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Myb family proteins are ubiquitously expressed transcription factors. In mammalian cells, they play a
critical role in regulating the G1/S cell cycle transition but their role in regulating other cell cycle checkpoints
is incompletely defined. Herein, we report experiments which demonstrate that c-Myb upregulates cyclin B1
expression in normal and malignant human hematopoietic cells. As a result, it contributes directly to G2/M cell
cycle progression. In cell lines and primary cells, cyclin B1 levels varied directly with c-Myb expression.
Chromatin immunoprecipitation assays, mutation analysis, and luciferase reporter assays revealed that c-Myb
bound the cyclin B1 promoter preferentially at a site just downstream of the transcriptional start site. The
biological significance of c-Myb, versus B-Myb, binding the cyclin B1 promoter was demonstrated by the fact
that expression of inducible dominant negative c-Myb in K562 cells accelerated their exit from M phase. In
addition, expression of c-Myb in HCT116 cells rescued cyclin B1 expression after B-myb expression was
silenced with small interfering RNA. These results suggest that c-Myb protein plays a previously unappreciated
role in the G2/M cell cycle transition of normal and malignant human hematopoietic cells and expands the
known repertoire of c-myb functions in regulating human hematopoiesis.

The c-myb proto-oncogene is the normal cellular homologue
of v-myb, the transforming oncogene of the avian myeloblas-
tosis virus, and avian leukemia virus E26 (33). It is a member
of a transcription factor family that consists of at least two
other highly homologous proteins encoded by genes desig-
nated A-myb and B-myb (31). c-myb is expressed predomi-
nantly in hematopoietic tissues. A-myb is expressed preferen-
tially in gonadal tissue and B lymphocytes (50), while B-myb is
expressed ubiquitously (44). Located on chromosome 6p in
humans, the predominant c-myb transcript encodes an �75-
kDa nuclear binding protein composed of three distinct func-
tional domains which are a DNA binding domain at the N
terminus, a central transactivation domain, and a C-terminal
negative regulatory domain (43).

c-Myb’s preferential expression in hematopoietic cells sug-
gests that it plays an important role in blood cell development,
a supposition which has been proven correct. Silencing the
c-myb gene with antisense oligodeoxynucleotides (13) or by
homologous recombination (27) has shown that the protein is
required for definitive hematopoiesis. In vitro, hematopoietic
cells do not proliferate in the absence of c-Myb (13), and in
vivo, loss of c-Myb is embryonic lethal due to failure of eryth-
ropoiesis (27). Other in vitro experiments have shown that
constitutive overexpression of c-Myb blocks differentiation of
myeloid and erythroid cells and the associated growth arrest

that occurs with maturation (4, 7, 46). T-lymphocyte develop-
ment is also c-Myb dependent, as shown by the use of antisense
oligodeoxynucleotides (12), expression of dominant negative
(DN) c-Myb protein (1, 35), and tissue-specific loss of floxed
c-Myb in Cre-producing mouse strains (2, 10). Most recently,
c-Myb has been demonstrated to play a regulatory role in
megakaryocytopoiesis, thrombopoiesis (6, 26), and B-lympho-
cyte development (49). c-Myb target genes involved in these
functions have been identified and include mim-1 (30, 40), c-kit
(16, 41, 51), myeloblastin (23), and neuromedin U (47), as well
as c-myc (45) and DNA topoisomerase IIa (5). Microarray and
subtraction cloning methods have suggested that there are
many other candidate c-Myb target genes, the expression of
which is likely context dependent (21, 29).

The role of c-Myb in regulating the G1/S transition of human
hematopoietic cells is well known (33), but its function, if any,
in other phases of the hematopoietic cell cycle has not been
well studied. This question has taken on greater interest in
light of two recent papers which suggested that the Drosophila
Myb and B-Myb proteins are involved in the regulation of
cyclin B expression, a major regulator of G2/M cell cycle pro-
gression (34, 54). One study used the Drosophila eye imaginal
disc model to show that Drosophila Myb upregulated cyclin B
expression directly by binding its promoter (34). Another
study, with human ganglioblastoma T98G cells, demonstrated
that B-Myb, in conjunction with E2F, directly upregulated cdc2
and cyclin B1 expression. Of note with regard to this report,
c-Myb was specifically investigated in the ganglioblastoma
model and was found not to associate with E2F and therefore
not to play a role in cyclin B1 expression or the G2/M cell cycle
transition (54). These reports, and our own preliminary data
which suggested that c-Myb might regulate cyclin B1 expres-
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sion (28), prompted the investigations reported in this paper.
In distinct contrast to the ganglioblastoma cell studies, we
report herein that in normal and malignant human hemato-
poietic cells, c-Myb directly regulates cyclin B1 expression and,
as a result, contributes directly to the regulation of the G2/M
transition phase of the cell cycle in human blood cells.

MATERIALS AND METHODS

Cells and culture conditions. K562 cells were maintained in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine,
50 U/ml penicillin, and 50 �g/ml streptomycin. K562 cells expressing either a
conditionally responsive c-Myb (K562-c-Myb-ER) (45) or a conditionally active
DN c-Myb (K562-MERT) (47) protein upon exposure to 1 �M 4-hydroxytamox-
ifen (4-OHT) have been previously described. Mo7e cells were maintained in
Iscove’s modified Dulbecco’s medium supplemented with 10% FBS and 20 ng/ml
granulocyte-macrophage colony-stimulating factor. HCT116 cells, a human colo-
rectal carcinoma cell line, were maintained in McCoy’s 5A medium with 10%
FBS. Human CD34� cells were isolated with CD34 MACS microbeads (Miltenyi
Biotec, Auburn, CA) according to the manufacturer’s protocol from bone mar-
row and peripheral blood collected from healthy consenting donors. Freshly
isolated cells were cultured in RPMI 1640 medium supplemented with 10% FCS.

De novo protein synthesis was inhibited by culturing the cells in the presence
of cycloheximide (Sigma-Aldrich, St. Louis, MO) at a concentration of 10 mg/ml
for 6 h. Human peripheral blood T lymphocytes (PBL) were isolated from
healthy donors by density gradient centrifugation with Ficoll-Paque Plus (GE
Healthcare, Piscataway, NJ).

Chromatin immunoprecipitation (ChIP) assays. Confluent cells were diluted
1:5 in fresh medium and cultured for an additional 8 to 12 h for K562 and Mo7e
cells and 16 h for HCT116 cells prior to cross-linking with 0.4% formaldehyde.
Following cross-linking, the cells were lysed, DNA-protein complexes were im-
munoprecipitated, and the formaldehyde-cross-linked DNA was reverse cross-
linked with a ChIP assay kit (Upstate, Charlottesville, VA) according to the
manufacturer’s protocol. DNA-Myb complexes were immunoprecipitated with
anti-c-Myb (clone 1-1; Upstate) and with anti-B-Myb (a mixture of N19 and
H115; Santa Cruz Biotechnology). ChIP assays were also completed with anti-
acetyl histone H4 as a positive control and with no chromatin, no antibody, or no
anti-immunoglobulin G (IgG) as a negative control. The DNA isolated from the
ChIP assay was purified with a QIAquick PCR purification kit (QIAGEN, Va-
lencia, CA) according to the manufacturer’s instructions. The purified DNA was
then amplified by real-time PCR by standard protocols with SYBR green and
cyclin B1 promoter-specific primers that flanked both Myb binding sites, �118 to
�85 bp relative to the transcription start site (forward, 5�-ATCGCCCTGGAA
ACGCATTCTCT-3�; reverse, 5�-AGAAGCAGAACACCGGAGGC-3�).

Dual-luciferase reporter assay. A 992-bp fragment containing the human
cyclin B1 promoter was amplified from normal human lymphocyte DNA by
reverse transcription-PCR with cyclin B1-specific primers (forward, 5�-GCAAA
TGACAAAGCAAATGGGG-3�; reverse, 5�-ACAACCAGCAGAAACCAAC
AGC-3�). The amplified fragment was then ligated into the pGL3-basic vector at
the KpnI and BglII sites (Promega). Cyclin B1 promoter constructs with mutated
Myb binding sites were generated with the QuikChange II site-directed mutagen-
esis kit (Stratagene, La Jolla, CA) as instructed by the manufacturer. The
pcDNA3 vector containing full-length c-myb (3 �g) or B-myb (3 �g) was cotrans-
fected with phRL (0.02 �g) and pGL3-cyclin B1 promoter (1 �g) into the K562
cells with cell line nucleofector kit V (Amaxa Biosystems, Gaithersburg, MD)
according to the manufacturer’s protocol. In some assays, K562 cells were co-
transfected with phRL (0.02 �g), pGL3-cyclin B1 promoter (1 �g), and small
interfering RNA (siRNA; 4 �g). Posttransfection (48 h), cells were diluted 1:5 in
fresh medium and cultured for an additional 6 to 8 h. The cells were then lysed
and firefly and Renilla luciferase activities were measured as directed, with a
dual-luciferase reporter assay kit (Promega, Madison, WI) and a luminometer
(Monolight 2010; Analytical Luminescence Laboratory, San Diego, CA).

siRNA preparation and transfection. Human c-myb siRNAs were generated as
previously described (47), with 5�-UGUUAUUGCCAAGCACUUAAA-3� and
5�-UAAGUGCUUGGCAAUAACAGAA-3� for c-myb-1 and 5�-AAGCACUU
AAAGGGGAGAAUU-3� and 5�-UUCUCCCCUUUAAGUGCUUGG-3� for
c-myb-2. Human B-myb siRNA duplex 1 (D-010444-01), control siRNA du-
plexes, and siRNA pool were purchased from Dharmacon (Louisville, CO).
Control, c-myb, and B-myb siRNAs (5 �g) were delivered to Mo7e cells, human
T cells, and CD34� cells by nucleofection (Amaxa Biosystems) (39). Transfec-
tion of the expression vector and siRNAs to HCT116 cells was done with
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.

Western blot analysis. Protein lysates (50 �g) were fractionated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred electro-
phoretically to polyvinylidene difluoride membranes, and incubated with anti-
Myb (clone 1-1; Upstate), anti-B-Myb (N-19; Santa Cruz Biotechnology), anti-
cdk1/cdc2 (Upstate), anti-cyclin B1 (Upstate), anti-cyclin A (clone BF683;
Upstate), anti-p55 CDC (Santa Cruz Biotechnology), or anti-�-actin (clone AC-
15; Sigma-Aldrich) by standard Western blotting procedures.

Quantitative analysis of c-myb, B-myb, cyclin B1, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and 18S by real-time PCR. Total RNA was extracted
and isolated with the RNeasy mini kit with an RNase-free DNase set (QIAGEN)
and reverse transcribed with an iScript cDNA synthesis kit (Bio-Rad, Hercules,
CA). The cDNA was subsequently amplified in TaqMan Universal Master Mix
(Perkin-Elmer Applied Biosystems, Foster City, CA) supplemented with gene-
specific primers (0.5 �M) and the appropriate gene-specific TaqMan probe (0.1
or 0.2 �M). The PCR parameters set on the iCycler (Bio-Rad) consisted of 2 min
at 50°C, 10 min at 95°C, and then 50 cycles each of 15 s at 92°C and 1 min at 60°C.
All of the probes contained the reporter dye 6-carboxyfluorescein and the ap-
propriate quencher. The sequences for the primers and probes were as follows:
c-myb (forward primer, 5�-GAAGGTCGAACAGGAAGGTTATCT-3�; reverse
primer, 5�-GTAACGCTACAGGGTATGGAACA-3�; probe, 5�-TCAAAAGCC
AGCCAGCCAGCAGTG-3�), B-myb (forward primer, 5�-CAGAGCCCTTGG
AGGAATT-3�; reverse primer, 5�-CAGGCTCGTTTCTGGTGG-3�; probe, 5�-
CCTGGTCCTCACGCTTCGG-3�), cyclin B1 (forward primer, 5�-CGGGAAG
TCACTGGAAACAT-3�; reverse primer, 5�-AAACATGGCAGTGACACCAA-
3�; probe, 5�-AGGTTGTTGCAGGAGACCAT-3�), GAPDH (forward primer, 5�-
GACAGTCAGCCGCATCTTCTT-3�; reverse primer, 5�-CCAATACGACCA
AATCCGTTGAC-3�; probe, 5�-CGTCGCCAGCCGAGCCACATCG-3�), and
18S (forward primer, 5�-GGACATCTAAGGGCATCACAGACC-3�; reverse
primer, 5�-TGACTCAACACGGGAAACCTCAC-3�; probe, 5�-TGGCTGAAC
GCCACTTGTCCCTCTAA-3�). To quantitate the amount of each gene in a
given sample, the mean number of copies from a triplicate determination for
each gene in the test cDNA was normalized to the mean number of copies of 18S
or GAPDH.

Cell cycle analysis. HCT116 cells were synchronized in the S phase of the cell
cycle with aphidicolin (Biomol, Plymouth Meeting, PA) at 2 �g/ml for 24 h. The
expression vector (1 �g) and siRNA (3 �g) were then transfected into the cells.
K562-MERT cells were first arrested at the G1/S boundary by being subjected to
two 24-h culture cycles in 2 mM thymidine (Sigma-Aldrich) with a 12-h thymi-
dine-free interval between these cycles. After the second thymidine block, K562-
MERT cells were released into the cell cycle for 3 h and subsequently arrested
at the G2/M boundary by treatment with 40 ng/ml nocodazole (Biomol, Plymouth
Meeting, PA) for 11 h. The K562-MERT cells were harvested at several different
time points after release from the nocodazole block and addition of 4-OHT.
Following treatment, the cells were fixed, washed with phosphate-buffered saline,
incubated with 5 �g/ml DNase-free RNase (Roche Applied Science, Indianap-
olis, IN) for 30 min at 37°C, and stained with 40 �g/ml propidium iodide
(Sigma-Aldrich, St. Louis, MO). The propidium iodide-stained cells were de-
tected in a FACScan flow cytometer (Becton Dickinson, San Jose, CA) and
analyzed with CellQuest software (Becton Dickinson).

Statistical analyses. Statistical comparisons of the data were completed with
Student’s t test. The level of significance was set at P values of �0.05 in all cases.

RESULTS

c-Myb directly regulates cyclin B1 expression. To determine
if c-Myb transactivates the cyclin B1 gene directly, we used a
ChIP strategy with extracts derived from K562, Mo7e, and
HCT116 cells. As shown in Fig. 1A, ChIPs carried out with
anti-c-Myb or anti-B-Myb antibody precipitated significant
amounts of DNA product compared to the various control
reactions used. These controls included ChIP assays per-
formed under identical conditions except for (i) the use of
anti-IgG in place of the Myb antibodies, (ii) the use of no input
antibody (Ab�), and (iii) the use of no input DNA (DNA�).
The specificity of the ChIP reactions was further demonstrated
by the fact that that only a B-Myb product was detectable in
HCT116 cells. These cells are nonhematopoietic, having been
derived from a patient with colon cancer, and are not known to
express c-Myb. The results presented in Fig. 1A are also of
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interest because they suggest that B-Myb is expressed at higher
levels than c-Myb in all of the cell types examined and that
both forms of the protein can bind the cyclin B1 promoter.

Sequence analysis of the cyclin B1 promoter revealed eight

potential Myb binding sites within 1,000 bp of the transcrip-
tional start site. Two of the eight sites were canonical, 5�-
pyrimidine AAC (G/T) G-3� (3). The remaining six sites were
noncanonical, 5�-AACNG-3� (32). Accordingly, we next sought

FIG. 1. Myb directly activates cyclin B1 expression. (A) Purified nucleoprotein complex was obtained from K562, Mo7e, and HCT116 cells via
ChIP assays with anti-c-Myb (c-Myb), anti-B-Myb (B-Myb), mouse IgG (mIgG), no antibody (Ab�), and no chromatin (DNA�). The precipitated
DNA fractions were analyzed by real-time PCR with primers specific to the cyclin B1 promoter region. **, P � 0.01 compared to the value of
mouse IgG. (B) At the top is a diagram of the Myb binding sites within 1,000 bp of the transcriptional start site for cyclin B1, which is represented
by the bent arrow. The bold letters indicate the positions of the nucleotide changes in the mutant forms of the cyclin B1 promoter we generated.
The two bottom bar graphs show the results of the dual-luciferase reporter assays. The assays were performed with K562 cells and the pGL3-cyclin
B1 promoter vector in the presence of c-myb and B-myb expression constructs, a control empty vector, or siRNA against myb 54 to 56 h
posttransfection. *, P � 0.05 compared to the value of the empty-vector or siRNA control. wt, wild type. (C) Real-time PCR for cyclin B1
expression in K562-c-MybER cells in the absence or presence of the protein synthesis inhibitor cycloheximide. RNA was analyzed for cyclin B1
expression at 0 and 6 h posttreatment with 4-OHT and/or cycloheximide. *, P � 0.05.
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to determine which of these sites c-Myb and B-Myb might bind
to and the effect of such binding on cyclin B1 expression. To
inform, and make more efficient, our search of likely regulatory
elements, we used the GALA database (http://gala.cse.psu
.edu). Two of the possible eight Myb binding sites we identified
by simple sequence analysis were predicted by the GALA
software to be likely candidates for Myb binding. These sites
were designated �22 and �735, respectively, on the basis of
their locations with reference to the transcriptional start site
(Fig. 1B). To investigate the potential biological significance of
the �22 and �735 sites, we generated identical mutations in
each (AACNG to GGCNG) and then used cyclin B1 promot-
ers containing these mutated binding sites (M�22 and M�735,
respectively) in dual-luciferase reporter assays (Fig. 1B). Base-
line expression of the wild-type, M�22, and M�735 reporter
constructs in K562 cells is shown in the row marked as “empty”
in the lower left part of Fig. 1B. While expression of the
wild-type promoter construct was low and presumably driven
by endogenous Myb expression, one notes no difference in
expression from the wild-type or M�735 promoter. A small
but consistent decrease with respect to expression in cells
transfected with the M�22 construct versus cells transfected
with the wild-type promoter suggested that this site might be of
biologic significance. Additional support for this interpretation
is also shown in the lower left part of Fig. 1B. Cotransfection
of the exogenous c-Myb or B-Myb expression vector increased
cyclin B1 promoter activity significantly in cells expressing the
wild-type cyclin B1 promoter. However, in cells expressing the
M�22 mutated promoter, luciferase expression could not be
restored by coexpressing either c-Myb or B-Myb (Fig. 1B,
lower left part). In contrast, luciferase expression was substan-
tially rescued, and to a similar degree by c-Myb or B-Myb, in
cells expressing the mutated M�735 promoter. In aggregate,
these results strongly suggested that the Myb binding site most
proximal to the transcriptional start site (�22) is biologically
significant and used by both the c-Myb and B-Myb proteins.

To provide additional support for the hypothesis that Myb
binding to the �22 site was of biologic significance, silencing
experiments with c-Myb- and B-myb-specific siRNAs were car-
ried out (Fig. 1B, lower right part). In K562 cells cotransfected
with the wild-type or M�735 cyclin B1 promoter, luciferase
activity was not affected by control siRNA. A statistically sig-
nificant decrease was observed in cells transfected with the
M�22 construct compared to the control (P � 0.044) but the
decrease noted was proportionately similar to that observed in
the empty-vector transfection experiments shown in the lower
left part of Fig. 1B. This suggested that the decrease in lucif-
erase activity observed was not secondary to the control siRNA
but rather to impaired Myb protein binding to the cyclin B1
promoter construct. It is also worth noting that in this set of
experiments, luciferase expression was significantly diminished
after silencing with either c-Myb- or B-Myb-targeted siRNA.

An additional observation supporting the potential biologi-
cal significance of the �22 site derives from examination of the
cyclin B1 promoter regions from 13 different organisms. In
every case, a potential Myb binding site was found in close
proximity to the transcriptional start site. Of particular inter-
est, the Myb binding site, GGAACGGCTGTT G/A GT, we
detected in the cyclin B1 promoter was found in the same site,

completely conserved, in all seven of the mammalian species
examined, including humans, rats, and mice (data not shown).

To further support our hypothesis that the Myb proteins
bound the �22 site specifically, we carried out a ChIP exper-
iment with primers designed to amplify a 500-bp region of
genomic DNA containing four potential Myb binding sites. No
DNA was amplified by real-time PCR after immunoprecipita-
tion with either Myb antibody (data not shown). These data, in
aggregate, strongly suggest that both c-Myb and B-Myb bind
the �22 site specifically and in a biologically relevant manner.

Finally, to provide additional proof for our contention that
c-Myb binds to the cyclin B1 promoter and thereby regulates
its expression, we used an alternate experimental strategy. We
previously reported on K562-c-Myb-ER cells which express a
4-OHT-inducible, conditionally active c-Myb fusion protein
(45). Since this construct contains the c-Myb transactivation
domain, it is very unlikely to complement B-myb function.
Cells were initially treated with cycloheximide to inhibit en-
dogenous protein synthesis. After 6 h, we measured cyclin B1
mRNA expression by real-time PCR (Fig. 1C). Compared to
results obtained in the absence of cycloheximide, one can ob-
serve that after 6 h, in the presence of tamoxifen, cyclin B1
mRNA expression was restored in K562-c-MybER cells.
4-OHT itself had no effect on cyclin B1 expression (data not
shown). Accordingly, this result strongly supports the hypoth-
esis that c-Myb protein directly upregulates cyclin B1 expres-
sion in living hematopoietic cells.

Inhibition of Myb expression or activity suppresses cyclin
B1 expression. The experiments reported above demonstrated
that c-Myb could bind the cyclin B1 promoter and upregulate
its expression in vitro and in living cells. We then asked if the
opposite might be true, i.e., if inhibition of c-Myb would lead
to a decrease in cyclin B1 expression. We addressed this ques-
tion by two different experimental approaches. We first exam-
ined the change in cyclin B1 expression when c-myb expression
was suppressed with siRNA. Several siRNAs targeting the
human c-myb mRNA were synthesized. One of these, c-myb-1
siRNA, diminished c-myb expression by 85% as measured by
densitometry in Mo7e cells 24 h after transfection (Fig. 2A).
Another siRNA, c-myb-2, was much less active, yielding only a
45% knockdown in the same time period. When we investi-
gated the effect of these siRNAs on cyclin B1 expression in
hematopoietic cells, we found that c-myb-1 decreased cyclin B1
protein expression by 87% while c-myb-2 only partially sup-
pressed cyclin B1 expression (30%) (Fig. 2A). In agreement
with a previous study examining the relationship between c-
Myb and cell cycle gene expression (16), we found that expos-
ing cells to either of these Myb-targeted siRNAs had no effect
on the E2F-dependent, G2/M phase gene cyclin A, cdc2, or
cdc20. It is also very important to note that neither one of these
siRNA molecules had any effect on B-myb expression so that
the effects observed are specific for c-Myb.

We next examined the effect of B-myb-targeted siRNA on
cyclin B1 expression in Mo7e cells. The B-myb siRNA pro-
duced an efficient knockdown of B-Myb expression. The spec-
ificity of the knockdown was demonstrated by the absence of
an effect on c-Myb or �-actin expression (Fig. 2B). In accord
with the ganglioblastoma cell results, silencing of B-Myb also
resulted in a decrease in cyclin B1 expression (54). In contrast
to the report of Zhu et al., however, silencing of B-myb in
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Mo7e leukemia cells resulted in no change in cyclin A or cdc2
expression and only a 25% decrease in cdc20 expression (Fig.
2B), suggesting that neither c-Myb nor B-Myb directly regu-
lates the expression of these genes in malignant hematopoietic
cells.

To validate the siRNA experiments, we then addressed this
question with a tamoxifen-inducible DN Myb expression con-
struct (MERT) (24, 45, 47, 48). We observed a decrease in
cyclin B1 protein levels when endogenous Myb activity was
inhibited by MERT in K562-MERT cells (Fig. 2C). Addition
of 4-OHT to K562-MERT cells was followed by an �60%
decrease in cyclin B1 expression in about 24 h. By 48 h in the
presence of 4-OHT, cyclin B1 was decreased �95% compared
to that at time zero. In contrast, and consistent with the results

reported above, expression of cyclin A and cdc2 at the protein
level did not change (Fig. 2C). We also examined the expres-
sion of additional G1 cyclins in the same cells after activation
of the DN Myb protein (Fig. 2C). As shown, cyclin D1/2 and
cyclin E levels did not change, a result which is in agreement
with the work of Ku et al. (20) but in contrast to the work of
Zhu et al. (54).

c-Myb partially rescues cyclin B1 expression and G2/M
transition when B-myb expression is silenced by siRNA. To
further explore the potential significance of c-Myb and B-Myb
in regulating the S and G2/M phases of the hematopoietic cell
cycle, we silenced c-Myb or B-Myb in K562 cells with siRNA
and determined the effects of such silencing on cell cycling. We
also determined if exogenously expressed B-Myb or c-Myb

FIG. 2. Silencing c-Myb expression decreases cyclin B1 expression. (A) c-myb-1 and c-myb-2 siRNAs against c-myb were transfected into Mo7e
cells as described in Materials and Methods. Protein expression was determined by Western blotting 24 h after transfection. (B) B-myb and control
siRNA duplexes (5 �g) were transfected into Mo7e cells as described in Materials and Methods. Protein expression was then determined by
Western blotting 24 h posttransfection. (C) Western blot analyses of cyclin B1, cyclin A, cdc2, cyclin D1/2, and cyclin E protein expression in
K562-MERT cells following 1 �M 4-OHT treatment for 0, 24, and 48 h.
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could rescue cyclin B1 expression and restore cell cycling. In
the first set of experiments, a B-Myb expression construct and
siRNA against c-myb were transfected into K562 cells. A cell
cycle analysis was carried out 48 h later (top of Fig. 3A). In
K562 cells cotransfected with control siRNA and a control
vector, we determined that 22% of these control cells were in
the G2/M phase of the cell cycle. When we cotransfected c-myb
siRNA and the control vector into K562 cells, 45% of the
control cells were blocked in G2/M. In contrast, only 13% of
the cells were blocked in G2/M when c-myb siRNA and a
B-Myb expression vector were cotransfected into K562 cells,
suggesting that overexpression of B-Myb was able to rescue the
blocked cells. We also measured c-myb, B-myb, and cyclin B1
mRNA expression in these cells by real-time PCR (Fig. 3A, bar
graphs). When c-myb expression was silenced with c-myb-spe-
cific siRNA, cyclin B1 expression fell �80% compared to that

in controls. Overexpression of B-myb almost completely re-
stored cyclin B1 expression to the control cell level.

In the second set of experiments, a c-Myb expression vector
and siRNA targeting B-myb were cotransfected into K562
cells. Cell cycle analyses (Fig. 3B, top) and quantitation of
c-myb, B-Myb, and cyclin B1 gene expression by real-time PCR
(Fig. 3B, bar graphs) were conducted 48 h posttransfection.
When K562 cells were cotransfected with control siRNA and a
control expression vector, 24% of the cells were found to be in
the G2/M phase of the cell cycle. When we cotransfected B-
myb siRNA and the control vector into K562 cells, 67% of the
control cells were blocked in G2/M. Cotransfecting B-myb
siRNA along with the c-Myb expression vector yielded 20% of
the control cells in G2/M, indicating that c-Myb overexpression
was able to rescue blocked cells (Fig. 3B, top). In accord with
these results, the bar graphs depicted in the lower part of Fig.

FIG. 3. c-Myb substantially rescues cyclin B1 expression and G2/M transition in K562 and HCT116 cells. (A) K562 cells were transfected with
either pcDNA3 (control vector) or pcDNA-B-myb (B-myb vector) expression constructs and either control or c-myb-targeted siRNA as described
in Materials and Methods. Forty-eight hours posttransfection, a cell cycle analysis was conducted (four graphs above the bar graphs) and RNA was
isolated, reverse transcribed, and amplified by real-time PCR with primers specific to c-myb, B-myb, and cyclin B1 (bar graphs). For cell cycle
analyses, the graphs, from left to right, correspond to (i) control siRNA and the control vector, (ii) control siRNA and the B-myb vector, (iii) c-myb
siRNA and the control vector, and (iv) c-myb siRNA and the B-myb vector, respectively. The combinations of the expression vector and siRNA
that were transfected into K562 cells are indicated below the respective bar graphs. **, P � 0.01. (B) K562 cells were transfected with either the
pcDNA3 (control vector) or the pcDNA-c-myb (c-myb vector) expression construct and either control or B-myb-targeted siRNA as described in
Materials and Methods. Forty-eight hours posttransfection, a cell cycle analysis was performed (four graphs above the bar graphs) and RNA was
isolated, reverse transcribed, and amplified by real-time PCR with primers specific to c-myb, B-myb, and cyclin B1 (bar graphs). For cell cycle
analyses, the graphs, from left to right, correspond to (i) control siRNA and the control vector, (ii) control siRNA and the c-myb vector, (iii) B-myb
siRNA and the control vector, and (iv) B-myb siRNA and the c-myb vector, respectively. The combinations of the expression vector and siRNA
that were transfected into K562 cells are indicated below the respective bar graphs. *, P � 0.05. (C) HCT-116 cells transfected with either the
pcDNA3 (control vector) or the pcDNA-c-myb (c-myb vector) expression construct and either control or B-myb-targeted siRNA as described in
Materials and Methods. The cells were cultured in medium supplemented with aphidicolin for 24 h to synchronize the cells. The aphidicolin was
removed from the medium, and the cells were then cultured for an additional 12 h. Thirty-six hours posttransfection, cell cycle analysis was
conducted (four graphs above the bar graphs) and RNA was isolated, reverse transcribed, and amplified by real-time PCR with primers specific
to c-myb, B-myb, and cyclin B1 (bar graphs). The combinations of the expression vector and siRNA that were transfected into HCT116 cells are
indicated below the respective bar graphs. *, P � 0.05. The six graphs above the bar graphs correspond to cell cycle analyses. The two cell cycle
analysis graphs above the four cell cycle analysis graphs correspond to subconfluent HCT116 cells in the absence (top left) and presence (top right)
of aphidicolin 24 h prior to transfection. The bottom four cell cycle analysis graphs, from left to right, correspond to (i) control siRNA and the
control vector, (ii) control siRNA and the c-myb vector, (iii) B-myb siRNA and the control vector, and (iv) B-myb siRNA and the c-myb vector,
respectively. For all of the real-time PCR experiments, the expression of c-myb, B-myb, and cyclin B1 was normalized to that of GAPDH. The gene
expression in the control cells for all of the bar graphs was then adjusted to 1.0, except for the c-myb bar graph with HCT-116 cells (C). For this
graph (C), the relative expression of c-myb expression in control HCT116 cells was compared to c-myb expression in control K562 cells (B).
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3B reveal that c-myb overexpression increased cyclin B1 ex-
pression �2.7-fold in comparison to that in cells in which
B-Myb was silenced with siRNA. It is apparent, however, that
the c-myb rescue of cyclin B1, while robust, was not complete
as the cyclin B1 expression level was only �50% of that ob-
served in cells expressing B-myb alone.

Finally, we sought to determine if c-Myb could rescue B-
Myb function in nonhematopoietic cells which do not normally
express c-Myb. For these experiments, we used human colon
carcinoma cell line HCT116 because of the relative ease with
which this cell line could be synchronized and transfected.
HCT116 cells were synchronized in the S phase of the cell cycle
with aphidicolin (Fig. 3C, top flow cytograms). The cells were
then transfected with c-Myb or control expression vectors, as
well as control or B-myb siRNA. Posttransfection, the cells
were maintained in aphidicolin for a total of 24 h, after which
time they were placed in aphidicolin-free medium. Cell cycle
analyses 12 h postrelease from aphidicolin revealed that 32%
of the control cells moved to the G2/M phase. It also demon-
strated that in cells in which endogenous B-Myb expression
was not disrupted, expression of exogenous c-Myb did not
affect cell cycle progression. In contrast, transfecting HCT-116
cells with siRNA targeted to B-Myb resulted in 37% fewer cells
in G2/M compared to control cells 12 h postrelease (Fig. 3C,
top). When B-Myb expression was complemented by exog-
enously expressed c-Myb in HCT-116 cells, 25% more cells
were in G2/M compared to when B-Myb was silenced, suggest-
ing that c-myb could substantially compensate for the loss of
B-Myb in these cells. In these same cells, we measured c-myb,

B-myb, and cyclin B1 gene expression by real-time PCR (Fig.
3C, bottom). Expression of c-Myb had no effect on B-Myb
mRNA levels. The specificity of the siRNA used to silence
B-Myb is shown by the fact that these molecules had no effect
on c-Myb mRNA levels. Interestingly, in cells expressing en-
dogenous B-Myb, the exogenous expression of c-Myb pro-
duced no further changes in cyclin B1 expression (Fig. 3B,
bottom graph), suggesting that cyclin B1 expression was al-
ready being maximally driven by B-Myb or that, at least in this
model, c-Myb and B-Myb compete for the same binding sites
in the cyclin B1 promoter (as suggested by the results discussed
above). By 12 h after the aphidicolin block was released, cyclin
B1 expression decreased by �75% compared to that of con-
trols in cells treated with the B-Myb-targeted siRNA. In con-
trast, in cells expressing exogenous c-Myb, cyclin B1 expression
was diminished by only �50% in B-myb-silenced cells, indicat-
ing that a partial rescue had again been accomplished (Fig. 3B,
bottom graph). Note that the difference in cyclin B1 expression
in cells expressing c-Myb was statistically significant compared
to cyclin B1 expression in cells treated with B-Myb siRNA (P �
0.01).

Activation of DN Myb accelerates transit through the M
phase of the cell cycle. Since cyclin B1 is known to regulate
transition through the G2/M phase of the cell cycle, an addi-
tional test of the biologic importance of Myb’s regulation of
cyclin B1 expression was carried out. We examined cell cycle
progression in K562-MERT expressing the DN Myb which
suppresses both c-Myb and B-Myb function. Cells were syn-
chronized at the G2/M phase by nocodazole treatment follow-

FIG. 4. Activation of DN Myb accelerates transit through the M phase of the cell cycle. (A) K562-MERT cells were synchronized at G2/M by
nocodazole treatment following a double-thymidine block. Subsequently, the cells were released into the cell cycle and then treated with 4-OHT
to allow MERT to inhibit endogenous Myb activity. The data provided are representative of four independent experiments. (B) Cyclin B1 protein
expression was determined by Western blot analysis with the lysate of the cells used in panel A. A representative Western blot analysis of three
independent experiments is shown. (C) On the left is cyclin B1 protein expression in the absence (diamonds) or presence (circles) of 4-OHT from
panel B quantitated by densitometry. On the right are the percentages of K562-MERT cells in the G2/M phase of the cell cycle in the absence (open
circles) or presence (filled circles) of 4-OHT from panel A. (D) K562-MERT cells were synchronized in the G1 phase by a double-thymidine block
and subsequently released into the cell cycle in medium in the absence or presence of 4-OHT.
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ing a double-thymidine block (18). Immediately following re-
lease from the block, the DN Myb protein was activated by
4-OHT. Cell cycle progression was then analyzed as a function
of cellular DNA content by flow cytometry (Fig. 4A). After
treatment with nocodazole, �90% of the untreated cells accu-
mulated in the G2/M phase (Fig. 4A, time 0 h). At 4 h after
release from the block, �46% of the untreated cells exited the
G2/M phase and moved into the G1 phase. At 8 h after release,
64% of the untreated cells were in G1. In 4-OHT-treated cells,
62% and 72% of the cells exited G2/M and moved into G1 at
4 h and 8 h, respectively. These differences were reproducible
in four experiments. By 8 h, �70% of the 4-OHT-treated cells
moved into G1 or early S phase but no cells transited the late
S phase. At 12 h, the percentages of cells in the G2/M phase
were 24% and 6% for untreated and 4-OHT-treated cells ex-
pressing DN c-Myb, respectively. These results are consistent
with the hypothesis that Myb plays a role in regulating transi-
tion through the M phase of the cell cycle and that this tran-
sition is accelerated in the absence of Myb. Cyclin B1 protein
expression was also measured in the same cells (Fig. 4B and
C). After addition of 4-OHT to K562-MERT cells, cyclin B1
expression decreased �2- to 2.5-fold compared to that in un-
treated cells at 4, 8, and 12 h. This reduction of cyclin B1 in
4-OHT-treated cells expressing DN Myb was observed consis-
tently in multiple experiments and was also concordant with a
decrease in 4-OHT-treated cells in the G2/M phase of the cell
cycle (Fig. 4C).

Finally, we examined the effect of DN Myb on passage
through the S phase. K562-MERT cells were synchronized in
G1 by a double-thymidine block and were then released in
medium without or with 4-OHT (Fig. 4D). Initially, �70% of
the cells were in the G1 phase and �30% were in S phase.
Progression through the S phase was delayed in 4-OHT-
treated K562-MERT cells compared to untreated K562-
MERT cells. By 12 h, �70% of the untreated K562-MERT
cells moved from G1 into the G2/M phase while �30% of the
cells were in the S phase. In contrast, �50% of the 4-OHT-
treated K562-MERT cells remained in the S phase of the cell
cycle. Since cyclin B1 is not known to effect passage through
the S phase, we think it likely that another, as yet unidentified,
Myb-regulated protein is important in this phase of the cycle as
well. Our data, in aggregate, lead us to suggest that delay of the
S phase and acceleration through G2/M may be the operative
mechanism whereby loss of Myb activity inhibits cell prolifer-
ation and ultimately leads to accumulation of cells at the G1/S
interface.

Cyclin B1 expression and c-myb expression increase concor-
dantly in phytohemagglutinin (PHA)- or interleukin-2 (IL-2)-
stimulated normal human PBL. The results reported above
were observed in cell lines. To determine the relevance of
these results to normal cells, we also examined the potential
role of c-myb in regulating the G2/M transition in normal
human PBL. We chose these cells because they were readily
available in large numbers and are dependent on c-Myb ex-
pression for proliferation. Knowing that c-myb mRNA and
protein have a very short half-life and that c-Myb would have
to be expressed in G2/M if it were playing a role in this phase
of the cell cycle, we began by quantitating c-myb expression by
real-time PCR in resting and stimulated lymphocytes. Surpris-
ingly, we found that c-myb was constitutively expressed in nor-

mal human PBL (Fig. 5A). We also found that after PHA
stimulation, in amounts ranging from 1 to 6 �g/ml and with
several different lots of PHA, c-Myb expression increased, not
after 24 h as some have reported (9, 14, 42) but only slightly at
48 h and then unequivocally and more robustly between 72 and

FIG. 5. Cyclin B1 expression and c-myb expression increase con-
cordantly in PHA- or IL-2-stimulated human lymphocytes. (A) Real-
time PCR of c-myb expression in human PBL stimulated with 3 �g/ml
PHA for 3, 8, 19, 24, 48, 72, and 96 h. c-myb expression was normalized
to 18S RNA. (B) Western blot analyses of c-Myb, cyclin B1, and
histone H1 in PBL stimulated with PHA for 0, 24, 48, 72, 96, and 120 h.
The membranes were first probed with anti-c-myb and then stripped,
and cyclin B1 expression and �-actin expression were determined on
the same membrane with the respective antibodies. (C) Western blot
analyses of Myb and cyclin B1 in PBL stimulated with PHA for 96, 120,
144, 168, and 192 h. For all experiments, PBL were stimulated with 3
�g/ml PHA. (D) Western blot analyses of c-Myb and cyclin B1 in PBL
stimulated with IL-2. PBL activated by PHA were starved for 24 h and
then stimulated with 30 ng of IL-2/ml for up to 6 days.
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96 h (Fig. 5A). These results were confirmed by multiple rep-
licates of the same experiments.

We also examined c-Myb protein levels in T lymphocytes at
120 h (Fig. 5B) and at 192 h (Fig. 5C) after PHA stimulation.
Since histone H1 expression peaked at 72 h, we assumed that
S phase occurred at �72 h as well (52). We confirmed that the
S phase occurred at �72 h by flow cytometric cell cycle analysis
of PHA-stimulated lymphocytes and examination of [3H]thy-
midine uptake after 3 �g/ml PHA stimulation (data not
shown). The maximal level of c-Myb and cyclin B1 was de-
tected at 120 h. This is of interest because cyclin B1 expression
peaks at the G2/M phase (25, 36, 38). After 120 h, the level of
cyclin B1 decreased but began to increase again at 192 h (Fig.
5C). c-Myb expression did not change after 120 h but did
increase again at 192 h, concordant with the second observed
increase in cyclin B1 expression.

To determine if the results described above might have been
due to the type of proliferative stimulus used, we examined
c-Myb expression kinetics in normal PBL after IL-2 stimula-
tion. PBL were pretreated with PHA (1 �g/ml) for 24 h in
order to prime them for proliferation. After this time, the cells
were washed and placed in medium devoid of PHA in order to
arrest the cells in G1. After a second 24-h interval in the
PHA-free medium, IL-2 (30 ng/ml) was added and c-Myb
expression was monitored serially thereafter. The maximal
level of c-Myb expression occurred after 48 h of IL-2 stimula-
tion, and it was concordant with the peak levels of cyclin B1
expression (Fig. 5D).

Repression of c-myb decreases cyclin B1 expression in nor-
mal human T cells and CD34� cells. Lastly, we examined
cyclin B1 expression in human T lymphocytes and CD34� cells
when c-myb was repressed by siRNA. The c-myb-1 siRNA was
transfected into unstimulated human T lymphocytes, and then
the cells were cultured for 72 h in the medium with PHA (5
�g/dl). After 72 h, the c-Myb level in the siRNA-treated cells
was decreased by �43% compared to that in control siRNA-
treated cells. In accord with this result and those reported
above, cyclin B1 mRNA expression decreased by 47% in these

cells (Fig. 6A). We also measured cyclin B1 mRNA expression
in human bone marrow CD34� cells when c-myb was sup-
pressed with siRNA. c-myb-1 siRNA was transfected into the
cells, and c-myb expression and cyclin B1 expression were mea-
sured at 48 h after the transfection. c-myb expression and cyclin
B1 expression also decreased concordantly (Fig. 6B). There-
fore, it is highly likely that the relationships among c-Myb,
cyclin B1 expression, and cell cycle progression apply to nor-
mal hematopoietic cells as well.

DISCUSSION

Recent studies have suggested that B-Myb may be an im-
portant link in an E2F-regulated “feed forward loop” (22)
whereby genes expressed in G1/S are also important in regu-
lating the expression of genes required for the G2/M transition
(54). For example, it has been suggested that in rat embryonic
fibroblasts and human ganglioblastoma cells, E2F3 upregulates
B-Myb in G1/M and that B-Myb, in turn, upregulates cdc2,
cyclin A2, and cyclin B1 in G2/M (54). Germane to this report,
however, is the fact that these genes were found to be respon-
sive only to B-Myb, and specifically not c-Myb, when investi-
gated. However, since genes regulated by c-Myb have been
reported to be cell type specific (29) and because c-Myb is
known to play an important role in hematopoietic cell prolif-
eration, we sought to address the possibility that in hemato-
poietic cells, c-Myb might also play a role in regulating other
phases of the cell cycle.

Perhaps surprisingly, we found that, in contrast to the stud-
ies of Zhu et al. (54), c-Myb can regulate cyclin B1 expression
not only in hematopoietic cells but in colon cancer-derived
cells as well. Further, we developed a great deal of evidence to
support the hypothesis that Myb regulation of cyclin B1 ex-
pression is direct. Specifically, we demonstrated that c-Myb
interacts directly with the cyclin B1 promoter in vivo (Fig. 1A).
Reporter assays showed that overexpression of both c-Myb and
B-Myb increased cyclin B1 promoter activity through the Myb
binding site, GGAACGGCTGTTGG, located 22 bp down-

FIG. 6. c-myb repression induces a cyclin B1 decrease in human T cells and CD34� cells. (A) Real-time PCR analysis for cyclin B1 and c-myb
expression in human PBL stimulated with PHA at 5 �g/ml for 72 h following c-myb-1 siRNA transfection. (B) c-myb expression and cyclin B1
expression were measured by real-time PCR 24 h posttransfection of c-myb-1 siRNA into CD34� cells from human bone marrow. The expression
of c-myb and cyclin B1 genes was normalized to that of GAPDH. *, P � 0.05 compared to the value of control siRNA.
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stream of the transcriptional start site. In addition, a condi-
tionally active c-Myb protein restored cyclin B1 mRNA expres-
sion in the presence of cycloheximide in K562 cells.

Knowing that c-Myb directly regulates cyclin B1 expression
in hematopoietic cells, it was reasonable to further propose a
role for c-Myb in the G2/M transition phase of these cells.
While our data demonstrate that B-Myb, as well as c-Myb, is
capable of regulating cyclin B1 expression and the G2/M tran-
sition, it is equally clear that in cells in which B-Myb is silenced
with siRNA, c-Myb can rescue B-Myb function in both respects
(Fig. 3A and B). This relationship was also shown to be func-
tional in HCT116 cells, which do not normally express c-Myb.
In cells in which B-Myb had been silenced with siRNA, exog-
enously expressed c-Myb partially rescued cyclin B1 expression
and the associated delay of G2/M transit (Fig. 3C). Finally, in
K562-MERT cells expressing a DN Myb protein, we noted an
accelerated G2/M transit time (Fig. 4). This is consistent with
previous studies which suggest that cyclin B1 destruction in
metaphase is essential in order for cells to leave the M phase
(8, 17, 37). While this result does not discriminate between the
roles of c-Myb and B-Myb (the DN Myb protein suppresses
both forms), it does speak to the role of Myb’s importance in
regulating G2/M transit in hematopoietic cells.

Since the bulk of our experiments were carried out with cell
lines, we also attempted to demonstrate that c-myb can regu-
late cyclin B1 expression in normal human hematopoietic cells.
For this purpose, we used PBL and bone marrow-derived
CD34� cells. While it was not possible to perform experiments
with synchronized populations of these cells, we were none-
theless able to demonstrate the same relationships between
c-Myb and cyclin B1 expression by cytokine stimulation or by
using the DN expression system or siRNA-mediated inhibition
of c-Myb. Curiously, in the experiments carried out with T
lymphocytes, we also showed that c-Myb protein expression
peaked in the G2/M phase (Fig. 5), rather than in G1/S, as has
been previously reported for PHA-stimulated cells (9, 11, 15,
33, 53). These results are certainly consistent with our finding
that c-Myb directly regulates the expression of cyclin B1, but
this discrepancy might also be explained by differences in the
methods used to detect c-Myb expression and differences in
the mitotic stimulants used. Regardless, the results presented
clearly demonstrate that the relationship between c-Myb and
cyclin B1 expression is operational in normal cells, as well as in
cell lines, and support the hypothesis that this relationship is of
physiologic significance.

In summary, while recent studies suggest that B-Myb, and
specifically not c-Myb, may be important in regulating the
G2/M transition in certain cell types (54), we now provide data
which suggest that in normal and malignant human hemato-
poietic cells, and likely in human colonic cells as well, c-Myb
and B-Myb are both capable of directly regulating cyclin B1
expression. These data are consistent with the observation that
critical Myb protein functions are conserved across the phyla
(19, 34, 54). They also provide strong support for the hypoth-
esis that Myb plays an important role in regulating the G2/M,
as well as the G1/S, cell cycle transition in hematopoietic cells.
Our studies do not allow us to definitively answer the question
of whether c-Myb or B-Myb is the more important physiologic
regulator of cyclin B1 in hematopoietic cells. The fact that
B-Myb is more abundantly expressed than c-Myb might be

interpreted to mean that it is of greater physiologic impor-
tance. However, since c-Myb can transactivate cyclin B1 to
almost the same extent as B-Myb (Fig. 1B and 2) and can at
least partially rescue B-Myb-deficient cells, we hypothesize
that in the hematopoietic cell context it may well play an
important role as a coregulator of cyclin B1 or, perhaps more
likely, by providing a measure of redundancy, and the concom-
itant survival advantage that accompanies such redundancy,
for Myb protein function in hematopoietic cells.
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