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Hematopoietic cells require cytokine-initiated signals for survival as well as proliferation. The pathways that
transduce these signals, ensuring timely regulation of cell fate genes, remain largely undefined. The NFIL3
(E4BP4) transcription factor, Bcl-x; , and constitutively active mutants of components in Ras signal transduc-
tion pathways have been identified as key regulation proteins affecting murine interleukin-3 (IL-3)-dependent
cell survival. Here we show that expression of NFIL3 is regulated by oncogenic Ras mutants through both the
Raf-mitogen-activated protein kinase and phosphatidylinositol 3-kinase pathways. NFIL3 inhibits apoptosis
without affecting Bcl-x; expression. By contrast, Bcl-x, levels are regulated through the membrane proximal por-
tion in the cytoplasmic domain of the receptor (B¢ chain), which is shared by IL-3 and granulocyte-macrophage
colony-stimulating factor. Activation of either pathway alone is insufficient to ensure cell survival, indicating
that multiple independent signal transduction pathways mediate the survival of developing B-lymphoid cells.

Genes that regulate programmed cell death are highly con-
served among organisms as diverse as insects, nematodes, and
mammals. In the nematode Caenorhabditis elegans, each cell
death during development is controlled through the coordinat-
ed action of three gene products, CED-3, CED-4, and CED-9
(13), while in mammalian cells, this function is performed by a
group of CED-related proteins such as the caspases, Apaf-1,
and Bcl-2 family members (25, 29, 40). Indeed, the activation
of caspase-3 (CPP32) is essential for programmed cell death
induced by growth factor deprivation in several cytokine-de-
pendent hematopoietic cells, including murine interleukin-3
(IL-3)-dependent cells such as Baf-3 pro-B lymphocytes (30).
Moreover, enforced expression of the IL-3-regulated Bcl-x;
gene protects Baf-3 cells from apoptosis caused by IL-3 deple-
tion (27), suggesting that Bel-x; regulation of caspase-3 activity
is a major mechanism contributing to programmed cell death
in this cell system.

Genetic programs controlling apoptosis also share upstream
elements that determine the fate of specific cell types. For in-
stance, the fates of the sister cells of specific neurons (NSM
neurons) in C. elegans are regulated by two transcription fac-
tors, CES-1 and CES-2 (12). CES-2 is a member of the basic
region/leucine zipper (bZIP) transcription factor superfamily
and is thought to act through its consensus binding sequence to
negatively regulate expression of the ces-1 gene, causing cells
to undergo apoptosis (28). Recently, we demonstrated that two
CES-2-related transcription factors, E2A-HLF and NFIL3
(also called E4BP4), play critical roles in the regulation of
apoptosis in mammalian pro-B lymphocytes.

The E2A-HLF chimeric transcription factor is expressed by
human pro-B-cell leukemias harboring the t(17;19)(q22;p13)
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translocation (14, 17). In this chimera, the transactivation do-
main of E2A (also called E12/E47) is fused to the bZIP do-
main of hepatic leukemia factor, which has high homology with
CES-2. E2A-HLF binds to the same DNA sequence as does
CES-2 and forms homodimers that trans activate gene expres-
sion (15, 17, 18, 20, 21). A dominant-negative suppressor of
E2A-HLF induces apoptotic cell death in leukemic cells with
the t(17;19) translocation. Moreover, E2A-HLF markedly de-
lays apoptosis caused by growth factor deprivation in murine
IL-3-dependent pro-B lymphocytes including Baf-3 and FL5.12
cells (19), suggesting that the chimeric protein contributes to
leukemogenesis by subverting the transcriptional regulation
system of programmed cell death in mammalian B-cell precur-
sors. Recently, we showed that a related bZIP protein, NFIL3
(also called E4BP4), is a cytokine-regulated mammalian tran-
scription factor highly homologous to CES-2 (16). Originally
isolated as a transcription factor binding to the adenovirus E4
promoter sequence with frans-repressor activity (9), NFIL3
was later identified as a frans activator of IL-3 gene expression
in T cells (39). This protein also has a high degree of homology
with CES-2 and avidly binds to the same DNA sequence rec-
ognized by CES-2 and E2A-HLF (9, 16). In Baf-3 and FL5.12
cells, NFIL3 is a delayed early transcription factor induced by
IL-3 stimulation. Moreover, enforced expression of NFIL3 in
FL5.12 cells delays apoptosis caused by IL-3 deprivation with-
out promoting cell division (16), indicating that induction of
NFIL3 is one of the mechanisms through which IL-3 sup-
presses apoptosis.

Previous studies have demonstrated that mutations leading
to constitutive Ras activation promote the development of he-
matopoietic malignancies (reviewed in reference 22). We have
also demonstrated that constitutively active Ras proteins block
apoptosis induced by IL-3 deprivation in murine IL-3-depen-
dent pro-B cells (33). Moreover, the membrane distal region of
the cytoplasmic domain of the signaling receptor (common
chain or Bc) shared by IL-3 and the granulocyte-macrophage
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FIG. 1. Schematic representation of retrovirus transduction experiments. (A) Structure of the retroviral vector used in this study (top); (ires, internal ribosomal
entry site). Retrovirus-mediated gene transfer was followed by cell selection with CD8 magnetic beads (bottom) (also see Materials and Methods). LTR, long terminal
repeat. (B to E) Immunoblot analysis. Cell lysates from parental Baf-3 cells (lanes 1 [B to E]) and cells infected with retrovirus expressing Bcl-2 (B), Bel-x; (C), c-Myc
(D), and NFIL3 (E) (each in lane 2) were analyzed with specific antibodies recognizing each protein. (F) Parental Baf-3 cells and cells expressing CD8 only (control),
NFIL3, Bcl-2, c-Myc, or Bel-x; were cultured in IL-3-free medium; cell viability was determined at each time point by trypan blue dye exclusion. Each value is the mean

(= standard deviation) of three independent experiments.

colony-stimulating factor (GM-CSF) is required for both the
survival and the activation of Ras in IL-3-dependent hemato-
poietic cells (23). Most recently, we identified the Raf-mito-
gen-activated protein kinase (MAPK) and rapamycin-wort-
mannin-sensitive pathways (most likely phosphatidylinositol
3-kinase [PI3-K] dependent) as pathways downstream of onco-
genic Ras in the prevention of apoptosis in cytokine-deprived
hematopoietic cells (24).

Here, we delineate two apparently independent pathways
that regulate apoptosis in cytokine-deprived Baf-3 cells. One
emanates from the membrane proximal portion of the Bc chain
and is involved in the rapid regulation of Bcl-x; expression; the

other involves the NFIL3 transcription factor downstream of
oncogenic Ras mutants. These data indicate that multiple path-
ways are involved in the cytokine-mediated survival of pro-B
lymphocytes.

MATERIALS AND METHODS

Cell culture and cell growth assay. Mouse IL-3-dependent Baf-3 pro-B lym-
phocytes were cultured in RPMI 1640 medium containing 10% fetal calf serum,
20 mM HEPES, 50 uM 2-mercaptoethanol, and 0.5% 10T1/2 conditioned me-
dium as a source of murine IL-3. In some experiments, recombinant mouse IL-3
(Wako Pure Chemicals, Osaka, Japan) was used at concentrations described in
the figure legends. Stable transfectants of truncated forms of the human GM-
CSF receptor and Ras mutants were established in Baf-3 cells as described
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FIG. 2. Baf-3 cells expressing dominant-negative NFIL3 require higher concentrations of IL-3 to survive. (A) Antibody-perturbed EMSA with lysates extracted from
parental Baf-3 cells grown in 25 ng of IL-3 per ml (lane 1) and Baf-3 cells grown under the same conditions that express the dominant-negative NFIL3 protein (lane
2). The reaction mixture includes a 3*P-labeled oligonucleotide probe containing the NFIL3 binding sequence and anti-NFIL3 antiserum. The arrowhead indicates a
supershifted complex containing NFIL3. (B) Parental Baf-3 cells and cells expressing the dominant-negative NFIL3 protein were cultured in serum-free AIM-V medium
with recombinant murine IL-3 at the indicated concentrations for 36 h, after which the percentage of surviving cells was determined. Each value is the mean (= standard

deviation) of three independent experiments.

previously (23, 33). Transfectants were maintained in medium containing either
1 mg of G418 per ml of 200 pg of hygromycin per ml. To deplete IL-3, cells were
washed twice with either IL-3-free growth medium or complete serum-free AIM-
V medium (Gibco-BRL). 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.

Retrovirus-mediated gene expression in Baf-3 cells. To construct a control
CD8-expressing vector plasmid (pMX/IRES-CDS) for retroviral gene transfer
from the pMX retroviral vector (a gift of T. Kitamura) (31), we inserted an
IRES-CDS cassette in which the mouse CDS8 (lyt-2) cDNA was fused in frame to
the internal ribosomal entry site sequence. Particular genes were expressed by
inserting their cDNAs immediately after the 5’ long terminal repeat sequence
(Fig. 1A). The dominant-negative NFIL3 mutant contains a defective NFIL3
basic domain characterized by substitution of nine of the amino acid residues
critical for DNA binding (YWEKRRKNNEAAKRSRE mutated to YWEQSQ
QYSEPPQRSRE; single-letter code). Retrovirus was made by the method of
Kitamura and coworkers (31) with minor modifications. Briefly, 3 X 10° BOSC23
cells were transfected with 6 wg of plasmid vector DNA with Lipofectamine
(Gibco-BRL) according to the manufacturer’s instructions. Two days later, 2 X
10° Baf-3 cells were infected with retrovirus by adding the conditioned medium
from transfected BOSC23 cells. The infection was performed in dishes coated
with recombinant human fibronectin fragment (Retronectin; TaKaRa, Tokyo,
Japan) at a concentration of 20 pg/cm?. After 24 h, the cells were separated from
the dish with cell dissociation buffer (Gibco-BRL) and transferred to a new flask.
Cells were cultured until the total number reached more than 3 X 10° (usually
after 2 days), and the percentage of CD8-positive cells was determined by flow
cytometry to monitor infection efficiency. CD8-positive cells were labeled with
magnetic microbeads conjugated with the CD8 monoclonal antibody and iso-
lated on MACS separation columns (Miltenyi Biotec, Gladbach, Germany) ac-
cording to the manufacturer’s instructions. The selection procedure was repeated
until more than 95% of cells were shown to be positive for CD8 by flow cytom-
etry.

Electrophoretic mobility shift analysis. Binding reactions in the electropho-
retic mobility shift assay (EMSA) were performed by incubating 12 g of nuclear
protein lysate at 30°C for 15 min with a 3*P-end-labeled DNA oligonucleotide
probe (2 X 10* cpm) containing the hepatic leukemia factor consensus binding
site sequence (5'-GCTACATATTACGTAACAAGCGTT-3") in 12% glycerol-
12 mM HEPES (pH 7.9)-4 mM Tris (pH 7.9)-133 mM KCI-1.5 pg of sheared
calf thymus DNA-300 pg of bovine serum albumin per ml as previously de-
scribed (37). Complexes were tested for binding to antisera by incubating 1 pl of
polyvalent immune rabbit antiserum to the nuclear protein lysates at 4°C for 30

min prior to the DNA binding reaction. Nondenaturing polyacrylamide gels
containing 4% acrylamide and 2.5% glycerol were prerun at 4°C in a high-ionic-
strength Tris-glycine buffer for 30 min and run at 50 mA for approximately 45
min. The gel was then dried under vacuum and analyzed by autoradiography.

Immunoblot analysis and antibodies. Cells were solubilized in Nonidet P-40
lysis buffer (150 mM NaCl, 1.0% Nonidet P-40, 50 mM Tris, pH 8.0), and total
cellular proteins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. After wet electrotransfer of the proteins onto polyvinylidene
difluoride membranes, proteins were detected by appropriate antibodies accord-
ing to standard procedures. The blots were then stained with primary antibodies
followed by horseradish peroxidase-conjugated anti-rabbit or anti-mouse immu-
noglobulin secondary antibodies and subjected to chemiluminescence detection
according to the manufacturer’s instructions (Amersham). The following anti-
bodies were used for immunodetection. Anti-Bcl-x polyclonal antibodies were
purchased from Transduction Laboratories (Lexington, Ky.), anti-Bcl-2 (AC21)
and anti-c-Myc (N-262) antibodies were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, Calif.), and anti-Akt and anti-phosphorylated (Ser-473) Akt-
specific antibodies were purchased from New England BioLabs (Beverly, Mass.).
Anti-NFIL3 antibodies were previously described (16).

RNA extraction and Northern blot analysis. Total cellular RNA was isolated
with the RNeasy kit according to the manufacturer’s instructions (Qiagen,
Hilden, Germany). RNA samples (20 g each) were separated by electrophore-
sis in 1% agarose gels containing 2.2 M formaldehyde, transferred to nylon mem-
branes, and hybridized with appropriate probes according to standard procedure.

RESULTS

NFIL3 delays apoptosis in Baf-3 cells deprived of IL-3. Clon-
al variation and difficulties in isolating stable clones have im-
peded studies in cytokine-dependent cells deprived of growth
factors. Thus, we established a retrovirus-mediated gene ex-
pression system that allows mass transfer of genes followed by
rapid selection without prolonged culture in antibiotics (see
Materials and Methods) (Fig. 1A). With this procedure, more
than 95% of infected Baf-3 cells expressed high levels of CD8
proved by flow cytometry (data not shown). Immunoblot anal-
ysis documented protein expression in these cells (Fig. 1B to
E).
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FIG. 3. Induction of NFIL3 by an oncogenic Ras mutant [Ras(G12V)]. Baf-
3 cells containing Dex-inducible Ras(G12V) cDNA were cultured in IL-3-free
medium. Dex (10~7 M) was added to the culture medium 8 h after IL-3 removal,
and cells were cultured for the indicated period (hours). (A) Northern blot
analysis of total RNA. The blot was first hybridized with a mouse NFIL3 cDNA
probe and then rehybridized with a human B-actin probe. (B) Immunoblot
analysis with whole-cell lysates. NFIL3 protein was detected with the polyclonal
antibodies. (C) Antibody-perturbed EMSA with nuclear extracts. The arrowhead
indicates a supershifted complex containing NFIL3.

Removal of IL-3 from the culture medium induced apopto-
sis in CD8-expressing Baf-3 cells, which died at essentially the
same rate as Baf-3 cells that did not receive the retrovirus (Fig.
1F). Cells programmed to express Bel-x; , Bcl-2, or NFIL3 were
protected from apoptosis, with Bcl-x; exerting the most pro-
found antiapoptotic effect, while, as expected (3), those ex-
pressing the c-Myc protein died more rapidly than controls.
These results indicate that, in addition to Bcl-2 family mem-
bers, NFIL3 can inhibit apoptosis in IL-3-deprived Baf-3 cells
in agreement with previous findings in FL5.12 cells (16).

Higher IL-3 concentrations are required for survival of Baf-3
cells expressing a dominant-negative NFIL3 protein. To con-
firm the antiapoptotic role of NFIL3 in Baf-3 cells grown in
IL-3-containing medium, we attempted to suppress NFIL3
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function by using a dominant-negative mutant [NFIL3(dn)]
containing a defective basic region but an intact leucine zipper
domain, which resulted in the formation of nonfunctional het-
erodimers with wild-type NFIL3 (see Materials and Methods).
By EMSA, Baf-3 cells expressing NFIL3(dn) lacked functional
NFIL3 protein detectable with an oligonucleotide probe con-
taining the NFIL3 binding site (TTACGTAA) (Fig. 2A), indi-
cating that the mutant had suppressed DNA binding by NFIL3
in a dominant-negative fashion. These cells required a 10-fold-
greater concentration of IL-3 to survive than did parental Baf-
3 cells or control CD8-expressing cells (Fig. 2B). The cell cycle
distribution of NFIL3(dn)-positive cells was unchanged as
shown by flow cytometric analysis (data not shown). Thus, the
effect of NFIL3 on cytokine-mediated cell survival was inde-
pendent of an effect on cell proliferation.

Oncogenic Ras induces NFIL3 expression. We previously
reported that NFIL3 is an IL-3-responsive gene in Baf-3 cells
(16). Since pathways induced by oncogenic Ras are required
for the optimal survival of these cells (23, 24, 33), we consid-
ered that NFIL3 may be regulated through downstream path-
ways of oncogenic Ras mutants. To test this possibility, we used
Baf-3 cells expressing a constitutively active Ras protein [Ras
(G12V)] under the regulation of dexamethasone (Dex) (23).
When cells were cultured in IL-3-free medium for 8 h, the
mRNA expression levels of endogenous NFIL3 were down-
regulated (lane 2, Fig. 3A). By 16 h after the addition of Dex,
however, NFIL3 transcripts were induced to levels similar to
those induced by IL-3 (lane 6). In accord with mRNA expres-
sion, NFIL3 protein expression was also induced by Dex as
shown by immunoblot analysis (Fig. 3B). EMSA revealed that
NFIL3 protein bound to DNA recovered by 8 h after addition
of Dex (Fig. 3C), when protein expression was barely detect-
able by immunoblot analysis (Fig. 3B). This apparent discrep-
ancy may be explained by the different sensitivities of the two
assays, because, in general, EMSA is more sensitive than im-
munoblotting. In addition, alteration of the DNA binding abil-
ity of NFIL3 may contribute to the discordance (see Discus-
sion). These effects appeared to be induced by Ras(G12V), not
by Dex itself, since neither mRNA nor protein expression of
NFIL3 was induced in wild-type Baf-3 cells after the addition
of Dex (data not shown), suggesting that the oncogenic Ras
protein had induced NFIL3 expression.

Downstream pathways of Ras mediating NFIL3 expression.
To identify downstream targets of Ras that could mediate
NFIL3 expression in Baf-3 cells, we tested NFIL3 induction by
various Ras or Raf mutants, which were shown to prevent
apoptosis without obvious signs of cell division in a previous
study (33). The ability of these mutants to prevent apoptosis
and phosphorylate p42/MAPK, p70/S6 kinase, and Akt is sum-
marized in Table 1. Cells expressing the ARaf mutant (trun-
cated N terminus), which constitutively activates MAPK, were
highly resistant to apoptosis. As expected, the cells retained
their capacity to express NFIL3 even when cultured in IL-3-
free medium (Fig. 4A, lane 2), indicating that activation of the
Raf-MAPK pathway is sufficient for the induction of this tran-
scription factor. In experiments to test this hypothesis, the Ras
(G12V/T35S) mutant, which specifically but weakly activates
the Raf-MAPK pathways (2), had less ability than ARaf to
induce NFIL3 (Fig. 4B, lane 3) and only weakly influenced cell
survival (Table 1). The Ras(G12V/V45E) mutant, which acti-
vates SOK and Akt but not Raf-MAPK pathways (34) (see also
Fig. 8), prevented apoptosis efficiently and induced appreciable
levels of NFIL3 (Fig. 4C, lane 3), suggesting that pathways
downstream of Ras other than Raf-MAPK pathways contrib-
ute to NFIL3 regulation. This interpretation was confirmed by
results with rapamycin, an inhibitor of the PI3-K-S6K pathway
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TABLE 1. Summary of activation of Ras-Raf mutants

Phosphorylation % Viability

Mutant 48 h after

IL-3 star-
p42/MAPK p70/S6K Akt yation
ARaf + - ND“ 60
Ras(G12V) + + + >90
Ras(G12V/T35S) Weak - ND 10
Ras(G12V/V45E) - + + 75
Ras(G12V) + rapamycin + — ND 80
Ras(G12V/V45E) + rapamycin - - ND <10
Ras(G12V) + wortmannin + ND - 80
Ras(G12V/V4SE) + wortmannin =~ — ND - <10

“ND, not done.

(26, 36), which dramatically reduced the levels of NFIL3 in-
duced by Ras(G12V/V45E) (lane 4) and compromised cell
survival (Table 1). By contrast, substantial amounts of NFIL3
protein were detected in Baf-3 cells expressing Ras(G12V) and
cultured in rapamycin-containing medium (Fig. 4D, lane 2), as
would be expected with the use of a reagent that does not affect
the Raf-MAPK pathways. In summary, the Ras-Raf and rapa-
mycin-sensitive pathways independently induce NFIL3 expres-
sion, apparently through effects on the phosphorylation of p42/
MAPK or p70/S6K.

Ras-independent pathways mediating NFIL3 expression. To
further analyze pathways regulating the expression of NFIL3,
we used Baf-3 cells expressing the full-length or truncated form
of the Bc human shared cytokine receptor chain. Because the
membrane distal region of the cytoplasmic Bc chain activates
Ras signaling pathways, 544 cells that express the Bc chain
truncated at amino acid 544 do not activate the Ras pathways
after addition of hGM-CSF to the culture medium (33). As
controls, we used (3455 cells expressing a Bc chain lacking all of
its cytoplasmic portion, as well as Bc cells expressing the full-
length Bc chain.

As in an earlier study (23), the Bc cells grew as well in hGM-
CSF-containing medium as in medium that contained IL-3,
while the 8455 cells could not divide and rapidly underwent
apoptotic cell death. The p544 cells proliferated well for ap-
proximately 60 h with no evidence of loss of viability but there-
after underwent apoptosis at a rapid rate (Fig. SA and B). Flow
cytometry analysis with propidium iodide staining demon-
strated that the B544 cells had accumulated in Gy/G, phase
prior to the onset of apoptosis at 60 h following the addition of
hGM-CSF (data not shown).

hGM-CSF induced NFIL3 expression in Bc cells but not in
B455 cells (Fig. 5C). In B544 cells exposed to hGM-CSF,
NFIL3 expression was transient and much less pronounced
than in Bc cells (Fig. 5D), suggesting that Ras is required for
the stable expression of NFIL3. Interestingly, as long as 3544
cells expressed NFIL3, they remained alive, but when NFIL3
began to fall, the cells underwent apoptosis. To confirm the
apparent role of NFIL3 in the survival of these cells, we in-
fected 544 cells with a retrovirus made from the pMX-NFIL3/
IRES-CDS vector and selected CD8-positive cells. As demon-
strated in Fig. SA and B, 8544 cells constitutively expressing
NFIL3 were more resistant to apoptosis, indicating that NFIL3
at least partially substitutes for Ras signals in preventing the
suicide. These results therefore suggest a role for Ras-medi-
ated pathways in the maintenance of both NFIL3 levels and
cell survival in response to cytokines.

Induction of Bcl-x; by oncogenic Ras. Cell survival signals
originating from cytokine receptors also regulate proteins in-
volved in the general apoptosis program, including members of
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the Bcl-2 and caspase families. In fact, we previously reported
that caspase-3 activity is elevated in cytokine-dependent cells
that undergo apoptosis caused by cytokine deprivation (30).
Because caspase activity is regulated by some of the Bcl-2
family members, we compared expression levels of the mem-
bers of the Bcl-2 family (Bcl-2, Bcel-x; , Bax, Bad, and Bak) in
Baf-3 cells cultured in medium with or without IL-3. The
results indicated that, of the proteins analyzed, only Bcl-x;
(mRNA and protein) was regulated by IL-3 (Fig. 6A and 7A),
in agreement with findings of Leverrier et al. (27). Moreover,
enforced expression of this protein protected cells from apo-
ptosis caused by IL-3 starvation (Fig. 1F), underscoring its
major role in the general apoptosis program regulating the
cytokine-mediated survival of Baf-3 cells.

To determine whether oncogenic Ras blocks apoptosis through
Bcl-x, gene regulation, we performed Northern blot and immu-
noblot analysis with RNA and total cell lysates extracted from
Baf-3 cells expressing the Ras(G12V) mutant. Bcl-x; mRNA
and protein levels were down-regulated in IL-3-deprived Baf-

B

Ras(G12V/T35S)
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- . - ' <
o % ¥
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FIG. 4. Antibody-perturbed EMSA with nuclear lysates extracted from Baf-
3 cells expressing various mutants of Ras and Raf. (A) Baf-3 cells expressing
ARaf were cultured in IL-3-containing medium (lane 1) or IL-3-free medium for
18 h (lane 2). (B) Baf-3 cells expressing Dex-regulated Ras(G12V/T35S) (lane 1)
were washed to remove IL-3 and then cultured in IL-3-free medium for 8 h (lane
2). Cells were then cultured in IL-3-free medium containing 1077 M Dex to
induce Ras(G12V/T35S) for another 18 h (lane 3). (C) Baf-3 cells expressing Ras
(G12V/V45E) were cultured in IL-3-containing medium (lane 1) and then washed to
remove IL-3 and cultured in IL-3-free medium for 8 h (lane 2). Cells were then
cultured without (lane 3) or with (lane 4) rapamycin (10 ng/ml) and maintained
in IL-3-free medium containing 10”7 M Dex to induce Ras(G12V/V45E). (D)
Baf-3 cells inducibly expressing Ras(G12V) were cultured in IL-3-free medium
for 8 h, then treated without (lane 1) or with (lane 2) rapamycin (10 ng/ml), and
then cultured in IL-3-free medium containing 10~7 M Dex to induce Ras(G12V).
Arrowheads indicate supershifted DNA-protein complexes containing NFIL3.
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tative experiment is shown; similar results were obtained in two other indepen-
dent experiments. (C and D) EMSA with nuclear lysates extracted from B¢ or
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3 cells expressing the oncogenic Ras mutant, as previously ob-
served in parental Baf-3 cells, with a return to baseline levels
by 24 h (Fig. 6B and 7B). Both Ras(G12V/V45E) and ARaf in-
duced Bcl-x; expression in the same manner as Ras(G12V) did
(Fig. 6C and 7C and data not shown), indicating that both the
Ras—PI3-K and Raf-MAPK pathways are involved in the slow
induction of Bcl-x; .

Since involvement of the PI3-K-Akt pathways in cytokine-
mediated cell survival has been reported recently (1, 35), we
used wortmannin to test whether the pathways contribute to
inhibition of apoptosis through induction of Bcl-x, . Baf-3 cells
expressing Ras(G12V) or Ras(G12V/V45E) by Dex were cul-
tured without IL-3. As we previously reported (24), cells ex-
pressing Ras(G12V/V45E), but not those expressing Ras(G12V),
underwent apoptosis by addition of 100 nM wortmannin in
culture medium (Table 1), suggesting that signals mediated by
the Ras-PI3-K pathways play central roles in inhibiting apo-
ptosis in cells expressing Ras(G12V/V45E) cultured in IL-3-
free medium. As expected, levels of phosphorylated Akt were
down-regulated by the treatment of wortmannin (Fig. 8). How-
ever, expression levels of Bcl-x; mRNA and protein were not
affected (Fig. 6D and 7D), suggesting that signals mediated by
the PI3-K-Akt pathways protect cells from apoptosis through
mechanisms independent of Bcel-x; .

Ras-independent induction of Bcl-x; . The results described
above raised the possibility that the regulation of the Bel-x;
gene expression involves Ras-independent pathways. To test
the possibility, we cultured 544 cells in hGM-CSF-containing
medium, which does not activate the Ras pathways, and ana-
lyzed the expression of Bcl-x;. Bcl-x; mRNA was barely de-
tectable 8 h after IL-3 removal, returning rapidly to its original
level after the addition of hGM-CSF (Fig. 9A). Moreover,
Bcl-x; protein levels were maintained for more than 63 h (Fig.
9B), when the cells underwent apoptosis (Fig. 5B), indicating
that Ras-independent pathways can induce the expression of
Bcl-x; but are unable to maintain the survival of Baf-3 cells.

We next tested whether NFIL3 induces expression of Bel-x; .
Baf-3 cells expressing NFIL3 were deprived of IL-3, and total
RNA and cell lysates were extracted. Northern blot and im-
munoblot analysis revealed that both mRNA and protein ex-
pression of Bel-x; were quickly down-regulated by IL-3 star-
vation (Fig. 9C and D), suggesting that NFIL3 delays apoptosis
through mechanisms other than the induction of Bcl-x; .

DISCUSSION

In earlier studies, we established that constitutively active
Ras proteins and NFIL3 block apoptosis in cytokine-starved
murine IL-3-dependent pro-B lymphocytes (16, 23, 24). We
and others also demonstrated that the general cell death ma-
chinery, including Bcl-x; and caspase-3, ultimately controls the
death of cytokine-deprived Baf-3 lymphocytes (27, 30), but the
pathways regulating the expression and activity of these pro-
teins remained unclear. Here we describe two distinct signaling
pathways that appear to regulate cell survival (summarized in
Fig. 10); one originates from the membrane proximal portion
of the Bc chain and is involved in the rapid and stable regula-
tion of Bel-x;, while the other pathway involves the NFIL3
transcription factor downstream of oncogenic Ras proteins.

455 (C) or 544 (D) cells expressing the full-length or a truncated form of the
human common B chain. Cells were cultured in cytokine-free medium for 8 h
(—8 to 0); then hGM-CSF was added to the medium at a concentration of 5
ng/ml, and the cells were cultured for the indicated period (hours). Open arrow-
heads indicate supershifted DNA-protein complexes containing NFIL3.
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FIG. 6. Bcl-x;, mRNA expression in Baf-3 cells. The blots were first hybrid-
ized with a mouse Bcl-x cDNA probe and then rehybridized with a human
B-actin probe. (A) Parental Baf-3 cells were cultured in IL-3-free medium for the
indicated periods. (B and C) Baf-3 cells containing Dex-inducible Ras(G12V)
(B) or Ras(G12V/V45E) (C) were cultured in medium containing 10~7 M Dex
for 16 h; the cells were then cultured in IL-3-free, Dex-containing medium for
the indicated period. (D) Baf-3 cells containing Dex-inducible Ras(G12V/V45E)
were cultured in medium containing 107 M Dex for 16 h; the cells were then
cultured in IL-3-free, Dex-containing medium with 100 nM wortmannin for the
indicated period.

B -actin
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B -actin

Signals originating from the membrane proximal domain of
the Bc chain likely regulate the expression of Bcl-x; , as shown
by experiments using 3544 cells stimulated with hGM-CSF, in
which Bcl-x; expression levels were demonstrated to be similar
to those in Baf-3 cells cultured with IL-3 (Fig. 9A and B).
Oncogenic Ras did not block the rapid decline of Bcl-x;
mRNA and protein levels after IL-3 deprivation. In addition,
wortmannin-sensitive pathways including pathways involving
PI3-K and Akt did not regulate Bcl-x; expression (Fig. 6 and
7). These data agree with the results of experiments by Pack-
ham et al. using the 32D, IL-3-dependent murine myeloid cell
line, which indicate that the regulation of Bcl-x; protein levels
is mediated by the Jak kinase pathway and is independent of
other signaling effectors including PI3-K and Ras (32). Never-
theless, 3544 cells cultured with hGM-CSF underwent apopto-
sis, indicating that signals from the membrane distal domain of
the Bc chain are also required to protect cells from apoptosis.
Because Ras is activated through signals mediated by the Bc
chain distal portion, and because an oncogenic Ras mutant
[Ras(G12V)] rescued B544 cells from apoptosis completely

MoL. CELL. BIOL.
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— —
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D. 43 o2 4 81216 2024 30 (hou)

FIG. 7. Expression of Bcl-x; protein in Baf-3 cells. (A) Parental Baf-3 cells
were cultured in IL-3-free medium for the indicated periods. (B and C) Baf-3
cells containing Dex-inducible Ras(G12V) (B) or Ras(G12V/V45E) (C) were
cultured in medium containing 10~7 M Dex for 16 h; the cells were then cultured
in IL-3-free, Dex-containing medium for the indicated period. (D) Baf-3 cells
containing Dex-inducible Ras(G12V/V45E) were cultured in medium containing
107 M Dex for 16 h; the cells were then cultured in IL-3-free, Dex-containing
medium with 100 nM wortmannin for the indicated period.

(23), it appears likely that one or more genes downstream of
Ras(G12V) are required for cell survival in addition to Bel-x; .
NFIL3 appears to be a signaling component in Ras-mediated
survival pathways, because this transcription factor is induced
by IL-3 (16) and Ras(G12V) (Fig. 3) in Baf-3 cells, but only
transiently by hGM-CSF in p544 cells (Fig. 5D), and the en-
forced expression of NFIL3 in 544 cells delays apoptosis (Fig.
5A and B).

We previously reported that DNA binding ability, as well as
the expression levels of NFIL3, is regulated by IL-3 (16). DNA
binding of this transcription factor may also be up-regulated by
Ras-mediated signals (Fig. 3B and C). Evidence has been pub-
lished that in vitro-phosphorylated NFIL3 is able to bind its
consensus sequence more avidly than nonphosphorylated pro-
tein (5). Thus, oncogenic Ras may regulate NFIL3 not only by
up-regulating its expression levels but also through posttrans-
lational effects on DNA binding.

The incomplete ability of NFIL3 to rescue 544 cells cul-
tured in medium containing hGM-CSF indicates that this tran-

p-Akt ——
total 2
Akt

1 2 3 4

FIG. 8. Expression and phosphorylation of Akt in Baf-3 cells expressing Ras
(G12V/V4SE). Baf-3 cells containing Dex-inducible Ras(G12V/V45E) were cul-
tured in IL-3-containing medium without Dex (lane 1) or with 1077 M Dex for
16 h (lane 2). The Dex-treated cells were then cultured in IL-3-free, Dex-
containing medium for 12 h without wortmannin (lane 3) or with 100 nM
wortmannin (lane 4). Phosphorylated Akt at Ser-473 (upper panel) or total Akt
(lower panel) protein was detected with antibodies specific for each protein.
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FIG. 9. Expression of Bcl-x; mRNA (A and C) and protein (B and D) in Baf-
3 cells. The Northern blots were first hybridized with a mouse Bcl-x cDNA probe
and then rehybridized with a human B-actin probe. (A and B) B544 cells were
cultured in medium lacking either IL-3 or hGM-CSF for 8 h (lanes 2). Then cells
were cultured in medium containing hGM-CSF for the indicated periods. (C and
D) Baf-3 cells expressing NFIL3 were cultured in IL-3-free medium for the in-
dicated periods.

scription factor is not the only downstream target of Ras
(G12V) that is required to prevent cell death. Candidates for
additional components of Ras-mediated survival pathways in-
clude other transcription factors, members of the antiapoptotic
Bcl-2 superfamily, or members of the BH3 domain-containing
group of cell death activators, such as Bad, Bax, Bak, etc. Re-
cently, IL-3-dependent phosphorylation of Bad overexpressed
in FL5.12 cells was reported to mediate cell survival (38).
Moreover, Bad phosphorylation in this cell system is mediated
at least in part by Akt, which is downstream of PI3-K (10, 11).
However, because endogenous Bad proteins in Baf-3 cells cul-
tured in IL-3-containing medium are not phosphorylated at
detectable levels (data not shown), it is difficult to evaluate the
importance of this mechanism.

The downstream factors through which NFIL3 delays apo-
ptosis in IL-3-deprived Baf-3 cells have as yet not been iden-
tified. One possibility is that NFIL3 induces the expression of
cytokines in Baf-3 cells and blocks apoptosis through an auto-
crine mechanism, because this transcription factor has been
reported to frans activate the IL-3 promoter in T cells (39).
However, we have been unable to detect the IL-3 mRNA or
protein in Baf-3 cells overexpressing NFIL3 and in conditioned
medium from these cells (16), although the involvement of
another cytokine(s) has not been ruled out. Another possibility
is that NFIL3 induces antiapoptotic Bcl-2 family members;
however, we have not been able to detect the induction of a
known antiapoptotic Bcl-2 family member (Fig. 9C and D and
data not shown). Recent findings on the regulation of pro-
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grammed cell death in C. elegans may provide insight into this
issue. The EGL-1 protein, which was recently identified as an
upstream component of the general cell death machinery in
the worm, contains a Bcl-2 homology region 3 (BH3)-like do-
main but does not contain a BH1, BH2, or BH4 domain (6).
EGL-1 directly binds to CED-9 and is considered to inhibit its
function. Because Egl-1 likely acts downstream of CES-1 and
CES-2 (6), mammalian members of the BH3-only-containing
group of cell death activators, such as Bid, Bik, or Hrk, would
appear to be candidate target proteins of NFIL3.

Factors involved in the control of apoptosis have been im-
plicated in oncogenic signaling cascades. NFIL3, for example,
may act in some cells as a physiological counterpart of the leu-
kemogenic E2A-HLF fusion transcription factor (16), by trans-
mitting survival signals emanating from oncogenic Ras proteins.
Ras pathways are activated in leukemogenesis not only by ac-
tivating point mutations, but also by loss-of-function mutations
of the NFI tumor suppressor gene in juvenile-type chronic
myelogenous leukemia (4). In addition, the BCR-ABL chi-
meric tyrosine kinase, implicated in the pathogenesis of Phil-

cytokine
receptor proximal distal
(Bc) \
\J \
A \ Ras
o
\ / Raf
signal \
transduction \ /
and
transcriptional y\ MAPK
regulation / \
[ <
/  [NFIL3
4
Bcl-x
general
apoptosis
program
\J
cell death

FIG. 10. Proposed signaling pathways regulating cell survival in Baf-3 cells
that originate from segments of the cytokine-activated Bc chain and proceed to
the general apoptosis program through the signal transduction and transcrip-
tional regulatory system. Signals arising from the membrane proximal portion of
the Bc chain contribute to the rapid and stable expression of Bel-x; but induce
NFIL3 only transiently (lightly dashed line). By contrast, signals from the mem-
brane distal domain of the Bc chain activate Ras-mediated pathways. A consti-
tutively active Ras protein [Ras(G12V)] regulates the stable expression of the
NFIL3 transcription factor through both the Raf-MAPK and PI3-K pathways.
Oncogenic Ras is also involved in the slow but stable induction of Bcl-x; (heavily
dashed line).
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adelphia chromosome-positive leukemias, acts in part through
Ras-mediated signals (7, 8). Not surprisingly, we have shown
that NFIL3 expression is induced by the BCR-ABL chimera in
Baf-3 cells (data not shown), suggesting that Ras-NFIL3 path-
ways may be common targets for a variety of oncogenes. The
dissection of transcriptional networks through which NFIL3
affects cell survival may ultimately provide insight into the role
of Ras gene activation and its contribution to malignant trans-
formation.
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