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ABSTRACT c-Myb, the cellular homologue of the trans-
forming gene of the avian myeloblastosis virus, is preferen-
tially expressed in all hematopoietic lineages, including T and
B lymphocyte lineages. In T lymphocytes, c-Myb expression
appears to be required for cell cycle progression and prolif-
eration. To further investigate the role of c-Myb in T cell
proliferation and survival, interleukin (IL) 2-dependent
CTLL-2 cells were transfected with a constitutively active
c-myb or with a c-myb antisense construct able to down-
regulate endogenous Myb levels, and the transfectants were
assessed for proliferation and survival in low concentrations
of IL-2 and for susceptibility to dexamethasone-induced apo-
ptosis. Compared with control cells, CTLL-2 cells constitu-
tively expressing c-Myb proliferate in low concentrations of
IL-2 and are less susceptible to apoptosis induced by IL-2
deprivation or treatment with dexamethasone. In contrast,
cells transfected with an antisense c-myb construct do not
proliferate in low concentrations of IL-2 and undergo apo-
ptosis upon IL-2 deprivation or dexamethasone treatment
more rapidly than parental cells. Overexpression of c-Myb was
accompanied by up-regulation of BCL-2 expression. In tran-
sient transfection assays, the murine bcl-2 promoter was
efficiently transactivated by c-Myb, but such effect was ob-
served also in cells transfected with a DNA binding-deficient
c-myb construct. Moreover, in gel retardation assays, a 38-bp
oligomer in the shortest bcl-2 promoter segment regulated by
c-Myb formed a specific complex with nuclear extracts from
c-Myb-transfected CTLL-2 cells. Thus, these results strongly
suggest that c-Myb, in addition to regulating T cell prolifer-
ation, protects T lymphocytes from apoptosis by induction of
BCL-2 expression, which involves a c-Myb-dependent mech-
anism of promoter regulation.

The protooncogene c-myb is the normal cellular homolog of
the transforming gene of the avian myeloblastosis virus (1, 2).
Expression of c-Myb is predominant in, but not restricted to,
cells of the hematopoietic system, including T lymphocytes.
Many studies have shown that c-Myb is involved in the control
of T cell proliferation (3—-8), perhaps acting as a regulator of
entry into S-phase and of DNA synthesis (9, 10). c-Myb is
expressed at high levels in immature thymocytes and may be
a regulator of T cell differentiation, as suggested by partial
block of thymopoiesis in transgenic mice expressing a c-myb
dominant-negative construct (11). Recently, it also has been
shown that oligodeoxynucleotides complementary to c-myb
mRNA inhibit growth and induce apoptosis in human Burkitt
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lymphoma cells (12), which is consistent with the possibility
that, in normal T lymphocytes, c-Myb also might be involved
in the regulation of the process of apoptosis. To address this
possibility, a constitutively active c-myb was transfected into
the interleukin (IL) 2-dependent cytotoxic T cell line CTLL-2
(13), which is susceptible to apoptosis in response to several
death-inducing signals (14-18). CTLL-2 cells constitutively
expressing c-Myb were protected from apoptosis induced by
IL-2 deprivation or dexamethasone (DEX) treatment. More-
over, such reduced propensity toward apoptosis of c-myb-
transfected CTLL-2 cells was associated with overexpression
of BCL-2, a well characterized apoptosis inhibitor (19) previ-
ously shown to protect these cells from apoptosis (20).

MATERIALS AND METHODS

Cell Lines. CTLL-2 cells were purchased from American
Type Culture Collection. Cells were cultured in RPMI 1640
medium supplemented with 10% heat-inactivated fetal bovine
serum and human recombinant (hr) IL-2 (50 units/ml).
Tk~ ts13 hamster fibroblasts (21) were maintained in culture as
described (22).

DNA Constructs and Electroporation. Expression plasmids
were prepared using standard recombinant DNA methods and
PCR techniques. The human c-myb full length cDNA (LXSNc-
myb) and an internally deleted mutant that encodes a protein
deficient in DNA binding [LXSN(R1-c-myb)] have been de-
scribed (23).

To obtain a c-myb construct in the antisense orientation, a
segment of the murine c-myb cDNA corresponding to the
transactivation domain (nucleotides 701-1099 relative to the
transcription initiation site) was amplified by reverse transcrip-
tase PCR using murine c-myb-specific primers (5’ primer,
GGTTTGGGCATGCCTCACCT; 3’ primer, GGATCTG-
CAGGCAGAGATGG) and total RNA from myeloid precur-
sor 32Dcl3 cells. The amplified c-myb cDNA fragment was
cloned into pCRII (TA cloning kit, Invitrogen), digested with
EcoRI, and subcloned in the antisense orientation in pLXSN
(pPLXSN-TAS-c-myb).

The bcl-2-CAT constructs were prepared as follows: (i)
pBcl-2(6)CAT was made by digesting plasmid pUCBcl-2 (24)
with EcoRI, blunt-ending with Klenow enzyme, and then
digesting with Pstl; the resulting 6.0-Kb fragment containing
~4.6 Kb of 5’ flanking region and the entire 5’ untranslated
region of the bcl-2 gene was subcloned into the HindIII-
blunted/Pstl sites of pCAT basic vector (Promega); (if) pBcl-
2(3.2)CAT was made by digesting pBcl-2(6)CAT with Nhel,
blunt-ending with Klenow enzyme, and then digesting with
Pstl; the resulting 3.2-Kb fragment, which contains ~1.8 Kb of
the 5 flanking region and the entire 5’ untranslated region,

Abbreviations: IL, interleukin; hrIL-2, human recombinant IL-2;
DEX, dexamethasone.
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was subcloned into the HindIll-blunted/Pstl sites of pCAT
basic vector; (iii) pBcl-2(2.8)CAT was made by digesting
pBcl-2(6)CAT with EcoRV, blunt-ending with Klenow, and
then digesting with Pstl; the resulting 2.8-Kb fragment was
subcloned into the HindIII-blunted/Pstl sites of pCAT basic
vector; (iv) pBcl-2(2.6)CAT was made by digesting pBcl-
2(6)CAT with BstEII, blunt-ending with Klenow, and then
digesting with Pstl; the resulting 2.6 Kb fragment was sub-
cloned into the HindIll-blunted/Pstl sites of pCAT basic
vector; (v) pBcl-2(2.4)CAT was made by digesting pBcl-
2(6)CAT with Scal/Pstl and subcloning the resulting 2.4-Kb
fragment into the HindIII-blunted/Pstl sites of pCAT basic
vector; (vi) pBcl-2(2.1)CAT was made by digesting pBcl-
2(6)CAt with Accl, blunt-ending with Klenow, and then di-
gesting with Pstl; the resulting 2.1-Kb fragment was subcloned
into the HindIII-blunted/Pstl sites of pCAT basic vector; (vii)
pBcl-2(1.7)CAT was made by digesting pBcl-2(6)CAT with
Apal, blunt-ending with T4 polymerase, and then digesting
with Pstl; the resulting 1.7-Kb fragment was subcloned into the
HindIII-blunted/Pstl sites of pCAT basic vector; and (viii)
pBCL-2(1.6)CAT was made by digesting pBcl-2(6)CAT with
Smal/Pstl. The resulting 1.6-Kb fragment containing 200 nu-
cleotides of the 5’ flanking region, and the untranslated region
(=~1.4 Kb) from the transcription initiation site to the Pstl site,
20 bp upstream of the ATG start codon, was subcloned into
HindIII/Klenow-blunted/Pstl-digested pCAT basic vector.

CTLL-2 cells (5 X 10°) were resuspended in 0.5 ml of PBS
and electroporated (Gene Pulser; Bio-Rad) as described (25).
Then, cells were resuspended in 20 ml of RPMI 1640 medium
supplemented with 10% heat-inactivated fetal bovine serum
and 50 units/ml hrIL-2. After 48 h, cells were seeded in 96-well
plates in G418-containing medium (0.5 mg/ml) to obtain
individual clones. Two weeks later, clones were expanded and
screened for c-Myb expression by Western blot analysis.

Chloramphenicol Acetyltransgerase (CAT) Analysis. CAT
assays were performed as described (22). Tk~ ts13 cells (21)
were transfected by the calcium phosphate precipitation
method (26) with 5 ug of reporter plasmids (pBcl-2-CAT
constructs) and 1 ug of pSV B-galactosidase, which contains
the bacterial B-galactosidase gene driven by the simian virus 40
promoter, with or without effector plasmids (pLXSNc-myb
and pLXSARIc-myb) at a 1:1 molar ratio with the reporter
plasmids.

After 48 h, cells were harvested, and proteins were extracted
by freeze-thawing and normalized for transfection efficiency
by B-galactosidase assay as described by the manufacturer
(Promega). Cellular lysates were incubated with “C-labeled
chloramphenicol (NEN) and acetyl coenzyme A (Sigma), and
CAT activity was measured by thin layer chromatography
followed by autoradiography and densitometry, as described
(22).

Northern Analysis. Total RNA was extracted from 5 X 10°
CTLL-2 cells using RNAzol (Biotec, Galveston, TX) according
to the manufacturer’s instructions. RNA was electrophoresed
(10 pg/lane) through 1% agarose gels, blotted onto a nylon
membrane (Amersham), and hybridized to a 32P-labeled,
0.9-Kb EcoRI fragment of the human bcl-2 cDNA according
to standard procedures (27). After stripping residual radioac-
tivity, filters were hybridized with a glyceraldehyde-3-
phosphate dehydrogenase cDNA probe (28) used for normal-
ization of RNA loading and hybridization efficiency.

Western Analysis. Equal numbers of cells were washed twice
with ice-cold PBS and were lysed in 0.1 ml of Hepes buffer [10
mM Hepes, pH 7.5/150 mM NaCl/10% glycerol (vol/vol)/1
mM EDTA/1 mM DTT) containing 0.5% (vol/vol) Nonidet
P-40 in the presence of protease inhibitors at the indicated
concentration (1 mM phenylmethylsulfonyl fluoride, 10 pg/ml
leupeptin, 25 ug/ml aprotinin, 100 ug/ml pepstatin, and 1 mM
benzamidine). Lysate preparation, SDS/PAGE, transfer to
nitrocellulose membranes (Schleicher & Schuell), membrane
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blocking, and incubation with an antibody [murine monoclonal
anti-c-Myb antibody (Upstate Biotechnology, Lake Placid,
NY), rabbit polyclonal anti-BCL-2 antibody (Calbiochem),
rabbit polyclonal anti-BCL-XL (Santa Cruz Biotechnology),
or anti-B-actin (Oncogene Sciences)] were performed accord-
ing to standard procedures (27). After incubation with sheep
anti-mouse or anti-rabbit IgG conjugated to horseradish per-
oxidase (Amersham), bound proteins were detected using
chemiluminescence substrates according to the manufacturer’s
instructions (Amersham).

Gel Retardation Assay. Nuclear extracts were obtained from
parental and c-myb-transfected CTLL-2 cells as described (29).
Nuclear extracts (15 ug) were used for gel retardation assays.
Lysates in binding buffer (25 mM Hepes-KOH, pH 7.5/50 mM
KCl1/10 uM ZnSO4/10% glycerol/0.1% Nonidet P-40/1 mM
DTT) were incubated with 0.12 ug of poly(dI-dC) per micro-
gram for 10 min on ice. A y->?P-end labeled, double-stranded
oligonucleotide probe (5 X 10* cpm) corresponding to nucle-
otides —293 to —255 (CCAGCGTACGCCGCGGGTGGC-
CGCCACCCCAGGCCACG) of the bcl-2 promoter was
added to the binding reaction mixes and incubated for 15 min
at room temperature. Binding reaction mixes were electro-
phoresed in native 5% PAGE gels at low ionic stringency
(0.25 X Tris—borate—-EDTA). Gels were dried and exposed to
x-ray films for autoradiography.

[*H]-Thymidine Incorporation Assay. Cells (1 X 10° in 0.1
ml) were plated in 24-well plates, and 24 or 48 h later,
[*H]-thymidine was added at 1 uCi per well. Cells were
collected 6 h later, deposited on Millipore glass filters, and
washed three times with 10% (vol/vol) trichloroacetic acid.
Filters were dissolved in vials containing scintillation fluid
(Fisher) and the amount of incorporated [*H]-thymidine was
measured using a (3-scintillation counter.

Detection of Apoptosis by Flow Cytometry. Apoptosis, in-
duced by DEX or by IL-2 deprivation, was detected by
evaluating the reduction of the propidium iodide fluorescence
in the apoptotic nuclei. The cell pellet (0.5 X 10°) was fixed in
ice-cold 70% ethanol for 10 min on ice and then resuspended
in 0.5 ml of lysis buffer (0.1% Nonidet P-40/0.5 pg of
DNAse-free RNase in PBS); after 10 min at room tempera-
ture, 2.5 ug of propidium iodide was added, and the samples
were incubated at 4°C for 15 min. The fluorescence of pro-
pidium iodide-stained DNA was quantitated by an Epson
Coulter cytometer equipped with a single 488-argon laser.

In Situ Apoptosis Detection. The TUNEL (terminal de-
oxynucleotidyltransferase-mediated UTP end labeling) assay
was performed using the TACS kit purchased from Trevigen
(Gaithersburg, MD). In brief, 10° cells were washed with
ice-cold PBS, fixed in 3.7% formaldehyde, and stored in 80%
ethanol. Fixed cells were immobilized onto a clean slide and
left at room temperature until dried. Slides were washed in
70% ethanol and then air dried. Then, cells were treated with
proteinase K, and the endogenous peroxidase was removed by
2% (vol/vol) hydrogen peroxide treatment. Then, DNA was
labeled with biotinylated nucleotides using terminal trans-
ferase. Samples were incubated with the streptavidine—
horseradish peroxidase conjugate and then with the Blue
Label (Trevigen) substrate. After counterstaining and fixation,
200 cells/slide were counted.

RESULTS

IL-2 Dependence in CTLL-2 Cells Overexpressing c-Myb or
Transfected with a c-myb Antisense Construct. CTLL-2 cells
were transfected with the pLXSN empty vector, with pLXSN-
c-myb, and with pLXSN-TAS-c-myb. Several G418-resistant
clones were isolated. Western blot analysis revealed increased
levels of Myb protein in c-myb-transfected cells (Fig. 1, lanes
3 and 4) but almost complete absence of the endogenous Myb
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Fic. 1. Expression of Myb protein in transfected CTLL-2 cells.
Lysates were obtained from CTLL-2 cells (2 X 10° in 50 units/ml IL-2)
transfected with the empty vector (LXSN) or with the full length c-myb
cDNA (c-myb MIX and c-myb 34) or with a c-myb antisense construct
(TAS-c-myb). Myb protein levels were detected using a commercial
anti-Myb mAb as described (23).

protein in cells transfected with the antisense construct (Fig.
1, lane 2).

Parental cells and cells transfected with the antisense con-
struct were maintained in culture for more than 48 h only in
the presence of 50 units/ml of hrIL-2 whereas the IL-2
requirement of c-myb-transfected cells was much lower be-
cause these cells were cultured and were all alive in the
presence of 15 units/ml of hrIL-2. To assess the effect of a low
dose of IL-2 (15 units/ml) on the proliferation rate of parental
and transfected cells, a thymidine incorporation assay with two
different pulses (at 24 and 48 h) was performed. At 48 h,
CTLL-2 cells constitutively expressing c-Myb exhibited an
incorporation rate higher than that of vector-transfected cells
(Fig. 2). Instead, cells transfected with the antisense construct
incorporated 2- to 3-fold less thymidine than CTLL-2 cells
transfected with the empty vector or with c-myb (Fig. 2).

c-Myb Protects CTLL-2 Cells from Apoptosis Induced by
IL-2 Deprivation and DEX Treatment. IL-2 deprivation can
induce apoptosis in CTLL-2 cells (15-18). To determine the
effect of c-Myb overexpression on the propensity of these cells
to undergo apoptosis, transfected cells were grown in different
hrIL-2 doses (from 0 to 50 units/ml), and the percentage of
apoptotic cells was evaluated cytometrically. c-Myb protects
CTLL-2 cells from apoptosis at IL-2 concentrations as low as
5 units/ml, but it does not confer IL-2 independence (Fig. 3).
Cells transfected with the antisense c-myb construct were more
susceptible (2- to 4-fold) than the parental cells to apoptosis
induced by IL-2 deprivation (Fig. 3). Because CTLL-2 cells are
known to be sensitive to DEX treatment at low doses of IL-2,
transfected cells were cultured at 50 and 5 units/ml of hrIL-2
in the presence of DEX used at a concentration of 10— M.
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Fic. 2. Thymidine incorporation in c-myb-transfected CTLL-2
cells. [*H]-thymidine counts from triplicate wells containing 103 cells
cultured in the presence of 15 units/ml IL-2. [°’H]-thymidine was added
at 24 or 48 h of culture and assessed as described.
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F1G. 3. Apoptosis in cultures of c-myb-transfected cells seeded at
different IL-2 concentrations. Apoptotic cells were evaluated cyto-
metrically (propidium iodide staining) in cells cultured at the indicated
IL-2 concentrations for 24 or 48 hours. Representative of three
independent experiments with similar results.

Cells transfected with the empty vector were very sensitive to
DEX when cultured in 5 units/ml of hrIL-2 for 24 h; in marked
contrast, c-myb transfected cells were completely resistant to
DEX-induced apoptosis (Fig. 4). Conversely, cells transfected
with the antisense construct were more sensitive to DEX-
induced apoptosis than control cells and were not resistant to
DEX even if cultured in 50 units/ml of hrIL-2 (~8-fold more
sensitive than control cells). The fraction of apoptotic cells in
cultures deprived of IL-2 or treated with DEX was indepen-
dently evaluated using the TUNEL method. The results of such
analyses were virtually identical to those obtained by flow
cytometry (data not shown).

To assess if c-myb-transfected cells can survive IL-2 depri-
vation or DEX treatment via an autocrine mechanism, ELISA
assays were performed to detect murine IL-2 secretion in the
supernatants of cells transfected with the empty vector or the
full length c-myb cDNA and cultured at different concentra-
tions of hrIL-2. No autocrine production of IL-2 was detected
in cultures of c-Myb-transfected CTLL-2 cells at any of the
various hrIL-2 concentrations (data not shown).

Expression of BCL-2 in CTLL-2 Cells Overexpressing c-
Myb. To assess potential mechanisms associated with the
reduced susceptibility to apoptosis of c-myb-transfected
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Fic. 4. Apoptosis in c-myb-transfected CTLL-2 cultures upon
DEX treatment in the presence of decreasing IL-2 concentrations.
Apoptotic cells were evaluated cytometrically (propidium iodide stain-
ing) in cultures maintained for 24 h in 50 or 5 units/ml IL-2 and 10°
M/liter DEX. Representative of three different experiments with
similar results.
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CTLL-2 cells, levels of BCL-2 and BCL-XL, two apoptosis
inhibitors, were measured in control CTLL-2 cells and in cells
overexpressing c-Myb. BCL-XL protein levels were essentially
identical in vector- and c-myb-transfected CTLL-2 cells (Fig.
5B). By contrast, compared with vector-transfected CTLL-2
cells, Northern and Western blot analyses revealed that bcl-2
mRNA and protein levels were up-regulated in c-myb-
transfected cells and down-regulated in cells transfected with
the antisense construct (Fig. 5, A and B).

c-Myb Transactivation of CAT Gene Expression Driven by
the Murine bcl-2 5’ Flanking Region. To determine whether
the up-regulation of BCL-2 expression in c-myb-transfected
cells was due to a c-Myb-induced enhancement of bcl-2
promoter activity, we assessed the ability of c-Myb to trans-
activate CAT reporter constructs containing segments of
decreasing length of the murine bcl-2 5’ flanking region (24).
CAT assays were performed in transiently transfected Tk~ ts13
hamster fibroblasts, which do not express endogenous c-Myb
at detectable levels (30). The LXSN-c-myb effector had no
effect on the 1.6-Kb CAT reporter construct, which contained
the entire 5’ untranslated region and 0.2 Kb of the 5 flanking
sequence upstream of the transcription initiation site (24); it
induced, however, a 3- to 4-fold increase in CAT expression
driven by all other bcl-2 5" flanking sequence segments (Fig. 6),
including pBcl-2(1.7)CAT, which contains only 293 bp up-
stream of the transcription initiation site. A c-myb construct
encoding an internally deleted Myb protein unable to interact
with canonical Myb binding sites (23) was still able to trans-
activate (3- to 4-fold induction) the 5’ flanking region bcl-2-
CAT reporter plasmids (Fig. 6), consistent with a DNA
binding-independent mechanism of bcl-2 promoter regulation.

Detection of a c-Myb-Dependent Complex at Nucleotides
—293 to —255 of the bcl-2 Promoter. To determine whether
c-Myb transactivation of the bcl-2 promoter from nucleotides
—293 to —200 correlated with specific protein(s) interaction in
that fragment, gel shift assays were performed with nuclear
extracts from parental and c-myb-transfected CTLL-2 cells.
Cells cultured in the presence of 50 units/ml IL-2 or shifted for
16 h in 5 units/ml IL-2 were used in the experiments. No
differences in complexes formation were detected using a
32P-labeled oligoprobe corresponding to nucleotides —255 to
—200 (not shown); by contrast, a specific complex was detected
in nuclear extracts from c-myb-transfected CTLL-2 cells using
a 3?P-labeled oligoprobe corresponding to nucleotides —293 to
—255 (Fig. 7).
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DISCUSSION

In the present investigation, we assessed whether c-Myb is
involved in the regulation of apoptosis by studying the effect
of constitutive c-Myb expression or by assessing the conse-
quences of inhibiting endogenous Myb expression in CTLL-2
cells, an IL-2-dependent cytotoxic T cell line. Parental cells
and cells transfected with the antisense construct were main-
tained in culture for more than 48 h only in the presence of 50
units/ml IL-2; in contrast, c-myb-transfected cells were able to
survive at suboptimal concentrations of IL-2 (5-15 units/ml).
This correlated with a proliferative advantage of c-myb-
transfected cells, as indicated by their higher thymidine incor-
poration rate, compared with parental and antisense c-myb-
transfected CTLL-2 cells. CTLL-2 cells readily undergo apo-
ptosis if cultured in the absence of IL-2 or if treated with DEX
(14-18). In marked contrast, c-myb-transfected CTLL-2 cells
were resistant to apoptosis induced by IL-2 deprivation or by
DEX treatment. Conversely, c-myb antisense-transfected cells
were more susceptible to apoptosis induced by either method.

The importance of c-Myb in the proliferation of hemato-
poietic cells was initially demonstrated by use of antisense
oligodeoxynucleotides; such compounds greatly reduced pro-
liferation of several myeloid leukemia cell lines (31) and of
normal human T lymphocytes (9). Consistent with these
observations, transgenic mice carrying a c-myb dominant—
negative construct showed a partial impairment of thymopoi-
esis and inhibition of mature T cell proliferation (11). More-
over, treatment of Burkitt lymphoma cell lines with c-myb
antisense oligodeoxynucleotides leads to inhibition of cell
growth and induces apoptosis (12). Together, these findings
and the results reported here indicate that c-Myb is important
not only in the regulation of cell proliferation but also in the
control of the process of apoptotic cell death. An autocrine
mechanism was not responsible for the c-Myb-induced pro-
tection from apoptosis; there was no evidence of IL-2 secretion
in cultures of c-myb-transfected cells. To assess other mecha-
nisms by which c-Myb protects CTLL-2 cells from apoptosis,
we undertook experiments to evaluate expression levels of
intracellular mediators of the apoptosis-resistant phenotype.
CTLL-2 cells and T cell hybridomas overexpressing BCL-2 are
resistant to apoptosis induced by IL-2 deprivation and glu-
cocorticoid treatment, respectively (20, 32), so BCL-2 expres-
sion levels were evaluated in c-myb-transfected cells. Consti-
tutive expression of c-Myb was associated with up-regulation
of bcl-2 mRNA and protein, consistent with the possibility that
c-Myb acts as an apoptotic repressor by inducing BCL-2
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Fi6. 5. BCL-2 and BCL-XL expression in c-myb-transfected CTLL-2 cells. Bcl-2 mRNA (4) and BCL-2 and BCL-XL proteins (B) levels were
analyzed by Northern and Western blot analyses, respectively, in c-myb-transfected CTLL-2 cells. Expression of glyceraldehyde-3-phosphate
dehydrogenase and B-actin was measured as a control of equal RNA and protein loading, respectively. GAPDH, glyceraldehyde-3-phosphate

dehydrogenase.
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FIG. 6. c-Myb transactivation of the murine bcl-2 promoter. (A4)
Diagram of bcl-2 promoter-CAT constructs. (B) Transactivation of
bcl-2/CAT plasmids by full length c-Myb. Tk~ ts13 cells were trans-
fected with bcl-2-CAT constructs in the presence of the empty vector
(m) or the full length c-myb cDNA (@) at a 1:1 molar ratio. CAT assays
were performed as described (22). (C) Transactivation of bcl-2/CAT
plasmids by a DNA binding-deficient c-myb construct. Tk™ts 13 cells
were transfected with the indicated bcl-2-CAT constructs in the
presence of the empty vector (M) or the DNA binding-deficient c-Myb
(@) at a 1:1 molar ratio. Histograms (B and C) represent the results of
three different experiments = SD.
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experiments. The arrow indicates the c-Myb-dependent specific com-
plex.
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expression. Indeed, in T lymphocytes, BCL-2 expression is
induced by mitogens and by IL-2 with kinetics similar to that
of c-Myb (33). Moreover, such an increase in Bcl-2 levels is
transcriptionally regulated (33). Thus, it is conceivable that
c-Myb is involved in the regulation of bcl-2 transcription. In
support of this hypothesis, CAT assays indicate that c-Myb
directly modulates the activity of the bcl-2 promoter. A Bcl-
2-CAT construct containing the 5’ untranslated region and
200 nucleotides of 5' flanking region (Bcl-2-1.6) was not
responsive to c-Myb. In contrast, several bcl-2 promoter con-
structs containing segments of increasing length of the bcl-2 5’
flanking region were responsive to c-Myb. The shortest pro-
moter regulated by c-myb includes a 38-bp segment that
formed a specific complex with nuclear extracts from c-myb-
transfected CTLL-2 cells. Canonical Myb binding sites are not
present in this region, and a DNA binding-deficient c-myb
construct also was capable of enhancing Bcl-2-driven CAT
activity (Fig. 6a), so the c-Myb transactivation effect seems due
to a DNA binding-independent mechanism.

A DNA binding-independent mechanism of promoter reg-
ulation by genes of the Myb family has been reported for
human HSP70 (34). Myb inducibility of this promoter was
dependent on the presence of an intact TATA box and
upstream sequences (35). However, the bcl-2 promoter lacks a
canonical TATA box (24), suggesting that the ability of c-Myb
to regulate the bcl-2 promoter in a DNA binding-independent
manner involves other mechanisms. More recently, protein—
protein interactions involving c-Myb and cAMP response
element binding protein have been reported (35, 36). Such
interaction enhances the transcription-activating function of
c-Myb, perhaps providing a bridge to the basal transcription
machinery. Whether these interactions are involved in the
regulation of the bcl-2 promoter is now under investigation.
The 38-bp oligomer, which is the site of a Myb-dependent
complex (Fig. 7), includes two copies of the CACCC motif.
This motif has been reported to mediate the transactivation of
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the murine GATA-1 promoter induced by a myb-ets-
containing retrovirus (37), raising the possibility that the bcl-2
promoter also is regulated by c-Myb through this site.

In summary, our studies support an essential role of c-Myb
in the survival of growth factor-dependent T lymphocytes and,
perhaps, of other hematopoietic cell types. Such effect is, in
part, dependent on transcriptional activation of the expression
of BCL-2, the prototype of a protein with anti-apoptosis
properties. These data are consistent with the results of two
recent studies indicating that c-Myb and v-Myb protect T
lymphocytes and myeloid cells from apoptosis by regulating
BCL-2 expression (38, 39). However, at variance with the
results of those studies, we show here that c-Myb regulation of
bcl-2 promoter activity is independent from specific interac-
tions with Myb binding sites. Whether the mechanism of bcl-2
promoter regulation is due to protein—protein interactions
involving c-Myb or to Myb induction of a bcl-2 transcription
regulator is presently under investigation.
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