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c-myb is a frequent target of retroviral insertional mutagenesis in murine leukemia virus-induced myeloid
leukemia. Induction of the leukemogenic phenotype is generally associated with inappropriate expression of
this transcriptional regulator. Despite intensive investigations, the target genes of c-myb that are specifically
involved in development of these myeloid lineage neoplasms are still unknown. In vitro assays have indicated
that c-myc may be a target gene of c-Myb; however, regulation of the resident chromosomal gene has not yet
been demonstrated. To address this question further, we analyzed the expression of c-myc in a myeloblastic cell
line, M1, expressing a conditionally active c-Myb–estrogen receptor fusion protein (MybER). Activation of
MybER both prevented the growth arrest induced by interleukin-6 (IL-6) and rapidly restored c-myc expression
in nearly terminal differentiated cells that had been exposed to IL-6 for 3 days. Restoration occurred in the
presence of a protein synthesis inhibitor but not after a transcriptional block, indicating that c-myc is a direct,
transcriptionally regulated target of c-Myb. c-myc is a major target that transduces Myb’s proliferative signal,
as shown by the ability of a c-Myc–estrogen receptor fusion protein alone to also reverse growth arrest in this
system. To investigate the possibility that this regulatory connection contributes to Myb’s oncogenicity, we
expressed a dominant negative Myb in the myeloid leukemic cell line RI-4-11. In this cell line, c-myb is activated
by insertional mutagenesis and cannot be effectively down regulated by cytokine. Myb’s ability to regulate
c-myc’s expression was also demonstrated in these cells, showing a mechanism through which the proto-
oncogene c-myb can exert its oncogenic potential in myeloid lineage hematopoietic cells.

myb was originally identified as an oncogene following its
transduction into the avian retroviruses avian myeloblastosis
virus and E26 (16, 32), which cause acute myeloblastic leuke-
mia or erythroblastosis. Its oncogenic potential was further
demonstrated in animal models, where the cellular proto-on-
cogene c-myb was shown to be a target of retroviral insertional
mutagenesis, causing T- and B-cell lymphomas in chickens (28,
52, 53, 55) and myeloid leukemias in mice (21, 46, 60, 61, 72).
Despite many reports over the last several years that described
potential target genes of the transcription factors v-Myb and its
cellular counterpart c-Myb, little is known about the regulatory
pathways through which c-myb exerts its oncogenic potential.

The product of the c-myb gene is a highly conserved tran-
scription factor of 75 kDa (4, 37). In hematopoietic cells of all
types, it is expressed in the immature phase (29, 62) and is
down regulated during terminal differentiation (15, 22, 69).
Functions assigned to this gene regulator are apoptosis, differ-
entiation, and proliferation (reviewed in references 70 and 71).
Its role in apoptosis was impressively demonstrated by inacti-
vation of its function in transgenic mice using a dominant
interfering Myb, targeted specifically to T cells; thymocytes
from these mice died from apoptosis at a higher rate than
normal. It was shown that the antiapoptotic role of c-Myb in
both T cells and myeloid cells is connected to Myb’s ability to
regulate expression of bcl-2 (19, 65). Its function in differenti-
ation is evident from studies which have identified, as c-Myb
targets, genes like mim-1, TCRd, CD4, and the neutrophil

elastase gene (reviewed in reference 48), all of which are mark-
ers of mature cell phenotypes. Furthermore, the detection of
the homeobox gene GBX2 as a direct target gene of c-Myb
demonstrates how Myb can be responsible, in a more global
way, for lineage commitment in differentiation (31).

Myb’s involvement in maintaining proliferation is thought to
be an important function in regard to its oncogenic potential.
This function also has been clearly demonstrated for normal
cell development. For example, homozygous knockout mice
were shown to have an embryonic lethal phenotype due to a
severe reduction in the number of progenitor cells (44). In
addition, in vitro experiments in both erythroid and myeloid
cells have demonstrated that constitutive expression of exoge-
nous c-myb blocks growth arrest associated with terminal dif-
ferentiation (7, 12, 42, 58). Genes implicated as targets of
c-Myb and involved in its role in proliferation are the cell cycle
regulator gene cdc2 (31), the DNA polymerase a gene (64),
c-kit (27, 54, 68), and c-myc (13, 17, 73). These genes were
implicated primarily in studies using in vitro transactivation
assays, where reporter gene constructs containing the given
promoters were transfected into different cell types. More con-
clusive data were obtained recently for a role of c-kit in trans-
ducing c-Myb’s signal to proliferate in fetal liver-derived prim-
itive myeloid cells when it was shown that the endogenous
chromosomal copy of the gene was regulated directly by c-Myb
(27). In contrast, in the case of c-myc, recent studies have
raised doubts as to whether it is regulated by c-Myb, because
analysis of its expression in lymphoid, erythroid, or primitive
myeloid cells, in response to conditional expression of an active
c-Myb or a dominant negative Myb, failed to show effects on
the resident chromosomal gene (27, 35, 65).

Despite the fact that recent studies have raised doubts con-
cerning whether c-myc is a gene regulated by c-Myb, experi-
mental observations from leukemogenesis studies have led us
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to further investigate this topic in cells of the myeloid lineage.
Myeloid leukemias resulting from inoculation of retroviruses
into young adult mice fall into two categories. One type, mono-
cyte-macrophage leukemias induced by a retrovirus expressing
c-myc, do not express c-myb (2, 3, 72). In contrast, promono-
cytic leukemias, which have been induced following retroviral
insertion of the c-Myb locus and have inappropriate expression
of c-myb, have constitutively up regulated c-myc (72; L. Wolff,
unpublished data). These leukemias are called MML, for mu-
rine leukemia virus-induced myeloid leukemia (71). Interest-
ingly, expression of c-myc is not observed in normal cells of this
late stage of differentiation. These examples suggested the
intriguing possibility that c-myc is a downstream target of c-
Myb in myeloid leukemogenesis.

MATERIALS AND METHODS

Cells and viruses. The murine myeloid cell line M1 (33) was maintained in
RPMI 1640 medium supplemented with 10% heat-inactivated horse serum. The
murine leukemia cell line RI-4-11 (45) was maintained in Dulbecco modified
Eagle medium containing 10% fetal bovine serum, as were the murine ecotropic
GP 1 E-86 (38) and murine amphotropic envAM12 (39) packaging cell lines. For
activation of the estrogen receptor (ER) fusion proteins, 4-hydroxytamoxifen
(4-OHT; Sigma) was added to the medium at a concentration of 1 to 2 nM; for
induction of the metallothionein (MT) promoter, ZnCl2 was used at a concen-
tration of 50 to 85 mM.

Retroviruses were prepared as previously described (7) by transfecting LXSN-
based (43) recombinant retrovirus DNA into the amphotropic packaging cell line
GP 1 envAM12 by the calcium phosphate method. The ecotropic packaging cell
line GP 1 E-86 was infected 48 h later, in the presence of Polybrene (4 mg/ml;
Sigma), with conditioned, virus-containing supernatant of the transfected GP 1
envAM12 culture. Infected cells were selected in medium containing G418 (400
mg/ml; GIBCO-BRL). Selected cells producing recombinant retroviruses were
treated with mitomycin C (10 ng/ml; Sigma) for 3 h and used to infect M1 or
RI-4-11 cells by cocultivation. The infected M1 or RI-4-11 cells were subse-
quently selected for neomycin resistance with 400 or 800 mg respectively, of G418
per ml.

Electroporation was used for transfection of M1 cells. Briefly, 5 3 106 cells in
500 ml of phosphate-buffered saline (PBS) were electroporated with a Bio-Rad
Gene Pulser II (400 V, 50 mF). After transfection, M1 cells containing recom-
binant vectors were selected in medium containing G418 (400 mg/ml) or puro-
mycin (2 mg/ml).

For M1 cell differentiation, cells were seeded at a concentration of 1 3 105 to
2 3 105/ml in medium containing interleukin-6 (IL-6). Stocks of secreted murine
recombinant IL-6 were prepared from SF9 cells infected with PVL 6A8 mouse
IL-6 baculovirus (a kind gift of J. Van Snick, Ludwig Institute for Cancer
Research, Brussels, Belgium). SF9 cells grown in Grace’s insect medium with
10% fetal calf serum were infected for 2 days for the preparation of secreted
IL-6. One-liter stocks of IL-6 were prepared by Cell Trends, Inc. (Middletown,
Md.) and used at a concentration of 1:500 after testing for the ability to induce
differentiation.

De novo protein synthesis was inhibited by cultivating the cells in the presence
of cycloheximide (Sigma) at a concentration of 10 mg/ml for 3 to 6 h. Under these
experimental conditions, 35S incorporation was found to be reduced to more
than 90% in treated cell samples.

De novo transcription was blocked by cultivating the cells in the presence of
actinomycin D (Sigma) at a concentration of 10 mg/ml for 3 to 6 h.

Plasmids and construction of retroviral vectors. The vector pLMybERSN was
constructed by cloning the c-Myb–ER (MybER) gene of pJ4D4R/MER as SacI/
ClaI fragment into the HpaI site of LXSN (43). pJ4D4R/MER encodes a C-
terminally deleted c-Myb (amino acids 1 to 489) fused to the mutant mouse ER
and was constructed by cloning a SalI/SacI c-myb fragment from plasmid pJ4DR
into SalI/BamHI-digested pJ4MER. MybEnER (a fusion protein consisting of
the Myb DNA binding region, the Drosophila Engrailed [En] transrepressor, and
a modified ER hormone binding domain) and EnER (36) were cut out of
pJ4/Myb/En/ER or pJ4En/ER as BamHI/ClaI fragments that were inserted into
the HpaI site of pLXSN to create pLMybEnERSN or pLEnERSN, respectively.
pMTCB61MybEn and pMTCB61c-Myb were cloned as a BamHI fragment
from the MEnT (1) expression vector pUHIT/MEnT or the c-Myb expression
vector pLFLmybSN (42) by insertion into the BamHI site of pMTCB61 (9, 11).
MycER (34) expressing pBabe Puro MycER was transfected directly.

Preparation of RNA and Northern blot analysis. Total RNA was prepared
using a RNAeasy Mini kit (Qiagen). Five-microgram samples of RNA were
electrophoresed in a Tris-acetate-EDTA buffer on a 1.0% agarose gel containing
20 mM guanidine thiocyanate as described in reference 20. After blotting to a
nylon membrane, the RNA was cross-linked to the membrane by using a Strata-
linker 1800 (Stratagene). Probes used for hybridization were labeled using a
random priming kit (GIBCO-BRL). The following DNA fragments were used as
probes: EnER, BamHI/ClaI fragment (36); MybER, SacI/ClaI fragment;

MybEn, BamHI fragment (1); c-myc, 1.4-kb SstI/HindIII fragment (63); MycER,
2.2-kb EcoRI fragment; c-myb, 2.0-kb NcoI fragment (4); rat GAPDH cDNA
(18); b-actin cDNA (25); cdc2 cDNA (66); ornithine decarboxylase gene (ODC),
0.7-kb PstI fragment (14); v-kit, 0.7-kb SacI/SalI fragment (5); cyclinD1 cDNA
(41).

Analysis of apoptosis. Early-stage apoptosis was detected using the TACS
annexin V apoptosis detection kit (Trevigen, Inc.) according to the manufactur-
er’s instructions. For detection of late-stage apoptosis, DNA was analyzed for
fragmentation as described recently (8). Briefly, 2 3 106 cells were lysed in a
buffer containing 0.5% sodium dodecyl sulfate (SDS), 0.1 M NaCl, 1 mM EDTA,
and 50 mM Tris-HCl (pH 8.0) and incubated for 4 h at 50°C in the presence of
proteinase K (0.1 mg/ml; GIBCO-BRL). The samples were then extracted with
chloroform-isoamyl alcohol, precipitated with ethanol, dissolved in 10 mM
Tris–1 mM EDTA (pH 7.4), and treated with RNase A for 1 h at 37°C. Five
micrograms of DNA was electrophoresed on a 2% agarose gel containing 1 mg
of ethidium bromide per ml and visualized by UV fluorescence.

Cell cycle analysis. Cells were prepared for cell cycle analysis as described in
reference 50. Cells were harvested and fixed in 70% ethanol for a minimum of
18 h. For cell cycle analysis, the cells were collected by centrifugation and stained
in a solution of phosphate-buffered saline (PBS), propidium iodide (50 mg/ml),
RNase A (100 U/ml), and glucose (1 g/liter) and measured in a FACScan
apparatus (Becton Dickinson). The data were analyzed for cell cycle distribution
using the ModfitLT V2.0 program.

Western blot analysis. Cells were lysed in 10 mM Tris (pH 7.4)–0.15 M
NaCl–1% NP-40, 1% sodium deoxycholate–0.1% SDS with 10 mM iodoacet-
amide, 1 mM phenylmethylsulfonyl fluoride and Complete protease inhibitor
cocktail as instructed by the manufacturer (Boehringer Mannheim). Samples of
100 mg of protein were separated by SDS-polyacrylamide gel electrophoresis
using 8% gels and a discontinuous Tricine buffer system (57). Western blot
analysis was carried out by standard procedures. Briefly, proteins were electro-
phoretically transferred to nitrocellulose membranes, then blocked for 2 to 24 h
in PBS with 10% nonfat dry milk, and washed twice in PBS with 0.5% Tween 20
for 5 to 10 min. Incubation with a monoclonal antibody to c-Myc (N-262; Santa
Cruz Biotechnology) or c-Myb (a kind gift from Eric Westin and Tim Bender)
was carried out at room temperature in PBS with 5% dry milk. Protein was
detected using an ECL kit (Amersham Life Sciences Inc.).

RESULTS

A conditionally active Myb reverses IL-6-induced growth
arrest in M1 cells and directly activates c-myc. M1 cells culti-
vated in the presence of IL-6 undergo terminal differentiation
to a mature macrophage phenotype over the course of 3 to 4
days. This effect is accompanied by growth arrest 2 to 3 days
after treatment and by cell death through apoptosis 5 to 7 days
poststimulation (6, 58). c-myb RNA is reduced to nondetect-
able levels in the differentiating cells by as early as 3 h after
stimulation with IL-6, while c-myc RNA, after a transient in-
crease for 3 h, gradually decreases until it is no longer detect-
able at around 24 h (6, 58). To determine if c-Myb can posi-
tively regulate c-myc, we investigated whether a conditionally
active c-Myb could induce proliferation and reactivate c-myc
expression in M1 cells. For this study, we used a conditionally
active MybER fusion protein (see Materials and Methods)
(Fig. 1A). It has been demonstrated that in the absence of
hormone stimulation, constitutively expressed chimeric pro-
teins such as this one are inactive but can change to an active
conformation upon binding of the estrogen analog 4-OHT to
the ER part of the protein (10, 35, 51). A plasmid containing
MybER was transfected into M1 cells. Western blot analysis of
M1 cells stably transfected with MybER (M1/MybER cells)
confirmed expression of the chimeric MybER protein (Fig.
1B).

The effect of MybER protein on cell growth was examined
first. As shown in Fig. 1C, M1/MybER cells that had been
cultivated in the presence of IL-6 for 3 days and had under-
gone growth arrest were able to proliferate again following
stimulation with 4-OHT (Fig. 1C). In fact, the doubling time
for this IL-6 and 4-OHT-treated cell population (30 h) was
almost identical to that of the control cells grown only in the
presence of 4-OHT (29 h). Therefore, the chimeric MybER
protein was shown to have a dramatic influence on M1 cell
growth.
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Northern blot analysis of c-myc expression showed that in
M1/MybER cells incubated with IL-6 alone, c-myc was down
regulated 24 h following treatment with the cytokine. M1/
MybER cells with the inactive fusion protein showed, there-
fore, a response to treatment with IL-6 comparable to that
reported for M1 wild-type cells by Bies et al. (6) and Selvaku-
maran et al. (58). In sharp contrast was the continued expres-
sion of c-myc in the same cells 24 h following treatment with
IL-6 in the presence of 4-OHT (Fig. 2A and B). Significantly,
c-myc expression, in addition to being maintained at high levels
when 4-OHT was added at the same time as IL-6, could be
restored when 4-OHT was added to cells that had been differ-
entiating in the presence of IL-6 for up to 3 days, the longest
period tested (Fig. 2B). 4-OHT itself had no effect on c-myc
expression as shown in Fig. 2C. To determine if the effect of
the modified c-Myb was direct or indirect, we treated the cells
with cycloheximide to inhibit protein synthesis. As shown for
parental M1 cells, cycloheximide itself had no effect on c-myc
mRNA levels during the incubation period used for these
experiments (Fig. 2C). Since c-myc expression was restored in
M1/MybER cells in the presence of cycloheximide, as demon-
strated in Fig. 2C, we conclude that MybER directly up regu-
lates c-myc in these myeloid cells and is likely responsible for
reversing growth arrest. Furthermore, we have evidence that
the effect of c-Myb on c-myc expression is through regulation
at the transcriptional level, because c-myc expression could not
be restored in cultures that were treated with an inhibitor of
transcription, actinomycin D (Fig. 2D).

To rule out the possibility that the ER part of the MybER
fusion protein is responsible for the observed effect on c-myc
expression, we switched to a conditionally active system that
allows us to express the full-length, native c-Myb protein. For
this purpose, we cloned full-length c-myb under control of the
metallothionein (MT) promoter (MTCB61c-Myb) and trans-
fected the plasmid into M1 cells. Northern blot analysis of the
resulting single-cell clones showed expression of c-myb follow-
ing stimulation of the MT promoter with ZnCl2. An example is

shown in Fig. 3A. Cultivation of these cells in the presence of
IL-6 and ZnCl2 resulted in inhibition of the down regulation of
c-myc expression. This is in contrast to the observed down
regulation in control cells, expressing the empty MTCB61
vector (Fig. 3B). Furthermore, c-myc expression could be re-
stored by c-Myb in cells that were already differentiating in the
presence of IL-6 for 24 h prior to activation of the MT pro-
moter with ZnCl2 (Fig. 3B). The up regulation was not as
dramatic or as long lasting as that observed for MybER and
may be explained by the fact that the overall activation of the
MT promoter was significantly lower and started dropping a
few hours following stimulation with ZnCl2 (Fig. 3A). Use of
both conditionally active systems led us to the same result, that
activation of c-Myb in M1 cells during differentiation can not
only inhibit the IL-6-induced down regulation of c-myc but
reinduce its expression as well.

Dominant negative Myb influences growth of an MML cell
line with c-Myb activated by insertional mutagenesis. A goal
of our study was to determine if the regulation of c-myc by
c-Myb in M1 cells also functions in leukemias in which c-Myb
is proposed to be the direct cause for the development of the
disease. For this purpose, we studied both c-Myb’s functional
roles and its regulatory properties in the leukemic cell line
RI-4-11 (45). This cell line is one of many leukemias derived in
vivo by inoculation of a murine retrovirus in pristane-treated
mice. It, like others derived in this model system (61, 72), has
undergone insertional mutagenesis of the c-myb locus and
demonstrates constitutive expression of c-Myb. In these cells,
unlike in M1 cells, c-myb cannot easily be down regulated by
treatment with differentiation inducers such as IL-6. There-
fore, to determine whether constitutive expression of c-myb
may contribute to the continuous growth behavior through
regulation of c-myc, we took a different approach by inhibiting
Myb’s function using a dominant negative Myb (MybEnER)
(Fig. 4A) (36). RI-4-11 and M1 cells were infected with a
retrovirus expressing either MybEnER or EnER as a control.
To obtain cells expressing the dominant negative protein at
high levels, infected RI-4-11 and M1 cells were selected in
G418, cloned, and analyzed for MybEnER or EnER expres-
sion by Northern blot analysis. Figure 4B shows examples of
the clones chosen for the studies presented here. Protein lev-
els, determined by Western blot analysis, correlated with the
detected RNA levels (data not shown).

RI-4-11/MybEnER and M1/MybEnER cells were first char-
acterized for changes in the ability to proliferate after stimu-
lation with 4-OHT. Activation of the dominant negative Myb
caused a substantial decrease in the number of viable cells.
There was a slight inhibitory effect on all cells due to 4-OHT
alone; however, the inhibitory effect of MybEnER on prolif-
eration in the tumor cell line RI-4-11 was 5- to 10-fold stronger
than that observed in EnER cultures (Fig. 4C). A less dramatic
but still reproducible effect was observed in M1 cells, where
proliferation was two- to threefold less in MybEnER-express-
ing clones than in the EnER-expressing clone.

To determine if apoptosis was responsible for the cell death
observed, clonal cell populations were examined by the an-
nexin V assay. Stimulation with 4-OHT led to increases in the
number of apoptotic cells (Fig. 5A). In RI-4-11 cells with
activated MybEnER, the first evidence that the cells were
undergoing apoptosis was found at 24 h poststimulation, while
in M1 cells apoptosis became evident at 36 to 48 h postinduc-
tion. The maximum increases in apoptotic cells were 8.2-fold in
RI-4-11 cells and 5.4-fold in M1 cells compared to nonstimu-
lated cells. Consistent with these results, we detected a strong
increase in DNA fragmentation after stimulation of the
MybEnER clones with 4-OHT (Fig. 5B). Because the anti-

FIG. 1. Effects of MybER on cell growth in IL-6-treated M1 myeloblastic
cells. (A) Structure of the retroviral vector LXSN with sequences encoding
MybER inserted downstream of the virus long terminal repeat (LTR). SV,
simian virus 40 promoter; neo, neomycin resistance gene; TA, transactivation
domain; LZ, leucine zipper; aa, amino acids. (B) Western blot analysis showing
expression of MybER. The protein was detected using a monoclonal c-Myb
antibody. (C) Growth curve of M1/MybER cells cultivated in the presence of
IL-6 for 3 days prior to treatment with 4-OHT; control cultures were incubated
with IL-6 alone or 4-OHT alone. Shown is the mean of three independent results
with a standard deviation smaller than 15%.
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apoptotic gene bcl-2 has been demonstrated to be a target of
c-Myb in some cell systems, we examined its expression by
Northern blot analysis in hormone-stimulated cells expressing
MybEnER. Although we were unable to show large changes in
bcl-2 expression after 4-OHT treatment in the dominant neg-

ative system, activation of MybER in M1/MybER cells caused
a clear up regulation of bcl-2 expression several hours follow-
ing stimulation, suggesting that c-Myb is also able to influence
the antiapoptotic pathway in this cellular system (data not
shown).

FIG. 2. Northern blot analysis showing regulation of c-myc by c-Myb in M1/MybER cells differentiating in the presence of IL-6. (A) Down regulation of c-myc RNA
in M1 cells stimulated with IL-6. Total RNA was separated on a agarose gel, blotted on nitrocellulose, and hybridized with a c-myc probe. The same blot was
rehybridized with a probe for GAPDH to control for sample loading. (B) Analyses of IL-6-stimulated cells showing continued expression of c-myc or reactivation of
c-myc due to activation of MybER by 4-OHT. Cells were cultivated in the presence of IL-6. 4-OHT was added at either 0 or 72 h following IL-6 treatment, as shown
on the left, and RNA was analyzed for c-myc expression at 0, 3, 12, 24, and 48 h after activation of MybER. (C) Reactivation of c-myc expression in IL-6-treated
M1/MybER cells in the presence or absence of the protein synthesis inhibitor cycloheximide. As a control, parental M1 cells were tested for effects of 4-OHT or
cycloheximide on c-myc RNA expression. Cells were incubated with IL-6 for 72 h prior to addition of 4-OHT and/or cycloheximide. RNA was analyzed for c-myc
expression at 0, 3, and 6 h after treatment with 4-OHT and/or cycloheximide. (D) Reactivation of c-myc expression in IL-6-treated M1/MybER cells is blocked in the
presence of the transcription inhibitor actinomycin D. Cells were incubated with IL-6 for 72 h prior to addition of 4-OHT and actinomycin D. RNA was analyzed for
c-myc expression at 0, 3, and 6 h after treatment with 4-OHT and actinomycin D.
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Although it could be demonstrated, as described above, that
apoptosis accounts, at least in part, for reduced cell growth in
MybEnER cells, we wanted to determine if alterations in the
cell cycle could also be responsible for this effect. MybEnER
cells treated with 4-OHT for 24 h, a period corresponding to
one doubling time, were shown to have an increase in the
proportion of cells remaining in G1 compared to unstimulated
cells (Fig. 5C). Cell cycle arrest was observed in both RI-4-11
(clone 16 [cl16] and cl38) and M1 (cl9 and cl16) cells, with
increases in the G1 populations of 1.4-, 1.3-, 1.3-, and 1.6-fold,
respectively, compared with the negative control EnER. We
concluded that the reduced cell numbers in MybEnER cells,
stimulated with the synthetic steroid, was due to G1 arrest as
well as increased apoptosis. We also concluded that deregu-
lated c-Myb is responsible for the uncontrolled growth of the
leukemia cells.

Use of a dominant negative Myb to substantiate the regu-
latory connection between c-myc and c-Myb in an MML in-
duced by disregulated c-myb. As shown in Fig. 2, in partially
differentiated and growth-arrested M1 cells, induction of active
MybER led to a reactivation of c-myc expression. We wanted
to determine if c-myc is also responsible for Myb-dependent
proliferation in the RI-4-11 leukemia cell line with constitu-
tively activated c-myb. Following stimulation with 4-OHT, RI-
4-11/MybEnER and M1/MybEnER cells were examined for

c-myc expression by Northern blot analysis. c-myc was down
regulated in RI-4-11 cell clones expressing the dominant neg-
ative Myb, 3 to 7 h after stimulation with the synthetic steroid
(Fig. 6A). Similar results were obtained for M1 cells (Fig. 7A).
In contrast, no change in c-myc RNA levels in individual clones
expressing EnER was observed. Western blot analysis using a
monoclonal c-Myc antibody confirmed the down regulation at
the protein level (Fig. 6B and 7B).

To rule out the possibility that the ER part of the dominant
negative protein was responsible for the observed effects, we
placed the MybEn part of the fusion gene under the control of
the inducible MT promoter in the pMTCB61. In M1 cells
stably transfected with MTC61MybEn, MybEn could be de-
tected within 14 h when stimulated with 50 mM ZnCl2 (Fig.
8A). Consistent with our previous results, c-myc expression was
found to be significantly down regulated by MybEn, while
there was no change in c-myc mRNA levels in cells transfected
with the empty plasmid pMT-CB61 (Fig. 8B). The reduction
in c-myc first became visible after 7 h after stimulation with
ZnCl2 in M1/MybEn cells. Interestingly, this is 4 h later than
the response observed with the fusion protein MybEnER and
can be explained by the fact that expression of MybEn must be
induced at the RNA level, while MybEnER is constitutively
expressed. Therefore, we concluded that in both inducible sys-
tems, Myb controls expression of c-myc in leukemic cells.

We noticed that the effect on c-myc was transient in both
conditional systems used to activate the dominant negative
Myb. Analysis of the MybEnER protein itself revealed no
differences in the levels of expression during the stimulation
period (data not shown). In addition, restimulation of M1/
MybEnER cells 48 h after the first induction had no influence
on prolonging the inhibitory effect of the dominant negative
protein. Since this observation cannot be explained by inacti-
vation of the drug or a feedback mechanism affecting the
receptor level, we suggest that the effect is due to a negative
selection process against cells in which c-myc and other genes
are down regulated. As activation of the dominant negative
Myb leads to cell cycle arrest and apoptosis around 24 h fol-
lowing induction, RNA isolated at later time points comes
from an increasing percentage of cells that are not affected by
the treatment.

Expression of other putative c-Myb target genes in M1/
MybEnER cells. In addition to c-myc, several putative target
genes of c-Myb have been described which may be involved in
c-Myb’s function in regulating proliferation, such as cdc2, c-kit,
and c-myb itself (48, 71). By examining the endogenous expres-
sion of c-myb in activated M1/MybEnER cells by Northern blot
analysis, we determined that c-myb was down regulated 3 to 7 h
after stimulation with 4-OHT, in a pattern analogous to what
we had observed for c-myc (Fig. 9A). This result indicated that
the mouse c-Myb protein is able to influence its own expression
in myeloid cells. This observation was not completely unex-
pected, as it has been shown before that the human c-Myb
protein is able to autoregulate its own promoter in T cells and
fibroblasts (24, 49).

Ku et al. demonstrated that c-Myb is able to transactivate
the human cdc2 promoter and suggested that c-Myb may reg-
ulate cell cycle progression by activating expression of the cdc2
gene (31). We detected no changes in cdc2 expression after
stimulating M1/MybEnER cl38 cells with 4-OHT for 96 h (Fig.
9B). A connection between c-Myb and CDC2, therefore, could
not be confirmed in mouse myeloid cells using the dominant
negative Myb. Another regulator of the cell cycle, c-Kit, a
tyrosine kinase receptor that plays an important role in hema-
topoietic cell growth, has recently been suggested to be regu-
lated by c-Myb and to be important for proliferation of very

FIG. 3. Conditional expression of c-Myb using the MT promoter also results
in up regulation of c-myc RNA in M1/MTCB61c-Myb cells differentiating in the
presence of IL-6. (A) M1/MTCB61c-Myb cells were first incubated with IL-6 for
72 h to down regulate endogenous c-Myb and then treated with ZnCl2. Total
RNA was examined for c-Myb expression at the indicated time points by North-
ern blot analysis using c-Myb as a probe. Depicted here is the result for the
single-cell clone used in the following experiments. (B) Analyses of IL-6-stimu-
lated cells showing continued expression of c-myc or reactivation of c-myc due to
activation of exogenous c-Myb in M1/MTCB61c-Myb cells. c-myc is down reg-
ulated in M1/MTCB61 control cultures. Cells were cultivated in the presence of
IL-6. ZnCl2 was added at either 0 or 24 h following IL-6 treatment, as shown on
the left, and RNA was analyzed for c-myc expression at 0, 3, 12, 24, and 48 h or
at 0, 3, 7, 14, and 24 h after activation of c-Myb.
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early myeloid cells derived from fetal liver (27, 54). However,
we were unable to study the potential effects of c-Myb on c-kit
in the system used here, because expression of this gene could
not be detected in M1 or RI-4-11 cells (data not shown). The
stem cell factor is normally expressed only in very early pro-
genitor cells.

Interestingly, we found an inhibitory effect on cyclinD1 ex-
pression after stimulation of the dominant negative Myb pro-
tein in M1/MybEnER cl38 cells (Fig. 9B). Cyclin D1 is known
to be an important factor for cell cycle progression by driving
cells from the quiescent G0 phase to G1 phase, and it was
shown to be regulated by c-Myc (26). As expected, the effects
on cyclinD1 occurred later than those on c-myc. To further
evaluate downstream effects of deregulated c-myc expression
due to activation of MybEnER, we examined the influence of
the dominant negative protein on another target gene of c-
Myc, ODC. ODC is involved in polyamine biosynthesis and has
been shown to be required for entry and progression through
the cell cycle (23, 26). In M1/MybEnER cl38 cells, stimulation
with 4-OHT caused a reduction of ODC several hours later
than the down regulation of c-myc with a time course similar to
that seen for cyclinD1 (Fig. 9B). This experiment demonstrated
that the blocking of c-Myb function not only influences expres-
sion of direct target genes like c-myc but also has an effect on
genes further down in this regulatory pathway of proliferation.

A conditionally active Myc reverses IL-6-induced growth
arrest in M1 cells comparably to MybER. Next we wanted to
determine whether c-Myb might control proliferation in my-
eloid cells solely through c-myc. In the first experiment, we
attempted to reverse the growth arrest, induced in cells with
the dominant negative Myb, by constitutive over expression of
c-myc. However, treatment of the double transfectants with
tamoxifen led to a dramatic increase in the number of apopto-
tic cells and was responsible for inconsistent cell cycle results.
Induction of apoptosis in these cells was probably due to an
acquired increased sensitivity to drugs, since this has been

reported recently for cells which overexpress c-myc (47). Be-
cause of this, we went back to the M1 differentiation model to
establish a role for c-Myc as the major transducer of Myb’s
proliferation signal. In this model, we compared the effects of
MycER with those of MybER on cell cycle distribution. M1
cells transfected with a MycER fusion gene were checked for
expression by Northern blot analysis (Fig. 10; Table 1). Signif-
icantly, activation of MycER in cells that were cultivated with
IL-6 for 3 days, and therefore growth arrested and nearly

FIG. 4. Analysis of M1 or RI-4-11 cells with blocked Myb function due to expression of a dominant negative Myb (MybEnER). (A) Structure of the fusion genes
MybEnER and the control EnER, inserted downstream of the virus long terminal repeat in LXSN (Fig. 1A). aa, amino acids. (B) Total RNA from individual cell clones
of transfected M1 or RI-4-11 cells were analyzed for MybEnER or EnER expression. A EnER probe was used for hybridization. (C) Effect of the dominant negative
Myb on the number of viable cells. Viable counts were determined using trypan blue dye exclusion in clonal populations of M1/MybEnER cells, RI-4-11/MybEnER
cells, or their respective controls expressing EnER, following activation of the fusion protein. Data shown are calculated as the mean of three independent experiments
with a standard deviation smaller than 15% and plotted as ratio of the number of viable cells in the stimulated population versus the number of cells in the unstimulated
population and expressed as percentage.

TABLE 1. Activation of both MybER and MycER reverses growth
arrest in IL-6-treated M1 cells

Expta Treatment

% cells in G1
c

M1/MybER M1/MycER

24 h 48 h 24 h 48 h

1 IL-6 54.7 71.6 54.9 69.6
4-OHT 41.3 33.4 38.8 40.1
IL-6 1 4-OHT 44.8 42.4 49.3 52.8

% Inhibitionb 73.8 76.4 34.8 56.9
2 IL-6 59.0 60.6 63.9 66.3

4-OHT 35.7 31.6 34.4 41.8
IL-6 1 4-OHT 34.1 40.1 51.9 49.0

% Reversal 107.0 70.7 40.7 70.6

a In experiment 1, cells were treated with IL-6 and 4-OHT at the same time to
see if induction of c-Myb- and/or c-Myc activity would prevent movement of cells
into G1. In experiment 2, cells were first pretreated with IL-6 to allow the cells
to enter G1; after 72 h, 4-OHT was added to determine if activation of MybER
or MycER could reverse the percentage of cells in G1.

b % inhibition (reversal) 5 (IL-62 [IL-6 1 4-OHT])/(IL-6 2 4-OHT) 3 100,
where IL-6 2 4-OHT defines the percentage of cells that can maximally move
into G1 after induction of growth arrest by IL-6 and IL-6 2 [IL-6 2 4-OHT]
defines the percentage of cells in IL-6 growth-arrested cell cultures, after acti-
vation of the fusion protein with 4-OHT, that have been inhibited from entering
or reversed from G1.

c Average of three independent experiments.
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terminally differentiated, reversed growth arrest to almost the
same degree as activation of MybER (Table 1) (40.6% to
70.5% reversal, versus 70.6% to 107.0%). Although we cannot
rule out the possibility that an additional c-Myb target gene(s)
may be involved in proliferation in myeloid cells, this experi-
ment demonstrates that c-myc plays a very dominant role in
this process.

DISCUSSION

The data presented here show for the first time that the
expression of endogenous chromosomal c-myc, a gene well
known to be involved in cell growth, can be directly regulated
by c-Myb. By demonstrating that inhibition of c-Myb simulta-
neously leads to growth arrest and down regulation of c-myc,
we are able to suggest a mechanism by which the proto-onco-
gene c-Myb exerts its oncogenic activity. Additionally, this

study provides an explanation for the leukemogenic phenotype
observed in an MML-derived cell lines where c-myb has been
activated by retroviral insertional mutagenesis.

Evidence for the regulation of c-myc by c-Myb came from
four conditional expression systems. Two of these systems ex-
ploited the M1 cell differentiation model, in which IL-6 treat-
ment causes growth arrest and down regulation of both c-myb
and c-myc. In this model, it was possible by using MybER to
restore both growth and c-myc expression even after the cells
were nearly terminally differentiated. To eliminate potential
regulatory effects of the ER portion of the fusion protein, the
coding sequences for full-length c-Myb were placed under con-
trol of the MT promoter. With this construct, it was possible
not only to confirm Myb’s ability to inhibit the down regulation
of c-myc during differentiation but also to confirm its ability to
reinduce expression of c-myc in cells that were already differ-
entiating. Two additional systems utilizing conditional expres-

FIG. 5. Activation of MybEnER in clonal populations of M1 and RI-4-11 cells leads to apoptosis and cell cycle arrest. (A) Increase in apoptotic cells as determined
by the TACS annexin V apoptosis assay. The y axis depicts the fold increase in the amount of apoptotic cells, and the x axis depicts the hours after stimulation with
4-OHT. Data shown are the mean of three independent results with a standard deviation smaller than 15%. (B) A DNA fragmentation assay used to detect late-stage
programmed cell death. DNA laddering is prominent in MybEnER clones following activation of the fusion protein. (C) Flow microfluorometric analysis of the cell
cycle distribution in RI-4-11/MybEnER or RI-4-11/EnER cells stimulated with 4-OHT for 24 h. Cell cycle distribution was examined using a Becton Dickinson FACScan
and analyzed with the ModFitLT V2.0 program. The proportions of cells in G0-G1, G2-M, and S are shown in boxes in each graph as percentages of the total population.
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sion of dominant negative Myb proteins were initiated to study
the function of c-Myb in the leukemia cell line RI-4-11, in
which c-myb cannot be easily down regulated by cytokines.
When activated in RI-4-11 cells, the dominant negative Myb
led to apoptosis and cell cycle arrest, effects which are likely to
be caused, at least in part, by the observed major reduction in
the level of c-Myc.

Expression of downstream targets of c-Myc were also af-
fected by MybEnER subsequent to its effect on c-myc. While
expression of c-myc was down regulated 3 to 7 h following
activation of the dominant negative protein, expression of two
proposed c-Myc target genes, cyclinD1 and ODC (26, 56, 67),
was reduced several (7 to 14) hours later. Repression of indi-
rect target genes demonstrates how Myb transduces prolifera-
tion signals down a pathway to other important regulators of
the cell cycle.

c-Myb’s ability to regulate the expression of c-myc may be
tissue specific, because studies in lymphoid and erythroid cells,
using conditionally active Myb or a conditionally active domi-
nant negative Myb, did not support this connection. For ex-
ample, in a murine erythroleukemia cell line, a conditionally
active MybER blocked differentiation but had no effect on
proliferation or c-myc expression (35). Similarly, dominant
negative Myb caused apoptosis in T cells, but this effect was not
accompanied by growth arrest or deregulation of c-myc (65).
The fact that regulation of the resident c-myc by c-Myb was
observed in myeloid cells and not lymphoid or erythroid cells is
consistent with reporter gene experiments which showed that
transactivation of the c-myc promoter by c-Myb is significantly

higher in myeloid cells than in all other cell types examined
(13).

The c-myc promoter has been shown to have binding sites
for many transcription factors, in addition to those for c-Myb,
and it is presumed that the transactivation of this promoter by
c-Myb would require additional transcription factors as well as
cofactors. Known cofactors that bind to the DNA binding and
transactivation domains of c-Myb are p100 and p300/CBP,
respectively (48). Presumably, additional known factors, as well
as perhaps unknown factors, could be involved in the activation
of c-myc. As c-Myb was able to induce c-myc in nearly termi-
nally differentiated cells during IL-6-induced differentiation, it
must be assumed that if such transcription factors or coactiva-
tors are necessary, they have remained at sufficiently high lev-
els during the differentiation process.

Recently, it was reported that in fetal liver-derived, c-Myb-
transformed primitive myeloid cells, c-Myb was able to regu-
late proliferation by activating c-kit but had no effect on c-myc
(27). We were not able to detect expression of the stem cell
factor gene c-kit in M1 or RI-4-11 cells. However, both cell
lines seem to be more differentiated than those used in the
study mentioned above (27) and would not be expected to
express c-kit any longer. It is not inconceivable that during the
in vivo development of leukemias such as RI-4-11, c-kit may be
an additional important target for c-Myb in establishing my-
eloid tumors. This would fit with the proposed notion that
preleukemic myeloid cells, initiated by provirus integration in
the c-myb locus, are early progenitors that later differentiate
into mature cells in which c-kit is ultimately no longer ex-

FIG. 5—Continued.
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pressed (46). Alternatively, it is possible that target cells trans-
formed by infection of fetal liver cells in vitro are even more
primitive than those transformed in adult mice in the MML
model, which gives rise to leukemias such as RI-4-11 (45). c-kit,
as a target gene of c-Myb, would in this case not be important
for the development of MML.

Although the function of c-Myc is not yet clear, it is generally
accepted that it acts as a ubiquitous regulator of proliferation
in cycling cells and normally is not detected in growth-arrested
cells. There is a rapid increase in c-Myc levels shortly after cells
enter the cell cycle which remain high as long as the cells are
proliferating (26, 67). Consistent with this observation, c-Myc
has been shown to be important for most cells to proceed from
the G1 to the S phase of the cell cycle and also functions in G2
(59). Homozygous deletion of c-myc in a fibroblast cell line has
been shown to increase the cell cycle length around threefold
(40). Here, we attempted to answer the question of whether
c-myc might be the sole target of Myb responsible for prolif-
eration by determining if MycER could effectively reverse IL-
6-induced cell cycle arrest. We found that the percentage of
cells moving back into the cell cycle, after activation of MycER,
was almost as high as after activation of MybER. That MycER
was not quite as effective as MybER could be due to the fact
that the human c-Myc domain expressed in the fusion gene
may not be as effective in promoting growth as the authentic
murine c-Myc. It is also possible that when c-Myc is expressed
as a fusion protein, dimerization with its partner Max and/or
DNA binding may occur with lower affinity than with the native
protein. An additional consideration is that activation of My-
bER results in the up regulation of bcl-2, inhibiting the induc-

tion of apoptosis in these cultures, while the overexpression of
MycER can induce apoptosis, which may impair cell prolifer-
ation. Therefore, we conclude that c-myc may be the only gene
transducing Myb-dependent proliferation; however, because of
the quantitatively greater effects of MybER than of MycER,
we cannot rule out the possibility that Myb promotes cell
growth through regulation of another gene(s) as well.

As demonstrated here, activation of the dominant negative
Myb has an influence on the expression of endogenous c-myb
in myeloid progenitor cells, suggesting that an autoregulatory
mechanism that involves the mouse c-myb promoter is func-
tioning in these cells. It has been previously reported for the
human c-myb promoter that binding of c-Myb to its binding
sites in the 59 flanking region of the c-myb gene leads to a
positive autoregulation in fibroblasts. Negative regulation was
detected in T cells, while the Myb binding sites seemed to have
no function in a myeloid cell line (24, 49). Because of the
general repressive nature of MybEnER, due to the fact that it
contains the Drosophila En transrepressor, it is not yet clear if
the authentic c-Myb protein has a positive or negative effect on
regulation of endogenous c-myb expression. However, compar-
ison of endogenous c-myb mRNA expression in M1/MybER
cells with that in parental M1 cells suggests a positive feedback
loop, which would contribute to Myb’s oncogenic potential
(data not shown).

In conclusion, the results presented here indicate that c-
Myb’s role in leukemias in which c-Myb is activated by inser-
tional mutagenesis is to maintain continued expression of
c-myc, which is usually down regulated during myeloid differ-
entiation. c-Myb would therefore influence the proliferation
state of these cells by carrying out this function. Although the

FIG. 6. Down regulation of c-myc in RI-4-11/MybEnER cells stimulated with
4-OHT. (A) Clonal populations of RI-4-11 cells expressing MybEnER or EnER
were treated with 4-OHT and analyzed at the indicated times poststimulation for
expression of c-myc RNA by Northern blot analysis. b-actin was used to probe
the same blots as a control for loading. (B) c-Myc protein expression was
determined by Western blot analysis in RI-4-11/MybEnER or EnER cells at 0
and 24 h following stimulation with 4-OHT.

FIG. 7. Down regulation of c-myc in M1/MybEnER cells stimulated with
4-OHT. (A) Clonal populations of M1 cells expressing MybEnER or EnER were
treated with 4-OHT and analyzed at the indicated times poststimulation for
expression of c-myc RNA by Northern blot analysis. b-actin was used to probe
the same blots as a control for loading. (B) c-Myc protein expression was
determined by Western blot analysis in M1/MybEnER or EnER cells at 0 and
24 h following stimulation with 4-OHT.
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prevention of growth arrest is important to leukemogenesis, it
is not necessarily the only function contributing to the trans-
formed state. Previous data and our data presented here sug-
gest that c-Myb’s role in preventing apoptosis through the up
regulation of Bcl-2 may also contribute to the neoplastic state.
Autoregulation of the c-Myb promoter may contribute to this
state as well. The exact role of c-Myb in regulating bcl-2, c-myb,

and other genes which are potentially involved in the develop-
ment of myeloid leukemias will require further investigation.
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