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Exposure of hematopoietic progenitors to g-irradiation (IR) induces p53-dependent apoptosis and a
p53-independent G2/M cell cycle arrest. These responses to DNA-damage can be inhibited by treatment with
cytokine growth factors. Here we report that g-IR-induced apoptosis and cell cycle arrest are suppressed by
specific cytokines (e.g., erythropoietin and interleukin-3) and that activation of the Jak kinase is necessary and
sufficient for these effects. Using myleoid cells expressing a series of erythropoietin receptor (EpoR) mutants,
we have demonstrated that Jak kinase-dependent signals initiated from the membrane proximal domain of
EpoR were sufficient to prevent IR-induced apoptotic cell death, but failed to prevent cell cycle arrest. Cell
survival by Epo did not require activation of other known signaling pathways including PI-3 kinase, PLC-g,
Ras or Stats. Signaling targets of Jak kinase pathways included members of the Bcl-2 family of anti-apoptotic
proteins, and enforced expression of Bcl-2 or Bcl-xL was as effective as cytokine treatment in blocking
IR-induced apoptosis but did not prevent growth arrest. A distinct signal derived from a membrane distal
domain of EpoR is required to overcome growth arrest associated with DNA damage. These findings
functionally link the Jak signaling pathway to suppression of p53-mediated cell death by cytokines and
demonstrate that the apoptotic and growth arrest responses to DNA damage in hematopoietic cells are
modulated by distinct, cytokine specific signal transduction pathways.
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DNA damage in mammalian cells often results in apop-
totic cell death or cell cycle arrest. Failure to respond
properly to DNA damage could lead to genetic alter-
ations that promote tumor progression. The response to
DNA damage varies between different cell types, and
whether a cell will undergo apoptosis or cell cycle arrest
is dependent on cellular determinants that have not been
fully characterized. One established regulator of cell
death and cell cycle arrest following DNA damage is the
p53 tumor suppressor (Zambetti and Levine 1993). Wild-
type p53 is a transcriptional activator that selectively
regulates the expression of genes that are involved in
growth arrest (e.g., p21/Waf) or apoptosis (e.g., Bax) (el-
Deiry et al. 1993; Miyashita and Reed 1995). Treatment
of normal cells with DNA-damaging agents, such as ion-
izing irradiation, results in increased levels of wild-type

p53, which in turn leads to the induction of target genes
that can mediate apoptosis or cell cycle arrest (Kastan et
al. 1992; Kuerbitz et al. 1992; Lowe et al. 1993). Mutation
of p53 usually disrupts its DNA binding and transacti-
vation functions and, therefore, mutant p53 is unable to
negatively regulate cell growth following DNA damage.
Consistent with the importance of p53 in the response to
DNA damage, epidemiology studies have revealed that
p53 is the most commonly mutated gene detected in
human cancer (Hollstein et al. 1996). Interestingly, p53
is not mutated frequently in human leukemias, suggest-
ing that there are mutation-independent mechanisms for
functional inactivation of p53 pathways in hematopoi-
etic cells (Canman et al. 1995).

The decision regarding how cells respond to DNA
damage is also influenced by the extracellular environ-
ment. In particular, specific cytokines that are required
growth factors for hematopoietic cells also inhibit or pre-
vent an apoptotic response to DNA damage (Collins et
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al. 1992; Canman et al. 1995). The cytokines represent
several groups of structurally related polypeptide factors
including erythropoietin (Epo), interleukin (IL)-3 and IL-
2. The receptors for many cytokines comprise a related
family that utilize similar mechanisms of signal trans-
duction (Ihle 1995). Whereas members of this receptor
family lack intrinsic kinase activity, they are uniquely
characterized by their ability to associate with and acti-
vate one or more members of the Jak family of protein
tyrosine kinases. Jak kinase activation appears to be the
initial critical event regulated by cytokine receptors fol-
lowing engagement by their respective ligands. Several
other signaling intermediates and pathways have also
been shown to be regulated by cytokine receptors, in-
cluding Ras, Stat transcription factors, PI-3 kinase,
PLC-g and phosphatases (Ihle 1995). Although specific
biological responses mediated by these signaling path-
ways remain largely unresolved, some progress has been
made through mutagenic analyses of the cytokine recep-
tors. For the Epo receptor (EpoR), these analyses have
demonstrated that a membrane-proximal cytoplasmic
domain of the receptor is sufficient to mediate Epo-de-
pendent activation of Jak2 and growth of cells (Miura et
al. 1991; Witthuhn et al. 1993). Other known signaling
intermediates, such as Ras, PI-3 kinase, and Stats, are
regulated through membrane distal domains of EpoR,
suggesting that they are dispensable to the mitogenic
activity of EpoR (Miura et al. 1994a,c; Damen et al. 1995;
Quelle et al. 1996). It has been suggested that signals
derived from the membrane distal domain of EpoR may
be involved in enhancing cell survival under certain con-
ditions (Nakamura et al. 1992). In contrast, other reports
have shown that the membrane proximal domain of
EpoR is sufficient to enhance survival of factor-depen-
dent cells under optimal growth conditions (Zhuang et
al. 1995)

Previous studies have demonstrated that overexpres-
sion of wild-type p53 induces apoptosis in hematopoietic
cells and that specific cytokines can override this death
signal. For example, p53-null murine myeloid leukemia
M1 cells stably expressing a temperature-sensitive mu-
tant p53, undergo rapid apoptosis when shifted to the
permissive temperature and treatment of these cells
with IL-6 efficiently maintains viability (Yonish-Rouach
et al. 1993). Similarly, overexpression of temperature-
sensitive mutant p53 in murine erythroleukemia (MEL)
cells induces apoptosis at the permissive temperature,
and Epo or IL-3 completely suppresses this death pro-
gram (Lin and Benchimol 1995). The advantage of study-
ing these cell systems is that the apoptotic response is a
direct consequence of wild-type p53 activity. However,
the levels of p53 expression in these cells are extraordi-
narily high and not physiologically relevant. Alterna-
tively, Kastan and coworkers have developed a cell cul-
ture model for addressing the role of endogenous wild-
type p53 in cell cycle arrest and apoptosis (Canman et al.
1995). In these studies, BaF3 murine pro-B cells, which
are dependent on IL-3 for cell growth and survival, un-
dergo accelerated apoptotic cell death when exposed to
g-irradiation in the absence of cytokine. In contrast, cells

that are irradiated in the presence of IL-3 remain viable.
Cell death in response to DNA damage in the absence of
cytokine is dependent on p53 as BaF3 cells that are func-
tionally null for p53 are refractory to apoptosis. There-
fore, there is a direct role for wild-type p53 in g-irradia-
tion-induced cell death and cytokines such as IL-3, Epo,
and IL-6 are potent suppressors of p53-mediated apopto-
sis.

In the present study, we have demonstrated that acti-
vation of Jak signaling pathways is necessary and suffi-
cient for cytokine-mediated rescue of DNA damage-in-
duced apoptosis and growth arrest. Using cell lines that
stably express various forms of EpoR, we show that Epo
can inhibit both apoptosis and G2 cell cycle arrest fol-
lowing g-irradiation and that these effects are mediated
by two distinct Jak2-dependent signaling pathways. The
membrane proximal domain of EpoR is sufficient to pre-
vent apoptosis, whereas the membrane distal domain of
EpoR is required to overcome cell cycle arrest following
DNA damage. The results presented here uncouple
growth arrest from apoptosis and establish a Jak kinase
signaling pathway as a key suppressor of p53-mediated
apoptosis in hematopoietic cells.

Results

Cytokine suppression of DNA damage-induced
apoptosis and growth arrest

IL-3 inhibits apoptosis in responsive BaF-3 hematopoi-
etic cells following g-irradiation (Collins et al. 1992;
Canman et al. 1995). To determine which signaling path-
ways mediate these effects, we evaluated the effects of
g-irradiation on survival and cell cycle progression of
myeloid cell lines responsive to multiple hemopoietins.
DA3 cells are a murine myeloid cell line that are depen-
dent on IL-3 for proliferation and die within 2–3 days of
factor withdrawal (Ihle and Askew 1989). To test the
ability of cytokines to suppress the effects of DNA dam-
age in DA3 cells, asynchronously growing cells were cul-
tured in medium containing 10% serum with or without
IL-3 and were compared with cells exposed to 5 Gy of
g-irradiation. At specific intervals following irradiation,
the viability of cells was determined by trypan blue dye
exclusion and the effects on cell cycle progression deter-
mined by FACS analysis of DNA content. As shown in
Figure 1A, nonirradiated DA3 cells deprived of IL-3 de-
cline in viability to ∼40% by 46 hr, whereas concomitant
exposure of cells to g-irradiation dramatically acceler-
ated their rate of death, such that by 28 hr no viable cells
were detected. In contrast, cells cultured in IL-3 and ex-
posed to 5 Gy showed little reduction in viability. Cell
morphology and DNA fragmentation analyses demon-
strated that the irradiation-induced cell death in the ab-
sence of cytokine was caused by apoptosis (data not
shown).

The cell cycle status of DA3 cells grown in the pres-
ence of IL-3 exhibited an asynchronous cell cycle distri-
bution, whereas cultures maintained in the absence of
IL-3 accumulated in the G1 phase of the cell cycle (Fig.
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1A, right panel). Following g-irradiation, the majority of
cells cultured in the absence of IL-3 exhibited a <2N
DNA content indicative of DNA fragmentation and
apoptotic death. The remaining viable cells were growth
arrested in both G1 and G2/M. By comparison, cells ir-
radiated in the presence of IL-3 had only a slight loss of
viability and only very modest increases in G1 and G2/M
populations, characteristic of partial effects on progres-
sion through the G1 and G2/M phases of the cell cycle.
Similar results were obtained in evaluating the ability of
Epo to rescue DA3 cells expressing Epo receptors, and in
IL-3 rescue of myeloid 32D cells or BaF3 pro-B cells (see
below).

Contribution of serum to cell cycle progression
but not rescue of DNA damage-induced apoptosis

Other factors present in the cell culture medium, par-
ticularly serum factors, may contribute to the IL-3-de-
pendent rescue of cell viability following DNA damage.
Therefore, we also assessed the ability of IL-3 to rescue
viability of irradiated cells cultured in low serum (0.1%).
The viability of DA3 cells maintained in 0.1% serum
with or without IL-3 was significantly compromised
compared with cells maintained in 10% serum (cf. Fig.
1A with B). However, g-irradiated DA3 cells died at
faster rates, as compared with nonirradiated cells, when
cultured in medium lacking IL-3 and containing low se-

rum. Addition of IL-3 to cells cultured in low serum
abolished the accelerated death following g-irradiation.
Interestingly, g-irradiation of these cells led to a near
complete block in the G1 and G2/M phases of the cell
cycle (Fig. 1B, right panel). Thus, although IL-3 is suffi-
cient to rescue myeloid cell viability following g-irradia-
tion, additional factors present in serum are required to
cooperate with cytokine to override cell cycle arrest. To
evaluate the maximal effects of cytokine rescue, we
therefore performed all subsequent experiments using
cells maintained in 10% serum unless otherwise indi-
cated.

Activation of the Jak kinase pathway is required
for Epo rescue of DNA damage-induced apoptosis

To assess the signaling pathways required for cytokine-
dependent suppression of g-irradiation-induced apopto-
sis and cell cycle arrest, we utilized DA3 and 32D my-
eloid cells engineered to express wild-type or mutant
forms of the EpoR. These EpoR mutants have been char-
acterized previously in detail for their ability to mediate
(1) Epo-induced proliferation (Miura et al. 1991, 1993), (2)
activation of the Jak2 tyrosine kinase (Witthuhn et al.
1993; Miura et al. 1994b), (3) phosphorylation and acti-
vation of Stat5 (Quelle et al. 1996), and (4) activation of
the Ras, PI-3 kinase, and PLC-g pathways (Miura et al.

Figure 1. IL-3 rescue of viability and cell cycle
progression following g-irradiation. Exponen-
tially growing DA3 cells were washed in RPMI
1640 and equivalent aliquots were suspended in
medium containing 10% FBS (A) or 0.1% FBS (B).
Each aliquot was then split into cultures that
were supplemented with IL-3 (squares) or no fac-
tor (circles). Cultures then were treated with 5 G
of g-irradiation (solid symbols) or left untreated
(open symbols). At various intervals after irradia-
tion, samples of each culture were assayed for vi-
ability by trypan blue dye exclusion (left). Alter-
natively, 24 hr after irradiation, a sample of each
culture was assayed for cellular DNA content by
propidium iodide staining and FACS (right). The
position of 2N and 4N DNA content is indicated
for each histogram.
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1994a,c; Damen et al. 1995) (Fig. 2A). To assess the ef-
fects of g-irradiation, DA3 or 32D cells expressing EpoR
mutants were cultured in Epo, IL-3, or no factor and ex-
posed to 5 Gy of g-irradiation (Fig. 2B,C). DA3 and 32D
cells expressing wild-type EpoR were resistant to g-irra-
diation when cultured in Epo or IL-3. Similarly, DA3
cells expressing EpoR mutants deficient in activation of
the PI-3 kinase and Ras pathways (EpoR-H), and in Stat5
activation (EpoR-H/Y343F) were resistant to g-irradia-
tion-induced apoptosis when cultured in Epo (Fig. 2B,C).
Epo rescue of DNA damage-induced apoptosis mediated
by the EpoR-H/Y343FF mutant in DA3 cells was less ef-
fective than that observed for EpoR-H, but is likely the
result of less effective activation of Jak2 kinase in these
cells (Quelle et al. 1996). Consistent with this interpre-
tation, Epo suppressed g-irradiation-induced apoptosis
efficiently in 32D cells overexpressing the EpoR-S mu-
tant, which is deficient in Ras, PI-3 kinase, and Stat5
activation (Fig. 2C). Therefore, in both DA3 and 32D
cells, EpoR-mediated activation of the PI-3 kinase, Ras,
and Stat pathways is dispensable for suppression of DNA
damaged-induced apoptosis. Notably, Jak2 activation by
EpoR is strictly required for Epo to rescue irradiation-
induced death as DA3 and 32D cells expressing a point
mutant defective in Jak2 activation (EpoR-W282R) died at
rates comparable with parental cells deprived of cyto-
kine following g-irradiation (Fig. 2B,C).

Activation of Jak2 kinase activity is sufficient
to suppress DNA damage-induced apoptosis

To address whether activation of the Jak2 kinase alone
was sufficient to override DNA damage-induced cell
death, we utilized 32D cells engineered to express an
epidermal growth factor receptor (EGFR)–Jak2 kinase do-
main chimera receptor. The EGFR/Jak2 chimera con-
tains the extracellular and transmembrane domains of
the EGFR fused to the Jak tyrosine kinase domain (796–
1129 amino acids) (Nakamura et al. 1996). As a control
for Jak2 kinase activity, 32D–EGFR/NW2 cells, express-
ing an EGFR/Jak2 kinase-inactive chimera (see Materi-
als and Methods), were analyzed in parallel. As shown in
Figure 3B, the expression of EGFR/Jak2 receptors on the
cell surface is approximately equal between the wild-
type and mutant chimera cell lines and EGFR was not
detected in the parental cells. Culture of 32D–EGFR/
J2wt cells, but not 32D–EGFR/NW2 cells, in medium
containing EGF stimulated Jak kinase activity as mea-
sured by (1) tyrosine phosphorylation of the chimeric
receptor; (2) induction of expression of c-myc mRNA,
which is regulated by a Jak kinase dependent pathway;
and (3) extended cell viability in the absence of IL-3 (Fig.
3A; data not shown). Treatment of 32D–EGFR/J2wt cells
with EGF or IL-3 significantly protected these cells from
g-irradiation-induced cell death (Fig. 3A). In contrast,
EGF had no effect on survival of irradiated 32D–EGFR/
NW2 cells (Fig. 3A). Therefore, these results demonstrate
that activation of the Jak kinase pathway is sufficient to
suppress DNA damage-induced death.

Figure 2. A membrane proximal domain of EpoR is sufficient
for Epo-dependent rescue of irradiation-induced cell death, but
requires Jak2 activity. (A) Wild-type (EpoR-wt) and various mu-
tant forms of the EpoR are diagrammed. The transmembrane
domain (TM), a tryptophane residue at amino acid position 282
(W), and a tyrosine at position 343 (Y) are indicated. Also indi-
cated are the previously reported activities of each mutant re-
ceptor with respect to its ability to regulate proliferation and
Jak2, Stat5, and Ras activation. DA3 cells (B) or 32D cells (C)
expressing various EpoR constructs were washed in RPMI 1640
and suspended in medium plus 10% FBS supplemented with no
factor (C), Epo, or IL-3. Cultures were then treated with 5 Gs of
g-irradiation (solid bars) or left untreated (hatched bars).
Twenty-five hours after treatment, cells were harvested and as-
sayed for viability by trypan blue exclusion.
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bcl-2 and bcl-xL are targets of the Jak kinase pathway
and inhibit irradiation-induced apoptosis but not
growth arrest

Expression of the anti-apoptotic bcl-2 and bcl-xL genes is
transcriptionally up-regulated in response to IL-3 and
Epo (Silva et al. 1996). To assess the cytokine signaling
pathway(s) that regulate bcl-2 and bcl-xL gene expres-
sion, we have analyzed Epo stimulation of 32D cells ex-
pressing various EpoR mutants by Northern blot (Fig. 4).
Cytokine deprivation of 32D cells results in a low, basal
level of bcl-2 and bcl-xL mRNA expression. Erythropoi-
etin stimulation of 32D cells expressing EpoR-S, which
is deficient in Ras, PI-3 kinase, and Stat5 activation but
competent for activation of Jak2 kinase, dramatically in-
creases bcl-2 and bcl-xL mRNA levels. Similar results are
obtained by use of 32DEpoR, 32DEpoR-H cells, and
DA3–EpoR cell lines (Fig. 4; data not shown). In contrast,
Epo failed to induce bcl-2 and bcl-xL mRNA in 32D cells
expressing the EpoR–PB receptor, which does not acti-
vate Jak kinase. These results indicate that the Jak ki-
nase pathway regulates bcl-2 and bcl-xL expression.

To examine whether expression of these proteins
could substitute for cytokine treatment following DNA
damage, 32D cells stably expressing human Bcl-2 or mu-
rine Bcl-xL cDNA constructs were assayed. Bcl-2 and Bcl-
xL overexpression was confirmed by Western blot analy-
sis (data not shown). As shown in Figure 5A, 32D cells

expressing Bcl-xL or Bcl-2 maintained viability in the
absence of cytokine with or without exposure to g-irra-
diation. However, these cells were factor-dependent on
the basis of FACS data (Fig. 5A) and cell proliferation
assays (not shown). In contrast, parental 32D cells re-
quired IL-3 to preserve cell viability and to inhibit DNA
damage-induced apoptosis. Interestingly, g-irradiation of
32D–Bcl-2 and 32D–Bcl-xL in the absence of IL-3 resulted
in a near complete G1 and G2/M cell cycle arrest (Fig.
5B). Comparison of the percentage of G2 phase cells in
g-irradiated cultures versus nonirradiated cultures dem-
onstrated that irradiation of 32D–Bcl-xL or 32D–Bcl-2
cells in the absence of IL-3 was associated with a sub-
stantial increase in the G2/M population (7.3- and 5.9-
fold, respectively) (Fig. 6C). In contrast, parental 32D,
32D–Bcl-xL, or 32D–Bcl-2 cells cultured in IL-3 showed
only a modest increase in the G2/M population (1.5- to
1.9-fold) following g-irradiation. Thus, consistent with
data presented in Figures 1 and 2, IL-3 substantially at-
tenuated the g-irradiation-induced cell cycle block, and
this was not suppressed by overexpression of either Bcl-
xL or Bcl-2.

Distinct domains of the Epo receptor are required
for rescue of DNA damage-induced apoptosis
and growth arrest

To define the domains of EpoR required to override irra-
diation-induced G1 and G2 arrest, we assessed the effects
of g-irradiation on cell cycle progression for DA3 cells
expressing EpoR mutants. Figure 6A shows representa-
tive cell cycle profiles of g-irradiated versus nonirradi-
ated cells, whereas Figure 6B compares the ratio of G2

phase cells in g-irradiated cultures versus nonirradiated
cultures. Rescue of cell death by the wild-type EpoR or
by IL-3 was associated with only a slight increase in the
G2/M population (1.2- to 1.8-fold) with cells remaining
largely asynchronous. In contrast, Epo rescue of cells ex-
pressing either the EpoR-H or EpoR-H/Y343F mutant re-

Figure 4. The Jak kinase signaling pathway regulates expres-
sion of bcl-2 and bcl-xL. 32D cells expressing the EpoR-H (de-
fective in activation of PI-3 kinase and Ras, but activates Stat5
and Jak2), Epo-S (activates Jak2) or Epo-PB (defective in Jak ac-
tivation) mutant receptors were deprived of IL-3 for 15 hr (0
time point). Cells were then stimulated with Epo for the indi-
cated times. Total RNA was prepared and analyzed for expres-
sion of bcl-2 (top) and bcl-x (bottom) by Northern blot, as de-
scribed in Materials and Methods.

Figure 3. Jak kinase activity is sufficient to inhibit irradiation-
induced cell death. (A) 32D–EGFR/J2wt and EGFR/NW2 cells
were washed in RPMI 1640, resuspended in medium containing
0.5% FBS, and supplemented with IL-3, EGF, or with no factor.
Cultures were treated with 5 G of g-irradiation (solid bars), or
were left untreated (hatched bars). Sixteen hours after treat-
ment, samples of each culture were assayed for viability by
trypan blue dye exclusion. Representative data are presented
and comparable results have been obtained in three separate
experiments. (B) Cell surface expression of the EGFR/Jak chi-
meric receptors was determined by FACS as described in the
Materials and Methods. The relative levels of cell surface recep-
tors are approximately equal between the EGFR/J2wt and
EGFR/NW2 cell lines.
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ceptor was associated with a substantial increase in the
G2/M population (fourfold) compared with nonirradiated
Epo-stimulated cells. Thus, two distinct EpoR domains
appear to function in attenuation of the effects of DNA
damage in myeloid cells. The membrane proximal do-
main is required for the maintenance of cell viability,
whereas the membrane distal domain is required to over-
come DNA damage-induced cell cycle arrest. Both of
these activities are dependent on the ability of the recep-
tor to activate Jak2.

Discussion

The occurrence of DNA damage in mammalian cells is
associated with the rapid onset of cell cycle arrest and/or
apoptosis. Treatment of cells with cytokines such as IL-3
has been reported to rescue cell viability following DNA
damage (Collins et al. 1992; Canman et al. 1995). To
address the molecular basis for this rescue, we have ex-
amined multiple cell systems responsive to various he-
mopoietins and growth factors. In each cell line, cyto-
kines substantially promoted cell survival following
DNA damage. Using mutants of the Epo receptor, we
have shown that suppression of g-irradiation-induced
apoptosis localizes to the membrane proximal domain of
the receptor and is dependent on Jak kinase activation.
Similar requirements have been defined for the prolifera-
tion signal activated by Epo through its receptor (Miura
et al. 1991, 1993; Quelle et al. 1996), and it is probable
that both growth and survival signals are required for
balanced mitogenesis. Thus, it is likely that inhibition of
irradiation-induced apoptosis is an outcome of the same

Figure 5. Expression of antiapoptotic pro-
teins in 32D cells prevents irradiation-in-
duced cell death but does not prevent cell
cycle arrest. Parental 32D cells, or 32D
cells stably expressing cDNAs encoding
Bcl-xL (32D–Bcl-xL) or Bcl-2 (32D–Bcl-2),
were washed in RPMI 1640 and suspended
in medium plus 10% FBS, supplemented
with IL-3 (+IL-3), or with no factor (−IL-3).
Cultures then were treated with 5 G of
g-irradiation (solid bars), or were left un-
treated (hatched bars). Eighteen hours after
treatment, samples of each culture were
assayed for viability by trypan blue exclu-
sion (A). Alternatively, samples of each
culture were harvested at 20 hr after irra-
diation, stained with propidium iodide,
and analyzed by FACS (B). The position of
2N and 4N DNA content is indicated for
each histogram. The percentage of G2/M
cells (4N DNA content) was calculated
from the FACS data. A ratio of the percent-
age of G2 cells in irradiated vs. nonirradi-
ated cultures (G2+/g/G2+g) is presented in
C for cells treated with IL-3 (solid bar) or
with no factor (hatched bars). The results
shown are representative of two indepen-
dent experiments.

Figure 6. The membrane distal domain of EpoR is required for
Epo-dependent inhibition of irradiation-induced cell cycle ar-
rest. (A) Twenty-four hours after irradiation, samples of the
EpoR-wt, EpoR-H, and EpoR-H/Y343F cultures analyzed in Fig. 5
were stained with propidium iodide and analyzed by FACS. The
percentage of G2/M cells (4N DNA content) was calculated
from the FACS data. A ratio of the percentage of G2 cells in
irradiated vs. nonirradiated cultures (G2+/g/G2+g) is presented in
B for cells treated with IL-3 (hatched bars) or cells treated with
Epo (solid bars). Comparable results were obtained in three sepa-
rate experiments by use of EpoR-H-expressing cells.
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Jak-dependent signaling cascade. Although the compo-
nents of this Jak kinase pathway have not been defined,
several immediate-early gene targets regulated by the
minimally active Epo receptor have been identified and
include c-myc, pim-1, bcl-2, and bcl-x (Fig. 4; Quelle et
al. 1996). Enforced expression of Bcl-xL or Bcl-2 is just as
effective at rescuing 32D cells from irradiation-induced
death as is treatment with IL-3 (Fig. 5). These results are
consistent with previous studies demonstrating that
wild-type p53 stimulates expression of the apoptotic in-
ducer Bax (Miyashita and Reed 1995). However, it re-
mains to be established whether the induced expression
of Bcl-x or Bcl-2 is the primary mechanism by which
cytokines rescue cell viability following DNA damage.

The domains of EpoR that are dispensable for suppres-
sion of irradiation-induced apoptosis activate several
known signaling pathways, including the activation of
Stat transcription factors, PI-3 kinase, various compo-
nents of the classic Ras pathway (Shc, Ras, Raf, Map
kinases, etc.), and recruitment and activation of phos-
phatases (Miura et al. 1994c; Damen et al. 1995; Kling-
muller et al. 1995; Quelle et al. 1996; Tauchi et al. 1996).
These results indicate that activation of the PI-3 kinase
pathway, and consequently the regulation of the serine/
threonine Akt protein kinase, is dispensable for cyto-
kine-mediated survival of 32D or DA3 cells following
DNA damage. Clearly, the PI-3 kinase/Akt signaling
pathway is important for survival of other cell types,
such as fibroblasts and neuronal cells, that are grown
under very different conditions than used here (for re-
view, see Franke et al. 1997). Several other lines of evi-
dence demonstrate that the Ras/Raf pathway is also not
required to block DNA damage-induced cell death. Con-
tinuous activation of the Ras pathway in 32D cells
through the expression of an active form of the Raf-1
kinase (v-Raf) (Cleveland et al. 1994) failed to rescue cell
survival after g-irradiation (data not shown). In addition,
hepatocyte growth factor (HGF), which functions
through the c-Met tyrosine kinase receptor (Bottaro et al.
1991) to specifically activate Ras (Hartmann et al. 1994;
Ridley et al. 1995), is sufficient for mitogenesis of mu-
rine myeloid NFS-60 cells, but unable to promote cell
survival following DNA damage (data not shown). Al-
though not required, it is possible that activation of sig-
naling pathways such as PI-3 kinase/Akt and/or Ras
may contribute to cell survival following DNA damage.
Nevertheless, at least in these myeloid cells, rescue from
irradiation-induced apoptosis is not a general effect of
growth factors but is rather dependent on cytokine re-
ceptors that utilize Jak kinases as an integral part of their
signal transduction cascades.

In previous studies, cytokine rescue of irradiation-in-
duced apoptosis of an IL-3-dependent pro-B cell line was
associated with G1 and G2 blocks in cell cycle progres-
sion (Canman et al. 1995). This appears to be the case if
cytokine rescue experiments are performed in reduced
serum concentrations. However, when experiments
were performed under optimal growth conditions with
10% serum, suppression of apoptosis by cytokines was
associated with only a modest block in cell cycle pro-

gression. These observations suggest that serum factors,
which are not in themselves sufficient to rescue cell vi-
ability, contribute along with cytokine receptor signals
to overcome cell cycle arrest following DNA damage.
Cytokine function is clearly required for attenuation of
cell cycle arrest on DNA damage, as loss of this activity
in EpoR truncation mutants (e.g., EpoR-H) leads to a pro-
longed delay in G2/M. Thus, the membrane proximal
and membrane distal domains of EpoR are uniquely re-
quired for Epo-dependent inhibition of apoptosis and
Epo-dependent cell cycle progression, respectively, fol-
lowing DNA damage. This differential requirement sug-
gests that these effects are mediated by separable signal
transduction pathways, a concept consistent with the
observation that enforced expression of Bcl-2 or Bcl-xL is
sufficient to rescue cell viability, but fails to overcome
cell cycle arrest associated with DNA damage.

The mechanism involved in establishing a G1 block in
cell cycle progression following DNA damage is often
ascribed to p53. In contrast, the G2 arrest following g-
irradiation is largely mediated by a p53-independent
pathway. In myeloid cells, a requirement for p53 in me-
diating an irradiation-induced G1 block cannot be prop-
erly evaluated because withdrawal of cytokine results in
a G1 arrest even in the absence of DNA damage. How-
ever, degradation of p53 in pro-B BaF3 cells through E6
expression had no effect on the accumulation of G2/M-
arrested cells following g-irradiation (data not shown).
This suggests that at least the G2/M block does not re-
quire p53. In myeloid cells, the ability to override the
DNA damage-induced G2/M arrest requires multiple ex-
tracellular signals because the presence of serum factors
and a fully active cytokine receptor were required. The
membrane distal domain of EpoR appears to mediate one
or more of these signals as the removal of this domain
prevented release of the G2/M block. Interestingly, the
membrane distal domain of EpoR is entirely dispensable
to Epo-induced cell cycle progression in the absence of
DNA-damage (Fig. 2; Miura et al. 1991; Quelle et al.
1996). Thus, EpoR signaling effectors of cell cycle pro-
gression are either distinct in irradiated versus nonirra-
diated cells or are differentially regulated by irradiation.
The membrane distal domain of EpoR is known to in-
teract with several signaling intermediates, and their
regulation in irradiated cells should be enlightening.

We have demonstrated that at least three signals are
required to fully escape negative regulation of cell
growth following exposure of myeloid cells to DNA-
damaging agents. These signaling pathways include he-
mopoietin-dependent regulation of cell survival and cell
cycle progression, whereas additional signals for cell
growth are regulated by serum factors. The components
of each of these signaling pathways would represent
likely targets for activating mutations allowing escape
from negative regulators of cell growth.

Materials and methods

Cell lines and culture conditions

DA3 and 32D.3 cells expressing EpoR and various mutant Ep-
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oRs (Miura et al. 1991, 1993; Quelle et al. 1996), 32D-Raf (Cleve-
land et al. 1994), 32D-Bcl-2 (Nip et al. 1997), and NFS-60 (Mi-
zuno et al. 1993) cell lines have been described previously. The
32D-Bcl-XL cell line was derived by stable transfection of 32D.3
cells with a spleen focus-forming virus (SFFV) long terminal
repeat (LTR) vector expressing a murine Bcl-XL cDNA. The
32D–EGFR/J2wt cell line was derived as described previously
for the generation of the EG-J2 cell line (Nakamura et al. 1996).
32D–EGFR/NW2 cells were derived by stable transfection of
32D.3 cells with a plasmid expressing an EGF receptor-Jak2
mutant chimera, in which tyrosines 868, 913, 966, 1008, and
1021 in the Jak kinase domain have been changed to phenylal-
anine by site directed mutagenesis. These tyrosine mutations
completely abolish Jak kinase activity. Cell surface staining for
EGFR/Jak chimeric receptor expression was performed by use
of mouse monoclonal antibody specific for human EGFR (sc-
120; Santa Cruz Biotechnology, Santa Cruz, CA) as described
previously (Ashmun et al. 1989). All cell lines were maintained
in RPMI 1640 plus 10% fetal bovine serum (FBS) and recombi-
nant murine IL-3 (1 ng/ml).

For DNA-damage studies, exponentially growing cells were
washed in RPMI 1640 medium. Washed cells were then sus-
pended (6 × 105 cells/ml) in medium containing 10% or 0.1%
FBS, as indicated. Aliquots of cells were then mixed with equal
volumes of medium plus FBS supplemented with Epo (40 U/
ml), IL-3 (4 ng/ml), HGF (50 ng/ml), EGF (50 ng/ml), or no
factor. Parallel cultures were exposed to g-irradiation with a
137Cs source (J.L. Shepherd, San Fernando, CA) at a dose rate of
675 rads/min., or were left untreated. All cultures were then
returned to a 37°C, 5% CO2 incubator until they were assayed
for viability or cell cycle status. Cell viability was measured as
a function of cell membrane integrity as determined by Trypan
blue dye exclusion (Life Technologies).

Determination of cell cycle distribution

Cells were collected by centrifugation and resuspended at
1 × 106 cells/ml in 0.1% sodium citrate containing 50 µg/ml
propidium iodide and treated with 1 µg/ml RNase at room tem-
perature for 30 min. DNA fluorescence of the stained cells was
measured with a FACSCAN flow cytometer (Becton Dickinson,
San Jose, CA). The percentages of cells within the G1, S, and
G2/M phases of the cell cycle were calculated by use of ModFit
software (Verity Software House, Topsham, ME).

Northern blot analysis

Total RNA was isolated from cells by the guanidinium isothio-
cyanate method followed by centrifugation through cesium
chloride as described previously (Cleveland et al. 1994). The
RNA (20 µg) was electrophoretically separated on 1% agarose/
6% formaldehyde gels, transferred to nitrocellulose filters, and
hybridized under stringent conditions with 32P-radiolabeled
bcl-2 or bcl-x cDNA probes. The filters were washed exten-
sively and analyzed by autoradiography.
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