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The immature erythroid J2E cell line proliferates and
terminally differentiates following erythropoietin stim-
ulation. In contrast, the mutant J2E-NR clone does not
respond to erythropoietin by either proliferating or dif-
ferentiating. Here we show that erythropoietin can act
as a viability factor for both the J2E and J2E-NR lines,
indicating that erythropoietin-initiated maturation is
separable from the prevention of cell death. The inabil-
ity of J2E-NR cells to mature in response to erythropoi-
etin was not due to a defect in the erythropoietin recep-
tor sequence, although surface receptor numbers were
reduced. Both the receptor and Janus kinase 2 were
phosphorylated after erythropoietin stimulation of
J2E-NR cells. However, protein interactions with the
erythropoietin receptor and Grb2 were restricted in the
mutant cells. Subsequent investigation of several other
signaling molecules exposed numerous alterations in
J2E-NR cells; phosphorylation changes to phosphatidyl-
inositol 3-kinase, phospholipase Cg, p120 GAP, and mi-
togen-activated protein kinases (p42 and p44) observed
in erythropoietin-stimulated J2E cells were not seen in
the J2E-NR line. These data indicate that some path-
ways activated during erythropoietin-induced differen-
tiation may not be essential for the prevention of
apoptosis.

Erythropoietin (Epo)1 is the principal regulator of red blood
cell development, which acts primarily on immature erythroid
precursors to maintain cell viability and promote proliferation
and terminal differentiation (1–3). There are generally fewer
than 1000 Epo receptors (Epo-R) on the surface of erythroid
precursors cells (4) and the intracellular signaling events fol-

lowing the receptor/ligand interaction are rapidly being deci-
phered. The Epo-R and its associated protein Janus kinase 2
(JAK2) are phosphorylated (5–8), while the membrane protein,
pp43 is dephosphorylated (9). Shc is also phosphorylated after
Epo stimulation and binds to Grb2 (10). Activation of Ras,
increased phosphorylation of GTPase-activating protein
(GAP), and enhanced kinase activity of Raf-1 have also been
documented (11, 12). In addition, mitogen-activated protein
(MAP) kinases are stimulated in TF-1 and Ba/F3 cells, al-
though their role in Epo-stimulated proliferation is unclear
(13–15). Epo also initiates phosphorylation of p92c-fes (16),
and phosphatidylinositol (PI) 3-kinase associates with the
phosphorylated Epo receptor via its Src homology 2 domains
(17–19). Down-regulation of the receptor is achieved via asso-
ciation of the Src homology-PTP1 phosphatase and subsequent
dephosphorylation (20).
The J2E cell line was generated by transforming immature

erythroid cells with the raf/myc-containing J2 retrovirus (21).
These cells proliferate and differentiate in response to Epo;
hemoglobin is synthesized and the cells undergo morphological
alterations, which culminate in a proportion of cells enucleat-
ing (21–31). However, a mutant subclone J2E-NR, which arose
spontaneously from a J2E culture, fails to replicate faster, or
mature, in response to Epo despite binding and internalizing
the hormone (22). Unlike J2E cells, GATA-1 or globin tran-
scripts do not rise in J2E-NR cells after Epo stimulation (27,
28); nevertheless, the hemoglobin-producing machinery is in-
tact since exogenous hemin is able to initiate synthesis of a
modest amount of the oxygen carrier.2 These observations in-
dicated that a signaling defect may exist in the J2E-NR cells
which prevents Epo-induced terminal differentiation (22).
In this study we examined the capacity of Epo to (i) support

the viability of J2E and J2E-NR cells and (ii) activate a number
of signaling molecules in these cells. We report that Epo was
able to enhance the survival of both J2E and J2E-NR cells in
the absence of serum. Furthermore, following ligand binding,
the Epo-R and JAK2 were phosphorylated in both lines, but
significant differences were observed with several other signal
transduction proteins. It was concluded that, in this system,
distinct pathways may be involved in Epo-induced differentia-
tion and cell survival.

MATERIALS AND METHODS

Cell Culture—J2E (21) and J2E-NR (22) cell lines were maintained
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum (Life Technologies, Inc.) at 37 °C in a humidified atmo-
sphere of 5% CO2. Cells were stimulated with Epo (5 units/ml), sodium
butyrate (500 mM), or serum (10%). Viability was determined by eosin
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exclusion and cell morphology examined by cytocentrifuging cells onto
glass slides and staining with May-Grunwald Giemsa stain (21–29).
DNA was prepared by the method of Strange et al. (32) and 7.5 mg
separated through 0.8% agarose gels to examine degradation.
Immunoprecipitations and Western Blots—Protein analyses for these

cells have been described in detail previously (27–29). Membranes were
incubated with anti-Epo-R (187) antibodies (33), anti-JAK2, phospho-
tyrosine and PI 3-kinase antibodies (06-255, 05-321, 06-195; Upstate
Biotechnology, Lake Placid, NY), or anti-ERK1, Grb2, phospholipase C
g (PLC-g), and GAP antibodies (SC94, SC255, SC81, SC63; Santa Cruz
Biotechnology, Santa Cruz, CA), followed by horseradish peroxidase-
conjugated antibodies and visualized by enhanced chemiluminescence
(Amersham, Bucks., United Kingdom).
In Gel Kinase Assay—Protein (20 mg) was electrophoresed on a 15%

SDS-polyacrylamide, 0.5 mg/ml myelin basic protein gel in the presence
of 0.002% sodium thioglycolate, as described by Leevers and Marshall
(34).
Reverse Transcription Polymerase Chain Reaction and cDNA Se-

quencing of the Epo-R—RNA was extracted and Epo-R cDNA synthe-
sized. Epo-R fragments were amplified by polymerase chain reaction
and sequenced as we have described previously (35).

RESULTS

Epo Protects J2E and J2E-NR Cells from Apoptosis—Epo
stimulates erythroid precursor cells to proliferate and differen-
tiate into erythrocytes (1–3). In addition, Epo has been shown
to play an important role in maintaining the viability of imma-
ture red blood cells (36, 37). The J2E cell line undergoes en-
hanced replication and maturation in response to the hormone
(21–31). To determine whether Epo could also protect J2E cells
from programmed cell death, the hormone was added to serum-
depleted cultures. Fig. 1 shows that the J2E cells died rapidly
when serum was withdrawn from the culture medium. Cyto-
logical changes to serum-deprived J2E cells included nuclear
condensation and fragmentation, membrane ruffling, and
eventually cellular degeneration (Fig. 2). In addition, DNA
degradation to oligonucleosomal repeat bands was observed
with the removal of serum (Fig. 3). These morphological
changes, together with DNA damage, are features characteris-
tic of apoptotic cells (38, 39). Ultrastructural alterations have
confirmed that these cells were undergoing apoptosis.3

Significantly, the data presented in Fig. 1 show that Epo was
able to inhibit the death of J2E cells, although not as efficiently
as serum. The protective effect of Epo was dose-dependent,
with maximum protection from apoptosis occurring between
0.1 and 10 units/ml (data not shown). This is the same concen-
tration range that maximally stimulates proliferation and dif-
ferentiation (23). Cytocentrifuge preparations (Fig. 2) revealed
that fewer apoptotic cells were present in the cultures and that
the cells appeared much healthier; membrane ruffling was
reduced, cells were rounded, and nuclei intact. Moreover, Epo

was able to restrict the breakdown of DNA evident in serum-
deprived cultures (Fig. 3). Others have also reported that Epo
can reduce, but not completely prevent, DNA damage and
programmed cell death of immature erythroid cells (36, 37).
Thus, Epo not only induced the maturation of J2E cells in the
presence of serum (21–31), but also restricted apoptosis when
serum was withdrawn.
The capacity of Epo to act as a viability factor was also tested

with J2E-NR cells. Despite the inability of the hormone to
promote terminal differentiation (22), Epo was able to main-
tain the viability of the J2E-NR clone (Fig. 1). Cellular mor-
phology was also protected (Fig. 2) and degradation of DNA
suppressed (Fig. 3). These unexpected results demonstrated
that Epo could still affect J2E-NR cells; although the hormone
failed to elicit a proliferative/differentiative response, it was
able to restrict cell death.
Epo-R and JAK2 Are Phosphorylated in J2E-NR Cells—To

compare the signals delivered within Epo-stimulated J2E and
J2E-NR cells, cell lysates were prepared 0–60 min after hor-
monal activation and tyrosine phosphorylation patterns deter-
mined. Fig. 4 shows that many more proteins were phospho-
rylated in J2E cells than J2E-NR cells, suggesting that some
aspects of the signaling cascade were not being transmitted in
the mutant clone. We speculated that the inability of the
J2E-NR cells to transduce a differentiation signal lay with a

3 D. Chappell, P. A. Tilbrook, T. Bittorf, S. J. Busfield, and S. P.
Klinken, manuscript in preparation.

FIG. 1. Epo maintains cell viability in J2E and J2E-NR cells.
Cells were cultured for up to 48 h in the presence of 10% serum (l) or
the absence of serum, with (E) or without (M) 5 units/ml Epo. Cell
viability was determined by eosin exclusion. Each value represents the
mean 6 standard deviation (n 5 3).

FIG. 2. Epo maintains morphological integrity of J2E and
J2E-NR cells. Cells cultured for 12 h in the presence of serum (A), in
the absence of serum (B), or in the absence of serum but with 5 units/ml
Epo (C). They were then cytocentrifuged on to glass slides and placed in
May-Grunwald Giemsa stain. The bar represents 20 mm.

FIG. 3. Epo prevents DNA degradation in J2E and J2E-NR
cells. Cells were cultured for 24 h in the presence or absence of 10%
serum, with or without 5 units/ml Epo. DNA was extracted and sepa-
rated on 0.8% agarose gel. l/HindIII markers (m) are shown at left.
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defect in the Epo-R. It had previously been shown that the
number of surface receptors in J2E-NR cells was approxi-
mately half of J2E cells, although ligand affinity was unaltered
(22). Immunoblotting confirmed that the J2E-NR cells synthe-
sized much less Epo-R protein than J2E cells (Fig. 5A). Densi-
tometric analyses from several experiments showed that there
was on average 2.4 times more Epo-R protein in J2E cells than
J2E-NR cells. Tyrosine phosphorylation of the receptor oc-
curred within 5 min in the mutant clone (Fig. 5B). Signifi-
cantly, maximum phosphorylation of the Epo-R in J2E cells
was 2.5-fold greater than that of J2E-NR cells, indicating that
the degree of receptor phosphorylation was the same in both
cell types. However, the receptor was dephosphorylated more
rapidly in the J2E-NR line (Figs. 4–6). JAK2 was also phos-
phorylated rapidly in both J2E and J2E-NR cells (Fig. 5C).
Thus, the Epo-R and JAK2 were phosphorylated in J2E-NR
cells upon hormonal stimulation, but the kinetics of receptor
dephosphorylation differed slightly from the parental cells.
Epo-R Sequence Is Normal in J2E-NR Cells—One explana-

tion of these data was that a mutation had occurred to the
Epo-R in J2E-NR cells, which allowed phosphorylation events
to occur, but prevented other interactions with signaling pro-
teins. To ascertain whether a mutation had occurred to the
Epo-R, transcripts from J2E and J2E-NR cells were converted
to cDNA and sequenced. However no mutations in the J2E-NR
Epo receptor were detected (data not shown). Both J2E and
J2E-NR lines had sequences that were identical to that pub-
lished by D’Andrea et al. (40), and nucleotide variations de-

scribed by Kuramochi et al. (41) were not observed. These
results indicated that the inability of J2E-NR cells to transmit
signals for proliferation and differentiation was not due to a
change in the sequence of the Epo-R.

FIG. 4. Epo induces fewer tyrosine phosphorylations in
J2E-NR cells. J2E (A) and J2E-NR (B) cells were serum-starved for 5
h (0) and then stimulated with 5 units/ml Epo for 1–60 min. Lysates
(100 mg) were separated on 8.5% SDS-PAGE gels and immunoblotted
with antiphosphotyrosine antibody. Dashes (O) at right indicate Epo-
induced tyrosine phosphorylation events. Molecular mass markers (46–
200 kDa) are shown at left. Time (min) after Epo stimulation is shown
above each lane.

FIG. 5. Epo induces rapid tyrosine phosphorylation of the
Epo-R and JAK2. A, lysates (100 mg) from unstimulated cells were
immunoblotted with anti-Epo-R (187) antibody. 5 indicates multiple
forms of the Epo-R. NIH3T3 cell lysate was included as a negative
control. B and C, cells were serum-starved for 5 h (0) and lysates
prepared from cells stimulated for 5–30 min with 5 units/ml Epo. Time
(min) is shown above each lane. In panel B, lysates (1 mg) were immu-
noprecipitated with anti-Epo-R (187) antibodies and immunoblotted
with antiphosphotyrosine antibodies. In panel C, lysates (5 mg) were
immunoprecipitated with anti-phosphotyrosine antibodies and immu-
noblotted with anti-JAK2 antibodies.

FIG. 6. Proteins associated with the Epo-R in J2E and J2E-NR
cells. J2E cells (A) or J2E-NR cells (B) were serum-starved for 5 h (0)
and then stimulated for 5–60 min with 5 units/ml Epo. Lysates (3 mg)
were immunoprecipitated with anti-Epo-R(187) antibodies and immu-
noblotted with anti-phosphotyrosine antibodies. O indicates unique
phosphoproteins for each line, while O* indicates phosphorylated pro-
teins common to both cell lines. Molecular mass markers (30–220 kDa)
are shown at left. Time (min) after Epo stimulation is shown above each
lane.
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Alterations to Proteins Associated with the Epo-R and Grb2
in J2E-NR Cells—To determine whether proteins associated
with the Epo-R were different between J2E and J2E-NR cells,
extracts were immunoprecipitated with anti-Epo-R antibodies
and immunoblotted with anti-phosphotyrosine antibodies.
Fig. 6 (A and B) shows the increased phosphorylation of the 72-
and 75-kDa Epo-R in both lines. In addition, a 69-kDa phos-
phoprotein co-precipitated in both J2E and J2E-NR samples.
However, two major phosphoproteins (53 and 56 kDa), preas-
sociated with the receptor in J2E cells, were absent from
J2E-NR cells (Fig. 6, A and B). Furthermore, a 150-kDa mole-
cule associated with the Epo-R was consistently phosphoryl-
ated 15–60 min after hormonal stimulation of J2E cells but
was not seen in J2E-NR cells, even when increased amounts of
protein were immunoprecipitated. In contrast, two proteins of
approximately 32 and 34 kDa reproducibly appeared linked
with the receptor in J2E-NR cells, but not in J2E cells.
Grb2 associates with the Epo-R (42); hence, proteins linked

with this molecule were studied in J2E and J2E-NR cells after
Epo stimulation. Fig. 7A shows that shortly after addition of
Epo to J2E cells, phosphoproteins with approximate molecular
masses of 53, 55, 56, 72, 75, 145, and 150 kDa were associated
with Grb2. The 72- and 75-kDa proteins were most probably
phosphorylated forms of the Epo-R, and Grb2 binding to a
145-kDa protein has been reported in Epo-stimulated DA-3
cells (42). Of all the protein interactions involving Grb2 iden-
tified in differentiating J2E cells (Fig. 7A), only the 55-kDa
molecule and the Epo-R associated with Grb2 in J2E-NR cells
(Fig. 7B). Increasing the amount of protein in the immunopre-
cipitation did not reveal any further molecules in J2E-NR

extracts. It was concluded from these experiments that differ-
ences existed between J2E and J2E-NR lines with respect to
the proteins associating with the Epo-R complex.
Signaling Differences between J2E and J2E-NR Cells—Since

differences were observed in the proteins associating with
Epo-R and Grb2 in J2E-NR, other signaling molecules were
investigated. As part of the Epo-activated Ras signaling path-
way, p120 GAP undergoes enhanced phosphorylation with hor-
monal stimulation (11). Fig. 8A shows that phosphorylation
levels of p120 GAP were elevated within minutes of hormone
addition to J2E cells, before declining. In contrast, no phospho-
rylation of p120 GAP could be detected in J2E-NR cells
(Fig. 9A). Phosphorylation of PI 3-kinase was investigated next
because this protein has also been associated with Epo signal-
ing (17–19). The data presented in Fig. 8B demonstrate that PI
3-kinase also underwent increased phosphorylation in J2E
cells after hormonal stimulation. Once again, however, no
phosphorylation was evident in J2E-NR cells (Fig. 9B). Alter-
ations to PLCg were then compared in both cell lines. While
Epo induced a steady increase in the phosphorylation of PLCg
in J2E cells (Fig. 8C), this molecule was unexpectedly phospho-
rylated in J2E-NR cells prior to exposure to the hormone (Fig.
9C). The apparent hyperphosphorylation compared with J2E
cells was also associated with a 5-fold increase in PLCg protein
present in J2E-NR cells (Figs. 8C and 9C).
MAP Kinase Is Not Activated in J2E-NR Cells—MAP ki-

nases are pivotal in the regulation of cell division and matura-
tion (43). To determine the role of p42 and p44 MAP kinases in
the J2E cells, the protein content and levels of activation were
examined after stimulation with either Epo or sodium butyr-
ate, a chemical agent that also initiates differentiation (but not
proliferation) of these cells (23). J2E cells expressed both p42
and p44 MAP kinases, but the protein content of p42 was
approximately 5-fold greater than p44 (Fig. 10, A–C). High
levels of intrinsic MAP kinase phosphorylation were seen in
J2E cells for both p42 and p44 (Fig. 10A). This may be due in
part to the v-raf oncogene present in the cells, as MAP kinases
are activated in v-raf-transfected Swiss 3T3 cells (44). How-
ever, serum deprivation of the cells for 5 h eliminated the
phosphorylated form without altering the overall protein con-
tent (Fig. 10A). This indicated that serum factors may also
have contributed to MAP kinase phosphorylation, or that phos-
phatases were activated after serum withdrawal. Once the
MAP kinase was dephosphorylated, both Epo and sodium bu-
tyrate were shown to induce rapid phosphorylation of the mol-
ecule; Epo acted within 10 min and sodium butyrate within 1
min (Fig. 10, B and C). The enhanced phosphorylation of the

FIG. 7. Proteins associated with Grb2 in J2E and J2E-NR cells.
J2E cells (A) or J2E-NR cells (B) were serum-starved for 5 h (0) and
then stimulated for 2–60 min with 5 units/ml Epo. Lysates (3 mg) were
immunoprecipitated with anti Grb2 antibodies and immunoblotted
with antiphosphotyrosine (PY) or anti-Grb2 (Grb2) antibodies. O indi-
cates unique phosphoproteins, while O* indicates phosphoproteins
common to both cell lines. Molecular mass markers (46–200 kDa) are
shown at left. Time (min) after Epo stimulation is shown above each
lane.

FIG. 8. Epo induces tyrosine phosphorylation of GAP, PI 3-ki-
nase and PLCg in J2E cells. Cells were serum-starved for 5 h (0) and
then stimulated for 2–60 min with 5 units/ml Epo. Lysates (3 mg) were
immunoprecipitated with anti-phosphotyrosine (A and B) or anti-PLCg
(C) antibodies and immunoblotted with anti-GAP (A), PI 3-kinase (B),
or phosphotyrosine (C) followed by PLCg (C) antibodies. Time (min)
after Epo stimulation is shown above each lane.
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MAP kinases was also demonstrated by immunoprecipitation
with anti-phosphotyrosine antibodies, followed by immunoblot-
ting with antibodies recognizing the MAP kinases (Fig. 10D).
To confirm that the rise in the phosphorylated MAP-kinase
correlated with increased enzyme activity, in-gel kinase assays
were performed. Fig. 10E shows that Epo-induced phosphoryl-
ation of p42 and p44 MAP kinases produced a concomitant
increase in kinase activity.
To assess the importance of the MAP kinase pathway in

maintaining cell viability, the phosphorylation status of p42

and p44 MAP kinases was determined in Epo-stimulated
J2E-NR cells. Following dephosphorylation of MAP kinase
with serum deprivation (Fig. 11A), the cells were exposed to
Epo. Unlike J2E cells, no activation of the p42 and p44 MAP
kinases was observed when Epo or sodium butyrate were added
to J2E-NR cells (Fig. 11, B and C). Immunoprecipitation with
anti-phosphotyrosine antibodies also failed to detect an in-
crease in the phosphorylation status of the MAP kinases (Fig.
11D). Since Epo inhibits the death of J2E-NR cells and the
MAP kinase pathway was not activated by the hormone, we
suggest that this pathway is not involved in maintaining the
viability of these cells.

DISCUSSION

The mutant J2E clone J2E-NR binds and internalizes Epo,
but does not proliferate or differentiate in response to the
hormone (22). We show here that Epo still has an effect on the
J2E-NR cells by supporting viability in the absence of serum.
Therefore, some signals from the Epo-R must be transmitted
within these cells to prevent apoptosis. As no faults were iden-
tified in the receptor and the Epo-R was phosphorylated with
Epo stimulation, it appeared that some essential signaling
protein was defective, thereby preventing the maturation mes-
sage from being transduced.
JAK2 was considered as a candidate molecule that may be

defective in the J2E-NR cells. We have shown elsewhere that
this protein is important for transmitting both proliferation
and differentiation signals.4 However, JAK2 was phosphoryl-
ated in J2E-NR cells and also appeared unlikely to be respon-
sible for the defect. Interestingly, it has recently been shown
that phosphorylation of JAK2 is not sufficient for Epo-induced
mitogenesis as mutation of the “extended box 2” domain of the
Epo-R can prevent a growth signal from being transmitted,
despite JAK2 phosphorylation (45).
Significantly, differences were observed in the Epo-R com-

plex of J2E and J2E-NR cells. Several proteins consistently

4 P. A. Tilbrook, B. Callus, T. Bittorf, S. J. Busfield, and S. P. Klinken,
submitted for publication.

FIG. 9. Epo signaling is disrupted in J2E-NR cells. Cells were
serum-starved for 5 h (0) and then stimulated for 2–60 min with 5
units/ml Epo. Lysates (3 mg) were immunoprecipitated with anti-phos-
photyrosine (A and B) or anti-PLCg (C) antibodies and immunoblotted
with anti-GAP (A), PI 3-kinase (B), phosphotyrosine (C), followed by
PLCg (C) antibodies. Time (min) after Epo stimulation is shown above
each lane.

FIG. 10. p42 and p44 MAP kinase are activated by Epo and
sodium butyrate in J2E cells. J2E cells were serum-starved for
0–300 min (A), then after 5 h were restimulated with either 5 units/ml
Epo (B andD) or 500 mM sodium butyrate (C). Lysates (100 mg) in panels
A–C were immunoblotted with anti-ERK1 antibodies. Lysates (1 mg) in
panel D were immunoprecipitated with anti-phosphotyrosine antibod-
ies and immunoblotted with anti-ERK1 antibodies. Panel E shows an
in-gel kinase assay for lysates (20 mg) from serum-starved unstimulated
control (C) cells and cells stimulated with 5 units/ml Epo (E) or 10%
serum (F) for 10 min. The position of the unphosphorylated, inactive
p42 and p44 MAP kinases are indicated at right in panels A–C, while
the phosphorylated and active forms are indicated in panels D and E.
The time (min) after serum starvation (panel A) or stimulation (panels
B–D) is indicated above each lane. p42 and p44 MAP kinase protein
levels remained constant during these experiments, and any differences
were due to loading errors.

FIG. 11. p42 and p44 MAP kinase are not activated in J2E-NR
cells. J2E-NR cells were serum-starved for 0–300 min (A), then after 5
h were restimulated with either 5 units/ml Epo (B and D) or 500 mM

sodium butyrate (C). Lysates (100 mg) in panels A–C were immuno-
blotted with anti-ERK1 antibodies. Lysates (1 mg) in panel D were
immunoprecipitated with anti-phosphotyrosine antibodies and immu-
noblotted with anti-ERK1 antibodies. The position of the unphospho-
rylated, inactive p42 and p44 MAP kinases are indicated on the right in
panels A–C, while the position of phosphorylated forms are indicated on
the right in panel D. The times (min) after serum starvation (panel A)
or stimulation (panels B–D) are indicated above each lane.
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co-precipitated with the Epo-R in J2E cells, and these appeared
similar to previous reports (7, 46, 47). However, distinct differ-
ences were reproducibly seen in the J2E-NR receptor complex.
These changes to the Epo-R complex in J2E-NR cells appear to
have initiated numerous downstream signaling alterations.
Whereas J2E cells underwent the anticipated phosphorylation
of GAP, PI 3-kinase, and MAP kinases with Epo (11, 13–15,
17–19), similar modifications did not occur in J2E-NR cells. An
additional change was observed with PLCg; although the phos-
phorylation status of this protein rose steadily in J2E cells with
hormonal stimulation, it was hyperphosphorylated in J2E-NR
cells prior to exposure to Epo. Thus, major changes in intracel-
lular signaling were observed in J2E-NR cells. These alter-
ations clearly affected the ability of the J2E-NR cells to prolif-
erate and differentiate, but had no impact on the cells’ capacity
to survive in the presence of Epo.
It has been suggested that cytokine-mediated protection

from apoptosis is not necessarily linked to the ability to pro-
mote growth (48, 49). Moreover, it has been proposed that the
full-length Epo-R, and not a truncated form of the molecule,
can transmit a signal to prevent apoptosis that is distinct from
a mitogenic signal (50, 51). These observations corroborate the
suggestion of Koury and Bondurant (3) that “the survival effect
of Epo during terminal differentiation appears to be separate
from any mitotic signal.” Our results support, and extend,
these hypotheses to show that it is possible for Epo to maintain
the viability of erythroid cells, in the absence of proliferation
and differentiation. Independent signaling pathways probably
exist within cells for survival, mitosis, and maturation. It is
noteworthy that Epo alone did not completely protect the cells
from DNA damage and death, as reported previously (36, 37),
and other factors are probably required to fully maintain
viability.
The MAP kinase family of enzymes are obviously very im-

portant in cellular signaling. MAP kinase activation has been
associated with enhanced mitogenic activity (43, 52), but some
recent publications have indicated that these proteins are also
involved in cellular differentiation (53, 54). Although Epo-in-
duced activation of MAP kinases has been shown previously
(13–15), the results shown here indicate that MAP kinase
activation may be linked with differentiation, rather than pro-
liferation. Significantly, the J2E-NR cells remained viable with
Epo without MAP kinase activation, indicating that this path-
way is not essential for maintaining cell survival. This result
supports the observation that suppression of apoptosis by v-abl
is not associated MAP kinase activation (55).
PI 3-kinase has been shown to be necessary for a signaling

pathway that prevents cell death in neurons (56). The data
presented in this report demonstrate that PI 3-kinase was not
activated in J2E-NR cells, yet the cells remained viable. It
appears, therefore, that phosphorylation of the p85 subunit of
PI 3-kinase is not essential for Epo-induced protection from
apoptosis. Several groups have shown an association between
PI 3-kinase and the activated Epo-R (17–19), but it has been
suggested that this association is not linked with proliferation
(19). Thus, the precise role of PI 3-kinase in Epo signaling
requires further elucidation.
Two other explanations were entertained for the inability of

J2E-NR cells to proliferate and differentiate after Epo stimu-
lation. One possibility was that J2E-NR cells have reduced
Epo-R numbers and the levels are too low to transmit the
maturation signal. This suggests that signal transduction may
be a quantitative, and not necessarily a qualitative, phenome-
non (57). However, based on the observation that phosphoryl-
ation of only 15% of Epo-R was sufficient to induce maximum
differentiation of J2E cells,4 this proposition appears unlikely.

Another possibility was that the J2E-NR cells may have re-
verted to a less mature form of erythroid precursor. J2E cells
occasionally mutate and can display an altered phenotype (58).
If so, the J2E-NR cells may only respond to Epo as a viability
factor, and not as a maturation agent. In support of this notion,
the loss of the erythroid-specific surface marker, Ter 119, by
J2E-NR cells (57) indicates these cells may have acquired a
more primitive phenotype (59). Nevertheless, the J2E-NR clone
together with the parental J2E cells provide us with an oppor-
tunity to dissect signaling pathways within erythroid cells
leading to viability, mitosis and differentiation.
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