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The forkhead box M1 (FoxM1) transcription factor regulates expression of cell cycle genes essential for DNA
replication and mitosis during organ repair and cancer progression. Here, we demonstrate that FoxM1-
deficient (�/�) mouse embryonic fibroblasts and osteosarcoma U2OS cells depleted in FoxM1 levels by small
interfering RNA transfection display increased DNA breaks, as evidenced by immunofluorescence focus
staining for phosphospecific histone H2AX. FoxM1-deficient cells also exhibit stimulation of p53 transcrip-
tional activity, as evidenced by increased expression of the p21cip1 gene. FoxM1-deficient cells display reduced
expression of the base excision repair factor X-ray cross-complementing group 1 (XRCC1) and breast cancer-
associated gene 2 (BRCA2), the latter of which is involved in homologous recombination repair of DNA
double-strand breaks. Furthermore, FoxM1 protein is phosphorylated by checkpoint kinase 2 (Chk2) in
response to DNA damage. This phosphorylation of FoxM1 on serine residue 361 caused increased stability of
the FoxM1 protein with corresponding increased transcription of XRCC1 and BRCA2 genes, both of which are
required for repair of DNA damage. These results identify a novel role for FoxM1 in the transcriptional
response during DNA damage/checkpoint signaling and show a novel mechanism by which Chk2 protein
regulates expression of DNA repair enzymes.

In response to DNA damage, activation of cell cycle check-
point pathways arrests mammalian cell cycle progression to
provide adequate time to repair DNA damage or to induce
apoptosis damage is catastrophic (1, 48). These checkpoint
pathways inhibit progression into DNA replication (S phase)
by arresting cells in either G1 or S phase and may also stop the
cells from entering mitosis (M phase) to prevent segregation of
damaged chromosomes to daughter cells. Unrepaired DNA
damage can result in permanent cell cycle arrest (senescence),
induction of apoptosis, or mitotic cell death caused by genomic
instability and loss of essential chromosomes (26). Unfaithful
repair of DNA damage causes immortalization and transfor-
mation of cells leading to translocations, inversions, or dele-
tions, which activate oncogenes and/or inactivate tumor sup-
pressor genes that lead to the development of cancer (2, 12,
40). The checkpoint network consists of DNA damage-sensing
kinases ataxia-telangiectasia mutated (ATM), ATM and Rad3
related (ATR) (1), and the downstream signaling effectors
checkpoint kinase 1 (Chk1) and Chk2 (2). The damage signals
are spread by the subsequent phosphorylation of downstream
target proteins that mediate cell cycle arrest and repair in
response to DNA damage. Although the p53 transcription
factor plays an important role in mediating cell cycle arrest
during DNA damage/checkpoint signaling, the transcriptional

pathways that mediate DNA repair response are not com-
pletely understood.

The mammalian forkhead box (Fox) family of transcription
factors consists of more than 50 mammalian proteins (13) that
share homology in the winged helix DNA binding domain (5).
FoxM1 (or the splicing FoxM1b isoform) is expressed in all
proliferating mammalian cells and tumor-derived cell lines (6,
46), where it regulates transcription of cell cycle genes critical
for progression into DNA replication and mitosis (41, 42, 45).
Mouse hepatocytes with conditional deletion of the FoxM1
gene show an 80% reduction in DNA replication (S phase) and
a complete inhibition of mitosis during liver regeneration (42).
FoxM1-deficient hepatocytes display nuclear accumulation of
cyclin-dependent kinase (Cdk) inhibitor proteins p21Cip1 and
p27Kip1, which explains the significant reduction of S-phase
progression in FoxM1-deficient cells (15, 41, 42). FoxM1 is
essential for transcription of S-phase kinase-associated protein
2 and Cdk subunit 1, which are specificity subunits of the
S-phase kinase-associated protein 1–Cullin1–F-box ubiquitin
ligase complex (41) that targets the Cdk inhibitor proteins
p21Cip1 and p27Kip1 for degradation during the G1/S transition.
For G2/M and mitotic progression, FoxM1 is essential for tran-
scription of the cyclin B1, Cdc25B phosphatase, polo-like ki-
nase 1, aurora B kinase, survivin, and centromere protein A
and B genes (18, 41–43). Moreover, mouse hepatocytes defi-
cient in the FoxM1 transcription factor fail to progress into
mitosis and are resistant to developing carcinogen-induced
liver tumors (15).

FoxM1 transcriptional activity requires binding of the Cdk-
cyclin complexes and subsequent phosphorylation at Thr596 of
FoxM1 carboxyl-terminal region to recruit the CREB-binding
protein coactivator protein (22). Despite the dependence of
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FoxM1 transcriptional activity on the cell cycle regulator Cdk-
cyclin complexes, we provide evidence that FoxM1 is phosphor-
ylated by DNA damage-induced Chk2, and this modification
resulted in stabilization of the FoxM1 protein. We show that
FoxM1 stimulates transcription of the base excision repair
factor X-ray cross-complementing group 1 (XRCC1) (23) and
breast cancer-associated gene 2 (BRCA2), the latter of which
is involved in homologous recombination repair of DNA dou-
ble-strand breaks (16, 37, 47). Furthermore, FoxM1-deficient
(�/�) mouse embryonic fibroblasts (MEFs) and osteosarcoma
U2OS cells depleted in FoxM1 levels by small interfering RNA
(siRNA) transfection display increased DNA breaks, as evi-
denced by immunofluorescence focus staining for phosphospe-
cific histone H2AX and terminal deoxynucleotidyltransferase-
mediated dUTP-biotin nick end labeling (TUNEL). Increased
transcriptional activity of p53 tumor suppressor was found in
FoxM1-deficient cells, with corresponding stimulation in ex-
pression of the p53 downstream target gene p21cip1. These
results identify a novel role for FoxM1 in the transcriptional
response during DNA damage/checkpoint signaling.

MATERIALS AND METHODS

Expression plasmids and recombinant proteins. The following plasmids have
been described previously: pCMV-T7FoxM1b (22), pGST-FoxM1b amino acids
(aa) 1 to 138 (46), pGST-FoxM1b aa 365 to 748 (41). The pGST-huChk2(WT)
and pGST-huChk2(D347A)(KD) fusion protein expression plasmids were gifts
from S. Elledge (24). The pGST-FoxM1b aa 326 to 383 fusion protein expression
plasmid was created through PCR amplification of the human FoxM1b cDNA
with the following primers: glutathione S-transferase (GST) (EcoRI) FoxM1b
326 forward, 5�-TCT GAA TTC CAG CAG AAA CGA CCG AAT-3�; GST
(XhoI) FoxM1b 383 reverse, 5�-TCT CTC GAG TGG CAC CTT CAC CGA
GGG-3�. The site-directed FoxM1b mutants S360A, S361A, and S360:361A were
introduced into the pGST-FoxM1b aa 326 to 383 plasmid by the QuikChange in
vitro mutagenesis system (Stratagene, La Jolla, CA) using the following primers:
S360A forward, 5�-CTG CTA CCA CGG GTC GCC TCA TAC CTG GTA
CC-3�; S360A reverse, 5�-GGT ACC AGG TAT GAG GCG ACC CGT GGT
AGC AG-3�; S361A forward. 5�-CTA CCA CGG GTC AGC GCA TAC CTG
GTA CCT ATC-3�; S361A reverse, 5�-GAT AGG TAC CAG GTA TGC GCT
GAC CCG TGG TAG-3�; S360:361A forward, 5�-CTG CTA CCA CGG GTC
GCC GCA TAC CTG GTA CCT ATC-3�; S360:361A reverse, 5�-GAT AGG
TAC CAG GTA TGC GGC GAC CCG TGG TAG CAG-3�. The S361A site-
directed mutation was introduced into the pCMV-T7FoxM1b expression
plasmid using the method described above with S361A forward and reverse
primers. The pCMV-V5huChk2(WT) or pCMV-V5huChk2(D347A)(KD) ex-
pression plasmids were generated by PCR from pGST-huChk2(WT) or
pGST-huChk2(D347A)(KD) DNA, respectively, with the following primers:
V5(EcoRI) hChk2ATG, 5�-TCT GAA TTC ATG TCG GAT GTT GAG
GCT CA-3�; V5(NotI) hChk2stop, 5�-TCT GCG GCC GCC ACA ACA CAG
CAG CAC AC-3�.

The human �2 KB BRCA2 promoter region or �1 KB XRCC1 promoter
region was PCR amplified from human U2OS genomic DNA with the following
primers: human BRCA2 (hBRCA2) �2kbXhoI, 5�-TCT CTC GAG GTT AGG
GAG GAA GGA GCA-3�; hBRCA2 �58bpXhoI, 5�-TCT CTC GAG AAT
CTG ATG ATG GAC GCC-3�; hXRCC1 �1kbXhoI, 5�-TCT CTC GAG GTT
TTC TCA CCT TCC CAC; hXRCC1 �22bpHindIII, 5�-TCT AAG CTT CTG
TCT CCT GGG GCC AAG. The resulting PCR human promoter fragments
were cloned into the XhoI site or the corresponding XhoI and HindIII sites of
the pGL3 basic Luciferase vector (Promega).

GST-tagged proteins were purified from crude Escherichia coli lysates with
glutathione beads (Amersham Pharmacia Biotech, Piscataway, NJ) as described
previously (46). The Dual-Luciferase assay system (Promega) was used to mea-
sure firefly luciferase enzyme activity and normalized with the Renilla luciferase
internal control as described previously (22).

Cell culture and transient transfection. U2OS and MEFs were grown in
Dulbecco’s modified Eagle’s medium (Cellgro) supplemented with 10% fetal calf
serum. A U2OS clone C3 cell line (U2OS C3 cell) (15) that allowed doxycycline
(Dox)-inducible expression of the green fluorescent protein (GFP)-FoxM1b fu-
sion protein was maintained in Dulbecco’s modified Eagle’s medium supple-

mented with 10% fetal calf serum plus 50 �g/ml of hygromycin B (Invitrogen).
Transient transfections were carried out using Fugene 6 (Roche) as described
previously (22).

Western blotting. Cell lysates were resolved by denaturing gel electrophoresis
before electrotransfer to a Protran nitrocellulose membrane. The membrane was
subjected to Western blot analysis with antibodies against proteins of interest as
described previously (41). 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 Plus
(ECL-plus; Amersham Pharmacia Biotech, Piscataway, NJ). The following an-
tibodies and dilutions were used for Western blotting: rabbit anti-FoxM1 (1:
5,000) (41), mouse anti-Chk2 (clone 7, 1:1,000; Upstate), mouse anti-�-actin
(AC-15, 1:20,000; Sigma), mouse anti-V5 (1:5,000; Invitrogen), mouse anti-T7
(1:10,000; Novagen), mouse anti-BRCA2 (clone 5.23, 1:500; Upstate), rabbit
anti-XRCC1 (1:1,000; Serotec), phospho-p53Ser15 antibody (1:1,000; Cell Sig-
naling), p53 antibody (1:200; Santa Cruz Biotechnology), and mouse anti-p21cip
(1:1,000; Upstate). The anti-phosphoserine 361 FoxM1 peptide antibody (FoxM1
pS361) was generated and affinity purified by Genemed Synthesis (South San
Francisco, CA). Briefly, two peptides were generated on the basis of the se-
quence around Ser 361, one of which was chemically phosphorylated at Ser 361.
After immunization, antibodies were affinity purified over a column containing
the immobilized phosphorylated peptide. Next, the bound material was passed
over a second column containing immobilized nonphosphorylated peptide. Phos-
pho-Ser 361-specific antibodies were eluted in the flowthrough of the second
peptide column.

�H2AX and TUNEL immunostaining. Passage 3 FoxM1�/� or FoxM1�/�

MEFs were seeded on an eight-well chamber slide (Nalge Nunc International,
Naperville, IL) at a density of 2 � 104 cells per well. After 24 h, cells were
subjected to TUNEL staining with a commercially available TUNEL assay kit
(Chemicon international) by following the manufacturer’s protocol or to anti-
�H2AX (Ser139) staining. Briefly, cells were fixed with 10% formalin (Sigma),
permeabilized with 0.2% Triton X-100, and blocked with phosphate-buffered
saline containing 1% bovine serum albumin. The rabbit anti-�H2AX (Ser139)
(1:50; Upstate) was used to detect phosphorylated H2AX at Ser 139. Secondary
chicken anti-rabbit IgG-fluorescein isothiocyanate (1:100) was from Santa Cruz
Biotechnology. Cells were counterstained with 4�,6�-diamidino-2-phenylindole
(DAPI). Images were captured using a microscope Axioplan2 (Carl Zeiss).

In vitro kinase assays. Purified recombinant wild-type or mutant FoxM1b GST
protein fragments (2 �g) were incubated with purified GST-Chk2 wild type (WT)
or GST-Chk2 kinase-dead (KD) proteins (1 �g) for 30 min in kinase buffer (10
mM HEPES at pH 7.5, 75 mM KCl, 5 mM MgCl2, 0.5 mM EDTA, 2 mM
dithiothreitol, 100 �M ATP) in the presence of 5 �Ci [�-32P]ATP. Reactions
were stopped by the addition of 5� sodium dodecyl sulfate (SDS) loading buffer,
and the protein mixtures were resolved by denaturing gel electrophoresis. Gels
were subjected to autoradiography to monitor 32P incorporation. Equal levels of
FoxM1 GST protein fragments were confirmed by Coomassie blue staining.

Real-time PCR and quantitative chromatin immunoprecipitation (ChIP) as-
say. The mRNA levels of FoxM1, p21cip, BRCA2, and XRCC1 were monitored
by real-time PCR as described previously (41). The following sense (S) and
antisense (AS) primer sequences and annealing temperature (Ta) were used for
human mRNA: FoxM1-S, 5�-GGA GGA AAT GCC ACA CTT AGC G-3�;
FoxM1-AS, 5�-TAG GAC TTC TTG GGT CTT GGG GTG-3� (Ta, 55.7°C);
p21cip-S, 5�-TTT GAT TAG CAG CGG AAC AAG G-3�; p21cip-AS, 5�-AAA
GAC AAC TAC TCC CAG CCC C-3� (Ta, 55.7°C); BRCA2-S, 5�-GCC TTG
GAT TTC TTG AGT AGA CTG C-3�; BRCA2-AS, 5�-GTG TTT CGT ATT
TGG TGC CAC AAC-3� (Ta, 55.7°C); XRCC1-S, 5�-ACG GAT GAG AAC
ACG GAC AGT G-3�; XRCC1-AS, 5�-CGT AAA GAA AGA AGT GCT TGC
CC-3� (Ta, 55.7°C). The following S and AS primer sequences and Ta were used
for mouse mRNA: FoxM1-S, 5�-CAC TTG GAT TGA GGA CCA CTT-3�;
FoxM1-AS, 5�-GTC GTT TCT GCT GTG ATT CC-3� (Ta, 57.5°C); BRCA2-S,
5�-GTG GCA CGA AAT ACG CAA CAC-3�; BRCA2-AS, 5�-GCA AGG CAA
GTT CTT CAT CAG C-3� (Ta, 57.5°C); XRCC1-S, 5�-GCT CCA CAG ATG
AGA ACA CAG ACA G-3�; XRCC1-AS, 5�-GAA CTC GCC ATA CAG GAA
GAA GTG-3� (Ta, 57.5°C). These real-time reverse transcription (RT)-PCR
RNA levels were normalized to human cyclophilin or mouse cyclophilin (mcy-
clophilin) mRNA levels, and these primers are as follows: hcyclophilin-S,
5�-GCA GAC AAG GTC CCA AAG ACA G-3�; hcyclophilin-AS, 5�-CAC CCT
GAC ACA TAA ACC CTG G-3� (Ta, 55.7°C); mcyclophilin-S, 5�-GGC AAA
TGC TGG ACC AAA CAC-3�; mcyclophilin-AS, 5�-TTC CTG GAC CCA AAA
CGC TC-3� (Ta, 57.5°C).

ChIP assays were used to measure FoxM1 binding on endogenous promoter
regions of BRCA2, XRCC1, and Cdc25B as described previously (41). The
primers used to amplify the following human gene promoter fragments are
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annotated with the binding position upstream of the transcription start site, Ta,
and whether they are in the S or AS orientation: Cdc25B �92S, 5�-AAG AGC
CCA TCA GTT CCG CTT G-3�; Cdc25B � 120AS, 5�-CCC ATT TTA CAG
ACC TGG ACG C-3� (Ta, 62°C); BRCA2 �1648S, 5�-CAT AAG GGG GCA
GAA TAA GAG TTG-3�; BRCA2 �1545AS, 5�-TGA TAG AAG GTG GAA
ATG AGG TCC-3� (Ta, 54°C); XRCC1 �1055S, 5�-TGG GAA GGC AGA
ACC AGA ATC-3�; XRCC1 �912AS, 5�-GGG AAG GTG AGA AAA CAG
GGT G-3� (Ta, 58.2°C). Normalization was carried out using the ��CT method.
Briefly, immunoprecipitation (IP) samples and total input threshold cycles (CT)
for each treatment 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 two (2��CT). These values were then ex-
pressed as relative promoter binding 	 standard deviations.

Transfection of dominant-negative Chk2 and Chk2 siRNA. U2OS cells were
transfected with 10 �g of plasmid expressing V5-tagged mutant Chk2 by Fugene
6 (Roche) or with 100 nM Chk2 siRNA (33) by Lipofectamine 2000 (Invitrogen).
Forty-eight hours after transfection, the transfected cells were exposed to 10 Gy
�-irradiation (IR), 20 �M etoposide, or 20 J m�2 UV. Whole-cell extracts were
prepared 6 h after exposure by lysis in extraction buffer. The endogenous protein
levels of FoxM1 or Chk2 and expression of V5-tagged Chk2d/n protein were
determined by Western blotting with corresponding specific antibodies.

Endogenous FoxM1 Ser361 phosphorylation. Cell extracts were made from
U2OS cells treated with 10 Gy IR 3 h later or from nontreated cells. The lysates
(500 �g) were immunoprecipitated with rabbit anti-FoxM1 serum (1 �l) as

described previously (15, 41). Phosphorylation of endogenous FoxM1 on Ser 361
was assayed by Western blotting with anti-pS361 FoxM1 peptide antibody (1:
200). The amounts of extracts used had similar FoxM1 levels, as shown by
Western blotting with rabbit anti-FoxM1 serum.

Statistical analysis. We used Microsoft Excel to calculate standard deviations
and statistically significant differences between samples using the Student t test.
The asterisks in each graph indicate statistically significant changes, with P values
calculated by the Student t test as follows: *, P 
 0.05; **, P � 0.01; ***, P �

0.001. P values of 
0.05 were considered statistically significant.

RESULTS AND DISCUSSION

FoxM1-deficient cells exhibit DNA breaks and increased
activation of the p53 tumor suppressor. Growth of MEFs in
culture, under normal oxygen concentrations, causes cell se-
nescence through oxidative stress-induced DNA damage,
which requires activation of the DNA repair pathways (3).
Consistent with an important role of FoxM1 in DNA repair, we
previously reported that early passage FoxM1-deficient (�/�)
MEFs fail to proliferate in culture and undergo premature
cellular senescence, as evidenced by increased expression of
senescence-associated �-galactosidase gene, p19ARF, and

FIG. 1. FoxM1-deficient cells exhibit increased DNA breaks. (A to D) To examine for DNA breaks, wild type (�/�) or FoxM1�/� (�/�) MEFs
were immunostained for phosphospecific histone H2AX (�H2AX) foci or for TUNEL foci. FoxM1�/� MEFs exhibited high levels of spontaneous
�H2AX foci (A and C) or TUNEL-positive foci (B and D) compared to wild-type MEFs. (E and F) Osteosarcoma U2OS cells depleted in FoxM1
levels by siRNA transfection exhibited high levels of spontaneous �H2AX foci. U2OS cells were transfected with FoxM1 siRNA or control siRNA
or received no treatment, as indicated. Cells were then exposed to 5 Gy of IR and immunostained for �H2AX foci at 0 h (E) or 24 h (F) post-IR.
The asterisks indicate statistically significant changes: **, P � 0.01; ***, P � 0.001.
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p16Ink4A (41). To examine whether FoxM1-deficient cells are
susceptible to DNA breaks, FoxM1�/� and wild type (�/�)
MEFs were immunostained for phosphospecific histone H2AX
foci (�H2AX), which is a known marker for the presence of
DNA breaks (29). The FoxM1�/� MEFs exhibited high levels
of spontaneous �H2AX focus formation compared to the
wild type (�/�) MEFs (Fig. 1A and 1C). In addition, the
FoxM1�/� MEFs displayed high levels of TUNEL foci (Fig. 1B
and 1D), which efficiently end label sites of DNA breaks (38).
The TUNEL focus pattern is distinct from that observed in
apoptotic cells. Also, we have shown that the FoxM1�/� cells
are refractory to apoptosis (9, 41). The presence of both
TUNEL foci and �H2AX foci indicates a deficiency in DNA
repair in the FoxM1�/� cells. Furthermore, osteosarcoma
U2OS cells depleted in FoxM1 levels by siRNA transfection
showed significant increases in �H2AX focus formation (Fig.
1E). The depletion of FoxM1 also increased cell sensitivity to
the DNA-damaging agent � irradiation (5 Gy) and delayed the
DNA repair posttreatment, evidenced by higher levels of
�H2AX foci in the FoxM1-deficient cells 24 h after � irradia-
tion (5 Gy)-induced DNA damage (Fig. 1F). The increased
number of DNA breaks in FoxM1�/� MEFs and FoxM1-de-
ficient U2OS cells was correlated with increased phosphoryla-
tion of the Ser 15 residue on the p53 protein (Fig. 2A and B),
which is specifically phosphorylated by ATM, ATR, and
DNA-PK in response to DNA damage and stimulates p53
transcriptional activity (31, 36). These results suggest that in-
creased kinase activity of ATM, ATR, and DNA-PK were
found in FoxM1-deficient cells. Consistent with increased p53

transcriptional activity, FoxM1-deficient cells displayed in-
creased mRNA and protein levels of p21Cip1/Waf1 (Fig. 2B and
C), which is a transcriptional downstream target of the p53
tumor suppressor protein (7, 10). Furthermore, U2OS cells
depleted in FoxM1 levels by siRNA transfection exhibited per-
sistent phosphorylation of the Ser 15 residue on the p53 pro-
tein at 24 h after � irradiation (5 Gy)-induced DNA damage,
whereas control cells showed diminished phosphorylation of
p53 at Ser15 (Fig. 2D). These results suggest that diminished
FoxM1 levels caused reduced DNA repair leading to increased
DNA breaks with corresponding increases in p53 transcrip-
tional activity and downstream target gene expression.

FoxM1-deficient cells exhibit reduced expression of the
DNA repair genes XRCC1 and BRCA2. We previously used
microarray analysis to demonstrate that premature expression
of FoxM1b during mouse liver regeneration caused earlier
expression of the base excision repair factor XRCC1, suggest-
ing a role for FoxM1 in regulating transcription of DNA repair
genes. We also scanned �5-kb promoter regions of a number
of DNA repair genes with the FoxM1 DNA binding consensus
sequence (46), and several tandem FoxM1 putative binding
sites (�1,171 to �1,148 bp) were found in the promoter of
BRCA2, which is involved in homologous recombination re-
pair of DNA double-strand breaks (16, 37, 47). We showed
that the increased DNA breaks in FoxM1�/� MEFs correlated
with decreased expression of both XRCC1 and BRCA2 genes
(Fig. 3A and B). Furthermore, U2OS cells depleted in FoxM1
levels show significant decreases in expression of BRCA2

FIG. 2. FoxM1-deficient cells exhibit increased activation of the p53 tumor suppressor. (A and B) FoxM1-deficient cells exhibited increased
phosphorylation of serine 15 of the p53 tumor suppressor protein. (A) Cell extracts were prepared from wild type (�/�) or FoxM1�/� (�/�)
MEFs, and levels of p53 Ser15 phosphorylation (top), FoxM1 (middle), and �-actin (bottom) were analyzed by Western blotting. (B) Also, cell
extracts prepared from FoxM1 siRNA-transfected U2OS cells (�) or control cells (�) were analyzed by Western blotting for levels of p53 Ser15
phosphorylation, p53, p21Cip1 (downstream target gene of p53), FoxM1, and �-actin. (C) Increased levels of p21Cip1 mRNA were found in
FoxM1-deficient U2OS cells. U2OS cells were transfected with FoxM1 siRNA or control siRNA, and then 72 h later, RNA was prepared to
examine for expression of p21Cip1 mRNA by qRT-PCR. The asterisks indicate statistically significant changes: ***, P � 0.001. (D) FoxM1-deficient
U2OS cells show increased phosphorylation of serine 15 of the p53 tumor suppressor protein in response to �-irradiation. U2OS cells were
transfected with or without FoxM1 siRNA and then exposed 5 Gy of IR. Cell extracts were prepared at 0 h, 5 h, or 24 h post-IR and analyzed by
Western blotting for levels of p53 Ser15 phosphorylation (top) and �-actin (bottom).
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mRNA and protein (Fig. 3C and D). These results suggest that
FoxM1 is critical for transcription of these DNA repair genes.

Phosphorylation of FoxM1 protein by Chk2 stabilizes
FoxM1 protein in response to DNA damage. To determine the
mechanism of activation of FoxM1 in response to DNA dam-
age, we treated human U2OS cells with DNA-damaging
agents, IR, or UV irradiation and monitored the levels of
FoxM1 protein by Western blot analysis. All of these treat-
ments caused a gradual increase in levels of FoxM1 protein
(Fig. 4A, B, and C) without affecting FoxM1 mRNA expression
(Fig. 4D and data not shown). These results suggest that the
DNA damage-signaling pathway stabilizes the FoxM1 protein.
Chk2 has previously been shown to phosphorylate and stimu-
late transcriptional activity of the p53 (4, 11, 30) and E2F1 (34)
proteins. Given that FoxM1 was induced with kinetics similar
to those of E2F1 and p53 in response to DNA damage, we
reasoned that FoxM1 protein levels might be regulated by
Chk2 phosphorylation. To examine this hypothesis, we trans-
fected a dominant-negative Chk2 mutant (4) to inhibit Chk2
function and determine whether endogenous FoxM1 protein is
still induced in response to DNA damage. The Chk2 domi-
nant-negative mutant blocked induction of the FoxM1 protein
in response to all three types of DNA-damaging agents (Fig.
4E), suggesting that Chk2 is involved in phosphorylation and
stabilization of FoxM1 protein. To confirm this result, we de-
pleted U2OS cells of Chk2 levels by siRNA transfection (Fig.
4F) and showed that expression of the FoxM1 protein was not
induced by IR, etoposide, or UV in Chk2-depleted U2OS cells
(Fig. 4F). This was in marked contrast to the clear induction of
FoxM1 protein levels in control experiments (Fig. 4F). Trans-
fection of U2OS cells with the V5-tagged wild-type Chk2 ex-
pression vector further stimulated the relative induction of
FoxM1 protein induced by IR treatment (Fig. 4G, from 3.2-
fold in control to 6.3-fold with V5-Chk2). Despite the possi-

bility of protein nuclear export mediated by Chk2 phosphory-
lation (32), the FoxM1 protein remained nuclear at all time
points (hours) following IR treatment (data not shown). Taken
together, these results suggest a physiological role for Chk2 in
regulating increased levels of FoxM1 protein in response to
DNA damage.

Comparison of the Chk2 phosphorylation sequences from
several known target proteins (8, 20, 30, 34) allowed develop-
ment of a Chk1/Chk2 phosphorylation consensus sequence
(27) (Fig. 5B). A Chk2 consensus phosphorylation site cen-
tered on human FoxM1 Ser 361, which is completely conserved
between mouse and human FoxM1 proteins (Fig. 5A and B)
and more closely resembles the Chk2 phosphorylation sites
found in Cdc25 and E2F1 proteins than that found in the p53
protein (Fig. 6B). To explore the importance of this potential
Chk2 phosphorylation site in the FoxM1b protein at Ser361,
we assessed whether this protein region functions as a sub-
strate for Chk2 phosphorylation using an in vitro kinase assay.
First, we prepared three GST-FoxM1b fusion proteins contain-
ing aa 1 to 138, 326 to 383, or 365 to 748 from the FoxM1b
protein and found that recombinant Chk2 protein efficiently
phosphorylated only the GST-FoxM1b aa 326 to 383 fusion
protein in vitro, which contains the potential Chk2 phosphor-
ylation site at Ser 361 (Fig. 5C). Site-directed mutagenesis that
converted the Ser 361 residue to an Ala residue (S361A) in the
GST-FoxM1b aa 326 to 383 fusion protein prevented its phos-
phorylation by Chk2 in vitro (Fig. 5D). In contrast, mutation of
the adjacent Ser 360 to an Ala residue (S360A) in the GST-
FoxM1b aa 326 to 383 fusion protein did not affect its phos-
phorylation by Chk2 (Fig. 5D), demonstrating that FoxM1b
Ser361 residue is phosphorylated by recombinant Chk2 protein
in vitro. To establish whether the FoxM1 Ser 361 residue is
phosphorylated by Chk2 in vivo, we prepared an anti-phos-
phospecific FoxM1 peptide antibody directed against the

FIG. 3. FoxM1-deficient cells exhibit reduced expression of the DNA repair genes XRCC1 and BRCA2. (A) FoxM1�/� MEFs display reduced
mRNA levels of BRCA2 and XRCC1 DNA repair genes, as determined by qRT-PCR. (B) FoxM1�/� MEFs display reduced XRCC1 protein, as
determined by Western blot analysis. (C and D) FoxM1-depleted U2OS cells exhibit reduced expression of BRCA2 mRNA and protein. U2OS cells were
transfected with FoxM1 siRNA or control siRNA, and then 72 h later, protein and RNA were prepared to examine for expression of BRCA2 mRNA
by qRT-PCR and BRCA2 protein by Western blot analysis. The asterisks indicate statistically significant changes: **, P � 0.01; ***, P � 0.001.
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FoxM1b sequence situated around the phosphorylated Ser
361 residue (Fig. 5E, FoxM1 pS361). We used affinity-pu-
rified anti-pS361 FoxM1 peptide antibody to determine that
Chk2 phosphorylated the Ser 361 residue of the endogenous
FoxM1 protein in response to IR-induced DNA damage
compared to untreated cells (Fig. 5E). We next determined
that Chk2-mediated phosphorylation of endogenous FoxM1
protein correlated with stabilization of FoxM1 protein. We
used Western blot analysis with antibodies specific to either
FoxM1 or FoxM1 pS361 peptide antibody at different time
points following etoposide treatment of U2OS cells. Under
these experimental conditions, FoxM1 protein levels began
to increase at 3 h after treatment (Fig. 5F), and this corre-
lated with detectable phosphorylation of FoxM1 protein at
Ser residue 361, as determined by Western blot analysis
(Fig. 5F, top). Furthermore, transfection of V5-Chk2 expres-
sion vector stimulated levels of the T7-tagged FoxM1 protein,
whereas Chk2 was unable to influence levels of the FoxM1

S361A mutant protein that was disrupted in the Chk2 phos-
phorylation site (Fig. 5G). These results suggest that stabiliza-
tion of endogenous FoxM1 protein correlates with Chk2-me-
diated phosphorylation of FoxM1 Ser residue 361 in response
to DNA damage in vivo.

FoxM1 stimulates transcription of the DNA repair genes
XRCC1 and BRCA2. We showed that FoxM1-deficient cells
displayed increased DNA breaks and reduced expression of
XRCC1 and BRCA2 (Fig. 1 and 3), suggesting that FoxM1
plays a critical role in regulating transcription of these DNA
repair genes. Increased levels of FoxM1 protein were also
found in response to DNA damage (Fig. 4). Consistent with
these findings, IR-treated U2OS cells displayed increased ex-
pression of XRCC1 and BRCA2 both on mRNA and protein
levels at 6 and 18 h after treatment (Fig. 6A and B). The
induction of XRCC1 and BRCA2 mRNAs observed after ion-
izing radiation depended on FoxM1 because siRNA-mediated
depletion of FoxM1 in the U2OS cells prevented the increased

FIG. 4. FoxM1 protein is stabilized after DNA damage and requires Chk2 kinase. (A to C) FoxM1 protein is stabilized in response to IR,
etoposide, or UV-induced DNA damage. Extracts were prepared from U2OS cells at the indicated time points following exposure to 10 Gy of IR
(A), 20 �M etoposide (B), or 20 J/m2 of UV light (UV) (C) and were immunoblotted for endogenous FoxM1 or �-actin protein levels. (D) No
change was observed in FoxM1 mRNA levels from U2OS cells exposed to 10 Gy IR as determined by real-time quantitative RT-PCR.
(E) Transfection of dominant-negative Chk2 expression vector in U2OS cells inhibits stabilization of FoxM1 protein in response to DNA damage.
U2OS cells were transfected with V5-tagged dominant-negative Chk2 (V5-DN-Chk2) expression vector or vector alone, as indicated. Cells were
then exposed to IR (10 Gy), UV (20 J/m2), or etoposide (20 �M), and cell extracts were prepared 6 h later. Levels of endogenous FoxM1 (top),
V5-tagged dominant-negative Chk2 (middle), and �-actin (bottom) were analyzed by Western blot analysis. (F) Depletion of Chk2 levels in U2OS
cells by siRNA transfection inhibits stabilization of FoxM1 protein in response to DNA damage. U2OS cells were transfected with Chk2 siRNA
(100 nM) and then exposed to IR (10 Gy), etoposide (20 �M), or UV (20 J/m2), and cell extracts were prepared 6 h later. Levels of endogenous
FoxM1 (top), Chk2 (middle), and �-actin (bottom) were analyzed by Western blot analysis. (G) Increased expression of Chk2 protein increases
stabilization of FoxM1 protein in response to IR. U2OS cells were transfected with V5-tagged Chk2 expression vector and then exposed to IR (10
Gy). Cell extracts were prepared 6 h later. Levels of endogenous FoxM1 (top), V5-tagged Chk2 (middle), and �-actin (bottom) were analyzed by
immunoblotting.
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expression of XRCC1 and BRCA2 after ionizing radiation
(Fig. 6C). Furthermore, Dox induction of GFP-FoxM1b fusion
protein in U2OS C3 cells (15) demonstrated that increased
FoxM1b levels stimulated expression of endogenous XRCC1
and BRCA2 genes, as determined by quantitative real-time
RT-PCR (qRT-PCR) (Fig. 6D).

We next used quantitative ChIP assays (41) to determine
whether FoxM1 bound to the endogenous human XRCC1 and
BRCA2 promoter regions. The U2OS cell chromatin was

cross-linked, sonicated to DNA fragments of 500 to 1,000 nu-
cleotides in length, and then IP with antibodies specific to
either FoxM1 or rabbit serum (control), and the amount of
promoter DNA associated with the IP chromatin was quanti-
tated by qRT-PCR with primers specific to the human XRCC1
and BRCA2 promoter regions. These ChIP PCR primers were
made to DNA sequences situated near several tandem poten-
tial FoxM1 binding sites in the human BRCA2 (bp �1171 to
�1148) and XRCC1 (bp �900 to �893) promoter regions.

FIG. 5. Chk2 phosphorylates FoxM1 on Ser 361 in vitro and in vivo. (A) Schematic representation of the FoxM1 transcription factor. The
location of the Chk2 phosphorylation site is indicated between the winged helix DNA binding domain and the transcription activation domain.
(B) Comparison of the Chk2 phosphorylation sites in E2F1, Cdc25A, Cdc25C, and p53 protein sequences with the potential Chk2 phosphorylation
site in the FoxM1 protein. Residues in boldface type fit the consensus phosphorylation motif, and the arrow indicates the phosphorylated serine
residue. (C) The GST-FoxM1b aa 326 to 383 fusion protein is phosphorylated by recombinant GST-Chk2 fusion protein. Recombinant GST-Chk2
(WT) or the GST-Chk2 KD form (KD) (1 �g) was incubated with [32P]ATP in the presence of 2 �g recombinant GST protein or GST-FoxM1b
fusion proteins aa 1 to 138, aa 326 to 383, and aa 365 to 748, respectively. Reaction products were resolved on denaturing SDS-polyacrylamide
gels and visualized by autoradiography. (D) GST-FoxM1 S361A mutant fusion protein is no longer phosphorylated by recombinant GST-Chk2
fusion protein. A Ser-to-Ala mutation was generated in GST-FoxM1 aa 326 to 383 fusion protein on Ser 361, Ser 360, or both. The mutated
GST-FoxM1 aa 326 to 383 recombinant proteins (2 �g) were incubated with [�-32P]ATP in the presence of recombinant GST-Chk2 (1 �g).
Reaction products were resolved on denaturing SDS-polyacrylamide gels and visualized by autoradiography. (E) FoxM1 protein is phosphorylated
at Ser residue 361 following IR-induced DNA damage. U2OS cells were left untreated or exposed to IR (10 Gy). Cell extracts were prepared 3 h
later and immunoprecipitated with anti-FoxM1 antibody and protein A bead incubation. Phosphorylation of endogenous FoxM1 on Ser 361 was
monitored by Western blot analysis with the anti-pS361 FoxM1 peptide antibody (top). The level of immunoprecipitated FoxM1 (bottom) is also
shown. (F) The Chk2 protein in vivo phosphorylates FoxM1 protein 3 h following etoposide treatment. Extracts from U2OS cells exposed to 20
�M etoposide were harvested at the indicated hours after treatment and immunoblotted with the anti-pS361 FoxM1 peptide antibody. Levels of
endogenous Chk2, FoxM1, and �-actin were also analyzed by Western blot analysis. The modest change in the signal for FoxM1 was a result of
uneven loading (compare the �-actin signals). (G) Mutation of the Chk2 phosphorylation site in FoxM1 protein at serine residue 361 prevents
stabilization of FoxM1 protein in response to increased expression of Chk2 protein. U2OS cells were transfected with expression vectors containing
either T7-tagged WT FoxM1 protein or FoxM1 S361A mutant protein with or without the V5-Chk2 expression vector. Protein extracts were
prepared 24 h later and examined for FoxM1 protein levels by Western blot analysis using the T7-tagged antibody.
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This quantitative ChIP assay with FoxM1 antibody showed that
the FoxM1 protein binds to the endogenous human XRCC1
and BRCA2 promoter regions compared to the rabbit serum
control (Fig. 6E). As a positive control, we performed ChIP
assays with the human Cdc25B promoter region (Fig. 6E), a
known FoxM1 transcriptional target gene (41). We also per-
formed 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 transthyretin (TTR) promoter re-
gion by real-time PCR. Consistent with the specificity of our
ChIP assays, this control ChIP experiment demonstrated that
neither the FoxM1 antibody nor IgG serum immunoprecipi-
tated significant levels of this proximal TTR promoter region
from either untransfected or FoxM1-depleted U2OS cell ex-
tracts (data not shown). To determine whether FoxM1 regu-
lates transcription of the human XRCC1 and BRCA2 genes,
the luciferase reporter gene was linked to either the �2 kb of
the human BRCA2 promoter region or �1 kb of the human
XRCC1 promoter region. We performed cotransfection assays

with the cytomegalovirus (CMV)-FoxM1b expression vector
and these human promoter luciferase plasmids, prepared pro-
tein extracts from U2OS cells at 24 h following transfection,
and used them to measure dual luciferase enzyme activity.
Cotransfection of FoxM1b expression vector caused a 12-fold
increase in BRCA2 promoter activity (Fig. 6F) and a 6-fold
induction of XRCC1 promoter expression (Fig. 6G). These
results demonstrate that the XRCC1 and BRCA2 genes are
direct transcriptional targets of the FoxM1 protein.

FoxM1 protein is critical for regulated transcription of DNA
repair genes in response to Chk2 signaling. In the current
study, we showed that FoxM1 protein is phosphorylated by
Chk2, causing increased stability of the FoxM1 protein in re-
sponse to DNA damage (Fig. 6H). Stabilization of FoxM1
protein in response to DNA damage correlates with the in-
creased expression of DNA repair genes XRCC1 and BRCA2
(Fig. 6G), which we demonstrated by cotransfection and ChIP
assays as direct transcriptional targets of FoxM1. We demon-
strated that DNA damage signaling increased FoxM1 protein
stability, which in turn stimulates transcription of genes encod-

FIG. 6. FoxM1 stimulates transcription of the DNA repair genes XRCC1 and BRCA2. (A and B) Expression of BRCA2 and XRCC1 mRNA
is increased in response to IR DNA damage. U2OS cells were left untreated or exposed to IR (10 Gy), and then RNA was harvested at 6 or 18 h
after treatment and analyzed for BRCA2 and XRCC1 mRNA levels by qRT-PCR (A) and for BRCA2 and XRCC1 protein levels by Western
blotting (B). (C) The induction of XRCC1 and BRCA2 mRNAs following DNA damage depends on FoxM1. U2OS cells were transfected with
FoxM1 siRNA and left untreated or exposed to IR (10 Gy), and then RNA was harvested at 18 h after treatment and analyzed for BRCA2 and
XRCC1 mRNA levels by qRT-PCR. (D) Conditional expression of FoxM1b protein in U2OS cells stimulates BRCA2 and XRCC1 mRNA levels.
U2OS C3 cells were induced for GFP-FoxM1b expression by Dox treatment, and then RNA was isolated 48 h later and analyzed for FoxM1,
BRCA2, and XRCC1 mRNA levels by qRT-PCR. (E) ChIP assays show direct binding of FoxM1 to the endogenous human Cdc25B, XRCC1, and
BRCA2 promoter regions. The U2OS cell chromatin was cross-linked, sonicated to DNA fragments of 500 to 1,000 nucleotides in length, and then
IP with antibodies specific to either FoxM1 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, XRCC1, and BRCA2 promoter regions. (F and G) Transcription of the
human XRCC1 and BRCA2 promoter regions is stimulated in cotransfection assays with FoxM1b expression vector. We performed cotransfection
assays with the CMV-FoxM1b expression vector and luciferase plasmids containing either �2 kb of the human BRCA2 promoter region or �1
kb of the human XRCC1 promoter region, prepared protein extracts from U2OS cells at 24 h following transfection, and used them to measure
dual luciferase enzyme activity. The asterisks indicate statistically significant changes: *, P � 0.05; **, P � 0.01; ***, P � 0.001. (H) Model of DNA
damage induction of FoxM1 protein. The FoxM1 transcription factor regulates expression of cell cycle genes essential for progression into DNA
replication and mitosis. In response to DNA damage signaling, we show that Chk2 phosphorylates and stabilizes FoxM1 protein and increased
levels of FoxM1 activate transcription of the DNA repair genes XRCC1 and BRCA2. DNA damage signaling also induces DNA repair enzymes
and cell cycle arrest independent of the FoxM1 transcription factor.
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ing DNA repair enzymes (Fig. 6H). These results identify a
novel role for FoxM1 in the transcriptional regulation of DNA
repair genes. Furthermore, the FoxM1 transcription factor is
overexpressed in a number of aggressive human tumors (19,
25, 28, 35, 39, 44). In published studies, reduced expression of
FoxM1 significantly diminished DNA replication and mitosis
of tumor cells and reduced development of mouse tumors in
response to carcinogens or oncogenes (14, 15, 17, 41). Our
current study suggests that inhibition of FoxM1 levels will also
lead to defective DNA repair and that this defect may result in
cell cycle arrest of tumor cells (41).

Reduced cellular proliferation during aging is associated
with a progressive decline in FoxM1 expression (21, 43). In
published studies, we used the �3 kb TTR promoter to main-
tain hepatocyte expression of the FoxM1b transgene in 12-
month-old (old-aged) transgenic (TG) mice during liver re-
generation (43). We showed that maintaining hepatocyte
expression of FoxM1b alone in old-aged TTR-FoxM1b TG
mice is sufficient to restore regenerating hepatocyte DNA syn-
thesis and mitosis and expression of cell cycle genes to levels
found in young regenerating mouse liver2 (43). Based on our
current studies, reduction of FoxM1 levels during aging may
also cause defects in DNA repair, which will lead to increases
in the incidence of cancer during aging resulting from gene
mutations and chromosome abnormalities.
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