or PXM-
EPO-R(T) cDNA (linearized with NdeI) and with PSV2neo
(linearized with AccI) as previously described (13). Selection
with G418 (1.0 mg/ml) in 10% WEHI-3B-conditioned medium
was initiated 48 h after electroporation. Selected cells were
subcloned by limiting dilution, and individual subclones were
expanded in G418-containing IL-3 medium and analyzed for
the presence of the wild-type EPO-R or EPO-R(T) polypep-
tide by metabolic labeling and immunoprecipitation as previ-
ously described (38). Alternatively, Ba/F3 cells growing in IL-3
medium were infected with retroviral construct PLXSN-EPO-
R(T) (13).
Flow cytometric analysis. Ba/F3 subclones expressing vari-

ous EPO-R mutants were washed in RPMI 1640 medium-10%
FCS without supplemented EPO or murine IL-3 (plain me-
dium) and resuspended in phosphate-buffered saline. The cells
(106) were incubated with a single saturating concentration of
a protein A-purified polyclonal antiserum (10 ,ug/ml) directed
against the extracytoplasmic domain of human EPO-R in a
200-,lI reaction mixture. The cells were washed and stained
with a fluorescein isothiocyanate (FITC)-conjugated anti-
mouse second antibody. The cells were analyzed with FACS-
can (Becton Dickinson, San Jose, Calif.).

Immunoprecipitation of EPO-R and F-gp55 in Ba/F3 cell
extracts. Ba/F3 subclones were metabolically labeled with
[35S]methionine and [35S]cysteine as previously described (13).
Labeled proteins were immunoprecipitated with antisera
against the amino terminus of mouse EPO-R, the carboxyl
terminus of mouse EPO-R, or F-gp55 (13).
EPO-dependent growth characteristics of Ba/F3 subclones.

Individual subclones expressing the EPO-R or other heterol-
ogous polypeptides were screened for growth in RPMI 1640
medium supplemented with 10% FCS and various concentra-
tions of recombinant human EPO (without supplemental
WEHI-3B-conditioned medium). Cell growth and viability
were measured with the MTT (dimethylthiazole diphenyltet-
razolium bromide) reduction assay as previously described
(13). Electroporations with each mutant were performed three
times. When resulting transfectants were isolated and tested
for EPO responsiveness, identical results were obtained each
time.

F-gp55-dependent growth characteristics of Ba/F3 sub-
clones. Subclones expressing the EPO-R and EPO-R(T)
polypeptides were infected with a high-titer (SFFV) retroviral
supernatant encoding the F-gp55 polypeptide (38). Approxi-
mately 5 x 105 Ba/F3 cells growing in IL-3 medium were

infected by cocultivation with E86 producer cells. Forty-eight
hours after infection, the cells were washed twice with Hanks
balanced salt solution-20 mM N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid (HEPES) (pH 7.4) and resuspended in
plain medium. The infected cells were screened for growth and
viability in plain medium with the MIT reduction assay. In
addition, the SFFV-infected Ba/F3 subclones were grown for
72 h in IL-3 medium. These infected cells were screened for
productive SFFV infection by metabolic labeling and immu-
noprecipitation of the F-gp55 polypeptide with a goat poly-
clonal anti-envelope antiserum.

Analysis of EPO-R, JAK2, and Shc tyrosine phosphoryla-
tion. Ba/F3 subclones were starved in RPMI 1640 medium-
10% FCS for 4 h and stimulated for various times. Cell lysates
were prepared as described previously (39). For monoclonal
antibody 4G10 immunoprecipitations, a cell lysate (500 ,ug of
protein) was incubated with 4G10-protein A-Sepharose (40
,ug) overnight. The Sepharose beads were washed three times
with 50 mM Tris-HCl (pH 8.0)-150 mM NaCl-0.05% Triton
X-100. Samples were then prepared for sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis and electrophoretic
transfer. After the membrane was blocked, Western blotting
(immunoblotting) was performed by incubation with 10 ,ug of
protein A-purified murine anti-EPO-R peptide antibody per
ml for 1 h. The membrane was washed, incubated with
horseradish peroxidase (HRP)-protein A (1:5,000) (Amer-
sham, Arlington Heights, Ill.) for 30 min, and washed exten-
sively. Immune complexes for all Western immunoblotting
experiments were detected by use of ECL (Amersham).
An immunoprecipitation was conducted with 2 x 107 cell

equivalents and with an anti-JAK2 antibody as described
previously (43). The membrane was blocked, incubated with 1
,ug of antiphosphotyrosine monoclonal antibody 4G10 per ml
for 1 h, washed, and incubated with HRP-sheep anti-mouse
immunoglobulin G (IgG) (1:5,000) (Amersham) for 30 min.
Following ECL immunodetection, the membrane was incu-
bated in a buffer containing 62.5 mM Tris-HCl (pH 6.8), 2%
(wt/vol) SDS, and 100 mM P-mercaptoethanol at 50°C for 1 h.
The membrane was blocked, reprobed with the anti-JAK2
antibody (1:1,000), and washed. HRP-protein A (1:5,000) was
added for 30 min, and the membrane was washed before ECL
detection.
An immunoprecipitation was performed with 2 x 107 cell

equivalents and with 8 ,ug of an anti-Shc polyclonal antibody
(Transduction Laboratories, Lexington, Ky.) (33). The mem-
brane was blocked before the addition of an HRP-conjugated
monoclonal antibody against phosphotyrosine (HRP-RC20)
(1:2,500) (Transduction Laboratories). After 1 h of incubation,
the membrane was washed before ECL detection. The same
nitrocellulose membrane was washed overnight, blocked, and
then cut into two pieces. The upper membrane was incubated
with the anti-Shc polyclonal antibody (1:1,000) for 1 h, washed,
incubated with HRP-protein A (1:5,000) for 30 min, and
washed. To the lower nitrocellulose membrane, anti-Grb2
monoclonal antibody (1:500) (Transduction Laboratories) was
added for 1 h and the membrane was washed and incubated
with HRP-sheep anti-mouse IgG (1:5,000) for 30 min.

RESULTS

Expression of EPO-R and EPO-R(T) in a hematopoietic cell
line. We initially synthesized cDNA encoding a truncated form
of murine EPO-R [EPO-R(T)], which lacks the critical signal-
transducing domain previously described (13, 17, 30) and
contains only the Box 1 sequence (17). This cDNA was

subcloned into retroviral vector PLXSN (26). The construct
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FIG. 1. Cell surface expression of wild-type EPO-R and EPO-R(T) polypeptides in Ba/F3 cells. (A) Ba/F3 cells expressing the indicated
polypeptides were incubated with 5 nM anti-human EPO-R polyclonal antibody and stained with FITC-conjugated anti-rabbit IgG antibody.
Fluorescence was analyzed by FACScan analysis. The dark histogram shows staining with FITC-conjugated anti-rabbit IgG alone, and the light
histogram shows staining with anti-human EPO-R polyclonal antibody, as detected with FITC-conjugated anti-rabbit IgG. (B) Cells were
metabolically labeled with [35S]methionine and [35S]cysteine. Immunoprecipitation with an anti-EPO-R N terminus antiserum was performed as
previously described (13). Lanes: 1, Ba/F3; 2, Ba/F3-EPO-R; 3, Ba/F3-EPO-R-EPO-R(T) subclone 10; 4, Ba/F3-EPO-R(T) subclone 16.
Nonspecific bands are observed at 90 and 40 kDa.

was transfected into the ecotropic packaging cell line, E86, and
a helper-free stock of PLSXN-EPO-R(T) was generated (38).
The expression of full-length EPO-R and EPO-R(T) in in-
fected Ba/F3 cells was confirmed by FACScan analysis (Fig.
1A). Parental Ba/F3 cells had no detectable cell surface
EPO-R. Ba/F3 cells transfected with PXM-EPO-R (Ba/F3-
EPO-R cells) expressed low levels of EPO-R. Ba/F3 cells
infected with PLXSN-EPO-R(T) [Ba/F3-EPO-R(T) cells] ex-

pressed high levels of cell surface EPO-R(T). The relative
levels of expression of the EPO-R and EPO-R(T) polypeptides
were dependent on the expression vector used.
To further confirm that the various Ba/F3 subclones ex-

pressed the heterologous proteins, we performed immunopre-
cipitation with an anti-EPO-R N terminus antiserum (Fig. 1B).
Parental Ba/F3 cells did not express the EPO-R polypeptide
(lane 1). Ba/F3-EPO-R cells expressed only the full-length
66-kDa EPO-R polypeptide (lane 2). Ba/F3 cells transfected
with both PXM-EPO-R and PLXSN-EPO-R(T) [Ba/F3-EPO-
R-EPO-R(T) cells] expressed both the full-length EPO-R
polypeptide and EPO-R(T) polypeptides which migrated as a
27- and 31-kDa doublet (lane 3). These two polypeptides are

differentially glycosylated forms of EPO-R(T) (44). Ba/F3-
EPO-R(T) cells expressed only the EPO-R(T) polypeptide
(lane 4).
EPO-R(T) inhibits EPO-induced growth of Ba/F3-EPO-R

cells. We next tested the effect of EPO-R(T) expression on
EPO-dependent cell growth (Fig. 2). For each of the four cell
types shown in Fig. 1B, we isolated individual Ba/F3 subclones
by limiting dilution and tested IL-3- or EPO-dependent

growth. Parental Ba/F3 cells were dependent on murine IL-3
for growth and did not grow in response to EPO. Ba/F3-
EPO-R cells demonstrated dose-dependent growth in re-

sponse to EPO (Fig. 2B), consistent with previous reports (23,
44). Ba/F3-EPO-R(T) cells did not grow in response to EPO
but bound radiolabeled EPO at the cell surface (13). Ba/F3-
EPO-R cells infected with PLXSN-EPO-R(T) showed minimal
EPO-dependent growth (Fig. 2B). The inhibition of EPO-
dependent growth was confirmed with multiple, independently
isolated Ba/F3-EPO-R-EPO-R(T) subclones (see below).
Even at EPO concentrations as high as 5 nM, Ba/F3-EPO-R-
EPO-R(T) cells failed to grow in response to EPO. The
expression of the EPO-R(T) polypeptide did not affect the
growth of Ba/F3-EPO-R cells in response to IL-3, suggesting
that EPO-R(T) specifically inhibited EPO-R-mediated but not
IL-3-R-mediated proliferation (Fig. 2A).
The dominant negative EPO-R(T) polypeptide blocks

F-gp55-induced transformation of Ba/F3 cells. Previous stud-
ies showed that the envelope glycoprotein (F-gp55) of SFFV
binds to EPO-R and activates receptor signalling (21, 23).
While the bulk of the interaction between F-gp55 and EPO-R
occurs in an intracellular compartment (44), the complex of
F-gp55 and EPO-R has also been detected at the cell surface
(5, 16). We next tested EPO-R(T) for its ability to block
F-gp55-mediated activation of wild-type EPO-R. Parental
Ba/F3 cells, Ba/F3-EPO-R cells, or Ba/F3-EPO-R-EPO-R(T)
cells were infected with a retrovirus encoding F-gp55 (38).
Infected subclones were isolated by limiting dilution and
analyzed for IL-3-dependent or EPO-dependent growth (Fig.
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FIG. 2. The dominant negative EPO-R(T) polypeptide inhibits EPO-dependent growth but not IL-3-dependent growth. Ba/F3-EPO-R cells
growing in IL-3 medium were mock infected with PLXSN or infected with PLXSN-EPO-R(T) and selected in G418-containing IL-3 medium.
Individual subclones expressing EPO-R(T) (c) or not expressing EPO-R(T) (0) were isolated by limiting dilution. As controls, parental Ba/F3
cells (A) or Ba/F3 cells expressing only EPO-R(T) (no wild-type EPO-R; L) were examined. (A) Murine IL-3-dependent growth of the subclones.
(B) Recombinant human EPO-dependent growth of the subclones (1 pM EPO = 10 mU/ml). OD, optical density.

3). Ba/F3-EPO-R cells expressing F-gp55 were transformed to
growth factor independence (Fig. 3). Ba/F3-EPO-R-EPO-
R(T) cells expressing F-gp55 remained dependent on IL-3 for
growth (Fig. 3A) and failed to grow in response to EPO (Fig.
3B). No growth factor-independent subclones of Ba/F3-EPO-
R-EPO-R(T) were isolated following a number of independent
infections with the F-gp55-encoding virus.
We next analyzed four Ba/F3 subclones for the presence of

wild-type EPO-R, EPO-R(T), and F-gp55 polypeptide (Fig. 4).

Two Ba/F3-EPO-R subclones which grew in response to EPO
(Ba/F3-EPO-R subclones 1 and 2) expressed 66-kDa wild-type
EPO-R (Fig. 4, lanes 2 and 4). Two Ba/F3-EPO-R-EPO-R(T)
subclones which failed to grow in response to EPO [Ba/F3-
EPO-R-EPO-R(T) subclones 8 and 10] expressed both wild-
type EPO-R and EPO-R(T) (Fig. 4, lanes 1 and 3). All four
subclones analyzed by immunoprecipitation expressed similar
levels of wild-type EPO-R (Fig. 4, lanes 1 to 4). The Ba/F3-
EPO-R-EPO-R(T) subclone infected with F-gp55 was strictly
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FIG. 3. The dominant negative EPO-R(T) polypeptide blocks F-gp55-induced transformation of Ba/F3-EPO-R cells. Ba/F3 subclones

expressing either wild-type EPO-R (A), wild-type EPO-R plus EPO-R(T) (0), or no heterologous protein (L) were infected with a retroviral
supernatant encoding F-gp55 (38). F-gp55-expressing cells were isolated. (A) Murine IL-3-dependent growth of F-gp55-expressing cells. (B)
Recombinant human EPO-dependent growth of the same subclones. OD, optical density.
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FIG. 4. Expression of wild-type EPO-R, EPO-R(T), and F-gp55 in
infected Ba/F3 subclones. Ba/F3 cells expressing the indicated heter-
ologous polypeptides were metabolically labeled and lysed. 35S-labeled
polypeptides were immunoprecipitated with either an anti-EPO-R N
terminus antiserum (lanes 1 to 5) or an anti-F-gp55 antiserum (lanes 6
to 8) as previously described (38). Lanes: 2 and 8, Ba/F3-EPO-R
subclone 1; 4, Ba/F3-EPO-R subclone 2; 1 and 7, Ba/F3-EPO-R-EPO-
R(T) subclone 8; 3, Ba/F3-EPO-R-EPO-R(T) subclone 10; 5 and 6,
parental Ba/F3 cells.

A

dependent on IL-3 (Fig. 3A). However, F-gp55 was expressed
in Ba/F3-EPO-R subclone 1 (Fig. 4, lane 8) and Ba/F3-EPO-
R-EPO-R(T) subclone 8 (Fig. 4, lane 7). Therefore, the lack of
conversion of Ba/F3-EPO-R-EPO-R(T) subclone 3 to growth
factor independence is not due to a lack of F-gp55 protein
expression.

Overexpression of EPO-R(T) is required for the inhibition
of EPO-dependent growth but not for the inhibition of F-gpS5-
dependent transformation. To evaluate the importance of the
EPO-R(T) expression level to the dominant inhibitory effect,
we isolated several independent Ba/F3-EPO-R-EPO-R(T)
subclones (Fig. 5). Ba/F3-EPO-R cells were infected with
PLXSN-EPO-R(T), and 10 individual infected subclones [Ba/
F3-EPO-R-PLXSN-EPO-R(T) subclones] were isolated by
limiting dilution in G418-containing IL-3 medium (Fig. 5A).
These subclones expressed variable levels of EPO-R(T) in an
immunoprecipitation analysis with an anti-EPO-R N terminus
antiserum. Two subclones which expressed the lowest levels of
EPO-R(T) (Fig. 5A, lanes 4 and 6) grew in response to EPO,
while all other subclones were inhibited for EPO-dependent
growth. Increased expression of EPO-R(T) in all other sub-
clones probably resulted from the stronger promoter activity of
the PLXSN-EPO-R(T) vector than of the PXM-EPO-R vector
in Ba/F3 cells. These results suggested that the overexpression
of EPO-R(T) was required for the dominant inhibitory effect.
To confirm these results, parental Ba/F3 cells were trans-

fected by electroporation with PXM-EPO-R and/or PXM-
EPO-R(T) (Fig. 5B). After selection in G418-containing IL-3
medium, these cells were capable of growth in response to IL-3
or EPO. Since the same PXM promoter was utilized to express
both wild-type EPO-R and EPO-R(T), we expected similar
levels of expression. These transfected cells were metabolically
labeled, and the labeled proteins were immunoprecipitated
with an anti-EPO-R antiserum. Figure SB, lane 3, verifies that
the full-length EPO-R polypeptide (66 kDa) and EPO-R(T)
(29 kDa) were expressed in approximately equal amounts.
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FIG. 5. Overexpression of EPO-R(T) is required for dominant negative inhibition of EPO-dependent growth. Individual Ba/F3-EPO-R-EPO-
R(T) subclones were isolated by limiting dilution. Cells were metabolically labeled with [35S]methionine and [35SJcysteine, and immunoprecipi-
tation was performed with anti-EPO-R N terminus antiserum as previously described (13). Growth in response to IL-3 or EPO and transformation
by F-gp55 is shown by a plus sign. (A) Cell lines were as follows (lanes): Ba/F3 (1), Ba/F3-EPO-R (2), and Ba/F3-EPO-R-PLXSN-EPO-R(T)
subclones 1 to 10 (3 to 12). (B) Cell lines were as follows (lanes): Ba/F3-EPO-R (1), Ba/F3 (2), and Ba/F3-EPO-R-PXM-EPO-R(T) (3). The
migration of wild-type EPO-R and EPO-R(T) is shown by arrows.
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FIG. 6. The dominant negative EPO-R(T) polypeptide inhibits
EPO-dependent tyrosine phosphorylation of wild-type EPO-R. Ba/F3
subclones were starved for 4 h and then stimulated in the presence or
absence of IL-3 or EPO. Immunoprecipitation was performed with an

antiphosphotyrosine monoclonal antibody (4G10) (39). Immune com-

plexes were next analyzed on a Western blot with an antiserum against
the carboxy terminus of EPO-R. BaF3-EPOR-EPO(JF8) is an auto-
crine cell line and was used as a positive control. Stimulation was done
with no growth factor (lanes 1, 4, 7, and 10), IL-3 (lanes 2, 5, 8, and 11),
or EPO (lanes 3, 6, 9, and 12). Tyrosine-phosphorylated EPO-R is at
72 kDa (arrow). The doublet seen at 60 kDa in all lanes is nonspecific.
Molecular mass standards (in kilodaltons) are indicated.

Taken together, these results suggested that the overexpres-
sion of EPO-R(T) was required to observe dominant negative
activity.

All of these clones were then examined for F-gp55-depen-
dent transformation. Interestingly, all 10 Ba/F3-EPO-R-
PLXSN-EPO-R(T) subclones (Fig. 5A, lanes 3 to 12) and the
Ba/F3-EPO-R-PXM-EPO-R(T) subclone [isolated from Ba/
F3-EPO-R cells transfected with PXM-EPO-R(T)] (Fig. 5B,
lane 3) were resistant to transformation by F-gp55. As a

positive control, Ba/F3-EPO-R cells were transformed by
F-gp55 to EPO-independent growth (Fig. SA, lane 2, and Fig.
SB, lane 1). F-gp55 was expressed in all subclones, as shown by
metabolic labeling and immunoprecipitation (data not shown).
These results suggested that EPO-R(T) is a more effective
inhibitor of F-gp55-mediated transformation than of EPO-
dependent growth and that even low levels of EPO-R(T)
effectively block F-gp55-mediated transformation.
The dominant negative EPO-R(T) polypeptide inhibits

EPO-dependent tyrosine phosphorylation of wild-type EPO-R.
Previous studies showed that EPO induces the tyrosine phos-
phorylation of the cytoplasmic tail of EPO-R (9, 15, 27).
Tyrosine phosphorylation of EPO-R correlates with its mito-
genic signal. To identify the cellular level at which EPO-R(T)
exerts its inhibitory effect, we next assayed EPO-R tyrosine
phosphorylation in transfected cells (Fig. 6). Various Ba/F3
subclones were depleted of growth factor and stimulated with

JAK2
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_ _ Oft

-116
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FIG. 7. The dominant negative EPO-R(T) polypeptide inhibits
EPO-dependent tyrosine phosphorylation of JAK2. Ba/F3 subclones
were starved for 4 h and stimulated in the absence or presence of IL-3
or EPO. Immunoprecipitation was performed with an anti-JAK2
antibody (43). Immune complexes were next analyzed on a Western
blot with a monoclonal antibody (Ab) against phosphotyrosine (pTyr)
(4G10). The upper blot was stripped as described in Materials and
Methods. The blot was reprobed with the anti-JAK2 antibody as
shown. Cell lines analyzed were Ba/F3 transfected with either no
heterologous protein (lanes I to 3), Ba/F3-EPO-R (lanes 4 to 6),
Ba/F3-EPO-R-EPO-R(T) (lanes 7 to 9), and Ba/F3-EPO-R(T) (lanes
10 to 12). Stimulation was done with no growth factor (lanes 1, 4, 7,
and 10), IL-3 (lanes 2, 5, 8, and 11), or EPO (lanes 3, 6, 9, and 12).
Molecular mass standards are indicated. Ab, antibody.

either IL-3 or EPO. EPO, but not IL-3, stimulated the tyrosine
phosphorylation of EPO-R in Ba/F3-EPO-R cells (lane 6),
consistent with previous reports (9, 15, 27). In contrast, EPO
did not stimulate the tyrosine phosphorylation of EPO-R in
Ba/F3-EPO-R-EPO-R(T) cells (lane 9). As a positive control,
an autocrine cell line (39) expressing both EPO-R and EPO
(lane 13) demonstrated low levels of constitutive phosphory-
lation of the EPO-R polypeptide in the absence of exogenous
growth factor. These results demonstrate that EPO-R(T)
inhibits EPO-induced signal transduction at an early stage,
before EPO-R tyrosine phosphorylation.
The dominant negative EPO-R(T) polypeptide inhibits

EPO-dependent tyrosine phosphorylation of JAK2. Recent
studies have shown that EPO induces the rapid, dose-depen-
dent tyrosine phosphorylation of the 130-kDa cytoplasmic
tyrosine kinase (JAK2) (43). Tyrosine phosphorylation of
JAK2 correlates with mitogenesis. The effect of EPO-R(T) on
JAK2 activation was tested (Fig. 7). EPO stimulated the
tyrosine phosphorylation of JAK2 in Ba/F3-EPO-R cells (lane
6). In contrast, EPO failed to stimulate the tyrosine phospho-
rylation of JAK2 in Ba/F3-EPO-R-EPO-R(T) cells (lane 9).
EPO stimulation did not result in JAK2 tyrosine phosphoryla-
tion in Ba/F3 cells (lane 3) or Ba/F3-EPO-R(T) cells (lane 12).
Finally, IL-3 stimulation resulted in a rapid increase in tyrosine
phosphorylation in all four cell lines, as shown in lanes 2, 5, 8,
and 11. Equal amounts of JAK2 were found in each immune
complex (Fig. 7, JAK2 immunoblot). These results demon-
strate that EPO-R(T) blocks EPO-dependent signalling prior
to JAK2 tyrosine phosphorylation.
The dominant negative EPO-R(T) polypeptide inhibits

EPO-dependent tyrosine phosphorylation of Shc. The SH2
adaptor protein Shc (33) is tyrosine phosphorylated in re-
sponse to EPO-R activation (8, 10). The phosphorylation of
Shc leads to the binding of Grb2 (37), a 23-kDa adaptor
protein consisting of an SH2 domain sandwiched between SH3
domains (24). Grb2, in turn, binds the mammalian SOS protein
(6), which acts as a nucleotide exchanger, converting p2lras to
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FIG. 8. The dominant negative EPO-R(T) polypeptide inhibits
EPO-dependent tyrosine phosphorylation of Shc and the Grb2-Shc
association. Ba/F3 subclones were starved for 4 h and stimulated in the
absence or presence of IL-3 or EPO. Immunoprecipitation was

performed with an anti-Shc polyclonal antibody. Immune complexes
were directly analyzed by Western blotting with HRP-RC20 (pTyr).
Western blotting was then performed with the anti-Shc polyclonal
antibody. Finally, the membrane was incubated with an anti-Grb2
monoclonal antibody, and Western blotting was performed. Cell lines
analyzed were Ba/F3 transfected with no heterologous protein (lanes 1
to 3), Ba/F3-EPO-R (lanes 4 to 6), Ba/F3-EPO-R-EPO-R(T) (lanes 7
to 9), and Ba/F3-EPO-R(T) (lanes 10 to 12). Stimulation was done
with no growth factor (lanes 1, 4, 7, and 10), IL-3 (lanes 2, 5, 8, and 11),
or EPO (lanes 3, 6, 9, and 12). Molecular mass standards are indicated.
Ab, antibody.

the active GTP-bound state. In hematopoietic cells, Shc mi-
grates at 52 and 46 kDa, representing products of alternative
translational start sites (33). In Ba/F3-EPO-R cells, Shc was

phosphorylated in response to EPO (Fig. 8, lane 6). The
tyrosine phosphorylation of Shc was decreased in Ba/F3-EPO-
R-EPO-R(T) cells stimulated with EPO (lane 9). Ba/F3 and
Ba/F3-EPO-R(T) cells did not demonstrate the tyrosine phos-
phorylation of Shc in response to EPO (lanes 3 and 12,
respectively). IL-3 resulted in the rapid tyrosine phosphoryla-
tion of Shc in all subclones (lanes 2, 5, 8, and 11). Equivalent
amounts of Shc were immunoprecipitated from each cell lysate
(Fig. 8, Shc immunoblot). In each case, the activation of Shc
tyrosine phosphorylation resulted in the coimmunoprecipita-
tion of Grb2 (Fig. 8, Grb2 immunoblot).

DISCUSSION

We have studied the biological properties of EPO-R(T),
which contains only the Box 1 sequence (17) and thereby lacks
the critical positive regulatory domain previously described
(13, 19, 34). The overexpression of EPO-R(T) inhibits the
EPO-dependent growth induced by wild-type EPO-R and
blocks the transformation induced by F-gp55. The coexpres-
sion of the dominant negative form of EPO-R blocks the
EPO-dependent tyrosine phosphorylation of full-length
EPO-R and the EPO-dependent tyrosine phosphorylation of
the cytoplasmic effector proteins JAK2 and Shc. The tyrosine
phosphorylation of EPO-R and JAK2 has been shown to

correlate with mitogenic activity and sustained cell growth
(43).

Several possible mechanisms could account for the inhibi-
tory effect of EPO-R(T). First, EPO-R(T) may compete with
wild-type EPO-R for available EPO at the cell surface. This
mechanism seems unlikely, since inhibition by EPO-R(T) is
observed even at high (5 nM) concentrations of EPO. Second,
EPO-R(T), when overexpressed, may interfere with the nor-
mal biosynthesis and cell surface translocation of wild-type
EPO-R. This mechanism is unlikely, since wild-type EPO-R
and EPO-R(T) each demonstrate efficient cell surface trans-
port in singly transfected cells. Also, the expression of EPO-
R(T) has no effect on the level of expression of wild-type
EPO-R in infected cells, as judged by immunoprecipitation
(Fig. 4). Third, EPO-R(T) may compete with wild-type EPO-R
for binding to some unidentified cytoplasmic signalling protein.
Although EPO-R(T) contains the Box 1 sequence, earlier
studies showed that sequences carboxy terminal to Box I are
required for JAK2 activation (43). Recent studies demon-
strated that EPO-R and a truncated EPO-R identical in
structure to EPO-R(T), described here, could be efficiently
coimmunoprecipitated with an anti-EPO-R C terminus anti-
body (29). When these three possible mechanisms are taken
together, the dominant negative effect of EPO-R(T) is consis-
tent with a model of homodimerization or homooligo-
merization of wild-type EPO-R.

Interestingly, the coexpression of the EPO-R(T) polypep-
tide and the full-length EPO-R polypeptide also blocks the
F-gp55 transformation of Ba/F3 cells to growth factor inde-
pendence. There are multiple mechanisms which could ac-
count for this inhibition of F-gp55 transformation. First, the
overexpression of EPO-R(T) on the cell surface could inter-
fere with retroviral infection and the subsequent expression of
transduced F-gp55. This was not the case, however, since all
Ba/F3-EPO-R-EPO-R(T) subclones expressed F-gp55 follow-
ing infection. Second, F-gp55 could preferentially bind to
EPO-R(T); however, our results did not demonstrate the
coimmunoprecipitation of F-gp55 and EPO-R(T). Third,
EPO-R(T) could block the productive interaction between
EPO-R and F-gp55. This latter mechanism is supported by our
data (Fig. 3B). Our analysis of 10 independent subclones of
Ba/F3-EPO-R-EPO-R(T) cells (Fig. 5) demonstrated that
EPO-R(T) is a more effective inhibitor of F-gp55-mediated
growth than of EPO-mediated growth. Eight of the clones
failed to grow in response to EPO, but all 10 clones were
resistant to F-gp55 transformation. The presence of even a low
level of EPO-R(T) in the cells prevented the coimmunopre-
cipitation of F-gp55 and wild-type EPO-R. These results
suggest that EPO is a more potent activator of EPO-R than is
F-gp55, although other explanations are possible. Finally, the
demonstration of a dominant negative EPO-R(T) polypeptide
which blocks F-gp55-induced transformation further supports
the specific role that F-gp55 plays in Friend virus-induced
erythroleukemia.
EPO-R(T) specifically inhibits growth mediated by wild-type

EPO-R and not by the IL-3R complex. This fact suggests that
EPO-R(T) forms nonproductive oligomeric complexes with
wild-type EPO-R and not with components of the IL-3R
complex. Consistent with this model, the 1IL-3 or c polypep-
tides do not coimmunoprecipitate with EPO-R from Ba/F3 cell
lysates. In addition, EPO-R(T) does not appear to be inhibi-
tory by its interaction with some other signal-transducing
polypeptide which is common to the EPO-R and IL-3R
signalling pathways. Accordingly, the IL-3-induced tyrosine
phosphorylation of JAK2 and Shc in Ba/F3-EPO-R-EPO-R(T)
cells is normal.
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Finally, the activation of EPO-R results in the rapid, dose-
dependent tyrosine phosphorylation of EPO-R (9, 15, 27) and
of several cellular substrates (18, 35), including JAK2 (43) and
Shc (8, 10). Our data show that the overexpression of EPO-
R(T) specifically blocks early tyrosine phosphorylation events,
further supporting the critical importance of these proteins in
EPO-R-mediated signal transduction. Further studies will be
required to determine whether the dominant negative EPO-
R(T) polypeptide actually blocks the direct association of
JAK2 or Shc with EPO-R.

ACKNOWLEDGMENTS

We thank Michael Fisher for furnishing FACScan data, Brian
Druker for the gift of monoclonal antibody 4G10, and Bruce Witthuhn
and James Ihle for the anti-JAK2 antibody. We thank Chuck Stiles,
Bernard Mathey-Prevot, Martin Carroll, Kodimangalam Ravichand-
ran, and Sonya Penfold for comments on the manuscript, David
Franklin for assistance with computer graphics, and members of the
D'Andrea laboratory for helpful discussions.

This work was supported by grants from the NIH (award RO1 DK
43889-01) (to A.D.D.), the Sandoz Corp. (to A.D.D.), and the Alberta
Heritage Foundation for Medical Research (to D.L.B.). A.D.D. is a
Lucille P. Markey Scholar, and this work was also supported in part by
a grant from the Lucille P. Markey Charitable Trust.

REFERENCES

1. Amaya, E., T. J. Musci, and M. W. Kirschner. 1991. Expression of
a dominant negative mutant of the FGF receptor disrupts meso-
derm formation in Xenopus embryos. Cell 66:257-270.

2. Ben-David, Y., and A. Bernstein. 1991. Friend virus-induced
erythroleukemia and the multistage nature of cancer. Cell 66:831-
834.

3. Brakebusch, C., Y. Nophar, 0. Kemper, H. Engelmann, and D.
Wallach. 1992. Cytoplasmic truncation of the p55 tumor necrosis
factor (TNF) receptor abolishes signalling, but not induced shed-
ding of the receptor. EMBO J. 11:943-950.

4. Carroll, M. P., J. L. Spivak, M. McMahon, N. Weich, U. R. Rapp,
and W. S. May. 1991. Erythropoietin induces Raf-1 activation and
Raf-1 is required for erythropoietin-mediated proliferation. J.
Biol. Chem. 266:14964-14969.

5. Casadevall, N., C. Lacombe, 0. Muller, S. Gisselbrecht, and P.
Mayeux. 1991. Multimeric structure of the membrane erythropoi-
etin receptor of murine erythroleukemia cells. J. Biol. Chem.
266:16015-16020.

6. Chardin, P., J. H. Camonis, N. W. Gale, L. V. Aelst, J. Schless-
inger, M. H. Wigler, and D. Bar-Sagi. 1993. Human Sosl: a
guanine nucleotide exchange factor for Ras that binds to Grb2.
Science 260:1338-1343.

7. Cunningham, B. C., M. Ultsch, A. M. De Vos, M. G. Mulkerrin,
K. R. Clauser, and J. A. Wells. 1991. Dimerization of the
extracellular domain of the human growth hormone receptor by a

single hormone molecule. Science 254:821-825.
8. Cutler, R. L., L. Liu, J. E. Damen, and G. Krystal. 1993. Multiple

cytokines induce the tyrosine phosphorylation of Shc and its
association with Grb2 in hematopoietic cells. J. Biol. Chem.
268:21463-21465.

9. Damen, J., A. L.-F. Mui, P. Hughes, K. Humphries, and G.
Krystal. 1992. Erythropoietin-induced tyrosine phosphorylation
events in a high erythropoietin receptor-expressing lymphoid cell
line. Blood 80:1923-1932.

10. Damen, J. E., L. Liu, R. L. Cutler, and G. Krystal. 1993.
Erythropoietin stimulates the tyrosine phosphorylation of Shc and
its association with Grb2 and a 145-kD tyrosine phosphorylated
protein. Blood 82:2296-2303.

11. Damen, J. E., A. L.-F. Mui, L. Puil, T. Pawson, and G. Krystal.
1993. Phosphatidylinositol 3-kinase associates, via its Src homol-
ogy 2 domains, with the activated erythropoietin receptor. Blood
81:3204-3210.

12. D'Andrea, A. D., H. F. Lodish, and G. G. Wong. 1989. Expression
cloning of the murine erythropoietin receptor. Cell 57:277-285.

13. D'Andrea, A. D., A. Yoshimura, H. Youssoufian, L. I. Zon, J.-W.
Koo, and H. F. Lodish. 1991. The cytoplasmic region of the
erythropoietin receptor contains nonoverlapping positive and neg-
ative growth-regulatory domains. Mol. Cell. Biol. 11:1980-1987.

14. De Vos, A., M. Ultsch, and A. Kossiakoff. 1992. Human growth
hormone and extracellular domain of its receptor: crystal structure
of the complex. Science 255:306-312.

15. Dusanter-Fourt, I. N. C., C. Lacombe, 0. Muller, C. Billat, S.
Fischer, and P. Mayeux. 1992. Erythropoietin induces the tyrosine
phosphorylation of its own receptor in human erythropoietin-
responsive cells. J. Biol. Chem. 267:10670-10675.

16. Ferro, F., S. L. Kozak, M. E. Hoatlin, and D. Kabat. 1993. Cell
surface site for mitogenic interaction of erythropoietin receptors
with the membrane glycoprotein encoded by Friend erythroleuke-
mia virus. J. Biol. Chem. 268:5741-5747.

17. Fukunaga, R., E. Ishizaka-Ikeda, C.-X. Pan, Y. Seto, and S.
Nagata. 1991. Functional domains of the granulocyte colony-
stimulating factor receptor. EMBO J. 10:2855-2865.

18. Hanazono, Y., S. Chiba, K. Sasaki, H. Mano, Y. Yazaki, and H.
Hirai. 1993. Erythropoietin induces tyrosine phosphorylation and
kinase activity of the c-fps/fes proto-oncogene product in human
erythropoietin-responsive cells. Blood 81:3193-3196.

19. Hatakeyama, M., H. Mori, T. Doi, and T. Taniguchi. 1989. A
restricted cytoplasmic region of IL-2 receptor P chain is essential
for growth signal transduction but not for ligand binding and
internalization. Cell 59:837-845.

20. He, T.-C., H. Zhuang, N. Jiang, M. D. Waterfield, and D. M.
Wojchowski. 1993. Association of the p85 regulatory subunit of
phosphatidylinositol 3-kinase with an essential erythropoietin re-
ceptor subdomain. Blood 82:3530-3538.

21. Hoatlin, M. E., S. L. Kozak, F. Lilly, A. Chakraborti, C. A. Kozak,
and D. Kabat. 1990. Activation of erythropoietin receptors by
Friend viral gpS5. Proc. Natl. Acad. Sci. USA 87:9985-9989.

22. Kashles, O., Y. Yarden, R. Fischer, A. Ullrich, and J. Schlessinger.
1991. A dominant negative mutation suppresses the function of
normal epidermal growth factor receptors by heterodimerization.
Mol. Cell. Biol. 11:1454-1463.

23. Li, J., A. D. D'Andrea, H. Lodish, and D. Baltimore. 1990.
Activation of cell growth by binding of Friend spleen focus-
forming virus gpS5 glycoprotein to the erythropoietin receptor.
Nature (London) 343:762-764.

24. Lowenstein, E. J., R. J. Daly, A. G. Batzer, W. Li, B. Margolis, R.
Lammers, A. Ullrich, E. Y. Skolnik, D. Bar-Sagi, and J. Schless-
inger. 1992. The SH2 and SH3 domain-containing protein Grb2
links receptor tyrosine kinases to Ras signalling. Cell 70:431-442.

25. Mayeux, P., I. Dusanter-Fourt, 0. Muller, P. Mauduit, M. Sabbah,
B. Druker, W. Vainchenker, S. Fischer, C. Lacombe, and S.
Gisselbrecht. 1993. Erythropoietin induces the association of
phosphatidylinositol 3'-kinase with a tyrosine-phosphorylated pro-
tein complex containing the erythropoietin receptor. Eur. J.
Biochem. 216:821-828.

26. Miller, A. D., and G. J. Rosman. 1989. Improved retroviral vectors
for gene transfer and expression. BioTechniques 7:980-989.

27. Miura, O., J. L. Cleveland, and J. N. Ihle. 1993. Inactivation of
erythropoietin receptor function by point mutations in a region
having homology with other cytokine receptors. Mol. Cell. Biol.
13:1788-1795.

28. Miura, O., A. D'Andrea, D. Kabat, and J. N. Ihle. 1991. Induction
of tyrosine phosphorylation by the erythropoietin receptor corre-
lates with mitogenesis. Mol. Cell. Biol. 11:4895-4902.

29. Miura, O., and J. N. Ihle. 1993. Dimer- and oligomerization of the
erythropoietin receptor by disulfide bond formation and signifi-
cance of the region near the WSXWS motif in intracellular
transport. Arch. Biochem. Biophys. 306:200-208.

30. Murakami, M., M. Narazaki, M. Hibi, H. Yawata, K. Yasukawa,
M. Hamaguchi, T. Taga, and T. Kishimoto. 1991. Critical cyto-
plasmic region of the interleukin 6 signal transducer gpl3O is
conserved in the cytokine receptor family. Proc. Natl. Acad. Sci.
USA 88:11349-11353.

31. Mustelin, T., and P. Burn. 1993. Regulation of src family tyrosine
kinases in lymphocytes. Trends Biochem. Sci. 18:215-220.

32. Palacios, R., and M. Steinmetz. 1985. IL-3 dependent mouse

clones that express B220 surface antigen, contain Ig genes in

MOL. CELL. BIOL.



DOMINANT NEGATIVE ERYTHROPOIETIN RECEPTOR 2265

germ-line configuration, and generate B lymphocytes. Cell 41:727-
734.

33. Pelicci, G., L. Lanfrancone, F. Grignani, J. McGlade, F. Cavallo,
G. Forni, I. Nicoletti, F. Grignani, T. Pawson, and P. G. Pelicci.
1992. A novel transforming protein (Shc) with an SH2 domain is
implicated in mitogenic signal transduction. Cell 70:93-104.

34. Quelle, D. E., and D. M. Wojchowski. 1991. Localized cytosolic
domains of the erythropoietin receptor regulate growth signaling
and down-modulate responsiveness to granulocyte-macrophage
colony-stimulating factor. Proc. Natl. Acad. Sci. USA 88:4801-
4805.

35. Quelle, F. W., and D. M. Wojchowski. 1991. Proliferative action of
erythropoietin is associated with rapid protein tyrosine phosphor-
ylation in responsive B6SUt.EP cells. J. Biol. Chem. 266:609-614.

36. Redemann, N., B. Holzmann, T. von Ruden, E. F. Wagner, J.
Schlessinger, and A. Ullrich. 1992. Anti-oncogenic activity of
signalling-defective epidermal growth factor receptor mutants.
Mol. Cell. Biol. 12:491-498.

37. Rozakis-Adcock, M., J. McGlade, G. Mbamalu, G. Pellici, R. Daly,
W. Li, A. Batzer, S. Thomas, J. Brugge, P. G. Pelicci, J. Schless-
inger, and T. Pawson. 1992. Association of the Shc and Grb2/Sem5
SH2-containing proteins is implicated in activation of the Ras
pathway by tyrosine kinases. Nature (London) 360:689-692.

38. Showers, M. O., J. C. DeMartino, Y. Saito, and A. D. D'Andrea.
1993. Fusion of the erythropoietin receptor and the spleen focus-
forming virus gp55 glycoprotein transforms a factor-dependent
hematopoietic cell line. Mol. Cell. Biol. 13:739-748.

39. Showers, M. O., J.-F. Moreau, D. Linnekin, B. Druker, and A. D.
D'Andrea. 1992. Activation of the erythropoietin receptor by the
Friend spleen focus-forming virus gp55 glycoprotein induces con-
stitutive protein tyrosine phosphorylation. Blood 80:3070-3078.

40. Torti, M., K. M. Marti, D. A. Altschuler, K. Yamamoto, and E. G.
Lapetina. 1992. Erythropoietin induces p2lras activation and
p120GAP tyrosine phosphorylation in human erythroleukemia
cells. J. Biol. Chem. 267:8293-8298.

41. Ueno, H., H. Colbert, J. A. Escobedo, and L. T. Williams. 1991.
Inhibition of PDGF B receptor signal transduction by coexpres-
sion of a truncated receptor. Science 252:844-848.

42. Watowich, S., A. Yoshimura, G. D. Longmore, D. J. Hilton, Y.
Yoshimura, and H. F. Lodish. 1992. Homodimerization and
constitutive activation of the erythropoietin receptor. Proc. Natl.
Acad. Sci. USA 89:2140-2144.

43. Witthuhn, B. A., F. W. Quelle, 0. Silvennoinen, T. Yi, B. Tang, 0.
Miura, and J. N. Ihle. 1993. JAK2 associates with the erythropoi-
etin receptor and is tyrosine phosphorylated and activated follow-
ing stimulation with erythropoietin. Cell 74:227-236.

44. Yoshimura, A., A. D. D'Andrea, and H. F. Lodish. 1990. Friend
spleen focus-forming virus glycoprotein gp55 interacts with the
erythropoietin receptor in the endoplasmic reticulum and affects
receptor metabolism. Proc. Natl. Acad. Sci. USA 87:4139-4143.

45. Yoshimura, A., G. Longmore, and H. F. Lodish. 1990. Point
mutation in the exoplasmic domain of the erythropoietin receptor
resulting in hormone-independent activation and tumorigenicity.
Nature (London) 348:647-649.

VOL. 14, 1994


