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Two distinct signaling pathways regulate the survival of interleukin-3 (IL-3)-dependent hematopoietic
progenitors. One originates from the membrane-proximal portion of the cytoplasmic domain of the IL-3
receptor (bc chain), which is shared by IL-3 and granulocyte-macrophage colony-stimulating factor and is
involved in the regulation of Bcl-xL through activation of STAT5. The other pathway emanates from the distal
region of the bc chain and overlaps with downstream signals from constitutively active Ras proteins. Although
the latter pathway is indispensable for cell survival, its downstream targets remain largely undefined. Here we
show that the expression of Bim, a member of the BH3-only subfamily of cell death activators, is downregulated
by IL-3 signaling through either of two major Ras pathways: Raf/mitogen-activated protein kinase and the
phosphatidylinositol 3-kinase/mammalian target of rapamycin. Akt/phosphokinase B does not appear to play
a significant role in this regulatory cascade. Bim downregulation has important implications for cell survival,
since enforced expression of this death activator at levels equivalent to those induced by cytokine withdrawal
led to apoptosis even in the presence of IL-3. We conclude that Bim is a pivotal molecule in cytokine regulation
of hematopoietic cell survival.

Homeostasis, responses to emergency situations, and the
transition from emergency to normal status in the hematopoi-
etic system are all regulated by cytokines, through control of
cell division, differentiation, and survival. Cytokine regulation
of apoptosis not only plays a critical role in normal hemato-
poiesis but also can contribute to leukemogenesis, when one or
more control elements fail to function properly. In recent at-
tempts to clarify the transduction pathways through which cy-
tokines control cell survival, we found that such signaling can
involve multiple independent pathways (20, 31).

By contrast, cell death decisions are implemented through
an evolutionarily conserved mechanism (or general apoptosis
program) in which members of the Bcl-2 superfamily play the
central roles (reviewed in references 1 and 6). The anti- or
proapoptotic family members regulate the translocation of cy-
tochrome c from mitochondria to the cytosol, an event that
ultimately activates the caspase cascade, while the BH3-only
subfamily of cell death activators inhibit the function of the
antiapoptotic Bcl-2 family members by binding to them. In the
nematode Caenorhabditis elegans, Egl-1, the sole BH3-only
death activator in this organism, functions at the most up-
stream point of this system to inhibit the function of Ced-9,

again the sole antiapoptotic member of the Bcl-2 family in C.
elegans (8). In mammals, six proteins have been isolated as
members of the BH3-only subfamily and five have been iden-
tified as antiapoptotic and three as proapoptotic members of
the Bcl-2 family. Redundancy in each category of the Bcl-2
superfamily could be explained, at least partially, by the tissue-
and/or stimulus-specific response of each family member. For
instance, the antiapoptotic Bcl-w protein is required for the
support of Sertoli cells in the testes but not of other cells, as
demonstrated in studies with Bcl-w-deficient mice (39), while
Bid, a member of BH3-only subfamily, is involved in Fas-
mediated apoptosis in hepatocytes (48). Thus, several mem-
bers of the Bcl-2 superfamily might play key roles in the re-
sponse of hematopoietic progenitors to cytokine withdrawal.

Previous studies have demonstrated the importance of Ras
pathways, not only in oncogenesis when constitutively activated
by oncogenic Ras mutants (reviewed in reference 26) but also
in the regulation of apoptosis in hematopoietic progenitors
(reviewed in reference 33). The membrane-distal region of the
cytoplasmic domain of the common b (bc) chain is required for
both the survival and activation of Ras in interleukin-3 (IL-3)-
dependent hematopoietic cells (28). Recently, both Raf/mito-
gen-activated protein kinase (MAPK) and rapamycin/wort-
mannin-sensitive (most probably phosphatidylinositol 3-kinase
[PI3-K]-dependent) pathways downstream of active Ras were
found to prevent apoptosis in cytokine-deprived hematopoietic
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cells (30). These findings suggest that certain Bcl-2 family
members under the control of Ras pathways may be pivotal
factors in the cytokine-mediated regulation of apoptosis in
hematopoietic progenitors.

We and others reported previously that the expression levels
of Bcl-xL are downregulated in cytokine-deprived murine IL-
3-dependent cells and that enforced expression of Bcl-xL in
these cells markedly delays apoptosis due to IL-3 deprivation
(31, 32). We also demonstrated that signals originating from
the proximal portion of the bc chain, but not from Ras path-
ways, are required for the induction of Bcl-xL expression (31),
in agreement with recent published results indicating that
STAT5 is involved in the transcriptional regulation of Bcl-xL

(15, 42, 43). Thus, although Bcl-xL is considered to be an
important target of cytokine-dependent survival pathways, it is
probably not the Bcl-2 family member predicted to interact
with Ras pathways.

Another candidate is Bad, a BH3-only subfamily member
that is inactivated by the phosphorylation of two serine resi-
dues through Akt and other kinases downstream of Ras path-
ways (12, 13, 50). However, the contribution of Akt/Bad path-
ways to the apoptosis regulation system in hematopoietic cells
has been controversial. Some investigators contend that Akt
reverses apoptosis caused by cytokine withdrawal but does so
much less efficiently than activated Ras does (2, 44), while
others rule out the involvement of Akt/Bad pathways in the
survival of hematopoietic progenitors (3, 16, 41).

A final candidate is Bim/Bod. This BH3-only death activator
was isolated independently by two groups that exploited its
ability to bind Bcl-2 or Mcl1 (18, 34). Alternative splicing gives
rise to three variants, BimEL, BimL, and BimS, each of which
contains the BH3 domain and functions as a death inducer. In
certain cell types, BimEL and BimL, but not BimS, bind to an
Mr 5 8,000 dynein light chain, LC8 (also known as PIN or
Dlc-1) (11, 25, 27), which mediates the function of the former
two isoforms (38). The biological relevance of Bim to the
control of hematopoiesis was indicated in a recent study of
Bim-deficient mice, in which the homeostasis of the lymphoid
system was disrupted without resulting in apparent adverse
effects on other organs (4). Here we identify Bim downregu-
lation through either of two major Ras pathways (Raf/MAPK
or PI3-K/mTOR) as a pivotal step in the maintenance of he-
matopoietic cell survival under the control of cytokines.

MATERIALS AND METHODS

Cell culture and cell growth assay. Murine IL-3-dependent (Baf-3, FL5.12,
and 32D) cells were cultured in RPMI 1640 medium containing 10% fetal calf
serum, 20 mM HEPES, 50 mM 2-mercaptoethanol, and 0.5% 10T1/2 conditioned
medium as a source of murine IL-3. In some experiments, recombinant mouse
IL-3 (Wako Pure Chemical, Osaka, Japan) was used at the concentrations indi-
cated in the figure legends. To deplete IL-3, we washed the cells twice with
IL-3-free growth medium. Viable-cell counts were determined by trypan blue dye
exclusion in triplicate assays. BOSC23 cells, an ecotropic retrovirus packaging
cell line, were purchased from the American Type Culture Collection and cul-
tured in Dulbecco’s modified Eagle’s medium containing 10% fetal calf serum.

Enforced expression of genes of interest in Baf-3 cells. Stable transfectants of
truncated forms of the human granulocyta-macrophage colony-stimulating factor
(GM-CSF) receptor and dexamethasone (Dex)-inducible Ras mutants were es-
tablished in Baf-3 cells, as described previously (30, 40). Zn-inducible cells were
generated by previously published methods (24). Transfected gene products were
induced by the addition of ZnSO4 in culture medium at 100 mM unless otherwise
specified in the figure legends. The BimELns mutant, which expresses BimEL
alone, was made by replacing a nucleotide in the splicing donor site for BimL

mRNA without amino acid replacement. Transfectants were maintained in me-
dium containing either 1 mg of G418 per ml or 200 mg of hygromycin per ml. For
retrovirus-mediated gene expression, we constructed a control CD8-expressing
vector plasmid (pMX/IRES-CD8) from the pMX retroviral vector (a gift of T.
Kitamura) (36) by inserting an IRES-CD8 cassette in which the mouse CD8
cDNA was fused in frame to the internal ribosomal entry site (IRES) sequence.
Particular genes were expressed by inserting their cDNAs immediately after the
59 long terminal repeat sequence. A dominant negative mutant of Akt (MAA-
phosphokinase B [PKB]) was made by including the K179M, T308A, and S473A
substitutions as described by Wang et al. (46). Retrovirus was made by the
method of Onishi et al. (36) using BOSC23 cells. Retroviral infection of Baf-3
cells and the selection of CD8-positive cells with a CD8 monoclonal antibody and
MACS separation columns (Miltenyi Biotec) were performed by a method de-
scribed previously (31). The selection procedure was repeated until more than
95% cells were positive for CD8 by flow cytometry.

Immunoprecipitation and immunoblot analysis. For immunoblot analysis,
cells were solubilized in Nonidet P-40 (NP-40) lysis buffer (150 mM NaCl, 1.0%
NP-40, 50 mM Tris [pH 8.0]) containing protease inhibitor mixture (Complete;
Roche Molecular Biochemicals); total cellular proteins were separated by so-
dium dodecyl sulfate-polyacrylanide gel electrophoresis (SDS-PAGE). For de-
tecting the phosphorylation of MAPK, a phosphatase inhibitor mixture (50 mM
sodium fluoride, 10 mM sodium pyrophosphate, 2 mM sodium orthovanadate)
was added to the lysis buffer. Cell lysates extracted from 106 living cells were
applied per lane unless otherwise specified in the figure legends. After their wet
electrotransfer onto polyvinylidene difluoride membranes, the proteins were
detected with appropriate antibodies following standard procedures. The blots
were then stained with primary antibodies followed by horseradish peroxidase-
conjugated anti-rabbit or anti-mouse immunoglobulin secondary antibodies and
subjected to chemiluminescence detection as specified by the manufacturer (Am-
ersham). Metabolic labeling and immunoprecipitation were performed by pre-
viously described standard methods (49).

Phosphatase treatment of Bim. Bim was immunoprecipitated from 107 Baf-3
cells overexpressing BimEL and BimL proteins. The protein A-Sepharose-
coated beads–Bim complexes were resuspended in 50 ml of the reaction buffer
(100 mM NaCl, 50 mM Tris, 10 mM MgCl2, 1 mM dithiothreitol [pH 7.9] at
25°C) containing protease inhibitor mixture. After 5 U of calf intestinal alkaline
phosphatase (New England Biolabs, Beverly, Mass.) were added, the samples
were incubated at 37°C for 30 min. Some samples contained the phosphatase
inhibitor mixture described above. The protein A-Sepharose-coated beads were
pelleted by centrifugation, washed three times with NP-40 lysis buffer, resus-
pended in gel-loading buffer, and examined by immunoblot analysis.

Immunocomplex kinase assay. Akt was immunoprecipitated with Akt anti-
body (New England Biolabs) from 107 parental Baf-3 cells or cells expressing a
dominant negative form of Akt. The protein A-Sepharose-coated beads–Akt
complexes were resuspended in 50 ml of reaction buffer (200 mM HEPES-
NaOH, 100 mM MgCl2, 100 mM MnCl2 [pH 7.4]) containing 100 mg of histone
H2B (Roche Molecular Biochemicals) per ml, 5 mM ribosomal ATP, and 10 mCi
of [g-32P]ATP. After incubation of the mixture for 30 min at room temperature,
gel-loading buffer was added to the beads, which were then boiled for 5 min.
Samples were separated on SDS–15% polyacrylamide gels and viewed by auto-
radiography.

Analysis of mRNA expression. Total cellular RNA was isolated with the
RNeasy kit as specified by the manufacturer (Qiagen, Hildes, Germany). The
RNase protection assay was performed with a commercial kit (Ambion, Austin,
Tex.) as specified by the, manufacturer. Briefly, RNA samples (10 mg each) were
hybridized with an 32S-UTPaS-labeled RNA probe, which protects a 265-bp
fragment in mouse BimEL and BimL mRNA and a 210-bp fragment in BimS
mRNA. After single-stranded RNA was digested by RNase A, samples were
separated on a 5% acrylamide–8 M urea gel and viewed by autoradiography.

Reagents. Bim polyclonal antibodies were raised against glutathione S-trans-
ferase fusion proteins containing amino acids 9 to 53 of mouse BimL as previ-
ously described (22). mTOR and AU-1 monoclonal antibodies were described
previously (17). Bcl-x and Bcl-2 polyclonal antibodies were purchased from Trans-
duction Laboratories (Lexington, Ky.), while Akt and phosphorylated (Ser473)
Akt-specific antibodies were purchased from New England Biolabs. Etoposide,
wortmannin, and rapamycin were purchased from Sigma (St. Louis, Mo).

RESULTS

Bim is induced in cytokine-deprived murine IL-3-dependent
cells. We first analyzed the expression of Bcl-2 superfamily
members in Baf-3 murine IL-3-dependent pro-B-lymphoid
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cells in the presence or absence of IL-3. As previously reported
by us and others (29, 31, 32), the expression levels of Bcl-xL

were downregulated in IL-3-starved Baf-3 cells (Fig. 1A, top
panel). In addition, when cells were cultured in IL-3-contain-
ing medium, Bim mRNA was barely detectable by the RNase
protection assay but its expression was rapidly induced by IL-3
starvation (Fig. 1B, top panel). By immunoblot analysis, we
detected a small amount of BimEL and BimL but no BimS in
cells cultured in the presence of IL-3, while increased amounts
of all three Bim proteins were observed within 24 h in cells
cultured in the absence of IL-3 (Fig. 1C, top panel). BimEL
proteins expressed in cells cultured in IL-3-containing medium
seemed to migrate with several additional bands, indicating
that BimEL could be phosphorylated by IL-3-signaling path-
ways. Bim was similarly induced by IL-3 withdrawal in FL5.12
pro-B-lymphoid and 32D myeloid cells (data not shown).

To determine whether the simultaneous upregulation of
Bim and downregulation of Bcl-xL is specific for cells under-
going apoptosis due to IL-3 withdrawal or is a common re-
sponse of Baf-3 cells to various apoptotic stimuli, we treated
Baf-3 cells in the presence of IL-3 with 50 Gy of ionizing
radiation or etoposide at 3 mg/ml, each of which induces apo-
ptosis in roughly the same time as IL-3 withdrawal does (5)
(Fig. 1D). This experiment showed that there was little change

in protein expression levels of Bcl-xL (Fig. 1A, middle and
bottom panels). Although Bim expression was somewhat in-
duced by these death stimuli, the induction levels were not so
prominent as that induced by IL-3 starvation (Fig. 1B and C,
middle and bottom panels), indicating that upregulation of
Bim accompanied by downregulation of Bcl-xL appears specific
for cells undergoing apoptosis induced by cytokine withdrawal.

Enforced expression of Bim induces apoptosis in Baf-3 cells.
To test whether Bim protein contributes to apoptosis induced
by IL-3 starvation, we established Baf-3 cells that expressed
each Bim protein after Zn induction. Because the coding re-
gion of BimEL cDNA contains both the alternative splicing
donor and acceptor sites for BimL mRNA, cells transduced
with native BimEL cDNA expressed roughly equal amounts of
BimEL and BimL proteins (see Fig. 3A, lane 3). Thus, before
determining the biological activity of each Bim protein, we
mutated the splice donor site in BimEL cDNA to generate
BimEL alone (see Materials and Methods). As shown in Fig.
2A, we obtained clones that expressed BimEL, BimL, and
BimS protein upon induction with Zn at 100 mM. Cells strongly
expressing any form of Bim protein rapidly underwent apopto-
sis, even when the culture medium contained an excess dose of
IL-3 (Fig. 2B). To determine the antiapoptotic effects of Bim
proteins expressed at levels equivalent to those in IL-3-starved

FIG. 1. Expression of Bcl-xL and Bim in Baf-3 cells undergoing apoptosis induced by various death stimuli. (A to C) Baf-3 cells were cultured
in IL-3-free medium (top panel), treated with 50 Gy of ionizing radiation (IR) and cultured with IL-3 (middle panel), or cultured in medium
containing IL-3 and etoposide (VP16) at 3 mg/ml (bottom panel) for the indicated times. The expression of Bcl-xL protein (A), Bim mRNA (B),
or Bim protein (C) was detected by specific antibodies for each protein (A and C) or by an RNase protection assay with a cDNA probe designed
to detect mouse BimEL and BimL mRNA (B). (D) Percent viability, determined by trypan blue dye exclusion of Baf-3 cells treated with the various
cell death inducers at the time of sample collection.
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Baf-3 cells, we induced the BimEL protein with lower concen-
trations of Zn, 40 or 60 mM (Fig. 2C). Cells cultured under
these conditions still underwent apoptosis in the presence of
IL-3 (Fig. 2D); similar results were obtained with clones ex-
pressing BimL (data not shown). Taken together, these data
indicate that expression levels of Bim associated with IL-3
withdrawal are high enough to reverse the antiapoptotic effects
of IL-3.

BimEL and BimL are phosphorylated by IL-3 signaling. The
additional bands of BimEL observed in the immunoblot anal-
ysis of lysates from Baf-3 cells cultured in IL-3-containing
medium (Fig. 1C, lane 1) raised the possibility that Bim is
phosphorylated through IL-3 signaling. Overexposure of im-
munoblots revealed that not only BimEL, but also BimL, cor-
responded to a slowly migrating band in lysates from cells
growing in IL-3-containing medium but not those cultured in
IL-3-free medium (Fig. 3A, lanes 1 and 2). Extracts from cells
overexpressing BimEL and BimL proteins from the pMT-

BimEL vector showed a similar pattern of Bim protein expres-
sion (lanes 3 and 4). To test whether these additional bands are
phosphorylated Bim proteins, we treated immunoprecipitated
Bim proteins with calf intestine alkaline phosphatase (CIAP).
All Bim proteins were detected by Bim antibody but not by
preimmune serum in immunoprecipitates from cells overex-
pressing BimEL and BimL (Fig. 3B, lanes 1 and 2). The more
slowly migrating bands of BimEL and BimL were eliminated,
apparently by a shift to the faster-migrating bands due to
treatment with CIAP lacking phosphatase inhibitor (lane 3),
but were retained by treatment with CIAP containing phos-
phatase inhibitor (lane 4), indicating that BimEL and BimL
are phosphorylated through IL-3 signaling. To confirm these
results, we labeled Baf-3 cells overexpressing BimEL with
[32P]orthophosphate for 2 h, with or without IL-3, and immuno-
precipitated Bim protein. The results in Fig. 3C clearly show that
BimEL protein was hyperphosphorylated in the presence of IL-3.

Because phosphorylated Bad cannot interact with members

FIG. 2. Induction of apoptosis by each Bim isoform. (A) Immunoblot analysis of Baf-3 cells engeneered to express BimEL (lanes 1 and 2),
BimL (lanes 3 and 4), or BimS (lanes 5 and 6) in the absence (lanes 1, 3, and 5) or presence (lanes 2, 4, and 6) of zinc (100 mM). Samples were
collected 4 h after the addition of Zn. (B) Percent viability of cells expressing BimEL, BimL, or BimS after the addition of Zn (100 mM) in the
presence of IL-3 (5 ng/ml). (C) Baf-3 cells inducibly expressing BimEL, pMT(BimELns clone 10), were cultured in IL-3-containing medium (5
ng/ml) with various Zn concentrations for 4 h (lanes 1 to 4). For comparison of expression levels, cell extracts from parental Baf-3 cells cultured
in the absence of IL-3 for the indicated times (lanes 5 to 7) were blotted on the same membrane. Bim proteins were detected by immunoblot
analysis. (D) Percent viability of pMT(BimELns clone 10) cells cultured in IL-3-containing medium (5 ng/ml) with various concentration of Zn.
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of the antiapoptotic Bcl-2 family (50), we tested whether phos-
phorylated Bim proteins can bind to Bcl-xL and Bcl-2. Extracts
of Baf-3 cells inducibly expressing BimEL were immunopre-
cipitated with preimmune serum (Fig. 3D, lane 2), anti-Bim
(lane 3), anti-Bcl-2 (lane 4), and anti-Bcl-x (lane 5) antibodies,
and the proteins bound to protein A-Sepharose-coated beads
were separated and blotted. Immunodetection by Bim anti-
serum revealed that both the hyperphosphorylated and hypo-
phosphorylated forms of BimEL are coimmunoprecipitated
with Bcl-2 and Bcl-x (lanes 4 and 5). Similar results were
obtained with extracts from BimL-expressing cells (data not
shown). Thus, unlike the case with Bad, phosphorylation of
Bim does not affect the ability of the protein to bind to mem-
bers of the antiapoptotic Bcl-2 family.

Either the Ras/Raf/MAPK or the Ras/PI3-K pathway is suf-
ficient to downregulate Bim expression. To identify the signal-
ing protein(s) through which IL-3 regulates Bim expression, we
first used Baf-3 cells expressing the human bc chain truncated
at amino acid 544 (b544 cells). Stimulation of the receptor with
human GM-CSF activates signaling molecules near the mem-
brane-proximal region of the bc chain, such as JAK2/STAT5,
but does not affect components of the Ras signaling pathways
(40).

As expected, the b544 cells grew well in IL-3-containing
medium but underwent rapid apoptosis in the absence of the
cytokine. When cultured with human GM-CSF, the cells pro-
liferated for approximately 72 h essentially the same rate as did
cells in IL-3-containing medium with no apparent loss of via-
bility; thereafter, they underwent cell cycle arrest followed by
rapid apoptosis, as in earlier studies (28, 31) (Fig. 4A). Immu-
noblot analysis showed that the expression levels of Bim re-
mained unaltered for about 12 h, subsequently reaching levels
equivalent to those in IL-3-starved Baf-3 cells (Fig. 4B, upper
panel). By contrast, as we previously reported (31), Bcl-xL

protein levels were maintained for more than 5 days before the
cells underwent apoptosis (Fig. 4B, bottom panel). These re-
sults indicate that signals originating from the membrane-distal
region of the bc chain are required for the regulation of Bim
expression and hematopoietic cell survival.

To determine the downstream pathways of the distal bc
chain that regulate Bim expression, we used Baf-3 cells condi-
tionally expressing a dominant negative Ras protein,
Ras(S17N), and the PI3-K inhibitor wortmannin. Induction of
Ras(S17N) in Baf-3 cells by Dex abrogated the activation of
MAPK by IL-3 stimulation (Fig. 4C) but did not affect the
activation of PI3-K, as judged by the phosphorylation of Akt
(Fig. 4D). In agreement with earlier reports (35, 45), expres-
sion of Ras(S17N) in Baf-3 cells impeded cell growth but did
not induce apoptosis (Fig. 4E). Baf-3 cells cultured in wort-
mannin at 0.5 mM also proliferated more slowly, but only a
limited number of cells underwent apoptosis. However, when
Baf-3 cells expressing Ras(S17N) were cultured in medium
containing wortmannin, they virtually all underwent apoptosis,
confirming the notion that at least one of the Ras-activated
pathways is required for cell survival (28).

Bim expression was downregulated in both Baf-3 cells ex-
pressing Ras(S17N) and those cultured with wortmannin (Fig.
4F, top and middle panels). When cells expressing Ras(S17N)
were cultured in wortmannin, Bim proteins were induced after
48 to 72 h (bottom panel), a time comparable to that when Bim

FIG. 3. Bim phosphorylation. (A) Immunoblot analysis using the
Bim antibody with lysates from parental Baf-3 cells (pt) (lanes 1 and 2)
or cells overexpressing BimEL and BimL (lanes 3 and 4) cultured in
the presence (lanes 1 and 3) or absence (lanes 2 and 4) of IL-3. To
demonstrate an extra band comigrating with BimL, we added five
times more cell extract to lane 1 than to the other lanes. (B) Lysates
from Baf-3 cells overexpressing BimEL and BimL proteins were im-
munoprecipitated (IP) with preimmune serum (lane 1) or Bim anti-
body (lanes 2 to 4). After treatment with CIAP in the absence (lane 3)
or presence (lane 4) of phosphatase inhibitor, precipitants were sepa-
rated with SDS-PAGE and Bim proteins were then detected with Bim
antibody. (C) Baf-3 cells overexpressing BimEL protein were cultured
in medium containing [32P]orthophosphate in the presence (lanes 1
and 2) or absence (lane 3) of IL-3 for 4 h. Immunoprecipitates ob-
tained by preimmune serum (lane 1) or Bim antibody (lanes 2 and 3)
were separated by SDS-PAGE. (D) Lysates from Baf-3 cells overex-
pressing BimEL protein were immunoprecipitated with preimmune
serum (lane 2) or antibody against Bim (lane 3), Bcl-2 (lane 4), or Bcl-x
(lane 5). After immunoprecipitation and SDS-PAGE followed by blot-
ting, Bim proteins were detected with Bim antibody. Lane 1 is a
positive control to detect BimEL protein in whole-cell lysates.
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protein was induced in b544 cells cultured in human GM-CSF
(Fig. 4B). These results indicate that activation of either the
Ras/MAPK or Ras/PI3-K pathway is sufficient to suppress Bim
expression.

Involvement of mTOR in cytokine-regulated cell survival.
To further dissect the Ras/PI3-K signaling pathways, we used
Baf-3 cells conditionally expressing constitutively active Ras
mutants induced by Dex. We and others previously reported

FIG. 4. Identification of upstream pathways regulating Bim expression. (A) IL-3 was washed from the culture medium of b544 cells, and the
cells were cultured in the presence of human GM-CSF (hGM-CSF) or murine IL-3 (mIL3) or in the absence of cytokines. The number of viable
cells was determined by trypan blue dye exclusion. (B) Immunoblot analysis using lysates from b544 cells cultured in human GM-CSF (lanes 1 to
14) or in the absence of cytokines (lanes 15 and 16) for the indicated times. Bim (top panel) and Bcl-xL (bottom panel) proteins were detected
by specific antibodies to each protein. (C) Phosphorylation of p42/MAPK. Parental Baf-3 cells (lanes 1 and 2) or cells expressing Ras(S17N)
induced by the addition of 1027 M Dex (lanes 3 and 4) were cultured in IL-3-free medium for 2 h (lanes 1 and 3), after which IL-3 was added at
20 ng/ml for 5 min (lanes 2 and 4). p42/MAPK was detected by immunoblot analysis using a specific monoclonal antibody. Cell extracts from 105

cells were loaded per lane. (D) Parental Baf-3 cells (lane 1) or cells containing Dex-inducible Ras(S17N) in the presence or absence of Dex (lanes
2 and 3) were cultured in IL-3-containing medium. The phosphorylated form of Akt was detected with antibody specifically recognizing
phosphorylated Akt at Ser473. (E) Parental Baf-3 cells and cells expressing Ras(S17N) were cultured in the presence or absence of wortmannin
(WMN). The number of viable cells (left panel) and the percent viability determined by trypan blue dye exclusion (right panel) are shown. The
results are from a representative experiment; similar results were obtained in three other independent experiments. (F) Immunoblot analysis with
Bim antibodies. Parental Baf-3 cells treated with wortmannin at 0.5 mM (top panel) or cells expressing Ras(S17N) induced by addition of 1027 M
Dex in the absence (middle panel) or presence (bottom panel) of wortmannin were cultured in IL-3-containing medium (5 ng/ml). Cell extracts
were prepared after the indicated times.
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(28, 31) that the Ras(G12V) mutant, when expressed in Baf-3
cells, activates both the Raf/MAPK and PI3-K pathways, while
the Ras(G12V/V45E) mutant activates the PI3-K but not the
Raf/MAPK pathway, as judged by the phosphorylation of p42/
MAPK, Akt, or p70/S6 kinase (Table 1). Baf-3 cells expressing
either Ras mutant survive for prolonged times in IL-3-free
medium, while the antiapoptotic effect of Ras(G12V/V45E)
but not that of Ras(G12V) is reversed by either the PI3-K
inhibitor wortmannin or the mTOR inhibitor rapamycin (Ta-
ble 1; Fig. 5D)

To test whether Bim expression is involved in the wortman-
nin- or rapamycin-sensitive pathways, we performed immuno-
blot analysis using cell lysates from Baf-3 cells that expressed
either Ras(G12V) or Ras(G12V/V45E), with or without wort-
mannin or rapamycin, in IL-3-free medium. As expected, Bim
was downregulated in cells expressing Ras(G12V) whether or
not wortmannin was present (Fig. 5A). Downregulation of Bim
was also observed in Baf-3 cells expressing Ras(G12V/V45E)
(Fig. 5B, top panel); however, in contrast to Ras(G12V), this
effect was reversed by wortmannin or rapamycin (top and
lower middle panels), suggesting that rapamycin-sensitive
pathways (mTOR/S6-K) play a role in the antiapoptotic path-
ways downstream of PI3-K.

To confirm that mTOR is involved in the regulation of
cytokine-mediated cell survival, we used a mutant form of
mTOR that is resistant to rapamycin (Ser20353Ile; designated
mTOR-rr) (7). Retrovirus containing the cDNA of mTOR-rr,
tagged with the AU1 sequence at its 59 end and murine CD8
(lyt-2) as a marker, was transfected to Baf-3 cells inducibly
expressing Ras(G12V/V45E) (see Materials and Methods).
CD8-expressing cells, selected by magnetic beads, were dem-
onstrated to express mTOR-rr by immunoblot analysis with a
monoclonal antibody specific for the AU1 peptide (Fig. 5C,
lane 2), which comigrated with endogenously expressed
mTOR protein (lane 3). These cells were then cultured in
IL-3-free, Dex-containing medium, with or without rapamycin.
As shown in Fig. 5D, cells expressing both Ras(G12V/V45E)
and mTOR-rr survived in the presence as well as the absence
of rapamycin. Moreover, Bim was downregulated in these cells
(Fig. 5B, bottom panel), indicating that mTOR contributes to
cell survival by downregulating Bim expression.

Lack of Akt involvement in cytokine-mediated regulation of
apoptosis. The apparent reversal of the antiapoptotic effects of
Ras(G12V/V45E) by rapamycin raised questions about the
contribution of Akt to downstream regulation of apoptosis
through Ras pathways. Indeed, the phosphorylation levels of
Akt in dying cells [Ras(G12V/V45E)-expressing cells cultured
in IL-3-free medium with rapamycin] (Fig. 6A, lane 6) were

equivalent to those in healthy cells (i.e., those without rapa-
mycin or parental Baf-3 cells cultured in IL-3-containing me-
dium) (lanes 1 and 5). To directly assess the regulatory role of
Akt in Baf-3 cells, we established cells that expressed myristy-
lated Akt (myr-Akt) after Zn induction. Although myr-Akt was
readily induced with Zn, migrating slightly slower than endog-
enous Akt (Fig. 6B, lane 2), its expression was quickly down-
regulated when IL-3 was removed. Substitution of a retroviral
long terminal repeat for the metallothionein promoter failed
to stimulate constant expression of myr-Akt in IL-3-starved
Baf-3 cells (data not shown), suggesting that this myristylated
protein is downregulated by posttranscriptional mechanisms.
Because rapid downregulation of myr-Akt was also observed in
32D and FL5.12 cells (data not shown), we could not deter-
mine the antiapoptotic effect of myr-Akt.

We then used a dominant negative form of Akt (MAA-PKB;
see Materials and Methods) (46) to investigate the possible
role of Akt kinase in apoptosis regulation by Ras/PI3-K path-
ways. Retrovirus containing the cDNAs of MAA-PKB and
CD8 was used to infect Baf-3 cells inducibly expressing
Ras(G12V/V45E). Although selected cells lacked Akt kinase
activity (Fig. 6C), there were no discernible differences in sur-
vival between cells expressing Ras(G12V/V45E) alone and
those expressing MAA-PKB in addition to the Ras mutant in
IL-3-free medium (Fig. 5D). Moreover, Bim expression was
suppressed in these cells (Fig. 6D), suggesting that Akt is not
required for suppression of this BH3 family member. These
results, taken together, show that Akt does not appear to
contribute to the cytokine-mediated survival of murine IL-3-
dependent hematopoietic cell lines.

DISCUSSION

In earlier studies, we identified two distinct signaling path-
ways that appear to regulate cell survival. One originates from
the membrane-proximal portion of the bc chain and is involved
in the rapid and stable regulation of Bcl-xL, while the other
emanates from the distal region of the bc chain and overlaps
with the downstream pathways of constitutively active Ras
proteins (31). The first pathway has been described by others
(37), and recently STAT5 was shown to play a pivotal role in
upregulating Bcl-xL through signals from the proximal domain
of the bc chain (15, 42, 43). However, such induction of Bcl-xL

is not sufficient to protect cells from apoptosis (28) (see Fig.
4B, where human GM-CSF was used to stimulate b544 cells).
Because Ras is activated through signals from the distal bc chain
(40) and because an oncogenic Ras mutant [Ras(G12V)] rescued
b544 cells from apoptosis (28), it appears likely that in addition to

TABLE 1. Summary of activation of Ras mutants

Mutant
Phosphorylation of: % Viability

48 h after
IL-3 starvationp42/MAPK p70/S6K Akt

Ras(G12V) 1 1 1 .90
Ras(G12V) 1 wortmannin 1 2 2 80
Ras(G12V) 1 rapamycin 1 2 1 80
Ras(G12V/V45E) 2 1 1 75
Ras(G12V/V45E) 1 wortmannin 2 2 2 ,10
Ras(G12V/V45E) 1 rapamycin 2 2 1 ,20
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Bcl-xL one or more genes downstream of Ras(G12V) are re-
quired for cell survival. The findings presented here implicate
Bim, a member of the BH3-only subfamily of cell death activators,
as a key target in the regulation of apoptosis by cytokines, acting
through Ras pathways (summarized in Fig. 7). Importantly Bim
expression was downregulated not only through constitutively ac-
tive Ras proteins but also through the physiologically relevant
Ras/Raf or Ras/PI3-K pathway (Fig. 4E).

The biological significance of Bim expression in hematopoi-
etic cells was demonstrated by several experiments. First, in the
presence of cytokine, mRNA and protein expression of Bim
was very low in the murine IL-3-dependent cells used in this
study, which included both lymphoid (Baf-3 and FL5.12) and
myeloid (32D) cells. Second, the induction of Bim protein in

Baf-3 cells uniformly correlated with cell fate (Fig. 4 to 6).
Third, enforced expression of Bim at levels equivalent to those
in IL-3-deprived Baf-3 cells induced apoptosis in the presence
of IL-3 (Fig. 2C and D), suggesting that Bim might be able to
induce cell death by itself. The expression level-dependent
apoptosis was also noted in studies with Bim-deficient mice:
that is, lymphocytes isolated from Bim2/2 mice were much
more resistant to apoptosis than were those from wild-type
mice, while cells from Bim1/2 mice showed intermediate re-
sistance (4).

There are at least two other mechanisms by which Bim could
be regulated by cytokines. One is phosphorylation. Like ex-
pression level-dependent regulation, signals from the distal
portion of the bc chain are required for stable phosphorylation

FIG. 5. mTOR participates in the regulation of Bim by PI3-K pathways. (A and B) Immunoblot analysis with Bim antibodies. Cells were
cultured in IL-3-free medium for the indicated times. Baf-3 cells containing Dex-inducible Ras(G12V) were cultured with 1027 M Dex in the
absence (upper panel) or presence (lower panel) of wortmannin (WMN) (0.5 mM) (A). Baf-3 cells containing Dex-inducible Ras(G12V/V45E)
were cultured with 1027 M Dex (top panel), in the presence of wortmannin (upper middle panel) or rapamycin (Rapa) (10 ng/ml; lower middle
panel); Baf-3 cells containing Dex-inducible Ras(G12V/V45E) were engeneered to express an AU1-tagged rapamycin-resistant form of mTOR
(AU1-mTOR-rr) (see Materials and Methods) and were cultured with rapamycin (bottom panel) (B). (C) Immunoblot analysis of AU1-tagged
mTOR-rr and an endogenous mTOR protein in cell extracts from Baf-3 cells containing Dex-inducible Ras(G12V/V45E) (V45E; lanes 1 and 3)
or expressing AU1-mTOR-rr (rr, lanes 2 and 4), using monoclonal antibodies specific for AU1 (lanes 1 and 2) and mTOR (lanes 3 and 4). (D)
Percent viability of cells expressing Ras(G12V/V45E), with or without mTOR-rr (rr), in the presence or absence of rapamycin in IL-3-free medium.
Also shown is that of cells expressing Ras(G12V/V45E) and MAA-PKB in IL-3-free medium.
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of the Bim protein. Signals from the proximal bc chain can also
phosphorylate Bim protein, but only for a limited time (Fig.
4B). The function of Bad, another member of the BH3-only
family of death activators, is regulated through the phosphor-
ylation of two serine residues, which causes the loss of its
capacity to bind to antiapoptotic Bcl-2 family members, such as
Bcl-2 or Bcl-xL (12, 13, 50). Unlike Bad, however, hyperphos-
phorylated forms of Bim also bind to Bcl-2 or Bcl-xL as avidly
as hypophosphorylated forms do (Fig. 3D). We cannot exclude
the possibility that the phosphorylation of Bim affects its func-
tion through mechanisms other than the regulation of binding
to members of the antiapoptotic Bcl-2 family. Even so, it is
likely to be a relatively minor mechanism, at least in Baf-3
cells, because enforced expression of BimEL and BimL pro-
teins in Baf-3 cells induced rapid apoptosis in the presence of
IL-3, even though both Bim proteins were hyperphosphory-
lated by IL-3 signaling (Fig. 2 and 3C).

Regulation of the subcellular localization of Bim protein by
cytokines is another mechanism. Puthalakath et al. reported
(38) that Bim protein forms a complex with an Mr 8,000 dynein
light chain, LC8 (11, 25, 27), which functions as a component
of the dynein motor complex. In the presence of IL-3, the
Bim-LC8 complex binds to the intermediate chain of the dy-
nein motor complex on the microtubules, physically separated
from antiapoptotic Bcl-2 family members on the surface of
mitochondria. IL-3 withdrawal dissociates the Bim-LC8 com-
plex from the dynein intermediate chain by undetermined
mechanisms, enabling Bim to bind to antiapoptotic Bcl-2 fam-

FIG. 6. (A) Phosphorylation of Akt in Baf-3 cells. Parental (Pt)
Baf-3 cells were cultured in the presence (lane 1) or absence (lane 2)
of IL-3 for 12 h. Baf-3 cells containing Dexinducible Ras(G12V/V45E)
were cultured in IL-3-containing medium without (lane 3) or with
(lane 4) 1027 M Dex for 16 h. The Dex-treated cells were then cultured
in IL-3-free, Dex-containing medium for 12 h without wortmannin
(WMN) or rapamycin (Rap) (lane 5), with 10 ng/ml rapamycin (lane
6), or with 100 nM wortmannin (lane 7). Akt phosphorylated at Ser473
(top panel) was detected using specific antibodies. (B) Expression of
total Akt protein in IL-3-starved Baf-3 cells as detected by immunoblot
analysis with antibody recognizing both phosphorylated and nonphos-
phorylated Akt. Baf-3 cells engineered to express myr-Akt upon addi-
tion of Zn were cultured in IL-3-containing medium in the absence
(lane 1) or presence (lane 2) of 100 mM Zn for 16 h. The cells were
then transferred into IL-3-free medium containing Zn for the indi-
cated times. (C) Akt kinase assay. Parental cells (Pt) (lanes 1 and 2)
and cells expressing a dominant-negative form of Akt (dn-Dkt) (lanes
3 and 4) were starved of IL-3 for 2 h (lanes 1 and 3) and then cultured
in the presence of IL-3 (20 ng/ml) for 5 min (lanes 2 and 4). The kinase
activity of Akt was determined by histone H2B phosphorylation in
immunoprecipitates using Akt antibody. (D) Baf-3 cells containing
Dex-inducible Ras(G12V/V45E) were retrovirally engineered to ex-
press a dominant negative form of Akt (MAA-PKB) (dnDkt) and then
were cultured in IL-3-free, Dex-containing medium for the indicated
times.

FIG. 7. Proposed pathways for the cytokine regulation of Baf-3 cell
survival. Signals arising from the membrane-proximal portion of the bc
chain contribute to the rapid and stable expression of Bcl-xL through
activation of STAT5 but downregulate Bim only transiently. By con-
trast, signals from the membrane-distal domain of the bc chain activate
the P13-K/mTOR and Raf/MAPK pathways through Ras stimulation.
Either pathway can downregulate Bim expression. When suppressed,
Bim cannot inhibit the antiapoptotic functions of Bcl-2 and Bcl-xL and
thus contributes to the cytokine-mediated survival of Baf-3 cells.
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ily members and inhibit their function. Expression levels of
LC8 in Baf-3 or 32D cells were very low; indeed, the LC8
mRNA in these cells was not detectable by Northern blot
analysis using a unique probe, despite the fact that high-level
expression was readily detected in tissues and organs with the
same probe (our unpublished data). In addition, as discussed
above, enforced (but not excessive) expression of Bim induces
apoptosis in Baf-3 cells, even in cultures containing excess
concentrations of IL-3 (Fig. 2C and D). All evidence consid-
ered, we prefer Bim expression levels to phosphorylation or
subcellular localization as the means by which cytokines regu-
late apoptosis in these particular cell systems we used. Further
investigation is needed to substantiate this interpretation with
native hematopoietic progenitors.

The biological significance of PI3-K and the lack of signifi-
cance of Raf/MAPK pathways in cell survival were established
by using nerve growth factor to stimulate rat pheochromocy-
toma PC-12 cells (47). Akt, a downstream kinase of PI3-K, was
then shown to be involved in the PI3-K-mediated survival of
cerebellum granular cells (14). In these cells, a dominant neg-
ative form of Akt blocks the prosurvival effects of insulin-like
growth factor I, while a constitutively active form of Akt pro-
motes cell survival without neurotropic factors. Moreover,
rapamycin does not affect cell survival, indicating that Akt (not
mTOR) plays the major role in the regulation of apoptosis in
neuronal cells. By contrast, both Raf/MAPK and PI3-K can
protect hematopoietic progenitors from apoptosis (28, 30),
while the role of Akt in this system has been controversial.
Although several reports indicate a marginal capacity of Akt to
reverse apoptosis due to cytokine withdrawal (2, 44), accumu-
lating evidence refutes a contribution of this protein to cell
survival (3, 16, 41). Our data not only support these previous
negative findings but also suggest that mTOR is a key down-
stream mediator of hematopoietic progenitor cell survival, a
role supported by recent observations on mTOR in human
rhabdomyosarcoma cells (17). In light of the above observa-
tions, it is not surprising that Bad phosphorylation, which oc-
curs downstream of Akt, does not play an important role in the
cytokine-mediated survival of hematopoietic cells (16).

Aberrant control of apoptosis in hematopoietic progenitors
may predispose the cells to leukemic conversion. Several chi-
meric gene products formed by nonrandom chromosomal
translocations, such as the BCR-ABL tyrosine kinase impli-
cated in chronic myelogenous leukemia (CML) and the E2A-
HLF transcription factor in adolescent acute lymphoblastic
leukemia (ALL) (19, 21) can block apoptosis due to cytokine
withdrawal when expressed in Baf-3 cells (9, 10, 23). In the
present study, Bim expression was not affected by the E2A-
HLF chimera in Baf-3 cells (data not shown); however, it was
suppressed in Baf-3 cells expressing BCR-ABL kinase and in
BCR-ABL-positive human leukemia cell lines established from
ALL or CML patients (our unpublished results). Indeed, the
accumulation of mature hematopoietic cells, a prominent fea-
ture of CML, is also seen in Bim-deficient mice (4), suggesting
that Bim downregulation might be involved in the pathogene-
sis of CML. Whether Bim contributes to leukemogenesis in-
duced by BCR-ABL or oncogenic Ras mutants is currently
under investigation in our laboratory.
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