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Previous liver regeneration studies demonstrated that the mouse forkhead box M1B (FoxM1B) transcription
factor regulates hepatocyte proliferation through expression of cell cycle genes that stimulate cyclin-dependent
kinase 2 (Cdk2) and Cdk1 activity. In this study, we demonstrated that disruption of the FoxM1B Cdk1/2
phosphorylation site at Thr residue 596 significantly reduced both FoxM1B transcriptional activity and Cdk
phosphorylation of the FoxM1B T596A mutant protein in vivo. Retention of this FoxM1B 596 Cdk phosphor-
ylation site was found to be essential for recruiting the histone acetyltransferase CREB binding protein (CBP)
to the FoxM1B transcriptional activation domain. Consistent with these findings, dominant negative Cdk1
protein significantly reduced FoxM1B transcriptional activity and inhibited FoxM1B recruitment of the CBP
coactivator protein. Likewise, Cdc25B-mediated stimulation of Cdk activity together with elevated levels of the
CBP coactivator protein provided a 6.2-fold synergistic increase in FoxM1B transcriptional activity. Further-
more, mutation of the FoxM1B Leu 641 residue within an LXL motif (residues 639 to 641) inhibited recruit-
ment of Cdk-cyclin complexes and caused significant reduction in both FoxM1B transcriptional activity and in
vivo Cdk phosphorylation of the FoxM1B Thr 596 residue. We demonstrated that FoxM1B transcriptional
activity requires binding of either S-phase or M-phase Cdk-cyclin complexes to mediate efficient Cdk phos-
phorylation of the FoxM1B Thr 596 residue, which is essential for recruitment of p300/CBP coactivator
proteins.

Cellular proliferation involves stimulation of the mitogen-
activated protein kinase (MAPK) pathway, consisting of the
Ras/Raf1/MEK/MAPK cascade (19, 47), and activation of the
phosphoinositol 3-kinase (PI3K) pathway, consisting of the
PI3K/phosphoinositide-dependent kinase 1 (PDK1)/Akt cas-
cade (5). However, cell division is tightly regulated at the G1/S
(DNA replication) and G2/M (mitosis) transitions of the cell
cycle by temporal activation of multiple cyclin-dependent ki-
nases (Cdks) complexed with their corresponding cyclin regu-
latory subunits. Cdk2-cyclin E or A and Cdk1-cyclin B kinase
activity is essential for progression through the G1/S and G2/M
transitions of the cell cycle, respectively. Furthermore, Cdk
activity is negatively regulated by phosphorylation of Thr 14
and Tyr 15 by the dual specific Myt1 kinase (6, 30, 31, 37). Both
MAPK and PDK1 phosphorylate and activate the downstream
p90 ribosomal S6 kinase (Rsk) (4, 21, 51), which provides
inhibitory phosphorylation to the dual Myt1 kinase (44, 45).
Simulation of Cdk1 or Cdk2 activity involves removal of inhib-
itory phosphates at Thr 14 and Tyr 15 by either Cdc25A phos-
phatase (G1/S phase), Cdc25B (late S phase), or Cdc25C phos-
phatase (G2/M phase) (7, 41, 62). In addition, Cdk activity
requires phosphorylation of Thr 160 by the Cdk-activating
kinase (CAK) protein, which is also a direct target for MAPK
phosphorylation (14, 28, 55).

Cdk1 and Cdk2 proteins are proline-directed kinases that
phosphorylate either Ser or Thr residues within a defined con-
sensus sequence, X-S/T-P-X-R/K. It is well established that
Cdk2 activity in complex with either cyclin E or cyclin A co-
operates with cyclin D-Cdk4 or Cdk6 to phosphorylate the
retinoblastoma (RB) protein, which results in release of bound
E2F transcription factor, allowing stimulation of genes re-
quired for S phase (16, 20). The Cdk1-cyclin B complexes drive
M-phase progression through phosphorylation of protein sub-
strates that are essential for chromosome segregation, break-
down of the nuclear envelope, and cytokinesis (3, 23, 40, 42, 43,
56).

The forkhead box (Fox) transcription factors are an exten-
sive family of transcription factors, consisting of more than 50
mammalian proteins (22) that share homology in the winged
helix DNA binding domain (12, 34). The FoxM1B protein
(previously known as HFH-11B, Trident, and WIN) is a pro-
liferation-specific transcriptional activator that is expressed in
all replicating cells so far examined, but its expression is extin-
guished in terminally differentiated cells (26, 66, 68). During
liver regeneration, FoxM1B expression is markedly induced at
the G1/S transition and continues throughout hepatic cell pro-
liferation (68). Premature hepatic expression of FoxM1B
(HFH-11B) in regenerating liver of transgenic mice acceler-
ated the onset of hepatocyte DNA replication and mitosis by
stimulating earlier expression of cell cycle-regulatory genes
(13, 58, 67). Furthermore, maintaining hepatocyte expression
of FoxM1B in 12-month-old (old-aged) transgenic mice is suf-
ficient to increase regenerating hepatocyte proliferation to lev-
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els found in young regenerating liver (61). In addition to re-
establishing expression of cell cycle-regulatory genes, p27kip1

protein levels were also diminished when FoxM1B expression
was restored in regenerating old-aged mouse liver (13, 27, 60).
These results suggest the hypothesis that FoxM1b controls the
transcriptional network of genes essential for progression
through the cell cycle.

Consistent with this hypothesis, we used the albumin en-
hancer- and promoter-driven Cre recombinase transgene (Alb-
Cre) to mediate hepatocyte-specific deletion of the Foxm1b
floxed/floxed (fl/fl) allele and found that FoxM1b deficiency
resulted in significant reduction in hepatocyte DNA replication
and mitosis following partial hepatectomy (59). Reduced he-
patocyte DNA replication was associated with increased pro-
tein levels of Cdk inhibitor p21Cip1 and reduced protein ex-
pression of Cdc25A phosphatase, leading to decreased Cdk2
activation and progression into S phase (59). Diminished he-
patocyte mitosis was associated with undetectable expression
of the Cdc25B phosphatase and delayed accumulation of cyclin
B1, which is required for cyclin B-Cdk1 kinase activation and
entry into mitosis. Cotransfection assays with the cytomegalo-
virus (CMV)-FoxM1B expression vector and a luciferase plas-
mid driven by the Cdc25B promoter, containing 200 bp of
upstream sequence demonstrated that FoxM1B is capable of
directly activating transcription of this Cdc25B minimal pro-
moter region (59). Taken together, these liver regeneration
studies indicated that Foxm1b deficiency caused diminished
hepatocyte proliferation due to altered expression of proteins
that limit Cdk1 and Cdk2 activity required for normal cell cycle
progression into DNA replication and mitosis.

In this study, we demonstrated that the FoxM1B transcrip-
tional activation domain recruits Cdk-cyclin complexes
through an LXL motif (residues 639 to 641), which mediates
efficient Cdk phosphorylation of FoxM1B Thr residue 596.
FoxM1B transcriptional activity requires Cdk-cyclin-depen-
dent phosphorylation of FoxM1B Thr residue 596, which re-
sults in recruitment of the p300/CREB-binding protein (CBP)
histone acetyltransferase proteins. Consistent with these find-
ings, inhibition of Cdk-cyclin activity caused diminished
FoxM1B transcriptional activity and association with the CBP
coactivator protein. Conversely, increasing Cdk1 activity by
overexpression of Cdc25B in addition to elevated levels of CBP
augmented FoxM1B-dependent transcription. We demon-
strated that FoxM1B transcriptional activity requires binding
of Cdk-cyclin complexes to mediate efficient phosphorylation
of FoxM1b Thr residue 596, which is essential for recruiting
the CBP/p300 coactivator proteins.

MATERIALS AND METHODS

Generation of FoxM1B expression plasmids and luciferase reporter plasmid.
The CMV-FoxM1B expression plasmid was generated by PCR amplification of
the CMV human FoxM1B expression plasmid (68) with the 5� EcoRI T7 epitope-
tagged FoxM1B primer 5�-gcggaattcaccatggctagcatgactggtggacagcaaatgggtTGG
CAGAACTCTGTGTCTGAG and a 3� antisense primer that hybridized to the
CMV expression vector simian virus 40 poly(A) region, 5�-gtttgtccaattatgtca
(lowercase letters indicate the EcoRI site and T7 tag; uppercase letters indicate
the FoxM1B sequence). The resulting 3.3-kb FoxM1B PCR product was digested
with EcoRI and HindIII, generating the 2.5-kb EcoRI-HindIII T7-tagged
FoxM1B cDNA fragment and removing 800 nucleotides from the 3� untranslated
region. This FoxM1B cDNA fragment was subsequently cloned in the EcoRI and
HindIII sites in the CMV expression vector (46). We generated the CMV
pEGFP-T7-FoxM1B expression plasmid by liberating a 2.5-kb EcoRI-HindIII

fragment from the CMV T7-FoxM1B expression vector. The HindIII site was
made blunt by the T4 polymerase fill-in reaction, and then the FoxM1B cDNA
fragment was cloned into the EcoRI and SmaI sites of the pEGFP-C2 expression
plasmid (Clontech).

We generated the CMV tetracycline operator (CMV-TO) FoxM1B expression
plasmid by excising an EcoRI-BamHI fragment from pEGFP-T7-FoxM1B ex-
pression plasmid. The BamHI site was made blunt by a T4 polymerase reaction,
and then the FoxM1B cDNA fragment was cloned into EcoRI and EcoRV sites
of the pCDNA4-TO expression plasmid (T-Rex System; Invitrogen). The 6�
FoxM1B/FoxA TATA-luciferase utilized six copies of the FoxM1B/FoxA binding
site (TTTGTTTGTTTG) from the cdx-2 promoter region adjacent to the TATA
box sequence (from the CMV promoter) driving expression of the luciferase
reporter gene as described previously (49, 54, 68). We generated FoxM1B amino
acid point mutations with the Altered Sites II mammalian mutagenesis system
(Promega). Briefly, the 2.5-kb human FoxM1B cDNA fragment was cloned into
EcoRI and NotI sites of the pAlter-Max vector by liberating the EcoRI/NotI
fragment from the CMV-TO-T7-FoxM1B expression plasmid. Mutagenesis was
performed as described by the manufacturer, and the FoxM1B point mutations
were confirmed by sequencing (University of Chicago DNA Sequencing Facility).
The following 5�-phosphorylated (5�P) antisense primers were used to introduce
site-directed mutations in the FoxM1B coding region: T585A, 5�P-TTCCTTAA
TGGGTGCCTTAAAAGGTCC; T596A, 5�P-AGATTTGCTCGGGGCGGAG
GAGATGGG; L641A, 5�P-GCTGAGATCCATCGCCCCCAGGGGGTC; and
S657A, 5�P-GAGCCTTTGCGGTGCTTCAAGGGGGGG.

Cell culture and transient cotransfections. Human osteosarcoma U2OS cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal calf serum, 1� penicillin-streptomycin, and 1� L-glu-
tamine (Gibco). For transient transfection, U2OS cells were plated in six-well
plates and transfected with Fugene 6 reagent (Roche) according to the manu-
facturer’s protocol. Cells were transfected with 500 ng of either CMV FoxM1B
or CMV FoxM1B site-directed mutants with 1.5 �g of a 6� FoxM1B TATA-
luciferase reporter with 10 ng of CMV-Renilla luciferase internal control. Twenty-
four hours posttransfection, cells were harvested and protein extracts were prepared
for dual luciferase assays (Promega). Luciferase activity was determined as a per-
centage of wild-type FoxM1B activity following normalization to Renilla luciferase
activity. Experiments were performed at least four times in triplicate, and statistical
analysis was performed with Microsoft Excel tools.

FoxM1B transient-transfection assays with dominant negative kinases and
pharmacological kinase inhibitors. Dominant negative (DN) kinase mammalian
expression vectors were obtained from the following laboratories: DN-RasN17,
Ravi Misra, Medical College of Wisconsin; DN-p90Rsk, John Blenis, Harvard
Medical School; DN-Akt, Nissim Hay, University of Illinois—Chicago; WT-
Myt1, Helen Piwnica-Worms, Washington University; and DN-Cdk1, David
Ucker, University of Illinois—Chicago. For dominant negative kinase cotrans-
fection experiments and pharmacological kinase inhibitors, we used a tetracy-
cline-inducible expression system with U2OS cells containing an episomal tetra-
cycline repressor expression plasmid (Invitrogen, catalogue number R712-07).
The episome was maintained by growth in medium containing 50 �g of hygro-
mycin B per ml as described by Yao et al. (65). U2OS-Tetr cells were transiently
cotransfected with reporter plasmid 6�-FoxM1B-TATA-luciferase and CMV-
TO-FoxM1B in the presence or absence of either DN-RasN17, DN-p90Rsk,
DN-Akt, DN-Cdk1, WT-Myt1, Cdc25B, or Cdc25C. Twenty-four hours post-
transfection, tetracycline was added to the cell medium at 1 �g/ml to induce
expression of the FoxM1B protein. Twenty-four hours following FoxM1B induc-
tion, cells were harvested and analyzed for dual luciferase activity.

For pharmacological inhibitor cotransfection experiments, U2OS-Tetr cells
were transiently cotransfected with reporter plasmid 6�-FoxM1B-TATA-lucif-
erase and expression plasmid CMV-TO-FoxM1B. Twenty hours posttransfection
and 5 h prior to the induction of FoxM1B expression with 1 �g of tetracycline per
ml, the medium was supplemented with the following pharmacological kinase
inhibitors: U0126 (50 �M; Promega), Ly294002 (50 �M), alsterpaullone (100
nM, 1 �M, or 10 �M; Calbiochem), or Akt inhibitor (25 �M; Calbiochem); 20 h
following induction of FoxM1B expression, cells were harvested and analyzed for
dual luciferase activity. Luciferase activity was determined as a percentage of
wild-type FoxM1B activity following normalization to Renilla luciferase activity.
Experiments were performed at least four times in triplicate unless otherwise
stated. Statistical analysis was performed with Microsoft Excel tools. U2OS cells
were transiently transfected in two-well chamber slides (Nunc) with CMV
pEGFP-T7-FoxM1B expression constructs in the presence or absence of either
dominant negative kinases or pharmacological inhibitors. At 48 h posttransfec-
tion, cells were fixed in 4% paraformaldehyde for 20 min at room temperature.
Green fluorescent protein (GFP) florescence was visualized with either a Nikon
or Zeiss microscope.
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Immunoprecipitation kinase assays, coimmunoprecipitation-Western blot as-
says, and electrophoretic mobility shift assays. U2OS cells were plated on a
100-mm plate and transiently transfected with 5 �g of CMV pEGFP-T7-epitope-
tagged (T7)-FoxM1B or CMV T7-FoxM1B expression plasmid, and cells were
harvested at 48 h following transfection in phosphate-buffered saline and then
pelleted by centrifugation. The cell pellet was resuspended in 500 �l of 1� NP-40
lysis buffer containing both protease and phosphatase inhibitors. Cells were
vortexed and incubated on ice for 45 min with repetitive vortexing to ensure
complete cellular lysis. Following cell lysis, cellular debris was removed from the
supernatant by centrifugation at 10,000 rpm for 5 min at 4°C. Protein concen-
trations were determined by the Bradford method with the Bio-Rad protein
assay reagent (Bio-Rad). The NP-40 lysis buffer consisted of 50 mM Tris (pH
7.5), 100 mM NaCl, 5 mM EDTA, 5 mM EGTA, 1% NP-40, 5% glycerol and
freshly added 1� Complete Mini protease inhibitor cocktail (Roche), 2 mM
phenylmethylsulfonyl fluoride, and 20 mM beta-glycerolphosphate, 2 mM NaF,
and 2 mM NaVO4 as phosphatase inhibitors.

For coimmunoprecipitation assays, we used antibodies (3 �g/coimmunopre-
cipitation) specific to either Cdk1 (NeoMarkers), Cdk2 (Santa Cruz Biotech),
cyclin E (Santa Cruz Biotech), cyclin B1 (Santa Cruz Biotech), Cdc25B (Santa
Cruz Biotech), or CBP (C-1 monoclonal antibody; Santa Cruz Biotech), retino-
blastoma protein (RB; Monoclonal Pharmingen), and P-selectin antibodies
(Pharmingen). Protein lysates prepared from U2OS cells transfected with either
CMV GFP-T7-FoxM1B or CMV T7-FoxM1B expression vectors were immuno-
precipitated with the antibodies listed above and then coimmunoprecipitated
proteins were detected by Western blot analysis with monoclonal antibodies
against either the GFP protein (Clontech) or the T7 epitope tag (Novagen).
Untransfected U2OS protein lysates were immunoprecipitated with the above
cell cycle antibodies and CBP antibodies, followed by Western blot analysis with
affinity-purified rabbit polyclonal antibody specific to the FoxM1B protein (67,
68). The signals from the primary antibody were amplified by horseradish per-
oxidase-conjugated anti-mouse immunoglobulin G (Bio-Rad, Hercules, Calif.)
and detected with Enhanced Chemiluminescence Plus (ECL-Plus; Amersham
Pharmacia Biotech, Piscataway, N.J.).

For the coimmunoprecipitation Cdk kinase reaction, protein lysates from
U2OS cells transfected with the CMV GFP-T7-FoxM1B expression vector was
coimmunoprecipitated overnight with either anti-Cdk1 (NeoMarkers; 3 �g) or
anti-Cdk2 (M2; Santa Cruz) antibody with continuous rocking at 4°C as de-
scribed previously (59). Lysates were then incubated with 20% protein A-Sepha-
rose CL-4B (Amersham) for 4 h with rocking at 4°C. The beads were pelleted by
centrifugation, washed three times with NP-40 lysis buffer, equilibrated in kinase
reaction buffer by washing three times, and then used for kinase assays with
[�-32P]ATP isotope (59, 60). Phosphorylated proteins were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (10% poly-
acrylamide gel) and detected by autoradiography.

Electrophoretic mobility shift assay experiments were performed with the
HeLa cell nuclear extract provided in the Gel Shift Assay System (Promega),
following the manufacturer’s instructions. We used 3.5 pmol of the double-
stranded FoxM1B binding site oligonucleotide (from the 6� FoxM1B TATA-
luciferase reporter gene) for radioactive labeling with [�-32P]ATP isotope (ICN,
Irvine, Calif.) and T4 polynucleotide kinase (Promega). Formation of the
FoxM1B protein-DNA complex was performed by incubating approximately 0.2
pmol of 32P-labeled FoxM1B binding site oligonucleotide, 2 �g of HeLa cell
nuclear protein extract, and 1� gel shift buffer (Promega) for 20 min at room
temperature. We then added antibodies specific to either Cdk1, cyclin B, Cdk2,
cyclin B1, Cdc25B, RB, CBP, FoxM1B, or P-selectin (control) proteins to the
binding reaction mixture for an additional 45 min of incubation. The FoxM1B
protein-DNA complexes were resolved by electrophoresis on a nondenaturing
9% polyacrylamide gel run at 4°C and detected by autoradiography as described
previously (50).

We also performed DNA competitions that included in the binding reaction
mixture a 100-fold molar excess of either unlabeled FoxM1B binding site oligo-
nucleotide or an unrelated SP1 transcription factor binding site oligonucleotide
(control). The human FoxM1B C-terminal region (amino acids 365 to 748) was
cloned into the p28A� expression vector (Novagen) in frame with the histidine
(His)-tagged epitope. The His-tagged FoxM1B 365-748 protein was expressed in
Escherichia coli BL21(DE3) bacteria, protein extracts were made, and the His-
tagged FoxM1B 365-748 protein was affinity purified on a nickel column (Nova-
gen) with the manufacturer’s protocol. Mice were immunized with the His-
tagged human FoxM1B 365-748 protein, and mouse serum was isolated by the
University of Illinois at Urbana-Champaign Immunological Resource Center.

Phosphorylation time course and coimmunoprecipitation assays following
serum stimulation of U2OS cells. Asynchronously growing U2OS cells were
transiently transfected with 500 ng of CMV T7 epitope-tagged (T7) FoxM1B

expression plasmid with the Fugene 6 transfection reagent (Roche). Cells were
rendered quiescent at 16 h posttransfection by washing plates three times in 1�
phosphate-buffered saline followed by the addition of DMEM containing 0.1%
serum for 48 h. Cells were stimulated to proliferate by the addition of DMEM
supplemented with 20% fetal calf serum and harvested in phosphate-buffered
saline at 4, 12, 18, 22, and 28 h following serum addition. Cell protein extracts
were prepared by the NP-40 detergent lysis method as described above. We used
500 �g of total cell protein lysate for immunoprecipitation with a monoclonal
antibody recognizing the T7 epitope tag (Novagen) overnight at 4°C. Lysates
were then incubated with 20% protein A-Sepharose CL-4B beads (Amersham),
and incubation was continued for an additional 3 h with rocking at 4°C. Follow-
ing precipitation, the beads were washed three times with NP-40 detergent lysis
buffer. The immunoprecipitated proteins were released by heating for 5 min at
100°C in SDS-PAGE sample buffer and resolved by SDS-PAGE (12% polyacryl-
amide gel). After electrophoretic transfer onto polyvinylidene difluoride, we
detected either Cdk1 or Cdk2 phosphorylation of FoxM1B in vivo by Western
blot analysis with mouse monoclonal antibody MPM2 (Upstate; 1:1,000 dilution)
against the phosphorylated protein sequence phosphoserine/phosphothreonine-
proline.

Furthermore, coimmunoprecipitation experiments were performed with pro-
tein extracts prepared from synchronized CMV T7-FoxM1B-transfected U2OS
cells at 4 h (G1 phase), 12 h (S phase), or 18 h (G2 phase) following serum
addition. These synchronized protein extracts were used for coimmunoprecipi-
tation experiments with antibodies specific to either Cdk1, cyclin B1, Cdk2, cyclin
E, Cdc25B, retinoblastoma protein, CBP, or P-selectin (control), followed by
Western blot analysis with a monoclonal antibody against the T7 epitope tag. To
examine Cdk phosphorylation in vivo, protein extracts prepared from unstimu-
lated or serum-stimulated U2OS cells (12 or 18 h after serum addition) trans-
fected with either the CMV T7-FoxM1B wild-type, CMV T7-FoxM1B T596A, or
CMV FoxM1B L641A expression construct. These protein extracts were immu-
noprecipitated with T7 (Novagen), and then Western blot analysis with the
MPM2 monoclonal antibody (Upstate; 1:1,000 dilution) was used to determine
Cdk phosphorylation in vivo.

For in vivo 32P pulse labeling, CMV GFP-T7-FoxM1B-transfected U2OS cells
were serum starved in phosphate-deficient DMEM (Gibco-Invitrogen) contain-
ing 0.1% dialyzed fetal calf serum for 48 h. The transfected cells were then serum
stimulated in phosphate-deficient DMEM (Gibco-Invitrogen) containing 20%
dialyzed fetal calf serum (4 ml per 10-cm plate) for 0, 4, 12, 18, 22, and 28 h. At
3 h prior to preparing the protein extracts, the cells were pulse labeled with 200
�Ci of [32P]orthophosphate (ICN, Irvine, Calif.) as described previously (48).
Cell extracts were prepared as described above and immunoprecipitated with T7
epitope-tagged antibody, the immunoprecipitated proteins were released by
heating for 5 min at 100°C in SDS-PAGE sample buffer and resolved by SDS-
PAGE (12% polyacrylamide gel), and phosphorylated GFP-T7-FoxM1B protein
was detected by autoradiography.

RESULTS

FoxM1B protein is phosphorylated and transcriptionally
active throughout the cell cycle. Liver regeneration and cell
culture studies demonstrated that FoxM1B regulates the ex-
pression of cell cycle genes, including cyclin D1, cyclin B1, and
Cdc25B (29, 58–61, 67) and that FoxM1B protein mediates
reduced expression of the Cdk inhibitor p21Cip1 protein (59).
Furthermore, Western blot analysis of protein extracts from
cycling cells demonstrated that the FoxM1B (MPP2) protein is
immunoreactive with the MPM2 monoclonal antibody, which
recognizes proteins phosphorylated by either Cdk1- or Cdk2-
cyclin complexes in a phosphoserine/phosphothreonine-pro-
line-dependent manner (29, 63).

To examine Cdk phosphorylation of the FoxM1B protein at
different stages of the cell cycle, we used the MPM2 monoclo-
nal antibody for Western blot analysis with protein extracts
prepared from synchronized U2OS cells. Osteosarcoma U2OS
cells were transiently transfected with the CMV T7 epitope-
tagged FoxM1B expression plasmid, rendered quiescent by
serum withdrawal for 48 h, and then stimulated to reenter the
cell cycle by addition of medium containing 20% fetal calf
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serum. At either 0, 4, 12, 18, 22, or 28 h after serum addition,
the U2OS cells were used to prepare protein extracts for im-
munoprecipitation with the T7 epitope tag monoclonal anti-
body, followed by Western blot analysis with the MPM2 mono-
clonal antibody (Fig. 1A). Replica synchronized U2OS cells
were trypsinized, stained with propidium iodide, and used for
flow cytometry to determine the stage of the cell cycle at each
time point following serum stimulation (Fig. 1B).

The MPM2 Western blot analysis demonstrated that Cdk-
cyclin complexes initiated phosphorylation of FoxM1B protein
as early as 4 h following serum addition and continued
throughout proliferation of U2OS cells (Fig. 1A). In combina-
tion with flow cytometry analysis, these results indicated that
FoxM1B phosphorylation initiated at the G1 phase (4 h) and
continued through the S phase (12 h) and G2 phase (18 to 22 h)
of the cell cycle (Fig. 1B). Furthermore, [32P]orthophosphate
was used for in vivo labeling of synchronized U2OS cells trans-
fected with CMV GFP-T7-FoxM1B, and protein extracts were
prepared at the indicated times following serum addition, im-
munoprecipitated with T7 monoclonal antibody followed by
SDS-PAGE and autoradiography. These in vivo labeling ex-
periments confirmed that the FoxM1B protein is phosphory-
lated at all time points following serum stimulation of U2OS
cells and that FoxM1B protein exhibited the highest 32P label-
ing at the G2 phase of the cell cycle (18 h; Fig. 1C).

In order to determine whether FoxM1B phosphorylation
correlated with an increase in its transcriptional activity, we
transiently transfected U2OS cells with the 6� FoxM1B/FoxA-
TATA-luciferase reporter plasmid (49) with CMV, the
FoxM1B wild-type expression vector. Transfected cells were
serum starved for 48 h and either left without serum (0 h) or
stimulated with serum for 4, 12, or 18 h, and the cells were
harvested and processed for dual luciferase assays. These tran-
scription assays demonstrated that FoxM1B transcriptional ac-
tivity was significantly reduced in serum-starved cells but that
FoxM1B transcriptional activity was markedly stimulated at all
three time points following serum stimulation.

FoxM1B binds to distinct Cdk-cyclin complexes and RB at
specific stages of the cell cycle. Our studies with MPM2 anti-
body demonstrated that FoxM1B was phosphorylated by Cdk-
cyclin complexes throughout the cell cycle (Fig. 1A), and pu-
tative Cdk phosphorylation sites were found in the FoxM1B
carboxyl-terminal transcriptional activation domain (Fig. 2A).
We therefore examined the association of the FoxM1B protein
with the cell cycle-regulatory proteins Cdk2-cyclin E and Cdk1-
cyclin B1 complexes and RB and CBP transcriptional coacti-
vator. Coimmunoprecipitation assays were performed with
protein extracts prepared from U2OS cells that were tran-
siently transfected with the CMV T7-FoxM1B expression plas-
mid for 48 h. These protein extracts were coimmunoprecipi-

FIG. 1. Phosphorylation and transcriptional activity of FoxM1B re-
quires serum stimulation and cell cycle progression. (A) FoxM1B pro-
tein is phosphorylated by Cdk1/2 protein during the cell cycle. U2OS
cells were transiently transfected with GFP-T7-FoxM1B, followed by
serum starvation (0.1%) for 48 h to render cells quiescent. The trans-
fected cells were replenished with medium containing 20% fetal bovine
serum, and cell lysates were prepared from these cells at the indicated
time points following serum addition. Cell lysates were immunopre-
cipitated with a T7 antibody and then fractionated by SDS-PAGE.
Western blot analysis was performed with monoclonal antibody
MPM2, which is specific to phosphorylated Cdk1/2 sites (63), and
demonstrates that FoxM1B is phosphorylated by Cdk1/2 between 4
and 28 h following serum addition. (B) Flow cytometry analysis of cells
harvested at various times following replenishing of serum compared
to those from an asynchronous cell population. This analysis indicates
that S phase is maximal at 12 h following serum addition, while G2/M
phase occurs at the 18-h time point. (C) FoxM1B protein is phosphor-
ylated during the cell cycle. Serum-starved transfected cells were re-
plenished with medium containing 20% fetal bovine serum, pulse la-
beled with [32P]orthophosphate for 3 h prior to preparation of cell
lysates from these cells at the indicated time points after serum addi-
tion. Radioactively labeled cell lysates were immunoprecipitated with
T7 antibody and fractionated by SDS-PAGE, and then labeled
FoxM1B protein was detected by autoradiography. (D) FoxM1B tran-

scriptional activity requires serum-dependent phosphorylation. U2OS
cells were transiently cotransfected with the reporter 6�-FoxM1B/
FoxA-TATA-luciferase (49) and wild-type (WT) FoxM1B. Trans-
fected cells were serum starved for 48 h and either not stimulated or
stimulated with serum for 4, 12, or 18 h, and cells were harvested and
processed for dual luciferase assays. Results are expressed as the in-
duction of transcriptional activity with respect to CMV-FoxM1B in
serum-starved cells.
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tated with either Cdk1, cyclin B1, Cdk2, cyclin E, Cdc25B, RB,
CBP, or P-selectin (control) antibody, followed by Western
blot analysis with a monoclonal antibody against the T7
epitope tag.

These coimmunoprecipitation experiments demonstrated
that T7-FoxM1B protein efficiently associated with the endog-
enous S-phase Cdk2-cyclin E or G2-phase Cdk1-cyclin B1 com-
plexes (Fig. 2B). Furthermore, FoxM1B associates with
Cdc25B, which dephosphorylates and activates Cdk1 protein
(7, 41, 62); with RB, which binds to and negatively regulates
the E2F transcription factor (16, 17); and with the CBP histone

acetyltransferase coactivator protein (Fig. 2B). We next exam-
ined whether these cell cycle-regulatory proteins would inter-
act with endogenous levels of FoxM1B protein. Untransfected
U2OS protein extracts were coimmunoprecipitated with either
Cdk1, cyclin B1, Cdk2, cyclin E, Cdc25B, RB, CBP, or P-
selectin (control) antibody, followed by Western blot analysis
with a FoxM1B N-terminal antibody (67, 68). These coimmu-
noprecipitation studies demonstrated that endogenous
FoxM1B protein was also able to associate with Cdk2-cyclin E,
Cdk1-cyclin B1, Cdc25B, and RB cell cycle-regulatory proteins
as well as with the CBP coactivator protein (Fig. 2C).

FIG. 2. FoxM1B protein interacts with cell cycle-regulatory proteins and CREB binding protein. (A) Schematic representation of the Cdk1
phosphorylation sites within the transcriptional activation domain of FoxM1B. The PhosphoBase 2.0 program (http://www.cbs.dtu.dk/databases/
PhosphoBase/) and Scansite (http://scansite.mit.edu/) were used to predict Cdk1 phosphorylation sites within the transcriptional activation domain
of FoxM1B. Numbers indicate the FoxM1B amino acid residues of the potential Cdk phosphorylation sites. The 100-amino-acid winged helix DNA
binding domain (WHD) is indicated by a black box. (B) Endogenous Cdk1, cyclin B1, Cdk2, cyclin E, Cdc25B, RB, and CBP proteins
coimmunoprecipitate with transfected T7-FoxM1B protein. U2OS cells were transiently transfected with CMV T7-FoxM1B, and cell protein
extracts were prepared 48 h posttransfection and used for coimmunoprecipitation (Co-IP) with antibodies specific to either Cdk1, cyclin B1, Cdk2,
cyclin E, Cdc25B, RB, CBP, or P-selectin (control). Coimmunoprecipitated proteins were detected by Western blot analysis with a monoclonal
antibody against the T7 epitope tag. The P-selectin antibody was used as a negative control for coimmunoprecipitation experiments. Western blot
analysis with T7 antibody demonstrated equal amounts of FoxM1B protein in all lanes (data not shown). (C) Endogenous FoxM1B protein
coimmunoprecipitates with endogenous Cdk1, cyclin B1, Cdk2, cyclin E, Cdc25B, RB, and CBP proteins. Protein extracts were prepared from
U2OS cells and used for coimmunoprecipitation with the same antibodies used above (B), followed by Western blot analysis with polyclonal
antibody specific to FoxM1B protein (67, 68). (D) FoxM1B protein shows preferences for distinct Cdk-cyclin complexes and RB depending on the
stage of the cell cycle. U2OS cells were transiently transfected with CMV T7-FoxM1B, followed by serum starvation (0.1%) for 48 h to render cells
quiescent. The transfected cells were replenished with medium containing 20% fetal bovine serum, and cell lysates were prepared from these cells
at 4 h (G1 phase), 12 h (S phase), or 18 h (G2 phase) following serum addition. These synchronized protein extracts were used for coimmuno-
precipitation experiments with antibodies specific to either Cdk1, cyclin B1, Cdk2, cyclin E, Cdc25B, RB, CBP, or P-selectin (control), followed
by Western blot analysis with a monoclonal antibody against the T7 epitope tag. (E) FoxM1B protein-DNA complexes are associated with cell cycle
proteins. Electrophoretic mobility shift assay experiments were performed with HeLa cell nuclear extracts, the FoxM1B binding site oligonucle-
otide, and antibodies specific to either cell cycle-regulatory or CBP proteins. Following formation of the FoxM1B protein-DNA complex, we added
antibodies specific to either Cdk1, cyclin B, Cdk2, cyclin B1, Cdc25B, RB, CBP, FoxM1B, or P-selectin (control) proteins to the binding reaction
mixture for an additional 45 min of incubation. The FoxM1B protein-DNA complexes were resolved by electrophoresis on a nondenaturing 9%
polyacrylamide gel and detected by autoradiography as described previously (50). We also performed DNA competitions that included in the
binding reaction mixture a 100-fold molar excess of either unlabeled FoxM1B binding site oligonucleotide (self-competition) or an unrelated SP1
transcription factor binding site oligonucleotide (control).

VOL. 24, 2004 FoxM1B ACTIVITY REQUIRES Cdk PHOSPHORYLATION 2653



In order to determine whether FoxM1B protein exhibited
differences in association with distinct Cdk-cyclin complexes,
Cdc25B, or the RB protein depending on the stage of the cell
cycle, U2OS cells were transiently transfected with CMV T7-
FoxM1B followed by serum starvation (0.1%) for 48 h to ren-
der the cells quiescent. The transfected cells were replenished
with medium containing 20% fetal bovine serum, and protein
extracts were prepared from these cells at 4 h (G1 phase), 12 h
(S phase), or 18 h (G2 phase) following serum addition. These
synchronized protein extracts were used for coimmunoprecipi-
tation experiments with antibodies specific to either Cdk1,
cyclin B1, Cdk2, cyclin E, Cdc25B, RB, CBP, or P-selectin
(control) antibody, followed by Western blot analysis with a
monoclonal antibody against the T7 epitope tag (Fig. 2D).
These synchronized coimmunoprecipitation experiments dem-
onstrated that the FoxM1B protein displayed increased asso-
ciation with the Cdk2-cyclin E complex in G1- and S-phase
protein extracts, whereas FoxM1B preferentially associated
with Cdk1-cyclin B1 complex in G2-phase protein extracts (Fig.
2D). FoxM1B protein also displayed its strongest binding to
Cdc25B in G1- and S-phase protein extracts (Fig. 2D). Fur-
thermore, the FoxM1B protein only associated with RB in
G1-phase protein extracts (Fig. 2D), suggesting that FoxM1B
transcriptional activity may be negatively regulated by RB
prior to S phase. These coimmunoprecipitation studies dem-
onstrate that the FoxM1B protein interacts with distinct Cdk-
cyclin complexes and RB, depending on the stage of the cell
cycle.

In order to determine whether these cell cycle proteins are
associated with the endogenous FoxM1B protein-DNA com-
plex, electrophoretic mobility shift assay experiments were per-
formed with untransfected HeLa cell nuclear extracts, 32P-
labeled FoxM1B binding site oligonucleotide, and antibodies
specific to either cell cycle-regulatory or CBP proteins (Fig.
2E). Following formation of the FoxM1B protein-DNA com-
plex, we added antibodies specific to either Cdk1, cyclin B,
Cdk2, cyclin B1, Cdc25B, RB, CBP, FoxM1B, or P-selectin
(control) proteins to the binding reaction for an additional 45
min of incubation. The FoxM1B protein-DNA complexes were
resolved by nondenaturing polyacrylamide gel electrophoresis
and visualized by autoradiography.

Electrophoretic mobility shift assay experiments demon-
strated that formation of the FoxM1B protein-DNA complex
was specifically inhibited by including either unlabeled
FoxM1B binding site oligonucleotide (100-fold molar excess)
or the FoxM1B antibody to the binding reaction (Fig. 2E).
Formation of the FoxM1B complex was specific because it was
not disrupted by competition with either an unrelated SP1
transcription factor binding site oligonucleotide or the P-selec-
tin (control) antibody (Fig. 2E). The electrophoretic mobility
shift assay experiment demonstrated that formation of the
specific FoxM1B protein-DNA complexes was significantly re-
duced with Cdk1, cyclin B1, or RB antibodies (Fig. 2E), sug-
gesting that FoxM1B is able to associate with these cell cycle-
regulatory proteins when it is bound to DNA. However,
FoxM1B protein-DNA complex formation was only slightly
decreased with antibodies against Cdk2, cyclin E, Cdc25B, or
CBP (Fig. 2E). These results suggest that these regulatory
proteins may have a reduced affinity for FoxM1B when it is
bound to DNA. Alternatively, the protein epitopes for these

antibodies may not be accessible in the FoxM1B protein-DNA
complex in the electrophoretic mobility shift assay.

FoxM1B-dependent transcription requires Cdk phosphory-
lation site 596 and binding of Cdk1 and Cdk2 proteins through
the FoxM1B LXL sequence. Previous transfection studies dem-
onstrated that the FoxM1B transcriptional activation domain
was contained within the carboxyl-terminal 365 to 748 amino
acid residues (68). Searching the FoxM1B C-terminal se-
quence for Cdk1/2 consensus phosphorylation sites, X-pS/T-P-
X-R/K, revealed three potential Cdk1/2 sites at residues 585,
596, and 657 in the FoxM1B protein (Fig. 3A). In order to
assess the transcriptional function of these potential FoxM1B
Cdk1/2 sites, we used site-directed mutagenesis to alter either
a Thr or a Ser residue to an Ala residue to prevent their Cdk
phosphorylation in vivo. Transient-transfection assays with the
6� FoxM1B TATA-luciferase reporter and CMV vectors ex-
pressing either wild-type or Cdk1/2 mutant FoxM1B protein
revealed that mutation of Cdk1/2 sites at either 585 or 657
resulted in only a marginal decrease (20% to 30%) in FoxM1B
transcriptional activity (Fig. 3B). In contrast, mutation of the
FoxM1B Thr 596 residue (FoxM1B T596A) caused an 80%
decrease in transcriptional activity, suggesting that this partic-
ular Cdk1/2 phosphorylation site plays an important role
in FoxM1B-dependent transcription (Fig. 3B). Moreover,
FoxM1B was unable to activate expression of the TATA-lucif-
erase control reporter in cotransfection assays, demonstrating
that the multimerized FoxM1B binding sites were required for
FoxM1B-dependent transcriptional activation (Fig. 3B).

To identify FoxM1B sequences involved in the interaction
with Cdk proteins, we focused on the LXL (639 to 641) se-
quence (Fig. 3A), which has been shown to bind to Cdk-cyclin
proteins as efficiently as the cyclin-binding Cy (RXL) motif (57,
64). We used site-directed mutagenesis to convert the Leu 641
residue to an Ala residue, thereby disrupting the FoxM1B LXL
motif. Transient-transfection assays demonstrated that the
FoxM1B L641A mutant protein displayed an 80% reduction in
transcriptional activity (Fig. 3B). Furthermore, increasing
amounts of the CMV FoxM1B L641A expression vector inhib-
ited transcriptional activity of the wild-type FoxM1B protein in
cotransfection assays (data not shown), suggesting that the
CMV FoxM1B L641A mutant protein functioned as a domi-
nant negative inhibitor. Moreover, both GFP-T7-FoxM1B
L641A and GFP-T7-FoxM1B T596A mutant proteins were
retained in the nucleus (Fig. 4A to C), indicating that their
diminished transcriptional activity was not due to inhibition of
nuclear localization.

To determine whether the FoxM1B T596A or FoxM1B
L641A mutant protein exhibited diminished protein associa-
tion with either the Cdk1 or Cdk2 protein, we performed
coimmunoprecipitation experiments with protein extracts pre-
pared from U2OS cells transfected with either wild-type CMV
T7-FoxM1B or mutant expression constructs (Fig. 3C). The
transfected U2OS cell extracts were coimmunoprecipitated
with either Cdk1 or Cdk2 antibody, and then FoxM1B protein
was visualized by Western blot analysis with the T7 epitope tag
monoclonal antibody. These studies demonstrated that CMV
T7-FoxM1B L641A mutant protein was unable to interact with
either Cdk1 or Cdk2 protein, whereas the FoxM1B mutant
proteins disrupted in each of the Cdk1 phosphorylation sites
could associate efficiently with the Cdk proteins (Fig. 3C).
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These results suggested that the second Leu residue within the
LXL sequence is essential for interaction between FoxM1B
and Cdk proteins and that FoxM1B binding of either Cdk1- or
Cdk2-cyclin protein complexes is required for its transcrip-
tional activity.

To examine whether the Cdk1-cyclin B complex phosphor-
ylates the FoxM1B protein, we performed coimmunoprecipi-
tation Cdk1 in vitro kinase assays with 32P-labeled ATP (see
Materials and Methods). Protein extracts prepared from
U2OS cells transfected with either CMV GFP-T7-FoxM1B
wild-type or GFP-T7-FoxM1B Cdk mutant expression vectors
were coimmunoprecipitated with Cdk-1 antibody and then
used for the radioactive Cdk1 in vitro kinase assay. The pro-
teins phosphorylated in the coimmunoprecipitation Cdk1 in
vitro kinase reaction were resolved on SDS-PAGE and visual-
ized by autoradiography. Consistent with reduced transcrip-
tional activity, the Cdk1 coimmunoprecipitation kinase assay
demonstrated that the GFP-T7-FoxM1B T596A mutation ex-
hibited reduced phosphorylation by the Cdk1 protein, whereas
Cdk1 phosphorylated the GFP-T7-FoxM1B T585A and GFP-
T7-FoxM1B S657A proteins to levels found with the GFP-T7-
FoxM1B wild-type protein (Fig. 3D). As expected, the GFP-
T7-FoxM1B L641A mutant protein failed to interact efficiently
with Cdk1 protein (Fig. 3C), and therefore only low levels of
FoxM1B L641A mutant protein are available for Cdk1 phos-
phorylation in the coimmunoprecipitation Cdk1 kinase assay
(Fig. 3D).

To examine Cdk phosphorylation in vivo, protein extracts
were prepared from serum-stimulated U2OS cells transfected
with either CMV T7-FoxM1B wild-type, CMV T7-FoxM1B
T596A, or CMV FoxM1B L641A expression constructs. These
protein extracts were immunoprecipitated with the T7 anti-
body, and then Western blot analysis with the MPM2 mono-
clonal antibody was used to determine Cdk phosphorylation in
vivo. These results demonstrated that Cdk phosphorylation of
T7-FoxM1B wild-type protein was increased following serum
stimulation and that the FoxM1B Thr 596 residue was required
for phosphorylation by the Cdk-cyclin complexes in vivo (Fig.
3E). Furthermore, in vivo Cdk phosphorylation of the T7-
FoxM1B L641A mutant protein was significantly reduced (Fig.
3E), suggesting that recruitment of the Cdk-cyclin complex by
the FoxM1B LXL sequence was critical for its efficient Cdk
phosphorylation in vivo.

Increasing both Cdk activity and levels of CBP stimulates
FoxM1B-dependent transcription. In order to examine
whether Cdk activity is necessary for FoxM1B transcriptional

FIG. 3. FoxM1B transcriptional activity requires association with
Cdk1 protein and phosphorylation by Cdk1. (A and B) Mutation of the
Cdk1 phosphorylation site at position 596 and Leu residue at position
641 causes diminished FoxM1B transcriptional activity. All of the Thr
or Ser residues were changed to Ala, and the second Leu residue at
position 641 in the LXL motif was changed to Ala (A). U2OS cells
were transiently cotransfected with the reporter 6�-FoxM1B/FoxA-
TATA-luciferase (49) and either CMV-empty, wild-type (WT)
FoxM1B, FoxM1B T585A, FoxM1B T596A, FoxM1B S657A, or
FoxM1B L641A. Twenty-four hours posttransfection, cells were har-
vested and processed for dual luciferase assays. The results are ex-
pressed as a percentage of the activity with wild-type FoxM1B, where
CMV-empty served as a control for basal expression levels of the
FoxM1B reporter gene. We also performed cotransfection controls
with CMV FoxM1B wild-type and TATA-luciferase (Luc.) constructs,
demonstrating that FoxM1B transcriptional activation requires the
FoxM1B recognition sequence. Four separate transfection experi-
ments were performed in triplicate to calculate standard deviations.
(C) Mutation of the Leu 641 residue in the FoxM1B LXL motif
diminishes FoxM1B protein association with either Cdk1 or Cdk2.
U2OS cells were transiently transfected with either CMV T7-FoxM1B
(lane 1), CMV T7-FoxM1B T585A (lane 2), CMV T7-FoxM1B T596A
(lane 3), CMV T7-FoxM1B L641A (lane 4), or CMV T7-FoxM1B
S657A (lane 5). U2OS cell lysates were prepared 48 h after transfec-
tion and coimmunoprecipitated (Co-IP) with either Cdk1 or Cdk2
polyclonal antibody. The coimmunoprecipitated proteins were sub-
jected to Western blot analysis with a T7 epitope antibody. (D) Mu-
tation of the Cdk1 phosphorylation site at position 596 decreases
FoxM1B phosphorylation by Cdk1. U2OS cells were transiently trans-
fected with CMV GFP-T7-FoxM1B (lane 1), CMV GFP-T7-FoxM1B
T585A (lane 2), CMV GFP-T7-FoxM1B S657A (lane 3), CMV GFP-
T7-FoxM1B L641A (lane 4), or CMV GFP-T7-FoxM1B T596A (lane
5). Transfected U2OS cell lysates were coimmunoprecipitated with
polyclonal Cdk1 antibody and subjected to radioactive Cdk1 in vitro
kinase assay and SDS-PAGE and autoradiography to visualize radio-
actively labeled proteins. Note that FoxM1B L641A mutant is not
phosphorylated by Cdk1 because it no longer coimmunoprecipitated

with the Cdk1 protein (panel C). (E) The FoxM1B T596A Cdk mutant
protein shows diminished in vivo phosphorylation by Cdk protein.
U2OS cells were transiently transfected with either CMV T7-FoxM1B,
CMV T7-FoxM1B T596A, or FoxM1B L641A, transfected cells were
serum starved for 48 h and either not stimulated or stimulated with
serum for 12 or 18 h, and cells were harvested and protein extracts
were prepared. Protein extracts were immunoprecipitated (IP) with T7
epitope antibody and then subjected to Western blot analysis with the
MPM2 monoclonal antibody, which recognizes phosphorylated Cdk
sites. Western blot analysis with T7 antibody demonstrated equal
amounts of FoxM1B protein in all lanes. The relative intensity of the
MPM2 signal was determined, and the FoxM1B level in cells not
stimulated with serum was set at 1.
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activity, we cotransfected CMV-FoxM1B and the 6� FoxM1B
TATA-luciferase with increasing amounts of CMV-DN-Cdk1
or treated the cells with increasing concentrations of the phar-
macological Cdk inhibitor alsterpaullone (Fig. 5A) as de-
scribed in the Materials and Methods section. Inhibiting Cdk
activity with either dominant negative Cdk1 or a pharmacolog-
ically active concentration of alsterpaullone (1 �M) caused an
80 to 90% reduction in FoxM1B transcriptional activity (Fig.
5C). Cotransfection studies demonstrated that DN-Cdk1
equally inhibited the transcriptional activity of wild-type
FoxM1B protein, FoxM1B Cdk mutant proteins, and FoxM1B

L641A mutant proteins (data not shown). Furthermore, nei-
ther DN-Cdk1 nor alsterpaullone (1 �M) altered the nuclear
localization of transfected GFP-T7-FoxM1B protein (Fig. 4A,
D, and E), suggesting that inhibiting Cdk activity was required

FIG. 4. Nuclear localization of GFP-T7-FoxM1B mutant protein
and GFP-T7-FoxM1B wild-type protein following treatment with ei-
ther pharmacological kinase inhibitors or dominant negative kinases.
U2OS cells were transiently transfected with CMV GFP-T7-FoxM1B
T596A (B), CMV GFP-T7-FoxM1B L641A (C), CMV GFP-T7-
FoxM1B plus the indicated pharmacological kinase inhibitors (F and
G), or dominant negative kinase expression vectors (D, E, H, and I).
Cells were fixed 48 h after transfection, and GFP fluorescence was
detected as described in Materials and Methods. Note that DN-
p90Rsk causes perinuclear localization of the GFP-T7-FoxM1B fusion
protein.

FIG. 5. Inhibition of Cdk1 activity (DN-Cdk1 and Myt1) dimin-
ishes FoxM1B transcriptional activity, while stimulation of Cdk1 ac-
tivity (Cdc25B and Cdc25C phosphatases) potentiates FoxM1B func-
tion. (A) Cartoon depicting inhibition of Cdk1 kinase activity by either
Myt1 phosphorylation, dominant negative (DN) Cdk1, or the Cdk1
inhibitor Alsterpaullone. (B) Cartoon depicting stimulation of Cdk1
activity by Cdc25B and Cdc25C dephosphorylation. (C) Inhibition of
Cdk1 activity diminishes FoxM1B transcriptional activity in cotrans-
fection assays. U2OS-Tetr cells were transiently cotransfected with the
reporter 6�-FoxM1B-TATA-luciferase or CMV-TO-FoxM1B (500
ng) alone or with increasing amounts of either CMV-DN-Cdk1, the
Cdk1 pharmacological inhibitor alsterpaullone, or CMV-Myt1.
FoxM1B expression was induced by tetracycline at 24 h following
transfection, and pharmacological kinase inhibitors were added 5 h
prior to FoxM1B induction. Cellular protein extracts were isolated at
48 h after transfection and assayed for dual luciferase activity. Results
are expressed as a percentage of the activity with wild-type FoxM1B in
four separate transfection experiments performed in triplicate to cal-
culate standard deviations. (D) Activation of Cdk1 activity by dephos-
phorylation with either Cdc25B or Cdc25C stimulates FoxM1B tran-
scriptional activity, which is potentiated by increased CBP levels.
FoxM1B transcription assays in U2OS-Tetr cells were performed as
described in the legend to Fig. 3C with either CMV-Cdc25B phospha-
tase or CMV-CBP either alone or in combination, demonstrating that
increased Cdc25B levels enhanced CBP-mediated stimulation of
FoxM1B transcriptional activity. Cotransfection assays with CMV-
CBP and CMV-E1A, which inhibits the histone acetyltransferase ac-
tivity of the CBP protein (9), eliminated CBP-mediated stimulation of
FoxM1B transcriptional activity. Also shown is cotransfection with
CMV-Cdc25C alone.
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for FoxM1B-dependent transcription. Furthermore, cotrans-
fection of CMV WT-Myt1 kinase, which negatively regulates
Cdk activity through phosphorylation (6, 30, 31, 37), resulted in
a 64% reduction in FoxM1B transcriptional activity (Fig. 5C).
Consistent with these findings, stimulation of Cdk activity by
cotransfection of either the CMV Cdc25B or CMV Cdc25C
expression vector (Fig. 5B) enhanced FoxM1B transcriptional
activity by 3.4-fold and 1.7-fold, respectively (Fig. 5D). Because
Cdc25A and Cdc25B phosphatases have the same substrate
specificity and differ only in their expression pattern during the
cell cycle (7, 41, 62), it is anticipated that increased Cdc25B
levels will stimulate both Cdk1 and Cdk2 activity. Taken to-
gether, our results strongly support the hypothesis that Cdk
activity is required to stimulate FoxM1B transcriptional activ-
ity.

Because FoxM1B protein coimmunoprecipitated with the
CBP coactivator protein (Fig. 2), we examined whether
FoxM1B transcriptional activity requires the CBP function.
The adenovirus E1A protein is known to inhibit CBP histone
acetyltransferase activity (1, 9), and therefore we performed
cotransfections with CMV-CBP or CMV-adenovirus E1A
alone and in combination. Cotransfection of CMV-CBP
caused a slight increase in FoxM1B transcriptional activity,
whereas inhibition of CBP function with E1A resulted in a
75% reduction in FoxM1B transcriptional activity (Fig. 5D).
Furthermore, cotransfection of CMV Cdc25B and CMV CBP
together significantly augmented CBP-mediated stimulation of
FoxM1B transcriptional activity from a 1.4-fold increase to a
6.2-fold increase (Fig. 5D). These studies suggest that recruit-
ment of the p300/CBP family of coactivator proteins is essen-
tial for FoxM1B transcriptional activation and that increased
Cdk activity enhances CBP-mediated stimulation of FoxM1B
transcriptional activity.

FoxM1B transcriptional activity involves recruitment of
CBP through phosphorylation of the FoxM1B 596 Cdk site.
Because stimulation of Cdk activity potentiated CBP-mediated
increase in FoxM1B-dependent transcription, we wanted to
determine whether the critical Cdk1/2 phosphorylation site at
FoxM1B residue 596 was required for recruitment of CBP
protein. We transiently transfected U2OS cells with CMV-
CBP and either the CMV GFP-T7-FoxM1B wild type, CMV
GFP-T7-FoxM1B L641A (mutation of the LXL motif), or
CMV GFP-T7-FoxM1B T596A (mutation of the Cdk1 site)
expression vector. Protein extracts were prepared 48 h after
transfection and used for coimmunoprecipitation experiments
with CBP antibody, followed by Western blot analysis with
GFP monoclonal antibody. These coimmunoprecipitation
studies demonstrated that CBP protein efficiently interacted
with either wild-type FoxM1B protein or FoxM1B L641A mu-
tant protein (Fig. 6A), the latter of which exhibited reduced
but detectable Cdk phosphorylation in vivo (Fig. 3E). In con-
trast, disruption of the FoxM1B Cdk1 phosphorylation site at
Thr residue 596 significantly diminished FoxM1B’s ability to
associate with the CBP protein (Fig. 6A), suggesting that the
FoxM1B Cdk phosphorylation site at position 596 is essential
for recruitment of CBP. Consistent with this finding, inhibition
of Cdk activity by cotransfection of U2OS cells with CMV-DN-
Cdk1, CMV-CBP, and CMV GFP-T7-FoxM1B eliminated the
interaction between FoxM1B and CBP proteins (Fig. 6B),
demonstrating that Cdk phosphorylation is required for

FoxM1B association with the CBP protein. Furthermore, in-
creasing Cdk activity through CMV Cdc25B cotransfection
stimulated the transcriptional activity of the FoxM1B T585A
and FoxM1B S657A mutants to levels found with wild-type
FoxM1B protein (Fig. 6C). In contrast, cotransfection of CMV
Cdc25B resulted in reduced stimulation of transcriptional ac-
tivity of the FoxM1B T596A and FoxM1B L641A mutant pro-
teins compared to wild-type FoxM1B (Fig. 6C), a finding con-

FIG. 6. Cdk1 phosphorylation of FoxM1B protein is required for
efficient association with CBP. (A) Phosphorylation of the FoxM1B
protein Cdk1 site at position 596 is required for efficient association
with CBP in coimmunoprecipitation assays. U2OS cells were tran-
siently transfected with CBP and either CMV GFP-T7-FoxM1B wild-
type (lanes 1 and 2), CMV GFP-T7-FoxM1B L641A (lanes 3 and 4), or
CMV GFP-T7-FoxM1B T596A (lanes 5 and 6) expression plasmid or
mock transfected (lanes 7 and 8). Lysates were immunoprecipitated
with a monoclonal antibody that recognizes CBP, and immunocom-
plexes were subjected to Western blot analysis with a GFP monoclonal
antibody. The first lane of each set contains 1/10 of the input protein
extract (50 �g), and the second lane contains the immunoprecipitated
(IP) protein extracts. (B) Dominant negative Cdk1 inhibits FoxM1B-
mediated recruitment of CBP. U2OS cells were transiently transfected
with CBP and CMV wild-type GFP-T7-FoxM1B either alone or to-
gether with CMV dominant negative Cdk1 expression plasmids. Ly-
sates were immunoprecipitated with a monoclonal antibody that rec-
ognizes CBP, and immunocomplexes were subjected to Western blot
analysis with a GFP monoclonal antibody. These studies demonstrated
that dominant negative Cdk1 inhibits coimmunoprecipitation between
FoxM1B and CBP. (C) Increased Cdc25B levels displayed reduced
stimulation of the FoxM1B T596A and FoxM1B L641A mutant pro-
teins. U2OS cells were transiently cotransfected with the reporter
6�-FoxM1B/FoxA-TATA-luciferase and CMV-Cdc25B and either
CMV FoxM1B wild-type, CMV FoxM1B S657A, CMV FoxM1B
T585A, CMV FoxM1B L641A, or CMV FoxM1B T596A expression
plasmid. Twenty-four hours posttransfection, cells were harvested and
processed for dual luciferase assays. Results are expressed as a per-
centage of the activity with wild-type FoxM1B, where CMV-empty
served as a control for basal expression levels of the FoxM1B reporter
gene. Four separate transfection experiments were performed in trip-
licate to calculate standard deviations.
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sistent with both FoxM1B mutant proteins’ exhibiting
diminished Cdk phosphorylation in vivo (Fig. 3E). Taken to-
gether, our results support the hypothesis that FoxM1B phos-
phorylation by Cdk-cyclin complexes is required for recruit-
ment of the p300/CBP coactivator protein and thus functions
as a mechanism for proliferation-specific stimulation of
FoxM1B transcriptional activity.

Blocking the Ras-MAPK and PI3K-PDK1 pathways dimin-
ished FoxM1B transcriptional activity, but inhibiting Akt did
not influence FoxM1B-dependent transcription. The MAPK
pathway is required for cell cycle progression because it stim-
ulates CAK-mediated phosphorylation, resulting in activation
of Cdk proteins (28). Furthermore, activation of the MAPK
and PI3K/PDK1 signaling pathways mediates phosphorylation
and activation of the downstream p90 ribosomal S6 kinase
(Rsk) (4, 21, 51), which inactivates the Myt1 kinase, which
provides inhibitory phosphorylation of the Cdk1 and Cdk2
proteins (44, 45).

In order to determine the role of either the MAPK or PI3K
pathway in regulating FoxM1B activity, FoxM1B transcription
assays were performed in U2OS cells that were either treated
with the pharmacological MEK1/2 inhibitor U0126 or PI3K
inhibitor Ly294002 or cotransfected with CMV DN-RasN17
expression vector (Fig. 7A). These transfection studies dem-
onstrated that inhibition of either MEK1/2, PI3K, or Ras
caused a 70 to 80% reduction in FoxM1B-dependent transcrip-
tion (Fig. 7C), a finding consistent with the important roles of
the Ras/MAPK and PI3K/PDK1 pathways in Cdk1-cyclin B
activation. In contrast, blocking the Akt pathway with either
CMV DN-Akt or the Akt pharmacological kinase inhibitor did
not significantly alter FoxM1B transcriptional activity (Fig.
7C). Furthermore, combining the MEK1/2 (U0126) and PI3K
(Ly294002) inhibitors resulted in a 90% reduction in FoxM1B-
dependent transcription, demonstrating the importance of the
Ras/MAPK and PI3K/PDK1 pathways in regulating FoxM1B
transcriptional activity (Fig. 7C). Cotransfection of CMV DN-
p90Rsk (Fig. 7A) resulted in a 56% reduction in FoxM1B
transcriptional activity (Fig. 7C), which is similar to the tran-
scriptional reductions found with CMV WT-Myt1 (Fig. 5C), a
kinase that is negatively regulated by p90Rsk. Addition of the
Ras/MEK1/2 or PI3K/Akt pathway inhibitor neither dimin-
ished expression (Fig. 7B) nor altered the nuclear localization
of GFP-T7-FoxM1B protein (Fig. 4A and F to I), suggesting
that these inhibitors caused decreases in FoxM1B transcrip-
tional activity. However, cotransfection of DN-p90Rsk re-
sulted in redistribution of a portion of GFP-T7-FoxM1B fluo-
rescence to the periphery of the nucleus (Fig. 4J), suggesting
that p90Rsk signaling may influence the localization of
FoxM1B within the nucleus. Taken together, our studies dem-
onstrate that FoxM1B transcriptional activity requires Cdk-
cyclin activation, which is mediated by growth factor stimula-
tion of the Ras/MAPK and PI3K/PDK1 signaling cascades.

DISCUSSION

Previous studies have demonstrated that the FoxM1B tran-
scription factor is required for regenerating hepatocyte prolif-
eration through transcriptional regulation of the Cdc25B phos-
phatase gene and controlling protein levels of Cdc25A
phosphatase and Cdk inhibitor p21Cip1 (59). Activation of the

Cdk2-cyclin E and A and Cdk1-cyclin B complexes is critical
for cell cycle progression. These Cdk-cyclin complexes are ac-
tivated by removal of inhibitory phosphates at Cdk residues
Thr 14 and Tyr 15 by Cdc25A, Cdc25B, and Cdc25C phospha-
tases, which have identical substrate specificities but are ex-
pressed at different stages of the cell cycle (7, 41, 62). In this
study, we demonstrated that Cdk-cyclin phosphorylation of

FIG. 7. Inhibition of the Ras/MEK/MAPK/p90Rsk and PI3K/
PDK1/p90Rsk pathways results in diminished FoxM1B transcriptional
activity. (A) Cartoon depicting the Ras/MEK/MAPK/p90Rsk/Myt1
and PI3K/PDK1/p90Rsk/Myt1 pathways, which prevent Myt1 phos-
phorylation-mediated inhibition of Cdk1 and Cdk2 activity. Also
shown is the action of DN-RasN17, the MEK1/2 inhibitor U0126, the
PI3K inhibitor Ly294002, DN-Akt and the Akt pharmacological kinase
inhibitor, and DN-p90Rsk. (B) Cotransfection of DN-p90Rsk or DN-
Ras or treatment with the MEK inhibitor U0126, the PI3K inhibitor
Ly294002, or the Akt pharmacological kinase inhibitor does not influ-
ence expression of the GFP-T7-FoxM1B protein. U2OS cells were
transiently transfected with CMV GFP-T7-FoxM1B plasmid with ei-
ther CMV DN-p90Rsk or CMV DN-RasN17 or 50 �M U0126, 50 �M
PI3K inhibitor Ly294002, or 25 �M Akt inhibitor. Protein extracts
were prepared 48 h following transfection and subjected to Western
blot analysis with GFP antibody. (C) Inhibition of Ras/MEK/MAPK/
p90Rsk and PI3K/PDK1/p90Rsk pathways results in diminished
FoxM1B transcriptional activity. U2OS-Tetr cells were transiently co-
transfected with the reporter 6�-FoxM1B-TATA-luciferase and
CMV-TO-FoxM1B (500 ng) with CMV-DN-p90Rsk, CMV-DN-Ras,
or DN-AKT or with 50 �M U0126 or Ly294002 either alone or to-
gether or with 25 �M Akt inhibitor. FoxM1B transcription assays in
U2OS-Tetr cells with tetracycline-inducible FoxM1B protein were per-
formed as described in the legend to Fig. 3C and in Materials and
Methods. Four separate transfection experiments were performed in
triplicate to calculate standard deviations.
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FoxM1B protein at Thr residue 596 is required for FoxM1B
transcriptional activation by mediating phosphorylation-de-
pendent recruitment of the p300/CBP histone acetyltrans-
ferase protein (Fig. 8). The p300/CBP proteins activate tran-
scription by acetylation of lysine residues of histone proteins,
causing their local dissociation, and by interaction with the
general transcriptional machinery (1, 9, 10, 38, 39, 53). Fur-
thermore, we demonstrated that FoxM1B transcriptional ac-
tivity required an LXL sequence (positions 639 to 641) for
binding of either the Cdk2-cyclin E or Cdk1-cyclin B complex,
which is required for efficient Cdk phosphorylation of FoxM1B
Thr residue 596 that is essential for recruitment of the p300/
CBP coactivators (Fig. 8).

We found that the Cdk phosphorylation of FoxM1B protein
initiated as early as the G1 phase of the cell cycle in synchro-
nized U2OS cells and that FoxM1B phosphorylation by Cdk-
cyclin complexes continued throughout the proliferative stages
of the cell cycle. Mutation of a FoxM1B Cdk1/2 phosphoryla-
tion site at Thr 596 to Ala caused an 80% reduction in FoxM1B
transcriptional activity and resulted in diminished Cdk-depen-
dent phosphorylation of the FoxM1B protein in vivo. We
showed that either FoxM1B T596A mutation or cotransfection
of wild-type-FoxM1B protein with dominant negative Cdk1
constructs prevented association with CBP histone acetyltrans-
ferase protein, suggesting that this Cdk site is essential for
transcriptional activity because its phosphorylation recruits
CBP coactivator function. Furthermore, inhibition of CBP hi-
stone acetyltransferase activity with the adenovirus E1A onco-
protein (1, 9) significantly decreased FoxM1B transcriptional

activity. Consistent with these findings, Cdc25B-mediated stim-
ulation of Cdk activity in combination with increased levels of
the CBP coactivator provided a 6.2-fold synergistic increase in
FoxM1B-dependent transcription, whereas inhibiting Cdk ac-
tivity with DN-Cdk1 caused a 90% decrease in FoxM1B tran-
scriptional activity.

We showed that both endogenous and transfected FoxM1B
associated with either Cdk2-cyclin E or Cdk1-cyclin B com-
plexes in coimmunoprecipitation experiments (Fig. 2). Muta-
tion of the FoxM1B Leu at 641 to Ala within an LXL motif
caused an 80% reduction in transcriptional activity and inhib-
ited FoxM1B interaction with both Cdk1-cyclin B and Cdk2-
cyclin B1 protein complexes. These studies show that the
FoxM1B protein uses a LXL sequence to recruit the Cdk-
cyclin complexes, which has been shown to bind to Cdk-cyclin
proteins as efficiently as the cyclin-binding Cy (RXL) motif (57,
64). Furthermore, we found significant reduction in phosphor-
ylation of the T7-FoxM1B L641A mutant protein in vivo (Fig.
3E), suggesting that recruitment of the Cdk-cyclin complex by
the LXL FoxM1B sequence was critical for efficient Cdk phos-
phorylation. These results support the hypothesis that FoxM1B
transcriptional activity requires binding of either S-phase or
M-phase Cdk-cyclin complexes to mediate efficient Cdk phos-
phorylation of the FoxM1B Thr 596 residue, which is essential
for recruitment of p300/CBP coactivator proteins (Fig. 8).

We propose a positive-feedback model in which FoxM1B
transcriptional activity is stimulated during the G1/S phase of
the cell cycle by Cdk2-cyclin E or A phosphorylation, allowing
recruitment of the CBP coactivator and binding of the Cdk2-
cyclin E or A complex (Fig. 8). Activation of the FoxM1B
protein allows transcription of the Cdc25B phosphatase gene,
which is a direct target for FoxM1B transcriptional activation
(59). The increased levels of Cdc25B protein will activate the
Cdk1-cyclin B complex through dephosphorylation, allowing
Cdk1-cyclin B to maintain phosphorylation of FoxM1B protein
and recruitment of the p300/CBP coactivator proteins during
the G2 phase of the cell cycle (Fig. 8). The transcriptional
activity of FoxM1B protein is also maintained by recruiting
activated Cdk1-cyclin B complexes to maintain FoxM1B phos-
phorylation to recruit the p300/CBP transcriptional coactiva-
tors (Fig. 8). Activation of FoxM1B protein will allow tran-
scriptional regulation of genes required to mediate the G2/M
transition, such as Cdk1, cyclin B1, cyclin B2, and cyclin F (60,
61).

Stimulation of the cyclic AMP response element binding
protein (CREB) by protein kinase A phosphorylation of the
CREB transcriptional activation domain was the first tran-
scription factor reported to display phosphorylation-depen-
dent recruitment of the CBP (11). Recent studies have dem-
onstrated that the Cdk2-cyclin E complex phosphorylates the
activation domain of E2F-5 and mediates recruitment of p300/
CBP coactivator proteins during S phase (36). Our FoxM1B
study is the first reported demonstration that activation of a
proliferation-specific transcription factor requires binding of
either S-phase or M-phase Cdk-cyclin complexes for its effi-
cient phosphorylation to mediate recruitment of p300/CBP
coactivators (Fig. 8).

Similar to the E2F transcription factors (16, 20), we found
that RB associates with FoxM1B in G1-phase protein extracts
but not with S-phase and G2-phase protein extracts when RB

FIG. 8. Model for Cdk-cyclin-mediated stimulation of FoxM1B-
dependent transcription. FoxM1B transcriptional activity is restricted
to proliferating cells through interaction with and phosphorylation by
the Cdk-cyclin complexes. Activated Cdk2-cyclin E or A or Cdk1-
cyclin B complexes phosphorylate FoxM1B Thr 596, which is required
for the recruitment of CBP for FoxM1B transcriptional activation.
FoxM1B transcriptional activity requires binding of Cdk1-cyclin B or
Cdk2-cyclin E/A complexes through the FoxM1B LXL motif, which
mediates efficient phosphorylation of the FoxM1B Cdk site at position
596. Furthermore, FoxM1B interacts with RB at the G1 phase of the
cell cycle, and RB thus may negatively regulate FoxM1B transcrip-
tional activity. We have previously demonstrated that FoxM1B is es-
sential for transcription of the Cdc25B phosphatase gene (59), which is
required for dephosphorylation and activation of Cdk1 protein (7, 41,
62). Taken together, these data establish a positive regulatory loop
between FoxM1B, Cdc25B, and Cdk1.
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is hyperphosphorylated (24, 32). These data suggest the hy-
pothesis that RB negatively modulates FoxM1B transcriptional
activity at G1 phases of the cell cycle but not during the S and
G2 phases, when hyperphosphorylated RB (24, 32) fails to
interact with the FoxM1B protein (Fig. 2D). In support of the
hypothesis that RB negatively regulates FoxM1B transcrip-
tional activity, a threefold increase in FoxM1B transcriptional
activity was found in cotransfection assays with a FoxM1B-
dependent reporter gene along with expression vectors for the
FoxM1B (MPP2) protein and the human papillomavirus type
16 E7 protein (33). Because the human papillomavirus type 16
E7 protein is known to target the RB protein for degradation
(18), these published cotransfection studies (33) support the
hypothesis that diminished RB protein levels are sufficient to
stimulate FoxM1B transcriptional activity.

We demonstrated that inhibition of the Ras/MAPK and
PI3K/PDK1 pathways either separately or together resulted in
significant decreases in FoxM1B-dependent transcriptional ac-
tivity, indicating that these cascades are required for FoxM1B
transcriptional activity (Fig. 7C). We propose the hypothesis
that the Ras/MAPK and PI3K/PDK1 signaling cascades are
required for FoxM1B-dependent transcription because they
mediate activation of the Cdk-cyclin complexes (Fig. 8). Acti-
vation of the MAPK and PI3K/PDK1 signaling pathways me-
diates phosphorylation and activation of the downstream p90
ribosomal S6 kinase (Rsk) (4, 21, 51), which inactivates the
Cdk1-inhibitory Myt1 kinase (44, 45). The MAPK signaling
cascade also stimulates Cdk1 activity through CAK-mediated
phosphorylation of Thr 160 (28) and by inducing expression of
the Cdc25B (through FoxM1B) and Cdc25C phosphatases,
which mediate the removal of inhibitory phosphates at Thr 14
and Tyr 15 (7, 41, 62). Furthermore, the PI3K/PDK1 signaling
pathway is necessary for normal expression levels of cyclin B1
protein (52). However, we demonstrated that Akt phosphory-
lation is not necessary for FoxM1B transcriptional activity be-
cause inhibition of Akt activity did not significantly affect
FoxM1B-dependent transcription (Fig. 7C). This is in striking
contrast to the FoxO (Fkhr, Daf-16) transcription factors, in
which Akt negatively regulates FoxO transcriptional activity by
phosphorylation of the FoxO C terminus, resulting in its nu-
clear export and retention in the cytoplasm (2, 8, 15).

In proliferating mammalian cells, the PI3K/Akt signal trans-
duction pathway is essential for G1-to-S-phase progression be-
cause it prevents transcriptional activity of the FoxO proteins,
which stimulate transcription of the Cdk inhibitor p27 kip1 gene
(35) and the retinoblastoma-like p130 gene (25). However, our
studies clearly demonstrate that the FoxM1B protein is regu-
lated by the activity of the Cdk-cyclin complexes and that this
regulatory mechanism is distinct from Akt-mediated regula-
tion of the related FoxO proteins. It is interesting that FoxM1B
regulates the protein levels but not the transcription of the Cdk
inhibitors p27kip1 and p21Cip1 and thus negatively regulates the
activity of these Cdk inhibitors (59, 60). Our current studies
also suggest that the ability of FoxM1B to diminish accumula-
tion of the p27kip1 and p21Cip1 proteins will enhance FoxM1B
transcriptional activity through increased Cdk activity.

In summary, we demonstrated that FoxM1B-dependent
transcription requires binding of the Cdk-cyclin complexes
through the FoxM1B LXL motif to allow efficient phosphory-
lation of the FoxM1B Thr 596 Cdk site in vivo. Phosphoryla-

tion of this Cdk site is essential for transcriptional activity
through recruitment of p300/CBP coactivator proteins, thus
providing FoxM1B protein with cell cycle-specific transcrip-
tional activity.
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