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The cytoplasmic domain of the erythropoietin receptor (EpoR) contains a region, proximal to the
transmembrane domain, that is essential for function and has homology with other members of the cytokine
receptor family. To explore the functional significance of this region and to identify critical residues, we

introduced several amino acid substitutions and examined their effects on erythropoietin-induced mitogenesis,
tyrosine phosphorylation, and expression of immediate-early (c-fos, c-myc, and egr-1) and early (ornithine
decarboxylase and T-cell receptor 'y) genes in interleukin-3-dependent cell lines. Amino acid substitution of
W-282, which is strictly conserved at the middle portion of the homology region, completely abolished all the
functions of the EpoR. Point mutation at L-306 or E-307, both of which are in a conserved LEVL motif,
drastically impaired the function of the receptor in all assays. Other point mutations, introduced into less
conserved amino acid residues, did not significantly impair the function of the receptor. These results
demonstrate that conserved amino acid residues in this domain of the EpoR are required for mitogenesis,
stimulation of tyrosine phosphorylation, and induction of immediate-early and early genes.

The growth and differentiation of hematopoietic cells are

regulated by various cytokines which act through specific
receptors (3, 22). Most of the hematopoietic growth factor
receptors, including the receptor for erythropoietin (EpoR),
belong to a cytokine receptor family (2, 6). Members of this
family characteristically have four conserved cysteine resi-
dues and the WSXWS motif in the extracellular domain. The
WSXWS motif has been suggested to be critical for the
folding of the extracellular domain of the interleukin-2 re-

ceptor Pi subunit (IL-2,BR) (26). In contrast, the intracellular
domains of these receptors are quite different and do not
contain motifs that would indicate potential functions in
signal transduction. Recently, however, limited sequence
similarity has been noted within the cytoplasmic domains of
several of the hematopoietic growth factor receptors (11, 26,
27). The functional significance of these regions has not been
established.
The signal-transducing events that are activated by stim-

ulation of hematopoietic growth factor receptors have been
extensively studied and have provided evidence for a role for
tyrosine phosphorylation in growth regulation. In particular,
constitutively activated tyrosine kinases abrogate the re-

quirement of hematopoietic cells for growth factors (21, 28),
and temperature-sensitive mutants confer a conditional re-

quirement for growth factors (4, 18). A number of hemato-
poietic growth factors, including Epo, have been shown to
rapidly induce tyrosine phosphorylation (24, 30). Strikingly,
different growth factors, such as Epo and interleukin-3
(IL-3), induce the phosphorylation of a comparable set of
substrates (24). A correlation has been shown between
mitogenesis and the ability to induce tyrosine phosphoryla-
tion among a series of carboxyl and internal deletions of
EpoR (24).
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Although hematopoietic growth factor receptors induce
tyrosine phosphorylation, little is known about the tyrosine
kinases that may associate with the receptors and be in-
volved in mitogenesis. The simplest hypothesis is that a

tyrosine kinase physically associates with members of the
cytokine receptor family. The similar response that is in-
duced by various growth factors has been interpreted to
indicate that common, or highly related, tyrosine kinases
associate with different receptors. Recently several studies
have shown an association of Ick with IL-213R (13) or

activation of Ick kinase activity following IL-2 binding (16).
However, Ick associates with a region of the receptor that is
not required for a mitogenic response (13), and IL-2PR
induces mitogenesis in cells that do not express Ick. There-
fore, it is likely that other domains within the receptor may
associate with different tyrosine kinases to initiate a mito-
genic response.

Several studies have begun to define the domains of
hematopoietic growth factors that are required for mitogen-
esis. These studies have shown that the carboxyl half of the
cytoplasmic domain is not required for a mitogenic response
for the interleukin-6 receptor (IL-6R)-associated gp130 (27),
granulocyte colony-stimulating factor (G-CSF) receptor (11),
IL-213R (14), or EpoR (8, 24, 29). However, in Ba/F3 cells,
the cytoplasmic tail of the EpoR can inhibit the mitogenic
response (8), and in FDC-P1 cells, it down-modulates the
action of the granulocyte-macrophage colony-stimulating
factor receptor (29). Internal deletions and point mutations
have begun to focus attention on a region of the cytoplasmic
domain that shows limited sequence identity among a num-
ber of the hematopoietic growth factor receptors (11, 26, 27).
This region is of particular interest since many of the
receptors mediate comparable events in cells and are thus
speculated to associate with common signal-transducing
proteins. Consistent with this view, some chimeric receptors
have been shown to retain the ability to induce mitogenesis
(37). Deletion of a 20-amino-acid or a 46-amino-acid segment
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within the conserved region in the EpoR (24) or IL-2PR (14),
respectively, inactivates these receptors. Moreover muta-
tions in conserved sequences in this region of the IL-2PR
(26) or the IL-6R-associated gp130 (27) can inactivate recep-
tor function. To extend these studies, we have constructed a
series of mutants of the EpoR containing point mutations in
conserved amino acids and demonstrate that these changes
can inactivate receptor function, as assessed by the ability to
induce mitogenesis, to stimulate tyrosine phosphorylation,
and to induce immediate-early and early response genes.

MATERIALS AND METHODS

Cells and reagents. DA-3 cells, an IL-3-dependent-cell line
derived from a primary Moloney murine leukemia virus-
induced leukemia (17), were maintained as described previ-
ously (24). DA3/EpoR-Wt, a clone of DA-3 cells expressing
the EpoR obtained by transfecting the wild-type (wt) EpoR
cDNA, has been previously described (24). A clone of 32Dcl
cells that has been previously described (23) was used in
these studies. An expression plasmid for the murine EpoR,
pXM-EpoR, and a rabbit polyclonal antipeptide antiserum
directed against the amino terminus of the murine EpoR
have also been previously described (7, 35). Recombinant
human Epo was kindly provided by Amgen Biological
(Thousand Oaks, Calif.). All other reagents were purchased
from commercial sources unless otherwise noted.

Construction of expression plasmids for EpoR mutants and
transfection into DA-3 cells. Site-directed mutagenesis of
amino acids within the region of the EpoR showing homol-
ogy with the IL-23 receptor chain was carried out by
primer-mediated mutagenesis using the polymerase chain
reaction (PCR) method as described by Higuchi (15). In
brief, two complementary primers having a mutation to be
introduced were synthesized and used in combination with
one of two primers on either side of the cloning site of the
pXM vector for the first-step PCR. After purification from
agarose gels, the two PCR products were mixed and sub-
jected to the second-step PCR, using the two primers en-
compassing the cloning site. The final product was then
subcloned into the pXM vector, and the presence of the
introduced mutation as well as the integrity of the resulting
plasmid was confirmed by DNA sequencing using primers
within the EpoR cDNA and by digestion with restriction
enzymes. Constructed expression plasmids were transfected
into DA-3 and 32Dcl cells with the pSV2neo plasmid by the
electroporation method, and clones were selected for the
resistance to G418 as described previously (24). Clones that
expressed the most cell surface EpoR were then selected by
binding assays with 125I-Epo as described previously (24)
and subjected to the following studies.

Analysis of the mutant EpoRs by 1251-Epo binding and
immunoprecipitation studies. Iodination of Epo by using
IODO-BEADS (Pierce) and binding assay of the receptors
with 1251I-Epo for the Scatchard plot were carried out as
described previously (24). Synthetic labeling of the EpoR
and immunoprecipitation of the receptor with a rabbit anti-
murine EpoR antiserum were carried out as described pre-
viously (24) except that a mixture of [35S]methionine and
[35S]cysteine (Tran35S-Label; ICN), instead of pure [35S]me-
thionine, was used to label cells for 2 h.

Proliferation assays. The proliferation of DA-3 and 32Dcl
transfectants in response to IL-3 or Epo was determined by
[3H]thymidine incorporation as described previously (24).
Immunoblotting. For immunoblot analysis with an an-

tiphosphotyrosine monoclonal antibody, 4G10 (U.S. Bio-

chemical), cells were washed free of IL-3, cultured over-
night, and left unstimulated as a control or stimulated with a
saturating concentration of Epo or IL-3. Cells were then
lysed in the lysis buffer previously described for analysis of
phosphotyrosyl proteins by immunoprecipitation (24). After
clarification by spinning at 15,000 rpm for 20 min in a
refrigerated microcentrifuge, lysates were mixed with equal
volumes of 2x Laemmli's sodium dodecyl sulfate (SDS)
sample buffer and heated at 100°C for 5 min. A sample from
4 x 105 cells was applied to each well of SDS-8.5% polyac-
rylamide gels, electrophoresed, and blotted onto nitrocellu-
lose membranes. Membranes were probed with the 4G10
antibody followed by detection with an ECL Western immu-
noblotting detection system (Amersham).
To examine the tyrosine phosphorylation of the EpoR, the

receptors were first purified by immunoprecipitation with a
rabbit antiserum raised against a bacterial recombinant pro-
tein containing the cytoplasmic region of the EpoR. The
receptors were then electrophoresed on SDS-polyacrylam-
ide gels and blotted onto nitrocellulose membranes. Mem-
branes were first probed with the 4G10 antibody as described
above. The filters were then treated with stripping buffer
(100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCI
[pH 6.7]) at 50°C for 30 min and were subsequently probed
with the antiserum against the recombinant EpoR.

Isolation and analysis of RNA. Cells were washed free of
IL-3, cultured for 24 h, and then stimulated with IL-3 or Epo
for various periods. Total RNA was extracted from cells and
analyzed by Northern (RNA) blotting as described previ-
ously (4). The DNA probes used for analyses were a 950-bp
XbaI-SstI mouse c-myc exon 2 fragment, a 1.6-kb BamHI-
EcoRI mouse ornithine decarboxylase (ODC) cDNA frag-
ment, and a 1.8-kb PstI fragment of the chicken ,-actin
cDNA. The probe for egr-1 was a 1.4-kb EcoRI fragment of
the murine cDNA. The probe for the nonrearranged y T-cell
receptor locus (TCR-y) was a PstI 600-bp murine genomic
fragment that detects the constant region of TCRy1-3 (34).

RESULTS

Site-directed mutagenesis of EpoR and expression in IL-3-
dependent myeloid cells. We have previously identified re-
gions of the EpoR that are critical for mitogenic activity by
carboxyl and internal deletions (24). Of particular interest
was an internal deletion of 20 amino acids (L-281 to E-300) in
the EpoR-PB mutant which completely inactivated the re-
ceptor for mitogenesis. As shown in Fig. 1B, this region
shows similarity to a region of the IL-213 receptor that had
also been shown to be required for an IL-2 mitogenic
response (14). Also shown for comparison are the sequences
for several other hematopoietic growth factor receptors. If
this region is important for receptor function, point muta-
tions would be anticipated to affect function and might allow
the identification of critical residues. Since essential residues
would be anticipated to be conserved, we explored the
effects of changing the most highly conserved residues. Of
particular interest were (i) the sequence Q-280-L-281-W-
282-L-283, which contains the W-282 residue that is con-
served in several hematopoietic growth factors (27), (ii) the
conserved sequence S-293-P-294, (iii) the conserved se-
quence P-299-E-300, and (iv) the sequence L-306-E-307-V-
308-L-309, which contains the highly conserved L and E
residues. To assess these regions, the indicated mutations
were introduced and the mutant EpoR cDNAs were inserted
into the pXM expression plasmid. The resulting constructs
were cotransfected with pSV2neo into an IL-3-dependent
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FIG. 1. Schematic structure of the EpoR and point mutations introduced into the cytoplasmic domain of the EpoR that has homology to
the IL-2 receptor chain. (A) Schematic representation of the EpoR. A black box shows the transmembrane domain (TM) of the receptor. A
hatched box indicates the cytoplasmic region that shows homology with the IL-2p receptor chain and various other receptors belonging to
the cytokine receptor family. AA, Amino acids. (B) Comparison of the sequences of various hematopoietic growth factor receptors and
positions of the point mutations introduced by site-directed mutagenesis. Sequence alignment between the murine EpoR (7) and the murine
IL-2p receptor chain (19) within the hatched area of the EpoR shown in panel A. A match of the amino acid residue between the murine EpoR
(mEpoR) and the human IL-2 receptor chain is indicated by . For comparison, the sequences of the comparable regions of the murine IL-3R
(mIL-3R, AIC2B), the murine G-CSF receptor, the murine receptors for IL-4 and IL-7, and the IL-6R-associated 130-kDa glycoprotein
(hgpl3O) are shown. Previously defined regions of homology, termed homology boxes 1 and 2, are shown (27). The underlined amino acids
were deleted in the mitogenically detected EpoR-PR mutant (24) or in a mitogenically inactive mutant of the IL-2PR (14).

cell line, DA-3. Transfected clones were selected for resis-
tance to G418, and individual clones that bound the highest
levels of 1251I-Epo were selected for further studies. The
clones are designated according to the point mutations that
they express, e.g., DA3/EpoR-Q280L.

Expression of the mutant receptors was first examined by
immunoprecipitation from metabolically labeled cells. As
shown in Fig. 2, the wt EpoR appeared as a mature, 66-kDa
form and smaller immature or unglycosylated forms, consis-
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FIG. 2. Expression of the wt and mutant EpoRs in DA-3 trans-
fectants. Parental DA-3 cells and those expressing wild-type or

mutant EpoR were metabolically labeled with a mixture of [35S]me-
thionine and [35S]cysteine, and the EpoR was immunoprecipitated
with an antiserum against the amino terminus of the EpoR. Immu-
noprecipitated receptors were subjected to SDS-8.5% PAGE fol-
lowed by fluorography. Positions of size standards (in kilodaltons)
are shown at the right. (A) Lanes: 1, parental DA-3; 2, DA3/EpoR-
Wt; 3, DA3/EpoR-Q280L; 4, DA3/EpoR-W282R; 5, DA3/EpoR-
S293R; 6, DA3/EpoR-E300V; 7, DA3/EpoR-E307K; 8, DA3/EpoR-
E307A. (B) Lanes: 1, DA3/EpoR-Wt; 2, DA3/EpoR-L306R; 3,
parental DA-3.

tent with previous reports (24, 35). All of the mutant recep-
tors were expressed at levels comparable to that of the wt
EpoR. The three receptors with point mutations in the
amino-terminal region migrated comparably to the wt EpoR,
while the four receptors with mutations in the carboxyl-
terminal region migrated slightly faster than the wt EpoR.
The number and affinity of the Epo binding sites were
analyzed by Scatchard plots of binding data (Table 1). All of
the clones exhibited a single class of binding sites with an
apparent affinity of 700 to 1,200 pM. Most of the clones
expressed from 400 to 1,200 binding sites per cell, while the
clones expressing the E300V and E307A mutations ex-
pressed 70 and 240 binding sites per cell, respectively.

Functional analysis of EpoRs containing point mutations.
Expression of the wt EpoR in DA-3 cells confers Epo-
dependent growth without inducing erythroid differentiation
(24). The ability of Epo to induce [3H]thymidine incorpora-
tion in clones of cells expressing EpoR mutants is shown in
Fig. 3; the results are standardized to the maximal response

TABLE 1. Number and affinity of mutant EpoRs expressed in
DA3 transfectant clones

Construct No. of sites/cell KD (pM)

wt 1,100 410
Q280L 430 900
W282R 770 1,200
S293R 820 1,100
E300V 70 780
L306R 770 760
E307K 240 700
E307A 1,200 1,100
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FIG. 3. Transduction of the growth signal through mutant
EpoRs. DNA synthesis by DA-3 cells expressing the wt EpoR or
various mutant EpoRs with point mutations, as designated under the
x axis, was measured by the [3H]thymidine (3H-TdR) incorporation
assay as described in Materials and Methods. Increase in [3H]thy-
midine uptake induced by Epo stimulation is expressed as a per-
centage of that induced by the maximal stimulatory level of IL-3 (25
U/ml). Measurements were done in triplicate, and standard devia-
tions are shown by vertical lines.

to IL-3. In the QLWL conserved sequence, mutation of
Q-280 to L had only a marginal effect on the response. By
contrast, mutation of W-282 to R completely inactivated the
receptor for either [3H]thymidine incorporation or long-term
growth (data not shown). Mutation of either the conserved
S-293 residue to R or E-300 to V had only a marginal effect
on the response. Within the conserved LEVL sequence,
mutation of either L-306 to R or E-307 to K significantly
affected the [3H]thymidine response. In addition, these
clones grew only slowly in the presence of Epo but, unlike
the W282R mutation, could be maintained for long periods of
time (data not shown). In contrast, mutation of E-307 to A
had very little effect on receptor function, indicating that it
was the introduction of a positively charged residue into the
domain that affects function rather than the loss of a negative
charge.

Effects of point mutations on induction of tyrosine phospho-
rylation. Our previous studies demonstrated a correlation
between mitogenesis and the induction of tyrosine phospho-
rylation with a series of carboxyl and internal deletion
mutations (24). To extend this observation, we examined the
EpoRs with point mutations for induction of tyrosine phos-
phorylation in response to Epo, using an antiphosphoty-
rosine monoclonal antibody (4G10) in Western blot analysis
(Fig. 4). In our previous studies (24), using the 1G2 mono-
clonal antibody in immunoprecipitation assays and two-
dimensional SDS-polyacrylamide gel electrophoresis
(PAGE) analysis, Epo stimulation of the wt EpoR consis-
tently induced tyrosine phosphorylation of 92- and 56-kDa
proteins. Tyrosine phosphorylation of a 70-kDa protein was
more variably seen. Lastly, an inducible, acidic 72-kDa
protein was shown to be EpoR and was phosphorylated in
response to Epo but not in response to IL-3 (24). Consistent
with these studies, inducible phosphorylated proteins of 92
and 56 kDa, as well as proteins in the 70/72-kDa range, were
seen by Western blot analysis. The phosphorylation of EpoR
was not readily detectable by one-dimensional SDS-PAGE
and therefore was evaluated as described below. The Q280L
and E307A mutants, which had mitogenic responses of
approximately 70 and 100% of that seen with IL-3, showed
patterns of tyrosine phosphorylations that were comparable
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FIG. 4. Induction of protein tyrosine phosphorylation by mutant
EpoRs. DA-3 cells expressing the wt EpoR or various mutant
EpoRs, as designated above the lanes, were depleted of IL-3 for 12
h and left unstimulated as a control (C) or stimulated with Epo (Ep)
or IL-3 (IL3). Cell lysates were separated by SDS-PAGE, blotted
onto a nitrocellulose membrane, and immunoblotted with an an-
tiphosphotyrosine monoclonal antibody as described in Materials
and Methods. Phosphotyrosyl proteins induced by stimulation are
indicated by arrows at the left, and positions of size markers (in
kilodaltons) are shown at the right.

to that seen with IL-3. However, induction of the 70-kDa
protein was less apparent in the E307A mutant in response to
both Epo and IL-3. Variation in the extent of phosphoryla-
tion of the proteins in the 70/72-kDa range is often seen for
unknown reasons. With the mutants S293R and E300V,
which had mitogenic responses of approximately 90 and 80%
of that seen with IL-3, 92-, 72/70-, and 56-kDa proteins were
induced but to a lower extent than seen with IL-3. The basis
for the lower Epo response in these clones is not known but
is probably not related to the levels of receptor expression
since S293R expresses 820 sites per cell while E300V ex-
presses 70 sites per cell, compared with the other mitogeni-
cally active mutants, which express 240 and 430 sites per
cell. In contrast to the mutants mentioned above, no induc-
tion of the 92-, 72/70-, or 56-kDa protein was detected in
these or additional experiments with the mitogenically im-
paired mutants W282R, L306R, and E307K.
One of the substrates of tyrosine phosphorylation is the

carboxyl region of the EpoR (24, 36). We therefore examined
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A Or Wt W282R Or L306R E307A E307K mutants which lacked 108 (EpoR-H) or 146 (EpoR-S) amino
C C E I C E C C E C E C E acids. Lastly, we included an internally deleted mutant

--_ - 69- (EpoR-PB) that lacks amino acids L-281 to E-300 and which
Anti-PY is mitogenically inactive. The latter mutants were included

to explore the possibility that the EpoR carboxyl domain
might uniquely contribute to the signal transduction path-
ways that affect expression of one or more of the genes

B examined. Examples of the results are shown in Fig. 6, and
a summary of all of the results is presented in Table 2. In

69- 1 either DA-3 or 32Dcl cells containing the wt EpoR, stimula-
Anti-EpoR _ tion with Epo induced the transient expression of c-fos and

induced the expression of c-myc, TCR-y, and ODC compa-
rable to the response seen with IL-3. Similarly, in 32Dcl cells

FIG. 5. Induction of tyrosine phosphorylation of the EpoR- with the wt EpoR, Epo induced the expression of the egr-1
Parental DA-3 cells (Or) and those expressing the wt or mutant ' * * * * -

EpoR, as indicated above the lanes, were deprived of IL-3 for 12 h gene comparably to IL-3. This gene is not inducible in the
and stimulated with a saturating concentration of Epo (E) or IL-3 (I) parental cells or derivatives of the DA-3 cell line. Compara-
for 10 min or left unstimulated as a control (C). The EpoRs were ble responses were seen in all cases with clones of cells
then immunoprecipitated and resolved on an SDS-6% (left) or expressing the mitogenic versus nonmitogenic EpoRs. For
SDS-7.5% (right) polyacrylamide gel for Western blot analysis with example, a carboxyl truncation of 108 amino acids (EpoR-H)
the antiphosphotyrosine (Anti-PY) antibody 4G10 (A) and subse- which did not affect mitogenicity (24) gave a pattern compa-
quently with EpoR antiserum (B) as described in Materials and rable to that of the wt receptor. In contrast, a carboxyl
Methods. Positions of the major species of the tyrosine-phosphory- truncation of 146 amino acids (EpoR-S), which inactivates
lated receptors (A) and the major EpoR forms (B) are shown by the receptor when expressed in DA-3 cells, failed to induce
arrows. Positions of 69-kDa size marker are also shown. The bands c-fos, ODC, or TCRy and caused only a marginal induction
at the bottom of the gels in panel B represent the rabbit immuno- of c-myc. For unknown reasons, the EpoR-S mutant is
globulin. oc-ycFounnw resn,teER-mtati

mitogenically active in clones of 32Dcl cells, and in these
cells, Epo induced c-myc, TCRy, and ODC comparable to
the response to IL-3. However, there was no induction of

the phosphorylation of the EpoRs with point mutations. In egr-1 and only a marginal induction of c-fos. The EpoR-PB
these experiments, EpoR was immunoprecipitated from mutant was not mitogenically active in either cell line, and
cells expressing the wt EpoR or one of the mutant receptors Epo stimulation of cells containing this mutant did not
following Epo stimulation, and the immunoprecipitates were induce expression of any of the genes examined. Impor-
resolved by SDS-PAGE. The proteins were transferred to tantly, point mutations that inactivated the receptor for
nitrocellulose filters and were first probed with the 4G10 mitogenic activity and for induction of tyrosine phosphory-
antiphosphotyrosine monoclonal antibody. The antibody lation (W282R and L306R) also inactivated the receptor for
was then removed by denaturation, and the filters were induction of the immediate-early or early gene expression.
probed again with the anti-EpoR antiserum to confirm that These results demonstrate that a comparable domain of the
comparable amounts of the receptors were present on the receptor is required for mitogenesis, tyrosine phosphoryla-
filters irrespective of Epo stimulation. As shown in Fig. 5, tion, and immediate-early and early gene expression.
tyrosine phosphorylation of the wt EpoR was specifically
induced by stimulation with Epo but not with IL-3; the major DISCUSSION
species of the tyrosine-phosphorylated receptor appeared as
72 kDa, in accordance with our previous observation (24). These studies were initiated to identify critical amino acids
Epo stimulation also induced tyrosine phosphorylation of in the region of the EpoR that are required for mitogenesis
the mutant receptors that are intact in transducing a mito- and initially focused on the most conserved amino acids
genic signal (E370A in Fig. 5 and data not shown). In within this region. The mutations within the LEVL se-
contrast, the mitogenically impaired mutants did not show quence, in what has been termed the conserved box 2 region
any detectable phosphorylation (W282R and L306R in Fig. (27), were of particular interest. Two mutations, L306R and
5) or showed only a faintly detectable phosphorylation in a E307K, significantly affected receptor function, while the
film exposed longer (E307K; data not shown). Taken to- mutation E307A had little effect. Because of the amino acid
gether, the results provide further evidence for a correlation substitutions examined, it is likely that inactivation of the
of tyrosine phosphorylation and mitogenic activity and iden- receptor was due to the introduction of a positively charged
tify critical residues within the conserved domain that are residue. Mutation of the equivalent residue of L-306 to P in
required for induction of tyrosine phosphorylation. the IL-2,R inactivated the receptor, suggesting that this

Effects of point mutations on expression of immediate-early region may also be important in the IL-2,R (26). In the
and early genes following Epo stimulation. One of the conse- IL-6R-associated gp130, carboxyl truncations distal to box 2
quences of IL-3 stimulation is the induction of the transcrip- were found to not affect function, while carboxyl truncations
tion of the immediate-early genes c-myc (1, 5, 9), egr-1 within or immediately proximal to box 2 inactivate the
(unpublished data), and c-fos (5) and of the early response receptor (27), indicating that box 2 is the most distal region
genes encoding ODC (1) and TCR-y (34). To determine that is required for receptor function. Therefore, the data are
whether comparable regions of the EpoR were required for consistent with a possible functional role for the box 2 region
mitogenesis, tyrosine phosphorylation, and the induction of in the three receptors examined to date.
immediate-early and early genes, we assessed a series of The most striking mutation obtained in our studies was
EpoR mutants for the ability to induce these genes in either mutation of the highly conserved W-282 to R, which com-
DA-3 or 32Dcl cells. For these studies, we utilized the pletely inactivated the receptor. Previous studies with the
W282R and L306R mutants as well as carboxyl-truncated IL-2PR (26) and the IL-6R-associated gpl30 (27) did not
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EpoR-WT EpoR-H EpoR-S EpoR-W282R

*IL-3 *Epo
1 2 3 4 2 3 4

c-myc 9,9 9

c-fos

+Epo +Epo +Epo
1 2 3 4 1 2 3 4 1 2 3 4

V94..
as

ODC W **l

TCRY1-3
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FIG. 6. Induction of immediate-early and early genes by Epo stimulation in DA-3 cells expressing the wt or mutant EpoR. DA-3 cells
expressing the wt or mutant EpoR, as indicated above the lanes, were removed from IL-3 for 24 h (lane 1) and stimulated with IL-3 or Epo
for 30 min and 2 h (lanes 2 to 4, respectively). Total RNA was extracted from cells and subjected in quadruplication to Northern blot analysis
using the indicated probes as described in Materials and Methods.

include mutations of this residue, although the studies with
the IL-2,BR included a mutation of the carboxyl-flanking L to
a P, which did not affect receptor function. Because of the
striking similarity of the EpoR and IL-2pR in this region, we
introduced the comparable mutation into the IL-20R (data
not shown). This construct was not evaluated in the DA-3
cells because transfection of wt IL-2,BR confers only a weak
IL-2 responsiveness. However, transfection of wt IL-2PR
into 32Dcl cells does confer the ability to respond to IL-2. In
32Dcl cells, a mutated IL-2,R, containing the W-to-R mu-
tation, was functionally intact. Therefore, the conservation
of particular amino acids among various hematopoietic
growth factor receptors may not necessarily imply a func-
tional role in all receptors. Alternatively, specific amino acid
substitutions may not have comparable effects within the
context of specific receptors.

Mutations within the conserved S-293-P-294 (S293R) or
P-298-E-300 (E300V) amino acids did not affect function.
The mutations that were introduced were chosen to opti-
mally change the region by introducing a charged residue or
removing a charged residue. In the IL-21R, changing the
position comparable to P-298 toA had only a partial effect on
function (26).

Hematopoietic receptors mediate a number of biological
functions, and therefore different regions of the receptor
may function to couple ligand binding to initiation of specific
biological responses. In the case of the EpoR, studies have
demonstrated that the carboxyl-terminal domain negatively
affects receptor function in Ba/F3 cells (8). Similarly, the

IL-21R contains a carboxyl-terminal domain that binds Ick
but is not required for mitogenesis (13). This concept is also
illustrated with receptors for epidermal growth factor, plate-
let-derived growth factor, or colony-stimulating factor 1,
which have been shown to have multiple domains with
which signal-transducing proteins interact (19, 33). For ex-
ample, point mutations in the colony-stimulating factor 1
receptor have been shown to compromise c-myc induction
and mitogenesis without affecting other responses of ligand
binding (31, 32). Our studies examined the effects of point
mutations and deletions on the ability of the receptor to
induce tyrosine phosphorylation or to induce the expression
of immediate-early and early response genes. If different
regions were involved in these responses, some of the
mutations might be expected to affect one but not another
response.
Mutations that eliminated the mitogenic response also

eliminated induction of tyrosine phosphorylation. These
findings extend our previous studies (24) and further suggest
a critical role for tyrosine phosphorylation in receptor func-
tion. The observation that point mutations can concomi-
tantly eliminate the phosphorylation of all of the normal
substrates, including the phosphorylation of the receptor,
suggests that a single domain may be required for association
with a kinase or a signal-transducing protein rather than
affecting the ability of different substrates to associate with
the receptor at multiple sites.

Mutations that eliminated the mitogenic response also
eliminated the induction of immediate-early and early gene
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TABLE 2. Induction of immediate-early and early genes in cells
expressing various EpoRs and EpoR mutantsa

Mitogenic Expression
Cell line Receptor response

(%) c-myc c-fos egr-1 ODC TCRy

DA-3 wt EpoR 100 ++ ++ NE ++ ++
EpoR-H 40 + + + + NE + + + +
EpoR-S <5 + - NE - -
EpoR-PB <5 - - NE - -
EpoR-L306R 10 - - NE - -
EpoR- <5 - - NE - -
W282R

32Dcl wt EpoR 100 ++ + + ++ + + + +
EpoR-H 100 ++ ++ ++ ++ ++
EpoR-S 70 ++ +1- - ++ ++
EpoR-PB <5 - - - - -

a Results are those from the experiments shown in Fig. 6 as well as
additional studies that are not shown. Clones of either DA-3 or 32Dcl cells that
expressed the indicated receptors were obtained. The mitogenic response is
given as a percentage of the response seen with IL-3. The relative levels of
induction of the indicated genes represent the values seen at 1 h following Epo
stimulation. The egr-1 gene is not expressed (NE) in either parental DA-3 cells
or the indicated derivatives but is transiently expressed in 32Dcl cells
following induction with either Epo or IL-3 as indicated.

expression. It has been shown that tyrosine phosphorylation
is essential for induction of c-myc expression in hematopoi-
etic cells (4). Therefore, it was anticipated that the mutations
that eliminated the ability to induce tyrosine phosphoryla-
tion would also fail to induce c-myc expression. It was also
anticipated that these mutants would not induce ODC, since
the expression of the ODC gene has been linked to c-myc
expression in hematopoietic cells (1, 9). In both DA-3 and
32Dcl cells, there was an excellent correlation between the
loss of a mitogenic response and ability to induce tyrosine
phosphorylation in previous studies (24; unpublished studies
as well as the studies presented here) and the loss of the
ability to induce c-myc expression for the deletions and point
mutants that were examined.
The responses seen with c-fos were less predictable be-

cause c-fos does not appear to be essential for growth of
hematopoietic cells and expression of c-fos has not been
linked to tyrosine phosphorylation (4). In DA-3 cells, IL-3
induced the transient expression of c-fos, while cells ex-
pressing the wt EpoR and stimulated with Epo show a
temporally similar response. The H-mutant carboxyl trunca-
tion of the receptor, which is mitogenically active, resulted
in a temporally similar response. In contrast, mitogenically
inactive mutants failed to induce c-fos expression. Our
results with EpoR differ from recent studies with IL-2,R
which demonstrated that a carboxyl acidic region as well as
a serine-rich region were required for c-fos activation (12).
Lastly, in general the ability to induce egr-1 expression in
32Dcl cells correlated with mitogenic activity, although the
absence of expression of this gene in DA-3 cells suggests that
it is not required for, or necessarily correlated with, mito-
genesis.

IL-3 has been shown to induce the transcription of the
nonrearranged TCR-y in a variety of early myeloid lineage,
growth factor-dependent cells (34). Transcription was not
induced by G-CSF, although G-CSF was mitogenic for the
cells. Unlike expression of ODC, expression of the TCR-y
locus is not linked to that of c-myc (unpublished data).
Because of these studies, it had been speculated that induc-
tion of TCRy expression was a biologically unique response

to IL-3 that might influence the differentiation of early
hematopoietic progenitors. The results demonstrate that the
wt EpoR is as effective at inducing TCRy expression in DA-3
cells or 32Dcl cells as is IL-3. Moreover, this biological
response was retained or lost concomitantly with deletions
and mutations that affected mitogenesis, tyrosine phospho-
rylation, and induction of c-myc transcription. Thus, we
have been unable to identify biological responses in these
cells that are unique to Epo relative to the response to IL-3.
Moreover, among the activities examined, a single region of
the EpoR is associated with signal transduction.
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