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Abstract

The mammalian Forkhead Box (Fox) transcription factor FoxM1b is implicated in tumorigenesis.

However, the presence of expression and role of FoxM1b in gastric cancer remain unknown.

Therefore, we investigated FoxM1b expression in 86 cases of primary gastric cancer and 57

normal gastric tissue specimens. We further investigated the underlying mechanisms of altered

FoxM1b expression in and the impact of this altered expression on gastric cancer growth and

metastasis using in vitro and animal models of gastric cancer. We found weak expression of

FoxM1b protein in the mucous neck region of gastric mucosa, whereas we observed strong

staining for FoxM1b in tumor-cell nuclei in various gastric tumors and lymph node metastases. A

Cox proportional hazards model revealed that FoxM1b expression was an independent prognostic

factor in multivariate analysis (P < 0.001). Experimentally, overexpression of FoxM1b by gene

transfer significantly promoted the growth and metastasis of gastric cancer cells in orthotopic

mouse models, whereas knockdown of FoxM1b expression by small interfering RNA did the

opposite. Promotion of gastric tumorigenesis by FoxM1b directly and significantly correlated with

transactivation of vascular endothelial growth factor (VEGF) expression and elevation of

angiogenesis. Given the importance of FoxM1b to regulation of the expression of genes key to

cancer biology overall, dysregulated expression and activation of FoxM1b may play important

roles in gastric cancer development and progression.
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Introduction

Although the incidence of gastric cancer declined in the West from the 1940s to the 1980s, it

remains a major public health problem throughout the world and the cause of 12% of all

cancer-related deaths each year (1, 2). The aggressive nature of human gastric cancer is a

result of a variety of intracellular events, including activation of various oncogenes,

inactivation of tumor suppressor genes, and abnormal expression of growth factors and their

receptors (3, 4). These abnormalities affect the downstream signal transduction pathways

involved in the control of cancer biology, including an increased angiogenesis phenotype of

gastric cancer cells (4–9). Previous studies also showed that microvessel density (MVD) and

expression of various angiogenic factors related to tumor development and progression are

predictive of survival in patients with gastric cancer (4, 10, 11). However, the molecular

mechanisms responsible for abnormal expression of many of these angiogenic factors in

gastric cancer, including VEGF, remain unclear. Increasing evidence suggests that VEGF

expression is regulated by various hormones and growth factors and oncogenic proteins

through various transcription factors, including Sp1, hypoxia-inducible factor-1, signal

transducer and activator of transcription 3 (Stat3), and possibly the mammalian Forkhead

Box (Fox) transcription factor FoxM1 (12, 13).

FoxM1 shares homology in the winged-helix DNA-binding domain (14–20) and is

predominantly expressed at the mRNA level in fetal tissue and also its expression is

maintained ubiquitously in all proliferating adult tissues and some cancer cell lines (16, 18–

22), whereas its expression is absent from differentiated cells (16, 19). Researchers have

shown that FoxM1 is a key cell-cycle regulator of both the transition from G1 to S phase and

progression to mitosis (21, 23–28). For example, several studies showed that FoxM1 is

essential for mediating the progression from G2 to M phase and chromosome segregation

(23, 24) and that loss of FoxM1 expression causes centrosome amplification and mitotic

catastrophe (25). Furthermore, FoxM1 regulates the transcription of cell cycle genes

essential for G1-S and G2-M progression and for chromosome stability and segregation (21–

26, 29–31). Moreover, investigators identified FoxM1 as a novel target of human

papillomavirus type 16 E7 protein, which may be important for cell transformation (22).

Therefore, altered FoxM1 expression can contribute to oncogenesis, presumably through its

critical role in cell proliferation.

This notion is apparently supported by the fact that FoxM1b is highly expressed in various

types of cancer (25, 30–41). Interestingly, abnormal activation of FoxM1b may cause

overexpression of multiple angiogenic molecules, which in turn render tumor cells highly

angiogenic (35). In the present study, we sought to determine the potential role of FoxM1b

expression in gastric cancer development and progression and the underlying mechanisms of

this expression.

Materials and Methods

Human tissue specimens and patient information

Human gastric tumor specimens preserved in the Gastric Cancer Tissue Bank at The

University of Texas M. D. Anderson Cancer Center were used. The patient characteristics
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information has been described in detail previously (12) and are also summarized in

Supplemental Table 1.

Cell Lines and Xenograft Models

The human gastric cancer cell lines NCI-N87, AGS, HTB103, HTB135, SNU1, and SNU-16

were purchased from the American Type Culture Collection (Manassas, VA), the SK-GT5

cell line was obtained from Gary K. Schwartz (Memorial Sloan-Kettering Cancer Center)

and TMK-1 cell line was obtained from Masashi Kanai (Kyoto University). The growths of

those tumor cell lines in nude mice were determined as described previously (42).

Immunohistochemistry and Quantification of tumor MVD

Sections (5 µm thick) of formalin-fixed, paraffin-embedded gastric tumor specimens were

prepared and processed for immunostaining using a rabbit polyclonal antibody against

human FoxM1b (K-19 [sc-500]; Santa Cruz Biotechnology; 1:50 dilution), a rabbit

polyclonal antibody against human VEGF (clone A-20 [SC-152]; Santa Cruz

Biotechnology; 1:100 dilution), a rabbit polyclonal antibody against human PCNA (sc-7907,

Santa Cruz; 1:200 dilution) and a monoclonal goat anti-CD34 antibody (PECAM1-M20;

Santa Cruz Biotechnology; 1:100 dilution) for MVD. The molecular markers were

determined in the different sections of a same tissue block from each patient. Also, frozen

sections (5 µm thick) of human gastric tumor xenograft specimens were fixed in acetone for

CD31 (BD Pharmingen, San Diego; 1:100 dilution) staining. Quantifications of gene

expression and tumor MVD were performed as described previously (12).

Western blot analysis

Whole cell lysates were prepared from human gastric cancer cell lines and human normal

gastric tissue and gastric tumor specimens. Standard Western blotting was performed using a

polyclonal rabbit antibody against human FoxM1b (K-19 [sc-500]), a polyclonal rabbit

antibody against human VEGF, and anti-rabbit IgG, a horseradish peroxidase-linked F(ab')2

fragment obtained from a donkey (Amersham Life Sciences). Equal protein sample loading

was monitored by incubating the same membrane filter with an anti-β-actin antibody. The

probe proteins were detected using the Amersham ECL system according to the

manufacturer’s instructions.

Stable and transient transfection of gastric cancer cells

Full-length human FoxM1b was released by EcoRI and XbaI digestion of the

cytomegalovirus human FoxM1b cDNA expression vector (20) and subcloned into

pcDNA3.1 (Invitrogen) to generate the pcDNA3.1-FoxM1b plasmid expression vector.

Also, four FoxM1-small interfering RNAs (siRNAs) were designed and synthesized by

Qiagen to generate a FoxM1b-siRNA expression vector for gene-knockdown studies. An

siRNA with the sequence CUCUUCUCCCUCAGAUAUAdTdT (with a target location

between nucleotide 2073 and nucleotide 2091 from the translation start site of FoxM1b

mRNA) was determined to be the most effective siRNA in inhibiting FoxM1b expression.

The FoxM1b-siRNA was further incorporated into the pSilencer plasmid (Ambion). A

pSilencer neo vector expressing a hairpin siRNA with limited homology with any known
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sequences in the human, mouse, and rat genomes (Ambion) was used as a negative control.

GT5 and N87 cells were transfected with the FoxM1b-siRNA expression vector or the

control vector using Lipofectamine 2000 (Invitrogen). The cells stably transfected were

isolated using neomycin (G418) selection after the cells were transfected with pcDNA3.1-

FoxM1b or control plasmids.

Analysis of VEGF promoter activity

The activity of pV2274, pV109, and mutant VEGF promoter constructs was analyzed as

described previously (42). In brief, plasmids containing firefly luciferase reporters were co-

transfected into gastric tumor cells in triplicate with an internal control pMiniTK-RL using

the Lipofectamine method (Invitrogen). The pMiniTK-RL contained a full-length Renilla

luciferase gene under the control of a minimal thymidine kinase promoter (636–757 bp from

pTK-RL; Invitrogen). In some of the experiments, the reporters were co-transfected with

pcDNA3.1-FoxM1b, pcDNA3.1, or the Validated Stealth RNAi duplex oligonucleaotides

for Sp1 (5'-GCAGACACAGCAGCAACAAAUUCUU-3') (Invitrogen). The activity of both

the firefly and Renilla luciferase reporters was determined 48 h later using the Dual

Luciferase Assay kit (Promega). The specific VEGF promoter activity was calculated as

described previously (42).

Endothelial Cell Tube Formation Assay

The tube formation assay was done as described previously (13) with a modification of

using conditioned medium from N87 cells, FoxM1b-siRNA- or pcDNA3.1-FoxM1b-

transfected N87 cells.

Statistical analysis

The two-tailed chi-square test was used to determine the significance of the difference

between the covariates. Survival durations were calculated using the Kaplan-Meier method.

The log-rank test was used to compare the cumulative survival in the patient groups. A Cox

proportional hazards model was used to calculate univariate and multivariate hazard ratios

for the study variables. The FoxM1b and VEGF expression levels, MVD, age, Lauren’s

histologic classification, stage (American Joint Committee on Cancer system), and

completeness of surgical resection (R0 versus R1 or R2) were included in the model. The

significance of the in vitro data was determined using the Student t-test (two-tailed),

whereas that of the in vivo data was determined using the two-tailed Mann-Whitney U test.

In all of the tests, P values less than 0.05 were considered statistically significant. The SPSS

software program (version 12.0; SPSS, Inc.) was used for statistical analyses.

Results

FoxM1b overexpression and its direct association with poor prognosis in patients with
gastric cancer

We observed weakly positive FoxM1b staining predominantly in the nuclei of cells in

normal gastric mucous neck region and in the cytoplasm of cells in the glandular epithelium,

whereas we did not detect FoxM1b expression in the cells located toward the gastric pit. In

sharp contrast, we observed much higher levels of FoxM1b expression in the nuclei of
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various types of gastric cancer cells (Fig. 1A; Supplemental Fig. 1). Consistent with the level

of FoxM1b protein expression determined using Western blot analysis (Fig. 1B), our

immunostaining results showed that primary gastric tumors and metastatic lymph nodes had

significantly higher levels of FoxM1b expression than did normal gastric tissue (Fig. 1C).

These results indicated that FoxM1b is commonly overexpressed in human gastric cancers,

particularly in metastases.

To understand the clinical relevance of FoxM1b overexpression in gastric cancer, we first

analyzed the relationship between the level of FoxM1b expression and patient survival. The

median survival durations in patients who had tumors with negative, moderate, and strong

FoxM1b expression were 89, 48, and 26 months, respectively. Strong FoxM1b expression

was associated with an inferior survival duration (P < 0.001) (Fig. 1D). We then entered the

patients’ FoxM1b and VEGF expression levels, MVDs, disease stages, completeness of

resection, ages at diagnosis, and Lauren’s histologic classifications into a Cox proportional

hazards model for multivariate analysis. After adjustment for the effect of covariates, we

found that strong FoxM1b expression was an independent predictor of poor survival (P <

0.001) (Supplemental Table 2). Age at diagnosis, completeness of resection, and Lauren’s

histological classification did not have a statistically significant effect on survival in the

multivariate analysis. We detected no significant differences in the distribution of sex, type

of resection, residual disease status, extent of lymphadenectomy, or Lauren’s histological

classification between the three FoxM1b expression categories (Supplemental Table 1).

Association of FoxM1b overexpression with increased VEGF expression and MVD in
human gastric cancer

Next, we evaluated FoxM1b expression and MVD in the primary gastric tumor specimens

obtained from the 86 patients using immunohistochemistry. We observed strong FoxM1b

expression in 43 cases (50%), weak expression in 19 cases (22%), and negative expression

in 24 cases (28%). Also, we observed a high MVD in 31 cases (36%), a low MVD in 10

cases (12%), and a moderate MVD in 45 cases (52%). FoxM1b expression was significantly

correlated with both VEGF expression and MVD (Figs. 2A1 and 2A2). We confirmed these

findings by analyzing consecutive primary gastric tumor sections; we found that the

FoxM1b expression pattern was consistent with the VEGF expression pattern and MVD

status (Figs. 2B and 2C). These data provided clinical evidence supporting our hypothesis

that aberrant FoxM1b expression is associated with VEGF expression and increased

angiogenesis in gastric cancer.

Regulation of VEGF expression in and angiogenic potential of human gastric cancer cells
by FoxM1b

As shown by Western blot analysis, all of the gastric cancer cell lines we tested exhibited

high levels of FoxM1b expression (Fig. 3A). To obtain direct evidence of whether FoxM1b

regulates the angiogenic phenotype of gastric cancer, we transfected GT5 and N87 cells with

the FoxM1b-siRNA expression vector. Using Western blotting, we found that cells

transfected with this vector exhibited decreased expression of VEGF but that those

transfected with the control vector did not (Figs. 3B1 and 3B2). In contrast, GT5 and N87

cells transfected with pcDNA3.1-FoxM1b exhibited increased expression of VEGF as
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determined using Western blotting, but GT5 cells transfected with the control expression

vector did not (Figs. 3C1 and 3C2). Furthermore, consistent with decreased expression of

VEGF, the supernatants of FoxM1b-siRNA--transfected N87 cells seemed to be less

angiogenic than the supernatants of control vector-transfected N87 cells as determined using

an endothelial cell tube formation assay (Figs. 3D1 and 3E). Furthermore, consistent with

increased expression of VEGF, the supernatants of pcDNA3.1-FoxM1b--transfected N87

cells seemed to be more angiogenic than that those of control vector-transfected N87 cells as

determined using an endothelial cell tube formation assay (Fig. 3D2). These results

suggested that blockade of FoxM1b activity suppresses VEGF expression and impairs the

angiogenic phenotype of gastric cancer cells.

Direct impact of altered FoxM1b expression on the tumorigenicity and metastasis of
human gastric cancer cells

To determine the effect of FoxM1b expression on tumor-growth kinetics, we injected

pcDNA3.1-FoxM1b--transfected N87 cells into the subcutis (Fig. 4A1) or stomach wall

(Fig. 4A2) of mice in groups of five. As compared to control vector-transfected tumor cells,

pcDNA3.1-FoxM1b--transfected tumor cells produced larger tumors that metastasized to

liver (Fig. 4C1 and C2). Therefore, enforced FoxM1b expression promoted gastric tumor

growth and metastasis. This finding was consistent with our observation that elevated

FoxM1b expression in primary gastric tumors was significantly correlated with an increased

incidence of lymph node metastasis (Supplemental Table 3).

Conversely, we established stable FoxM1b-siRNA--transfected N87 cells and then injected

them into the subcutis (Fig. 4B1) or stomach wall (Fig. 4B2) of nude mice (1 × 106 per

mouse) to evaluate the effect of knockdown of FoxM1b expression on gastric tumor growth.

In contrast with the large tumors produced by control cells, FoxM1b-siRNA--transfected

N87 cells produced no or small gastric tumors. These results showed that inhibition of

FoxM1b expression by FoxM1b-siRNA significantly suppresses the growth and metastasis

of human gastric cancer cells.

Regulation of VEGF expression and angiogenesis by FoxM1b in human gastric tumors
growing in nude mice

To further identify the mechanisms by which FoxM1b promotes primary gastric tumor

growth and metastasis, we examined the effect of FoxM1b expression on tumor

angiogenesis in vivo in nude mice. We identified microvessel formation by immunostaining

with an anti-CD31 antibody and scoring the number of vessels per high-power field in the

sections (Supplemental Fig. 2). Representative VEGF expression levels and MVDs in

tumors formed by N87 cells transfected with control pcDNA3, FoxM1b-siRNA, or

pcDNA3-FoxM1b were shown in Fig. 5. FoxM1b significantly promoted VEGF expression

and induced microvessel formation at higher levels in the primary pcDNA3-FoxM1b tumors

than in the control tumors. These results suggested that alteration of tumor growth and

metastasis by elevated FoxM1b expression was directly correlated with alteration of VEGF

expression and angiogenesis.
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Transcriptional activation of VEGF expression in gastric cancer cells by FoxM1b

To determine whether FoxM1b regulates VEGF promoter activity, we co-transfected VEGF

promoter-luciferase reporter constructs into GT5 cells with pcDNA3.1-FoxM1b or the

control vector pcDNA3.1. Co-transfection with pcDNA3.1-FoxM1b activated the luciferase

activity driven by the VEGF promoter. Conversely, we knocked down FoxM1b expression

in GT5 cells by co-transfecting them with FoxM1b-siRNA (50 nM) and the VEGF

promoter. We observed that FoxM1b-siRNA inhibited the luciferase activity driven by the

VEGF promoter in both types of cells (Fig. 6A). Mutations of putative FoxM1b-binding sites

(Supplemental Fig. 3) attenuated the induction of VEGF promoters (Fig. 6B). Furthermore,

ectopically expressed FoxM1b was phosphorylated in the gastric cancer cells, and the

phosphorylation-deficient mutant (T596/A) attenuated its ability to activate VEGF

transcriptionally in the gastric cancer cells (Supplemental Fig. 4), supporting that threonine

596 phosphorylation of FoxM1b be critical to its transcriptional activity (43).

Additionally, knockdown of Sp1 expression attenuated the induction of VEGF by FoxM1b

overexpression (Fig. 6C). Chromatin immunoprecipitation and EMSA experiments further

showed that FoxM1b was recruited to VEGF promoters (Supplemental Figs. 5 and 6).

Moreover, we found that pre-incubation of complexes with an anti-Sp1 antibody prevented

the precipitation of FoxM1b-bound DNA by an anti-FoxM1b antibody and subsequent loss

of PCR amplification (Supplemental Fig. 7), suggesting that FoxM1b and Sp1 may bind to a

similar VEGF promoter region or regions proximal to each other, or interact with each other

physically, and FoxM1b may transcriptionally activates VEGF expression in human gastric

cancer cells in both an Sp1-dependent and -independent manner.

Discussion

In this study, we discovered four lines of evidence supporting a critical role for FoxM1b in

gastric cancer pathogenesis. First, we observed elevated FoxM1b expression and

concomitant VEGF overexpression in human gastric cancer cells and that these elevated

levels were directly correlated with tumor MVD. Second, overexpression of FoxM1b

enhanced the tumorigenicity and metastasis of human gastric cancer cells in animal models,

whereas reduced expression of FoxM1b did the opposite. Third, genetically enforced

FoxM1b overexpression led to increased VEGF expression in and angiogenic potential of

human gastric cancer cells, whereas knockdown of FoxM1b expression did the opposite.

Fourth, FoxM1b directly regulated the expression of the VEGF gene at the transcriptional

level, which appeared to require intact Sp1 signaling. Therefore, abnormal FoxM1b

expression and activation may be molecular markers for poor prognosis for gastric cancer

and contribute directly to gastric tumor angiogenesis and aggressive gastric cancer biology.

Studies of prognosis for patients with gastric cancer and of prognostic factors for this

disease are important and intriguing and could impact clinical practice. In fact, studies have

implicated various factors as prognostic markers of gastric cancer, including MVD and

VEGF expression (4, 8). Recently, accumulating evidence has demonstrated that Fox

transcriptional factors are involved in VEGF regulation and angiogenesis. For example,

Forkhead has exhibited a positive role in mediating induction of VEGF and matrix

metalloproteinase-2 (35, 44–47). In the present study, we found direct clinical evidence of a
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strong correlation among FoxM1b expression and VEGF expression and MVD in human

gastric cancer. Although FoxM1b and VEGF expression and MVD were associated with

poor survival, FoxM1b expression was apparently a more powerful predictor of clinical

outcome of gastric cancer than VEGF expression and MVD were as indicated by a

multivariate analysis showing that only FoxM1b expression was an independent prognostic

factor. This superiority of FoxM1b as a prognostic factor may support the fact that FoxM1b

critically regulates multiple aspects of gastric cancer biology, including the angiogenic

phenotype, proliferation, invasiveness, and apoptosis resistance. Consistent with this notion,

we demonstrated that FoxM1b seemed to be a powerful predictor of MVD and lymph node

metastasis. However, we did not observe a significant relationship between FoxM1b

expression and gastric cancer stage. One reason for this lack of a relationship may have been

the limited size of our patient cohort. Therefore, more systematic studies of larger patient

groups are needed to substantiate whether FoxM1b expression and activation status are

powerful, practical predictors of outcome in patients with gastric cancer, particularly in

comparison with previously reported prognostic factors such as Stat3 and Sp1 (12, 13).

Previous studies established the critical roles of VEGF expression in tumor angiogenesis

(13). The present study is the first to demonstrate that FoxM1b activation is correlated with

VEGF expression in human gastric tumor specimens, suggesting a link between FoxM1b

activation and VEGF overexpression. By using well-established FoxM1 overexpression and

knockdown systems, we were able to show that altered FoxM1b expression significantly

impacted VEGF expression in gastric cancer cells. For example, inhibition of FoxM1b

expression significantly suppressed VEGF expression in and the angiogenic phenotype of

gastric cancer cells. We also found that FoxM1b expression is involved in VEGF promoter

activity in gastric cancer cells. Specifically, we identified two potential FoxM1b-binding

sites on VEGF promoters. Mutations of these sites profoundly attenuated but did not

completely eliminate FoxM1b-mediated transactivation of VEGF promoters. Therefore,

these putative binding sites are functional, which we confirmed using a chromatin

immunoprecipitation assay, which showed active recruitment of FoxM1b to both binding

sites. Conversely, FoxM1b can activate VEGF promoters via other mechanism(s), which

was supported by our results showing that pV109 (without any apparent FoxM1b-binding

motifs) remained responsive to FoxM1b-mediated transactivation of VEGF promoters.

Interestingly, knockdown of Sp1 attenuated FoxM1b-mediated VEGF induction. These

results suggested that FoxM1b transactivation of VEGF genes required intact Sp1 signaling,

supporting that VEGF expression is regulated by multiple transcription factors, such as

hypoxia-inducible factor-1, Sp1, and Stat3, and by cross-talk among them (13).

Additionally, FoxM1b may likely target other aspects of VEGF expression. We are currently

investigating the mechanisms underlying the potential interactions of FoxM1b with other

transcription factors, such as Sp1, on constitutive and inducible VEGF expression to

delineate their clinical implications in gastric tumor angiogenesis and progression.

Besides its role in angiogenesis, the implication of a role for FoxM1b in gastric cancer

development and progression is supported by lines of evidence suggesting that FoxM1b is

essential for cell-cycle progression (16, 21–28, 48, 49). In fact, FoxM1b regulates the

expression of various proteins that stimulate cell proliferation in various cancer types (30,

33, 36–38, 49), suggesting that FoxM1b is required for proliferative expansion during tumor
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progression. Although the present study is the first to provide evidence of a critical role for

activated FoxM1b in gastric cancer angiogenesis, it also shows a direct correlation between

FoxM1 expression and proliferating cell nuclear antigen (PCNA) expression, supporting a

critical role for FoxM1 in cell proliferation. However, whether increased gastric cancer cell

proliferation resulted from overexpression directly, increased angiogenesis indirectly, or

both is unclear. Nonetheless, both tumor-cell proliferation and angiogenesis are essential for

gastric cancer development and progression. Given the demonstrated critical roles of

FoxM1b in these two critical aspects of cancer biology, promotion of gastric cancer growth

and metastasis by activation of FoxM1b is conceivable, further supporting our finding that

FoxM1b is a powerful prognostic factor for gastric cancer.

Finally, the underlying mechanism responsible for FoxM1b overactivation is currently

unknown. FoxM1 expression can be induced by diverse stimuli, such as liver regeneration,

keratinocyte growth factor expression, and oxidative stress (16, 30). More recently,

researchers identified FoxM1b as a novel inhibitory target of p19ARF protein and showed

that a modified membrane-transducing peptide derived from the ARF protein (p19ARF) is

sufficient to interact with and inhibit FoxM1b, preventing FoxM1b stimulation of

anchorage-independent growth of cells on soft agar (49, 50). Further exploration of the

molecular mechanisms that result in FoxM1b overactivation may not only shed more light

on abnormal FoxM1b activation but also help improve understanding of FoxM1b’s value as

a prognostic factor and aid in the development of effective therapies that target FoxM1b (14,

15).

In summary, our study is the first to indicate that FoxM1b directly regulates VEGF gene

transcription, which is at least partially responsible for FoxM1b-mediated promotion of

human gastric cancer angiogenesis, growth, and metastasis. Therefore, this study identified a

novel molecular mechanism for the protumor activity of FoxM1b and provides a better

understanding of the molecular basis for aberrant FoxM1b signaling pathways, which may

aid the design of effective therapeutic modalities to control gastric cancer growth and

metastasis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. FoxM1 overexpression and its prognostic significance in gastric cancer
Tissue sections of normal human gastric tissue (57 cases), gastric tumors (86 cases) and

lymph node metastases (51 cases) were Immunostained using a specific anti-FoxM1b

antibody (A) and FoxM1b expression was confirmed using Western blot analysis with paired

normal gastric tissue specimens (n) and gastric tumor specimens (t) (B). The majority of

normal gastric mucosal cells (A1) and adjacent normal gastric tissue cells (N) (A2) were

negative for FoxM1b expression, whereas gastric tumor cells (T) (A2) were strongly positive

for FoxM1b expression. (C) FoxM1b expression levels in primary gastric tumor and lymph

node metastasis specimens were significantly higher than those in matched normal tissue

specimens (P < 0.001; χ2 test). (D) Kaplan-Meier plots of overall survival in patients who

had tumors with negative/weak, moderate, or strong FoxM1b expression. The survival curve

for the 43 patients who had tumors with strong FoxM1 expression was significantly worse

than that for the 19 patients with negative/weak FoxM1 expression (P < 0.001).
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Figure 2. Direct association of FoxM1b and VEGF expression with MVD status
Tissue sections of 86 cases of gastric tumor specimens were immunostained using specific

antibodies against FoxM1b, VEGF, and CD34. (A) Direct correlations between VEGF

expression and FoxM1b expression (P = 0.028) (A1) and between FoxM1b expression and

MVD (P = 0.039) (A2) were analyzed using Pearson’s χ2 test. Three sets of consecutive

tissue sections with negative (B) or strong (C) FoxM1b expression were stained for VEGF

and CD34. Representative pictures of the sections are shown (original magnification: ×400
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for the inserts and ×100 for all others). Of note is that FoxM1b expression directly correlated

with VEGF expression and MVD status in the gastric tumor sections.
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Figure 3. Upregulation of VEGF expression by FoxM1b in human gastric cancer cells
(A) FoxM1 expression in various human gastric cancer cell lines was measured using

Western blot analysis. (B) N87 and GT5 cells were transfected with FoxM1b-siRNA (si-

M1b) or a control siRNA (si-ctrl). Total protein lysates were harvested from the cell

cultures, and the levels of FoxM1b and VEGF expression were determined using Western

blot analysis. C) N87 (C1) and GT5 cells (C2) transfected with control pcDNA3 (Neo) or

pcDNA3-FoxM1b (M1b) were incubated for 24 h; untreated cells were used as controls

(Ctrl). Total protein lysates were harvested from the cell cultures, and the levels of FoxM1b

expression (exogenous, as determined using an anti-FLAG antibody) and VEGF expression

were determined using Western blot analysis. (D) Promotion of angiogenesis in gastric

tumors in vitro by FoxM1b overexpression. Culture supernatants were harvested from

untreated N87 cells (Control) and N87 cells transfected with pcDNA3-FoxM1b (M1b),

control pcDNA3 (Neo), FoxM1b-siRNA, or a control siRNA. The angiogenic potential of

each supernatant was determined using an endothelial cell tube formation assay. The degree

of tube formation was calculated as the percentage of the cell surface area versus the total

surface area. Control cell cultures were given arbitrary percentage values of 100%.

*Statistical significance (P < 0.01) in a comparison of FoxM1b-siRNA--treated and

respective control groups (D1) and of pcDNA3-FoxM1b--treated and respective control
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groups (D2). Representative photos of control (E1) and FoxM1-siRNA--treated (E2) are

shown. This was one representative experiment of three with similar results.
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Figure 4. Promotion and inhibition of gastric tumor growth and metastasis by FoxM1b
overexpression and knockdown
(A) Untreated N87 cells (Ctrl) and N87 cells transfected with pcDNA3-FoxM1b (M1b) or

control pcDNA3 (Neo) were injected into the subcutis (A1) or stomach wall (A2) of nude

mice (n = 5). (B) Untreated N87 cells (Ctrl) and N87 cells treated with FoxM1b-siRNA (si-

M1b) or control siRNA (si-Ctrl) were injected into the subcutis (B1) or stomach wall (B2) of

nude mice (n = 5). The resulting subcutaneous gastric tumors were measured, the mean

tumor volume (± SD) in each group of mice was calculated, and representative tumor photos

were taken (A1 and B1). The tumors were weighed 60 days after the tumor-cell injection or

when animals became moribund, and the mean tumor weight (± SD) in each group of mice
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was calculated (A2 and B2). This was one representative experiment of three with similar

results. (C) Representative liver sections with and without gastric cancer metastases (marked

by arrowhead) obtained from a mouse with control N87 cells growing in the stomach wall

C1) and from a mouse with FoxM1b-overexpressing N87 cells growing in the stomach wall

(C2).
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Figure 5. FoxM1b and VEGF expression and angiogenesis in human gastric tumor xenografts
Sections of gastric tumors formed in mice by N87 cells transfected with control pcDNA3.1

(Neo), FoxM1b-siRNA (Knockdown), or pcDNA3.1-FoxM1b (Overexpression) were

prepared as described in Fig. 4. The sections were immunostained using antibodies against

FoxM1b, VEGF, CD31, and PCNA. The tumor MVD was measured using vessel counting.

Representative FoxM1b expression, VEGF expression, tumor MVD, and PCNA expression

in the tumors are shown. This was one representative experiment of three with similar

results.
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Figure 6. Transactivation of VEGF promoters by FoxM1b
(A) Schematic structure of pV2247 VEGF promoter (A1). The pV2274 reporter was

transfected into GT5 cells in triplicate with a FoxM1b expression vector (A2) or FoxM1b-

siRNA (A3). pcDNA3.1 and a control siRNA were used as controls. (B) Schematic structure

of pV2274 VEGF reporters with mutations in putative FoxM1-binding sites (B1 [“×”]). The

VEGF promoter reporters were transfected into GT5 cells in triplicate with or without a

FoxM1b expression vector (B2). pcDNA3.1 was used as a control. The relative VEGF

promoter activities were measured 24 h after transfection, and the activities in the treated
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groups were expressed as the fold or percentage of that in their respective control groups.

(C) GT5 cells were transfected with a FoxM1b expression vector, Sp1-siRNA, or a

combination of the two; pcDNA3 and a control siRNA were used as controls. VEGF

expression was determined using Western blot analysis. One representative experiment of

two or three with similar results is presented. *Statistical significance (P < 0.01) as

compared with that in the respective control groups.
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