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Over-Expression of FoxM1 Leads to Epithelial-Mesenchymal
Transition and Cancer Stem Cell Phenotype in
Pancreatic Cancer Cells

Bin Bao,! Zhiwei Wang,1 Shadan Ali,? Dejuan Kong,l Sanjeev Banerjee,l Aamir Ahmad,’
Yiwei Li,! Asfar S. Azmi,! Lucio Miele,> and Fazlul H. Sarkar™

"Department of Pathology, Karmanos Cancer Institute, Wayne State University, Detroit, Michigan
2Division of Hematology/Oncology, Karmanos Cancer Institute, Wayne State University, Detroit, Michigan
2 University of Mississippi Cancer Institute, Jackson, Mississippi

ABSTRACT

FoxM1 is known to play important role in the development and progression of many malignancies including pancreatic cancer. Studies have
shown that the acquisition of epithelial-to-mesenchymal transition (EMT) phenotype and induction of cancer stem cell (CSC) or cancer stem-
like cell phenotypes are highly inter-related, and contributes to drug resistance, tumor recurrence, and metastasis. The molecular
mechanism(s) by which FoxM1 contributes to the acquisition of EMT phenotype and induction of CSC self-renewal capacity is poorly
understood. Therefore, we established FoxM1 over-expressing pancreatic cancer (AsPC-1) cells, which showed increased cell growth,
clonogenicity, and cell migration. Moreover, over-expression of FoxM1 led to the acquisition of EMT phenotype by activation of
mesenchymal cell markers, ZEB1, ZEB2, Snail2, E-cadherin, and vimentin, which is consistent with increased sphere-forming (pancreato-
spheres) capacity and expression of CSC surface markers (CD44 and EpCAM). We also found that over-expression of FoxM1 led to decreased
expression of miRNAs (let-7a, let-7b, let-7c, miR-200b, and miR-200c); however, re-expression of miR-200b inhibited the expression of
ZEB1, ZEB2, vimentin as well as FoxM1, and induced the expression of E-cadherin, leading to the reversal of EMT phenotype. Finally, we
found that genistein, a natural chemo-preventive agent, inhibited cell growth, clonogenicity, cell migration and invasion, EMT phenotype,
and formation of pancreatospheres consistent with reduced expression of CD44 and EpCAM. These results suggest, for the first time,
that FoxM1 over-expression is responsible for the acquisition of EMT and CSC phenotype, which is in part mediated through the regulation of
miR-200b and these processes, could be easily attenuated by genistein. J. Cell. Biochem. 112: 2296-2306, 2011. © 2011 Wiley-Liss, Inc.

KEY WORDS: FoxM1; EMT PHENOTYPE; MIRNAS; CSC-SELE-RENEWAL; GENISTEIN

F orkhead box protein M1 (FoxM1) is one of the family member
of evolutionarily conserved transcriptional factors character-
ized by the presence of a DNA-binding domain called the forkhead
box or winged helix domain [Laoukili et al., 2005; Laoukili et al.,
2007; Wang et al., 2010a]. It has been recognized that FoxM1 is
involved in cell proliferation and apoptosis which regulates the
developmental function of many organs in the body [Katoh and
Katoh, 2004]. Many studies have reported that FoxM1 is a key cell-
cycle regulator of both the transition from G1 to S phase and the
progression to mitosis [Leung et al., 2001]. Moreover, FoxM1 has
been demonstrated to regulate the transcription of cell-cycle
regulatory molecules, such as Cdc25A, Cdc25B, cyclin B, cyclin D1,
p21cipl, and p27kip1, all of which are recognized as the essential

regulators of G1-S and G2-M cell cycle progression [Wang et al.,
2001; Wang et al., 2002; Kalin et al., 2006; Laoukili et al., 2007].

Recent studies have shown that FoxM1 signaling plays important
roles in cellular developmental pathways including the maintenance
of homeostasis between cell proliferation and apoptosis. Emerging
evidences suggest that FoxM1 also plays a significant role in tumor
aggressiveness by increasing drug resistance and cancer cell
metastasis, and alterations in FoxM1 signaling pathway have been
reported to be associated with tumorigenesis [Kalin et al., 2006;
Laoukili et al., 2007]. Moreover, studies have shown that FoxM1
signaling pathway is frequently deregulated in human malignancies
with increased expression of FoxM1 found in glioblastomas, lung
cancer, prostate cancer, hepatocellular carcinoma, breast cancer,
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basal cell carcinomas, and pancreatic cancer [Kalin et al., 2006; Kim
et al., 2006; Laoukili et al., 2007; Wang et al., 2007]. Interestingly,
higher expression of FoxM1 was found to be associated with
poor prognosis of breast cancer patients [Bektas et al., 2008].
Furthermore, recent studies have shown that FoxM1b expression
could be used as an independent predictor of poor survival in
patients with gastric cancer [Li et al., 2009a]. These results strongly
suggest that FoxM1 may have a crucial role in the development
and progression of human cancers; however, the molecular
mechanism(s) by which FoxM1 signaling induces tumor growth
and progression is poorly understood.

Emerging evidences suggest that the acquisition of epithelial-to-
mesenchymal transition (EMT) that is reminiscent of cancer stem
cells (CSCs) or cancer stem-like cells contributes to tumor cell
aggressiveness. The EMT is an important process whereby epithelial
cells with a cobblestone phenotype acquire mesenchymal cell
characteristics with a spindle-shaped fibroblast-like morphology.
This process involves a disassembly of cell-cell junctions, such as
down-regulation and relocation of E-cadherin and zonula occlu-
dens-1 (Z0-1), which are epithelial cell phenotype markers, and
down-regulation and translocation of B-catenin from the cellular
membrane to the nucleus, reorganization of actin cytoskeleton, and
up-regulation of mesenchymal cell phenotype markers (vimentin,
fibronectin, and N-cadherin) [Christiansen and Rajasekaran, 2006].
This allows mesenchymal phenotypic cells to have less cell adhesion
capacity, which leads to increased cell migration and invasion
capacity, resulting in tumor aggressiveness [Hugo et al., 2007].

During the acquisition of EMT phenotype, several transcription
factors such as zinc-finger E-box binding homeo-box 1 (ZEB1) and
ZEB2/SIP1, and Snail1, Snail2/Slug, Twist, and E47. ZEB1 has been
shown to be a critical mediator of EMT phenotype induced by
various inducers in different cell lines including cancer cells
[Graham et al., 2008; Gregory et al., 2008a; Korpal et al., 2008].
ZEB1 has been demonstrated to regulate the expression of genes by
binding to ZEB-type E-boxes (CACCTG) within the promoter region
of target genes, resulting in chromatin condensation and gene
inactivation [Peinado et al., 2007]. The expression of E-cadherin, a
marker for epithelial cell phenotype is repressed by ZEB1 through its
binding to ZEB-type E-boxes in the E-cadherin gene promoter,
which is fundamental for the acquisition of EMT phenotype [Eger
et al., 2005]. Recent studies have also demonstrated that ZEB1
promotes cell migration and tumor metastasis by the inhibition in
the expression of cell polarity factors [Spaderna et al., 2008]. ZEB2/
SIP1 has been shown to be involved in the down-regulation in the
expression of many genes coding for crucial proteins of the epithelial
cell phenotype, including E-cadherin [Vandewalle et al., 2005],
concomitant with up-regulation in the expression of vimentin, a
marker for mesenchymal phenotype [Bindels et al., 2006]. Snail2/Slug
has been shown to play a key role in the induction of EMT phenotype
by growth factors such as TGF [Park et al., 2008a], which suggest that
ZEB1, ZEB2, and Snail2 are important gene transcription factors in
controlling the induction of EMT phenotype.

Emerging evidences suggest that the expression of genes that are
fundamental to the acquisition of EMT and CSC phenotype
consistent with tumor cell aggressiveness are regulated by
microRNAs (miRNAs), which are small (19-24 nucleotides) non-

coding RNA molecules known to regulate gene expression by
interacting with specific sequences in the 3’ untranslated region of
multiple target mRNAs, which results in either translational
repression or degradation of target mRNAs [Garzon et al., 2006;
Cano and Nieto, 2008]. Moreover, it has been suggested that miR-
200 family could regulate the processes of EMT by targeting ZEB1
and ZEB2 [Gregory et al., 2008a; Korpal et al., 2008; Park et al.,
2008b; Kong et al., 2009; Kong et al., 2010]. However, the molecular
mechanism(s) by which FoxM1 leads to the acquisition of EMT
phenotype through deregulation of miRNAs has not been investigated.
In this study, we showed for the first time that forced over-expression
of FoxM1 led to the acquisition of EMT phenotype consistent with
increased CSC-self-renewal capacity in pancreatic cancer cells
(AsPC-1 cells). Forced over-expression of FoxM1 showed decreased
expression of let-7 and miR-200, and interestingly re-expression of
miR-200b reversed the EMT phenotype and showed decreased
expression of FoxM1 in AsPC-1 cells. We further demonstrated that
FoxM1-mediated cell growth, migration and invasion, acquisition of
EMT phenotype, and CSC self-renewal capacity of pancreatic cancer
cells could be easily attenuated by genistein treatment.

REAGENTS AND ANTIBODIES

Antibodies against human CD44, and EpCAM, Snail2, and vimentin
were purchased from Cell Signaling Technology (Beverly, MA).
Antibody against human FoxM1, VEGF, Hes1, NF-kB, cyclin D1,
ZEB1, ZEB2, Snaill, and E-cadherin were purchased from Santa
Cruz (Santa Cruz, CA). Antibody against human B-actin was
acquired from Sigma Chemicals (St. Louis, MO). Alexa Fluor 488
goat anti-mouse IgG for CD44 and EpCAM staining were purchased
from Invitrogen. The miRNA reverse transcription primers and PCR
probes were purchased from Applied Biosystems (Carlsbad, CA).
Genistein was purchased from Sigma (St. Louis, MO). RT-PCR assay
kits were purchased from Applied Biosystems. Growth supplements
B-27 and N-2 were purchased from Invitrogen.

CELL CULTURE

Human pancreatic cancer cell line AsPC-1 was chosen for forced
over-expression of FoxM1 by stable transfection of FoxM1 cDNA
especially because AsPC-1 cells showed lowest expression of FoxM1
among many pancreatic cancer cells tested. AsPC-1 cells have been
authenticated through Applied Genomics Technology Center Core
Facility of the Barbara Ann Karmanos Cancer Institute at Wayne
State University, Detroit, MI, on March 13, 2009. These authenti-
cated cells were frozen in liquid N, tank for subsequent use. The
method used for testing was short tandem repeat profiling by using
the PowerPlex 16 System from Promega. AsPC-1 cells was
transfected with the corresponding empty vector pcDNA3 control
or pcDNA3-FoxM1 vector by using ExGen-500 transfection reagent
(Fermentas, Germany) following the manufacturer’s protocol, as
previously described [Kong et al., 2009; Ali et al., 2010; Kong et al.,
2010], which are referred to as AsPC-1-control or AsPC-1-FoxM]1
cells, respectively, in this study. Over-expressing FoxM1 stable cell
line was cloned by antibiotics gentamycin and confirmed by
Western blot analysis, as described below.
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CELL SURVIVAL ASSAY

MTT assay was conducted to examine the effect of genistein
treatment on cell viability of AsPC-1-control and AsPC-1-FoxM1
cells, as described previously [Ali et al., 2010]. Different
concentrations of genistein ranging from 0-60 pmol/L were tested
in both cell lines. After 72 h of incubation in 96-well plates, MTT
assay was performed as described previously [Ali et al., 2010].

CLONOGENIC ASSAY

Clonogenic assay was performed to examine the effect of genistein
treatment on cell growth in AsPC-1-control and AsPC-1-FoxM1
cells, as described previously [Ali et al., 2010]. 5 x 10* cells were
plated in a six-well plate. After 72h of exposure to 0, 30, and
60 pmol/L of genistein, the cells were trypsinized, and 1,000 single
viable cells were plated in 100-mm culture dishes. The cells were
then incubated for 10-12 days at 37°C in the condition of 5% CO,/
5% 0,/90% N,. Colonies were stained with 2% crystal violet, washed
with water, and counted.

PROTEIN EXTRACTION AND WESTERN BLOT ANALYSIS

Whole cell lysates from different experiments were obtained by
lysing the cells in the protein lysis buffer containing 50 mM
Tris-HCI, 150 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium
deoxycholate, 2 mM sodium fluoride, 2 mM Na;VO,, 1 mM EDTA,
1 mM EGTA, and 1x protease inhibitor cocktail. Western blotting
analysis was performed as previously described [Kong et al., 2007].

WOUND HEALING ASSAY

Wound healing assay was performed to examine the capacity of cell
migration and invasion, as described previously [Mahato et al.,
2010]. Briefly, after the cells grew in 90-95% confluence in six-well
plates, the wound was generated by scratching the surface of the
plates with a 0-200 .l pipette tip. The cells were then incubated in 0,
30, and 60 pmol/L of genistein for 18h, and then photographed
using a microscope (Nikon ECLIPSE TS100).

SPHERE FORMATION ASSAY

Sphere formation assay was performed to assess the capacity of CSC
self-renewal. Single cell suspensions of both AsPC-1-control and
AsPC-1-FoxM1 cells were plated on ultra low adherent wells of six-
well plates (Corning, Lowell, MA) at 1,000 cells/well in 1.5ml of
sphere formation medium (1:1 DMEM/F12 medium supplemented
with 50 units/ml penicillin, 50 wg/ml streptomycin, B-27, and N-2).
One milliliter of sphere formation medium was added every 3-4
days. After 7 days of incubation with different concentrations of
genistein, the formed spheres termed as ‘“‘pancreatospheres” were
collected by centrifugation at 300 g for 5min and counted with a
Nikon TS100 microscope. The proportion of sphere-generating cells
was calculated by dividing the number of pancreatospheres formed
by the number of cells seeded. The sphere formation assay of
secondary pancreatospheres was performed by using parental
pancreatospheres, as described above. Briefly, primary pancreato-
spheres of AsPC-1-FoxM1 cells were harvested, washed with PBS,
and incubated with accutase solution (Sigma) at 37°C for 5-10 min.
Five hundred single suspension cells were plated in each well of ultra
low adherent wells of six-well plates in 1.5 ml of sphere formation

medium. One milliliter of the medium was added to each well every
3-4 days. After 1 or 3 weeks of incubation with different
concentrations of genistein, secondary pancreatospheres were
harvested for counting, as described above.

IMMUNO-FLUORESCENT STAINING ASSAY AND CONFOCAL
MICROSCOPY

Single cell suspensions of AsPC-1-control and AsPC-1-FoxM1 cells
were plated in ultra low adherent wells of six-well plate at 5,000
cells/well in sphere formation medium, as described above. After
7 days of incubation with different concentrations of genistein, the
pancreatospheres were collected by centrifugation, washed with
PBS, and fixed with 3.7% parformaldehyde for immuno-fluores-
cence staining, as described previously [Kong et al., 2008].
Antibodies against human CD44 and epithelial cell adhesion
molecule (EpCAM) were applied for immunostaining assay,
following the manufacturer’s protocol. Alexa Fluor 488 goat
anti-mouse IgG was used for secondary immunostaining reaction.
The CD44 or EpCAM-labeled pancreatospheres were mixed with
Prolong Gold antifade reagent (Invitrogen), mounted in the slides,
and photographed under confocal microscope (Leica TCS SP5) using
software LAS AF 1.2.0 Build 4316 in the MIRL Core Facility of
Wayne State University School of Medicine.

REAL-TIME RT-PCR OF MIRNAS

To determine the expression of miRNAs (let-7a, b, ¢, miR-21, and
miR-200a, b, ¢) in AsPC-1-control and AsPC-1-FoxM1 cells, we
used TagMan MicroRNA Assay kit (Applied Biosystems, Foster City,
CA) following manufacturer’s protocol. Five nanogram of total RNA
was subjected for reverse transcription in 15 pl of reaction mixture
and real-time PCR reactions were performed in 25 pl of reaction
mixture as described previously (Li et al., 2009b), by using a Smart
Cycler IT thermocycler (Cepheid). Data were analyzed using C; value
and were normalized by the expression of control miRNA RNU6B in
each sample.

REAL TIME RT-PCR OF MRNAS

To measure the relative expression of mRNAs in AsPC1-FoxM!1 cells,
2 ng of total RNAs of each sample were used for RT reaction in 20 1
of reaction volume, using a reverse transcription system (Invitrogen)
as described previously [Kong et al., 2010]. CybrGreen Assay kit
(Applied Biosystems) was used for real time PCR reaction, following
manufacturer’s protocol. Sequences of PCR primers were described
previously [Kong et al, 2010]. Real-time PCR reactions were
performed in 25 pl of reaction mixture as described previously [Li
et al., 2009c] using a Smart Cycler II thermocycler. Data were
analyzed using C; value and were normalized by the expression of
control mRNA GAPDH in each sample.

TRANSFECTION OF MIRNA PRECURSOR MIR-200B

2 x 10° Cells/well of AsPC-1-FoxM1 cells were seeded in six-well
plates and transfected with pre-miR-200b or miRNA-negative
control #2 (Ambion, Austin, TX) at a final concentration of 20 nM
using DharmaFECT #3 transfection reagent (Dharmacon), following
the manufacturer’s protocol, as described previously [Kong et al.,
2009; Ali et al., 2010]. After 3 days of transfection, the transfected
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cells were harvested for total RNA isolation or protein extraction.
The relative levels of mRNAs, miRNAs, and proteins were measured,
as described above.

STATISTICAL METHODS

The mean and SD were calculated by using Graph Pad Prism
software (version 4.03). Statistical difference of each treatment was
compared by the paired ¢ test. The p value equal to or less than 0.05
was considered as statistical significance.

OVER-EXPRESSION OF FOXM1 INCREASED CELL GROWTH IN
ASPC-1 CELLS

To investigate whether or not forced over-expression of FoxM1
promotes cell growth, the growth was assessed by MTT assay. After

4 days of incubation, the cell growth was assessed as presented in
Figure 1A. The data shows that after 4 days of incubation, over-
expression of FoxM1 increased cell growth to a moderate degree in
AsPC-1 cells, suggesting that FoxM1 over-expression could lead to
increased cell growth to some degree in AsPC-1 cells.

FORCED OVER-EXPRESSION OF FOXM1 ALTERED PROTEIN
EXPRESSIONS AND MORPHOLOGY IN ASPC-1 CELLS

The Figure 1B shows the comparative expression of FoxM1 mRNA in
AsPC-1-control and AsPC-1-FoxM1 cells, which indicates that
AsPC-1-FoxMT1 cells had higher level of FoxM1 mRNA. To examine
the effect of FoxM1 over-expression on protein expressions, we
measured the relative protein expression of NF-kB p65 subunit,
cyclin D1, Hes-1, VEGF, ZEB1, CD44, and EpCAM in FoxM1-over-
expressed AsPC-1 cells by Western blot analysis. The results show
that forced over-expression of FoxM1 increased the relative levels of
NF-«kB p65 subunit, cyclin D1, Hes-1, VEGF, ZEB1, CD44, and
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Fig. 1. FoxM1 expression vector increased cell growth (A), the comparative expression of FoxM1 mRNA (B), the relative expression of FoxM1, cyclin D1, VEGF, p65, Hes-1,
ZEB1, CD44, and EpCAM at the protein levels (C), and the acquisition of EMT phenotype (D; magnification x20) in human pancreatic cancer AsPC-1 cells. FoxM1 over-
expressing AsPC-1 cells were established by stable gene transfection technique, as described under the Methods section.
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EpCAM in AsPC-1 cells (Fig. 1C). These results suggest that FoxM1 is
involved in the regulation of the expression of these proteins. The
morphological examination showed that the acquisition of
mesenchymal phenotype in FoxM1 over-expressed AsPC-1 cells,
compared to those of AsPC-1-control cells (Fig. 1D), suggesting that
forced over-expression of FoxM1 leads to the acquisition of EMT
phenotype in AsPC-1 cells.

OVER-EXPRESSION OF FOXM1 DIFFERENTIALLY MEDIATED THE
EXPRESSION OF LET-7 AND MIR-200 IN ASPC-1 CELLS

To investigate whether or not over-expression of FoxM1 could alter
the expression of miRNAs, we examined the relative miRNA levels
of miR-21, let-7a, b, ¢, and miR-200b, ¢ in AsPC-1-control and
AsPC-1-FoxM1 cells. The results demonstrate that AsPC-1-FoxM1
cells had decreased expression of let-7b, ¢ and miR-200b, c,
compared to AsPC-1-control cells (Fig. 2). These results suggest that
over-expression of FoxM1 down-regulates the expression of
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Fig. 2. FoxM1 over-expression differentially requlated the miRNA expres-
sion of let-7a, b, ¢ and miR-200b, ¢ in AsPC-1 cells. The comparative
expressions of miRNAs against control RNU6B miRNA were measured by
real-time RT-PCR technique.

miRNAs, let7-b, ¢ and miR-200b, ¢ in AsPC-1 cells, further
suggesting that FoxM1 could be involved in the regulation miRNA
expression in AsPC-1 cells.

RE-EXPRESSION OF MIR-200B CAUSED REVERSAL OF EMT
PHENOTYPE IN FOXM1-OVER-EXPRESSED ASPC-1 CELLS

A large number of studies have reported that miR-200 is involved in
the regulation of the acquisition of EMT phenotype by targeting the
expression of ZEB1 and ZEB2. We investigated whether or not miR-
200 family could regulate FoxM1-mediated EMT phenotype in
AsPC-1 cells, we transfected miR-200b precursor into AsPC-1-
FoxM1 cells in this study. We confirmed that the transfection of
miR-200b precursor significantly increased the level of miR-200b in
AsPC-1-FoxM1 cells (Fig. 3A). The results also showed that re-
expression of miR-200b decreased the relative mRNA levels of ZEB1
and vimentin (mesenchymal phenotype cell biomarkers), and
increased the relative mRNA level of E-cadherin, an epithelial cell
biomarker, in FoxM1-over-expressed AsPC-1 cells as assessed by
real time RT-PCR assay (Fig. 3A). The data from Western blot
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Fig. 3. Re-expression of miR-200b differentially requlated the expression of
EMT phenotype marker mRNAs (A) and proteins (B), and reversed EMT
phenotype (C; magnification x20) in FoxM1 over-expressing AsPC-1 cells.
Over-expression of miR-200b was established in FoxM1 over-expressing
AsPC-1 cells by transient transfection with its precursor. Real-time RT-PCR
and Western blotting analysis were performed to measure the relative levels of
mRNAs and proteins, respectively.
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analysis also demonstrated that re-expression of miR-200b could
diminish the relative protein levels of ZEB1, ZEB2, vimentin, and
FoxM1, and increase the relative protein level of E-cadherin in
FoxM1-over-expressed AsPC-1 cells (Fig. 3B). Morphological study
showed reversal of EMT phenotype by re-expression of miR-200b in
FoxM1-over-expressed AsPC-1 cells. However, control miRNA-
transfected AsPC-1-FoxM1 cells showed mesenchymal phenotype
(Fig. 3C). These results clearly suggest that re-expression of miR-
200b could reverse the EMT phenotype consistent with down-
regulation of FoxM1 expression and EMT phenotypic biomarkers in
FoxM1-over-expresssed AsPC-1 cells.

GENISTEIN TREATMENT INHIBITED CELL SURVIVAL AND
CLONOGENICITY IN FOXM1 ASPC-1 CELLS

To investigate whether or not genistein, a known natural chemo-
preventive agent predominantly found in soybeans, could inhibit
cell growth, we examined the effect of genistein treatment on cell
survival and growth by MTT and clonogenic assays. The results
indicate that AsPC-1-FoxM1 cells had 5% more cell survival
compared to AsPC-1-control cells after 3 days of incubation and
genistein treatment decreased cell survival in both AsPC-1-control
and AsPC-1-FoxM1 cells in a dose-dependent manner after 3 days
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of treatment (Fig. 4A). AsPC-1-FoxM1 cells show 30% more
numbers of colonies, compared to AsPC-1-control cells (Fig. 4B).
These results suggest that forced over-expression of FoxM1 leads to
increased cell growth and clonogenicity, which could be easily
attenuated by genistein treatment (Fig. 4B).

GENISTEIN INHIBITED THE PROTEIN EXPRESSION OF

EMT PHENOTYPE MARKERS IN FOXM1-OVER-EXPRESSED

ASPC-1 CELLS

To examine the effect of genistein on the protein expression of
cyclin D1, NF-«kB, FoxM1, EMT markers, and CSC surface markers in
AsPC-1-control and AsPC-1-FoxM!1 cells, Western blot analysis was
performed. We found increased protein levels of cyclin D1, NF-kB
p65 subunit, FoxM1, ZEB1, ZEB2, Snail2, and vimentin, and CSC
surface markers (CD44 and EpCAM) in AsPC-1-FoxM1 cells, and
decreased level of E-cadherin protein, compared to those of the
control cells (Fig. 4C), which suggest that FoxM1 is involved in the
regulation of these proteins. Interestingly, genistein treatment
showed decreased expression of cyclin D1, NF-kB, FoxM1, EMT
markers and increased the protein level of E-cadherin in both the cell
lines (Fig. 4C), suggesting that genistein could reverse EMT
phenotype of AsPC-1-FoxM1 cells.
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Fig. 4. Genistein treatment inhibited cell survival (A), clonogenicity (B), and the relative levels of expression of proteins (C) in AsPC-1-control and AsPC-1-FoxM1 cells.
Different concentrations of genistein were used for both cell lines for 3 days followed by MTT assay, clonogenic assay, and Western blotting analysis, respectively.
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GENISTEIN INHIBITED CELL MIGRATION AND INVASION IN FOXM1-
OVER-EXPRESSED ASPC-1 CELLS

To examine the effect of genistein on cell migration and invasion in
FoxM1-over-expressed AsPC-1 cells, we conducted wound-healing
assay. The results show that AsPC-1-FoxM1 cells had more capacity
of wound healing, compared to AsPC-1-control cells (Fig. 5),
suggesting that FoxM1-over-expression lead to increased cancer
cell migration and invasion capacity, which was found to be
inhibited by genistein treatment.

GENISTEIN INHIBITED SPHERE-FORMING (PANCREATOSPHERE)
CAPACITY BY ALTERING THE EXPRESSION OF CSC CELL SURFACE
MARKERS IN FOXM1-OVER-EXPRESSED ASPC-1 CELLS
Sphere-forming assay was performed to assess the CSC or CSC-like
cell self-renewal capacity of AsPC-1-FoxM1 cells. We found
increased formation (35% more) of pancreatospheres consistent
with increased protein levels of CSC surface markers, CD44 and
EpCAM, in the pancreatospheres, compared to AsPC-1-control cells
(Figs. 6A and 7), which indicate that forced over-expression of
FoxM1 led to increased capacity of pancreatospheres and CD44 and
EpCAM in the pancreatospheres, further suggesting that FoxM1 is
involved in the regulation of CSC phenotype. Interestingly, we
found that genistein treatment showed decreased formation of
pancreatospheres consistent with decreased expression of CD44 and
EpCAM in the pancreatospheres (Figs. 6A and 7). We further
investigated whether genistein could inhibit the formation of
secondary pancreatospheres of AsPC-1-FoxM1 cells. The results
show that genistein could significantly decrease the formation of
secondary pancreatospheres in AsPC-1-FoxM1 cells after 1 and
3 weeks of treatment (Fig. 6B and C). These results suggest that
genistein can inhibit the capacity of CSC self-renewal in FoxM1-
over-expressed AsPC-1 cells.

AsPC-1-control

AsPC-1-FoxM1

Oh

No drug
24h

Genistein
24h

Fig. 5. Genistein inhibited the capacity of wound healing in AsPC-1-control
and AsPC-1-FoxM1 cells. Wound healing assay was conducted to assess the
capacity of cell migration and invasion in AsPC-1 cells.

A large body of evidences suggests that EMT plays an important role
during embryonic development, and in the formation of fibroblasts
during inflammation and wound healing [Desmouliere, 1995; Yang
and Weinberg, 2008; Peter, 2009]. Emerging evidences suggest that
EMT also plays a key role in carcinogenesis. For examples, many of
the EMT-inducing transcription factors such as Snail1, Snail2, ZEB1,
ZEB2, Twist1, Fox(C2 have been found to be associated with tumor
aggressiveness, invasion and metastasis [Yang and Weinberg, 2008],
which leads to tumor recurrence. EMT phenotype has been observed
in drug-resistant human pancreatic cancer cells as documented in
our previous report [Ali et al., 2010], and recently reviewed by our
laboratory, suggesting that the acquisition of EMT phenotype is
associated with drug resistance and cancer cell metastasis [Wang
et al., 2010b].

In the current study we found, for the first time, that forced over-
expression of FoxM1 leads to the acquisition of EMT phenotype by
up-regulation in the protein expression of mesenchymal cell
markers, ZEB1, ZEB2, Snail2, and vimentin, and by down-
regulation of epithelial cell marker, E-cadherin in AsPC-1 cells.
These results strongly suggest the importance of FoxM1 signaling in
tumor cell aggressiveness through the acquisition of EMT phenotype
in pancreatic cancer cells. Therefore, targeting FoxM1 signaling by
novel approaches would be useful for reversing the EMT phenotype,
which would likely results in the reversal of drug resistance and
elimination of cancer cells. To that end we document for the first
time that forced over-expression of FoxM1 led to decreased
expression of critical miRNAs (let-7b, ¢ and miR-200b, c) that are
associated with the acquisition of EMT phenotype and that the re-
expression of miR-200b lead to the reversal of EMT phenotype,
which could also be achieved by treating EMT phenotypic cells with
genistein. Our results are consistent with reports documenting the
importance of miR-200 family in the regulation of EMT phenotype
[Gregory et al., 2008b; Park et al., 2008b; Peter, 2009].

The expression of miR-200 family members has been found to be
downregulated in TGF-B-induced EMT phenotype of Madin-Darby
canine kidney (MDCK) cells. However, the expression of miR-200 is
highly enriched in the epithelial such as NCI60 cells panel. Most
importantly, the deregulation of their expression in cancer cells was
found to be mechanistically associated with EMT mediated through
the regulation of ZEB1 and ZEB2 expression [Gregory et al., 2008b;
Korpal et al., 2008; Park et al., 2008b; Peter, 2009]. In our previous
study, we showed that over-expression of PDGF-D in prostate cancer
cells led to the acquisition of EMT phenotype, consistent with down-
regulation in the expression of miR-200 family, and forced re-
expression of miR-200b in PDGF-D-over-expressing PC3 cells led to
the reversal of EMT phenotype by deregulation in the expression of
ZEB1, ZEB2, and Snail2 [Kong et al., 2009; Ali et al., 2010; Kong
etal., 2010]. We have also demonstrated that the down-regulation of
miR-200 expression in human pancreatic cancer cells is consistent
with gemcitabine resistant EMT phenotypic MiaPaCa-2 cells [Ali
et al., 2010]. The previously published data are consistent with our
results in FoxM1 over-expressing pancreatic cancer cells, further
suggesting that re-expression of miR-200b could be a novel
therapeutic approach for the reversal of EMT phenotype, which
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Genistein inhibited the capacity of CSC-self-renewal in primary pancreatospheres of AsPC-1-control and AsPC-1-FoxM1 cells after 1 week of treatment (A) and

secondary pancreatospheres of FoxM1 over-expressing AsPC-1 cells after 1 and 3 weeks of treatment (B, C). Secondary pancreatospheres were generated by desegregations of
primary pancreatospheres using accutase solution, as described in the Materials and Method section.

would likely contribute to improve the overall survival of patients
diagnosed with pancreatic cancer. Interestingly, we also report, for
the first time, that re-expression of miR-200b resulted in decreased
expression of FoxM1 in FoxM1 over-expressing AsPC-1 cells,
suggesting that miR-200b might participate in the regulation of
FoxM1 expression. The miR-200 family including miR-200b has
been recently reported to down-regulate the expression of Notch-1
in prostate and pancreatic cancer cells [Kong et al., 2010; Brabletz
et al., 2011]. Moreover, Notch-1 signaling plays an important role in
tumorigenesis, in part, through activation of FoxM1 signaling
[Wang et al., 2008; Wang et al., 2010c; Wang et al., 2011]. Our
unpublished data show that re-expression of miR-200b resulted in
the down-regulation of Notch-1 in pancreatic cancer cells, which
could be responsible for the down-regulation of FoxM1 as observed
in our current study.

A number of studies have suggested that the processes of EMT
phenotype are also associated with the characteristics of cancer stem

cell (CSC) or CSC-like cells. CSC constitute only a very small
proportion of malignant cells in a tumor mass and posses the ability
to self-renew giving rise to differentiated tumor cells [Lee et al.,
2008; Sarkar et al., 2009; Hermann et al., 2010; Ischenko et al.,
2010]. The CSC theory has fundamental clinical implications
especially because CSC has been identified in many malignant
tumor tissues including pancreatic cancers and CSCs are considered
to be highly resistant to chemo-radiation therapy [Lee et al., 2008;
Creighton et al., 2010; Hermann et al., 2010; Ischenko et al., 2010].
Thus, CSCs have been believed to play critical roles in drug
resistance and cancer metastasis, suggesting that targeting CSC self-
renewal capacity would likely eliminate CSCs that are the root cause
of tumor recurrence as reviewed by us recently [Wang et al., 2010b].
In our current study we showed, for the first time, that forced over-
expression of FoxM1 led to increased self-renewal capacity of AsPC-
1 cells consistent with increased expression of CSC cell surface
markers such as CD44 and EpCAM, and these processes could be
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revered by either re-expression of miR-200b or the treatment of cells
with genistein.

A large body of literature suggests that genistein can inhibit the
growth of various cancer cells such as breast, prostate, and
pancreatic cancer cells both in vitro and in vivo. From gene
expression profiles, genistein has been found to differentially
regulate genes that are critical for the control of cell proliferation,
cell cycle, apoptosis, oncogenesis, transcription regulation, and cell
signal transduction pathways in our previous study, which was
consistent with apoptosis inducing effects of genistein mediated
through inactivation of NF-«B and Akt signaling pathways [Sarkar
et al., 2006; Wang et al., 2011]. In our previous reports, we also
showed that genistein could inhibit cell growth and invasion by the
down-regulation of FoxM1 expression in prostate and pancreatic
cancer cells [Wang et al., 2011], which further suggest that genistein
could be a novel anti-tumor agent for the treatment of pancreatic
cancer by targeting multiple oncogenic pathways and by targeted
elimination of EMT and CSC phenotypic cells. Our results are
supported by a recent report showing that genistein could decrease
the protein expression of CSC genes such as Sox2, Oct4, and Nanog
in human embryonic carcinoma NCCIT cells [Regenbrecht et al.,
2008]. From these results, we conclude that forced over-expression
of FoxM1 leads to increased cell growth, clonogenicity, acquisition

of EMT, CSC self-renewal capacity, cell migration and invasion, and
increased capacity to form pancreatospheres, all of which were
consistent with increased expression of EMT and CSC biomarkers,
consistent with decreased expression of miR-200 whose re-
expression led to the reversal of EMT phenotype, which was also
achieved by genistein treatment. Therefore, genistein could be
useful for the reversal of EMT and CSC characteristics, and thus
genistein could become an important agent for the prevention of
tumor recurrence and/or treatment of pancreatic cancer with better
treatment outcome in the future by targeting multiple oncogenic
pathways including EMT and CSC phenotypes.

ACKNOWLEDGMENTS

The authors thank Puschelberg and Guido foundations for their
generous financial support. Grant support was provided by
National Cancer Institute, NIH grants 5R01CA131151,
3R01CA131151-02S1, and 5R01CA 132794 (F. H. Sarkar).

REFERENCES

Ali S, Ahmad A, Banerjee S, Padhye S, Dominiak K, Schaffert JM, Wang Z,
Philip PA, Sarkar FH. 2010. Gemcitabine sensitivity can be induced in

2304

FoxM1 MEDIATES EMT AND CSC PHENOTYPES

JOURNAL OF CELLULAR BIOCHEMISTRY



pancreatic cancer cells through modulation of miR-200 and miR-21
expression by curcumin or its analogue CDF. Cancer Res 70:3606-3617.

Bektas N, Haaf A, Veeck J, Wild PJ, Luscher-Firzlaff J, Hartmann A, Knuchel
R, Dahl E. 2008. Tight correlation between expression of the Forkhead
transcription factor FOXM1 and HER2 in human breast cancer. BMC Cancer
8:42.

Bindels S, Mestdagt M, Vandewalle C, Jacobs N, Volders L, Noel A, Van RF,
Berx G, Foidart JM, Gilles C. 2006. Regulation of vimentin by SIP1 in human
epithelial breast tumor cells. Oncogene 25:4975-4985.

Brabletz S, Bajdak K, Meidhof S, Burk U, Niedermann G, Firat E, Wellner U,
Dimmler A, Faller G, Schubert J, Brabletz T. 2011. The ZEB1/miR-200
feedback loop controls Notch signalling in cancer cells. EMBO J 30(4):
770-782.

Cano A, Nieto MA. 2008. Non-coding RNAs take centre stage in epithelial-to-
mesenchymal transition. Trends Cell Biol 18:357-359.

Christiansen JJ, Rajasekaran AK. 2006. Reassessing epithelial to mesench-
ymal transition as a prerequisite for carcinoma invasion and metastasis.
Cancer Res 66:8319-8326.

Creighton CJ, Chang JC, Rosen JM. 2010. Epithelial-mesenchymal transition
(EMT) in tumor-initiating cells and its clinical implications in breast cancer.
J Mammary Gland Biol Neoplasia 15:253-260.

Desmouliere A. 1995. Factors influencing myofibroblast differentiation
during wound healing and fibrosis. Cell Biol Int 19:471-476.

Eger A, Aigner K, Sonderegger S, Dampier B, Oehler S, Schreiber M, Berx G,
Cano A, Beug H, Foisner R. 2005. DeltaEF1 is a transcriptional repressor of E-
cadherin and regulates epithelial plasticity in breast cancer cells. Oncogene
24:2375-2385.

Garzon R, Fabbri M, Cimmino A, Calin GA, Croce CM. 2006. MicroRNA
expression and function in cancer. Trends Mol Med 12:580-587.

Graham TR, Zhau HE, Odero-Marah VA, Osunkoya AO, Kimbro KS,
Tighiouart M, Liu T, Simons JW, O'Regan RM. 2008. Insulin-like
growth factor-I-dependent up-regulation of ZEB1 drives epithelial-to-
mesenchymal transition in human prostate cancer cells. Cancer Res 68:
2479-2488.

Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A, Farshid G, Vadas MA,
Khew-Goodall Y, Goodall GJ. 2008a. The miR-200 family and miR-205
regulate epithelial to mesenchymal transition by targeting ZEB1 and SIP1.
Nat Cell Biol 10:593-601.

Gregory PA, Bracken CP, Bert AG, Goodall GJ. 2008b. MicroRNAs as
regulators of epithelial-mesenchymal transition. Cell Cycle 7:3112-3118.
Hermann PC, Bhaskar S, Cioffi M, Heeschen C. 2010. Cancer stem cells in
solid tumors. Semin Cancer Biol 20:77-84.

Hugo H, Ackland ML, Blick T, Lawrence MG, Clements JA, Williams ED,
Thompson EW. 2007. Epithelial-mesenchymal and mesenchymal-epithelial
transitions in carcinoma progression. J Cell Physiol 213:374-383.
Ischenko I, Seeliger H, Kleespies A, Angele MK, Eichhorn ME, Jauch KW,
Bruns CJ. 2010. Pancreatic cancer stem cells: New understanding of
tumorigenesis, clinical implications. Langenbecks Arch Surg 395:1-10.
Kalin TV, Wang IC, Ackerson TJ, Major ML, Detrisac CJ, Kalinichenko VV,
Lyubimov A, Costa RH. 2006. Increased levels of the FoxM1 transcription
factor accelerate development and progression of prostate carcinomas in
both TRAMP and LADY transgenic mice. Cancer Res 66:1712-1720.
Katoh M, Katoh M. 2004. Human FOX gene family (review). Int J Oncol
25:1495-1500.

Kim IM, Ackerson T, Ramakrishna S, Tretiakova M, Wang IC, Kalin TV,
Major ML, Gusarova GA, Yoder HM, Costa RH, Kalinichenko VV. 2006.
The Forkhead Box m1 transcription factor stimulates the proliferation
of tumor cells during development of lung cancer. Cancer Res 66:2153-2161.
Kong D, Banerjee S, Ahmad A, Li Y, Wang Z, Sethi S, Sarkar FH. 2010.
Epithelial to mesenchymal transition is mechanistically linked with stem cell
signatures in prostate cancer cells. PLoS One 5:e12445.

Kong D, Li Y, Wang Z, Banerjee S, Ahmad A, Kim HR, Sarkar FH. 2009.
miR-200 regulates PDGF-D-mediated epithelial-mesenchymal transition,
adhesion, and invasion of prostate cancer cells. Stem Cells 27:1712-1721.

Kong D, Li Y, Wang Z, Banerjee S, Sarkar FH. 2007. Inhibition of angiogen-
esis and invasion by 3,3’-diindolylmethane is mediated by the nuclear factor-
kappaB downstream target genes MMP-9 and uPA that regulated bioavail-
ability of vascular endothelial growth factor in prostate cancer. Cancer Res
67:3310-33109.

Kong D, Wang Z, Sarkar SH, Li Y, Banerjee S, Saliganan A, Kim HR, Cher ML,
Sarkar FH. 2008. Platelet-derived growth factor-D overexpression contri-
butes to epithelial-mesenchymal transition of PC3 prostate cancer cells. Stem
Cells 26:1425-1435.

Korpal M, Lee ES, Hu G, Kang Y. 2008. The miR-200 family inhibits
epithelial-mesenchymal transition and cancer cell migration by direct tar-
geting of E-cadherin transcriptional repressors ZEB1 and ZEB2. J Biol Chem
283:14910-14914.

Laoukili J, Kooistra MR, Bras A, Kauw J, Kerkhoven RM, Morrison A, Clevers
H, Medema RH. 2005. FoxM1 is required for execution of the mitotic
programme and chromosome stability. Nat Cell Biol 7:126-136.

Laoukili J, Stahl M, Medema RH. 2007. Fox M1: At the crossroads of ageing
and cancer. Biochim Biophys Acta 1775:92-102.

Lee CJ, Dosch J, Simeone DM. 2008. Pancreatic cancer stem cells. J Clin Oncol
26:2806-2812.

Leung TW, Lin SS, Tsang AC, Tong CS, Ching JC, Leung WY, Gimlich R, Wong
GG, Yao KM. 2001. Over-expression of FoxM1 stimulates cyclin B1 expres-
sion. FEBS Lett 507:59-66.

LiQ, Zhang N, Jia Z, Le X, Dai B, Wei D, Huang S, Tan D, Xie K. 2009a. Critical
role and regulation of transcription factor FoxM1 in human gastric cancer
angiogenesis and progression. Cancer Res 69:3501-3509.

LiY, VandenBoom TG, Kong D, Wang Z, Ali S, Philip PA, Sarkar FH. 2009b.
Up-regulation of miR-200 and let-7 by natural agents leads to the reversal of
epithelial-to-mesenchymal transition in gemcitabine-resistant pancreatic
cancer cells. Cancer Res 69:6704-6712.

Li Y, VandenBoom TG, Kong D, Wang Z, Ali S, Philip PA, Sarkar FH. 2009c.
Up-regulation of miR-200 and let-7 by natural agents leads to the reversal of
epithelial-to-mesenchymal transition in gemcitabine-resistant pancreatic
cancer cells. Cancer Res 69:6704-6712.

Mahato R, Qin B, Cheng K. 2010. Blocking IKKalpha expression inhibits
prostate cancer invasiveness. Pharm Res. In press (PMID: 21191633).

Park SH, Cheung LW, Wong AS, Leung PC. 2008a. Estrogen regulates snail
and slug in the down-regulation of E-cadherin and induces metastatic
potential of ovarian cancer cells through estrogen receptor alpha. Mol
Endocrinol 22:2085-2098.

Park SM, Gaur AB, Lengyel E, Peter ME. 2008b. The miR-200 family
determines the epithelial phenotype of cancer cells by targeting the E-
cadherin repressors ZEB1 and ZEB2. Genes Dev 22:894-907.

Peinado H, Olmeda D, Cano A. 2007. Snail, Zeb and bHLH factors in tumour
progression: An alliance against the epithelial phenotype? Nat Rev Cancer
7:415-428.

Peter ME. 2009. Let-7 and miR-200 microRNAs: Guardians against plur-
ipotency and cancer progression. Cell Cycle 8:843-852.

Regenbrecht CR, Jung M, Lehrach H, Adjaye J. 2008. The molecular basis of
genistein-induced mitotic arrest and exit of self-renewal in embryonal
carcinoma and primary cancer cell lines. BMC Med Genom 1:49.

Sarkar FH, Adsule S, Padhye S, Kulkarni S, Li Y. 2006. The role of genistein
and synthetic derivatives of isoflavone in cancer prevention and therapy.
Mini Rev Med Chem 6:401-407.

Sarkar FH, Li Y, Wang Z, Kong D. 2009. Pancreatic cancer stem cells and
EMT in drug resistance and metastasis. Minerva Chir 64:489-500.
Spaderna S, Schmalhofer O, Wahlbuhl M, Dimmler A, Bauer K, Sultan A,
Hlubek F, Jung A, Strand D, Eger A, Kirchner T, Behrens J, Brabletz T. 2008.

JOURNAL OF CELLULAR BIOCHEMISTRY

2305

FoxM1 MEDIATES EMT AND CSC PHENOTYPES



The transcriptional repressor ZEB1 promotes metastasis and loss of cell
polarity in cancer. Cancer Res 68:537-544.

Vandewalle C, Comijn J, De CB, Vermassen P, Bruyneel E, Andersen H,
Tulchinsky E, Van RF, Berx G. 2005. SIP1/ZEB2 induces EMT by repressing
genes of different epithelial cell-cell junctions. Nucleic Acid Res 33:6566-
6578.

Wang X, Hung NJ, Costa RH. 2001. Earlier expression of the transcription
factor HFH-11B diminishes induction of p21(CIP1/WAF1) levels and accel-
erates mouse hepatocyte entry into S-phase following carbon tetrachloride
liver injury. Hepatology 33:1404-1414.

Wang X, Krupczak-Hollis K, Tan Y, Dennewitz MB, Adami GR, Costa RH.
2002. Increased hepatic Forkhead Box M1B (FoxM1B) levels in old-
aged mice stimulated liver regeneration through diminished p27Kipl
protein levels and increased Cdc25B expression. J Biol Chem 277:44310-
44316.

Wang Z, Ahmad A, Li Y, Banerjee S, Kong D, Sarkar FH. 2010a. Forkhead box
M1 transcription factor: A novel target for cancer therapy. Cancer Treat Rev
36:151-156.

Wang Z, Banerjee S, Kong D, Li Y, Sarkar FH. 2007. Down-regulation of
Forkhead Box M1 transcription factor leads to the inhibition of invasion and
angiogenesis of pancreatic cancer cells. Cancer Res 67:8293-8300.

Wang Z, Li Y, Ahmad A, Azmi AS, Kong D, Banerjee S, Sarkar FH. 2010b.
Targeting miRNAs involved in cancer stem cell and EMT regulation: An emerging
concept in overcoming drug resistance. Drug Resist Updat 13:109-118.

Wang Z, Li Y, Ahmad A, Banerjee S, Azmi AS, Kong D, Wojewoda C, Miele L,
Sarkar FH. 2011. Down-regulation of Notch-1 is associated with Akt and
FoxM1 in inducing cell growth inhibition and apoptosis in prostate cancer
cells. J Cell Biochem 112:78-88.

Wang Z, Li Y, Banerjee S, Sarkar FH. 2008. Exploitation of the Notch
signaling pathway as a novel target for cancer therapy. Anticancer Res
28:3621-3630.

Wang Z, Li Y, Kong D, Ahmad A, Banerjee S, Sarkar FH. 2010c. Cross-talk
between miRNA and Notch signaling pathways in tumor development and
progression. Cancer Lett 292:141-148.

Yang J, Weinberg RA. 2008. Epithelial-mesenchymal transition: At the
crossroads of development and tumor metastasis. Dev Cell 14:818-829.

2306

FoxM1 MEDIATES EMT AND CSC PHENOTYPES

JOURNAL OF CELLULAR BIOCHEMISTRY



