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Background: FoxM1 plays many roles in cancer development, progression, and cancer survival.
Results: FoxM1 is regulated by HSF1 and promotes cell cycle progression and cancer cell survival under heat stress conditions.
Conclusion: FoxM1 is critical for cell survival under heat stress condition.
Significance:HSF1-FoxM1 is a novel connection between heat shock proteins and stress responses and a novel pathway for cell
survival under stress condition.

The forkhead box M1 (FoxM1) is a key transcription factor
regulating multiple aspects of cell biology. Prior studies have
shown that FoxM1 is overexpressed in a variety of human
tumors, including brain tumor, and plays a critical role in cancer
development and progression. In this study we found that
FoxM1 was up-regulated by heat shock factor 1 (HSF1) under
heat shock stress condition inmultiple cell lines. Knockdown of
HSF1 with HSF1 siRNA or inhibition of HSF1 with a HSF1
inhibitor abrogated heat shock-induced expression of FoxM1.
Genetic deletion of HSF1 in mouse embryo fibroblast cells also
abolished heat shock stress-induced FoxM1 expression. More-
over, we showed that HSF1 directly bound to FoxM1 promoter
and increased FoxM1 promoter activity. Furthermore, we dem-
onstrated that FoxM1was required for theG2-Mphase progres-
sion through regulating Cdc2, Cdc20, and Cdc25B under a mild
heat shock stress but enhanced cell survival under lethal heat
shock stress condition. Finally, in human glioblastoma speci-
mens, FoxM1 overexpression correlated with elevated HSF1
expression. Our results indicate that FoxM1 is regulated by
HSF1 and is critical for HSF1-mediated heat shock response.
We demonstrated a novel mechanism of stress resistance con-
trolled by HSF1 and a new HSF-FoxM1 connection that medi-
ates cellular thermotolerance.

Heat shock factors (HSFs)3 play critical roles in acquisition of
the induced thermotolerance through inducing a set of heat
shock proteins (HSPs) (1–4). In mammalians cells, upon heat

shock stress HSF1 is released from Hsp90 and translocated
from cytoplasm to nucleus (5, 6). HSF1 binds to heat shock
elements and induces HSPs expression. HSPs induced by heat
shock stress further work as the chaperones to help protein
folding, transport, and degradation to prevent overaccumula-
tion of damaged proteins and cell death (7–9). Under normal
unstressed conditions, HSPs are also highly overexpressed in
many types of cancers and associatedwith cancer development,
progression, invasion, metastasis, and treatment resistance
(10–12). Strategies of targeting HSPs for cancer treatment are
being evaluated clinically (13). Interestingly, mice with HSF1
knock-out could not develop cancer induced by krasmutation
and other carcinogens, suggesting that HSF1 plays important
roles in cancer development (14, 15). However, the mecha-
nisms underlying HSF1-mediated promotion of cancer devel-
opment and progression remain to be investigated.
The forkhead box M1 (FoxM1) is a key transcription factor

for cell cycle progression (16–19). Many studies including our
own have demonstrated that FoxM1 is a critical molecule for
tumor development and progression (20–23). Increasing evi-
dences show that FoxM1 not only promotes cancer develop-
ment but also enhances tumor invasion, angiogenesis, metasta-
sis, and drug resistance (24–30). However, how FoxM1 is
regulated in normal and malignant cell remains to be fully
understood. Some studies have shown that FoxM1 can be
induced by ionic radiation and oxidative stress and activated by
ultraviolet exposure (31–33), suggesting that FoxM1might be a
stress response protein.
In this study we found that FoxM1 is a novel downstream

target of HSF1. Induction of FoxM1 is important for cell cycle
progression and protection of cells from heat-shock-induced
cell death. We revealed a novel role of FoxM1 in cell survival
under heat shock stress conditions.

MATERIALS AND METHODS

Cell Lines and Culture Conditions—The human glioma cell
lines Hs683, HFu251, and U-87MG, human lung cancer cell
lines HCC193 and H358, and immortalized monkey kidney
COS-1 cell line were obtained from theAmericanTypeCulture
Collection (Manassas, VA). Human papillomaviral E6/E7-
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transformedHsf1�/� andHsf�/� MEF cells were gifts fromDr.
Dr. Ivor J. Benjamin (University of Utah School of Medicine,
Salt Lake City, UT) andwere described previously (2). All of the
cell lines were maintained in plastic flasks as adherent mono-
layer in DMEM supplemented with 10% fetal bovine serum,
sodium pyruvate, nonessential amino acids, L-glutamine, and a
vitamin solution (Flow Laboratories, Rockville, MD).
Knockdown of HSF1 and FoxM1—FoxM1was knocked down

with FoxM1-siRNA in U-87MG and Hs683 as described previ-
ously (21). ForHSF1 knockdown, pre-designed siRNAwas pur-
chased from Santa Cruz Biotechnology (Santa Cruz Biotech-
nology, Santa Cruz, CA). U-87MG and Hs683 cells were
transfected with 100 nMHSF1-siRNA and a non-targeting con-
trol siRNA using Lipofectamine 2000 (Invitrogen) for 48 h. The
transfection cells were used for heat shock stress treatment.
Knockdown efficiency of HSF1 and FoxM1 was determined by
Western blotting.
Overexpression of FoxM1 and Constitutively Active HSF1—

Hs683 cells were transfected with FoxM1 expression plasmid
pcDNA3-FoxM1, CMV-hHSF1 (�) (constitutively activeHSF1
plasmid), CMV-hHSF1 (�) (non-active HSF1 plasmid) (34),
and control vector using Lipofectamine 2000. Expression of
transfected genes was confirmed with Western blotting, and
the FoxM1-transfected cells were treatedwith heat shock stress
followed by cell cycle analysis.
Western Blotting—Whole cell lysates were extracted from

the cells. Standard Western blotting was performed with poly-
clonal rabbit antibodies against human FoxM1 (MPP2 K-19),
HSP70, p-HSF1 (S303) (Santa Cruz Biotechnology), HSF1 (Cell
Signaling, Danvers, MA), Cdc2, Cdc20, and Cdc25B (BD Bio-
sciences), and a second antibody (anti-rabbit IgGor anti-mouse
IgG; GE Healthcare). The same membranes were stripped and
blotted with an anti-human-�-actin antibody (Sigma) and used
as loading controls. The probe proteins were detected using the
Amersham Biosciences enhanced chemiluminescence system
following the manufacturer’s instructions.
Real-time Quantitative PCR—RNAwas isolated with TRIzol

(Invitrogen). After oligo(dT)-primed reverse transcription of
500 ng of total RNA was done, the resulting single stranded
cDNA was amplified using TaqDNA polymerase (Promega,
Madison, WI). Semiquantitative real-time PCR was performed
using the LightCycler system together with the LightCycler
DNA Master SYBR Green I Kit (Bio-Rad). To ensure experi-
ment accuracy, all reactions were performed in triplicate. The
primers used were 5�-tgcccagcagtctcttacct-3� (forward primer)
and 5�-ctacccaccttctggcagtc-3� (reverse primer) for human
FoxM1 and 5�-tggggaaggtgaaggtcgg-3� (forward primer) and
5�-ctggaagatggtgatggga-3� (reverse primer) for human glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH). The PCR
conditions consisted of an initial activation of Super-Start
TaqDNA polymerase at 95 °C for 10 min followed by 40 cycles
of 95 °C for 10 s, 60 °C for 1 min. The Ct (threshold cycle) value
of FoxM1 amplificationwas normalized to that ofGAPDHcon-
trol. Reaction specificity was controlled by post-amplification
melting curve analysis.
Promoter-Reporter Luciferase Assays—The promoter region

of human FoxM1was identified based on a previous report (35)
and by analyzing the sequence of the region upstreamof FoxM1

cDNA of human genomic DNA. The promoter region was
amplified from human normal blood cell genomic DNA with
high fidelity DNA polymerase. The promoter regions with dif-
ferent lengths were cut with specific restriction enzymes and
cloned into the pGL3 luciferase reporter vector (Promega). The
reporter assays were performed using a dual luciferase assay kit
(Promega) as described (21).
Chromatin Immunoprecipitation Assays—Chromatin immuno-

precipitation (ChIP) assays were performed using a kit from
Upstate Cell Signaling Solutions (Charlottesville, VA). Briefly,
chromatin that was cross-linked to transcription factors was
immunoprecipitated using antibodies against HSF1. The
immunoprecipitated chromatin was amplified with primers
(forward, 5�-ccttggtcagggaatagtgtca-3�, and reverse, 5�-ggatgt-
tgcaatactccaggca-3�) that flank the HSF1 binding sites of the
FoxM1 promoter. The primers were also used for quantitative
real-time PCR assay of binding of HSF1 to the FoxM1 pro-
moter. The primers ofHSP70 promoter and primers of quinone
oxidoreductase (NQO1) exon 2 served as the positive control
andnegative control, respectively, for the quantitative real-time
PCR assay. The positive primers are forward (5-cactcccccttc-
ctctcag-3) and reverse (5-ttccttctgagccaatcac-3); negative
primers are forward (5-cctgtagctgaaggtttgctgg-3, and reverse,
5-cctacctgtgatgtcctttctgg-3). One percent of total genomic
DNA was used as the input DNA. The relative amount of
enriched DNA was calculated by moralization with input
DNA.
Analysis of Cell Cycle Distribution under Heat Shock Stress

Conditions—Cells transfected with FoxM1-siRNA (100 nM) or
FoxM1 expression plasmid were treated with heat shock stress
at 42 °C for 6, 12, or 24 h. Cells were collected and washed with
PBS once and fixed with 65% ethanol. Fixed cells were treated
with RNase A and stained with propidium iodide (100 �g/ml in
PBS). The stained cells were detected using flow cytometer (BD
Biosciences Immunocytometry Systems). Data were analyzed
with a cell cycle analysis software program (ModFit LTVersion
2.0; Verity Software House) to calculate the percentage of cells
at G1, S, and G2 phase.
Cell Growth and Survival Assay—U-87MG cells were trans-

fected with FoxM1-siRNA, and 48 h after transfection cells
were treated with heat shock at 42 °C for 2 h and recovered for
4 h and followed by 44 °C heat shock for 1 h. Viable Cell num-
bers were counted with Via-Cell counter machine at 12-, 24-,
and 48-h time points. Cells were fixed with 65% ethanol, and
nuclei were stained with propidium iodide for a cell viability
assay under amicroscope. Dead cells and apoptotic bodies were
characterized by condensed or fragmented nuclei.
Immunohistochemical Staining—Brain tissue specimens

were fixed by neutral-buffered formalin, embedded in paraffin,
and sectioned according to standard protocols. Tissue sections
were used for immunostaining with antibodies against HSF1
(Cell Signaling) and FoxM1 (Santa Cruz Biotechnology). We
quantitatively scored the tissue sections according to the per-
centage of positive cells and staining intensity, as previously
defined (30).
Statistics—Correlations between positive staining for FoxM1

and positive staining for HSF1 in the glioma specimens were
assessed with Pearson’s correlation test. The significance of
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results was determined using Student’s t test (two-tailed). Sta-
tistically significant changes (p values�0.05) are indicatedwith
asterisks.

RESULTS
Heat Shock Stress Induced FoxM1Expression inMultiple Cell

Lines—First, glioma cell lines U-87MG and Hs683, lung cancer
cell linesHCC193 andH358, andCOS-1 cells were treatedwith
42 °C for different time points and recovered for 2 h. As shown
in Fig. 1A, FoxM1 was up-regulated by heat shock stress in a
time-dependent manner in multiple cell lines. To determine
whether induction of FoxM1 by heat shock stress is through
transcriptional activation or enhanced protein stability, we per-
formed real-time quantitative PCR to examine FoxM1 RNA
levels in the cells treated with heat shock stress. The results
showed that heat shock stress up-regulated FoxM1 RNA tran-
scription in a time-dependent manner (Fig. 1B). FoxM1 was
induced by heat shock after a 1-h recovery (Fig. 1C). To check
the protein stability of FoxM1, U-87MG cells were treated with
cycloheximide (50 �g/ml, Sigma) under heat shock stress con-

ditions.Western blotting showed that heat shock stress did not
change the protein stability (Fig. 1D). These results indicate
that heat shock stress up-regulates FoxM1 expression through
enhancing FoxM1 RNA transcription.
Heat Shock Factor 1 (HSF1) Is theCritical Regulator of FoxM1

Expression under Heat Shock Stress Conditions—We next ana-
lyzed FoxM1 promoter using transcription factor binding sites
analysis software (Transfac)(35, 36) and revealed two putative
HSF1 binding sites between �1788 and �1405 at FoxM1 pro-
moter. Knockdown of HSF1 by siRNA in Hs683 cells (Fig. 2A)
followed by heat shock for different time points blocked heat
shock stress-induced FoxM1 expression (Fig. 2, B and C). Sim-
ilarly, a heat shock stress inhibitor, pifithrin � (37, 38), also
blocked FoxM1 induction by heat shock stress both in protein
and RNA level (Fig. 2, D and E). Furthermore, in Hsf1-null
mouse fibroblast cells (MEFHsf1�/�) derived fromHsf1 knock-
out mice, FoxM1 was not significantly up-regulated by heat
shock stress (Fig. 2, F andG). These results indicate that FoxM1
is regulated by heat shock stress through HSF1.

FIGURE 1. FoxM1 was up-regulated by heat shock stress in multiple cell lines. A, U-87MG, Hs683, Hcc193, H358, and COS1 cells were treated with heat shock
stress at 42 °C for different time points as indicated. After a 2-h recovery, total cell lysates were prepared, and Western blotting was performed to examine
FoxM1 and Hsp70 level. B, U-87MG cells were treated with heat shock at 42 °C with different time points as indicated, and real-time PCR was performed to
examine FoxM1 mRNA level. C, U-87MG cells were treated with heat shock stress for 4 h followed by recovery for different time point as indicated, and Western
blotting was performed to examine FoxM1 level. D, U-87MG cells were treated with cycloheximide (CHX) followed by heat shock stress with different time
points as indicated. After 2 h of recovery, cells lysates were prepared, and Western blotting was performed. E, relative protein levels were measured using
densitometry software. Error bars represent � S.D. from experiments done in triplicate. **, p � 0.01.
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Identify HSF1 Binding Sites in FoxM1 Promoter—To define
the HSF1 binding sites at FoxM1 promoter, three promoter
reporters were constructed with different promoter deletion
(Fig. 3A). Results of a luciferase activity assay showed that heat
shock stress increased the activity of the full-length FoxM1pro-
moter but not the promoter with �1788 to �1405 fragment
deletion, indicating that HSF1 binding sites do locate between
�1788 to �1405 (Fig. 3B). To further confirm that HSF1 bind-
ing sites at FoxM1promoter are critical for FoxM1 induction by
heat shock stress, three constructs of full-length promoter were
constructedwith target pointmutations atHSF1 putative bind-
ing sites. Mutations at the HSF1 putative binding site 1 or both
HSF1 putative binding site 1 and 2 significantly blocked the
heat shock-induced promoter activity (Fig. 3, C and D). How-
ever, mutation at the HSF1 putative binding site 2 alone did not
significantly decrease FoxM1 promoter activity, indicating that
the second putative HSF1 site might not be important for
FoxM1 induction (Fig. 3, C and D). To further determine if
HSF1 can directly bind to FoxM1 promoter, a ChIP assay was
performed using a pair of PCR primers flanking the �1725 and
�1497 sequence that containing the putative HSF1 binding
sites, and the result showed that HSF1 can directly bind to
FoxM1 promoter under heat shock stress conditions in both
U-87MG and Hs683 cells (Fig. 3, E and F). Also, the binding of
HSF1 to FoxM1promoterwas increased upon heat shock stress

(Fig. 3,E and F). This observationwas confirmed by the result of
quantitative real-time PCR showing that binding ofHSF1 to the
FoxM1 promoter was significantly increased after heat shock
treatment (Fig. 3, G and H).
FoxM1 Is Required for G2-M Phase Progression and Protec-

tion of Cells from Lethal Heat Shock Stress—To determine the
biological role of FoxM1 in heat shock stress, FoxM1 was
knocked down in U-87MG cells with siRNA followed by heat
shock at 42 °C for different time points. The result showed that
cellswith FoxM1knockdownwere arrested atG2-Mphase after
24 h of heat shock stress, indicating that most cells without
FoxM1 cannot progress from G2 to M phase under heat shock
stress (Fig. 4A). Consistent with the cell cycle arrest, U-87MG
cells transfected with FoxM1-siRNA grew much slower com-
pared with the cell transfected with control-siRNA and treated
with heat shock stress (Fig. 4B). Moreover, the expression of
Cdc20, Cdc2, and Cdc25B were up-regulated under heat shock
stress in control siRNA-treated cells (Fig. 4C). In contrast,
knockdown of FoxM1 down-regulated the expression of
Cdc20, Cdc2, and Cdc25B in normal and heat shock stress con-
ditions (Fig. 4C). In addition, overexpression of FoxM1 in
Hs683 cell dramatically induced the expression of those down-
stream molecules and decreased G2 arrest (Fig. 4, D and E).
These results indicate that FoxM1 regulates the expression of
Cdc20, Cdc2, and Cdc25B during heat shock stress and pro-

FIGURE 2. FoxM1 is regulated by HSF1 under heat shock stress. A and B, Hs683 and U-87MG were treated with HSF1 siRNA (100 nM) for 48 h, then cells were
collected for Western blotting analysis. Hs683 cell were transfected with HSF1 siRNA, and 48 h after the transfection, cells were treated with heat shock stress
at 42 °C with different time points. Western blotting was performed to examine the FoxM1 level. C, Hs683 cells were transfected with HSF1 siRNA, and 48 h after
transfection cells were treated with heat shock stress for 2 h. Real-time PCR was performed to examine FoxM1 mRNA level. D, Hs683 cells were treated with heat
shock response inhibitor, pifithrin � (PFA), for 2 h followed by heat shock stress at 42 °C with different time points as indicated. Western blotting was performed
to examine FoxM1 level. E, Hs683 cells were treated with pifithrin � for 2 h followed by heat shock stress for 2 h. With 2 h recovery after the heat shock, total RNA
was isolated, and real-time PCR was performed to examine FoxM1 mRNA level. F, MEF cells with Hsf1 wild type or knock-out were treated with heat shock stress
at 42 °C with different time points as indicated. With a 2-h recovery after heat shock, cells were lysed with radioimmune precipitation assay buffer, and Western
blotting was performed to examine FoxM1, Hsp70, and p-HSF level. G, real-time PCR was performed to check the FoxM1 mRNA expression both in Hsf1�/� and
Hsf1�/� cells. Error bars represent � S.D. from experiments done in triplicate. **, p � 0.01.
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motes G2 to M phase cell cycle progression. Furthermore,
cells with FoxM1 knockdown broadly showed cell death
under lethal heat shock stress, whereas more cells with
siRNA control treatment survived (Fig. 4, F and G). These
results indicate that induction of FoxM1 is required for cell
cycle progression and important for protecting the cell from
lethal heat shock stress.

HSF1 Expression Correlates with FoxM1 Overexpression in
Human Primary Glioma Specimens—Because heat shock fac-
tors play many roles in cancer development, progression, and
treatment resistance, we further examined if HSF1 regulates
FoxM1 expression in glioma cell without heat shock stress. We
first determined theHSF1 expression patterns in serial sections
of 34 human glioblastoma (grade 4) specimens by immunohis-

FIGURE 3. HSF1 activates FoxM1 promoter during heat shock stress. A, three different luciferase reporter vectors were constructed as indicated. B, luciferase
reporter vectors were transfected to the U-87MG cells. Forty-eight hours after the transfection cells were treated with heat shock for 4 h followed by recovery
for another 2 h. Cells were collected, and relative luciferase activity was measured. C, point mutations were generated at FoxM1 promoter reporter as show in
the figure. D, promoter reporters with heat shock element mutations were transfected with Renilla luciferase control plasmid into U-87MG cells, and 48 h after
the transfection cells were treated with heat shock stress for 2 h followed by 2 h recovery at 37 °C. Luciferase assay was performed with dual-luciferase assay kit.
E and F, ChIP-enriched DNAs using anti-HSF1 antibody were prepared from U-87MG and Hs683 treated with heat shock at 42 °C for the indicated periods. DNA
fragments of FoxM1 promoter (�1925 � �1497) were amplified. G and H, relative binding activity of HSF1 to FoxM1 promoter in U-87MG and Hs683 cell with
heat shock stress was analyzed by using quantitative real-time PCR with the primers flanking the HSF1 binding sites of the FoxM1 promoter (1– 6 h heat shock
treatments) and with negative control primers (Nc) from NQO1 (quinone oxidoreductase) exon 2 and positive control primers (Pc) from HSP70 promoter (1-h
heat shock treatment). Error bars represent � S.D. from experiments done in triplicate. *, p � 0.05; **, p � 0.01.
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tochemical analyses. Fig. 5A shows tissue sections displaying
strong staining (���), moderate staining (��), and negative
staining (0/�) FoxM1 orHSF1. Immunohistochemical staining
of HSF1 and FoxM1 in the glioma specimens were quantified
on the 1–4 scale. We analyzed the scores and found a signifi-
cant correlation between the FoxM1 and HSF1 expression lev-
els (Fig. 5B, r� 0.626, p� 0.001).Western blotting showed that

glioma cells with high basal level of p-HSF1 also have high
FoxM1 expression and that HSF1 knockdown down-regulated
FoxM1 expression in glioma cells (Fig. 5C and 5D). In addition,
overexpression of a constitutively active HSF1 up-regulated
FoxM1 expression in Hs683 cell (Fig. 5E). These results suggest
that HSF1 may regulate FoxM1 expression in glioma cell lines
under normal condition.

FIGURE 4. FoxM1 is required for cell cycle progression and survival in glioma cells with heat shock stress. A, U-87MG cells were transfected with
FoxM1-specific siRNA, and 48 h after the transfection cells were treated with heat shock stress at 42 °C for the indicated times. Cell cycle analysis was performed
with FACS. B, U-87MG cells were transfected with FoxM1-specific siRNA, and 48 h after the transfection cells were grows for the 4 days, and cell numbers were
counted at each time point to generate cell growth curve. C, U-87MG cells were transfected with FoxM1-specific siRNA and 48 h after the transfection cells were
treated with heat shock at 42 °C for 2 h followed by recovery for 2 h; total cell lysates were used for Western blotting. D, Hs683 cell were transfected with FoxM1
expression vector and control plasmid. 24 h after the transfection, cells were treated with heat shock stress at 42 °C for the indicated times, and cell cycle
analysis was performed. E, Hs683 cells were transfected with FoxM1 expression plasmid and control vector, and 48 h after the transfection the cells were treated
with heat shock at 42 °C for 2 h and recovered for 2 h. Western blotting was performed to examine the expression of FoxM1 and downstream molecules.
F, U-87MG cells were transfected with FoxM1-specific siRNA, and 48 h after the transfection cells were treated with lethal heat shock stress (44 °C) for the
indicated time points. Cells were stained with propidium iodide and examined under fluorescence microscope. Dead cells and apoptotic bodies were
characterized by condensed or fragmented nuclei. G, U-87MG cells were transfected with FoxM1-specific siRNA. 48 h after the transfection cells were treated
with lethal heat shock stress at 44 °C for different time points, viable cell numbers were counted. *, p � 0.05; **, p � 0.01.
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DISCUSSION

Previous studies showed that FoxM1 can be activated during
radiation treatment or UV exposure and regulate DNAdamage
repair genes, suggesting that FoxM1 plays an important role in
protecting cell from stress induced damage (33). Recent studies
also reported that FoxM1 can be induced by reactive oxygen
species and is a key regulator of oxidative stress during tumor-
igenesis (31, 32). In this study we showed that FoxM1 was
up-regulated with a time point-dependent manner during
heat shock stress condition in glioma, lung cancer, and
COS-1 cells. Using real-time PCR and promoter reporter
assays we found that induction of FoxM1 by heat shock
stress was through transcriptional regulation. Furthermore,
promoter activity assay suggest that the promoter sequence
between the �1788 and �1405 is critical for promoter acti-
vation induced by heat shock. Through targeted point muta-
tion we further defined that the HSF1 binding site located at
�1670 to �1662 was important for FoxM1 promoter activa-
tion induced by heat shock. Our results indicate that FoxM1
is a heat shock response gene.
It has been shown that during heat shock stress conditions,

HSF1 can be activated and translocated to the nucleus to fur-
ther activate heat shock response proteins (HSPs) such as
Hsp70 andHsp90 (8, 9). HSPs prevent the disruption of normal
cellular mitosis, meiosis, or differentiation by environmental
stressors. In a mild heat shock stress condition, such as 42 °C,
cells can overcome heat shock stress through HSF1 by regulat-

ing downstream genes expression, whereas targeted deletion of
heat shock factor1 can induce cell cycle arrest (4, 39). Because
FoxM1 can also be induced during heat shock stress by HSF1
and FoxM1 has been well known as a cell cycle regulator for
G1-S andG2-Mcell cycle progression, we proposed that FoxM1
may play a role in cell cycle progression under heat shock stress
conditions. Our results showed that cells with FoxM1 knock-
down were arrested at G2-M phase after heat shock treat-
ment at 42 °C for 24 h. U-87MG cells treated with control
siRNA had less G2-M cell arrest, indicating that without
FoxM1most cells cannot progress fromG2 toM phase under
heat shock stress. U-87MG cells with FoxM1 knockdown
grew much slower compared with the cells treated with
siRNA control. These results were consistent with a previous
report that Hsf1 knock-out cells were accumulated in G2-M
phase during heat shock stress, whereas Hsf1 wild type cells
could overcome the cell cycle arrest induced by heat shock
stress (39).
A previous study showed that Cdc20, Cdc2, and Cdc25B are

downstream targets of FoxM1 in normal condition (40, 41).
Because FoxM1 is induced by heat shock stress, we want to
know if FoxM1 also regulates thesemolecules under heat shock
stress on transcriptional level and thus promotes G2-M pro-
gression. Our results showed that the expressions of Cdc20,
Cdc2, and Cdc25B were increased with heat shock stress,
whereas knockdown of FoxM1 down-regulated expression of
those molecules both in normal and heat shock stress condi-

FIGURE 5. Levels of FoxM1 expression correlate with HSF1 expression in human glioblastoma specimens. A, immunohistochemical staining with specific
anti-FoxM1 and anti-HSF1 antibodies was done on 34 glioblastoma tissues. B, the percentage and intensity scores were combined to obtain a total score (range,
0 – 4). FoxM1 expression levels correlated positively with HSF expression levels in glioblastoma samples (Spearman’s correlation test r � 0.626; p � 0.001. Note
that some of the dots on the graphs represented more than one specimen (some scores overlapped). C, levels of p-HSF correlate with FoxM1 expression in brain
tumor cell lines. Western blotting was performed to check the expression of p-HSF1, HSF1, and FoxM1 in five brain tumor cell lines, and the level of �-actin was
used as the loading control. D, knockdown of HSF1 reduced FoxM1 expression in U87 cell lines. E, overexpression of constitutively active HSF1 up-regulated
FoxM1 expression in Hs683 cells.
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tions. These results indicate that FoxM1 regulates Cdc20 and
Cdc2 expression during heat shock condition, which is impor-
tant forG2 toMphase cell cycle progression. Interestingly, Polo
like kinase 1 (Plk1) can phosphorylate both HSF1 and FoxM1
promoting G2-M cell cycle progression (42, 43). Our results
provide a link between the functions of HSF1 and FoxM1 in cell
cycle progression under stress condition. Moreover, under
lethal heat shock stress conditions, cells with FoxM1 knock-
down broadly showed cell death compared with the cells trans-
fected with control siRNA. Our results indicate that FoxM1 is
required for cell cycle progression and important for protecting
the cell from lethal heat shock stress. A previous study showed
that Hsf1-knock-out mouse fibroblast cells (Hsf1�/� MEF) are
sensitive to lethal heat shock challenge, whereasHsf1 wild type
MEF can acquire thermotolerant capability during heat shock
stress (2, 4, 39). Our result provided evidence that FoxM1, a cell
cycle regulator and oncogenic protein, is one of the compo-
nents for HSF1-mediated thermotolerance.
Most previous studies concentrated on the oncogenic func-

tions of FoxM1 during cancer development and its regulation
on the protein level (44–46). Here we show a new mechanism
of FoxM1 regulation on the transcriptional level under the
stress condition.We showed that FoxM1 is a HSF1 target and
plays a critical role for cell survival under the heat stress
condition. We found that FoxM1 promotes cell cycle pro-
gression through regulating Cdc2, Cdc20, and Cdc25B under
heat shock stress, which might be one of the mechanisms of
how FoxM1 protects cell from lethal heat shock stress; how-
ever, we could not exclude that FoxM1 may enhance the cell
survival ability through regulating other molecules. Hsp90
and Hsp70 are also the downstream targets of HSF1 and have
the function of protecting cells from lethal heat shock stress.
Whether FoxM1 also regulates Hsp90 and Hsp70 during
heat shock stress or normal condition deserves further study.
More and more studies have shown that heat shock factors

andHSPs play important roles in cancer initiation and progres-
sion and treatment resistance (47, 48). Targeting HSF1- HSPs
has shown potential theoretical benefit for cancer patients (14,
15). Results in this study showed that the levels of HSF1 corre-
lated with FoxM1 expression in glioma tissue samples, whereas
knockdown of HSF1 down-regulated FoxM1 expression in gli-
oma cells, suggesting that HSF1 regulates the FoxM1 expres-
sion in both heat shock stress and normal conditions. Further
studies to determine whether FoxM1 can cooperate with other
HSPs to promote cancer progression will be interesting, and
targeting these mechanisms might provide potential cancer
treatment strategies.
In summary, in this study for the first time we found that

FoxM1 is regulated byHSF1 under heat shock stress conditions
and the induction of FoxM1 by HSF1 is required for cell cycle
progression through regulating the expression of downstream
Cdc20, Cdc2, and Cdc25B. Our results demonstrate that
FoxM1plays an important role in enhancing cell survival ability
under heat shock stress conditions. This study also provided a
novel HSF1-FoxM1 connection, which plays an important role
in protecting the cell from the stresses and possibly in cancer
development.
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