HEMATOPOIESIS

'.) Check for updates

Positive and negative regulation of c-Myb by cyclin D1, cyclin-dependent

kinases, and p27 Kipl

Wanli Lei, Fan Liu, and Scott A. Ness

The c-Myb transcription factor controls
differentiation and proliferation in hema-
topoietic and other cell types and has
latent transforming activity, but little is
known about its regulation during the cell
cycle. Here, c-Myb was identified as part
of a protein complex from human T cells
containing the cyclin-dependent kinase
(CDK) CDK6. Assays using model re-

porter constructs as well as endogenous
target genes showed that the activity of
c-Myb was inhibited by cyclin D1 plus
CDK4 or CDKG6 but stimulated by expres-
sion of the CDK inhibitors p16 Ink4a, p21
Cip1, or p27 Kip1. Mapping experiments
identified a highly conserved region in
c-Myb which, when transferred to the
related A-Myb transcription factor, also

rendered it responsive to CDKs and p27.
The results suggest that c-Myb activity is
directly regulated by cyclin D1 and CDKs
and imply that c-Myb activity is regulated
during the cell cycle in hematopoietic
cells. (Blood. 2005;105:3855-3861)
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Introduction

The c-Myb protein is a DNA-binding transcription factor that
regulates the expression of specific genes in different cell types
during development and during cellular differentiation.!* Expres-
sion of c-Myb is required for normal hematopoiesis® and for the
proliferation of hematopoietic cells in tissue culture,®® and c-Myb
has been implicated in the regulation of proliferation of other cell
types such as colon, mammary, and endothelial cells.””!* As the
product of the c-myb protooncogene, the c-Myb protein has latent
transforming activity that can be unleashed through point muta-
tions and C-terminal deletions.'>-!8 Thus, relatively minor changes
in c-Myb can convert it from a docile regulator of normal
proliferation and differentiation to a potent transforming protein
that induces leukemias in birds and rodents.'®->

Since c-Myb protein is linked to the regulation of proliferation,
it is likely to play a role in regulating the cell cycle. Although
c-Myb protein levels rise when T lymphocytes enter the cell
cycle, 20?7 several types of evidence suggest that c-Myb protein
activity is regulated by posttranslational mechanisms.!72%28-33
Interestingly, the related transcription factor B-Myb (MYBL2)
regulates genes during S phase and G, and its activity is regulated
by cyclin A/cyclin-dependent kinase 2 (CDK?2) phosphorylation.?*
Thus, it seems likely that c-Myb activity could be regulated by cell-
cycle—specific protein interactions or modifications that focus the
changes in its activity to the G,/S transition. The most important
regulators of this transition are cyclin D1, which interacts with and
regulates the cyclin-dependent kinases CDK4 and CDK6, and
cyclin E, which interacts with and regulates CDK2. In vertebrates,
the activities of the cyclin/CDK complexes are further regulated by
the cyclin-dependent kinase inhibitors, especially pl6Ink4a, p21
Cipl, and p27 Kipl, which are in turn subject to their own

regulation via phosphorylation and subcellular localization.3-3¢
Although c¢-Myb has been shown to interact with cyclin D1,%7
previous reports suggested that c-Myb activity was not affected
by the interaction. Thus, the relationship between cell-cycle
regulation and changes in c-Myb activity has remained obscure.

Here, the relationship between cell-cycle regulators and c-Myb
activity was investigated by testing whether c-Myb interacts with
important regulators of the cell cycle in hematopoietic cells. We
found that c-Myb exists in a stable complex with the cyclin
Dl-regulated kinase CDK®6, suggesting that c-Myb is directly
regulated by a cell-cycle—dependent mechanism in the G; phase of
the cell cycle. The results link c-Myb to cell-cycle control and
outline a regulatory pathway from the CDK inhibitors p16 Ink4a,
p21 Cipl, and p27 Kip1 to c-Myb and downstream target genes that
are likely to affect the proliferation or differentiation of hematopoi-
etic cells.

Materials and methods

Plasmids, expression vectors, and reporter assays

The c-Myb, A-Myb, and B-Myb expression vectors, the Myb-responsive
reporter plasmid, and the transfection assays have been described,?® as has
the plasmid expressing NF-M.3 The pCMXp27 (mouse p27) expression
plasmid was provided by Tony Hunter (Toyoshima and Hunter*). Plasmids
expressing human p21, p16, and p19 from cytomegalovirus promoters were
obtained from Richard Pestell (Ashton et al*!). The A-Myb/c-Myb recombi-
nants were constructed by swapping cDNA fragments at the conserved
EcoRI and Hincll sites, as described in the legend to Figure 2. QT6 and
HD-11 cells were transfected essentially as described previously using
Lipofectamine reagent as suggested by the manufacturer (GIBCO BRL,
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Gaithersburg, MD). Luciferase reporter gene activities were analyzed using
a Turner Designs TD-20/20 luminometer (Turner BioSystems, Sunnyvale,
CA). The error bars in Figures 4 and 5 represent the range of duplicate
assays performed in parallel.

Northern and Western blots and immunoprecipitations

QT6 or HD-11 cells were seeded into 6-well plates (3.75 X 107 cells/well)
24 hours in advance and were transfected using 1.0 pg or 0.2 pg of each
expression plasmid and a total of 3.0 wg or 0.6 pwg of plasmid DNA
(adjusted with empty expression plasmid), respectively. Forty-eight hours
later, 10% of the recovered cells were used for Western blotting to detect the
expressed proteins. Remaining cells were used for total RNA extraction
with the RNeasy Mini Kit (Qiagen, Valencia, CA). Five micrograms of the
resulting total RNA was separated in a 1% formaldehyde agarose gel and
transferred to Highbond-N membrane (Amersham Pharmacia Biotech,
Piscataway, NJ). The blots were hybridized with radiolabeled probes
specific for the Mim1, lysozyme, and B-actin genes, as described.?

Western blots were performed as described previously'8 using rabbit
antibodies specific to the Myb DNA-binding domain.> Antibody-protein
complexes were detected using enhanced chemiluminescence (ECL) re-
agents as described by the manufacturer (Amersham Life Science, Arling-
ton Heights, IL). Coimmunoprecipitations using anti-FLAG epitope beads
(Sigma, St Louis, MO) were performed as described previously.3!-32

For Jurkat cell extract coimmunoprecipitations, approximately 1 X 108
cells were lysed by sonication in lysis buffer (50 mM Tris-Cl, pH 7.4; 1%
nonidet P-40; 0.5% deoxycholate; 0.1% sodium dodecyl sulfate; 150 mM
NaCl) supplemented with protease inhibitors (1 wM each chymostatin,
leupeptin, antipain, pepstatin-A; 1 mM each phenylmethylsulfonyl fluoride
and benzamidine). The extract was cleared by centrifugation (20 minutes at
15 000g) and pretreated for 1 hour with protein-G beads at 4°C (Amer-
sham Biosciences, Sunnyvale, CA). After centrifugation the supernatant
was mixed with 10 pwL of nonimmune rabbit serum or anti-c-Myb
antiserum (SC7874; Santa Cruz Biotechnology, Santa Cruz, CA) for 1
hour, then collected by addition of protein-G beads for another hour. The
complexes were collected by centrifugation, washed 3 times with lysis
buffer, then analyzed by Western blotting.

Results
CDK4 and CDKG6 interact with c-Myb in human cells

The c-Myb protein has been linked to the regulation of prolifera-
tion”# and can interact with cyclin D1.37 We used coimmunoprecipi-
tation assays to test whether c-Myb also formed stable complexes
with cyclin-dependent kinases (CDKs) in animal cells. As a first
approach, we used a coimmunoprecipitation assay to test whether
c-Myb and CDK6 were present in a stable complex in Jurkat cells,
a human T-cell line that expresses high levels of c-Myb and CDK6.
Briefly, cell extracts from Jurkat cells were subjected to immunopre-
cipitation using several different anti-c-Myb antibodies. After
extensive washing, the resulting complexes were analyzed by
Western blotting using anti-CDK6 antibodies. As shown in Figure
1A, CDK6 was readily detected both in the total extract used as a
starting point in the coimmunoprecipitation assay (lane 1) and in
the anti-Myb immunoprecipitate (lane 2) but was not detected in
the sample immunoprecipitated with a control, nonspecific anti-
serum (lane 3). Since 10-fold more extract was used for the
immunoprecipitation than for the analysis of the total sample, we
estimate that approximately 10% of the endogenous CDKG6 protein
in Jurkat cells exists in a complex with c-Myb. The interactions
were not affected by addition of ethidium bromide (not shown),
suggesting that they were independent of DNA and occurred
through protein-protein interactions.*> These results show that
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Figure 1. CDKs interact with c-Myb. (A) CDK6 and c-Myb are in a complex in
human cells. Extracts from Jurkat T cells were prepared and analyzed for CDK6
expression using a total extract (lane 1) or samples that were first immunoprecipi-
tated (IP) using anti-Myb antibodies (lane 2) or nonspecific antiserum (NS; lane 3).
The samples were analyzed by Western blotting using anti-CDK6 antibodies for
detection. The amount of sample analyzed in lane 1 is 10% of the amount used for the
immunoprecipitations in lanes 2 and 3. (B) CDK coimmunoprecipitation. QT6
fibroblast cells were transfected with plasmids expressing c-Myb (lanes 1, 4-6, 9, 10),
FLAG epitope-tagged CDK4 (lanes 2, 4, 7, 9), and FLAG epitope-tagged CDK6
(lanes 3, 5, 8, 10) as indicated at top. After 2 days, extracts were prepared and a small
sample (10% of total) was saved for total extract analysis (lanes 1-5) while the
remainder of each was subjected to immunoprecipitation using anti-FLAG beads
(lanes 6-10). All the samples were analyzed by Western blotting using anti-Myb
antibodies. The migration of the c-Myb protein is indicated at the right as is the
immunoglobulin (IgG) band from the immunoprecipitation that cross-reacts with the
second antibody used in the Western blot analysis.

c-Myb and CDKG6 exist in a stable complex in human T cells and
suggest that CDKG6 is likely to be an important regulator of c-Myb
transcriptional activity. The c-Myb protein has been shown to
interact directly with cyclin D1,37 a result that we have confirmed in
cotransfection/immunoprecipitation assays (data not shown). How-
ever, repeated attempts were unable to detect the presence of cyclin
D1 in immunoprecipitates from untransfected Jurkat cells, prob-
ably because the endogenous cyclin D1 protein is very unstable and
present at very low steady-state levels. Although c-Myb has
been shown to be required for T-cell proliferation, this is the first
time that c-Myb has been shown to be associated with compo-
nents of the cell-cycle machinery in human hematopoietic or
lymphoid cells, without overexpression or transfection, and
when both proteins are expressed at their normal, physiologi-
cally relevant levels.

To characterize the interactions between c-Myb and CDK
inhibitors in more detail we constructed expression vectors for
CDK4 and CDKG6 that expressed the cell-cycle regulators as fusion
proteins containing N-terminal FLAG epitope tags, then expressed
the modified CDKs either alone or in combination with c-Myb. We
performed the experiment in fibroblast cells, which express little or
no endogenous c-Myb protein, in order to avoid any interference by
endogenous proteins. Anti-FLAG beads were used to harvest the
CDK-containing protein complexes, the immunoprecipitates were
washed under stringent conditions, and the recovered complexes
were analyzed by Western blotting using anti-Myb antibodies. The
left side of Figure 1B (lanes 1-5) shows the Western blot of the
starting lysates. The right side (Figure 1B lanes 6-10) shows the
coimmunoprecipitated samples. The anti-FLAG beads did not
precipitate any detectable c-Myb in the absence of the CDKs
(Figure 1B lane 6) or when the CDKs were expressed without
c-Myb (Figure 1B lanes 7-8), but c-Myb coprecipitated with both
CDK4 and CDK6 when the proteins were coexpressed (Figure 1B
lanes 9-10). Similar results were obtained using chicken, mouse, or
human c-Myb or CDK proteins (data not shown), suggesting that
the domains required for interactions have been conserved in
vertebrate evolution. Judging from the intensities of the bands and
the fact that 10 times more extract was used for the immunoprecipi-
tations than for the initial Western blot analysis, we estimate that
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approximately 10% of the c-Myb protein coimmunoprecipitated
with the FLAG-CDK®6, somewhat less with the FLAG-CDK4. The
finding that only a fraction of the c-Myb coprecipitated could
indicate that its association with CDK4 or CDKG6 is transient or
cell-cycle dependent or could indicate that not all cells were
equally transfected by both expression plasmids. Nevertheless,
based on the results from the Jurkat cells shown in Figure 1A and
these overexpression experiments, we conclude that c-Myb can
form a stable complex with either CDK4 or CDK6 in human or
animal cells.

The c-Myb transcriptional activation domain is required for
CDK6 complex formation

The results described in Figure 1 showed that full-length c-Myb
and CDK proteins could form a stable complex. Next, we used
several c-Myb deletion constructs (Figure 2A) to map the region of
the c-Myb protein that was required for the interaction with CDK6.
Plasmids expressing the various deletion constructs were cotrans-
fected along with the FLAG-CDK6 expression vector in fibro-
blasts, then coimmunoprecipitation assays were used to detect
CDK6-Myb complexes, as described above. As shown in Figure
2B, FLAG-CDK®6 associated with the deletion constructs CT and
CH, which were truncated at residues 365 and 304, respectively
(Figure 2B lanes 5-6), but did not interact with the shorter
construct, CP, which was truncated at residue 230 (Figure 2B lane
4). Thus, the region of c-Myb between residues 230 and 304 was
required for interaction with CDK6 and, as shown in similar
experiments, CDK4 (data not shown). The structures of the
CDK-binding regions from human, murine, and chicken c-Myb

A B CP CHCT CP CH CT
cMyb [ —— ] 1641 12 3 4 5 6
(e gl — 1365 ——
CH [ — | 1-304 -,___i -
CP [ m— 1230
== CDKE Binding - - <4
L3 -

Total Lysate  IP: Anti-FLAG

c TPStI
20? ZLT 225| 235| 24? 255|
v=myb EGYpQEsSKAgppsatTq:FDKssHLHaFahinagprgaGQaplgdemeaEpQNv
chick EGY1Q0EsSKAglpsatTgFQEssHLMaFahnpPagplpgaGQaplgsdYpYYHIAEPONY
human EGY1QEsSEAsgpavaTsFOEnsHLMgFagapFtagLpatGOptvnndYsYYHISsEaQNy
murine EGYlQEpsmsqt,pvaTs?DKnnMgFghastsg‘LspsGstvnsaYp'x‘YHIasaQN.L
Consensus EGY QE GO ¥ YYHI E QN
265 27? 285| 295 305 315
———————— [mmmmtmmmm | mmmmtmmm |t e et | et |
v-myb pgq.l_PTP\ﬂLLBiNI imopmxanm IKELELLLMST! ECO0aL
chick poqiPYPVALHvHIvNVPQPARARTIORHY IKELELLLMST EGOQaL
human sshvPYPVALHVvNIvNVEQPAAAATORHY IKELELLLMST EGQOVL
murine sshvPYPVALHaNIvNVEQPARARTORHY IKELELLLMST KGOQaL
Consensus PYPVALH NI NHVPQPARARTORHY IKELELLL 'Il‘ EGOO L

HincII<

Coiled-Coil Region

Figure 2. A CDK interaction domain in c-Myb. (A) Deletion constructs. C-terminal
deletion constructs of c-Myb were prepared using various restriction sites. The amino
acid residues retained in each construct are shown at the right. The highly conserved
DNA-binding domain of c-Myb is shaded black. (B) Mapping the interaction domains.
The deletion constructs CP (lanes 1, 4), CH (lanes 2, 5), or CT (lanes 3, 6) were
coexpressed with FLAG epitope-tagged CDK6 and the resulting complexes were
isolated by immunoprecipitation with anti-FLAG beads then analyzed by Western
blotting using anti-Myb antibodies, as described for Figure 1. The left panel (lanes
1-3) shows the total extracts; the immunoprecipitated samples are shown at the right
(lanes 4-6). Arrows indicate the migration of the c-Myb protein derivatives. (C)
Conservation of the CDK interaction domain. The amino acid sequences of v-Myb
from avian myeloblastosis virus or c-Myb proteins from chicken, human, or mouse
were aligned using ClustalW.#® The bottom line shows the identical amino acids,
shaded boxes show blocks of highest conservation. The numbering scheme comes
from the chicken c-Myb protein.** The coiled-coil region predicted using the SMART
analysis package*>¢ is indicated at bottom. The coiled-coil region has been shown to
interact with the transcriptional coactivator CBP.48
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proteins are compared in Figure 2C, where conserved residues are
shown in upper case and the most conserved blocks of amino acids
are shaded. The domain contains a 54-residue block that is almost
totally conserved between the c-Myb proteins of humans, rodents,
and birds and that is predicted*#¢ to contain a coiled-coil region
that could mediate protein interactions. This coiled-coil region is
also conserved in the related protein A-Myb. The conserved block
is highly charged, containing numerous acidic and basic residues,
and constitutes part of the minimal transcriptional activation
domain of c-Myb.*8-30 Part of the conserved block has been shown
to bind transcriptional coactivators such as CBP (cyclic adenosine
monophosphate [cAMP]-response element-binding protein
[CREB]-binding protein).#”31-53 In glutathione-S—transferase (GST)
pull-down experiments, bacterially expressed fragments of c-Myb
were unable to form a stable complex with in vitro—translated
CDKG6, suggesting that either the complex formation requires CBP
or another as-yet-unidentified protein that was not present in the in
vitro binding assay or that complex formation required one or both
of the components to be posttranslationally modified. For example,
activation of cyclin-dependent kinases depends on specific activat-
ing kinases>*° that could affect their ability to interact with c-Myb.
Although our results show that c-Myb forms a stable complex with
CDK4 and CDK6 in animal cells, the data do not rule out the
possibility that an unidentified third protein might act as an adaptor
to mediate the interactions between c-Myb and CDKs.

Cyclin/CDK expression affects c-Myb activity

The results described so far showed that c-Myb could interact with
CDKs. Next, we set out to test whether coexpression of cyclins and
CDKs could influence c-Myb transcriptional activity. Several
reports have shown that reporter gene assays using model promot-
ers can give misleading results about the activities of various Myb
proteins. 238305758 To avoid such complications, we started by
testing whether cyclins and CDKs could influence the ability of
c-Myb to activate an endogenous target gene. Unfortunately, very
few Myb-regulated genes have been well characterized from human
cells. However, the chicken Mim/ gene is one of the best-characterized
natural target genes known to be regulated by Myb proteins in
normal and transformed cells.”® The MimI gene promoter contains
binding sites for c-Myb as well as NF-M, the chicken version of
CCAAT/enhancer-binding protein 3 (C/EBPR).®° Furthermore,
ectopic expression of c-Myb is sufficient to activate transcription of
the endogenous Miml gene in cells that already express NF-M,
such as chicken HD-11 macrophage cells. Coexpression of
c-Myb plus NF-M can activate the endogenous MimlI gene in other
cells, such as QT6 fibroblasts.?° Activation of Miml gene
expression has been used in several previous studies to follow the
regulation of c-Myb transcriptional activity.3*-307-58 Here, chicken
HD-11 cells were transfected with plasmids expressing c-Myb
alone or in combination with cyclin D1 and CDK®6. After 2 days,
RNA was purified and assayed by Northern blotting to monitor the
activation of the endogenous MimI gene.*> As shown in Figure 3,
no Miml RNA was detectable in the control sample (lane 1), but
Miml was strongly expressed in the cells that were transfected with
the c-Myb expression vector (lanes 2-5). Coexpression of CDK6 by
itself had little, if any, effect on the ability of c-Myb to activate the
Miml gene (Figure 3 lane 3). However, coexpression of cyclin D1
led to partial inhibition of c-Myb activity (Figure 3 lane 4), which
was more dramatic when cyclin D1 and CDK6 were expressed
together (Figure 3 lane 5). Western blot analysis (Figure 3 bottom
panel) showed that the coexpression of cyclin D1 and/or CDK6 had
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Figure 3. Cell-cycle regulators affect c-Myb activity. Chicken HD-11 macrophage
cells were transfected with plasmids expressing c-Myb plus combinations of cyclin D1
and CDKB, as indicated at the top. After 2 days, RNA was prepared and analyzed by
Northern blotting for expression of the Myb-inducible Mim1 gene (top) or beta-actin

as an RNA loading control (middle). Aliquots of the samples were also analyzed for
c-Myb protein expression by Western blotting using anti-Myb antibodies (bottom).

no effect on the expression of c-Myb, suggesting that the decrease
in Miml gene expression was due to decreased c-Myb activity
rather than a reduction in c-Myb protein levels. The inability of
cyclin D1 plus CDK®6 to completely block c-Myb activity may
reflect the fact that only a fraction of the c-Myb formed a
complex with CDK6 in cotransfection experiments (Figure 1).
These results, which are representative of many similar experi-
ments, suggest that increased activity of cyclin D1/CDK leads to
an inhibition of c-Myb transcriptional activity and affects the
ability of c-Myb to activate target genes in hematopoietic cells.

Activation of c-Myb activity by p27 Kip1

The results described so far showed that c-Myb interacted with
CDKSs and that overexpression of cyclin D1 plus CDK6 could
inhibit the ability of c-Myb to activate endogenous target genes.
However, it was possible that overexpression of the cell-cycle
regulators affected c-Myb activity through some indirect mecha-
nism. The p27 Kipl protein is a tumor suppressor and inhibitor
of CDKs. We reasoned that testing the effect of p27 and other
CDK inhibitors that affect cyclin/CDK activity would help
verify that c-Myb activity is regulated by cyclins and CDKs by
showing that c-Myb activity could be influenced without
overexpressing the cyclin or CDK molecules themselves. Be-
sides c-Myb, vertebrates also express 2 related proteins, A-Myb
and B-Myb, with nearly identical DNA-binding domains but
unique C-terminal domains and biologic activities. All 3 Myb
proteins bind the same DNA sequences and activate the same
reporter genes in transfection assays.’®3® However, as shown in
Figure 4A, when the 3 proteins were tested in a reporter gene
assay with or without coexpressed p27, the CDK inhibitor
stimulated the activity of c-Myb about 2.5-fold, whereas the
relative activities of A-Myb and B-Myb were inhibited about
2-fold in the presence of p27. Thus, expression of the CDK
inhibitor p27 specifically stimulated the activity of c-Myb but
not the related proteins A-Myb or B-Myb, suggesting that the
effect of p27 was a specific effect on c-Myb activity and not a general
effect on the reporter gene assay or on transcription in general.

We next tested the ability of p27 to influence c-Myb activity
in endogenous gene activation assays like the one described in
Figure 3. In addition to the Miml gene, the lysozyme gene is
also Myb-regulated in some cell types.®! We used these Myb-
responsive genes to test whether p27 would also affect the
ability of c-Myb to activate endogenous target genes. Briefly,
QT6 fibroblasts, which usually do not express Miml or ly-
sozyme, were transfected with plasmids expressing c-Myb and
NF-M along with plasmids expressing various CDK inhibitors.
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After 2 days, RNA was harvested and analyzed by Northern
blotting using probes specific for Miml or lysozyme (or
beta-actin as an RNA loading control). As shown in Figure 4B,
expression of c-Myb plus NF-M led to modest expression of
Miml and minimally detectable expression of the lysozyme
gene (lane 1). Neither gene was expressed when the c-Myb
expression plasmid was omitted (data not shown). In these
transfected QT6 cells, coexpression of CDK inhibitors p16 (Ink4a)
or p19 (Arf) had no effect, but coexpression of p21 (Cipl) or p27
(Kip1) led to dramatically increased induction of the Miml and
lysozyme genes. Control experiments showed that the CDK
inhibitors did not activate the Miml or lysozyme genes in the
absence of Myb proteins (data not shown; Figure 5), suggesting
that the response depended on c-Myb and not the coexpressed
NF-M or other transcription factors that might also bind the
promoters. None of the transfected plasmids affected the expres-
sion of beta-actin, which was used as an RNA loading control.

The results described showed that p21 and p27 could stimulate
c-Myb activity in transfected fibroblasts. A similar approach was
used to test whether CDK inhibitors could also affect c-Myb
activity in myeloid cells. Chicken HD-11 macrophage cells were
transfected with plasmids expressing c-Myb either alone (Figure
4C lane 1) or together with combinations of plasmids expressing
cyclin D1, wild-type, or dominant-negative (DN) kinase-dead
CDKG6 and the CDK inhibitors p27 Kip1 or p16 Ink4a. As shown in
Figure 4C, the ability of c-Myb to activate the endogenous Miml
gene was inhibited by cyclin D1 (lane 2) or cyclin D1 plus CDK6
(lane 5) in the absence of CDK inhibitors. However, that inhibition
was blocked by expression of the DN-CDKG6 (Figure 4C lanes 4, 6),
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Figure 4. CDK inhibitors affect c-Myb activity. (A) Reporter-gene assays. A
Myb-responsive reporter plasmid was transfected into QT6 cells along with plasmids
expressing A-Myb, B-Myb, or c-Myb with or without a plasmid expressing p27 Kip1.
Data are plotted as mean fold stimulation relative to the samples lacking p27. Error
bars illustrate the range of replicate assays performed in parallel. (B) Endogenous
gene activation assay. QT6 cells were transfected with combinations of plasmids
expressing NF-M plus c-Myb and various CDK inhibitors as indicated at the top. After
2 days, cells were harvested and analyzed by Northern blotting using a probe specific
for Mim1 then stripped and sequentially rehybridized with probes for lysozyme and
beta-actin (as an RNA loading control). Western blotting showed that equivalent
levels of c-Myb were expressed in all the samples (not shown). (C) Effects of
cell-cycle regulators. HD-11 cells were transfected with plasmids expressing c-Myb
alone (lane 1) or together with plasmids expressing the indicated combinations of
cell-cycle regulators. After 2 days, RNA was harvested and analyzed by Northern
blotting for the expression of the endogenous Mim1 or beta-actin genes. (D)
Regulation summary. The data suggest a regulatory pathway in which increased
cyclin D1/CDK inhibits the ability of c-Myb to activate specific target genes.
Expression of CDK inhibitors p16, p21, or p27 stimulates c-Myb by inhibiting the
activity of the cyclin D1/CDK complex.
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Figure 5. Transferring the p27-responsive domain. (A) Myb protein structures. The diagrams summarize the structures of A-Myb ([J) and c-Myb (&) and illustrate the
conserved DNA binding, transcriptional activation, and negative regulatory domains. The highly conserved DNA-binding domain is labeled and shaded black. The diagrammed
recombinant proteins were constructed by swapping cDNA fragments at the conserved EcoRlI (E) and Hincll (H) sites, as indicated. Regions of c-Myb involved in interactions
with cyclin D1 and CDK®6 or that confer p27 responsiveness are indicated at the bottom. (B) Activation of A-Myb/c-Myb recombinants. QT6 cells were transfected with a
Myb-responsive reporter plasmid as described in Figure 4 along with plasmids expressing c-Myb, A-Myb, or the recombinant Myb proteins CEA, CHA, AEC ,or AHC, either
alone or along with a plasmid expressing p27. The data are plotted as fold activation by p27, relative to the activity observed by the various Myb proteins alone. (C) Target gene
activation. QT6 cells were transfected with combinations of plasmids expressing NF-M and various Myb proteins or swap constructs either with or without p27, as indicated at
the top. After 2 days, the samples were harvested and analyzed by Northern blotting for Mim1 then stripped and reprobed for lysozyme and beta-actin. Not shown: Western
blotting showed that p27 expression had little or no effect on the expression or stability of the Myb proteins.

suggesting that CDK6 kinase activity was required for c-Myb
inhibition. In contrast to the results obtained using fibroblasts,
expression of either p16 Ink4a or p27 Kip1 had a strong stimulatory
effect on c-Myb transcriptional activity in the myeloid cells (Figure
4C lanes 7-12). The most dramatic effect was observed when p16
or p21 was expressed along with the DN-CDK®6, again suggesting
that inhibition of CDK®6 kinase activity led to stimulation of c-Myb
transcriptional activity. Thus, overexpression of CDK inhibitors
stimulated c-Myb activity, consistent with a model in which p16,
p21, or p27 inhibited the cyclin/CDK complexes that in turn
inhibited c-Myb (Figure 4D). The effects of CDK inhibitors have
been shown to vary dramatically in different cell types,®2-%* perhaps
because of differences in the expression of specific cyclins.®> The
finding that p16 expression was able to activate c-Myb activity in
hematopoietic cells but not fibroblasts suggests that the cyclins or
cyclin-dependent regulatory cascades differ substantially in the 2
cell types.

Mapping the p27 response domain in c-Myb

Since p27 was able to stimulate the activity of c-Myb but not
A-Myb, we took advantage of conserved restriction sites and
constructed several hybrids between these 2 related transcription
factors in order to map the p27-responsive region in c-Myb. As
shown in Figure 5A, the A-Myb and c-Myb proteins share a highly
conserved DNA-binding domain located near the N-terminus that
was shown previously to bind to cyclin D1,%7 a result that we have
confirmed (data not shown). The 2 proteins also share some
conserved regions throughout the transcriptional activation and
negative regulatory domains,* and the ¢cDNAs share conserved
EcoRI and Hincll sites. We used these sites to construct recombi-
nants containing the N-terminus and DNA-binding domain of
c-Myb fused to the remainder of A-Myb at the EcoRI (CEA) or
Hincll (CHA) sites or the reciprocal constructs (AEC and AHC)
with the N-terminus and DNA-binding domain of A-Myb fused to
the C-terminal domains of c-Myb. All of the hybrids were verified
by nucleotide sequencing and each expressed proteins of the
expected sizes (data not shown) and activated reporter genes,
suggesting that the DNA binding and transcriptional activation
functions were intact and functional.

The ability of coexpressed p27 to stimulate the activity of the
various swap constructs was first tested in a reporter gene assay. As
shown in Figure 5B, p27 stimulated the activity of c-Myb about

2-fold but not A-Myb or the hybrid CEA and CHA proteins
containing the C-terminal domains of A-Myb, all of which were
inhibited somewhat by p27 expression. However, p27 did stimulate
the complementary proteins AEC and AHC containing the N-
terminus and DNA-binding domain of A-Myb fused to the
C-terminal regions of c-Myb. The AHC protein contains residues 1
to 285 of A-Myb fused to residues 307 to 641 of c-Myb. Thus, even
in the transfected cells in which c-Myb was dramatically overex-
pressed, coexpression of p27 stimulated c-Myb activity 1.5- to
3.5-fold. These results confirm that p27 expression can stimulate
the activity of c-Myb and show that the stimulation is both specific
and dependent on the C-terminal domain of c-Myb. The results also
show that the ability of c-Myb to respond to p27 can be transferred
to a heterologous transcription factor, in this case A-Myb, by
transferring the p27-responsive domain.

The swap constructs were also tested for their ability to activate
endogenous Myb-dependent target genes. As shown in Figure 5C,
A-Myb was unable to cooperate with NF-M to activate the
endogenous Miml or lysozyme genes, regardless of p27 expression
(lanes 1, 7). However, c-Myb did activate the Mim!I and lysozyme
genes (Figure 5C lane 2), and the activation increased dramatically
in the presence of p27 (Figure 5C lane 8). Although the recombi-
nants containing the c-Myb DNA-binding domain fused to the
A-Myb transcriptional activation domain (CEA and CHA) were
able to induce weak expression of Mim/ and lysozyme (Figure 5C
lanes 4, 6), they were unaffected by p27 (Figure 5C lanes 10, 12).
In contrast, the swap proteins containing the c-Myb transcriptional
activation domain fused to the A-Myb DNA-binding domain (AEC
and AHC) activated Miml and lysozyme expression and were
strongly stimulated by coexpression of p27 (Figure 5C lanes 3, 5, 9,
11). Thus, p27 expression stimulated the transcriptional activity of
c-Myb, whether measured on plasmid-based reporter genes or
endogenous Myb-regulated target genes, and the ability to respond
to p27 mapped to the unique C-terminal regulatory domains
of c-Myb.

Discussion

The c-Myb transcription factor has been implicated in the regula-
tion of hematopoietic cell proliferation and differentiation,** and
oncogenic versions of c-Myb induce leukemias and lymphomas in
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birds and mammals. Although c-Myb has been shown to interact
with cyclin D1,% little is known about the regulation of c-Myb
transcriptional activity during the cell cycle or by cell-cycle
regulators such as CDKs or CDK inhibitors. The results described
here show that c-Myb forms a stable complex with CDKs in human
T cells and that expression of cell-cycle regulators affects the
transcriptional activity of c-Myb, whether measured with plasmid-
based reporter genes containing model promoters or by following
well-characterized target genes that are known to be directly
regulated by c-Myb in hematopoietic cells. Interestingly, the
CDK®6-binding domain in c-Myb contains a coiled-coil region that
is also highly conserved in A-Myb. This may explain why
transferring the C-terminal domain of c-Myb to A-Myb renders
fusion constructs like the AHC protein p27 responsive (Figure 5).

One of the most important conclusions from our results is that a
relatively large fraction of c-Myb and CDK6 exists in a stable
complex in human T cells. The complex was detected using
coimmunoprecipitation from Jurkat cells and also formed when
c-Myb was ectopically coexpressed with CDK4 or CDKG6 in other
cell types. The stable interaction between c-Myb and CDKs
detected here suggests that c-Myb is under direct control of the
cell-cycle machinery and that its transcriptional activity changes
during the G,/S phase transition, when cyclin D1-directed kinases
become active. This model is analogous to the findings for the
related transcription factor B-Myb, which is subject to regulation
by cyclin A/CDK2 phosphorylation in S phase and G,.3*66-68
However, our results indicated that the effects of cyclin D1/CDK6
or p27 Kip1 were specific for c-Myb and did not affect the activities
of B-Myb or A-Myb, the other Myb-related protein expressed in
vertebrates. Thus, c-Myb appears to be regulated by a specific cell-
cycle—dependent regulatory mechanism that distinguishes it from
A-Myb or B-Myb.

Our results showed that c-Myb transcriptional activity could
be inhibited by the combination of cyclin D1 plus CDK4 or
CDKG6 or stimulated by expression of the CDK inhibitors p16
Ink4a, p21 Cipl, or p27 Kipl. Based on these results, we predict
that c-Myb transcriptional activity should be inhibited during
the early part of the G, phase of the cell cycle, when cyclin
D1-dependent CDK activity is high, and should increase in late
G, or at the G,/S phase transition, when p21 and p27 levels rise
and cyclin D1/CDK activity is inhibited, and provide a mecha-
nism for how c-Myb activity is regulated during the cell cycle.
The combined results place c-Myb in a pathway downstream of
p21 Cipl, p27 Kipl, cyclin D1, and CDK6 that regulates
important genes required for the initiation of S phase in human T
cells (Figure 4D). Our recent results have shown that small
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changes in the transcriptional activation domain of c-Myb can
have profound effects on its transcriptional activity,° suggest-
ing that point mutations or posttranslational modifications are
likely to affect the specificity of c-Myb and determine which
genes it is able to regulate in each cellular context.® A
combination of proteomic and genomic approaches will likely
be required to fully investigate the flexible activities of Myb
transcription factors during the cell cycle in different cell types
and in normal and transformed cells.

The complex formation with CDK6 depended on a highly
conserved domain within the minimal transcriptional activation
domain of c-Myb that includes a coiled-coil domain that binds
the transcriptional coactivator CBP4’ and that is also conserved
in the related protein A-Myb. It is possible that the cell-cycle
regulators cyclin D1/CDK6 regulate c-Myb activity indirectly
by modifying the activity of or the interaction with CBP.
Alternatively, a third as-yet-unidentified protein may bind
c-Myb and serve as the target for cell-cycle regulation. Interest-
ingly, response to the expression of the CDK inhibitor p27 Kipl
was mapped to the C-terminal regulatory domains of c-Myb that
contain a previously identified phosphorylation site,?®7% which
could be a target of CDKs and that is involved in intramolecular
interactions within the c-Myb protein.?? Thus, CDK phosphory-
lation of c-Myb could influence the intramolecular interactions
and affect the transcriptional activity of c-Myb. One of the most
interesting results was the cell type—specific activity of some
CDK inhibitors, especially pl6, which activated c-Myb in
hematopoietic cells but not in fibroblasts. Although cell type—
specific effects of p16 have been reported previously,%>%* this
result is unexpected, and comparing the activities of pl6 in
different cell types may provide a means of identifying the
mechanisms involved in CDK regulation of c-Myb activity. The
c-Myb/CDK6 complex from T cells will likely be a fruitful
starting place for future biochemical or proteomic studies that
can dissect the interactions and the nature of the cell-cycle—
regulated complex in more detail.
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