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The c-myb proto-oncogene encodes two alternatively spliced mRNAs, which in turn code for proteins of 75
kDa and 89 kDa. It is at present unclear whether the two isoforms of c-Myb perform identical functions or
whether they mediate different biological effects. To assess their role in apoptotic death of hematopoietic cells,
we expressed the two isoforms of c-Myb in the murine myeloid cell lines 32Dcl3 and FDCP1. Our results show
that while ectopic overexpression of p75 c-Myb results in the acceleration of cell death, similar overexpression
of p89 c-Myb results in the protection of cells from apoptotic death. An analysis of gene expression changes
with mouse cDNA expression arrays revealed that while p75 c-Myb blocked the expression of glutathione
S-transferase � mRNA, p89 c-Myb greatly enhanced the expression of this gene. These results were further
confirmed by Northern blot analysis. Ectopic overexpression of the glutathione S-transferase � gene in 32Dcl3
cells resulted in protection of cells from interleukin-3 withdrawal-induced cell death similar to that seen with
the ectopic overexpression of p89 c-Myb. These results suggest that the two isoforms of c-Myb differentially
regulate apoptotic death of myeloid cells through differential regulation of glutathione S-transferase � gene
expression.

Programmed cell death is an essential phenomenon that
regulates normal development and homeostasis. Apoptotic
machinery is normally suppressed or activated by signals from
the extracellular environment as well as intracellular sensors
that monitor DNA damage. The absence of external survival
signals or irreparable DNA damage are some of the important
events that appear to trigger apoptosis in lower organisms such
as Caenorhabditis elegans (reviewed in references 4 and 15).
While preserving these apoptotic responses, higher organisms
such as mammals have evolved a distinctive mechanism that
enables the organism to instruct certain cell populations to
enter apoptotic pathways at different stages of development.

Accumulating evidence suggests that in higher organisms,
apoptosis is regulated by two major pathways, one that origi-
nates at the membrane and another that involves mitochondria
(reviewed in references 3, 25, 48, and 62). The apoptotic path-
ways that originate at the membrane involve death receptors
such as Fas, TNF-R1, DR-3, DR-4, and DR-5 (3, 48). These
death receptors are activated by their cognate ligands, resulting
in the recruitment and activation of caspases (3, 48), and this
process does not appear to require de novo transcription and
translation (48). The apoptotic pathways that involve mito-
chondria affect mitochondrial permeability and the release of
cytochrome c from mitochondria into the cytosol, which inter-
acts with Apaf1 and procaspase 9, leading to the activation of
caspase 9 and the downstream caspases (reviewed in reference
25). In contrast to the death receptor-mediated pathways, this
process requires de novo mRNA and protein synthesis and
involves the members of the bcl-2 gene family (25, 48). Thus,

Bcl-2 and Bcl-xL inhibit the release of cytochrome c from the
mitochondria and block apoptosis, while Bax and Bid, the
proapoptotic members of the family, promote the release of
cytochrome c from mitochondria (25, 48).

In the mammalian organism, hematopoietic cell growth is
normally dictated by a group of growth factors known as cyto-
kines. Recent studies have shown that cytokines not only me-
diate proliferation and differentiation of hematopoietic cells,
but also enhance the survival of these cells by the suppression
of apoptotic pathways (49, 65). Withdrawal of cytokines from
the culture medium has been found to result in apoptosis of
hematopoietic cells, which appears to require de novo RNA
and protein synthesis and has been found to involve members
of the bcl-2 gene family, suggesting the involvement of mito-
chondria (48). It has been known for some time that induction
of proliferation of hematopoietic cells by cytokines leads to the
induction of c-myc and c-myb expression, underlying the cen-
tral role played by these two proto-oncogenes in hematopoietic
cell growth (9, 12, 13). Intriguingly, however, it has been ob-
served that under conditions of growth factor or cytokine de-
privation, these two nuclear oncogenes promote apoptotic
death of hematopoietic cells (2, 54). Thus, ectopic overexpres-
sion of c-myc in mammalian cells was found to result in the
acceleration of programmed cell death following the with-
drawal of growth factors or cytokines (2, 43). In a similar
manner, ectopic overexpression of p75c-myb was found to ac-
celerate transforming growth factor beta-mediated cell death
of the M1 myeloid leukemia cell line (54). While the mecha-
nisms associated with c-myc-mediated apoptosis have been
studied in some detail (reviewed in reference 46), very few
studies have been conducted to address the molecular mech-
anisms associated with c-myb-mediated apoptotic death of he-
matopoietic cells.

The c-myb proto-oncogene is the cellular homologue of v-
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myb, the transforming gene of avian myeloblastosis virus,
which causes myeloblastic leukemia in chickens (reviewed in
reference 42). The major translational product of the c-myb
proto-oncogene is a 75-kDa nuclear protein which is expressed
in most hematopoietic tissues (63). In addition to this 75-kDa
protein product, another translational product of 89 kDa was
found to be encoded by c-myb in several avian, murine, and
human hematopoietic cells (11, 17). This 89-kDa protein is
translated from an alternatively spliced mRNA encoded by the
c-myb gene, which results in the addition of 363 bp between
exons 9 and 10. This region has been designated exon 9A (50,
55). In addition, both proteins encode an N-terminal DNA-
binding domain, a central transactivation domain, and a C-
terminal negative regulatory domain. Both proteins are found
in the nucleus (17) and function as transcriptional activators
with sequence-specific DNA binding activities (5, 17, 52, 64,
66).

Although the effects of Myb proteins in hematopoiesis have
been well studied, the molecular mechanisms by which Myb
proteins regulate cellular events and the nature of the target
genes through which these nuclear factors mediate their func-
tion are still unclear. It is also at present unclear whether the
two isoforms of c-Myb perform identical functions or whether
they mediate different biological effects.

To assess the role of the two isoforms of c-Myb in apoptotic
death of hematopoietic cells, we expressed these two isoforms
of c-myb under inducible conditions in the interleukin-3 (IL-
3)-dependent myeloid precursor cell line 32Dcl3, which is de-
rived from normal mouse bone marrow and is nontumorigenic
(24, 37). This cell line was particularly useful for the studies
outlined here becasue it is not predisposed to developing fac-
tor-independent clones (2). The results presented in this article
show that the two isoforms of c-myb regulate apoptotic death
of myeloid precursor cells in opposite ways and that they me-
diate these effects through the regulation of the glutathione
S-transferase � (GST�) gene, which in turn regulates intracel-
lular levels of oxygen free radicals.

MATERIALS AND METHODS

Cell culture. QT6 fibroblasts were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 1% HEPES buffer and
0.5% penicillin-streptomycin in a humidified incubator maintained at 37°C and
circulated with 5% CO2. The murine myeloid progenitor cell line 32Dcl3 (2, 37,
51) was maintained in Iscove’s modified Dulbecco’s medium supplemented with
10% fetal bovine serum, 0.5% penicillin-streptomycin, and 10% WEHI-3B cell-
conditioned medium as a source of IL-3 (68). FDCP1 cells were maintained in
RPMI supplemented with 10% fetal bovine serum, 0.5% penicillin-streptomycin,
and 10% WEHI-3B cell-conditioned medium as a source of IL-3.

Construction of plasmids. The construction of reporter plasmids pTA3-luc
and pT81-luc has been described previously (38). For expression in QT6, each
effector myb construct, p75c-myb, p89c-myb, t-myb, and p75�lz-c-myb, were in-
serted into expression vector pcDNA3.1 (Invitrogen), which placed the insert
under the control of the cytomegalovirus immediate-early promoter. p75�lz-c-
myb was constructed by mutating Leu389 and Leu396 to alanines by site-directed
mutagenesis and fusion PCR (26). The inducible vector pMT-neo has been
described previously (41). Murine wild-type p75c-myb, p89c-myb, t-myb, and
p75�lz-c-myb were subcloned into the pMT-neo vector to express these genes in
32Dcl3 cells in a metal ion-inducible manner. Murine GST� (accession no.
J04696) was cloned via reverse transcription-PCR from 32Dcl3 total RNA iso-
lated 8 h after IL-3 withdrawal with oligonucleotides 5�-CTATGCCTATGACA
CTAGGTTAC-3� and 5�-GGGCCAGCAGAGCACTCATGAG-3�, subcloned
into pOPRSVI/MCS (Stratagene), and used with pCMVlacI repressor plasmid
to express this gene in 32Dcl3 cells in an isopropylthiogalactopyranoside (IPTG)-
inducible manner. The GST� cDNA was also cloned in pOPRSVI-Puro/MCS

(31) to express GST� in 32D/c-myb p75 cells. The internal marker for transient
transfection, pRL-CH110, was constructed by replacing the lacZ gene in pCH110
(Pharmacia) with the Renilla luciferase gene from pRL-null (Promega).

Transient transfections and luciferase assays. For transfection into QT6 cells,
cells were seeded into six-well plates at a density of 0.5 � 105 cells/well. The
following day, DNA was transfected by the calcium phosphate method (Gibco-
BRL) with the manufacturer’s protocol. In each transfection, 5 �g of reporter
and 5 �g of effector plasmid were transfected along with 0.5 �g of pRL-CH110
as an internal standard. Following incubation for 24 h, cells were washed and
incubated in fresh medium for an additional 24 h. At 48 h posttransfection, cells
were lysed in 500 �l of passive lysis buffer (Promega)/well. Luciferase activity was
assayed with the dual-luciferase Reporter plasmid system (Promega). Luciferase
activities were normalized against Renilla luciferase activity to determine relative
luciferase activity, and the activation was calculated by setting the value of the
empty vector control at 1.0.

For transfection of GST� antisense oligodeoxynucleotides in 32D cells, the
folic acid-polylysine method was used as described previously (34). Briefly, folic
acid-polylysine and GST� antisense oligodeoxynucleotide mixtures were pre-
pared in 150 mM NaCl–20 mM HEPES (pH 7.3) and gently mixed and incubated
at room temperature for 30 min. The transfection mixture was then added to 32D
cells in six-well plates containing 1 M cells in 3 ml of medium. After 3 h, the cells
were washed and viability was determined at the indicated time points.

Establishment of stable cell lines expressing transgenes. For stable transfec-
tion of 32Dcl3 cells, exponentially growing 32Dcl3 cells were electroporated with
various linearized plasmid DNAs with a Gene-Pulser (Bio-Rad) at a pulse of 230
V and 960 �F. The surviving cells were selected in 1 mg of G418 per ml
(pMT-neo-based constructs), 2 �g of puromycin per ml (pOPRSVI-Puro/MCS-
based constructs), or 1 mg of G418 and 1 mg of hygromycin per ml (pOPRSVI/
lacI repressor-based constructs) for 2 to 3 weeks. To isolate single cell clones,
mass cultures were serially diluted in 96-well plates in the presence of G418 and
selected for clonal expansion. Since the expression of transgenes was leaky,
unless specifically indicated, 100 �M ZnCl2 was added in all experiments with
cell lines derived from pMT-neo-based constructs.

To generate stable FDCP1 transfectants, 10 �g of pMTp75c-myb, pMTp89c-myb

or the empty vector (pMT-neo) was introduced into actively proliferating FDCP1
cells by electroporation (300 V, 960 �F) and selected in the presence of G418
(500 �g/ml). Single cell clones were obtained by limiting dilution.

Northern blot analysis. Total RNA from each cell line in the presence of IL-3
or at the indicated time points following IL-3 withdrawal was isolated and
purified with the Trizol reagent (Gibco-BRL). Then 20 �g of total RNA was
used per sample and Northern blot analysis was performed. Full-length c-myb
and GST� cDNAs were used to detect c-myb and GST� mRNA transcripts,
respectively. As an internal control for RNA loading, blots were either stripped
and reprobed with full-length glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) cDNA or stained with ethidium bromide after completion of RNA
transfer onto the nitrocellulose filter to compare levels of 18S and 28S rRNAs
across lanes.

Western blot analysis. Anti-lamin B and anti-cytochrome c antibodies were
purchased from Santa Cruz and PharMingen, respectively. To analyze protein
products of the transfected c-myb genes in QT6 and 32Dcl3 cells, normalized
amounts of proteins from each cell lysate were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and separated proteins were trans-
ferred to a nitrocellulose membrane in transfer buffer (10 mM CAPS, 10%
methanol [pH 10.5]). The filter was blocked with 5% nonfat milk in TBS-T buffer
(10 mM Tris [pH 7.5], 100 mM NaCl, 0.1% Tween 20) for 1 h at room temper-
ature, incubated with primary anti c-Myb polyclonal antibody (41) overnight at
4°C, and washed three times in TBS-T solution. The secondary antibody reaction
was performed by incubating the filters with horseradish peroxidase-conjugated
anti-rabbit immunoglobulin (Amersham) and washed as described for the pri-
mary antibody reaction. The Amersham ECL detection system was used for
visualization as specified by the manufacturer. To detect protein products of
lamin B and cytochrome c, 3% nonfat milk was used in the protocol described
above.

Fractionation of cell lysates. For immunoblotting, cytosolic and mitochondrial
fractions were prepared by selective plasma membrane permeabilization with
digitonin (20). After treatment with 0.05% digitonin in isotonic sucrose buffer
(composition in 250 nM sucrose, 10 nM HEPES, 10 nM KCl, 1.5 nM MgCl2, 1 nM
EDTA and 1 nM EGTA, pH 7.1) for 1 min at room temperature, and soluble
fractions of permeabilized cells containing cytosol were saved. Insoluble fractions
were further extracted with ice-cold 0.5% Triton X-100 in isotonic sucrose buffer
for 10 min to release membrane- and organelle-bound proteins, including mito-
chondrial cytochrome c. Protease inhibitors were included in all solubilization
buffers. Cellular fractions sequentially solubilized by digitonin and Triton X-100
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were centrifuged at 15,000 � g for 10 min at 4°C. Proteins in the resultant
supernatants were resolved by SDS-PAGE and electroblotted onto polyvinyli-
dene difluoride membranes for Western blot analysis with anti-cytochrome c
monoclonal antibody (PharMingen).

Analysis of DNA fragmentation. DNA fragments released from 10 � 106 cells
were extracted and separated by electrophoresis in agarose gels (1). After ex-
periments, cells were lysed in a buffer containing 0.5% Triton X-100, 50 mM Tris,
10 mM EDTA (pH 7.4), and 200 mg of proteinase K per ml. Cell lysates were
then incubated at 42°C for 90 min, treated with 0.2 mg of RNase A per ml,
incubated at 37°C for an additional 30 min, and centrifuged at 14,000 � g for 20
min. The resultant supernatant was then extracted twice with phenol-chloroform
(1:1). DNA fragments were precipitated with 1/10 volume of 3 M sodium acetate
and 2.5 volumes of ethanol at �20°C overnight and resuspended in 10 mM
Tris-HCl–1 mM EDTA (pH 8.0). Then 2 mg of DNA was analyzed on a 2%
agarose gel.

Flow cytometry. Cell cycle determination by flow cytometry was performed on
an Elite Coulter counter. For cell cycle analysis, 106 32Dcl3 cells were collected
at the indicated time points following IL-3 withdrawal, washed three times with
1 ml of ice-cold 1% fetal calf serum in phosphate-buffered saline, resuspended in
0.5 ml of phosphate-buffered saline with 1% fetal calf serum, and fixed by
addition of 4 ml of ice-cold absolute ethanol with slow vortexing. Following
fixation, cells were washed once and resuspended in 0.8 ml of 1% fetal calf serum
in phosphate-buffered saline, 0.1 ml of propidium iodide, and 0.1 ml of 10-mg/ml
RNase A and incubated at 37°C for 30 min before being subjected to flow
cytometric analysis.

Viability assay. 32Dcl3 and FDCP1 cells expressing exogenous c-Myb and
GST� proteins were analyzed for cell viability in the absence of IL-3 at different
time points. At the indicated time points, viable and nonviable cells were iden-
tified by trypan blue dye exclusion and counted in triplicate on a hemacytometer,
and the percentage of viable cells was calculated.

Analysis of gene expression. Atlas mouse cDNA expression array (Clontech
catalog no. 7741-1) was used to analyze differential gene expression following
IL-3 withdrawal in 32Dcl3 cells transfected with alternatively spliced c-myb gene
products. Isolation of total RNA, cDNA synthesis, labeling of cDNA, and hy-
bridization of cDNA probes to the Atlas array filters were performed according
to the manufacturer’s protocol (Clontech).

Caspase activity assay. Following experimental incubation, cells were lysed in
1% Triton X-100 in 25 mM HEPES–115 mM NaCl–1 mM KH2PO4–4 mM KCl
buffer (pH 7.4). To measure caspase activity, 50 �g of lysates was added to
reaction mixtures containing 50 �M peptide substrate (DEVD-AFC [Asp-Glu-
Val-Asp–7-amino-4-trifluoromethylcoumarin], LEHD-AFC, etc., purchased from
Enzyme Systems Products), 100 mM HEPES, 10% sucrose, 0.1% CHAPS, 1 mM
EDTA, and 10 mM dithiothreitol (pH 7.4) in a total volume of 200 �l and incubated
at 37°C for 1 h. Production of AFC was monitored in a SpectroFluor plate reader
(Tecan US Inc.) with an excitation wavelength of 360 nm and an emission wave-
length of 530 nm.

RESULTS

Comparison of transactivation potential of p75 and p89
c-Myb proteins and their mutants. Figure 1A shows a struc-
tural comparison between the p75 and p89 c-Myb proteins.
Both of these proteins contain an NH2-terminal DNA-binding
domain, a central transactivation domain and a C-terminal
negative regulatory domain (reviewed in references 42). One
of the interesting structural motifs noted in the negative reg-
ulatory domain of p75 c–Myb is a putative leucine zipper motif
with one isoleucine and three leucine residues. Interestingly,
this leucine zipper is disrupted in p89 c–Myb because of the
insertion of exon 9A sequences. This observation led to a
suggestion that the leucine zipper domain in p75 c–Myb might
mediate interactions with other leucine zipper proteins, which
in turn might contribute to the negative regulation of the
protein (19). Because p89 c-Myb did not contain the leucine
zipper domain, it was proposed that this protein would not be
able to participate in such protein interactions and thus not be
subject to negative regulation.

To verify this hypothesis and to investigate differences in the

biological activities of the two proteins, we generated two ad-
ditional mutants of p75 c-Myb, which were termed t-Myb and
p75�lz c-Myb. The t-Myb protein lacked the C-terminal neg-
ative regulatory domain and was previously shown to greatly
enhance the transactivational potential of the protein (18). The
p75�lz c-Myb mutant was created following the introduction of
two point mutations in the leucine zipper domain, where the
leucines were replaced by alanines.

To gain an understanding of the relative transactivation po-
tential of the four proteins in mammalian systems, we carried
out transcriptional transactivation studies. Figure 1B shows the
two reporter plasmids pTA3-luc and pT81-luc (18, 38). Of
these, pT81-luc served as a control reporter and contained the
thymidine kinase promoter linked to the luciferase gene (40).
The reporter plasmid pTA3-luc contained three copies of Myb
binding sites, cloned in tandem, upstream of the thymidine
kinase promoter. The expression vectors for the Myb proteins
were generated by cloning the four cDNAs into plasmid pRC/
cytomegalovirus (Invitrogen), which places these genes under
the control of the cytomegalovirus early promoter. Following
transfection of the reporter and myb expression plasmids into
the QT6 cell line, we analyzed the intracellular levels of the
effector molecules and their relative transcriptional transacti-
vation potentials.

The results presented in Fig. 1C show that the four Myb
proteins studied here were expressed at equivalent levels in the
transfected cells. The results presented in Fig. 1D show that
while the p75 c-Myb transactivated the pTA3-luc promoter by
approximately fivefold. p89 c-Myb showed considerably higher
transactivation potential, which was approximately 20-fold.
The leucine zipper mutant, p75�lz c-Myb, showed a 12-fold
transactivation potential, which was approximately half of that
seen with the p89 c-Myb protein. In these experiments, t-Myb
showed the highest levels of transcriptional transactivation,
approximately 35-fold compared to the control vectors. These
results suggest that the leucine zipper domain of p75 c-Myb
exerts a negative regulatory effect and the insertion of exon 9A
sequences results in elevation of the transactivation potential
of this protein. These results also suggest that exon 9A se-
quences, in addition to disrupting the effects of the leucine
zipper domain, may also exert an overall positive regulatory
effect on the transactivation function of the c-Myb protein.

Ectopic overexpression of p75, p75�lz, and p89 c-Myb pro-
teins in 32Dcl3 myeloid cells. Even though the p89 form of
c-Myb was discovered over 15 years ago, no major differences
in biological function have so far been described for the two
proteins. To examine the role of the two isoforms of c-Myb in
myeloid cell growth and apoptosis, we expressed these two
proteins in the murine myeloid precursor cell line 32Dcl3.
These cells, derived from normal mouse bone marrow, have
been found to be strictly dependent on IL-3 for growth and
undergo terminal differentiation when placed in an IL-3-free
medium containing granulocyte colony-stimulating factor (G-
CSF) (51, 61). However, when the cells were incubated in the
absence of IL-3 or G-CSF, they were found to become arrested
in the G1 phase of the cell cycle and rapidly entered apoptotic
pathways, losing viability in 48 to 96 h (19). We had previously
shown that overexpression of v-Myb or c-Myb in these cells
results in a block to their ability to terminally differentiate into
granulocytes in the presence of G-CSF (44, 45).
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To determine the effects of p89 c-Myb expression on the
differentiation and apoptotic programs of 32Dcl3 cells, we con-
structed inducible expression vectors where the two alterna-
tively spliced forms of c-myb and the leucine zipper mutant of
p75c-myb (p75�lz) were placed under the control of the human
metallothionein promoter (41). Following the construction of
these vectors, the vector DNAs were transfected into 32Dcl3
cells by electroporation. As a negative control, empty vector
DNA was similarly introduced into 32Dcl3 cells by electropo-
ration. Following selection in G418, mass cultures as well as
single cell clones were established from each stable transfec-
tion. The derived cell lines were tested for the expression of
each transgene in the presence and absence of Zn2�, which
acts as an inducer of transcription from the metallothionein
promoter.

The profiles of RNA induction in these cell lines are shown in
Fig. 2, panels A and D. Normal 32Dcl3 cells and cells transfected

with the empty vector (32D/pMT/neo) showed the presence of a
3.4-kb endogenous c-myb band in the presence and absence of
Zn2�. In mass cultures (32D/c-myb/p75 and 32D/c-myb/p89) as
well as single cell clones (32D/c-myb/p75.c1, 32D/c-myb/p75.c2,
32D/c-myb/p89.c1, 32D/c-myb/p89.c2, 32D/c-myb/p75�lz/1, and
32D/c-myb/p75�lz/2) transfected with the three c-myb expression
vectors, low levels of transgene expression were found to occur in
the absence of Zn2�, which is seen as a shorter transcript. The
smaller size of the transcript is due to the absence of 3� untrans-
lated sequence, which was deleted during the construction of the
expression plasmids. In the presence of Zn2�, the levels of the
p75 and p89 transgenic transcripts were elevated by approxi-
mately 3- to 10-fold. However, in the case of cell lines transfected
with the leucine zipper mutant of p75, inducible expression of the
transgene was not observed, and high-level expression of the
transgenic transcript was seen in both the presence and absence
of Zn2�.

FIG. 1. Transcriptional transactivation by p75 c-Myb, p75�lz c-Myb, p89 c-Myb, and t-Myb. (A) Schematic representations of wild-type p75
c-Myb and p89 c-Myb and mutants p75�lz c-Myb and t-Myb are depicted. The numbers above each diagram are positions of amino acid residues
in each corresponding region. Horizontal arrows represent the three 51- to 52-amino-acid repeats that constitute the DNA-binding domain. The
stretch of amino acids below represents the putative leucine zipper motif present in wild-type p75 c-Myb. The downward arrows indicate the two
leucine to alanine mutations made in order to construct p75�lz c-Myb. DBD, DNA binding domain; TA, transactivation domain; NRD, negative reg-
ulatory domain; LZ, leucine zipper; E9A, exon 9A. (B) Schematics of the reporter and effector plasmids used in transient transactivation assays. The
dotted box represents the promoters, and the arrows in the promoters represent the starting sites of transcription. The arrows in Myb represent
the three 51- to 52-amino-acid repeats of the DNA binding domain, and the black box represents the transactivation domain. The boxes labeled A
in pTA3-luc represent the three Myb-binding sites. TK, herpes simplex virus thymidine kinase promoter; CMV, immediate-early promoter for cyto-
megalovirus. (C) Transient expression of effector molecules. Cell lysates from QT6 cells transfected with different myb expression plasmids and expressing
equal amounts of firefly luciferase activity were subjected to Western blot analysis and probed with an antibody raised against c-Myb. (D) Transcriptional
activation by Myb proteins. Each myb expression plasmid was transfected into QT6 cells with reporter plasmid pTA3-luc or pT81-luc and the pRL-CH110
control plasmid as described in the text. After 2 days, the cells were harvested and assayed for firefly luciferase activity with the dual luciferase system
(Promega). The luciferase activities were normalized to Renilla luciferase activity, and the activation was obtained by setting the value of empty vector
at 1.0. Shown are the means of activation transcriptional potential from three independent experiments.
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When the same cultures were examined for the induction of
c-Myb protein synthesis, we could readily demonstrate the
expression of p89 c-Myb in cells transfected with the expres-
sion vector for p89c-myb (Fig. 2B). 32Dcl3 cells express very low
levels of endogenous p89c-myb transcript, which allowed the
detection of the transgenic protein relatively easily. However,
when cells transfected with p75c-myb or p75�lz-c-myb were
examined for expression of the transgenic protein, it was dif-
ficult to distinguish the endogenous protein from that ex-
pressed from the transgenic expression vector because of their
similar size (Fig. 2B and 2E).

In order to demonstrate that cells transfected with the p75c-myb

and p75�lz-c-myb expression vectors did express the transgenic
protein, we compared the c-Myb protein levels in cells that
were cultured for 10 days in G-CSF. It had been shown previ-
ously that in 32Dcl3 cells grown in the presence of G-CSF, the
endogenous levels of c-myb RNA and protein are downregu-
lated and become undetectable by the 10th day of G-CSF
treatment (44). Taking advantage of this observation, we ana-
lyzed the levels of c-Myb protein in control and p75c-myb and
p75�lz-c-myb expression vector-transfected cells following

their incubation in G-CSF for 10 days. As shown in Fig. 2C and
2F, incubation of empty-vector-transfected cells in the pres-
ence of G-CSF for 10 days resulted in a complete downregu-
lation of endogenous c-Myb protein levels, which became un-
detectable. In sharp contrast, in the p75c-myb and p89c-myb

expression vector-transfected cells, a small amount of trans-
genic protein was detected in the absence of Zn2�, and these
levels were markedly increased by Zn2� treatment. In the case
of p75�lz-c-myb expression vector-transfected cells, transgenic
protein expression was detected in the absence and presence of
Zn2� due to leaky mRNA expression of this transgene (Fig.
2F).

Effects of ectopic overexpression of p75, p75�lz, and p89
c-Myb proteins on IL-3 withdrawal-induced apoptosis of
32Dcl3 cells. It has been shown previously that withdrawal of
IL-3 from the incubation medium of 32Dcl3 cells results in the
rapid downregulation of c-myc and c-myb mRNA expression,
followed by accumulation of cells in the G1 phase of the cell
cycle and eventual apoptotic cell death (2). It has also been
demonstrated that ectopic overexpression of c-Myc in these
cells results in accelerated apoptotic death of cells following

FIG. 2. Constitutive expression of p75 c-Myb, p89 c-Myb, and p75�lz c-Myb in 32Dcl3 cells. p75c-myb, p89c-myb, and p75�lz-c-myb cDNAs in the
pMT-neo vector were transfected into 32Dcl3 cells. and mass cultures as well as single cell clones were established. (A and D) Northern blot
analysis of total RNA extracted from different cell lines with a full-length c-myb cDNA probe. Endogenous c-myb transcript (upper band) and
exogenous p75c-myb transcript (lower band in panel A), p89c-myb transcript (middle band in panel A), and p75�lz-c-myb transcript (lower band in
panel D) are shown. As an internal control for RNA loading, blots were stripped and reprobed with full-length GAPDH cDNA (shown below).
(B and E) Expression of c-Myb protein in the presence of IL-3 in empty-vector-, p75c-myb-, and p89c-myb-transfected cells (B) and p75�lz-c-myb-
transfected cells (E). (C and F) Expression of c-Myb protein in the presence of G-CSF for 10 days in empty-vector-, p75c-myb- and p89c-myb-
transfected cells (C) and p75�lz-c-myb-transfected cells (F). �Zn and �Zn indicate the absence and presence, respectively, of 100 �M ZnCl2 used
to induce the expression of different transgenes in the metallothionein promoter-based constructs.
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IL-3 withdrawal (2). To study the effects of ectopic overexpres-
sion of c-Myb on apoptotic death initiated by IL-3 withdrawal,
we examined the kinetics of cell death in wild-type 32Dcl3 cell
line as well as the four clones derived from this cell line fol-
lowing transfection with pMT-neo or the p75c-myb, p89c-myb,
and p75�lz-c-myb expression vectors (Fig. 3A).

As has been described earlier, withdrawal of IL-3 from wild-
type- or pMTneo vector-transfected cells resulted in a gradual
loss of cell viability (2). At 24 h following IL-3 withdrawal,
approximately 50% of the cells were found to be dead, and by
48 h, the cell viability was less than 20%. Cells expressing p75
c-Myb, on the other hand, exhibited an accelerated kinetics of
cell death, with 75 to 80% loss of cell viability between 16 and
24 h. The kinetics of cell death in these cells was higher than
that seen with 32Dcl3 cells that were transfected with c-myc
expression vectors (data not shown). Interestingly, cells ex-
pressing the leucine zipper mutant, p75�lz c-Myb, failed to
show such an accelerated kinetics of death, suggesting that the
leucine zipper domain plays a critical role in this process. Most
interestingly, however, cells expressing p89 c-Myb showed con-
siderably delayed kinetics of cell death, exhibiting minimal loss
of cell viability in the first 24 h following IL-3 withdrawal. A
50% loss of cell viability was seen in these cells only after 72 h,
and approximately 144 h of incubation in the absence of IL-3
was required to achieve 80% cell death (Fig. 3A). These results
clearly suggest that the two isoforms of c-Myb perform oppo-
site functions during the process of programmed cell death and
the sequences encoded by exon 9A may play a positive role in
maintaining cell viability under conditions of cytokine depri-
vation.

To verify that the above observations are not affected by the
endogenous levels of c-myb in 32D cells, we subjected the
wild-type 32D cells to IL-3 withdrawal and measured the
mRNA and protein levels at different time points. The North-
ern and Western blots are shown in Fig. 3B and 3C, respec-
tively. As expected, c-myb mRNA levels decreased with time
following IL-3 withdrawal and were undetectable after 12 h.
Similarly, the protein levels of c-myb p75 and p89 were also
found to decrease following IL-3 withdrawal, consistent with
the decrease in the mRNA level.

The phenomenon of apoptosis in the four cell lines was
further verified by examining the degradation of DNA into
oligonucleosomal fragments, which is shown in Fig. 3D. In
empty-vector-transfected cells as well as cells transfected with
the leucine zipper mutant of p75c-myb, the onset of DNA ladder
formation did not occur for 24 h, and the most intense ladder
formation was seen at the 48-h time point. In contrast, in
32Dcl3 cells transfected with p75c-myb, intense degradation of

DNA was seen within 18 h following IL-3 withdrawal, which is
consistent with the loss of viability seen in these cells. In cells
transfected with p89c-myb, the DNA ladders appeared with
delayed kinetics, with high-intensity ladders appearing only
between 96 and 120 h following IL-3 withdrawal.

To determine the effects of ectopic overexpression of the
p75 and p89 c-Myb isoforms on cell cycle progression following
IL-3 withdrawal, we carried out flow cytometric determination
of cell cycle distribution. Following ethanol fixation and pro-
pidium iodide staining, cells were fractionated with an Elite
Coulter counter, and the percentage of cells distributed within
the G0/G1, S, and G2/M phases of the cell cycle were deter-
mined. As illustrated in Fig. 3E, all three cell lines studied here
showed similar profiles of cell cycle distribution at the zero
time point, with approximately 50% of cells in the G0/G1 phase
of the cell cycle and the rest in the S and G2/M phases of the
cell cycle. Following the withdrawal of IL-3, the cells accumu-
lated and arrested in the G0/G1 phase, as evident by the 8-h
IL-3 time point. Subsequently, after 48 h, 60% of cells in
empty-vector-transfected cells exhibited �2N DNA content,
while the other 35% exhibited 2N DNA content, with very few
showing �2N DNA content. On the other hand, �98% of cells
expressing p75 c-Myb show �2N DNA content, further con-
firming the earlier observation that p75 c-Myb accelerates apo-
ptotic death of 32Dcl3 cells. In sharp contrast, approximately
95% of cells expressing p89 c-Myb showed �2N DNA content,
suggesting that ectopic expression of this protein facilitates the
growth arrest of cells in the G0/G1 phase of the cell cycle and
delays the onset of apoptosis induced by IL-3 deprivation.

Effects of ectopic overexpression of p75 and p89 c-Myb pro-
teins on cytochrome c release following IL-3 withdrawal. Pre-
vious studies have implicated mitochondrial damage and cyto-
chrome c release in apoptotic cell death (29, 35, 67). We
therefore assessed mitochondrial damage by examining the
leakage of cytochrome c following IL-3 withdrawal in the four
32Dcl3 cell lines. To determine the subcellular distribution of
cytochrome c, we prepared cytosolic and membrane (plus mi-
tochondrial) fractions. Digitonin (0.05%) was used to selec-
tively permeabilize the plasma membranes of cells to obtain
the cytosol fractions (20). Digitonin-insoluble residues were
further extracted with Triton X-100 to release membrane-as-
sociated and organelle-bound proteins. The two fractions were
analyzed by SDS-PAGE and Western blotting. As shown in
Fig. 4A, in the presence of IL-3 (0 h time point), most of the
cytochrome c was detected in the membrane fraction (mito-
chondria) and very minimally in the cytosol. In wild-type- and
empty-vector-transfected cells, at 12 and 24 h following IL-3
withdrawal, increasing amounts of cytochrome c were found in

FIG. 3. Effect of p75, p75�lz, and p89 c-Myb proteins on IL-3 withdrawal-induced apoptosis of 32Dcl3 cells. (A) Wild-type, mock-transfected
(empty-vector pMTneo) and 32Dcl3 cells expressing exogenous p75, p75�lz, and p89 c-Myb proteins were washed in IL-3-free medium and
incubated up to 8 days. At each indicated time point, the cells were analyzed for viability by trypan blue exclusion. The curves represent a mean
of three experiments. (B and C) Wild-type 32D cells were subjected to IL-3 withdrawal, and the quantity of c-myb mRNA and protein was
measured at the indicated time points by Northern blot and Western blot analyses, respectively. As a control for RNA loading, filters were stained
with ethidium bromide to compare the levels of 28S and 18S RNAs. (D) Analysis of DNA fragmentation. At the indicated times following IL-3
withdrawal, DNA fragments released from 10 � 106 cells from different 32D cell lines were extracted, separated by electrophoresis, and stained
with ethidium bromide. (E) Cell cycle analysis of empty-vector, p75c-myb and p89c-myb cells at day 0, 8 h, and day 2 following IL-3 withdrawal. The
cells were fixed and stained with propidium iodide, and DNA content was measured with a flow cytometer. The horizontal lines designated B, C,
and D in the graphs represent the amount of DNA in the cells (1N, intermediate, and 2N, respectively) and therefore correspond to cells in G1,
S, and G2 phases, respectively.
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the cytosol. In comparison, the cytosol extracts from p75c-myb

cells showed a much higher fraction of cytochrome c at 12 h
following IL-3 withdrawal compared to that remaining in mi-
tochondria, and by 24 h, most of the cytochrome c had leaked
out of the mitochondria into the cytosol (Fig. 4A). Further-
more, cells transfected with p89c-myb showed little leakage of
cytochrome c at 12 and 24 h following IL-3 withdrawal, and
most of the cytochrome c was still detected in the mitochondria
(Fig. 4A). These results further confirm our observations that
p75 c-Myb and p89 c-Myb exhibit proapoptotic and antiapo-
ptotic activities, respectively.

Effects of ectopic overexpression of p75, p75�lz, and p89
c-Myb proteins on caspase activation following IL-3 with-
drawal. To demonstrate that the cell death seen in 32Dcl3 cells
transfected with various plasmid constructs is due to apoptotic
mechanisms, we examined the cleavage of nuclear lamin B by
cell extracts, which has previously been shown to correlate with
the activation of cellular caspases (33, 56). The results pre-
sented in Fig. 4B show that in wild-type cells, caspase activity
appears around 24 h following IL-3 withdrawal, whereas ex-
tracts from p75c-myb-transfected cells show the appearance of
this activity at an earlier time point. More strikingly, cells
transfected with p89c-myb showed little or no caspase activity
until about 72 h, further confirming our earlier observation
that p89 c-Myb exhibits antiapoptotic activity. It is also inter-
esting that cells transfected with the leucine zipper mutant of
p75c-myb exhibit caspase activity identical to that seen with
wild-type cells.

To determine the role of specific caspases in 32Dcl3 cells
following IL-3 withdrawal, we measured the caspase activity in
32Dcl3 cells transfected with empty vector and with p75c-myb

and p89c-myb. We examined caspase activities with the cleavage
of tetrapeptides specific for various species. As shown in Fig.
4C, in mock-transfected cells, the DEVDase (caspase 3) activ-
ity progressively increased for 24 h following IL-3 withdrawal
and then plateaued for the next 24 h. Strikingly, p75c-myb-
transfected cells exhibited much higher kinetics of caspase 3
activity compared to empty-vector cells for the first 24 h fol-
lowing IL-3 withdrawal. This is consistent with the accelerated
apoptotic cell death observed in these p75 c-Myb-expressing
cells. The caspase 3 activity sharply declined from 24 to 48 h
following IL-3 withdrawal, since much of the cell death had
occurred in the first 24 h. Furthermore, p89c-myb-transfected
cells exhibited a blunted activation of caspase-3 from 0 to 48 h
following IL-3 withdrawal. Again, this is consistent with our
earlier observation that p89 c-Myb expressing cells have a
delayed apoptotic response. LETDase (caspase 9) showed a
similar pattern of activation following IL-3 withdrawal but of
much smaller magnitude (Fig. 4C). Other caspases (caspase 1,
4, 5, 6, 7, 8, and 10) did not show significant stimulation (data
not shown). The activities of DEVDase and LEHDase were
completely inhibited following IL-3 withdrawal by addition of
VAD to the cell medium (data not shown).

Effects of ectopic overexpression of p75, p75�lz, and p89
c-Myb proteins on IL-3 withdrawal-induced apoptosis of
FDCP1 cells. To confirm that the above observation about
differential regulation of apoptosis by Myb isoforms upon cy-
tokine withdrawal is not limited to 32Dcl3 cells, we used an-
other cell line which was also derived from long-term murine
bone marrow culture. We chose the FDCP1 cell line because
of its phenotypic similarity to 32Dcl3 cells and because it rep-
resents early hematopoietic progenitor cells (14, 27). Like that

FIG. 4. Analysis of caspase activity in p75-, p75�lz-, and p89c-myb-transfected cells. (A) Cleavage of nuclear lamin B in wild-type, p75�lz-c-myb,
p75c-myb and p89c-myb cells subsequent to withdrawal of IL-3 from the medium. Cell lysates from different cell lines at the indicated time points were
subjected to Western blotting with anti-lamin B antibody. The uncleaved lamin B is represented as a 69-kDa protein. A cleaved product of 32 kDa
is detected secondary to lamin B breakdown by caspases. (B) Cytochrome c release during IL-3 withdrawal. Immunoblot analysis of cytosolic and
organelle-bound fractions (as described in the text) after subjecting the various 32D cell lines to 0, 12, and 24 h of IL-3 withdrawal. The protein
samples were analyzed by Western blotting with anti-cytochrome c monoclonal antibody. wt, wild-type; ev, empty vector. (C) Activation of
DEVDase (caspase 3) and LEHDase (caspase 9) by IL-3 withdrawal. Empty-vector (pMTneo), p75c-myb and p89c-myb transfected cells were
harvested at 0, 6, 12, 24, and 48 h following IL-3 withdrawal. After lysing the cells in Triton X-100-containing buffer as described in the text, the
lysates were clarified by centrifugation, and the supernatants (50 �g of protein) were incubated with 50 �M substrate, including DEVD-AFC and
LEHD-AFC, at 37°C for 1 h. Levels of released AFC were measured with a fluorescence microplate reader. Data are means of three experiments.
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of 32Dcl3 cells, the proliferation of FDCP1 cells is absolutely
dependent on IL-3, and upon IL-3 withdrawal, these cells ar-
rest in G0/G1 phase and subsequently undergo apoptosis.
When cultured in the presence of G-CSF, these cells differen-
tiate into monocytes (7).

As described earlier with 32Dcl3 cells, we stably overex-
pressed p75 and p89 isoforms of c-Myb in FDCP1 cells and
subjected these cells to IL-3 withdrawal. These results are
presented in Fig. 5. By day 4 following cytokine withdrawal,
approximately 40% of the wild-type- and the empty-vector-
transfected cells underwent apoptotic cell death. However, the
rate of programmed cell death in the p75 c-Myb-expressing
cells was much more rapid; approximately 70% of the cells lost
viability. On the other hand, less than 5% cell death was ob-
served in p89 c-Myb-expressing cells by day 4. These results are
consistent with those observed in 32Dcl3 cells and support our
previous observations that p89c-myb confers a protective re-

sponse to apoptotic stimuli, whereas p75c-myb promotes apo-
ptosis upon factor withdrawal.

Analysis of nature of target genes induced/repressed by the
two isoforms of c-Myb. To gain an understanding of the mo-
lecular basis of the observed mode of action of the two iso-
forms of c-Myb, we first screened for gene expression changes
with mouse cDNA expression arrays (Clontech). The Atlas
mouse cDNA expression array used in this study contained 588
mouse cDNAs derived from members of oncogenes, stress
response genes, apoptotic genes, transcription factors, and
genes encoding growth factors, cytokine receptors, and signal
transducing proteins. To identify genes that are regulated by
p75c-myb and p89c-myb, mRNA was prepared from wild-type
32Dcl3 cells as well as cells ectopically expressing the p75 and
p89 isoforms of c-Myb following IL-3 withdrawal for 9 h. 32P-
labeled probes were made from each of the mRNA prepara-
tions, and the filters were hybridized with each of the labeled
probes.

Analysis of multiple hybridization reactions revealed a con-
sistent difference in the expression profile of a single gene
encoding GST� (Fig. 6). This was an unexpected result as none
of the other apoptotic response genes such as those belonging
to the Bcl-2 or caspase gene families showed a significant
alteration in their patterns of expression. RNase protection
analysis carried out with probes for the Bcl-2 and caspase gene
family members further confirmed this observation (data not
shown). By quantitative analysis, a twofold reduction in the
expression of GST� was observed in 32D/p75 cells compared
to the wild-type cells. By contrast, a greater than fourfold
increase was found in 32D/p89 cells compared to 32D/p75 cells
and an approximately 2.5-fold increase compared to wild-type
cells.

To verify whether the observation made with the cDNA
array filters reflected the expression pattern of endogenous
GST� mRNA levels, we examined the expression of GST� in
32Dcl3 cells during their proliferation in the presence of IL-3
as well as during the process of apoptosis seen following the
withdrawal of IL-3. These results are presented in Fig. 7A, 7B
and 7C and show that this gene is expressed at very low levels

FIG. 5. Effect of p75- and p89 c-Myb proteins on IL-3 withdrawal-
induced apoptosis of FDCP1 cells. Wild-type, mock-transfected (emp-
ty-vector neo), and 32Dcl3 cells expressing exogenous p75 and p89
c-Myb proteins were washed in IL-3-free medium and incubated up to
4 days. At each indicated time point, the cells were analyzed for
viability by trypan blue exclusion. The curves represent means of three
experiments.

FIG. 6. Gene expression profile of 32Dcl3 cells with constitutive expression of p75 c-Myb and p89 c-Myb in the absence of IL-3. Atlas mouse
cDNA expression arrays (Clontech) were used to analyze the differential gene expression of 32Dcl3 cells transfected with alternatively spliced
c-myb gene products 9 h following IL-3 withdrawal. The arrays include 588 mouse cDNAs, 9 housekeeping control cDNAs, and negative controls
immobilized in duplicate on a nylon membrane. Each array is divided in six functional subclasses (A to F) of 98 genes each. The genes on each
functional subclass are laid on a 7 by 14 grid (1 to 7 horizontally and a to n vertically). Following hybridization and washing, the array filters were
scanned with a Fuji PhosphorImager. (A) Gene expression of empty-vector-transfected 32Dcl3 cells at 9 h afrter IL-3. (B) Gene expression of
p75c-myb-transfected 32Dcl3 cells at 9 h after IL-3. (C) Gene expression of p89c-myb-transfected 32Dcl3 cells at 9 h after IL-3. The boxes in panels
A, B, and C highlight the position and expression of GST� in the different cell lines.
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in 32Dcl3 cells proliferating in the presence of IL-3 and its
expression is induced within 3 h following the withdrawal of
IL-3 and the levels reached their peak between 12 and 18 h
(Fig. 7A). Most interestingly, the levels of GST� mRNA were
considerably diminished in cells expressing p75 c-Myb, while
their levels were four- to fivefold higher in cells expressing p89
c-Myb compared to their wild-type controls or empty-vector
transfected cells (Fig. 7C).

To directly compare the GST� mRNA levels among the
different cell types, we performed Northern blot analysis at 9 h
following IL-3 withdrawal (Fig. 7B). Quantitative analysis of
the Northern blot revealed that there was a twofold reduction
in GST� expression in 32D/p75 cells compared to wild-type
cells. In addition, a greater than threefold increase in GST�
expression was found in 32D/p89 cells compared to wild-type
cells. These results are consistent with the microarray data. It
is also interesting that the leucine zipper mutant had no effect
on the expression of GST�, as the levels of this mRNA in these
cells were equivalent to that seen in wild-type- and empty-
vector-transfected cells.

Effect of ectopic overexpression of GST� on apoptotic pro-
gram of 32Dcl3 cells. To determine whether the two isoforms
of c-Myb exert their effects through the regulation of GST�,
we created an inducible expression vector of GST� where the
cDNA of murine GST� was placed under the control of the
Rous sarcoma virus promoter. Following selection in hygro-
mycin and G418, mass cultures as well as single cell clones

were established from each stable transfection. The derived
cell lines were tested for the expression of the transgene, which
showed that the GST� mRNA is constitutively expressed in
these cell lines even in the absence of the inducer (Fig. 8A).
When cells ectopically overexpressing the GST� mRNA were
subjected to IL-3 withdrawal, it was observed that they exhib-
ited delayed kinetics of cell death (Fig. 8B), similar to that seen
with p89 c-Myb-expressing 32Dcl3 cells.

This observation could be further verified by examining the
degradation of DNA into oligonucleosomal fragments, which
is shown in Fig. 8C. In empty-vector-transfected cells, the onset
of DNA ladder formation did not occur for 24 h, and the most
intense ladder formation was seen at 36 to 48 h. In contrast, in
32Dcl3 cells transfected with GST�, the appearance of DNA
ladders was delayed, with high-intensity ladders appearing only
after 72 h following IL-3 withdrawal. When these cell lysates
were examined for caspase activity by determining the level of
lamin B cleavage (Fig. 8D), it was determined that the caspase
activity was delayed, a scenario which is very similar to that
seen with 32Dcl3 cells transfected with expression vectors en-
coding p89c-myb. Taken together, these results suggest that p89
c-Myb exerts its antiapoptotic effects through the regulation of
GST�.

Effect of inhibition of GST� in 32Dcl3/c-myb p89 cells. To
determine whether GST� mediates enhanced survival in
32Dcl3 cells expressing c-myb p89, we used GST� antisense
oligodeoxynucleotides to suppress the expression of GST� in

FIG. 7. Activation of GST� in 32Dcl3 cells following IL-3 withdrawal. (A) Northern blot analysis of total RNA extracted at the indicated times
following IL-3 withdrawal from wild-type 32Dcl3 cells with a full-length GST� cDNA probe. As an internal control for RNA loading, blots were
stained with ethidium bromide after completion of RNA transfer onto the nitrocellulose filter to compare levels of 18S and 28S rRNAs across lanes
(shown below). (B) Comparison of GST� expression by Northern blotting in wild-type-, empty-vector-, p75c-myb-, and p89c-myb-transfected cells in
the presence of IL-3 and at 9 h following IL-3 withdrawal. (C) Expression pattern of GST� in empty-vector-, p75c-myb-, p89c-myb-, and p75�lz-c-
myb-transfected cells. Total RNA was isolated from each cell line at the indicated time points following IL-3 withdrawal and subjected to Northern
blotting.
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these cells. Selective and potent inhibitors of GST� have been
described recently (57). We used GST�ODN1 (5�-CCACTG
GCTTCGGTCATAGT-3�), shown to inhibit GST� expression
up to 95%, and GST�ODN2 (5�-CAGGCCCTCAAAGCGA
CCCA-3�), shown to inhibit GST� expression up to 85% (57).
As a negative control, we used a nonspecific oligonucleotide,
5�-TGAGAGCTGAAAGCAGGTCCAT-3�. The oligodeoxy-
nucleotides were transfected in 32D/p89 cells with the folic
acid-polylysine method as described earlier (34). Following
transfection and incubation in growth medium for 3 h, the cells
were washed in IL-3-free medium and subjected to cytokine
withdrawal-mediated apoptosis. The results are shown in Fig.
9A. The p89 cells transfected with antisense GST�ODN1 and
GST�ODN2 underwent cell death at a faster rate compared to
that observed for the cells transfected with nonspecific control
oligodeoxynucleotides. Thus, enhanced expression of GST� in
p89 cells confers a protective effect against apoptotic cell

death. Inhibition of GST� in these cells leads to increased
susceptibility to apoptosis.

Effect of ectopic expression of GST� in 32Dcl3/c-myb p75
cells. As shown earlier, decreased levels of GST� expression
were found in 32Dcl3 cells expressing the p75 isoform of c-
Myb. To determine whether expression of GST� confers in-
creased resistance to apoptosis in p75 cells, we transfected the
GST� expression vector into these cells with a puromycin-
based construct and selected stable clones. Following verifica-
tion of GST� expression, we subjected the cells to IL-3 with-
drawal and performed viability assays. The results are shown in
Fig. 9B. As expected, mock-transfected 32D/p75 cells under-
went cell death at an enhanced rate compared to the control
cell line. However, p75 cells transfected with GST� (p75/
GST�/1 and p75/GST�/2) exhibited decreased rates of cell
death compared to empty-vector-transfected cells. Thus,
downregulation of GST� confers enhanced susceptibility to

FIG. 8. Effect of GST� on IL-3 withdrawal mediated apoptosis of 32Dcl3 cells. (A) Constitutive expression of GST� cDNA in 32Dcl3 cells with
the IPTG-inducible pOPRSVI/MCS vector. Total RNA was extracted from mock-transfected and GST�-transfected cells and probed with
full-length GST� cDNA in the absence or presence of IPTG. As a control for RNA loading, filters were stained with ethidium bromide to compare
the levels of 28S and 18S RNAs (shown below). (B) Analysis of the viability of GST�-transfected cells in the absence of IL-3. Mock-transfected
(32D/E) and GST�-transfected (32D/GST) 32Dcl3 cells were washed in IL-3-free medium and incubated up to 8 days. At each indicated time
point, the cells were analyzed for viability by trypan blue exclusion. The curves represent means of three experiments. (C) Analysis of DNA
fragmentation. At the indicated times following IL-3 withdrawal, DNA fragments released from 107 cells from the two 32D cell lines were extracted
and separated by electrophoresis and stained with ethidium bromide. (D) Analysis of caspase activity by determining the breakdown of nuclear
lamin B. Mock-transfected and GST�-transfected cells were incubated in IL-3-free medium, and the cell lysates from the indicated time points
were subjected to Western blotting with anti-lamin B antibody. The full-length lamin B is detected as a 69-kDa protein. The caspase activity is
marked by lamin B cleavage, detected as a 32-kDa product.
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32D/p75 cells, and these cells can be rescued by enforced
expression of GST�.

DISCUSSION

In this report, we describe a novel mechanism by which the
two translational products of the c-myb proto-oncogene regu-
late programmed cell death of myeloid cells through differen-
tial transcriptional regulation of the GST� gene. The major
translational product of the c-myb proto-oncogene is a 75-kDa
nuclear protein with 636 amino acids which is expressed in
most hematopoietic tissues (42, 63). In addition to this 75-kDa
protein product, another translational product of 89 kDa was
found to be encoded by c-myb in avian, murine, and human
hematopoietic cells (11, 17). This 89-kDa protein is translated
from an alternatively spliced mRNA encoded by the c-myb
gene, which results in the addition of 363 bp between exons 9
and 10. This region has been designated exon 9A (50, 55).

These translated proteins were found to be localized in the
nucleus (17) and to function as transcriptional activators with
identical sequence-specific DNA binding activities (reviewed
in reference 42). Both forms of c-Myb contain three functional
domains: (i) the N-terminal DNA binding domain, (ii) the
central transactivation domain, and (iii) the C-terminal nega-
tive regulatory domain.

One of the interesting characteristics noted in the negative
regulatory domain of p75 c-Myb was a putative leucine zipper
motif with one isoleucine and three leucine residues (5) re-
sembling that of other leucine zipper domains seen in other
transcription factors (32). While the precise role of this leucine
zipper domain in c-Myb function is unclear, a role for this
domain in the negative regulation of c-Myb has been proposed.
This view is supported by the observation that mutation of one
or more leucines to proline residues has been shown to result
in increased transactivation and transformation activities of the
mutant molecules, a phenomenon similar to that seen with

C-terminal truncation (28). The precise mechanism by which
the leucine zipper domain exerts its negative regulatory effect
remains unresolved.

It has been suggested that this region might mediate the
formation of Myb homodimers which are unable to bind DNA
thereby contributing to a negative regulatory effect (39). A
second model proposes a role for the leucine zipper region in
mediating interaction with other cellular proteins, leading to
the negative regulation of c-Myb (19). Recently, a gene that
encodes a protein that can bind to the leucine zipper domain
of c-Myb has been identified (58). In contrast to the above set
of studies, results from another study show that deletion of the
leucine zipper region has no effect on the transcriptional trans-
activation characteristics of the mutant protein. Instead, dele-
tion of two other regions within the C-terminal domain abol-
ished the negative regulatory effect of the C-terminal domain,
leading to the suggestion that these domains might be more
important for the negative regulation of c-Myb protein (16). It
is interesting that the p89 form of the c-Myb protein lacks the
putative leucine zipper domain because of the insertion of
exon 9A-encoded sequences, resulting in its disruption. Results
presented in this report as well as experiments carried out with
chicken p89 c-Myb (66) show that p89 c-Myb exhibits higher
transactivational activities compared to its p75 counterpart.

While the existence of the two translational products of
c-myb has been known since 1986, the biological relevance of
the existence of these two proteins has eluded an explanation.
c-Myb is highly expressed in immature hematopoietic cells and
is downregulated during cytokine- or chemically induced ter-
minal differentiation of these cells (23, 30, 47, 63). Further-
more, constitutive expression of c-Myb in these cells was found
to block the differentiation of these cell lines (6, 8, 36, 44, 45,
54, 60). These results suggest that downregulation of c-myb is
required for terminal differentiation. With inducible expres-
sion of c-Myb, it was shown that the later phase of downregu-

FIG. 9. Effect of GST� on 32D/c-myb p75 and p89 cells. (A) 32D/c-myb p89 cells were transfected with GST� antisense oligodeoxynucleotides
(ODN1 and ODN2) and a nonspecific oligonucleotide (cntrl). At 3 h following transfection, the cells were washed in IL-3-free medium and
incubated for 3 days. At each indicated time point, the cells were analyzed for viability by trypan blue exclusion. The curves represent means of
three experiments. (B) 32D/c-myb p75 cells were transfected either with an empty vector or with the GST� expression vector, and stable
transfectants were selected (GST�/1 and GST�/2). Cells were washed in IL-3-free medium and incubated for 3 days. At each indicated time point,
the cells were analyzed for viability by trypan blue exclusion. The curves represent means of three experiments.
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lation of c-myb is critical for the commitment of cells to ter-
minal differentiation (6, 10). Past studies also demonstrate that
the v-myb and c-myb gene products promote cell proliferation
and suppress apoptosis under conditions that favor cell growth
(21, 53). Thus, in the presence of cytokines such as IL-3 and
IL-6, which promote growth, c-myb plays an indispensable role
in the growth process (42, 54). Similarly, many transformed cell
lines are dependent on c-myb for cell growth, as evidenced by
the fact that antisense oligonucleotides directed against c-myb
or dominant negative forms of myb block cell growth and
induce apoptosis in these cells (53, 59). Under these condi-
tions, the c-myb and v-myb genes have also been shown to
regulate Bcl-2 expression (21, 53, 59). However, under condi-
tions that favor apoptosis (such as treatment of cells with
transforming growth factor beta or withdrawal of cytokines
from the culture medium), expression of the p75 isoform of
c-bmy has been shown to promote apoptosis (54). This is an
analogous situation seen with c-myc, which is induced by
growth factors and has been found to be necessary for cell
proliferation mediated by these growth signals (2). Neverthe-
less, like c-myb, expression of c-myc under conditions that
favor apoptosis (such as withdrawal of growth factors) has
been found to result in the acceleration of apoptosis.

It is interesting that the results presented here show that the
two isoforms of c-Myb exert opposite effects on myeloid cells
undergoing programmed cell death following deprivation of
cytokines from the growth medium. It has been shown earlier
that withdrawal of IL-3 from the culture medium results in the
arrest of 32Dcl3 cells in the G1 phase of the cell cycle, followed
by their entry into the apoptotic phase. Ectopic overexpression
of c-Myc in these cells was found to result in the acceleration
of their entry into the death phase (2). Our results presented
here show that, like c-Myc, ectopic overexpression of p75 c-
Myb results in the acceleration of cell death. In fact, the rate of
induction of cell death was higher in cells overexpressing p75
c-Myb than that observed in c-Myc-overexpressing cells (data
not shown). In sharp contrast, ectopic overexpression of p89
c-Myb in these cells confers a protective effect on the onset of
cell death.

Our studies presented here also show that the two isoforms
of c-Myb exert these opposite effects on the apoptotic program
of 32Dcl3 cells through transcriptional regulation of a stress
response gene, GST�. Interestingly, one of the early responses
that 32Dcl3 cells exhibit following IL-3 withdrawal is the up-
regulation of GST� expression, which is seen in the first 3 h
following cytokine removal (Fig. 7). Expression of GST�
reaches peak levels within 12 h, after which the RNA levels
remain constant. Ectopic overexpression of p75 c-Myb appears
to inhibit the expression of GST� by four- to sixfold, while a
similar expression of p89 c-Myb seems to result in five- to
sixfold overexpression of this gene. Thus, the two isoforms of
c-Myb appear to exert opposite effects on the transcription of
GST�. Most interestingly, the leucine zipper mutant of p75
c-Myb had no effect on the mRNA levels of GST�, implicating
a role for the leucine zipper in the transcriptional regulation of
this gene. It is interesting that 32Dcl3 cells growing in the
presence of IL-3 did not express GST�. However, when the
cells were transfected with expression vectors coding for p89
c-Myb, a low-level expression of GST� was seen in these cells
(Fig. 7). These results suggest that IL-3 acts as an inhibitor of

GST� expression and that p89 c-Myb can overcome some of
the inhibitory effects of IL-3 on GST� expression.

We could also demonstrate that GST� directly regulates the
apoptotic response of 32Dcl3 cells by transfection of expres-
sion vectors that code for this gene into 32Dcl3 cells. Cells
ectopically expressing GST� were found to exhibit kinetics of
cell death similar to those seen with cells expressing p89 c-Myb,
further suggesting that c-Myb proteins modulate programmed
cell death through the regulation of this gene. It is interesting
that ectopic overexpression of p89 c-Myb as well as GST� was
found to result in stabilization of the mitochondrial membrane,
as seen by lack of cytochrome c release, which in turn appears
to delay the activation of caspase activity in the cell. While the
precise mechanism associated with stabilization of the mito-
chondrial membrane is at present unclear, it appears to be
related to the accumulation of reactive oxygen species during
programmed cell death resulting from the deprivation of cyto-
kines. It is also possible that accumulation of reactive oxygen
species is one of the events that activate loss of the mitochon-
drial membrane integrity and, consequently, leakage of cyto-
chrome c, and this reaction is counterbalanced by the cell
through the expression of free radical scavengers such as
GST�. In 32Dcl3 cells overexpressing p75 c-Myb, there ap-
pears to be a destabilization of mitochondrial membrane re-
sulting in a rapid release of cytochrome c and activation of
caspase activity in the cell.

The results presented here demonstrate cross talk between
three sets of genes, the c-myb proto-oncogene products, free-
radical scavengers such as GST�, and proteins such as caspases
that belong to the apoptotic machinery. It is also interesting
that while c-myc and p75c-myb bring about similar effects on
programmed cell death induced by cytokine withdrawal, the
mechanisms of action of these two oncogenes appear to be
completely different, since we did not see any effect on GST�
transcription in 32Dcl3 cells ectopically overexpressing c-Myc
(data not shown). Thus, different oncogenes appear to modu-
late cell growth and cell death through the modulation of
different sets of genes, and a detailed understanding of these
mechanisms is likely to lead to a better understanding of com-
plex regulatory processes that bring about homeostasis.
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