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The myb gene family consists of three members, named A-, B-, and c-myb. All three members of this family
encode nuclear proteins that bind DNA in a sequence-specific manner and function as regulators of tran-
scription. In this report, we have examined the biochemical and biological activities of murine B-myb and
compared these properties with those of murine c-myb. In transient transactivation assays, murine B-myb
exhibited transactivation potential comparable to that of c-myb. An analysis of deletion mutants of B-myb and
c-myb showed that while the C-terminal domain of c-Myb acts as a negative regulator of transcriptional
transactivation, the C-terminal domain of B-Myb functions as a positive enhancer of transactivation. To
compare the biological activities of c-myb and B-myb, the two genes were overexpressed in 32Dcl3 cells, which
are known to undergo terminal differentiation into granulocytes in the presence of granulocyte colony-
stimulating factor (G-CSF). We observed that c-myb blocked the G-CSF-induced terminal differentiation of
32Dcl3 cells, resulting in their continued proliferation in the presence of G-CSF. In contrast, ectopic overex-
pression of B-myb blocked the ability of 32D cells to proliferate in the presence of G-CSF and accelerated the
G-CSF-induced granulocytic differentiation of these cells. Similar studies with B-myb—c-myb chimeras showed
that only chimeras that contained the C-terminal domain of B-Myb were able to accelerate the G-CSF-induced
terminal differentiation of 32Dcl3 cells. These studies show that c-myb and B-myb do not exhibit identical
biological activities and that the carboxyl-terminal regulatory domain of B-Myb plays a critical role in its

biological function.

The myb gene family currently consists of three members,
named A-, B-, and c-myb (28). All three members of this family
encode nuclear proteins that share extensive sequence homol-
ogy and bind DNA in a sequence-specific manner and function
as regulators of transcription (4, 11, 16, 24, 34, 42). The first
one-third of each protein consists of an unusual structure of
three tandem 50- to 52-amino-acid direct repeats which appear
to mediate binding of the Myb proteins to DNA (4, 33, 34, 42).
The central portion of the molecule contains a region which
mediates the transactivating function of the proteins (34, 42).
The C-terminal ends of these proteins contain a third con-
served region whose function is at present unclear. A negative
regulatory function has been proposed for this domain because
deletion in this region appears to enhance the transcriptional
transactivation potential of the c-myb gene product (10, 34,
42).

The sequence-specific DNA binding activity and ability to
activate transcription of reporter genes linked to certain pro-
moter-enhancer sequences suggest that Myb proteins act as
nuclear transcription factors (11, 34, 42). Studies with anti-
sense oligonucleotides demonstrate that expression of the c-
myb gene product is essential for the proliferative potential of
several myeloid and T-cell lines (15). In addition, studies with
hematopoietic and neuronal cell lines suggest that terminal
differentiation of these cells is accompanied by downregulation
of c-myb gene expression (31, 37, 41) and that constitutive
expression of c-myb blocks terminal differentiation of these
cells (5, 7, 29, 30, 35, 38). Elimination of c-myb function in vivo
by gene knockout techniques, has indicated that homozygous
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null c-myb mutant mice fail to show effective fetal hepatic
hematopoiesis, resulting in their death in utero (25).

While c-myb and A-myb are known to be transactivators of
transcription, there appears to be some controversy regarding
the transactivation function of B-myb. In the chicken system,
Foos et al. (13) have reported that B-myb lacks transactivation
function and indeed functions as an antagonist to c-myb. How-
ever, Mizuguchi et al. (24), using human B-myb clones, re-
ported the transcriptional transactivation of reporter genes
containing Myb recognition sequences. Furthermore, deletion
of the carboxyl terminus of B-Myb has been found to down-
regulate the transactivation potential of B-myb (26), suggesting
that the C-terminal domains might have distinctive functions in
c-myb and B-myb. However, like c-myb, the expression of B-
myb is cell cycle dependent, and antisense inhibition of either
c-myb or B-myb was found to independently inhibit cell pro-
liferation, suggesting that both c-myb and B-myb regulate cell
growth (1, 14, 15, 20).

In this report, we analyzed transcriptional transactivation
properties of murine B-myb and the contribution of the three
functional domains to this biochemical function. In addition,
we studied the effect of ectopic overexpression of c-myb and
B-myb on granulocyte colony-stimulating factor (G-CSF)-in-
duced granulocytic differentiation of 32Dcl3 cells to determine
if the two genes can exhibit similar biological effects in this cell
system. These studies show that c-myb and B-myb genes per-
form distinctive biological functions, and these distinctions are
determined by their C-terminal sequences.

MATERIALS AND METHODS

Cell culture. NIH 3T3 cells were cultured in Dulbecco’s modified Eagle me-
dium (DMEM) supplemented with 10% calf serum and 0.5% penicillin-strepto-
mycin (Gibco). COS cells were cultured in the same medium, except that it was
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FIG. 1. Schematic representation of the fusion PCR protocol used for the
generation B-myb—c-myb chimeras. Construction of chimera CCB is illustrated.
Outer primer CDF is derived from the c-myb coding sequence, while BNR is
derived from the B-myb coding sequence. Primers CBNR and CBNF contain
sequences derived from c-myb and B-myb and determine the point of fusion
between the two genes.

supplemented with 10% fetal bovine serum (FBS). WEHI3B cells were cultured
in RPMI 1640 with 10% FBS. 32DclI3 (17, 39) was maintained in Iscove’s
modified Dulbecco’s medium (IMDM) supplemented with 10% FBS and 10%
WEHI 3B cell-conditioned medium as a source of interleukin 3 (IL-3). HD11
cells were cultured in Iscove’s modified DMEM supplemented with 2% chicken
serum and 8% FBS.

Plasmids. Construction of the reporter plasmids pMIL-luc and pTA3-luc has
been previously described (11, 27). For expression of c-myb, B-myb, and B-myb—
c-myb chimeras in COS cells or NIH 3T3 cells, each construct was inserted into
the expression vector pRC/CMV (In-vitrogen), which places the inserts under
control of the cytomegalovirus (CMV) immediate-early promoter. Rous sarcoma
virus (RSV)-B-galactosidase (B-Gal) plasmid (Invitrogen), which expresses the
lacZ gene, was used as an internal standard to determine transfection efficien-
cies.

The inducible vector pMT-neo, which has the human metallothionein pro-
moter containing metal-responsive elements (19) and which was modified from
parental plasmid, was kindly provided by Dan Libermann.

Construction of chimeric genes and truncation mutants. The C-terminal trun-
cated mutants of c-myb and B-myb were constructed by PCR utilizing primers
tagged with NotI and Xbal sites, and the PCR product was ligated to pRC/CMV
(Invitrogen). The inserts were completely sequenced to ensure that the PCRs did
not introduce any mutations in the two genes. Chimeric constructs between
B-myb and c-myb were generated by the gene fusion technique described earlier
(12). For example, chimera CCB, which has a 5" end encoding the DNA binding
and transactivation domains of c-myb, was fused to the 3’ end of B-myb, following
the protocol described below, which is schematically illustrated in Fig. 1. First, a
PCR fragment was generated by using a pair of primers. These included a
forward primer (CDF), 5'-ATA GCGGCCGC ATG GCC CGG AGA CCC
CGA CAC-3', which spans the 5" end of c-myb c-DNA with a NotI site (under-
lined), and a reverse primer (CBNR), 5'-GCG CAC TTC TCC CAG ATC AGC
GGG GTA GCT GCA AGT GTG GTT-3', which has the antisense sequence of
c-myb up to the end of the transactivation domain (amino acid 325) fused to the
antisense sequence of B-myb (underlined), corresponding to the starting region
of the B-myb C terminus which encodes amino acids 260 to 704. A second PCR
was performed to amplify the 3’ end of B-myb encoding the amino acid sequence
260 to 704 with overlapping c-myb sequences in its 5’ terminus. For this, the
forwarding primer, CBNF (5'-AAC CAC ACT TGC AGC TAC CCC GCT GAT
CTG GGA GAA GTG CGC-3'), which contains the fusion sequences of c-myb
and B-myb coding for amino acids 317 to 325 (underlined) of c-myb and amino
acids 261 to 267 of B-myb, was used along with the reverse primer, BNR (5'-ATA
TCT AGA TCA GGA CAG AAT GAG GGT CCG AGA-3'), which has an
Xbal restriction site (underlined) and the 3’ terminus of the B-myb c-DNA. Both
PCR products were combined, and a third PCR was carried out with primer CDF
and primer BNR in order to fuse the two fragments by virtue of their shared
overlapping regions; this reaction generated a full-length chimeric gene, CCB,
with a 5" Notl site and a 3’ Xbal site. In similar manner, a series of domain
swapped chimeric genes between B-myb and c-myb were generated, and each
construct was subcloned into the pRC/CMV expression vector with the corre-
sponding Notl/Xbal sites in the vector. All of the constructs which were gener-
ated in this manner were completely sequenced to ascertain that no mutations
were introduced into the coding sequences during PCR.

For the insertion of a hemagglutinin (HA) tag into myb coding sequences, the
c-myb cDNA cloned into the pRC/CMYV vector was digested with BsmBI (which
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cuts the cDNA approximately 500 bp upstream of the terminator codon) and
Xbal (which is in the polylinker site of the vector), and this fragment was
replaced by a PCR product of the corresponding coding region, into which the
sequence 5'-TAC CCA TAC GAC GTC CCA GAC TAC GCT-3' encoding the
sequence YPYDVPDYA was inserted immediately upstream of the terminator
codon TGA.

Antisera. To generate anti-c-Myb antiserum, the 5’ end of the c-myb c-DNA
encoding amino acids 1 to 325 was subcloned into the pDS5-6His vector (Qui-
aexpress), and the resulting fusion protein was purified by nickel chelate affinity
chromatography (Quiaexpress). The purified protein was injected into rabbits for
the generation of polyclonal antibodies. To generate B-Myb-specific antibodies,
a region of the B-myb c-DNA which shows minimal homology to c-myb encoding
the amino acid sequence 321 to 446 was subcloned into the pDS5-6His vector.
Purified B-Myb fusion protein was used for injection into rabbits to raise B-Myb-
specific antibodies. To detect HA-tagged proteins, a rabbit polyclonal antibody,
Y11, raised against the HA epitope (purchased from SantaCruz Biotechnology,
Santa Cruz, Calif.) was used.

Transient transfection assays. For transfection into NIH 3T3 cells, cells were
seeded into 100-mm petri dishes at a density of 1.5 X 10° to 2 X 10° cells per
plate. After 18 to 24 h, DNA was transfected by the calcium phosphate precip-
itation method (2). In each transfection, 5 pg of reporter and 5 pg of effector
plasmids were transfected along with 1 pg of RSV-B-Gal DNA as an internal
standard. Following incubation for 60 to 70 h, the cells were harvested in 900 .l
of reporter lysis buffer (Promega). Luciferase activity was assayed with a luciferin
substrate (Promega) according to the manufacturer’s protocol. Luciferase activ-
ities were normalized against B-galactosidase activity to determine relative lu-
ciferase activities.

Establishment of stable cell lines expressing transgenes. Exponentially grow-
ing 32Dcl3 cells were electroporated with DNA with a Gene-Pulser (Bio-Rad) at
a pulse of 230 V, 960 nF. The transfected cells were selected in 500 g of G418
(Gibco-BRL) per ml for 2 to 3 weeks. To isolate single-cell clones, transfected
cells were serially diluted in 96-well plates in the presence of G418 and selected
for clonal expansion.

Northern blot analysis. Total RNAs from individual 32Dcl3 cell lines were
purified with the Ultra-spec RNA (Biotecx) purification reagent. To purify RNA
from Zn>*-induced cells, the cells were incubated with 100 uM ZnCl, for 30 h
prior to RNA isolation. Northern blot analysis was performed as previously
described (2). To detect c-myb transcripts, a 2.3-kb c-DNA fragment that con-
tained the entire coding region was isolated following digestion with BarmHI and
HindIII and was used as a probe. To detect B-myb-specific transcripts, a 1.72-kb
B-myb-specific probe was prepared by digestion with Sall and Xbal.

Western blot analysis. To analyze the protein products of the transfected
genes, normalized amounts of protein from each cell lysate were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and the
separated proteins were transferred to a polyvinylidene difluoride membrane
(Millipore) in transfer buffer (10 mM CAPS, 10% methanol [pH 11.0]). The filter
was blocked with 5% nonfat milk in TTS solution (0.05% Tween 20, 25 mM
Tris-HCI [pH 7.4], 150 mM NaCl) for 4 h, incubated with primary antibody in the
same buffer for 1 h, and washed three times in TTS solution. The filters were then
incubated with horseradish peroxidase-conjugated anti-rabbit immunoglobulin
G (Amersham) and washed in the same manner. The Amersham ECL detection
system was used for visualization as specified by the manufacturer.

Growth and differentiation assays. 32Dcl3 cells were maintained in IMDM
containing 10% FBS and IL-3. Prior to the induction of differentiation, the cells
were washed twice in IL-3-free medium and plated at a density of 10° cells per
ml in medium containing 10% FBS and GCSF as described earlier (29, 39). The
viability and proliferation rate of the cell cultures were monitored at regular
intervals. Morphological analysis of G-CSF-treated cells was performed with an
aliquot of cells that were cytospun and stained with May-Grunwald-Giemsa stain.
To determine the proliferation rate in IL-3, cells were plated at a density of 10°
cells per ml in medium containing IL-3 and 10% FBS, and cell numbers were
determined at daily intervals.

RESULTS

Comparison of the transactivation potentials of murine c-
myb and B-myb. Figure 2A shows a structural comparison be-
tween c-Myb and B-Myb proteins. The two proteins share
highest structural homology in the DNA binding domain
(87%), while they are least homologous (48%) in the transac-
tivation domain. In the C-terminal regulatory domain, they
share 51% sequence identity (21). As can be expected from the
high degree of homology in the DNA binding domain, it has
been shown that both c-Myb and B-Myb bind to the sequence
motif PYAACT/GG (24).

To gain an understanding of the relative transactivation po-
tential of murine B-myb and c-myb, we carried out transcrip-
tional transactivation studies. Figure 2B shows the two re-
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FIG. 2. (A) Structural comparison of c-Myb and B-Myb. Schematic struc-
tures of B-Myb and c-Myb proteins are presented. The numbers above each
diagram are the positions of amino acid residues in each corresponding region.
Thick bar, region of homology; percent homology values to c-Myb in each
domain are given. Horizontal arrows, the three 51-to-52-amino-acid repeats that
constitute the DNA-binding domain; DNBD, DNA-binding domain; TA, trans-
activation domain; NRD, negative regulatory domain. (B) Schematic represen-
tation of reporter and effector plasmids used in transient transactivation assays.
Dotted box, promoters; arrows in promoters, starting sites of transcription;
arrows in Myb, the three 51-to-52-amino-acid repeats of the DNA-binding do-
main; black box, transactivation domain; boxed A, B, and C in pMIL-luciferase,
the three Myb binding sites in the mim-1 promoter; TK, herpes simplex virus
thymidine kinase (TK) promoter; CMV, immediate-early promoter for CMV. (C
and D) Transcriptional activation by B-Myb and c-Myb. Each myb expression
plasmid was transfected into NIH 3T3 cells along with either reporter plasmid
pMIL-luc (C) or pTA3-luc (D) and the RSV—B-Gal plasmid as described in
Materials and Methods. After 60 to 70 h of transfection, the cells were harvested
and assayed for B-Gal activity. The luciferase activities were normalized to B-Gal
activities, and the degrees of activation were obtained by setting the value of
empty vector as 1.0. Shown are the means of activation obtained from at least
three independent experiments. Vertical bars, standard deviations of the values.

porter plasmids pMIL-luc and pTA3-luc. The reporter plasmid
pMIL was generated by cloning the naturally occurring Myb-
inducible promoter of the mim-1 gene into a luciferase vector
(11, 27). The reporter plasmid pTA3-luc contained three cop-
ies of Myb binding sites, cloned in tandem upstream of a
truncated thymidine kinase promoter (27). The expression vec-
tors for c-myb and B-myb were generated by cloning the two
murine cDNAs into pRC/CMV (Invitrogen), which places the
two genes under the control of the CMV early promoter.
Following transfection of the reporter and myb expression
plasmids into a murine cell line, NIH 3T3, we analyzed the
relative transcriptional transactivation potentials of the two
genes. The results presented in Fig. 2D show that both c-Myb
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and B-Myb transactivated pTA3-luc reporter approximately
9-fold. Similar results were obtained with the pMIL-luc re-
porter, in which c-myb and B-myb exhibited somewhat lower
but comparable transactivation potentials of 4.2- and 4.6-fold,
respectively (Fig. 2C). These results demonstrate that murine
B-Myb can transactivate promoters containing Myb-binding
sites with the same efficiency as that of c-Myb.

The C terminus of B-Myb is a positive regulatory domain.
Since deletion of the C-terminal domain of c-Myb results in
increased transactivation potential, we carried out transcrip-
tional transactivation experiments with a mutant of B-myb,
from which the C-terminal sequences were similarly deleted
(Fig. 3A). In addition, since the transactivation domain of
B-Myb has been found to lack the acidic amino acid residues
that are considered critical for the transactivation function of
many transcription factors, we examined the transactivation
potential of a mutant form of B-myb, in which the transacti-
vation domain of the protein had been deleted and the DNA-
binding domain was fused to the C-terminal domain maintain-
ing the reading frame of the gene (Fig. 3A). The integrity of
each construct was verified by sequence analysis and in vitro
translation experiments to ascertain that different deletion mu-
tants produced translational products of expected sizes (data
not shown). Each expression construct was then transfected
into NIH 3T3 cells along with the pTA3-luc reporter plasmid,
since both c-myb and B-myb showed higher transactivation
levels with this reporter (Fig. 2D). The results presented in Fig.
3B show that deletion of the 3’ end of c-myb cDNA which
encodes the negative regulatory domain results in a two- to
threefold increase in the transactivation potential of this mu-
tant. On the other hand, deletion of the 3’ end of B-myb, which
encodes the corresponding domain, resulted in a substantial
loss of its transcriptional transactivation potential. Deletion of
the transactivation domain of the B-myb gene resulted in a
complete loss of its transactivation potential.

To rule out the possibility that the observed increase and
decrease of the transactivation potential of the truncated forms
of c-myb and B-myb are not due to differences in the expression
levels of effector molecules, we carried out experiments to
determine the intracellular levels of effector molecules in NIH
3T3 cells transfected with the effector and reporter DNAs.
Since the antibodies that are currently available do not recog-
nize C-Myb and B-Myb proteins with the same affinity, we
constructed c-myb and B-myb expression vectors, which are
tagged with the HA epitope, thus allowing detection of these
proteins with a single monoclonal antibody. The transactiva-
tion potentials of the various HA epitope-tagged molecules
were found to be identical to those of their nontagged coun-
terparts (data not shown). Analysis of the NIH 3T3 cell ex-
tracts (normalized to units of B-Gal activity) transiently trans-
fected with normal and truncated c- and B-myb expression
vectors revealed that the full-length c-Myb protein was ex-
pressed at the highest levels in these cells, which was approx-
imately twofold higher than that seen with the truncated c-
Myb. If one were to normalize the transactivation activities of
the two constructs to the intracellular effector protein levels,
one could conclude that the truncated form of c-Myb exhibits
four- to sixfold higher transactivation potential than that seen
with the full-length c-myb expression vector. This is in agree-
ment with previously published data (24, 42). When a similar
analysis was carried out with NIH 3T3 cells transfected with
full-length and truncated forms of B-Myb, it was found that the
truncated form of B-Myb was expressed at a level similar to or
slightly higher (1.5- to 2-fold) than that of the full-length coun-
terpart. These results allow us to conclude that the C-terminal
domain of c-Myb acts as a negative regulator of its transacti-
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FIG. 3. (A) Structures of deleted and truncated mutants of B-myb. The
schematic structures of B-myb mutants in which the transactivation domain
(dl-B-Myb) or the C-terminal domain (Tr.-BB) have been deleted are presented.
Also shown are the structures of wild-type c-myb and the C-terminus-truncated
mutant of c-myb (Tr.-CC). aa, amino acid. (B) Transcriptional activation by the
wild type and deletion mutants of B-myb. NIH 3T3 cells were transfected with
expression plasmids containing the deletion mutants of B-myb or c-myb. In each
transfection, 5 pg of effector plasmid and 5 wg of pTA3-luc were transfected
along with 0.5 ug of RSV—B-Gal DNA. Shown are the mean values of activation
obtained from at least three independent experiments with standard deviations.
Other abbreviations are as defined in the legend to Fig. 2. (C) Transient expres-
sion of effector molecules. NIH 3T3 cell lysates transfected with expression
plasmids and expressing equal amounts of B-Gal activity were subjected to
Western blot analysis and probed with an antibody raised against the HA
epitope. Trunc., truncated.
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vation potential in NIH 3T3 cells, while under identical con-
ditions, the C-terminal domain of B-Myb functions as a posi-
tive enhancer of this transactivation function. This is in
agreement with the results reported for the human B-myb gene
(26).

Construction of chimeric genes between B-myb and c-myb.
To further demonstrate the distinctive roles played by the
C-terminal domains of c-Myb and B-Myb, we constructed a
series of chimeric molecules where the three functional do-
mains of the c-Myb protein were replaced by the homologous
domains of B-Myb. The structures of these chimeras are shown
in Fig. 4A. Each DNA construct was subcloned into pRC/
CMV (Invitrogen), and the integrity of each construct was
verified by sequence analysis and in vitro transcription-trans-
lation assays, which showed that all of the constructs produced
translation products of expected sizes (data not shown). In
addition, the constructs were transfected into NIH 3T3 cells or
COS-1 cells, and the cell lysates were examined by Western
blot analysis, which showed that all of the chimeric genes
produced proteins of appropriate sizes and appropriate im-
mune reactivities.

Each expression construct was then transfected into NIH
3T3 cells along with the pTA3-luc reporter plasmid to study
their transactivation potentials (Fig. 4B). Replacement of the
transactivation domain of c-Myb with that of B-Myb in chimera
CBC resulted in a reduction of its transcriptional activity by
twofold, an activity identical to that seen with the deletion
mutant of B-myb, BB, which lacks the C-terminal end. This
suggests that the transactivation domain of B-Myb loses its
ability to transactivate transcription in the absence of the C-
terminal domain of B-Myb. Replacement of the C-terminal
domain of B-Myb with that of c-Myb (chimera BBC) failed to
restore the full transactivation potential of B-Myb, further
indicating that the two domains do not perform the same
function. These results suggest that the transactivation and the
C-terminal domains of B-Myb act in concert in the transcrip-
tional transactivation of target genes. Replacement of both the
transactivation domain and the C-terminal domain of B-Myb
with that of c-Myb (chimera BCC) restored the transactivation
potential of the chimera to that seen with wild-type c-Myb,
suggesting that the DNA-binding domains of the two genes are
interchangeable.

Interestingly, replacement of the C-terminal negative regu-
latory domain of c-Myb with the C-terminal domain of B-Myb,
as seen in chimera CCB, resulted in a twofold enhancement of
the transactivation potential compared to that of full-length
c-Myb. Similarly, chimera CBB, which contains the DNA-bind-
ing domain of c-Myb and the transactivation and C-terminal
domains of B-Myb, showed a transactivation potential compa-
rable to that of chimera CCB. While the transactivation po-
tentials of chimeras CCB and CBB are higher than that of
wild-type c-Myb, it should be noted that there is little or no
difference among the activities of CCB, CBB, and truncated
c-Myb (CC) in this assay. These results suggest that the B-Myb
carboxyl terminus functions as a positive enhancer of transcrip-
tion in conjunction with its own transactivation domain and
fails to exhibit a negative regulatory activity when fused to the
DNA-binding and transactivation domains of c-Myb. Analysis
of the intracellular levels of the effector molecules suggests
that these chimeric proteins are expressed at similar levels in
transfected cells (Fig. 4C).

Since the inhibitory activities of the c-Myb C-terminal region
vary considerably among cell lines, we studied the transactiva-
tion potentials of wild-type and various truncated and chimeric
forms of c- and B-myb genes in another cell line, HD-11, which
is of hematopoietic origin and which has been used extensively
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FIG. 4. (A) Schematic structures of chimeric genes between B-myb and c-
myb. Schematic structures of different chimeric constructs between B-myb and
c-myb are presented along with those of wild-type c-myb and B-myb. Crossed
boxes, domains derived from B-myb (B); blank boxes, domains derived from
c-myb (C). (B) Transactivational activities of chimeric genes between B-myb
and c-myb. NIH 3T3 cells were transfected with 5 pg of each expression plas-
mid DNA along with 5 pg of pTA3-luc DNA and 0.5 pg of RSV-B-Gal DNA.
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by other investigators for studies with the c-myb gene. For this
set of experiments, we used the reporter plasmid pTA3-luc,
since this construct gives the highest levels of transactivation.
Following transfection of the reporter and myb expression
plasmids into HD-11 cells, we analyzed the relative transcrip-
tional transactivation potentials of the various constructs, and
the results of this experiment are presented in Fig. 4D. These
results show that deletion of the C-terminal domain of c-Myb
had little or no effect on its transactivation potential. However,
deletion of the C-terminal domain of B-myb resulted in two-
fold decrease of its transactivation potential, a result similar to
that seen with NIH 3T3 cells. These results suggest that while
the negative regulatory effect of the C-terminal domain of
c-Myb is dependent on the cell type, the C-terminal domain of
B-Myb exhibits its positive influence in both cell types. In the
HD-11 cell background, chimeras CCB and CBB exhibited
transactivation potentials 1.5- to 2-fold higher than that of
c-Myb as well as that of the truncated form of c-Myb (CC),
suggesting a positive regulatory effect of this domain. As can be
expected, chimeras BBC and BCC exhibited levels of transac-
tivation similar to those seen with B-Myb, again suggesting that
the C-terminal domain of c-Myb does not exert its negative
regulatory effect in HD-11 cells.

Effect of ectopic overexpression of B-myb and c-myb on my-
eloid cell proliferation. Based on the observation that both
c-myb and B-myb are expressed during the late G, phase of the
cell cycle and that antisense oligonucleotides directed against
c-myb and B-myb inhibit cell proliferation, it has been pro-
posed that these two proteins might have an analogous func-
tion in cells in which the two genes are expressed (1). To
determine whether c-myb and B-myb can function in an anal-
ogous manner, we studied the effect of ectopic overexpression
of these two genes on myeloid cell differentiation. For this we
utilized the 32Dcl3 cell line, which is a myeloid precursor cell
line derived from normal mouse bone marrow. This cell line
was found to be strictly dependent on IL-3 for growth and,
when cultured in a medium containing GCSF, was found to
undergo terminal differentiation to granulocytes in a period of
10 to 12 days (17, 29, 32). We had earlier demonstrated that
v-myb and c-myb genes, when ectopically overexpressed in this
cell line, blocked its ability to undergo terminal differentiation
in the presence of G-CSF and enabled this cell line to contin-
uously proliferate in G-CSF (29, 30). This cell line provides a
convenient assay system to test whether c-myb and B-myb can
exert similar biological effects in a cell system. For these ex-
periments, the complete coding regions of both c-myb and
B-myb cDNAs were subcloned into the expression vector con-
taining the human metallothionein promoter (pMT), the
DNAs were electroporated into 32Dcl3 cells and selected in
G418, and both mass cultures and single cell clones were es-
tablished. Deletion of noncoding sequences from the c-myb
cDNA allowed detection of transgene mRNA as a smaller
transcript. As negative controls, the cells were transfected with
an empty pMT vector that carried the G418 resistance gene.

Activation values were obtained as described above. Shown are the mean values
of activation with standard deviations obtained from at least three independent
experiments. (C) Transient expression of effector molecules. Cell lysates trans-
fected with expression plasmids and expressing equal amounts of B-Gal activities
were subjected to Western blot analysis and probed with an antibody raised
against the HA epitope. (D) Transactivational activities of chimeric genes be-
tween B-myb and c-myb in HD-11 cells. HD-11 cells were transfected with 5 p.g
of each expression plasmid DNA along with 5 ug of pTA3-luc DNA and 0.5 pg
of RSV-B-Gal DNA. Activation values were obtained as described above. Shown
are the mean values of activation with standard deviations obtained from at least
three independent experiments. chim, chimera; trunc., truncated.
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FIG. 5. Inducible expression of c-myb in 32Dcl3 cell lines. c-myb c-DNA in
pMT-neo vector was transfected into 32Dcl3 cells, and mass cultures (32DpMT/
c-myb) as well as single-cell clones (32DpMT/c13 and -14) were established as
described in Materials and Methods. (A) Northern blot analysis of total RNA
extracted from different cell lines with a full-length c-myb c-DNA probe. Endog-
enous (end.) c-myb transcript (upper band) and c-myb transcript encoded by the
transgene (exo; lower bands) are marked. Ethidium bromide staining of RNA
after completion of RNA transfer onto the nitrocellulose filter is shown in the
lower panel. (B) Expression of c-Myb protein in empty vector-transfected cells
(lanes 1, 2, 5, and 6) and c-myb expression in vector-transfected cells (lanes 3, 4,
7, and 8). Lanes: 1 and 2, cell lysates from empty vector-transfected cells grown
in the presence of IL-3; 3 and 4, lysates from cells transfected with c-myb ex-
pression vector grown in the presence of IL-3; 5 and 6, lysates from cells trans-
fected with empty vector but grown in the presence of G-CSF for 12 days (note
the absence of c-Myb protein); 7 and 8, lysates from cells transfected with c-myb
expression vector, also grown in the presence of G-CSF for 12 days. Note the low
levels of c-Myb protein in cell lysates in the absence of Zn?* (lane 7) and in-
duction of high levels of transgenic Myb protein in the presence of Zn>* (lane 8).

Following the establishment of permanent cell lines, we exam-
ined the effect of Zn** on the expression of the two transgenes.

Figure 5A and B shows the expression of c-myb in trans-
fected 32Dcl3 cell lines. 32D cells transfected with empty vec-
tor DNA (32DpMT neo) showed the presence of a 3.8-kb
endogenous c-myb band in the presence or absence of Zn>". In
mass cultures (32DpMT/c-myb) as well as single-cell clones
(32DpMT/c13 and -14) that were transfected with c-myb ex-
pression vectors, transgene expression was seen as a 2.3-kb
transcript which could be detected at low levels in the absence
of Zn**. In the presence of Zn>", the levels of this transcript
were elevated by approximately 5- to 10-fold (Fig. 5A). Inter-
estingly, the endogenous levels of c-myb transcripts were found
to be downregulated concomitant to transgene expression, sug-
gesting that an autoregulatory mechanism operates in these
cells to maintain a constant amount of c-myb (18). This does
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not appear to be due to the addition of Zn**, since such a
downregulation was not observed in cells transfected with
empty vector. When the same cultures were examined for
induction of c-Myb protein synthesis, we did not observe a
significant increase in the levels of the Myb protein (Fig. 5B).
This appears to be due to the downregulation of endogenous
c-myb transcript levels, which results in the maintenance of a
constant amount of c-Myb protein. In order to demonstrate
that cells transfected with c-myb expression vectors do express
transgenic c-Myb protein, we compared the c-Myb protein
levels in cells that were cultured for 12 days in the presence of
G-CSF. It had been previously shown that in 32Dcl3 cells
grown in the presence of G-CSF, the endogenous levels of
c-myb RNA and protein are downregulated and become un-
detectable by the 10th day of G-CSF treatment (29). Taking
advantage of this observation, we analyzed the levels of c-Myb
protein in control and c-myb expression vector-transfected
cells following their incubation in G-CSF for 12 days. As shown
in Fig. 5B, c-Myb protein could be readily detected in control
and vector-transfected cells prior to their treatment with G-
CSF. However, incubation of the empty vector-transfected
cells in the presence of G-CSF for 12 days resulted in a com-
plete downregulation of Myb protein levels, which became
undetectable. In sharp contrast, in the c-myb expression vector-
transfected cells, a small amount of c-Myb protein was ob-
served in the absence of Zn*" and these levels were markedly
increased by Zn?" treatment.

Figure 6A and B shows expression of transgenic B-myb RNA
and protein in the mass cultures as well as single-cell clones
(pMT/B-10, -11, and -12) by Northern and Western blot anal-
yses. 32Dcl3 cells transfected with empty vector were found to
express little or no endogenous B-myb RNA in the presence or
absence of Zn>*. However, cell lines transfected with B-myb
expression vectors showed a high level of B-myb RNA expres-
sion in the presence or absence of Zn**. To analyze the ex-
pression of the B-myb protein in these cells, we carried out
Western blot analyses using a B-Myb-specific polyclonal rabbit
antiserum. As shown in Fig. 6B, there was little or no B-Myb
protein expressed in cells transfected with empty vector in the
presence or absence of Zn**. However, in cells that were
transfected with B-myb expression vector, a high level of B-
Myb protein could readily be detected in the absence or pres-
ence of Zn*". These results show that the expression of B-nyb
driven by the metallothionein promoter showed a significant
level of leakiness such that there was no discernible difference
in the expression levels between induced and uninduced cells
at both RNA and protein levels. Despite the apparent lack of
inducible expression, the absence of B-myb expression in
32Dcl3 cells and a high-level expression of B-myb in cells
transfected with B-myb expression vectors allowed us to study
the effects of ectopic overexpression of B-myb on the growth
and differentiation properties of these cells.

The effects of overexpression of c-myb and B-myb on G-
CSF-induced terminal differentiation of 32Dcl3 cells are shown
in Fig. 7 and 8 and Table 1. As shown in Fig. 7A, upon
incubation in a medium containing G-CSF, 32D cells trans-
fected with the empty vector underwent several rounds of cell
division followed by growth arrest around day 10 in the ab-
sence or presence of Zn?*. On the other hand, cells trans-
fected with the c-myb expression vector continued to prolif-
erate without showing any growth arrest. In addition, the
proliferation rates of these cells were higher in Zn**-treated
cells compared to uninduced cells (Fig. 7B). These results
suggest that even low-level c-myb expression (which is seen in
cells in the absence of Zn*") delays G-CSF-induced growth
arrest and that induction of high levels of c-Myb expression
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FIG. 6. Overexpression of B-myb in 32Dcl3 cell lines. B-myb c-DNA was
subcloned into pMT-neo and transfected into 32Dcl3 cells by electroporation.
After selection in G418, both mass cultures (pMT/B-myb) and single-cell lines
(pMT/BY, -10, -11, and -12) were established. (A) Northern blot analysis of
RNAs extracted from different cell lines grown in the presence (+Zn) or absence
(=Zn) or Zn>" was performed with a B-myb-specific probe as described in
Materials and Methods. A picture of the nitrocellulose filter after ethidium
bromide staining is shown below the Northern blot. (B) Analysis of B-Myb
protein in 32Dcl3 cells transfected with B-myb (pMT/B-myb), c-myb (pMT/c-
myb), and empty vector (pMTneo) in the presence (+Zn) or absence (—Zn) of
Zn** in the medium. Each 32D cell line overexpressing B- or c-myb expression
vector was lysed, and the cell lysates were subjected to Western blot analysis as
described above. For detection of B-myb-specific translational product, antibod-
ies specific for B-Myb protein (as described in Materials and Methods) were
used.

results in a higher rate of cell proliferation in the presence of
G-CSF. In contrast, when 32D cells transfected with B-myb
expression vector were placed in a medium containing G-CSF,
they underwent growth arrest and failed to proliferate in the
presence of G-CSF (Fig. 7C). Identical growth profiles were
obtained with mass cultures as well as all of the single-cell
clones. These results show that while c-myb expression results
in increased proliferation of 32D cells in the presence of G-
CSF, expression of B-myb results in a block to their ability to
proliferate in the presence of G-CSF. Interestingly, this
growth-inhibitory effect of B-myb was not seen in cells that
were cultured in the presence of IL-3 (Fig. 7D), suggesting that
the growth-inhibitory effect of B-myb is dependent on factors
induced by G-CSF.

Effect of ectopic overexpression of B-myb and c-myb on my-
eloid cell differentiation. To determine the effects of ectopic
overexpression of B-myb on G-CSF-induced 32D cell differen-
tiation, we carried out a morphological analysis of these cells
cultured in the presence of G-CSF, which is shown in Fig. 8. As
was expected, cells transfected with empty vector underwent
terminal differentiation to granulocytes by day 10 of G-CSF
treatment (Fig. 8A), in the presence or absence of Zn*". How-
ever, 32Dcl3 cells transfected with the c-myb expression vector
were slow to undergo terminal differentiation in the absence of
Zn**, even though they all differentiated into mature granu-
locytes following culturing of cells in the presence of G-CSF
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FIG. 7. Effect of B-myb overexpression on the growth of 32Dcl3 cells in the
presence of G-CSF or IL-3. Cultures of 32Dcl3 cells transfected with empty
vector (pMT/neo) (A), c-myb (pMT/c-myb) (B), or B-myb (pMT/B-myb) (C)
were analyzed for growth in the presence of G-CSF. The cells were washed twice
in IL-3-free medium and plated at a density of 10° per ml in medium containing
10% G-CSF. On each indicated day, the numbers of viable cells were determined
by trypan blue exclusion. (D) Cell lines described for panels A to C were plated
in IL-3-containing medium at a density of 10° per ml, and the cell numbers were
determined at the indicated time points. Results are the means * standard
deviations of triplicate determinations from one representative experiment.

for 15 days. On the other hand, in the presence of Zn?", these
cells failed to undergo terminal granulocytic differentiation
and were blocked in the promyelocytic stage and proliferated
indefinitely as promyelocytes (Fig. 8A). These results confirm
earlier observations that ectopic overexpression of c-myb in
32Dcl3 cells results in their continued proliferation in the pres-
ence of G-CSF as promyelocytes (29, 30). In sharp contrast,
32D cells overexpressing B-myb showed an accelerated pattern
of differentiation, and within 4 days following the addition of
G-CSF, approximately 50% of the cells were found to have
differentiated into metamyelocytes and mature granulocytes
(Fig. 8B and Table 1). By day 7, the entire culture consisted of
granulocytes and the onset of apoptotic death could be seen in
cells that had differentiated into granulocytes at an earlier time
point. These results suggest that ectopic overexpression of
B-myb results in growth arrest of cells in the presence of
G-CSF and an acceleration of the granulocytic differentiation
program in these cells.

Localization of the B-Myb-specific domain which acceler-
ates myeloid cell differentiation. To determine the molecular
basis for the observed differences between the biological activ-
ities of c-myb and B-myb, we examined the effects of ectopic
overexpression of various chimeras that contained portions of
c-myb and B-myb on G-CSF-induced 32D cell differentiation.
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FIG. 8. (A) Morphological analysis of 32Dcl3 cells overexpressing c-myb following incubation in G-CSF-containing medium. 32D cells overexpressing c-myb were
compared with mock-transfected 32Dcl3 cells for their responses to G-CSF addition. Aliquots of the cells were cytospun, stained with May-Grunwald-Giemsa stain,
and analyzed for morphological changes during incubation in the presence (+Z) or absence (—Z) of Zn** on day 0 (d0) and day 10 (d10). (B) Morphological analysis
of 32Dcl3 cells overexpressing B-myb following incubation in G-CSF. 32D cells overexpressing B-myb (B-myb) were compared with mock-transfected cells (Neo) for
their responses to the addition of G-CSF. Aliquots of cells cultured in the absence of Zn>" for 0, 4, and 7 days in the presence of G-CSF were analyzed by

May-Grunwald-Giemsa staining as described in Materials and Methods.

These chimeras were subcloned into the pMT-neo plasmid
vector and stably transfected into 32Dcl3 cell line as previously
described. As can be seen in Fig. 9A, all three cell lines trans-
fected with the expression vectors expressed the transgene,
which, in all cases is smaller than the endogenous c-myb tran-
script. Since the C-terminal domain of B-Myb was larger than
that of c-Myb, chimeras CCB and CBB expressed transcripts
slightly larger than that of chimera CBC. In Western blot
analysis, an antiserum directed against the N terminus of c-
Myb was used. All three chimeric gene products migrated on
SDS-polyacrylamide gels with the expected mobilities and ex-

hibited immune reactivity to the N-terminal Myb antibody
(Fig. 9B). Again, as was described for wild-type B-myb, the
inducible promoter was leaky. With the exception of chimera
CBC, in which slight induction of B-myb RNA and protein
synthesis was observed in the presence of Zn**, no significant
difference was seen with the other constructs in the levels of
RNA and protein in the presence and absence of Zn>".

The cell lines overexpressing these chimeric genes were then
examined for their responses to the addition of G-CSF. The
results of this experiment are presented in Fig. 10 and 11 and
Table 2. Upon incubation in a medium containing G-CSF, cells
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TABLE 1. Differentiation profile of 32D cells overexpressing c-myb and B-myb*

507

Days after G-CSF

% of following cell types

Cell line” o
addition Myeloblast Promyelocyte/myelocyte Metamyelocyte/granulocyte
32D/PMT-Neo (—Zn) 0 97.7 £ 1.5 23=*15
4 701 85.7+ 15 73 *+0.6
7 0.3 0.6 76.0 £ 4.6 23325
10 1.3+15 98.7+53
32D/PMT-Neo (+Zn) 0 98.3 £ 0.6 1.7 £ 0.6
4 120+3 77.7 = 6.8 103 x4
7 0.7 £0.6 80.3 £2.5 19.0 = 2.6
10 33=*35 96.7 = 10.1
32D/c-myb (—Zn) 0 97.7 £ 0.7 23+ 0.6
4 10.7 £ 1.2 86.3 = 1.5 301
7 1.0 =17 83.0 £ 1.5 154 £25
10 66.7 = 5.7 33.3+10.8
32D/c-myb (+Zn) 0 99.0 £ 1 1.0x1
4 23.0 £ 8.7 750 = 7.8 20=*1
7 2.7+25 95.0 =3 23 *0.6
10 10.0 £ 2 873 3.2 27*15
32D/B-myb (—Zn) 0 957+ 25 4325
4 1.7+x12 50.0 =1 483 +5.6
7 6.7+ 3.2 933 = 8.5

“ 32D cells overexpressing each transgene were induced to differentiate by the addition of G-CSF. On the indicated days, aliquots of the cells were cytospun and
stained with May-Grunwald-Giemsa. The values are means of percentages of the indicated cells from three independent studies = standard deviations.

b —7n, lacking zinc; +Zn, with zinc.

which overexpress the chimera CBB and CCB exhibited almost
complete growth arrest, a phenotype which is very similar to
that seen with the overexpression of wild-type B-myb. On the
other hand, cells which overexpress the chimera CBC dis-
played a slightly suppressed growth rate compared to that of
the empty vector-transfected cells (Fig. 10). As shown in Fig.
11, morphological analysis of these cells showed that cells
overexpressing the chimera CBB and CCB terminally differ-
entiated between days 4 and 6, while cells expressing chimera
CBC followed the same differentiation course as the empty
vector-transfected cells, which terminally differentiated at day
12. These results are also schematically presented in Fig. 12.
Addition of Zn** to these cell cultures did not make a signif-
icant difference in the observed differentiation rate. Taken
together, these results demonstrate that chimeras CCB and
CBB, but not chimera CBC, mimic B-Myb in their biological
activities. Since all of the chimeras that contain the C-terminal
domain of B-Myb induce growth arrest and accelerate the
terminal differentiation of 32Dcl3 cells, we conclude that the
B-Myb carboxyl-terminal domain which appears to function as
a positive regulator of transcription confers a unique set of
properties to the B-Myb protein, which distinguishes it from
that of c-Myb. In addition, our results suggest that the ob-
served B-Myb-specific effects are not due to differential recog-
nition of target promoters by the B-myb gene, because both
chimeras CBB and CCB are expected to recognize the same
sets of target promoters as c-Myb since they contain the DNA-
binding domain of c-Myb.

DISCUSSION

The myb gene family consists of three members, named A-,
B-, and c-myb, all of which bind DNA in a sequence-specific
manner and function as regulators of transcription. While A-
myb and c-myb have been described as potent activators of
transcription, there appears to be a controversy regarding the
ability of B-myb to transactivate transcription and its role in
mediating cell proliferation and differentiation. Thus, some of
the earlier reports had provided evidence for transcriptional

activation of promoters containing Myb-responsive elements
by B-myb (24, 26), while others showed that B-myb is incapable
of transactivating transcription of promoters containing Myb-
binding elements (13, 40). It should be noted that these con-
flicting results were obtained with B-myb clones derived from
different species, and their transactivation potentials were of-
ten tested in cell lines derived from exogenous species. In
addition, different investigators used widely different reporter
plasmids which could have contributed to these experimental
variations. A recent report provides support to the argument
that the transcriptional transactivating activity of the human
B-myb gene is highly dependent on the cell type used (36). In
addition, most of the studies conducted so far were limited to
transcriptional transactivation assays, since a simple biological
assay was not available for myb genes until recently.

In this communication, we have examined two aspects of
B-myb function. In the first set of experiments, we have studied
the comparative abilities of murine c-myb and B-myb genes to
activate transcription of reporter genes that are driven by pro-
moters containing Myb-binding sites. To avoid problems asso-
ciated with species specific variations that may be associated
with these transcription factors, we used murine c-DNA clones
to transactivate transcription in a mouse cell line. Our results
show that both c-myb and B-myb c-DNA clones exhibit com-
parable transactivation potentials with two different sets of
reporters. Both proteins exhibit a modular structure, with an
N-terminal DNA-binding domain, a central transactivation do-
main, and a C-terminal regulatory domain. It had earlier been
shown that the C-terminal domain of c-myb acts as a negative
regulator of transcriptional transactivation function, since de-
letion of this region was found to considerably enhance this
activity. Our results presented here show that unlike the case
with c-Myb, deletion of the C-terminal domain of B-Myb was
found to considerably reduce the ability of this protein to
transactivate transcription of target genes, suggesting that this
domain might act as an enhancer of transactivational function
of this protein.

To further delineate the function of the C-terminal regula-
tory domain of B-Myb, we constructed several chimeric mole-
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FIG. 9. Establishment of 32Dcl3 cell lines overexpressing chimeric genes
between c-myb and B-myb. Each chimeric gene was subcloned into pMT-neo and
transfected into 32Dcl3 cells. Following G418 selection, the established cell lines
were analyzed for expression of each transgene in the presence (+Zn) or absence
(—Zn) of Zn?>*. (A) Northern blot analysis of total RNA extracted from each
transfectant was performed with labeled c-DNA of chimera CBC as a probe. The
endogenous c-myb (upper bands) transcript and transcripts from transfected
genes (lower bands) could be distinguished due to differences in the sizes of the
transcripts. The staining of RNA with ethidium bromide after completion of
transfer to nitrocellulose paper is shown below the Northern blot. (B) Western
blot analysis of cell lysates from control and expression vector-transfected cells
was performed with antiserum raised against the N terminus of c-Myb. Arrows,
each gene product of the expected size. Chim, chimera.

cules in which we systematically replaced the three functional
domains of c-Myb with those of B-Myb. An analysis of the
transactivation potentials of these chimeric molecules suggests
that the C-terminal domain of B-Myb functions as an enhancer
of transactivation and that its deletion results in a substantial
decrease of this activity of B-Myb. The molecular basis for this
difference between c-Myb and B-Myb is at present unclear. It
has been recently shown that c-Myb protein contains a Ser
motif at position 528, which is phosphorylated by p42MAPK,
resulting in an inhibition of the transactivation potential of
c-Myb (3). While the Ser moiety is conserved in B-Myb, the
A/EVES motif (9) adjacent to this Ser is not well conserved in
B-myb, and at present it is unclear that this Ser can be phos-
phorylated by MAP kinase. Additional mutagenesis studies
with the C-terminal domain of B-Myb, including creation of
c-Myb-B-Myb chimeras in which small regions of the C-termi-
nal domain are interchanged between the two molecules,
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FIG. 10. The growth of 32Dcl3 cells overexpressing chimeras between c-myb
and B-myb in the presence of G-CSF. Each 32Dcl3 cell line overexpressing
chimeras CBC, CCB, and CBB and mock-transfected cells were analyzed for
their growth in the presence of G-CSF as described above, except that the cells
were plated at a density of 2 X 10° per ml of G-CSF-containing medium.

might shed additional light on the mechanisms by which the
carboxyl terminus of B-Myb exerts this enhancer effect.

To test whether ectopic overexpression of B-myb and c-myb
can produce similar phenotypic effects in a biological assay
system, we studied the effect of overexpression of these two
genes in 32Dcl3 cells, which provided us with an unexpected
insight into the function of B-myb. As shown previously, ec-
topic overexpression of c-myb in these cells resulted in a block
to G-CSF-induced differentiation, resulting in continued pro-
liferation of cells in G-CSF. In contrast, when the 32D/B-myb
cells were cultured in a medium containing G-CSF, they un-
derwent growth arrest and completed the differentiation pro-
cess in 4 to 6 days, which otherwise takes 10 to 12 days for
normal 32Dcl3 cells. Most strikingly, unlike c-myb, B-myb ap-
pears to be incapable of inducing a block to G-CSF-induced
terminal differentiation of 32Dcl3 cells. In addition, while
transgenic expression of c-myb allowed the cells to proliferate
indefinitely in G-CSF, transgenic expression of B-myb inhib-
ited proliferation of cells in G-CSF. These results provide
strong evidence for the argument that c-myb and B-myb func-
tion very differently in a biological context.

The mechanisms by which B-myb brings about this biological
effect on 32Dcl3 cells could be due to activation of a new set of
genes, which could be dictated by subtle differences that the
two proteins might exhibit with respect to their target sequence
binding (24). A second mechanism could be due to promoter
occupancy by B-myb, which blocks the ability of c-myb to trans-
activate transcription of proliferation-associated genes. A third
possibility is that the DNA-binding domains of c-Myb and
B-Myb have similar binding specificities but that the two pro-
teins perform different biological functions due to the unique
role played by the C-terminal domains, which could mediate
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FIG. 11. Morphological analysis of 32Dcl3 cells overexpressing chimeras between c-myb and B-myb following the addition of G-CSF. 32D cell lines overexpressing
each chimeric gene were analyzed for morphological changes during G-CSF-induced differentiation in the absence of Zn?>*. On days 0, 4, 6, and 12 (d0, d4, d6, and
d12, respectively) of G-CSF treatment, aliquots of the cells were cytospun and stained with May-Grunwald-Giemsa stain as described above. (A) Morphology of 32D
cells overexpressing chimera CBC and mock-transfected cells following G-CSF-induced differentiation; (B) analysis of cells overexpressing chimeras CBB and CCB

following incubation in G-CSF-containing medium.

the assembly of specific transcriptional complexes. To discern
among these possibilities, we transfected different B-myb—c-
myb chimeras into 32Dcl3 cells and examined the abilities of
these chimeras to induce growth arrest and accelerate terminal
differentiation of 32Dcl3 cells. Our results show that only chi-
meras that contain the C-terminal domain of B-Myb are capa-
ble of bringing about an effect similar to that seen with B-myb.
Substitution of the DNA-binding domain of B-Myb with that
of c-Myb or substitution of the DNA-binding and transactiva-
tion domains of B-Myb with that of c-Myb seemed to produce

no alteration of this biological phenotype produced by B-myb.
It is interesting to note that chimeras CCB and CBB exhibited
the highest levels of transcriptional transactivation in transient
transfection assays and that both contained the DNA-binding
domain of c-Myb. These results strongly suggest that the
unique biological effects of B-myb are exclusively dictated by its
C-terminal portion of the molecule and not by its DNA-bind-
ing or transactivation domains.

It is now established that c-Myb and B-Myb function effec-
tively in the presence of appropriate cooperating factors, which



510 OH AND REDDY

MoL. CELL. BIOL.

TABLE 2. Differentiation profiles of 32D cells overexpressing chimeric genes between c-myb and B-myb”

Days after GCSF

% of following cell type (mean = SD)

Cell line o
addition Myeloblast Promyelocyte/myelocyte Metamyelocyte/granulocyte

32D/PMT-Neo (—Zn) 0 97.7 1.5 23+1.5

4 701 85.7 £ 1.5 7.3 0.6

7 0.3 0.6 76.0 = 4.6 233 +£25
32D/PMT-Neo (+Zn) 0 98.3 £ 0.6 1.7 0.6

4 12.0 =3 777+ 6.8 103 =4

7 0.7 = 0.6 80.3 £ 2.5 19.0 = 2.6
Chimera CBC (—Zn) 0 99.0 £ 1 1.0*+1

4 3.7+x1.2 85.0 £ 3.6 11.3 =25

7 0.7*+1.1 77.7 = 4.6 213 £38
Chimera CBC (+Zn) 0 97.7 £ 1.5 23+ 1.5

4 27 *+2 84.0 =1 13323

7 74.0 £ 7.8 26.0 £ 6.5
Chimera CCB (—Zn) 0 98.0 1 20=*1

4 473 £25 52729

7 2.7 +25 973 £ 8.7
Chimera CCB (+Zn) 0 97 =1 3.0x1

4 44,0 £ 3.6 56.0 £ 6

7 2.7 %25 973 £7.5
Chimera CBB (—Zn) 0 97 =1 30+1

4 347 £25 65.3 £49

7 1.0+1 99.0 =34
Chimera CBB (+Zn) 0 97.7 £ 1.5 23+ 1.5

4 103 £23 89.7 £ 6.5

7 30x1 97.0 £ 3.6

“ 32D cells overexpressing each transgene were induced to differentiate by G-CSF. On the indicated days, aliquots of the cells were cytospun and stained with
May-Grunwald-Giemsa. The values are means from three studies * standard deviations.

b —Zn, lacking zinc; +Zn, with zinc.

interact with the two proteins and form an enhancer complex
(6, 8, 9, 11, 23). We propose that the nature of transcription
factors that interact with B-Myb or c¢-Myb is determined by
their C-terminal domains, which dictate the nature of the en-
hancer complex formed between c-Myb and B-Myb proteins
and other cooperating factors (Fig. 9). In the absence of any
cooperating factors, it is expected that c-Myb assumes an in-
active state via an intramolecular conformation such as the one

W Zn
+Zn

% of terminal differentiation

oL 2
Y, .
vy, o % Y

2, < [
4, %, %, .
2 %, g @

constructs

FIG. 12. Schematic representation of differentiation profiles of 32D cells
overexpressing c-myb, B-myb, and B-myb—C-myb chimeras (chim). The percent-
ages of terminally differentiated cells (metamyelocytes plus granulocytes) were
determined on the seventh day of G-CSF-induced differentiation in the presence
(+Zn) or absence (—Zn) of Zn**.

suggested recently (9). However, following posttranslational
modifications, which seem to activate the transactivating po-
tentials of these proteins (3, 22), c-Myb appears to assume a
conformation that allows its interaction with discrete sets of
transcription factors which specify the nature of target genes
that are transactivated by c-Myb. It is possible that the B-Myb
protein is not so very stringently regulated, since it does not
seem to exist in an inactive state under normal conditions. We
propose that the C-terminal domains of the two proteins play
an active role in dictating the nature of factors that interact
with each other. It is likely that some of these factors might be
common to both c-Myb and B-Myb, while others might be
unique to the individual Myb proteins. This combination of
interacting factors is likely to dictate the nature of target genes
that are transactivated by individual members of the Myb fam-
ily of proteins. It is conceivable that the C-terminal domain of
c-Myb allows the interaction of c-Myb with a defined set of
nuclear factors that activate transcription of a group of target
genes that promote proliferation and block terminal differen-
tiation of myeloid precursor cells. On the other hand, B-Myb
might transactivate transcription of a different set of genes by
virtue of its ability to interact with a distinctive set of nuclear
factors, and this transcription complex transactivates genes
that are associated with terminal differentiation of myeloid
cells. This model predicts that c-myb and B-myb cannot com-
pensate for the biological function of each other. It is at
present unclear whether the C-terminal domains of B-Myb and
c-Myb regulate the nature of the enhancer complex formed by
participating in protein-protein interactions or solely through
steric effect. Studies aimed at the identification of nuclear
factors that interact with B-Myb and c-Myb and identification
of the domains of c-Myb and B-Myb that participate in these
interactions are likely to shed further insight into the mecha-
nism of action of this gene family.
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