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The Forkhead box m1 (Foxm1) gene is critical for G1/S transition and essential for mitotic progression.
However, the transcriptional mechanisms downstream of FoxM1 that control these cell cycle events remain to
be determined. Here, we show that both early-passage Foxm1�/� mouse embryonic fibroblasts (MEFs) and
human osteosarcoma U2OS cells depleted of FoxM1 protein by small interfering RNA fail to grow in culture
due to a mitotic block and accumulate nuclear levels of cyclin-dependent kinase inhibitor (CDKI) proteins
p21Cip1 and p27Kip1. Using quantitative chromatin immunoprecipitation and expression assays, we show that
FoxM1 is essential for transcription of the mitotic regulatory genes Cdc25B, Aurora B kinase, survivin,
centromere protein A (CENPA), and CENPB. We also identify the mechanism by which FoxM1 deficiency
causes elevated nuclear levels of the CDKI proteins p21Cip1 and p27Kip1. We provide evidence that FoxM1 is
essential for transcription of Skp2 and Cks1, which are specificity subunits of the Skp1-Cullin 1-F-box (SCF)
ubiquitin ligase complex that targets these CDKI proteins for degradation during the G1/S transition. More-
over, early-passage Foxm1�/� MEFs display premature senescence as evidenced by high expression of the
senescence-associated �-galactosidase, p19ARF, and p16INK4A proteins. Taken together, these results demon-
strate that FoxM1 regulates transcription of cell cycle genes critical for progression into S-phase and mitosis.

Activation of the Ras–mitogen-activated protein kinase
(MAPK) signaling pathway drives cell cycle progression by
temporal expression of cyclin regulatory subunits, which acti-
vate their corresponding cyclin-dependent kinases (CDKs)
through complex formation (45, 46, 61). Progression into DNA
replication (S-phase) requires phosphorylation of the retino-
blastoma (RB) protein by the Cdk4/Cdk6 proteins in complex
with cyclin D (45). Phosphorylated RB dissociates from the
E2F transcription factor and alleviates inhibition of E2F to
allow transcriptional stimulation of cyclin E and other S-phase-
promoting genes (45). Association of cyclin E with Cdk2 leads
to hyperphosphorylation of RB, thus stimulating cell cycle pro-
gression beyond the G1/S checkpoint. Ras-MAPK signaling is
also necessary to induce expression of S-phase-promoting
Cdc25A phosphatase, which dephosphorylates inhibitory Cdk2
residues and activates Cdk2-cyclin E activity (45, 52). Cdk2-
cyclin E phosphorylation of the CDK inhibitor (CDKI) pro-
teins p27Kip1 and p21Cip1 is required for recognition by the
F-Box protein S-phase kinase-associated protein 2 (Skp2) and
CDK subunit 1 (Cks1) proteins, which are substrate specificity
subunits of the Skp1-Cullin1-F-box protein (SCF) ubiquitin
ligase complex (7, 11, 19, 49, 59, 63). During the G1/S transi-
tion of the cell cycle, the SCF ubiquitin ligase complex targets
these phosphorylated CDKI proteins for ubiquitin modifica-

tion and subsequent proteasome degradation, thus facilitating
activation of the Cdk2-cyclin E complex for progression into
S-phase.

Progression through the G2/M transition requires activation
of the Cdk1-cyclin B complex through dephosphorylation and
activation of Cdk1 by the Cdc25B and Cdc25C phosphatases,
the latter of which is activated by Polo-like kinase 1 (PLK1)
phosphorylation (4, 52). During mitosis, development of a mul-
tiprotein kinetochore complex on centromeres is required for
attachment of spindle microtubules to chromosomes that ra-
diate and attach to bipolar centrosomes, thereby mediating
segregation of sister chromatids (17). PLK1 protein is critical
for centrosome duplication, and both PLK1 and Aurora B
kinase are involved in bipolar microtubule spindle attachment
to the centromeric kinetochores (4, 48). The Aurora B kinase
is also essential for spindle assembly checkpoint, chromosome
segregation, and cytokinesis (48). Aurora B kinase deficiency
causes endoreduplication and a polyploid genotype due to a
failure in the spindle assembly checkpoint, resulting in prema-
ture mitotic exit during prophase and reinitiation of S-phase
(28, 48, 50, 51). Survivin forms a complex with chromosome
passenger proteins Aurora B kinase and inner centromere pro-
tein (INCENP), where it plays a critical role in the localization
of the Aurora B kinase-INCENP complex to the inner chro-
mosomal region of centromeres at the early stages of mitosis
(3). Moreover, replacement of histone H3 in centromeric nu-
cleosomes with the histone variant centromere protein A
(CENPA) is a prerequisite for recruitment of CENPB and
CENPC proteins, which are necessary for assembly of the
kinetochore protein complex on the centromere region of
chromosomes (2, 5, 47).
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The ARF/INK4A locus encodes two distinct tumor suppres-
sors, the CDKI protein p16INK4A and the mouse 19-kDa alter-
native reading frame (ARF) protein (14-kDa ARF protein in
humans) that are translated from different reading frames on
exon 2 (57, 60). The p19ARF protein stabilizes the tumor sup-
pressor p53 protein by interfering with Mdm2-mediated p53
degradation, thereby allowing accumulation of p53 transcrip-
tion factor and stimulating transcription of the CDKI p21Cip1

gene (39). The p19ARF protein also mediates p53-independent
cell cycle arrest, because the mouse ARF protein targets both
the E2F1 and c-Myc transcription factors to the nucleolus, thus
preventing their transcriptional activation of S-phase-promot-
ing target genes (15, 16, 44, 56). Long-term growth of primary
mouse embryonic fibroblasts (MEFs) induces replicative se-
nescence, which is associated with increased expression of se-
nescence-associated �-galactosidase (SA–�-Gal), the CDKIs
p21Cip1 and p16INK4A, and the tumor suppressor proteins
p19ARF and p53 (1, 20, 53, 54). Moreover, p19ARF�/� MEFs
are immortalized and do not undergo growth arrest following
long-term passage in culture, suggesting that ARF plays an
important role in replicative senescence of rodent cells (29).

The mammalian Forkhead box (Fox) family of transcription
factors consists of more than 50 mammalian proteins (9, 26)
that share homology in the winged helix DNA binding domain
(12, 43). Expression of the Foxm1 transcription factor is in-
duced during the G1 phase of the cell cycle, and its expression
continues during S-phase and mitosis (33, 73–75). Foxm1 is
expressed in all proliferating mammalian cells and tumor-de-
rived cell lines, and its expression is extinguished in terminally
differentiated cells that exit the cell cycle (33, 40, 73–75). Tran-
scription of the Foxm1 locus results in three differentially
spliced mRNAs that are almost identical in sequence but differ
by the addition of two small exons: the Foxm1b isoform (HFH-
11B) contains no additional exons, while the Foxm1c (Trident,
WIN, or MPP2) and Foxm1a (HFH-11A) isoforms contain one
or two additional exons, respectively (34, 40, 73, 75). Transcrip-
tional activity of the Foxm1 protein is dependent on Ras-
MAPK signaling, because the FoxM1 carboxyl-terminal acti-
vation domain binds the Cdk-cyclin complexes, which allows
efficient phosphorylation of the Cdk site at Thr residue 596
that is essential for recruiting the CREB binding protein
(CBP) transcriptional coactivator (42).

We used the albumin promoter/enhancer Cre recombinase
transgene (Alb-Cre) to mediate hepatocyte-specific deletion of
the Foxm1 fl/fl targeted allele, which removed exon 4 through
exon 7 encoding the Foxm1 DNA binding and transcriptional
activation domains (67). Liver regeneration studies demon-
strated that Alb-Cre Foxm1�/� hepatocytes displayed an 80%
reduction in DNA replication and a complete inhibition of
mitosis (67). The reduction in hepatocyte DNA replication was
consistent with reduced Cdk2-cyclin E activity resulting from
posttranscriptional increases in nuclear levels of the CDKI
proteins p21Cip1 and p27Kip1 (27, 67). However, the mecha-
nism by which these CDKI proteins are degraded by Foxm1
remains to be determined. The inhibition of hepatocyte mitosis
was associated with insufficient Cdk1-cyclin B activity resulting
from undetectable expression of Cdc25B phosphatase (67), yet
the complete block in M-phase progression suggested that
Foxm1 may control transcription of other mitotic regulators.
Using a well-established liver tumor induction and promotion

method, we showed that Alb-Cre Foxm1�/� hepatocytes fail to
proliferate and are highly resistant to chemical-induced hepa-
tocellular carcinoma (HCC) formation (13, 27). The mecha-
nism of resistance to HCC development is associated with
persistent hepatocyte nuclear accumulation of the CDKI pro-
tein p27Kip1 and diminished expression of the Cdk1-activating
Cdc25B phosphatase (13, 27). Moreover, we showed that
FoxM1 is a novel inhibitory target of the p19ARF tumor sup-
pressor, which inhibits FoxM1 transcriptional activity by tar-
geting it to the nucleolus (13, 27).

We previously developed an inducible osteosarcoma U2OS
clone C3 cell line (U2OS C3 cells) in which doxycycline (Dox)
treatment induced expression of the green fluorescent protein
(GFP)-human FoxM1b fusion protein (27). To identify FoxM1
transcriptional targets mediating progression into S-phase and
mitosis, we developed FoxM1 small interfering RNA (siRNA)
that, when transfected into the human osteosarcoma U2OS C3
cells, suppressed expression of both endogenous FoxM1 and
induced GFP-FoxM1b proteins. Here, we show that both
U2OS cells depleted of FoxM1 levels and early-passage
Foxm1�/� MEFs were unable to significantly grow in culture
due to a block in mitotic progression and accumulated nuclear
levels of the CDKI proteins p21Cip1and p27Kip1. Interestingly,
these early-passage Foxm1�/� MEFs display premature senes-
cence as evidenced by high levels of senescence-associated
�-galactosidase and increased nuclear levels of the senescence
markers p19ARF and p16INK4A. Using quantitative chromatin
immunoprecipitation (ChIP) and expression assays, we show
for the first time that FoxM1 is essential for transcription of the
mitotic regulatory genes Cdc25B, Aurora B kinase, survivin,
CENPA, and CENPB. Interestingly, both FoxM1- and Aurora
B kinase-depleted U2OS cells exhibited identical accumulation
of polyploid (8N) cells, supporting the hypothesis that dimin-
ished expression of Aurora B kinase contributed to develop-
ment of a polyploid genotype in FoxM1-deficient cells.
Undetectable expression of PLK1 protein was also found in
FoxM1-depleted U2OS cells, and recent studies have used
FoxM1 cotransfection and ChIP assays to demonstrate that
FoxM1 regulates transcription of the PLK1 gene (37). Consis-
tent with reduced S-phase progression, we showed that in-
creased nuclear levels of the CDKI proteins p27Kip1 and
p21Cip1 in FoxM1-depleted cells were associated with unde-
tectable levels of the SCF ubiquitin ligase complex proteins
Skp2 and Cks1, which are specificity subunits of the SCF ubiq-
uitin ligase complex. Our data imply that during the G1/S
transition FoxM1 mediates transcription of Skp2 and Cks1,
which are essential for degradation of these CDKI proteins.
Our results support the hypothesis that FoxM1 controls gene
expression of cell cycle regulatory proteins critical for S-phase
and M-phase progression.

MATERIALS AND METHODS

Doxycycline-inducible U2OS C3 cell culture, siRNA transfection, and syn-
chronization. We previously reported on the generation of an osteosarcoma
U2OS clone C3 cell line (U2OS C3 cells) that allowed Dox-inducible expression
of the GFP-FoxM1b fusion protein (27). U2OS C3 cells were maintained as a
monolayer in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum (FCS), 100 IU/ml penicillin, 100 �g/ml streptomycin, 2 mM
L-glutamine, and 50 �g/ml of hygromycin B (Invitrogen). Dharmacon Research
synthesized two 21-nucleotide siRNA duplexes specific to human FoxM1
mRNA, named siFoxM1 #1 (CAACAGGAGUCUAAUCAAG) and siFoxM1
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#2 (GGACCACUUUCCCUACUUU), and human p27Kip1 siRNA duplex (G
UACGAGUGGCAAGAGGUGUU), containing symmetric 2-uracil (U) 3�
overhangs. Human Aurora B siRNA duplex was purchased from Cell Signaling
Technology (Beverly, MA). These siRNA duplexes were transfected into U2OS
C3 cells using Lipofectamine 2000 reagent (Invitrogen) in serum-free tissue
culture medium following the manufacturer’s protocol. Four hours after trans-
fection, the cells were fed with complete DMEM containing 10% FCS, 100 IU/ml
penicillin, 100 �g/ml streptomycin, 2 mM L-glutamine, and 50 �g/ml of hygro-
mycin B. For induced expression of the GFP-FoxM1b fusion protein, we added
complete DMEM containing 10% FCS and 1 �g/ml of Dox (Sigma) 4 hours
following FoxM1 siRNA transfection. U2OS C3 or U2OS cells were harvested at
48 h after FoxM1 siRNA transfection for total RNA or harvested at 72 h after
FoxM1 siRNA transfection to prepare protein extracts for Western blot analysis,
flow cytometry, or immunofluorescent staining. For CENPA immunofluorescent
staining of mitotic synchronized cells, at 72 h after FoxM1 siRNA 2 transfection,
we synchronized U2OS cells at early stages of mitosis with 100 ng/ml nocodazole
(Sigma) for 24 h and then released them for 1 h to allow progression into
metaphase.

Cell growth rate of FoxM1-depleted U2OS C3 cells by siRNA transfection.
U2OS cells were transfected with siFoxM1 #2 or siRNA p27Kip1 duplexes and
then incubated for 2 days to allow siRNA silencing of expression. The FoxM1- or
p27Kip1-depleted U2OS cells were then trypsinized, and the cell growth rate was
determined in triplicate at 3, 4, 5, or 6 days after siRNA transfection. To
determine cell number, U2OS cells were trypsinized and removed from the plate,
nonviable cells were identified by 3 min of staining with 0.4% trypan blue
(Sigma), and the number of unstained U2OS C3 cells was counted using a
hemocytometer. We plotted cell number � standard deviation (SD) versus days
after siRNA transfection. Statistical analysis of experiment data was performed
with Microsoft Excel tools.

Generation and growth analysis of Foxm1�/�, Foxm1�/�, and Foxm1�/�

MEFs. Foxm1�/� mice containing an inactivated Foxm1-targeted allele that
deleted essential Foxm1 exons 4 through 7, which encode the Foxm1 DNA
binding domain and C-terminal transcriptional activation domain, were de-
scribed previously (36, 67). We bred Foxm1�/� mice to generate 13.5-day em-
bryos with Foxm1�/� (wild type), Foxm1�/� (heterozygous), or Foxm1�/�

(knockout) genotypes for isolation of MEFs. To isolate MEFs from the embryos,
the liver, heart, and head were removed from the embryos and then the remain-
ing embryo was digested with 0.25% trypsin in 2.21 mM EDTA (Cellgro, Hern-
don, VA) to isolate single-cell suspensions of MEFs using standard procedures
described by Hogan et al. (23). The heart tissue was used to generate DNA for
PCR genotyping of the embryos as described previously (36). The MEFs were
grown in DMEM supplemented with 10% FCS, 100 IU/ml penicillin, 100 �g/ml
streptomycin, 2 mM L-glutamine, 0.1 mM MEM nonessential amino acids, and
55 mM 2-mercaptoethanol in a humidified 9% CO2 incubator under conditions
described by Zindy et al. (76). To measure cell population doublings, MEFs were
trypsinized and then 3 � 105 cells were replated and fed with DMEM containing
10% FCS. Following 3 days of growth at 37°C and 9% CO2, we counted the
number of cells as described above. Population doubling during each passage was
calculated according to the formula log[(cell number after 3 days of growth)/(3
� 105)]/log 2.

Flow cytometry assays to determine cell cycle profiles. U2OS C3 cells were
transfected with 100 nM of either siFoxM1 #2, p27Kip1, or Aurora B kinase
siRNA duplexes, and then 72 h after transfection the cells were subjected to flow
cytometry to analyze their cell cycle profile. Wild-type (WT) Foxm1�/�, het-
erozygous Foxm1�/�, or knockout Foxm1�/� MEFs were trypsinized at passage
4 to analyze their cell cycle profile by flow cytometry. For flow cytometry, cells
were trypsinized and fixed in 70% ethanol for 2 h at 4°C. Cells were incubated
with 40 �g/ml propidium iodide and 100 �g/ml RNase A (Sigma) in phosphate-
buffered saline (PBS) for 1 h at 37°C. After washing, cells were resuspended in
PBS for further analysis. Data were acquired using a Beckman Coulter EPICS
Elite ESP apparatus (Hialeah, FL) and then analyzed using Multicycle AV
(Phoenix Flow Systems, San Diego, CA). The flow cytometry and analysis were
performed in the Research Resource Center at the University of Illinois at
Chicago.

Description of antibodies used for Western blot analysis to determine protein
expression levels. To prepare protein extracts, U2OS cells depleted of FoxM1 or
Aurora B kinase or Foxm1�/�, Foxm1�/�, or Foxm1�/� MEFs were harvested in
ice-cold PBS, pelleted by centrifugation, and used to make whole-cell protein
extracts using the NP-40 lysis buffer as described previously (42). Cytoplasmic
and nuclear protein extracts were made using a nuclear/cytosol fractionation kit
(K266-100; BioVision) following protocols provided by the manufacturer. Pro-
tein concentrations were determined by the Bradford method with the Bio-Rad
protein assay reagent. Equal amounts of proteins in whole-cell extracts or nu-

clear and cytoplasmic extracts from each set of experiments were fractionated on
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene difluoride membrane (Bio-Rad). The membrane
was subjected to Western blot analysis with antibodies against proteins of interest
as described previously (27, 42). The signals from the primary antibody were
amplified by horseradish peroxidase-conjugated anti-mouse immunoglobulin G
(IgG; Bio-Rad, Hercules, CA) and detected with enhanced chemiluminescence
(ECL Plus; Amersham Pharmacia Biotech, Piscataway, NJ).

The following commercially available antibodies and dilutions were used for
Western blotting: mouse anti-Plk-1 (F-8; 1:500); mouse anti-Cdc25A (F-6;
1:300); rabbit anti-Cdk2 (M2; 1:1,500), and mouse anti-cyclin A (H-432; 1:2,000)
(Santa Cruz Biotechnology, Inc.); rabbit anti-INCENP (1:5,000), mouse anti-�-
actin (AC-15; 1:5,000) (Sigma); mouse anti-Cdc25B (1:250), mouse anti-Aurora
B kinase/AIM-1 (1:250), mouse anti-Kip1/p27 (1:3,000), mouse anti-Cip1/p21
(1:3,000), and mouse anti-human cyclin B1 antibody (GNS-11; 1:500) (BD Bio-
sciences); mouse anti-GFP (JL-8; 1:1,000; Clontech, Franklin Lakes, NJ); rabbit
anti-CENPA (1:200; Upstate), rabbit anti-Aurora A/AIK (1:1,000), and mouse
antisurvivin (6E4; 1:500) (Cell Signaling Technology); and mouse anti-p45/Skp2
(2B12; 1:500) and rabbit anti-Cks1 (C-term; 1:500) (Zymed, South San Fran-
cisco, CA). The rabbit anti-Cullin 4A (Cul4A) antibody (1:1,000) was a gift from
P. Raychaudhuri (University of Illinois at Chicago).

Generating rabbit antisera specific to the human C-terminal FoxM1b protein
region. We cloned the human FoxM1b 365-748 amino acid protein into a His-
tagged expression vector. The His-tagged FoxM1b 365-748 amino acid protein
was expressed in Escherichia coli and affinity purified by nickel chromatography
following the manufacturer’s protocol (Invitrogen). To generate a rabbit FoxM1
antibody, we provided Genemed Synthesis, Inc. (South San Francisco, CA) with
affinity-purified His-tagged FoxM1b 365-748 amino acid protein as an antigen to
immunize two rabbits, and the subsequent antibody production consisted of
initial immunization followed by six boosts with the His-tagged FoxM1b 365-748
antigen. For Western blot analysis we used the Genemed-generated rabbit anti-
FoxM1 antibody at a 1:5,000 dilution using procedures described above.

Procedure for immunofluorescent staining of U2OS cells and MEFs. U2OS
C3 cells or MEFs were fixed with 10% buffered formalin (Fisher) for 20 min at
room temperature, rinsed with PBS, and permeabilized with PBS supplemented
with 1% bovine serum albumin (BSA; Sigma) and 0.2% Triton X-100 (Fisher).
After washing in PBS with 1% BSA, proteins of interest were visualized by
staining cells with specific antibodies in PBS containing 0.5% BSA at 25°C for
16 h. The following commercially available antibodies and dilutions were used
for immunofluorescent staining: mouse anti-Aurora B kinase/AIM-1 (1:25),
mouse anti-p27Kip1 (1:200), and mouse anti-p21Cip1 (1:200) (BD Transduction
Laboratories); rabbit anti-CENPA (1:75) and rabbit anti-phospho-histone H3
(Ser10; 1:100) (Upstate); mouse anti-�-tubulin (1:1,000; Sigma); anti-P16Ink4A

(1:100; Santa Cruz); and anti-p19ARF (1:100; Abcam). After being washed with
PBS, cells were incubated with tetramethyl rhodamine isocyanate-conjugated
polyclonal anti-mouse immunoglobulins (1:100) or fluorescein isothiocyanate-
conjugated polyclonal anti-mouse immunoglobulins (1:100; DakoCytomation,
Denmark) or Texas Red-conjugated anti-mouse IgG antibody (1:150; Vector
Laboratories) in PBS containing 0.5% BSA at 25°C for 30 min. The slides were
washed with PBS, and coverglasses were mounted with Vectashield mounting
medium with 4�,6�-diamidino-2-phenylindole (DAPI; H-1200; Vector Laborato-
ries). Immunofluorescence with primary antibodies followed by secondary anti-
bodies conjugated to either tetramethyl rhodamine isocyanate or fluorescein
isothiocyanate or Texas Red was detected using an Axioplan 2 microscope (Carl
Zeiss).

Procedure for senescence-associated �-galactosidase staining of MEFs. In situ
SA–�-Gal activity was detected as described elsewhere (55, 70) with minor
modifications. Passage 3 Foxm1�/� (WT), Foxm1�/�, or Foxm1�/� MEFs were
washed with PBS and fixed with 2% formaldehyde, 0.2% glutaraldehyde in PBS
for 15 min at room temperature, washed twice with PBS, and stained for 16 h at
37°C with 1 mg/ml 5-bromo-4-chloro- 3-indolyl-�-galactoside (X-Gal) (pH 6.0) in
40 mM citric acid-sodium phosphate buffer containing 5 mM potassium ferro-
cyanide, 5 mM potassium ferricyanide, 2 mM MgCl2, and 150 mM NaCl. Mi-
crographs of �-galactosidase-stained MEFs were taken at 200� magnification
using an Axioplan 2 microscope (Carl Zeiss).

Primers used for real-time reverse transcriptase PCR (RT-PCR) to determine
mRNA expression levels. U2OS cells or MEFs were harvested at 48 h following
siRNA transfection for preparation of total RNA using RNA-STAT-60 (Tel-Test
B Inc., Friendswood, TX). Following DNase I (RNase free; New England Bio-
Labs) digestion of total RNA to remove contaminating genomic DNA, we used
the Bio-Rad cDNA synthesis kit containing both oligo(dT) and random hexamer
primers to synthesize cDNA from 10 �g of total RNA. The following reaction
mixture was used for all PCR samples: 1� IQ SybrGreen supermix (Bio-Rad,
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Carlsbad, CA), 100 to 200 nM of each primer, and 2.5 �l of cDNA in a 25-�l total
volume. Reactions were amplified and analyzed in triplicate using a MyiQ single-
color real-time PCR detection system (Bio-Rad, Carlsbad, CA).

The following sense (S) and antisense (AS) primer sequences and annealing
temperatures (Ta) were used to amplify and measure the amount of human
mRNA by real-time RT-PCR: FoxM1-S, 5�-GGA GGA AAT GCC ACA CTT
AGC G-3�, and FoxM1-AS, 5�-TAG GAC TTC TTG GGT CTT GGG GTG-3�
(Ta, 55.7°C); CENPA-S, 5�-CTT CCT CCC ATC AAC ACA GTC G-3�, and
CENPA-AS, 5�-TGC TTC TGC TGC CTC TTG TAG G-3� (Ta, 54°C); sur-
vivin-S, 5�-TCA AGG ACC ACC GCA TCT CTA-3�, and survivin-AS, 5�-TGA
AGC AGA AGA AAC ACT GGG C-3� (Ta, 61°C); CENPB-S, 5�-ATT CAG
ACA GTG AGG AAG AGG ACG-3�, and CENPB-AS, 5�-CAT CAA TGG
GGA AGG AGG TCA G-3� (Ta, 58°C); Skp2-S, 5�-GGT GTT TGT AAG AGG
TGG TAT CGC-3�, and Skp2-AS, 5�-CAC GAA AAGGGC TGA AATGTT
C-3� (Ta, 62°C); Cks1-S, 5�-GAA TGG AGG AAT CTT GGC GTT C-3�, and
Cks1-AS, 5�-TCT TTG GTT TCT TGG GTA GTG GG-3� (Ta, 55.7°C);
KPC1-S, 5�-CCT GAA CCG CAT CTT TTC CTC-3�, and KPC1-AS, 5�-CTC
ATT GTC CAC CTG TAG CAA CTG-3� (Ta, 62.0°C); KPC2-S, 5�-GCC GTA
TTT TTA GCA TCT GAC AGG-3�, and KPC2-AS, 5�-TTC AAG CAG CAA
CTC AAG AGC C-3� (Ta, 60.1°C); JAB1-S, 5�-ATC GGG AGG CAA CTT
GGA AG-3�, and JAB1-AS, 5�-GCA TTT ACT CGG GTT TCA GTG-3� (Ta,
61.3°C). These real-time RT-PCR RNA levels were normalized to human cyclo-
philin mRNA levels, and these primers are as follows: cyclophilin-S, 5�-GCA
GAC AAG GTC CCA AAG ACA G-3�, and cyclophilin-AS, 5�-CAC CCT GAC
ACA TAA ACC CTG G-3� (Ta, 55.7°C).

The following sense and antisense primer sequences and annealing tempera-
tures were used to amplify and measure the amount of mouse mRNA by real-
time RT-PCR: FoxM1-S, 5�-CAC TTG GAT TGA GGA CCA CTT �3�, and
FoxM1-AS, 5�-GTC GTT TCT GCT GTG ATT CC-3� (Ta, 57.5°C); CENPA-S,
5�-AGC CGT GGT GTG TTT T-3�, and CENPA-AS, 5�-TCG GAT TCT CCT
GGT CAA CT-3� (Ta, 57.5°C); Cdc25B-S, 5�-CCC TTC CCT GTT TTC CTT
TC-3�, and Cdc25B-AS, 5�-ACA CAC ACT CCT GCC ATA GG-3� (Ta, 61.7°C);
Skp2-S, 5�-GTA TGT TAG GGA ACC ATT TGC GAG-3�, and Skp2-AS,
5�-TTA GAA GGG CAC TTG GAA GAG TT-3� (Ta, 55.7°C); Cks1-S, 5�-GAC
CTC AAA GCC CTC GTG T-3�, and Cks1-AS, 5�-TGA AAC ATA AAT CCA
TAA GTC ATC A-3� (Ta, 55°C); p19ARF-S, 5�-AGA GCG GGG ACA TCA
AGA C-3�, and p19ARF-AS, 5�-CTG AGG CCG GAT TTA GCT C-3 (Ta,
58.7°C). These real-time RT-PCR RNA levels were normalized to mouse cyclo-
philin mRNA levels, and these primers were as follows: cyclophilin-S, 5�-GGC
AAA TGC TGG ACC AAA CAC-3�, and cyclophilin-AS, 5�-TTC CTG GAC
CCA AAA CGC TC-3� (Ta, 57.5°C).

Cdk2 and Cdk1 immunoprecipitation kinase reactions. To measure the
amount of Cdk2-cyclin E/A or Cdk1-cyclin B activity, FoxM1-depleted or un-
treated U2OS cells were lysed in NP-40 lysis buffer (42), and 500 �g of total
cellular protein extract was immunoprecipitated (IP) using a monoclonal anti-
body for Cdk2 or Cdk1 (Santa Cruz) for 16 h with gentle rocking at 4°C. The
antibody-antigen complex was IP with 25% protein A-Sepharose for 2 h at 4°C.
Immunoprecipitates were then washed twice in lysis buffer followed by an addi-
tional two washes in ADBI kinase assay buffer (42). We used the Cdk2 or Cdk1
IP protein complexes for kinase reactions with 10 �g of the Cdk2 substrate RB
amino acids 773 to 928 fusion protein or Cdk1 substrate histone H1 protein
(Upstate) and radioactively labeled with [	-32P]ATP. Kinase reactions were
performed for 30 min at 30°C followed by 15% SDS-PAGE. The gel was then
fixed in 10% methanol and 10% acetic acid for 4 h, during which we changed the
wash three times. The fixed SDS-PAGE gel was dried for 45 min, the radioac-
tively labeled RB or histone H1 protein was visualized by scanning with the
Storm 860 PhosphorImager, and phosphorylated bands were quantitated with
the ImageQuant program (Amersham-Pharmacia Biotech).

Transfection of Aurora B kinase promoter-luciferase constructs into U2OS
cells for dual luciferase assays. We used PCR of human U2OS genomic DNA to
amplify �749 bp of the human Aurora B promoter region. This PCR-amplified
promoter region was cloned in the correct orientation in the pGL3-Basic Lucif-
erase reporter plasmid (Promega). The following PCR primers were used to
amplify the Aurora B kinase promoter region: forward, 5�-CGGAATACAAAG
TCTAGA-3�; reverse, 5�-GTCCAAGGCACTGCTACT-3�. The Aurora B kinase
promoter region was confirmed by DNA sequencing (University of Chicago
Sequencing Facility).

We used Fugene 6 reagent (Roche) to transfect U2OS cells with 200 ng of
either cytomegalovirus (CMV) FoxM1B expression construct or CMV empty
vector with 1.5 �g of �749 bp Aurora B promoter luciferase reporter with 10 ng
of CMV-Renilla luciferase, which served as an internal control. Twenty-four
hours after transfection, cells were harvested and protein extracts were prepared
for dual luciferase assays (Promega) as described previously, and luciferase levels

were normalized to Renilla luciferase activity (42). Promoter expression was
expressed as the fold induction of transcriptional activity by the FoxM1b expres-
sion vector � the SD, where promoter activity resulting from transfection with
CMV empty vector was set at 1. Experiments were performed in triplicate, and
statistical analysis was performed with Microsoft Excel tools.

ChIP assay. FoxM1-depleted or untreated U2OS cells were processed for
ChIP assay 3 days after siRNA transfection using published methods with addi-
tional modifications (71). Briefly, FoxM1-depleted or untreated U2OS cells were
cross-linked in situ by addition of 37% formaldehyde (Fisher Scientific) to a final
concentration of 1% (wt/vol) and incubated at 25°C for 10 min with gentle
swirling. The cross-linking reaction was stopped by the addition of 2.5 M glycine
to a final concentration of 0.125 M followed by an additional 5 min of gentle
swirling. Cells were washed once with 4°C sterile PBS and then collected by
adding 1 ml of 4°C sterile PBS containing protease inhibitors (Roche, Mann-
heim, Germany). Cells were scraped from the dish with a razor blade and
transferred into an Eppendorf tube, which was centrifuged at 2,000 � g for 10
min. The cell pellet was then resuspended in a 2� pellet volume of SDS lysis
buffer (1% SDS, 10 mM EDTA, 50 mM Tris, pH 8.1) and placed on ice for 10
min.

The resulting extract was sonicated using a Misonix 600W sonicator (Misonix
Inc., Farmingdale, NY) fitted with a 3-mm stepped microtip for 10 pulses of 15
seconds at a power setting of 30%. Between each pulse, the extract was incubated
on ice for 1 min. At this stage, the processing of all experimental samples and
total input was carried out according to the Upstate Cell ChIP assay protocol
(catalog no. 17-295; Lake Placid, NY). For the immunoprecipitation, specific
amounts of antibody as indicated were added to the precleared and clarified
sample, which was incubated at 4°C with rotation for 12 to 16 h and washed
according to the Upstate ChIP assay protocol. The following antibodies were
used in the indicated amounts: 10, 25, or 50 �l of rabbit antiserum specific for
FoxM1 protein (amino acids 365 to 748), 2 �g of rabbit serum (Vector Labora-
tories), and 2 �g of either rabbit CBP antibody (sc-369 [A-22]; Santa Cruz
Biotechnology) or RNA polymerase II antibody (sc-899 [N-20]; Santa Cruz
Biotechnology, Santa Cruz, CA). Cross-links were reversed on all samples, in-
cluding 20% input, by addition of 100 �l TE (1 mM EDTA, 10 mM Tris-HCl, pH
7.4) containing 10 �g of RNase A and then incubated for 15 min at 25°C.
Proteinase K (10 �g) and NaCl (4 �l of 5 M solution) were then added, and
samples were digested for 16 h at 65°C. DNA was extracted from the digested
samples using PCR purification columns following the manufacturer’s instruc-
tions (QIAGEN, Maryland). We then used 2.5 �l of this ChIP DNA sample in
the subsequent 25-�l real-time PCR mixture. The total input sample was diluted
1:10, and 2.5 �l was used for real-time PCR (10% total input).

PCR primers and reaction conditions for ChIP assay. The primers used to
amplify the following human gene promoter fragments are annotated with the
binding position upstream of the transcription start site, annealing temperature,
and whether in the sense or antisense orientation: Cdc25B �92S, 5�-AAG AGC
CCA TCA GTT CCG CTT G-3�, and Cdc25B �120AS, 5�-CCC ATT TTA CAG
ACC TGG ACG C-3� (Ta, 62°C); Aurora B kinase (AurkB) �856S, 5�-GCA
ACG AAA GGT CTA TTG GTG G-3�, and AurkB �611AS, 5�-TCT AAC TTC
TCT GCC CGA TGG AG-3� (Ta, 58°C); survivin �1531S, 5�-GGA GGA AGA
AGC AGA GAG TGA ATG-3�, and survivin �1373AS, 5�-CTG GGA TTA
CAG ATG TGA GCC AC-3� (Ta, 65°C); CENPA �6695S, 5�-CCT TGG TGT
TAT GCT CTG GGA AG-3�, and CENPA �6607AS, 5�-GGG CTG TTA CTG
TTT TCT CAG GTT G-3� (Ta, 60°C); CENPB �1036S, 5�-CCC AGA AAG
TGA CAC ACC AAG ATG-3�, and CENPB �817AS, 5�-GGT AAG TAT CAT
TGC CAA CAC GC-3� (Ta, 60°C); Skp2 �7554S, 5�-AAT TAG CCA GGT
GTG GTA GCG G-3�, and Skp2 �7428AS, 5�-CAG GCT TCA GTG TAA
TGG CAC G-3� (Ta, 62°C); Cks1 �213S, 5�-GTG AGA ACT GCC CTC CAA
TAA GG-3�, and Cks1 �64AS, 5�-GTG AGA ACT GCC CTC CAA TAA
GG-3� (Ta, 64°C); transthyretin (TTR) �308S, 5�-TTA GTG CAC GCA GTC
ACA CA-3�, and TTR �54AS, 5�-GCT TAT CCC TGC CAA TCT GAC TG-3�
(Ta, 62°C). The following reaction mixture was used for all PCR samples: 1� IQ
SybrGreen Supermix (Bio-Rad, Carlsbad, CA), 100 nM of each primer, and 2.5
�l of each purified ChIP extract in a 25-�l total volume. Reactions were ampli-
fied and analyzed in triplicate using a MyiQ single-color real-time PCR detection
system (Bio-Rad, Carlsbad, CA). Normalization was carried out using the 

Ct

method. Briefly, IP samples and total input threshold cycles (Ct) for each treat-
ment were subtracted from the Ct of the corresponding serum control IP (rabbit
serum). The resulting corrected value for the total input was then subtracted
from the corrected experimental IP value (

Ct), and these values were raised
to the power of 2 (2

Ct). These values were then expressed as a relative
promoter binding � SD.

Statistical analysis. We used the Microsoft Excel program to calculate the SD
and statistically significant differences between samples using the Student t test.
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The asterisks in each graph indicate statistically significant changes, with P values
calculated by the Student t test. P values of �0.05 were considered statistically
significant.

RESULTS

Transfection of FoxM1 siRNA into U2OS cells effectively
diminishes expression of induced GFP-FoxM1b and endoge-
nous FoxM1 and Cdc25B proteins. We previously reported on
the generation of an osteosarcoma U2OS clone C3 cell line
(U2OS C3 cells) which could be induced for expression of the
GFP-FoxM1b protein by Dox treatment (27). In order to in-
hibit expression of the human FoxM1 protein in this cancer cell
line, two 21-nucleotide siRNA duplexes were synthesized to
target the human FoxM1 mRNA (designated siFoxM1 #1 and
#2). We first performed a dose-response curve by transfecting
increasing amounts of siFoxM1 #1 or #2 duplex into Dox-
induced U2OS C3 cells, preparing protein extracts 72 h after
transfection and then assessing for GFP-FoxM1b protein levels
by Western blot analysis with anti-GFP monoclonal antibody
(Fig. 1A). Transfection of siFoxM1 #1 or siFoxM1 #2 duplex
diminished expression of induced GFP-FoxM1b protein in a
dose-dependent manner, and siFoxM1 #2 was more effective
in abolishing expression of GFP-FoxM1b protein than the
siFoxM1 #1 duplex (Fig. 1A). Transfection of U2OS cells with
siFoxM1 #2 duplex inhibited expression of endogenous
FoxM1 mRNA (Fig. 1B) and FoxM1 protein (Fig. 1C) as
determined by quantitative real-time RT-PCR (QRT-PCR)

and Western blot analysis, respectively. Moreover, transfection
of Dox-induced U2OS C3 cells with increasing amounts of
siFoxM1 #1 or #2 duplexes demonstrated that they reduced
expression of Cdc25B protein, a known FoxM1 target gene (36,
67), in a dose-dependent manner (Fig. 1D).

FoxM1 is required for growth of U2OS cells and MEFs in
culture. To determine the growth rate of FoxM1-depleted
cells, U2OS cells were transfected with siFoxM1 #2 duplex and
then incubated for 2 days to allow siRNA depletion of FoxM1
expression. These U2OS cells were then trypsinized, and the
cell growth rate was determined in triplicate at 3, 4, 5, or 6 days
after siRNA transfection (Fig. 2B). As a control for siRNA
silencing of an unrelated gene, we also transfected U2OS cells
with siRNA specific to the p27Kip1 gene and examined growth
of the p27Kip1-depleted U2OS cells as described above. West-
ern blot analysis showed that U2OS cells transfected with
siFoxM1 #2 or siRNA p27Kip1 duplexes only inhibit their own
endogenous protein expression (Fig. 2A). U2OS cells depleted
of FoxM1 failed to display significant growth in culture com-
pared to untransfected U2OS cells (Fig. 2B). However, the
FoxM1-depleted U2OS cells began to show a slight increase in
growth rate at 5 and 6 days after transfection with siFoxM1 #2
duplex, when the siRNA silencing of FoxM1 expression was
beginning to wane (Fig. 2B). U2OS cells depleted for p27Kip1

displayed an increased growth rate compared to untreated
controls (Fig. 2B), indicating that the reduction in growth of
FoxM1-depleted cells was not due to nonspecific effects result-

FIG. 1. Transfection of FoxM1 siRNA into U2OS cells effectively diminishes expression of induced GFP-FoxM1b and endogenous FoxM1 and
Cdc25B proteins. (A) Dose response; FoxM1 siRNA transfections into U2OS C3 cells effectively diminish expression of induced GFP-FoxM1b
protein. We transfected increasing amounts of siFoxM1 #1 or #2 into U2OS C3 cells, which were then induced for GFP-FoxM1b expression by
Dox treatment. Protein extracts were prepared 72 h after transfection and then analyzed for GFP-FoxM1b protein levels by Western blot analysis
using an anti-GFP monoclonal antibody. (B and C) Diminished expression of endogenous FoxM1 mRNA (B) (��, P � 0.003) or FoxM1 protein
(C) in U2OS cells transfected with siFoxM1 #2 duplex as determined by QRT-PCR and Western blot analysis with a rabbit anti-FoxM1 serum,
respectively (see Materials and Methods). (D) Dose response for FoxM1 siRNA transfections into Dox-induced U2OS C3 cells, which effectively
diminishes expression of endogenous Cdc25B protein.
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ing from siRNA gene silencing. These results demonstrated
that expression of the FoxM1 transcription factor is essential
for growth of U2OS cells.

In order to confirm this growth suppression observed with
FoxM1-depleted U2OS cells, we examined the growth proper-
ties of Foxm1-deficient MEFs. These Foxm1�/� MEFs con-
tained a functionally inactive Foxm1-targeted allele that de-
leted the essential Foxm1 exons 4 through 7 encoding both the
DNA binding and C-terminal transcriptional activation do-
mains (36, 42). These Foxm1�/� MEFs do not express detect-
able levels of the FoxM1 mRNA or FoxM1 protein compared
to WT Foxm1�/� or Foxm1�/� MEFs as determined by QRT-
PCR and Western blot analysis (Fig. 2C). We used the 3T3
protocol to measure cell doubling rate at each passage by
plating 3 � 105 of either Foxm1�/�, Foxm1�/�, or Foxm1�/�

MEFs on 60-mm plates (in triplicate) and then counting the
number of cells after 3 days of growth. We found that passage
3 Foxm1�/� MEFs initially showed diminished plating effi-
ciency, but they exhibited growth rates similar to WT MEFs
thereafter (Fig. 2D). In contrast, Foxm1�/� MEFs failed to
exhibit significant growth in culture after passage 2 compared
to WT and Foxm1�/� MEFs (Fig. 2D), demonstrating that
FoxM1 expression is essential for MEFs to grow in culture.

FoxM1-depleted U2OS cells exhibited diminished mitotic
progression with accumulation of polyploid cells. To demon-
strate that FoxM1-depleted U2OS cells exhibited diminished
cell cycle progression, U2OS cells were transfected with either
siFoxM1 #2 or si-p27Kip1 duplexes or left untransfected, and
then 72 h after transfection the cells were subjected to flow
cytometry analysis. Suppression of FoxM1 levels in U2OS cells

FIG. 2. FoxM1-deficient cells fail to exhibit significant growth in culture and display reduced mitotic progression with accumulation of polyploid
cells. (A and B) FoxM1-depleted U2OS cells fail to exhibit significant growth in culture. U2OS cells were transfected with siFoxM1 #2 or siRNA
p27Kip1 duplexes and then incubated for 2 days to allow siRNA silencing of their expression; cells were then trypsinized, 4 � 104 cells were plated
in each culture dish (in triplicate), and the number of cells were then determined at 3, 4, 5, or 6 days after siRNA transfection. (A) Western blot
analysis shows that U2OS cells transfected with siFoxM1 #2 or si-p27Kip1 duplexes only inhibit their own endogenous expression. (B) Graphic
representation of mean number of cells at indicated days following transfection � SD. ���, P � 0.001. (C) Foxm1�/� MEFs do not express
detectable levels of Foxm1 mRNA or protein. MEFs containing WT Foxm1�/�, Foxm1�/�, or Foxm1�/� genotypes were used to prepare total
RNA or protein at passage 4 in culture. Foxm1�/� MEFs do not express detectable levels of the FoxM1 mRNA or FoxM1 protein as determined
by quantitative real-time RT-PCR (��, P � 0.004) and Western blot analysis, compared to WT (�/�) or Foxm1�/� MEFs. (D) Foxm1�/� MEFs
are unable to grow in culture. We used the 3T3 protocol to measure cell doubling rates of the MEFs at each passage by plating 3 � 105 of either
Foxm1�/�, Foxm1�/�, or Foxm1�/� MEFs in 60-mm plates (in triplicate) and then counted the number of cells after 3 days of growth to determine
population doubling � SD as described in Materials and Methods. ��, P � 0.006. (E) Flow cytometry analysis of FoxM1-depleted U2OS cells shows
decreased S-phase and accumulation of G2/M (4N) and polyploid (8N) cells. U2OS cells were transfected as described for panel A and then
subjected to flow cytometry analysis. Graphically shown is the statistically significant change in the percentage of either FoxM1- or p27Kip1-depleted
U2OS cells accumulating in G1, S, G2/M (4N), and 8N compared to untransfected U2OS cells � SD from triplicate plates. The asterisks in panels
B to E indicate statistically significant changes, with the following P values calculated by the Student t test: �, P � 0.05; ��, P � 0.01; ���, P � 0.001.
(F) Flow cytometry analysis of passage 4 Foxm1�/�, Foxm1�/�, or Foxm1�/� MEFs.
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caused an 80% reduction in S-phase cells and significant de-
creases in mitotic progression as evidenced by a fivefold in-
crease in G2/M-phase cells (4N DNA content) with an accu-
mulation of polyploid (8N) cells compared to untreated U2OS
cells (Fig. 2E, siFoxM1 #2). In contrast, U2OS cells depleted
for p27Kip1 levels exhibited only a slight accumulation of
polyploid cells and increased the number of cells entering both
S-phase and G2/M-phase transition (Fig. 2E, siP27). Further-
more, no detectable sub-G1 peak was observed in U2OS cells
transfected with siFoxM1 #2 duplex, indicating that this
siRNA transfection did not induce apoptosis (data not shown).
These findings suggest that depletion of FoxM1 in U2OS cells
caused significant decreases in S-phase and mitotic progression
with accumulation of polyploid cells. We next identified the
cell cycle profile of Foxm1�/�, Foxm1�/�, and Foxm1�/�

MEFs harvested at passage 4 by flow cytometry (Fig. 2F).
Foxm1�/� MEFs exhibited defects in mitotic progression as
determined by a twofold increase in accumulation of G2/M
(4N) cells with a slight increase in polyploid (8N) cells com-
pared to control MEFs (Fig. 2F). The difference in the accu-
mulation of G2/M cells between U2OS cells and MEFs most
likely reflects differences in cell cycle progression between a
transformed cell (U2OS) and primary cell (MEFs). Taken
together, these results suggest that Foxm1-depleted U2OS
cells and Foxm1�/� MEFs display defects in mitotic progres-
sion.

FoxM1-deficient cells exhibited reduced PH3 staining and
failed to progress beyond the prophase stage of mitosis. We
used immunofluorescent staining for mitotic-specific phos-
phorylation of histone H3 (PH3) to determine whether
FoxM1-depleted U2OS cells or Foxm1�/� MEFs exhibited
diminished mitotic progression. U2OS cells depleted in FoxM1
expression or early-passage Foxm1�/�, Foxm1�/�, or WT
MEFs were fixed and immunofluorescently stained with the
PH3 antibody, and nuclei were counterstained with DAPI.
This analysis determined that both FoxM1-depleted U2OS
cells and Foxm1�/� MEFs failed to progress beyond the
prophase stage of mitosis, while all stages of mitosis were
visible in untransfected U2OS cells or control MEFs (Fig. 3A
and C; see magnified image in lower righthand corners). Fur-
thermore, U2OS cells with suppressed FoxM1 levels or early-
passage Foxm1�/� MEFs displayed a significant reduction in
PH3-positive cells compared to controls (Fig. 3B and D), sug-
gesting that FoxM1-deficient cells were unable to efficiently
enter mitosis. Taken together, these studies indicated that
FoxM1-deficient cells exhibited reduced mitotic entry and
were inhibited in their progression through mitosis.

Early-passage Foxm1�/� MEFs displayed premature senes-
cence as evidenced by increased expression of senescence-
associated markers. Because early-passage Foxm1�/� MEFs
failed to grow in culture and progress through mitosis, we next
sought to determine whether they had undergone premature
cellular senescence by staining for expression of the senes-
cence-associated �-galactosidase, p16INK4A, and p19ARF pro-
teins (53–55, 70). We fixed passage 3 Foxm1�/�, Foxm1�/�, or
Foxm1�/� MEFs and used X-Gal substrate to stain them for
senescence-associated �-galactosidase enzyme activity or per-
formed immunofluorescent staining with antibodies specific to
the senescence marker p16INK4A and p19ARF proteins. Indic-
ative of premature senescence, we found that early-passage

Foxm1�/� MEFs exhibited strong positive staining for the SA–
�-Gal enzyme, whereas only a few cells stained positive for the
SA–�-Gal enzyme in Foxm1�/� or WT MEF controls (Fig.
4A). In addition, early-passage Foxm1�/� MEFs exhibited en-
larged nuclei with high levels of nuclear p16INK4A staining
compared to Foxm1�/� or WT MEF controls (Fig. 4B). Like-
wise, Foxm1�/� MEFs exhibited strong nuclear and nucleolar
staining for the p19ARF tumor suppressor protein compared to
low nuclear/nucleolar expression levels in a subset of
Foxm1�/� or WT MEF controls (Fig. 4C). Furthermore, QRT-
PCR analysis of mRNA demonstrated that Foxm1�/� MEFs
exhibited a significant threefold increase in expression of
p19ARF mRNA compare to that of Foxm1�/� or WT MEF
controls (Fig. 4D). These results suggest that early-passage
Foxm1�/� MEFs have undergone premature cellular senes-
cence as evidenced by high expression of senescence marker
proteins. Recent studies report that MEFs cultured in vitro,
under atmospheric oxygen concentrations, show rapid “cellular
senescence,” and passage 3 MEFs exhibit an increase in mu-
tations and undergo immortalization (8, 25, 72). An alternative
interpretation of our increased SA–�-Gal staining and expres-
sion of senescence marker proteins in early-passage Foxm1�/�

MEFs is that they fail to undergo immortalization at passage 3
compared to WT and Foxm1�/� MEFs.

FoxM1 is essential for expression of the mitotic regulators
Aurora B kinase, survivin Polo-like kinase 1, CENPA, and
CENPB. The mitotic defect found in FoxM1-depleted U2OS
cells and Foxm1�/� MEFs (Fig. 2 to 4) indicated that FoxM1
regulated transcription of essential mitotic regulatory genes.
We therefore examined whether siRNA silencing of FoxM1
levels in U2OS cells could reduce expression of the mitotic
regulators Aurora B kinase, Aurora A kinase, PLK1, survivin,
INCENP, and CENPA. Dox-induced U2OS C3 cells were
transfected with either siFoxM1 #1 or #2 duplexes or left
untransfected, protein extracts were isolated 72 h after trans-
fection, and Western blot analysis was performed to measure
protein levels of these mitotic regulators (Fig. 5A). Western
blot analysis demonstrated that FoxM1 siRNA transfection
suppressed expression of the GFP-FoxM1b fusion and endog-
enous levels of the FoxM1 protein (Fig. 5A and data not
shown).

Dox induction of the GFP-FoxM1b protein caused increased
protein expression of Aurora B kinase and CENPA compared
to unstimulated U2OS C3 cells (Fig. 5A, compare data in the
absence versus presence of Dox). Depletion of FoxM1 protein
levels in Dox-induced U2OS C3 cells resulted in undetectable
levels of the Aurora B kinase, PLK1, and survivin proteins and
significant reduction in expression of CENPA protein com-
pared to untransfected Dox-induced U2OS C3 cells (Fig. 5A).
In contrast, suppression of FoxM1 levels was unable to inhibit
expression of either Aurora A kinase or INCENP (Fig. 5A).
U2OS cells depleted for FoxM1 showed significant reduction
in mRNA expression of survivin and CENPA as determined by
QRT-PCR analysis (Fig. 5B). FoxM1-depleted U2OS cells also
exhibited a 50% reduction in CENPB mRNA levels compared
to untransfected U2OS controls (Fig. 5B). Consistent with the
FoxM1-deficient U2OS cells, Foxm1�/� MEFs exhibited un-
detectable expression of PLK1 protein as determined by West-
ern blot analysis (Fig. 5C) and significant reduction in mRNA
levels of Cdc25B and CENPA compared to WT or Foxm1�/�
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MEFs as determined by QRT-PCR (Fig. 5D). These studies
indicate that the Foxm1 transcription factor is essential for
expression of the mitotic regulatory proteins Aurora B kinase,
survivin, PLK1, CENPA, and CENPB.

To determine whether FoxM1 regulates transcription of the
Aurora B kinase promoter, the luciferase reporter gene was
linked to the �749 bp Aurora B kinase promoter region, which
contained two potential FoxM1 binding sites at �730 to �742
bp and �652 to �640 bp (73, 75). We performed cotransfec-
tion assays with the CMV-FoxM1b expression vector and the
�749 bp Aurora B kinase promoter luciferase plasmid, pre-
pared protein extracts from U2OS cells at 24 h following trans-
fection, and used them to measure dual luciferase enzyme
activity. Cotransfection of FoxM1b expression vector caused a

fivefold increase in Aurora B kinase promoter activity (Fig.
5E), demonstrating that FoxM1b protein can transcriptionally
activate this Aurora B kinase promoter region.

Cdc25B, Aurora B kinase, survivin, CENPA, and CENPB
genes are direct transcriptional targets of FoxM1 as deter-
mined by quantitative ChIP assays. Recent studies have used
FoxM1 cotransfection and ChIP assays to demonstrate that
FoxM1 regulates transcription of the PLK1 gene (37). We next
used quantitative ChIP assays (71) to determine whether sup-
pressing FoxM1 expression in U2OS cells by transfection of
siFoxM1 #2 duplex prevented FoxM1 binding to the endoge-
nous human Cdc25B, Aurora B kinase, survivin, CENPA, or
CENPB promoter regions. The cross-linked and sonicated hu-
man chromatin was IP with antibodies specific to either FoxM1

FIG. 3. FoxM1-depleted U2OS cells and Foxm1�/� MEFs show significant decreases in mitotic phospho-histone H3 staining and fail to
progress beyond prophase. Results show reduced mitotic progression in FoxM1-depleted U2OS cells (A) or Foxm1�/� MEFs (C) as evidenced by
diminished phospho-histone H3 (PH3) staining. Control or FoxM1-depleted U2OS cells or Foxm1�/�, Foxm1�/�, or Foxm1�/� MEFs were
immunofluorescently stained with the PH3 antibody. FoxM1-depleted U2OS cells (A, siFoxM1 #2) or Foxm1�/� MEFs (C) do not progress
beyond the prophase stage of mitosis as evidenced by PH3 and DAPI staining. Shown are micrographs taken at 100� magnification, and the
enlargement of a cell undergoing mitosis in the righthand corner box was taken from micrographs taken at 400� magnification. (B and D) The
PH3-positive cells were quantitated in FoxM1-depleted and untransfected U2OS cells (B) and in Foxm1�/�, Foxm1�/�, and Foxm1�/� MEFs
(D) and are shown graphically as the percent PH3-positive cells � SD. This analysis revealed a statistically significant decrease in percent
PH3-positive cells in FoxM1-depleted U2OS cells compared to control cells (B) (���, P � 0.00002) and a statistically significant reduction in the
percent PH3-positive cells in Foxm1�/� MEFs compared to control MEFs (D) (��, P � 0.003).
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or RNA polymerase II or rabbit serum (control), and the
amount of promoter DNA associated with the IP chromatin
was quantitated by QRT-PCR with primers specific to the
human Cdc25B, Aurora B kinase, survivin, CENPA, or
CENPB promoter regions. These ChIP PCR primers were
made to DNA sequences situated near the potential FoxM1
binding sites in the human Aurora B kinase (�730 to �742 bp
and �652 to �640 bp), CENPA (�6531 to �6512 bp), survivin
(�1491 to �1476 bp), and CENPB (�552 to �537 bp) pro-
moter regions. Because the FoxM1 protein stimulates tran-
scription by recruiting the CBP transcriptional coactivator
(42), we also performed ChIP analysis with the CBP antibody.
This quantitative ChIP assay showed that FoxM1 binds to the
endogenous human Cdc25B, Aurora B kinase, CENPA, and
CENPB promoters, while depleting FoxM1 significantly re-
duced association of FoxM1 protein, CBP coactivator, and
RNA polymerase II to these endogenous promoter regions
compared to untransfected U2OS cells (Fig. 5F). These quan-
titative ChIP assays also revealed that FoxM1 binds to the
endogenous human survivin promoter region and that U2OS

cells with depleted FoxM1 levels exhibited a significant reduc-
tion in binding of FoxM1 protein and RNA polymerase II to
the endogenous survivin promoter regions (Fig. 5F). However,
suppression of FoxM1 levels did not diminish recruitment of
CBP to the endogenous survivin promoter region (Fig. 5F),
presumably due to another transcription factor that also re-
cruits the CBP coactivator. We also performed control ChIP
assays with cross-linked extracts prepared from U2OS cells and
FoxM1 antibody or control mouse IgG serum, and the IP
genomic DNA was analyzed for the presence of the liver-
specific human TTR promoter region by QRT-PCR. Consis-
tent with the specificity of our ChIP assays, this control ChIP
experiment demonstrated that neither the FoxM1 antibody nor
IgG serum immunoprecipitated significant levels of this prox-
imal TTR promoter region from either untransfected or
FoxM1-depleted U2OS cell extracts (data not shown). Fur-
thermore, we transfected U2OS cells with siRNA specific to
the p27Kip1 (siP27) gene and performed ChIP assays with
FoxM1 antibody and primers specific to FoxM1 target promot-
ers to demonstrate that this control siRNA transfection does

FIG. 4. Early-passage Foxm1�/� MEFs express high levels of senescence-associated �-galactosidase, p16INK4A, and p19ARF proteins. Passage
3 Foxm1�/� MEFs express high levels of senescence-associated �-galactosidase enzyme (A) and increased nuclear levels of CDKI p16INK4A (B) and
p19ARF tumor suppressor (C) proteins. Passage 3 Foxm1�/� (WT), Foxm1�/�, or Foxm1�/� MEFs were stained for senescence-associated
�-galactosidase enzyme activity with X-Gal substrate (55, 70) or immunofluorescently stained with antibody specific to either p16INK4A or p19ARF

protein. In panels B and C, the MEF nuclei were counterstained with DAPI and merged with the immunofluorescent staining. �-Galactosidase
enzyme and immunofluorescent staining micrographs are taken at 200� and 400� magnification, respectively. (D) Foxm1�/� MEFs express
significantly higher levels of p19ARF mRNA compared to control WT and Foxm1�/� MEFs. RNAs isolated from Foxm1�/�, Foxm1�/�, and WT
MEFs were analyzed for p19ARF mRNA levels by quantitative real-time RT-PCR analysis using primers specific to the mouse p19ARF gene, and
Foxm1�/� MEFs displayed a statistically significant increase in p19ARF mRNA expression compared to control MEFs (�, P � 0.02).
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FIG. 5. FoxM1 regulates transcription of the mitotic regulators Aurora B kinase, survivin, CENPA, and CENPB. (A) FoxM1 is required for
expression of mitotic regulatory proteins. U2OS C3 cells were transfected with 100 nM of FoxM1 siRNA #1 or #2 and induced for GFP-FoxM1b
with Dox, and protein extracts were isolated 72 h after transfection. Western blot analysis was used to measure siFoxM1 suppression of induced
GFP-FoxM1b protein and Aurora B kinase, CENPA, Plk1, survivin, Aurora A kinase, or INCENP. (B) FoxM1 regulates mRNA levels of CENPA,
survivin, and CENPB. RNA was isolated from siFoxM1 #2-transfected or untransfected U2OS cells and used for QRT-PCR analysis with the
indicated human gene primers. This analysis demonstrated that FoxM1-depleted U2OS cells exhibited a statistically significant decrease in mRNA
expression of CENPA (��, P � 0.008), survivin (��, P � 0.004), and CENPB (��, P � 0.01). (C and D) Compared to control MEFs, Foxm1�/�

MEFs expressed reduced levels of PLK1 protein as determined by Western blotting (C) and reduced mRNA levels of Cdc25B (��, P � 0.004) and
CENPA (��, P � 0.007) as determined by quantitative real-time RT-PCR (D) analysis. (E) FoxM1b activates transcription of the Aurora B kinase
promoter in cotransfection assays. U2OS cells were cotransfected with CMV-FoxM1b expression vector and the �749 bp Aurora B kinase (AurkB)
promoter fused to the luciferase reporter and, 24 h following transfection, protein extracts were prepared and analyzed for dual luciferase activity
as described previously (42). Triplicate plates were used to calculate the mean fold induction of transcriptional activity by CMV-FoxM1B
transfection � SD (��, P � 0.004). Promoter expression with CMV-empty vector transfection was set at 1. (F) FoxM1 regulates transcription of
Cdc25B, Aurora B kinase, CENPA, survivin, and CENPB promoters as determined by quantitative ChIP assays. FoxM1-depleted or untreated
U2OS cells were processed for ChIP assay as described in Materials and Methods. The cross-linked and sonicated human chromatin was IP with
antibodies specific to FoxM1, CBP, RNA polymerase II, or rabbit serum (control), and the amount of promoter DNAs associated with the IP
chromatin was quantitated by real-time PCR with primers specific to the indicated regions of the human Cdc25B, Aurora B kinase, CENPA,
survivin, and CENPB promoter. FoxM1 ChIP promoter binding in untreated U2OS cells was set at 1 � SD. FoxM1-depleted U2OS cells showed
diminished binding of FoxM1, RNA polymerase II, or CBP coactivator protein to the endogenous human promoter regions of Cdc25b, AurkB,
CENPA, survivin, and CENPB genes. The asterisks in panels B, D, E, and F indicate statistically significant changes, with P values calculated by
the Student t test as follows: �, P � 0.05; ��, P � 0.01; ���, P � 0.001. The IgG control ChIP assays produced 0.1 of the FoxM1 binding levels
observed with untreated U2OS cells and similar to the FoxM1-depleted U2OS cells.
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not reduce binding of FoxM1 to the Cdc25B, Aurora B Kinase,
survivin, or CENPA promoter regions (data not shown). Taken
together, results from these quantitative ChIP and expression
assays demonstrated that Cdc25B, Aurora B kinase, survivin,
CENPA, and CENPB promoter regions are direct transcrip-
tional targets of FoxM1.

Immunofluorescent staining of FoxM1-depleted U2OS cells
for Aurora B kinase and CENPA expression. To determine
whether the expression patterns of the Aurora B kinase or
CENPA proteins were detectable in FoxM1-depleted U2OS
cells, we performed immunofluorescent staining with antibod-
ies specific to these proteins and counterstained nuclei with
DAPI. Aurora B kinase staining is punctated in U2OS cells
during prophase, consistent with its localization to the inner
centromere region, while Aurora B kinase relocalizes to the

spindle midzone region situated between the separating chro-
mosomes during anaphase (Fig. 6A, untreated) (3, 31). Con-
sistent with a block in mitotic progression, depletion of FoxM1
expression in U2OS cells completely eliminated detectable Au-
rora B kinase protein staining (Fig. 6A, siRNA #2). We next
examined immunofluorescent staining of CENPA protein in
FoxM1-depleted U2OS cells synchronized at the beginning of
mitosis. To synchronize U2OS cells at early stages of mitosis,
they were treated for 24 h with nocodazole, an inhibitor of
spindle microtubule polymerization, and then released for 1
hour to allow progression into mitosis (28). The CENPA pro-
tein is a histone variant that replaces histone H3 protein in the
nucleosomes of the centromere region and, therefore, its flu-
orescence tracks with the chromosomes in prophase (punc-
tated) and metaphase (midzone), as shown in Fig. 6B (2, 5, 47).

FIG. 6. Diminished Aurora B kinase levels contribute to the polyploid phenotype found in FoxM1-deficient cells. (A) FoxM1-depleted U2OS
cells exhibited undetectable immunofluorescent staining of Aurora B kinase. Nuclei were counterstained with DAPI and then merged with
immunofluorescent staining. (B) FoxM1-depleted U2OS cells displayed reduced intensity of punctated CENPA staining. We examined immuno-
fluorescent staining of CENPA protein in cells synchronized at the beginning of mitosis. To synchronize U2OS cells at early stages of mitosis, they
were treated for 24 h with nocodazole, an inhibitor of spindle microtubule polymerization, and then released for 1 h to allow progression into
mitosis (28). Synchronized cells were immunofluorescently stained with antibodies specific to either CENPA or �-tubulin, and nuclei were
counterstained with DAPI and merged using the indicated combinations. Shown are 400� magnifications.
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U2OS cells depleted in FoxM1 levels displayed reduced inten-
sity of punctated CENPA staining and were unable to proceed
into the metaphase stage of mitosis (Fig. 6B).

Diminished Aurora B kinase levels contributed to the
polyploid phenotype found in FoxM1-deficient cells. Aurora B
kinase-depleted HeLa cells displayed significant reduction in
PH3 staining and accumulation of polyploid cells due to en-
doreduplication (14), which are mitotic defects found in
FoxM1-deficient U2OS cells (Fig. 2 and 3). We therefore ex-
amined whether reduced levels of Aurora B kinase in FoxM1-
deficient U2OS cells were responsible for defects in G2/M
progression and accumulation of polyploid cells. U2OS cells
were transfected with siRNA duplexes specific to either the
Aurora B kinase or FoxM1 or left untransfected, and then 72 h
after transfection the cells were harvested to examine the cell
cycle profile by flow cytometry. Western blot analysis demon-
strated that expression of Aurora B kinase protein was signif-
icantly diminished by transfection with either the Aurora B
kinase siRNA or siFoxM1 #2 duplex (Fig. 7A). Aurora B
kinase-depleted U2OS cells exhibited wild-type expression of
FoxM1, PLK1, cyclin B1, INCENP, and Aurora A kinase pro-
teins (Fig. 7A). In contrast, FoxM1-depleted U2OS cells dis-
played significant reduction in levels of PLK1 and cyclin B1
proteins, but FoxM1 deficiency did not influence expression of
the INCENP and Aurora A kinase proteins (Fig. 7A). Flow
cytometry analysis demonstrated that Aurora B kinase-de-
pleted U2OS cells exhibited a statistically significant threefold
increase in G2/M (4N) cells, compared to a fivefold increase in
G2/M phase cells with FoxM1-deficient U2OS cells (Fig. 7B)
(G2/M, 36.7% � 3.0% versus 59.3% � 2.1%). This result
indicates that Aurora B-deficient U2OS cells exhibit a less
severe defect in mitotic progression than FoxM1-depleted
cells, a finding consistent with the role of FoxM1 in regulating
expression of other mitotic regulators, Cdc25B, PLK1, sur-
vivin, CENPA, and CENPB. In contrast to FoxM1-depleted
U2OS cells, normal levels of S-phase cells were found in
Aurora B kinase-deficient U2OS cells (Fig. 7B), a finding con-
sistent with a restricted role of Aurora B Kinase in mitotic
progression. Interestingly, both FoxM1- and Aurora B kinase-
depleted U2OS cells exhibited identical accumulation of
polyploid (8N) cells (Fig. 7B), suggesting that they have un-
dergone endoreduplication. Consistent with these findings,
published studies have demonstrated that inhibition of Aurora
B kinase activity leads to a polyploid genotype resulting from a
failure in the mitotic spindle checkpoint causing premature
mitotic exit and reinitiation of DNA replication (28, 48, 50, 51).
These studies support the hypothesis that diminished expres-
sion of Aurora B kinase contributed to the development of the
polyploid genotype in FoxM1-depleted U2OS cells.

FoxM1 is required for normal levels of DNA replication in
U2OS cells. In order to determine whether inhibiting expres-
sion of FoxM1 influenced progression into DNA replication,
U2OS cells were transfected with siFoxM1 #2 duplex or left
untransfected, serum starved for 48 h, and then stimulated to
reenter the cell cycle with the addition of 10% FCS. We sub-
jected the cells to a 1-hour pulse-label with bromodeoxyuridine
(BrdU) prior to harvesting them at 12 and 16 h after serum
stimulation, which represents the period of DNA replication in
U2OS cells (42). DNA replication rates in U2OS cells were
determined by measuring the amount of BrdU incorporation

FIG. 7. Aurora B kinase-depleted U2OS cells accumulate
polyploid (8N) cells similar to that found in FoxM1-depleted U2OS
cells. U2OS cells were either transfected with Aurora B kinase siRNA
duplex, siFoxM1 #2 duplex, or left untransfected and 72 h after trans-
fection cells were harvested for flow cytometry analysis (in triplicate)
to determine cell cycle profile. (A) Western blot analysis demonstrated
that expression of Aurora B kinase protein was significantly diminished
by siRNA specific to either Aurora B kinase or FoxM1. We also
performed Western blot analysis with antibodies specific to FoxM1,
Plk1, cyclin B1, Aurora A kinase, and INCENP. (B) Aurora B kinase
contributes to accumulation of polyploid (8N) cells in FoxM1-deficient
cells. Depicted graphically is the percentage of cells accumulating in
G1, S, G2/M (4N), and 8N in either FoxM1- or Aurora B kinase
(AurkB)-depleted U2OS cells compared to untransfected U2OS cells
� SD from triplicate plates. FoxM1- or Aurora B kinase-depleted
U2OS cells showed a statistically significant change in cells accumu-
lating in G1, S, G2/M (4N), and 8N. The asterisks in panel B indicate
statistically significant changes with P values calculated by the Student
t test as follows: �, P � 0.05; ��, P � 0.01; ���, P � 0.001.

10886 WANG ET AL. MOL. CELL. BIOL.



using immunohistochemical staining (Fig. 8A). Quantitation of
the BrdU incorporation rates demonstrated that depletion of
FoxM1 expression in U2OS cells caused significant decreases
in DNA replication compared to untransfected U2OS cells
(Fig. 8B), suggesting that FoxM1 contributes to S-phase pro-
gression.

FoxM1 is required for expression of Cdc25A and full activity
of the Cdk2-cyclin E/A and Cdk1-cyclin B complexes. Liver
regeneration studies with Alb-Cre Foxm1 fl/fl mice demon-
strated that regenerating Foxm1�/� hepatocytes exhibited
diminished expression of the Cdk2 activator Cdc25A phospha-
tase and reduced activation of the Cdk2-cyclin E/A or Cdk1-
cyclin B complexes as determined by IP kinase assays (67).
Consistent with these regenerating Foxm1�/� liver studies,
Western blot analysis demonstrated that FoxM1-depleted
U2OS cells exhibited reduced expression of Cdc25A phospha-
tase (Fig. 8C). Furthermore, U2OS cells depleted in FoxM1
levels exhibited a 60% reduction in activity of both Cdk2-cyclin
E/A and Cdk1-cyclin B complexes compared to untransfected
U2OS cells, as evidenced by IP kinase assays using either the
Cdk2 substrate, RB protein, or the Cdk1 substrate, histone H1
protein (Fig. 8D). These studies demonstrated that siRNA
silencing of FoxM1 levels in U2OS cells caused diminished
activation of the S-phase-promoting Cdk2-cyclin E/A complex
and M-phase-promoting Cdk1-cyclin B complex.

FoxM1-depleted U2OS cells and early-passage Foxm1�/�

MEFs exhibit increased nuclear levels of CDKI proteins
p21Cip1 and p27Kip1. Liver regeneration studies with Alb-Cre
Foxm1 fl/fl mice demonstrated that regenerating Foxm1�/�

hepatocytes displayed posttranscriptional increases in nuclear
levels of the CDKI proteins p21Cip1 and p27Kip1 (27, 67, 68).
Using Western blot analysis with fractionated nuclear and cy-
toplasmic protein extracts, we showed that siRNA silencing of
FoxM1 in U2OS cells caused increased expression of the
CDKI proteins p27Kip1 or p21Cip1 compared to untransfected
U2OS cell extracts (Fig. 8E). Consistent with these findings,
both FoxM1-depleted U2OS cells (Fig. 8F) and early-passage
Foxm1�/� MEFs (Fig. 8H) exhibited increased nuclear stain-
ing of p27Kip1 protein compared to low levels found in un-
treated U2OS cells or WT or Foxm1�/� control MEFs. Like-
wise, the number of nuclei expressing high levels of p21Cip1

protein was significantly increased in FoxM1-depleted U2OS
cells (Fig. 8G) and early-passage Foxm1�/� MEFs (Fig. 8I)
compared to untransfected U2OS cells and WT or Foxm1�/�

MEF controls. These studies indicate that FoxM1 deficiency
caused increased nuclear levels of CDKI proteins in both
U2OS cells and early-passage MEFs.

FoxM1 is essential for transcription of SCF ubiquitin ligase
complex Skp2 and Cks1 genes. CDKI proteins p27Kip1 and
p21Cip1 phosphorylated by the Cdk2-cyclin E complex are rec-
ognized by the specificity subunits Skp2 and Cks1 of the SCF
ubiquitin ligase complex, which targets them for ubiquitin-
mediated proteasome degradation (11, 19, 49, 63). In order to
examine whether FoxM1 regulates Skp2 and Cks1 expression,
protein extracts or total RNA was prepared from FoxM1-
depleted (�) or untreated (�) U2OS cells and then used to
measure Skp2 or Cks1 expression levels. Western blot analysis
demonstrated that FoxM1 is essential for detectable expression
of both the Skp2 and Cks1 proteins, whereas levels of the
Cullin 4A (Cul4A) protein were unchanged in FoxM1-de-

pleted U2OS cells (Fig. 9A). QRT-PCR analysis of mRNA
demonstrated that siRNA silencing of FoxM1 expression
caused significant reduction of Skp2 and Cks1 mRNA levels,
suggesting that FoxM1 regulates transcription of these genes
(Fig. 9B). Likewise, Foxm1�/� MEFs displayed reduced
mRNA levels of Skp2 and Cks1 compared to WT and
Foxm1�/� MEF controls as determined by QRT-PCR (Fig.
9C). Furthermore, RNA isolated from FoxM1-depleted and
untreated U2OS cells was used for used QRT-PCR analysis to
determine that FoxM1 does not control mRNA expression of
other regulators of CDKI protein stability (data not shown),
such as Jab1, Kip1 ubiquitination-promoting complex 1
(KPC1), and KPC2 (30, 64, 65). These results indicate that
FoxM1 is essential for regulating expression of the specificity
subunits Skp2 and Cks1 of the SCF ubiquitin ligase complex,
which are critical for targeting these CDKI proteins for deg-
radation during the G1/S transition.

In order to determine whether FoxM1 regulates transcrip-
tion of the Skp2 and Cks1 genes, FoxM1-depleted or untreated
U2OS cells were processed for quantitative ChIP assays. The
cross-linked and sonicated human chromatin was IP with an-
tibodies specific to FoxM1 or rabbit serum (control), and the
amount of human Skp2 or Cks1 promoter DNA associated
with the IP chromatin was quantitated by real-time PCR.
These ChIP assays demonstrated that FoxM1 protein associ-
ated near the endogenous �7,500 bp Skp2 promoter region
and the �200 bp proximal Cks1 promoter region and that
siRNA silencing FoxM1 expression in U2OS cells significantly
reduced binding of FoxM1 protein to these endogenous hu-
man promoter regions (Fig. 9D). Taken together, these studies
demonstrate that FoxM1 regulates transcription of the Skp2
and Cks1 genes, which encode specificity subunits of the SCF
ubiquitin ligase complex, and that their reduced expression in
FoxM1-deficient cells contributes to increased nuclear levels of
the CDKI proteins p27Kip1 and p21Cip1.

DISCUSSION

We previously used liver regeneration studies with Alb-Cre
Foxm1 fl/fl mice to demonstrate that Foxm1-deficient hepato-
cytes exhibited a block in mitotic progression and reduced
DNA replication due to posttranscriptional increases in nu-
clear levels of the CDKI proteins (27, 67). However, the
FoxM1 transcriptional target genes mediating mitotic progres-
sion and degradation of CDKI proteins remain uncharacter-
ized. In our current study, we showed that both human osteo-
sarcoma U2OS cells depleted in FoxM1 levels by siRNA
transfection and early-passage Foxm1�/� MEFs were unable
to significantly grow in culture due to a failure to progress
beyond the prophase stage of mitosis and accumulated nuclear
levels of CDKI proteins p21Cip1 and p27Kip1. We provide evi-
dence that FoxM1 is essential for transcription of Skp2 and
Cks1, which are specificity subunits of the SCF ubiquitin ligase
complex that targets these CDKI proteins for degradation dur-
ing the G1/S transition. FoxM1-depleted U2OS cells were
blocked in mitotic progression as evidenced by a 5-fold in-
crease in G2/M (4N) cells, a 10-fold decrease in mitotic phos-
phorylation of histone H3 (PH3) protein, and an accumulation
of polyploid (8N) cells. The block in mitotic progression was
due to undetectable expression of the mitotic regulators
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FIG. 8. FoxM1-depleted U2OS cells and Foxm1�/� MEFs exhibit increased nuclear levels of CDKI proteins. (A) Diminished BrdU incorpo-
ration rates in serum-stimulated FoxM1-depleted U2OS cells. FoxM1-depleted or untreated U2OS cells were serum starved for 48 h and then
stimulated to reenter the cell cycle with the addition of 10% fetal calf serum and cells at 12 and 16 h after serum stimulation and a 1-hour
pulse-label with BrdU before harvesting the cells. (B) Graph quantitating BrdU incorporation rates in serum-stimulated FoxM1-depleted and
control U2OS cells. We counted the number of BrdU-positive cells from three distinct 200� fields at 12 and 16 h after serum stimulation (in
triplicate), and this was used to calculate the percentage of cells with BrdU incorporation � the SD as shown graphically. Statistically significant
decreases in the percentage of BrdU incorporation were found in serum-stimulated FoxM1-depleted U2OS as determined by the Student t test
(��, P � 0.01). (C) FoxM1-depleted U2OS cells displayed reduced levels of Cdc25A phosphatase protein as determined by Western blot analysis.
(D) FoxM1-depleted U2OS cells exhibited diminished Cdk1 and Cdk2 kinase activities. FoxM1-depleted U2OS cells were IP with Cdk2 or Cdk1
antibodies and used for radioactive kinase assays with either recombinant Cdk2 substrate RB protein or Cdk1 substrate histone H1 protein. The
radioactively labeled phosphorylated substrates were analyzed by SDS-PAGE followed by autoradiography and then quantitated by the Kodak
BioMax 1D program. (E) FoxM1-depleted U2OS cells exhibited increased nuclear and cytoplasmic levels of the CDKI proteins p27Kip1 and p21Cip1

as determined by Western blot analysis. FoxM1-depleted or untreated U2OS cells were used to prepare nuclear and cytoplasmic protein extracts
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Cdc25B, Aurora B kinase, survivin, and PLK1 and the fact that
FoxM1 deficiency caused reduced levels of cyclin B1, CENPA,
and CENPB (Fig. 5 and 7A). Interestingly, both FoxM1- and
Aurora B kinase-depleted U2OS cells exhibited identical ac-
cumulation of polyploid (8N) cells (Fig. 7B), supporting the
hypothesis that diminished expression of Aurora B kinase con-
tributed to development of a polyploid genotype in FoxM1-

deficient cells. Quantitative ChIP and expression assays in
FoxM1-deficient or control U2OS cells demonstrated that
FoxM1 is essential for transcription of the mitotic regulators
Cdc25B, Aurora B kinase, survivin, CENPA, and CENPB (Fig.
5), suggesting that FoxM1 regulates the transcriptional net-
work of genes essential for mitotic progression (Fig. 10). More-
over, early-passage Foxm1�/� MEFs displayed premature

FIG. 9. FoxM1 regulates transcription of Skp2 and Cks1 genes as determined by quantitative ChIP and expression assays. (A) FoxM1-depleted
U2OS cells exhibit undetectable expression of Skp2 and Cks1 proteins, whereas Cullin 4A protein expression was unchanged in FoxM1-depleted
U2OS cells as determined by Western blot analysis. (B) FoxM1-depleted U2OS cells exhibit diminished Skp2 and Cks1 mRNA levels as
determined by quantitative real-time RT-PCR with primers specific to either the Skp2 or Cks1 gene. FoxM1-depleted U2OS cells exhibit a
statistically significant decrease in mRNA levels of Skp2 and Cks1 compared to untransfected controls. (C) Foxm1�/� MEFs display reduced Skp2
and Cks1 mRNA levels compared to WT (�/�) or Foxm1�/� MEFs as determined by real-time RT-PCR. Foxm1�/� MEFs exhibit a statistically
significant decrease in mRNA levels of Skp2 and Cks1 compared to control MEFs. (D) Depletion of FoxM1 in U2OS cells by siFoxM1 #2
transfection inhibits binding of FoxM1 protein to the endogenous Skp2 or Cks1 promoter regions. FoxM1-depleted (siFoxM1 #2) or untreated
U2OS cells were processed for ChIP assay as described in Materials and Methods. The cross-linked and sonicated human chromatin was IP with
antibodies specific to FoxM1 or rabbit serum (control), and the amount of Human Skp2 or Cks1 promoter DNA associated with the IP chromatin
was quantitated by real-time PCR with primers specific to the indicated proximal promoter regions. Untreated U2OS cell levels of FoxM1
promoter binding as determined by ChIP assay were set at 1 � the SD. FoxM1-depleted U2OS cells showed diminished binding of FoxM1 protein
to the endogenous human promoter regions of Skp2 and Cks1. The asterisks in panels B to D indicate statistically significant changes with P values
calculated by the Student t test, as follows: �P � 0.05; ��P � 0.01.

for Western blot analysis with antibodies specific to either the p27Kip1 or p21Cip1 proteins. Both FoxM1-depleted U2OS cells (F) and early-passage
Foxm1�/� MEFs (H) exhibited increased nuclear staining of the CDKI protein p27Kip1 compared to low levels in untransfected U2OS cells and
WT or Foxm1�/� control MEFs. The number of nuclei expressing high levels of the CDKI protein p21Cip1 was significantly increased in
FoxM1-depleted U2OS cells (G) and early-passage Foxm1�/� MEFs (I) compared to untransfected U2OS cells and WT or Foxm1�/� MEF
controls. Passage 3 Foxm1�/� (WT), Foxm1�/�, or Foxm1�/� MEFs and FoxM1-depleted or untreated U2OS cells were immunofluorescently
stained with monoclonal antibody specific to either p27Kip1 (400�) or p21Cip1 proteins (200�), nuclei were counterstained with DAPI, and this was
merged with CDKI immunofluorescent staining.
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senescence as evidenced by high expression of the senescence-
associated �-galactosidase enzyme and increased nuclear lev-
els of p19ARF and p16INK4A proteins, the latter of which are
cell cycle inhibitor proteins associated with cellular senescence
(1, 20, 53, 54).

FoxM1 regulates transcription of Skp2 and Cks1 proteins
required for targeting CDKI proteins for degradation during
G1/S phase transition. Liver regeneration studies with genet-
ically altered transgenic and knockout Foxm1 mice demon-
strated that FoxM1 protein regulates posttranscriptional nu-
clear levels of the CDKI proteins p21Cip1 and p27Kip1 and that
S-phase progression required a FoxM1-mediated decrease in
nuclear levels of these CDKI proteins (27, 68, 69). In our
current study, both FoxM1-depleted U2OS cells and early-
passage Foxm1�/� MEFs also exhibited this posttranscrip-
tional increase in nuclear levels of the CDKI proteins p27KIP1

and p21Cip1. We used FoxM1-depleted U2OS cells to deter-
mine the molecular mechanism behind this increase in nuclear
levels of these CDKI proteins. We found that FoxM1 is re-
quired for detectable expression of the Skp2 and Cks1 pro-
teins, which are specificity subunits of the SCF ubiquitin ligase
complex that are essential for the recognition of the phosphor-

ylated p27KIP1 and p21Cip1 proteins. The SCF ubiquitin ligase
complex associates and targets these phosphorylated CDKI
proteins for ubiquitin modification and subsequent protea-
some degradation during the G1/S transition of the cell cycle
(7, 11, 19, 49, 59, 63). This degradation of CDKI proteins
prevents inhibition of the Cdk2-cyclin E complex and allows
phosphorylation of RB protein and dissociation of E2F tran-
scription factor to stimulate expression of genes required for
S-phase progression (45). Quantitative ChIP and expression
assays showed diminished binding of FoxM1 to the endoge-
nous Skp2 and Cks1 promoter region in FoxM1-depleted
U2OS cells, and this correlated with significant decreases in
their mRNA and protein expression (Fig. 9). This implies that
at the G1/S transition of the cell cycle, expression of FoxM1
protein is required for transcription of Skp2 and Cks1, which
are essential for proteasome degradation of the CDKI proteins
p27KIP1 and p21Cip1, thus facilitating progression of cells into
S-phase (Fig. 10).

Diminished activation of Cdk2-cyclin E/A and Cdk1-cyclin B
complexes in FoxM1-depleted U2OS cells. The reduction in
S-phase progression in FoxM1-depleted U2OS cells is also
associated with decreased expression of Cdc25A phosphatase

FIG. 10. Model summarizing Foxm1 target genes involved in regulating G1/S and G2/M progression. FoxM1 protein is necessary for expression
of Cdc25A phosphatase, which is required to dephosphorylate and stimulate Cdk2 kinase activity (52). Foxm1 regulates transcription of the Skp2
and Cks1 genes, which are specificity subunits essential for recognition of phosphorylated CDKI proteins p27Kip1 and p21Cip1 by the Skp1-Cullin1-
F-box (SCF) ubiquitin ligase complex to target these CDKI proteins for ubiquitin-mediated proteasome degradation (11, 19, 49, 59, 63).
Diminished nuclear levels of CDKI proteins p27Kip1 and p21Cip1 are required for stimulating Cdk2-cyclin E complex activity that cooperates with
Cdk4/6-cyclin D to phosphorylate the RB protein and activates E2F to stimulate transcription of S-phase genes (45). For progression into mitosis,
Foxm1 transcriptionally activates Cdc25B phosphatase (67), which is required to dephosphorylate and activate Cdk1 kinase (52). FoxM1 regulates
transcription of PLK1 (37) or Aurora B kinase and survivin, which forms a complex with INCENP and regulates numerous stages of mitosis (48).
FoxM1 regulates transcription of CENPA and CENPB, both of which are essential for kinetochore assembly.

10890 WANG ET AL. MOL. CELL. BIOL.



(Fig. 10), which activates Cdk2 through dephosphorylation of
inhibitory Thr14 and Tyr15 residues (6). Consistent with these
findings, diminished Cdc25A levels correlate with a 60% re-
duction in the S-phase-promoting Cdk2-cyclin E/A kinase ac-
tivity in FoxM1-depleted U2OS cells. Reduced Cdk2-cyclin
E/A kinase activity in FoxM1-deficient cells also correlates
with increased nuclear levels of CDKI proteins p27Kip1 and
p21Cip1, which associate with and inhibit Cdk activity. A 60%
reduction in Cdk1-cyclin B kinase activity in FoxM1-depleted
U2OS cells contributes to significant decrease in mitotic entry
through reduced expression of Cdc25B phosphatase (Fig. 10),
which is essential to stimulate Cdk1 kinase activity in late
S-phase through dephosphorylation (52). FoxM1 was also
shown to regulate transcription of the cyclin B1 promoter (37,
38, 69), and therefore diminished cyclin B1 expression may
also contribute to reduced Cdk1-cyclin B activity in FoxM1-
deficient cells. Moreover, decreased PLK1 levels in FoxM1-
deficient cells prevent phosphorylation and activation of
Cdc25C phosphatase in early G2 phase (4), so that Cdc25C
phosphatase is unavailable to compensate for reduced Cdc25A
and Cdc25B protein expression. These results suggest that
FoxM1 is critical for regulating expression of cell cycle genes
that mediate activation of the Cdk-cyclin complexes for G1/S
and G2/M transitions.

The mitotic defect in FoxM1-deficient cells is associated
with significant reduction in expression of PLK1, Aurora B
kinase, survivin, CENPA, and CENPB. Undetectable expres-
sion of PLK1 and the chromosome passenger proteins Aurora
B kinase and survivin in FoxM1-depleted U2OS cells contrib-
ute to their failure to progress past the prophase stage of
mitosis (Fig. 10). ChIP assays with FoxM1-depleted and un-
treated U2OS cells enabled us to determine that FoxM1 spe-
cifically binds to the endogenous human Aurora B kinase and
survivin promoter regions, demonstrating that these promoter
regions are direct transcriptional targets of FoxM1. Recent
studies have used FoxM1 cotransfection and ChIP assays to
demonstrate that FoxM1 regulates transcription of the PLK1
gene (37). Aurora B kinase forms a complex with survivin and
INCENP, and formation of this complex is required for Aurora
B kinase activity (48). During the prophase-to-metaphase-an-
aphase transition the Aurora B-survivin-INCENP complex lo-
calizes to the inner centromere region, and during anaphase
this complex relocalizes to the midzone spindle region fol-
lowed by redistribution to the midbody region during telophase
(3, 31). Survivin plays an essential role in appropriate localiza-
tion of the Aurora B kinase-INCENP complex, and undetect-
able levels of survivin in FoxM1-depleted cells therefore inhibit
proper localization and mitotic function of Aurora B kinase
(3). Disruption of the Aurora B kinase-survivin-INCENP com-
plex inhibits phosphorylation of the histone H3 protein in-
volved in chromosome condensation and prevents cytokinesis
due to loss of phosphorylated proteins on the cleavage furrow
that are essential for cytokinesis (3, 10, 31, 48). Loss of Aurora
B kinase and PLK1 activity causes chromosome alignment
defects, because these kinases are critical for bipolar spindle
microtubule attachment to each of the sister chromatid kinet-
ochores and inhibit chromosome segregation because they
phosphorylate and dissociate the cohesin protein complex,
which holds the sister chromosomes together (4, 22, 66). Loss
of PLK1 expression also inhibits duplication of centrosomes,

bipolar protein complexes that attach spindle microtubules
originating from the chromosomal kinetochores, which are
essential for chromosomal separation (4, 66). Undetectable
expression of Aurora B kinase and PLK1 proteins is therefore
predicted to inhibit progression past the prophase stage of
mitosis and to cause reduced phosphorylation of histone H3,
which are mitotic defects observed in FoxM1-depleted cells.

Interestingly, U2OS cells deficient in Aurora B kinase ex-
pression exhibited accumulation of polyploid cells similar to
that found in FoxM1-deficient cells. These results suggest that
diminished expression of Aurora B kinase contributes to en-
doreduplication, causing development of the polyploid geno-
type in FoxM1-depleted U2OS cells. Aurora B Kinase also
regulates localization of the spindle assembly checkpoint pro-
teins BubR1, Mad2, and CENP-E to the centromeric kineto-
chores (18), which function to inhibit the onset of anaphase
until all sister chromosomal kinetochores have bipolar attach-
ment to spindle microtubules (4, 48). Published studies show
that Aurora B kinase deficiency causes endoreduplication and
a polyploid genotype due to a failure in the spindle assembly
checkpoint, resulting in premature mitotic exit during
prophase and reinitiation of S-phase (18, 21, 28, 48, 50, 51).
This is further supported by the fact that embryonic Foxm1�/�

hepatoblasts and vascular smooth muscle cells are also severely
polyploid and display significant reduction in expression of
Aurora B kinase protein (32, 36). Taken together, these studies
suggest that diminished levels of Aurora B kinase in FoxM1-
deficient cells contribute significantly to development of a
polyploid genotype.

Significant decreases in expression of CENPA and CENPB
in FoxM1-depleted cells lead to defects in kinetochore assem-
bly and may therefore contribute to the defect in mitotic pro-
gression (Fig. 10). ChIP assays showed diminished binding of
FoxM1 to the endogenous CENPA and CENPB promoter
regions in FoxM1-depleted U2OS cells, and this correlated
with significant decreases in their expression levels. CENPA
replaces histone H3 in centromeric nucleosomes, and its in-
corporation in the nucleosomes of centromeres is necessary for
recruitment of the CENPB and CENPC proteins to centro-
meres and is a prerequisite for assembly of the kinetochore
protein complex (2, 5, 47). Cenpa-deficient cells display severe
mitotic defects and chromosome abnormalities because they
are unable to assemble kinetochores on centromeres due to a
failure to localize CENPB and CENPC proteins to centro-
meres (24). Given the important role of CENPA and CENPB
in establishing centromeric kinetochores, their diminished ex-
pression in FoxM1-depleted U2OS cells may elicit abnormal
assembly of centromeric kinetochores, thus further inhibiting
mitotic progression. Interestingly, the CENPB gene is located
adjacent to the FoxM1 target gene Cdc25B, and these genes
are transcribed in opposing orientations and are separated by
7-kb and 10-kb DNA sequences in the mouse and human
genome, respectively (http://www.ncbi.nlm.nih.gov/mapview
/maps.cgi?TAXID�10090&QSTR�CDC25B&QUERY�uid
(331447)&CHR�2&MAPS�genes[130692393.50%3A130720858
.50]&ZOOM�0.1000 and http://www.ncbi.nlm.nih.gov/mapview
/maps.cgi?TAXID�9606&QSTR�CDC25B&QUERY�uid(917)
&CHR�20&MAPS�genes[3716604.00%3A3742544.00]&ZOOM
�0.1000). Based on the close proximity of the CENPB and
Cdc25B promoters on the mammalian genome, it is tempting
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to speculate that FoxM1 may coordinately regulate
transcription of the CENPB and Cdc25B genes during the G2

phase of the cell cycle.
Early-passage Foxm1�/� MEFs failed to grow in culture and

progress through mitosis and undergo premature cellular se-
nescence. We generated MEFs from Foxm1�/� embryos that
died in utero between 13.5 and 17.5 days of gestation due to
severe defects in liver development and exhibited a 75% re-
duction in the number of Foxm1�/� hepatoblasts compared to
WT embryonic livers (36, 42). These Foxm1�/� embryos con-
tained a functionally inactive Foxm1-targeted allele that de-
leted essential Foxm1 exons 4 through 7 encoding the Foxm1
DNA binding and C-terminal transcriptional activation do-
mains (36, 42). In our current study, we showed that these
early-passage Foxm1�/� MEFs failed to divide in culture and
did not proceed beyond the prophase stage of mitosis, which
was consistent with diminished expression of several mitotic
regulators identified as FoxM1 transcriptional target genes.
Furthermore, they also undergo premature cellular senescence
as evidenced by high expression levels of senescence-associ-
ated �-galactosidase enzyme and increased nuclear levels of
the p19ARF tumor suppressor and CDKI proteins p16INK4A,
p27Kip1, and p21Cip1. The expression of these cell cycle inhib-
itors in early-passage Foxm1�/� MEFs and the fact that they
fail to grow in culture is consistent with premature cellular
senescence and is similar to the phenotype observed in late-
passage primary MEFs that have undergone replicative senes-
cence (1, 20, 53, 54).

During preparation of the manuscript, Medema and col-
leagues reported significant growth of Foxm1�/� MEFs in cul-
ture isolated from embryos containing a completely different
Foxm1-targeted allele that inserted the PGK-Neo selection
cassette 50 nucleotides upstream of the sequences encoding
the FoxM1 DNA binding domain (MAMIQFAI) (43) without
deleting any coding sequences (35, 37). They showed that their
Foxm1�/� MEFs grew at passage 4 in culture, displayed re-
duced G2/M progression, and yet were able to complete mito-
sis, producing daughter cells with a variety of different aneu-
ploid genotypes resulting from defective chromosomal
segregation (37). This delay in G2/M progression in Foxm1�/�

MEFs was associated with diminished transcription of PLK1,
cyclin B, Nek2, Gas-1, and CENPF genes and with the fact that
chromosome segregation defects were due to inhibition of the
spindle assembly checkpoint caused by reduced CENPF ex-
pression (37). In contrast, our Foxm1�/� MEFs were unable to
grow in culture due to a severe mitotic defect and had under-
gone premature cellular senescence. One explanation most
consistent with this difference in growth properties is that the
Foxm1�/� MEFs generated by Medema and colleagues are
expressing hypomorphic levels of Foxm1 protein, which al-
lowed sufficient levels of mitotic regulators to facilitate aber-
rant progression through mitosis with defective chromosome
segregation. Our ideas regarding this hypomorphic Foxm1-
targeted allele are supported by the fact that no embryonic
lethality was reported in Foxm1�/� (Trident�/�) embryos gen-
erated by Medema and colleagues (35), a finding which differs
significantly from the complete embryonic lethality observed
with our Foxm1�/�-targeted allele (36). The PGK-Neo Foxm1-
targeted allele generated by Medema and colleagues is capable
of expressing a functional N-terminal-truncated Foxm1 protein

containing an intact DNA binding domain and C-terminal
transcriptional activation domain. Our preliminary studies in-
dicate that deletion of this FoxM1 N-terminal region caused a
greater than 20-fold increase in FoxM1 transcriptional activity
compared to full-length FoxM1 protein (H. J. Park, M. L.
Major, and R. H. Costa, unpublished data). This implies that
low-level expression of this N-terminal truncated FoxM1 pro-
tein from this PGK-Neo-targeted Foxm1 allele could be suffi-
cient to provide hypomorphic levels of Foxm1 transcriptional
activity.

The importance of this difference in growth properties of
Foxm1�/� MEFs observed in the two studies is highlighted
when one considers the role of FoxM1 in tumor cell prolifer-
ation. It is interesting that Foxm1�/� MEFs generated by
Medema and colleagues exhibit aneuploid genotypes (37),
which are a hallmark of neoplastic transformation (58, 62).
However, no liver tumor formation was observed in the ab-
sence of the Foxm1 gene in response to hepatic carcinogens
(27). In a recent publication, we clearly showed that our Alb-
Cre Foxm1�/� hepatocytes failed to proliferate and are resis-
tant to developing HCC by using a well-established tumor
initiation/progression protocol (13, 27). The mechanism of re-
sistance to HCC development is associated with persistent
hepatocyte nuclear accumulation of CDKI protein p27Kip1,
diminished expression of the Cdk1-activating Cdc25B phos-
phatase, and the fact that Foxm1�/� hepatocytes failed to
complete mitosis, acquiring a polyploid genotype. Taken to-
gether, these studies suggest that both the Alb-Cre Foxm1�/�

mouse hepatocytes and cultured Foxm1�/� MEFs fail to com-
plete mitosis and divide to produce daughter cells. We believe
that the Foxm1�/� MEFs used by Medema and colleagues (37)
contained a potentially hypomorphic Foxm1-targeted allele,
allowing aberrant progression through mitosis and causing a
variety of aneuploid genotypes, and that they do not provide an
accurate depiction of the role of Foxm1 in both normal and
tumor cell proliferation.

Decreased expression of FoxM1 during aging is responsible
for reduced cell proliferation. Flow cytometry analysis of pro-
liferating fibroblasts isolated from elderly humans revealed
diminished G2/M progression, which resulted in accumulation
of cells with a polyploid (8N) genotype (41). This published
study used microarray analysis comparing gene expression pro-
files of proliferating fibroblasts from young versus old humans
and allowed us to determined that the decrease in cellular
proliferation in aging fibroblasts is associated with diminished
expression of Foxm1 transcription factor and its cell cycle tar-
get genes (41, 74). In published studies, we tested the hypoth-
esis that reduced FoxM1 expression contributes to the prolif-
eration defects observed in aging by using the �3 kb TTR
promoter to maintain hepatocyte expression of the FoxM1b
transgene in 12-month-old (old-aged) transgenic mice during
liver regeneration (69). We showed that maintaining hepato-
cyte expression of FoxM1b alone in old-aged TTR-FoxM1b
transgenic mice is sufficient to restore regenerating hepatocyte
DNA synthesis and mitosis to levels found in young regener-
ating mouse liver (69). Furthermore, FoxM1b-mediated stim-
ulation of hepatocyte proliferation was associated with in-
creased expression of genes critical for both DNA replication
and mitosis (41, 69). We also showed that increased FoxM1
expression reduced nuclear levels of the CDKI proteins
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p21Cip1 and p27Kip1 protein in old regenerating livers (68, 69).
This finding is consistent with the essential role of FoxM1 in
regulating expression of the SCF (Skp2/Cks1) ubiquitin ligase
complex proteins required to target these CDKI proteins for
degradation. The facts that early-passage Foxm1�/� MEFs un-
dergo premature cellular senescence and that increased
FoxM1b expression restores proliferation of regenerating
hepatocytes in old-aged mice suggest that loss of Foxm1 ex-
pression may be the primary defect that leads to reduced cell
cycle progression during aging.

In summary, both FoxM1-depleted U2OS cells and
Foxm1�/� MEFs are unable to grow in culture due to a block
in mitotic progression (Fig. 2 and 3) and accumulate nuclear
levels of the CDKI proteins p27Kip1 and p21Cip1 (Fig. 8), and
Foxm1�/� MEFs express senescence-associated marker pro-
teins (Fig. 4). We show that FoxM1 is required for expression
of the mitotic regulatory genes Cdc25B, Aurora B kinase,
survivin, PLK1, CENPA, and CENPB (Fig. 5). FoxM1-defi-
cient cells express undetectable levels of the Skp2 and Cks1
proteins, which are specificity subunits of the SCF ubiquitin
ligase complex that are essential for targeting the phosphory-
lated CDKI proteins p27Kip1 and p21Cip1 for degradation (Fig.
9). Our current study further supports the hypothesis that the
FoxM1 transcription factor regulates expression of cell cycle
proteins that are essential for G1/S and G2/M progression (Fig.
10).
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