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EPS8 upregulates FOXM1 expression, enhancing cell growth and motility

Huixin Wang1, Muy-Teck Teh2, Youngmi Ji3, Vyomesh
Patel4, Shahrzad Firouzabadian1, Anisha A.Patel1,
J. Silvio Gutkind4 and W. Andrew Yeudall1,5,6,�

1Philips Institute of Oral and Craniofacial Molecular Biology, Virginia
Commonwealth University, PO Box 980566, 521 N. 11th Street, Richmond,
VA 23298-0566, USA, 2Centre for Clinical and Diagnostic Oral Sciences,
Institute of Dentistry, Barts and The London School of Medicine and
Dentistry, Queen Mary University of London, London E1 2AD, UK, 3Clinical
and Experimental Orthopedics Branch, National Institute of Arthritis and
Musculoskeletal and Skin Diseases, Bethesda, MD 20892, USA, 4Oral and
Pharyngeal Cancer Branch, National Institute of Dental and Craniofacial
Research, Bethesda, MD 20892, USA and 5Department of Biochemistry and
Molecular Biology and 6Massey Cancer Center, Virginia Commonwealth
University, Richmond, VA 23298, USA

�To whom correspondence should be addressed. Tel: þ1 804 828 6415;
Fax: þ1 804 828 0150;
Email: wayeudall@vcu.edu

Previous studies from our laboratory have indicated that overex-
pression of the epidermal growth factor receptor pathway sub-
strate 8 (EPS8) enhances cell proliferation, migration and
tumorigenicity in vivo, although the mechanisms involved remain
unexplored. A microarray screen to search for potential mediators
of EPS8 identified upregulation of multiple cell cycle-related
targets such as the transcription factor FOXM1 and several of
its reported downstream mediators, including cdc20, cyclin B1,
cyclin A, aurora-B kinase and cdc25C in cells with elevated
EPS8, as well as matrix metalloproteinase-9, which we reported
previously to be upregulated by EPS8-dependent mechanisms.
Cells engineered to overexpress FOXM1 showed increased prolif-
eration, similar to EPS8-overexpressing cells. Conversely, targeted
knockdown of FOXM1 in EPS8-overexpressing cells reduced
proliferation. Cotransfection of EPS8 with a FOXM1-luciferase
reporter plasmid into 293-T- or SVpgC2a-immortalized buccal
keratinocytes demonstrated that EPS8 enhances FOXM1 promoter
activity, whereas chromatin immunoprecipitation assays revealed
elevated levels of acetylated histone H3 associated with the FOXM1
promoter in cells expressing high levels of EPS8. Treatment of
EPS8-overexpressing cells with inhibitors of phosphoinositide
3-OH kinase or AKT reduced expression of FOXM1 and aurora-B
kinase, a transcriptional target of FOXM1. Overexpression of
EPS8 induced expression of the chemokine ligands CXCL5 and
CXCL12 in a FOXM1-dependent manner, which was blocked by
LY294002 or a dominant-negative form of AKT. Additionally,
overexpression of FOXM1 enhanced cell migration, whereas tar-
geted knockdown of CXCL5 or inhibition of AKTreduced migra-
tion of EPS8-expressing cells. These data suggest that EPS8
enhances cell proliferation and migration in part by deregulating
FOXM1 activity and inducing CXC-chemokine expression, medi-
ated by PI3K- and AKT-dependent mechanisms.

Introduction

Rapid progression through the cell cycle is one key feature of neo-
plastic disease, which contributes to enhanced tumor growth. In many
epithelial cancers, signal transduction through the epidermal growth
factor receptor (EGFR) is elevated beyond that found in normal cells

as a result of receptor overexpression, constitutive activation or in-
creased availability of ligand such as transforming growth factor-a
(1–4). Activation involves receptor dimerization and transphosphor-
ylation of a number of tyrosine residues in the cytoplasmic region of
the EGFR, thereby facilitating recruitment of Src homology 2- or
phosphotyrosine-binding-domain-containing proteins, such as Grb2,
Shc and Crk. Signaling downstream of the receptor may involve
multiple pathways, including those regulated by phospholipase C-c,
phosphoinositide 3-OH kinase (PI3K) and Src, in addition to the well-
characterized Ras-Raf-MEK-ERK pathway. EGFR activation has
also been reported to result in activation of c-jun N-terminal kinases
in a Rac-dependent manner (5,6). Resultant stimulation of these bio-
chemical cascades may contribute to enhanced growth and motility,
characteristics associated with tumor progression, and all have been
reported to be deregulated in a wide range of human cancers.

Additional mechanisms have been documented to mediate some
actions of the EGFR. Epidermal growth factor receptor pathway sub-
strate 8 (EPS8) (7) is a 97 kDa protein that exists as a dimer (8) and
binds to the juxtamembrane region of the EGFR (9). Overexpression of
EPS8 has been shown to enhance mitogenic signaling by epidermal
growth factor (EGF) (10), as well as EGF-dependent transformation of
NIH3T3 fibroblasts overexpressing the EGFR (11), and is constitutively
tyrosine phosphorylated in some human tumor cell lines (11). EPS8
contains a Src homology 3 domain, and it interacts with a number of
cellular binding partners, including RN-tre (12), Shc, E3B1 (Abi-1)
(13), Dvl-1 (14) and Irsp53 (15). Interaction of RN-tre with EPS8
impacts on Rab5 activity and, thus, inhibits EGFR internalization
(16), whereas complex formation between EPS8, E3B1 and the guanine
nucleotide exchange factor Sos-1 has been shown to activate the small
GTPase Rac1, resulting in actin remodeling and cell motility (17–19).

Enhanced mitogenesis is a feature of cells overexpressing EPS8 (10),
and EPS8 is reportedly required to mediate growth-promoting effects of
the Src oncoprotein (20); however, it is unclear what biochemical
mechanisms are involved, although more rapid transit through the cell
cycle mediated by effects on cell cycle regulators might be predicted.
Our recent studies used a model system of squamous carcinoma cells
expressing differing levels of EPS8 (21). We found that overexpression
of EPS8 enhanced cell growth in vitro and was sufficient to confer
a tumorigenic phenotype on non-tumorigenic cells in orthotopic trans-
plantation assays. Furthermore, EPS8 enhanced the expression and
activity of matrix metalloproteinase-9 in a PI3K- and AKT-dependent
manner, although we found no evidence to suggest elevated activity of
c-jun N-terminal kinase in EPS8-overexpressing cells, even though Rac
activation of c-jun N-terminal kinase has been reported in other model
systems (5). Similarly, activity of ERK1/2, key mediators of the EGFR
proliferative response, was unaltered between cells expressing low and
high levels of EPS8 [(22), H.Wang and W.A.Yeudall, unpublished
data]. In the present study, we sought to determine potential
downstream mediators of EPS8-dependent proliferation.

Methods

Cell lines and culture conditions

HN4 cells, derived from a primary squamous cell carcinoma of the head and
neck, and HN12 cells, derived from a synchronous lymph node metastasis, and
derivative cell lines, were cultured as described previously in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% fetal bovine serum and 0.4 lg/ml
hydrocortisone at 37�C in 95% air/5% CO2 (22). Saos-2 and 293-T cells were
obtained from ATCC (Manassas, VA). SVpgC2a immortalized keratinocytes
have been described previously (23).

Growth factors and inhibitors

Recombinant human EGF was purchased from Austral Biologicals (San
Ramon, CA), diluted in Dulbecco’s modified Eagle’s medium containing
0.1% bovine serum albumin and used to treat cells at a final concentration
of 2.5 nM (22,24). LY294002 was purchased from Sigma–Aldrich (St Louis,
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MO) and used at a concentration of 10 lM, as determined previously (22).
The AKT inhibitor 1L6-hydroxymethyl-chiro-inositol-2-(R)-2-O-methyl-
3-O-octadecyl-sn-glycerocarbonate (Merck 124005) was purchased from
EMD Biosciences (San Diego, CA) and used at a concentration of 20 lM,
at which these cells show no noticeable signs of toxicity.

Antibodies

Antibodies that recognize ERK2 (sc-54), FOXM1 (sc-500), FOXM1 (sc-502) and
actin (sc-1616) were purchased from Santa Cruz Biotechnologies (Santa Cruz,
CA). EPS8 (E-18220) antibody was purchased from BD Transduction Labora-
tories (San Diego, CA). Anti-p-AKT (4058), which recognizes phospho-S473,
and anti-GSK-3b (9322), which recognizes phospho-S9, were obtained
from Cell Signaling Technology (Danvers, MA). Anti-AKT1 (559028) was
purchased from BD Biosciences Pharmingen (Mississauga, Ontario, Canada).
Horseradish peroxidase-conjugated anti-goat, anti-rabbit and anti-mouse sec-
ondary antibodies were obtained from MP Biomedical (Aurora, OH).

Plasmid constructions and transfections

A plasmid encoding human FOXM1 (MGC-9577) was obtained from ATCC.
short hairpin RNA (shRNA) sequences targeting FOXM1 were designed as
previously reported and cloned into the pSirenRetroQ plasmid (BD Clontech,
San Diego, CA). Controls of ‘scrambled’ nucleotide sequences with the same
base composition were similarly treated. Nucleotide sequences are given in
supplementary Table 2 (available at Carcinogenesis Online). FOXM1 pro-
moter-luciferase and expression plasmids were as described previously (25).
EPS8, wild-type AKT and dominant-negative form of AKT (dnAKT) expression
plasmids were as described previously (21,26). All plasmids were sequence-
verified prior to use. HN4, HN12 and derivative cell lines were nucleofected
(Lonza, Rockville, MD) with 2 lg of plasmid DNA. Forty-eight hours later,
puromycin was added to a final concentration of 1 lg/ml and cells selected for
stable expression. Transient transfection of SVpgC2a, 293-T and Saos-2 cells
was accomplished using Lipofectamine (Invitrogen, Carlsbad, CA) according to
the manufacturer’s protocol. To generate recombinant GSK-3b for use as a sub-
strate, a complementary DNA encoding the first 50 amino acids of human GSK-
3b was obtained by polymerase chain reaction (PCR), cloned into the pGEX4T
plasmid and recombinants used to express GSK-3b as a glutathione S-transferase
fusion protein. The shRNA plasmid targeting CXCL5, pSirenRetroQ-shCXCL5
(24), and the CXCL5 promoter-luciferase plasmid [a generous gift from Dr
A.C.Keates, Harvard Medical School (27)] have been described previously.

Quantitative real-time polymerase chain reaction

Quantitative real-time polymerase chain reaction (qRT–PCR) was performed
using an ABI 7500 Fast system (Applied Biosystems, Rockville, MD) and
a SYBR green-based procedure, as described previously (24). Oligonucleo-
tide pairs for use as PCR primers were designed using the Primerbank data-
base (http://pga.mgh.harvard.edu/primerbank/index.html) (28). Primer
sequences are listed in supplementary Table 3 (available at Carcinogenesis
Online). Complementary DNA for use as template was reverse transcribed
from 1 lg total cellular RNA as described previously (29). Serial dilutions
were made using previously generated PCR products, assigned arbitrary
values corresponding to the dilutions and used to construct relative standard
curves for each gene target. Data were normalized to actin as an internal
standard.

Cell proliferation assays

To determine proliferation, 1 � 104 HN12 or 2 � 104 HN4 cells, or derivative
cell lines, were plated in triplicate in 12-well culture plates. On each of six
consecutive days, cells were trypsinized and counted using a hemocytometer.
Alternatively, cells were grown on glass coverslips, pulsed with 10 lM
2-bromodeoxyuridine (BrdU) for 30 min and then harvested and stained with
anti-BrdU antibody and detected with a horseradish peroxidase-conjugated
secondary antibody using 3, 3#-diaminobenzidine as a substrate. Stained cells
were counted in 20 random high-power fields.

Cell cycle analysis

Distribution of cells in each phase of the cell cycle was determined following
propidium iodide staining, essentially as described (30), using a Guava
Easycyte-Mini flow cytometer (Guava Technologies, Hayward, CA).

Western blot analysis

Analysis of protein expression was carried out as described previously (31).
Blots were blocked in 5% skimmed milk in TTBS [10 mM Tris–HCl
(pH 7.6), 0.5% Tween 20, 150 mM NaCl] for 1 h at ambient temperature, then
incubated for 1 h with primary antibodies diluted 1:1000 in blocking buffer
(1:5000 for anti-EPS8), washed 3� in TTBS, incubated with horseradish
peroxidase-conjugated secondary antibodies and detected by ECL (Amersham
Biosciences, Piscataway, NJ). For immunoblotting of FOXM1, a modified lysis

buffer was used, comprising 10 mM Tris (pH 7.4), 1% sodium dodecyl sulfate
(SDS), 1 mM sodium orthovanadate and protease inhibitors (32).

AKT activity assays

As a complement to the analysis of AKT activity by measuring phosphoryla-
tion at serine-473, we developed and used an in vitro kinase assay. Briefly, total
AKT was immunoprecipitated from 500 lg of cell lysates overnight at 4�C and
immune complexes captured on Protein A-Sepharose beads. After washing in
lysis buffer (3�) and two washes in kinase assay buffer [25 mM Tris–HCl
(pH 7.5), 5 mM b-glycerophosphate, 2 mM dithiothreitol, 0.1 mM Na3VO4,
10 mM MgCl2], beads were resuspended in 1� kinase assay buffer containing
200 lM adenosine triphosphate and 2 lg of glutathione-S-transferase–GSK-3b
as substrate and incubated at 30�C for 30 min. Reactions were terminated by
heating in 1� sodium dodecyl sulfate–polyacrylamide gel electrophoresis
sample buffer, then resolved in 12% polyacrylamide gels and western blotted
with anti-phospho-GSK-3b antibody. Data were normalized using total AKT
protein after western blotting with AKT antibody.

Luciferase reporter assays

To determine promoter activity, cells were cultured to 60% confluence, then
transfected with plasmids in which the promoter (in this case, FOXM1 or
CXCL5) drives expression of Firefly luciferase, together with a Renilla lucif-
erase plasmid to facilitate normalization. Forty-eight hours later, cells were
harvested, lysates prepared and luciferase activity determined by standard
procedures using a commercially available kit (Dual Luciferase Assay System;
Promega, Madison, WI). FOXM1 expression constructs were used as positive
control to activate the reporter plasmid.

Cell migration assays

Cell migration was carried out using wound-healing (scratch) assays. Briefly,
cells were trypsinized, plated in triplicate in 12-well cell culture plates and
incubated at 37�C until cells were completely confluent. At this time, a sterile
pipette tip was used to scratch across the surface of the plate, removing the
complete layer of cells within the scratch area. Following cell removal, each
well was washed once with phosphate-buffered saline and then replaced with
growth medium. Immediately following, the width of the scratch was measured
at three specific points under a �5 objective using a light microscope and
AxioVision software (Carl Zeiss Microimaging, Thornwood, NY). Cells were
incubated at 37�C for a total of 6 h, at which time the scratch width was
measured at the same position as at time 0.

Chromatin immunoprecipitation assays

To cross-link protein and DNA, cell cultures were incubated in 2% formalde-
hyde for 10 min at ambient temperature and then 200 mM glycine was added
for a further 10 min. Cells were washed in cold phosphate-buffered saline,
scraped and centrifuged. Pellets were resuspended in lysis buffer containing
protease inhibitors and then sheared by multiple passages through a 27.5 gauge
needle followed by 25 min of sonication on ice. Following centrifugation, the
protein content of the supernatants was determined and equal amounts used for
immunoprecipitation with anti-acetylated histone H3, anti-FOXM1 or IgG as
a control, overnight at 4�C. Immune complexes were captured using Protein
A-Sepharose, then washed sequentially in RIPA buffer [150 mM NaCl, 50 mM
Tris (pH 8), 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40], high salt
buffer [500 mM NaCl, 50 mM Tris (pH 8), 0.1% SDS, 1% NP-40], twice in
LiCl buffer [250 mM LiCl, 50 mM Tris (pH 8), 0.5% sodium deoxycholate, 1%
NP-40] then twice in TE buffer. Protein was eluted from beads in fresh elution
buffer (20% SDS, 10 mM dithiothreitol, 100 mM NaHCO3), cross-linking
reversed overnight at 65�C in the presence of NaCl and then samples were
ethanol precipitated. Following centrifugation, pellets were resuspended in
TE buffer and incubated sequentially with 50 lg/ml RNase A (30 min) and
100 lg/ml proteinase K (1 h). Samples were phenol extracted, ethanol pre-
cipitated and the pellets washed in 70% ethanol, dried and resuspended in
sterile water. Quantitative PCR was carried out, as described previously, using
three independent oligonucleotide primer pairs that target regions of the
FOXM1 and CXCL5 promoters. Nucleotide sequences are given in supple-
mentary Table 4 (available at Carcinogenesis Online).

Statistical analysis

Data obtained from migration, reporter and qRT–PCR assays were analyzed by
t-test using the SPSS v.13 software package (SPSS, Chicago, IL). A value of
P , 0.05 was considered to be statistically significant.

Results

FOXM1 is elevated in cells expressing EPS8

To begin to determine mechanisms that mediate the effects of EPS8, we
performed microarray experiments (see supplementary Data, available
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at Carcinogenesis Online) using RNA derived from EPS8- and vector-
transfected HN4 squamous carcinoma cells. Among the gene products
that showed elevated expression in the presence of EPS8 was the
forkhead transcription factor FOXM1 (Figure 1A and B), together
with a cohort of known FOXM1 targets (supplementary Table 1 is
available at Carcinogenesis Online). These included cell cycle regu-
lators CDC20, CDC2, CDC25B and CDC25C phosphatases, cyclins
A and B and aurora-B kinase. Additional molecules associated with
mitotic progression, such as aurora-A kinase, polo-like kinase-1,
centromere protein-A, -E and -F, and stimulators of angiogenesis
and motility including vascular endothelial cell growth factor and
CXCL12 were also identified and independently validated
(Figure 1A; supplementary Table 1 is available at Carcinogenesis
Online). Using the Database for Annotation, Visualization and Inte-
grated Discovery software (http://david.abcc.ncifcrf.gov/) (33,34),
which enables the discovery of enriched biological themes within
gene/protein lists and the generation of gene annotation tables,
EPS8-overexpressing cells were found to be enriched for genes whose
products play roles in cell cycle progression and mitotic spindle func-
tion (supplementary Figures 1 and 2 are available at Carcinogenesis
Online). Further analysis using Ingenuity Pathway Analysis software

revealed a network of gene products including FOXM1 and other cell
cycle-related molecules (supplementary Figure 3 is available at Car-
cinogenesis Online). Taken together, these data suggest that overex-
pression of EPS8 leads to elevated expression of a cohort of cell cycle
regulators, which may begin to explain the enhanced proliferative
response of EPS8-expressing cells.

Although our primary interest was in examining the effects of EPS8
overexpression, as seen in many different tumor types, we also found
that elevated levels of EPS8 resulted in gene expression changes
similar or different to those elicited by EGF. For example, EPS8
overexpression enhanced the basal levels of CEP55 and RANBP1,
as well as potentiating their expression in the presence of EGF (sup-
plementary Figure 4 is available at Carcinogenesis Online). In con-
trast, the expression of WNT4 is enhanced by EPS8 whereas, at least
in this cell line, the overall effect of EGF is to suppress WNT4 (sup-
plementary Figure 4 is available at Carcinogenesis Online) and, thus,
the effects of EPS and EGF appear to be antagonistic, perhaps due to
differential activation of signaling pathways downstream of the
EGFR. In addition, EPS8 elevates expression of TCOF1 under basal
conditions (supplementary Figure 4 is available at Carcinogenesis
Online), yet expression in the presence of EGF is similar with or

Fig. 1. FOXM1 is upregulated by EPS8. (A) HN4/V and HN4/EPS8 cells were cultured in the absence of serum, RNA prepared, reverse transcribed and used
as template in qRT–PCR experiments with primers for the indicated genes. Relative expression is indicated, normalized to actin as an internal standard.
Bar 5 standard deviation. (B) HN4 cells were stably transfected with an EPS8 expression plasmid or empty vector as control, cell lysates prepared and analyzed by
western blotting with the indicated antibodies. (C) Saos-2 cells were transiently transfected with an EPS8 expression plasmid or empty vector and analyzed
by western blotting with the indicated antibodies. (D) HN12 cells were transiently transfected with small interfering RNA targeting EPS8, or a non-targeting
control, and analyzed by western blotting with the indicated antibodies.
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without higher levels of EPS8. Taken together, the data suggest that
overexpression of EPS8 can result in gene expression changes that are
both similar and distinct from those arising from EGFR stimulation.

FOXM1 enhances cell proliferation

Our previous studies reported that EPS8 overexpression leads to en-
hanced cell proliferation (21) and our experiments, described above,
identified elevated expression of the transcription factor FOXM1,
a key regulator of cell cycle progression, and several of its targets
in HN4 cells expressing EPS8. Similar induction of FOXM1 was
observed in Saos-2 cells transfected with an EPS8 expression plasmid
(Figure 1C). Conversely, RNA interference (RNAi)-mediated knock-
down of EPS8 in HN12 cells, which express high endogenous levels
of EPS8, led to a reduction in FOXM1 protein levels (Figure 1D).
Thus, we chose to focus our attention on the possible role of FOXM1
as a downstream mediator of EPS8. To address this, we generated
stable transfectants of FOXM1 in HN4 cells and compared their pro-
liferative potential with cells overexpressing EPS8 over a 6-day time
course. As shown in Figure 2A, HN4 cells expressing FOXM1 pro-
liferated at a rate similar to cells transfected with EPS8 and higher
than vector-transfected controls. BrdU-labeling studies provided ad-
ditional support for these observations (Figure 2B). Western blotting
of cell lysates demonstrated elevated FOXM1 expression in EPS8-
and FOXM1-overexpressing cells (Figures 1B–D and 2C). This close
relationship suggests that FOXM1 is a likely candidate to mediate the
proliferative functions of EPS8 on cell growth.

EPS8 stimulates FOXM1 promoter activity

To characterize the effects of EPS8 on FOXM1 further, cells were
transfected with EPS8 expression plasmids together with a FOXM1
promoter-luciferase reporter plasmid and luciferase activity deter-
mined. As shown in Figure 3A, in the presence of EPS8, the FOXM1
promoter was activated up to 5-fold compared with empty vector
controls in SVpgC2a immortalized buccal keratinocytes. Similarly,
EPS8 produced an elevation of FOXM1 promoter activity in 293-T

cells (Figure 3B). Chromatin immunoprecipitation experiments were
undertaken to determine the relative amounts of acetylated histone H3
associated with the FOXM1 promoter. As indicated in Figure 3C,
levels are increased 2.5-fold in HN4/EPS8 cells compared with con-
trol cells transfected with empty vector alone. The data support a role
for EPS8 in mediating transactivation of the FOXM1 promoter.

EPS8 activates FOXM1 through a PI3K-dependent mechanism

As we had found previously that EPS8 could activate AKT through
stimulation of PI3K (21), we sought to determine if a similar mecha-
nism might be responsible for the elevated expression of FOXM1. Thus,
cells were treated with the PI3K inhibitor, LY294002, RNA prepared
and FOXM1 expression determined by qRT–PCR. Figure 3D shows
that FOXM1 transcript levels were reduced in inhibitor-treated HN4/
EPS8 cells by 5-fold compared with controls, suggesting regulation by
PI3K signaling. Expression of the FOXM1 target aurora-B kinase was
also repressed in the presence of LY294002 (Figure 3E), suggesting that
EPS8 regulates expression of aurora-B kinase in these cells. Similarly,
treatment of cells with a specific AKT inhibitor resulted in inhibition of
AKT, as judged by reduced phosphorylation at serine-473 (Figure 3F),
and concomitant reduction in FOXM1 protein levels (Figure 3G).
Taken together, these data support a PI3K- and AKT-dependent me-
chanism for regulation of FOXM1 by EPS8.

FOXM1 RNAi reduces the effects of EPS8 overexpression

HN12 cells, which express elevated levels of EPS8 (22), were derived
from a synchronous lymph node metastasis, which occurred in the
patient from which HN4 cells were derived (35). The rapid growth of
these cells is inhibited by reduction of EPS8 (21). Therefore, in light
of our observations linking EPS8 and FOXM1, we were keen to de-
termine if inhibiting FOXM1 would have a similar effect. HN12 cells
were transfected with plasmids encoding FOXM1 shRNA or a non-
targeting control, selected in puromycin and FOXM1 expression as-
sessed by western blot. Figure 4A shows substantial knockdown of
FOXM1 achieved in HN12 cells compared with control. In parallel,

Fig. 2. FOXM1 enhances proliferation of HNSCC cells. (A) HN4 cells expressing FOXM1, EPS8 or an empty vector control were seeded in 12-well tissue culture
plates and the cell number determined by daily trypsinization and counting. (B) HN4 cells expressing FOXM1, EPS8 or an empty vector control were pulsed with
BrdU, then immunostained with anti-BrdU antibodies and counted. Bar 5 standard error of the mean. (C) HN4 cells transfected with a FOXM1 expression
plasmid or empty vector as control were lysed and western blotted with the indicated antibodies.
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cells were pulsed with BrdU and the number of stained cells deter-
mined by microscopy. As shown in Figure 4B, a 50% reduction in
BrdU incorporation was found in HN12 cells in which FOXM1 is
inhibited by RNAi. We performed similar knockdown experiments
in HN4/EPS8 cells. As shown in Figure 4C and D, the rate of pro-
liferation of HN4/EPS8 cells is reduced when FOXM1 expression is
inhibited, consistent with the notion of FOXM1 as a mediator of the
growth-promoting effects of EPS8. RNAi-mediated knockdown of
FOXM1 in HN4/EPS8 cells also led to a reduction in expression of
multiple cell cycle regulators (supplementary Figure 5 is available at
Carcinogenesis Online).

EPS8 upregulates expression of CXCL5 via FOXM1-dependent
mechanisms

Previously, we have shown that some chemokines are key factors in
squamous carcinogenesis (24,36). For example, CXCL5 is highly ex-

pressed in HN12 cells but not in HN4 cells, which have low levels of
EPS8. Furthermore, our microarray screen had indicated upregulation
of CXCL12 in HN4/EPS8 cells (supplementary Table 1 is available at
Carcinogenesis Online). Therefore, to test whether CXCL5 expres-
sion might be dependent on EPS8, we determined the expression of
this chemokine in cells in which EPS8 or FOXM1 had been overex-
pressed and/or inhibited by RNAi. Figure 5A demonstrates that ex-
pression of EPS8 in HN4 cells induces expression of CXCL5.
Furthermore, shRNA-mediated knockdown of FOXM1 in HN4/
EPS8 cells (Figure 5B) or in HN12 cells (Figure 5C) led to a reduction
in CXCL5 expression, as well as CXCL8 (supplementary Figure 6 is
available at Carcinogenesis Online). Moreover, cotransfection of
a FOXM1 expression plasmid with a CXCL5 promoter plasmid re-
sulted in a 4.5-fold enhancement of activity compared with control-
transfected cells (Figure 5D). Taken together, these data suggest that
CXCL5 expression is enhanced by EPS8 in a FOXM1-dependent
manner.

Fig. 3. EPS8 induces FOXM1 expression via PI3K and AKT. SVpgC2a cells (A) or 293-T cells (B) were transiently transfected with the plasmids indicated,
together with FOXM1B-luciferase promoter and b-galactosidase plasmids. Forty-eight hours later, luciferase assays were performed as described in Methods.
FOXM1B luminescence is shown, normalized to b-galactosidase. (C) Chromatin immunoprecipitation (ChIP) was performed using antibody that recognizes
acetylated histone H3, or IgG as control, as described in Methods. Quantitative PCR was carried out using three sets of primers specific for the FOXM1 promoter.
Data are shown for one primer set and are representative of data obtained with the other primers. (D and E) HN4/V and HN4/EPS8 cells were cultured in the
presence of LY294002 (10 lM) or an equivalent volume of solvent (dimethyl sulfoxide). Twenty-four hours later, total RNA was prepared, reverse transcribed and
used as template for qRT–PCR experiments using primers for FOXM1 (D) and Aurora-B kinase (E). (F and G) HN4/EPS8 cells were incubated in the presence of
AKT inhibitor (AKTi) or solvent. Twenty-four hours later, cell lysates were prepared and western blotted with (F) p-AKT or (G) FOXM1 antibodies.
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CXCL5 is regulated by a PI3K- and AKT-dependent mechanism

As we and others have demonstrated that EPS8 can transduce sig-
nals through the PI3K and AKT pathway (21,37), we investigated
the effects of blocking these kinases on chemokine expression. First,
HN4/EPS8 cells were treated with LY294002 and CXCL5 expression
determined by qRT–PCR. As shown in Figure 5E, compared with
vehicle control, CXCL5 expression was reduced 4-fold in the pres-
ence of inhibitor. In parallel, cells were transiently transfected with
a plasmid encoding a dnAKT or empty vector as control. Results of
qRT–PCR experiments (Figure 5F) indicate that dnAKT results in
a decrease in CXCL5 expression. In addition, Saos-2 cells were trans-
fected with the CXCL5 promoter-luciferase plasmid, together with
plasmids encoding EPS8, AKT, dnAKT or empty vector, and lucif-
erase activity measured. Figure 5G shows that EPS8 or AKT can
stimulate CXCL5 promoter activity, whereas the dnAKT plasmid
negates the effect of EPS8, reducing CXCL5 promoter activity to
that seen in vector controls. This is paralleled by changes in AKT
activity, as measured by in vitro kinase assay using recombinant
GSK-3b as a substrate (Figure 5G). Together, these data support
our observations that EPS8 stimulates CXCL5 expression in a
PI3K- and AKT-dependent manner.

EPS8 and FOXM1 enhance HNSCC motility

Previously, in independent studies, we showed that EPS8 and CXCL5
enhance cell migration (21,24). Given our present data and the recent
observations of others (38), we determined whether FOXM1 could
enhance migration of HN4 cells. As indicated in Figure 6A, HN4/
EPS8 cells were more migratory than controls, consistent with our
previous results (21). Additionally, HN4/FOXM1 cells exhibited
a more motile phenotype, consistent with a role for FOXM1 in upre-
gulating chemokine expression (38).

To investigate the possibility that chemokines mediate the promigra-
tory effects of EPS8 and FOXM1, we inhibited CXCL5 expression using
shRNA (Figure 6B). A statistically significant, although incomplete,

reduction in migration was observed in HN4/EPS8 cells with CXCL5
knockdown compared with non-targeting controls (Figure 6C). Taken
together, the data suggest that CXCL5 plays a role in mediating
motility in cells that express elevated levels of EPS8.

Discussion

Elevated expression of EPS8 enhances growth in a number of cell
culture model systems (10,11,21) and also endows tumorigenicity
in vivo to non-tumorigenic human cells (21), suggesting a central role
in cancer biology. In the present study, we investigated potential mech-
anisms of EPS8-induced cell growth, beginning with a genome-wide
screen. While we found upregulation of matrix metalloproteinase-9,
consistent with our previous observations (21), we also identified a co-
hort of genes that were upregulated in EPS8-overexpressing cells, and
which are likely to contribute to the mitogenic effects of EPS8.
Among these was the transcription factor FOXM1, a key regulator
of cell cycle progression (39), together with several of its target genes
encoding B-type cyclins, CDC20, polo-like kinase-1, centromere
protein-A, -E and -F and aurora-B kinase. Several genes that we iden-
tified as being upregulated in EPS8-overexpressing cells were also
found by Laoukili et al. (40), who profiled genes that were overex-
pressed in osteosarcoma cells transfected with FOXM1. These authors
reported elevated expression of cyclin B2, centromere protein-F,
NEK-2 and polo-like kinase-1, established regulators of G2/M, when
FOXM1 was overexpressed. In addition, the centrosomal protein
CEP55 and the DNA helicase HELLS were recently identified as
novel (direct and indirect, respectively) targets of FOXM1 and shown
to be upregulated in a FOXM1-dependent manner, as well as being
found to correlate with HNSCC progression (41). Both these mole-
cules were also present in our list of EPS8-upregulated genes. This
provides further support for our current observations that EPS8 lies
upstream of FOXM1. Furthermore, we found similar proliferation
rates between EPS8- and FOXM1-overexpressing cells, suggesting

Fig. 4. FOXM1 RNAi inhibits cell growth in EPS8-overexpressing cells. (A) HN12 cells transfected with a non-targeting control (NTC) or FOXM1 shRNA
plasmid were lysed and western blotted with FOXM1 antibody or ERK-2 as a loading control. (B) The indicated cells were pulsed with BrdU, then immunostained
with anti-BrdU antibodies and counted as described in Methods. Bar 5 standard error of the mean (SEM). (C). HN4/EPS8 cells were stably transfected with the
FOXM1 shRNA plasmid or a non-targeting control. Cell proliferation was determined by daily counting. Bar 5 SEM. (D) Protein lysates were prepared from the
cells described in (C) and western blotted with the indicated antibodies.
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that many of the growth-promoting effects of EPS8 may be mediated
to some extent by FOXM1. Chromatin immunoprecipitation assays
also revealed an enrichment of acetylated histone H3 associated with
the FOXM1 promoter in cells overexpressing EPS8, which is indica-
tive of regions of chromatin that are permissive for gene expression.
The mechanism of FOXM1 activation by EPS8 is currently under
investigation in our laboratory.

A recent study has highlighted the importance of FOXM1 in oral
neoplasia. Gemenetzidis et al. (41) found that FOXM1 expression is
high in oral carcinomas and is also elevated in dysplastic lesions,
suggesting that this may be an early event in malignant progression.
Moreover, FOXM1 was reported to induce genomic instability in
a non-random manner, as expression of FOXM1 in primary oral ker-
atinocytes gave rise to significant copy number abnormalities. As we
have now identified a link between EPS8 and FOXM1, this raises the
possibility that EPS8-dependent signaling may enhance malignant
progression by similar mechanisms. As nicotine is documented to
stimulate FOXM1 expression (41), it may be that cells expressing
elevated EPS8 may be more susceptible to undergo malignant pro-
gression when nicotine is present in the environment. Indeed, our own
studies indicate that EPS8 expression is also upregulated in the pres-
ence of nicotine (supplementary Figure 7 is available at Carcinogen-
esis Online).

We found that expression of chemokine ligands CXCL5 and
CXCL12 was increased in HN4/EPS8 cells compared with vector con-
trols. These data are consistent with our previous observations, which
documented high levels of CXCL5 in HN12 cells derived from a syn-
chronous lymph node metastasis that occurred in the same patient from
whom HN4 cells were obtained (42). Furthermore, we found that
CXCL5 was critical for enhancing cell proliferation and migration,
as well as tumorigenicity (24). In a recent study, FOXM1-transgenic
mice developed chemically induced lung tumors that were associated

with a persistent inflammatory reaction and concomitant expression of
CXC- and CC-chemokines (of which CXCL5 was the most highly
expressed at over 21-fold higher than normal tissues), as well as cell
cycle regulators and matrix remodeling enzymes (38). In the present
study, our observations might be explained by EPS8 driving expression
of FOXM1, which activates transcription from the CXCL5 promoter,
although it remains to be established if chemokine expression is stim-
ulated by direct binding of FOXM1. Using chromatin immunoprecip-
itation, we have thus far been unable to demonstrate a direct interaction
of FOXM1 with the CXCL5 promoter (data not shown), although
a consensus FOXM1 binding site is present in the CXCL5 promoter
(supplementary Figure 8 is available at Carcinogenesis Online). We are
currently pursuing this line of investigation.

At least some of the characteristics of cells expressing high levels
of EPS8 are probably to be due to EPS8-FOXM1-CXCL5 signal
transduction and would be consistent with EPS8 inducing a tumori-
genic phenotype in non-tumorigenic HN4 cells (21,24). Using
shRNA, we were able to reduce CXCL5 expression by greater than
5-fold in HN4/EPS8 cells; however, a reduction in migration of
around only 2-fold was observed. Treatment with a specific inhibitor
of AKT produced a further significant reduction in cell migration
(supplementary Figure 9 is available at Carcinogenesis Online). This
suggests that mediators additional to CXCL5 play a role in migration.
Possible candidates include chemokines such as CXCL8 and
CXCL12, which we also found to be elevated in EPS8- and
FOXM1-overexpressing cells. Our previous studies have reported
CXCL8 as a regulator of HNSCC migration and proliferation (36)
and reports from other laboratories indicate this to be a general mech-
anism in tumor progression (43–46). Similarly, CXCL12 is well rec-
ognized as an important mediator of cancer cell migration (47,48).
As FOXM1 regulates expression of these chemokines, it seems likely
that they may synergize to mediate some of the effects of EPS8.
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Fig. 5. EPS8 induces expression of CXCL5 in a PI3K- and AKT-dependent manner. (A) HN4/EPS8 and vector control cells were used to prepare RNA, reverse
transcribed and subjected to qRT–PCR for CXCL5 and actin. (B) RNA was prepared from HN4/EPS8 cells transfected with FOXM1 shRNA or control plasmids,
and CXCL5 expression determined by qRT–PCR, relative to actin. (C) RNA was prepared from HN12 cells transfected with FOXM1 shRNA or control plasmids
and subjected to qRT–PCR for CXCL5. Data are shown normalized to actin. (D) HN4 cells were cotransfected with a CXCL5 promoter-luciferase plasmid,
together with FOXM1 expression plasmid, or empty vector control, and a Renilla luciferase plasmid as internal control. Forty-eight hours later, luciferase activity
was determined as described in Methods. (E) HN4/EPS8 cells were treated with LY294002 or vehicle as control, and CXCL5 expression determined by qRT–PCR
relative to actin. (F) HN4/EPS8 cells were transfected with a plasmid expressing dominant-negative form of AKT (dnAKT) (K179M) or control, and CXCL5
expression determined as in (E). (G) Saos-2 cells were cotransfected with the CXCL5 promoter-luciferase plasmid, together with the indicated expression
plasmids. Forty-eight hours later, luciferase activity was determined and is shown relative to Renilla luciferase as an internal control (upper panel). Parallel
cultures were lysed, AKT immunoprecipitated and subjected to in vitro kinase assay as described in Methods. Relative AKT activity is shown, which represents
GSK-3b phosphorylation normalized to AKT expression.
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Our results also indicate that the PI3K–AKT pathway mediates
EPS8-dependent upregulation of FOXM1 to a considerable extent.
AKT has been reported to be activated in many different tumor types,
including head and neck cancers (49–51) and is thought to be a key
regulator of oncogenic progression. Of relevance to the data presented
herein, at least in some cells chemokines may activate AKT down-
stream of their cell surface receptors (52–57). Thus, the potential
exists for an EPS8-induced autostimulatory loop, in which EPS8-
AKT-FOXM1 signaling induces secretion of chemokines, which are
then able to trigger receptor-mediated activation of AKT.

Our previous work showed that overexpression of EPS8 was suffi-
cient to convert non-tumorigenic HN4 cells to a tumorigenic pheno-
type (21). There may be several reasons for this, including enhanced
proliferation and motility. However, an additional important compo-
nent of tumor growth is the ability of tumor cells to stimulate the
development of a blood supply to sustain the growing cell mass. In
our microarray screen, we found that expression of vascular endothe-
lial cell growth factor, a principal mediator of angiogenesis, was
elevated in cells expressing EPS8. A recent study has now linked
FOXM1 to angiogenesis and tumor progression in gastric carcinoma.
Li et al. (58) found that overexpression of FOXM1 stimulated growth
and metastatic spread of gastric cancer cells and also increased tumor
vascularity. This was found to occur by FOXM1-mediated transcrip-
tional activation of the vascular endothelial cell growth factor pro-
moter. Although we did not address potential angiogenic activity of

EPS8 in the present study, it may be that EPS8 is also able to stimulate
neovascularization via FOXM1, in addition to effects on growth and
motility of tumor cells. These studies are ongoing in our laboratory.

In a previous study, Laoukili et al. (40) found upregulation of tissue
plasminogen activator and urokinase plasminogen activator, as well as
a kelch-domain-containing protein, KLHL1, in FOXM1-transfected
cells. In our microarray screen to identify mediators of EPS8 function,
we found upregulation of urokinase plasminogen activator and two
kelch-like proteins, KLHL1 and KLHL32, in EPS8-overexpressing
cells (supplementary Table 1 is available at Carcinogenesis Online).
The role of urokinase plasminogen activator in tumor cell metastasis is
well documented (59–62) and elevated expression would be consistent
with a role for this molecule in EPS8-dependent tumor progression.
Similarly, kelch proteins have been identified as mediators of cell mo-
tility and invasion. In a model system of rat F208 cells, Krp1 was
identified as being upregulated following v-fos- and v-ras-mediated
transformation (63) and was found to colocalize with F-actin and en-
hance pseudopod formation. Krp1 has also been shown to enhance
mesenchymal invasion in vitro, independent of integrin and Rho-ROCK
signaling (64). Previously, we showed that overexpression of EPS8
enhances cell migration and invasion in vitro and tumorigenicity in vivo
(21). In the present study, we found that FOXM1-overexpression also
enhances cell migration, in addition to effects on proliferation. These
observations raise the possibility that EPS8 and FOXM1 may mediate
cell migration through a series of common downstream mediators.

Fig. 6. EPS8 and FOXM1 enhance cell motility. (A) The indicated cells were cultured to confluence, a scratch made in the monolayer and migration determined,
as described in Methods. Upper panel: migration speed is indicated. Bar 5 standard deviation. Lower panel: pictorial representation of scratch assay. (B) HN4/
EPS8 cells stably transfected with a shRNA plasmid targeting CXCL5 or a non-targeting control (NTC) were analyzed for CXCL5 expression by qRT–PCR.
(C) Cell motility was measured as described in (A).
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