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Abstract
Despite the demonstrated benefits of anti-EGFR/VEGF targeted therapies in metastatic

colorectal cancer (mCRC), many patients initially respond, but then show evidence of dis-

ease progression. New therapeutic strategies are needed to make the action of available

drugs more efficient. Our study aimed to explore whether simultaneous targeting of EGFR/

VEGF and cyclooxygenase-2 (COX-2) may aid the treatment and management of mCRC

patients. The dual tyrosine kinase inhibitor AEE788 and celecoxib were used to inhibit

EGFR/VEGFR and COX-2, respectively, in colorectal cancer cells. COX-2 inhibition with

celecoxib augmented the antitumoral and antiangiogenic efficacy of AEE788, as indicated

by the inhibition of cell proliferation, induction of apoptosis and G1 cell cycle arrest, down-

regulation of VEGF production by cancer cells and reduction of cell migration. These effects

were related with a blockade in the EGFR/VEGFR signaling axis. Notably, the combined

AEE788/celecoxib treatment prevented β-catenin nuclear accumulation in tumor cells. This

effect was associated with a significant downregulation of FOXM1 protein levels and an

impairment in the interaction of this transcription factor with β-catenin, which is required for

its nuclear localization. Furthermore, the combined treatment also reduced the expression

of the stem cell markers Oct 3/4, Nanog, Sox-2 and Snail in cancer cells, and contributed to

the diminution of the CSC subpopulation, as indicated by colonosphere formation assays.

In conclusion, the combined treatment of AEE788 and celecoxib not only demonstrated

enhanced anti-tumoral efficacy in colorectal cancer cells, but also reduced colon CSCs sub-

population by targeting stemness-related pathways. Therefore, the simultaneous targeting

of EGFR/VEGF and COX-2 may aid in blocking mCRC progression and improve the effi-

cacy of existing therapies in colorectal cancer.
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Introduction
Colorectal Cancer (CRC) is one of the most commonly diagnosed cancer and cause of cancer
mortality in developed countries [1]. In Europe, CRC is the third most common cancer and
after lung cancer it was the second most frequent cause of mortality in 2012, with almost
215,000 deaths [2]. Although mortality from CRC has declined slightly during the last two
decades, and despite advances in detection and surgical treatment, metastatic CRC (mCRC) is
associated with a poor prognosis, with 5-year survival rates in the range of 5% to 8%. Targeting
epidermal growth factor receptor (EGFR) has been proven to be an effective therapy in CRC.
Particularly, the treatment with monoclonal antibodies (cetuximab or panitumumab) against
the extracellular domain of the receptor has become major therapeutic strategies to treat
mCRC. However, the responses to EGFR-targeted antibodies are relatively low, with improve-
ments in survival usually lasting only several months, and efficacy limited to certain patient
subtypes [3]. In fact, CRC patients defined as "quadruple negative", with tumors lacking muta-
tions in EGFR downstream effectors KRAS, BRAF, PIK3CA, and PTEN, have the highest prob-
ability of response to anti-EGFR therapies [4]. On the other hand, different strategies aimed at
blocking vascular endothelial growth factor (VEGF) and its receptors have been developed to
inhibit angiogenesis in CRC patients [5,6]. Despite the demonstrated benefits of these anti-
angiogenic therapies in the management of CRC, many patients with advanced disease will ini-
tially respond to anti-VEGF therapy, but then show evidence of disease progression, which sug-
gests resistance to the therapy [7]. Therefore, there is a clear need for better characterization of
the processes involved in the inefficacy of anti-EGFR/VEGF targeted therapies and finding
new therapeutic strategies to make the action of available drugs more efficient.

During the last decade, it has been shown that in tumors there is a population of cells, com-
monly referred to as cancer stem cells (CSCs), with ability to proliferate and generate the rest
of the tumor mass [8,9]. The ability to self-renewal of CSCs allows homeostasis and mainte-
nance of tumor, in a manner similar as stem cells do in normal tissues. CSCs are much more
resistant than differentiated tumor cells to therapies used in clinic [8]. Thus it has been shown
that the risk of colorectal cancer recurrence is proportional to the expression in the primary
tumor of a series of specific and intestinal stem cells genes that also identify a cell population
with CSC properties in the tumor [10]. Importantly, recent studies have shown that CSCs are
involved in the mechanisms by which tumors evade both anti-EGFR and anti-VEGF targeted
therapies [11,12]

Celecoxib is a selective cyclooxygenase-2 (COX-2) inhibitor, which is used to prevent polyp
formation in familial adenomatous polyposis (FAP) patients, a population at high risk for colo-
rectal cancer development [13]. However, studies suggest that celecoxib may have effective
anti-tumor and anti-metastatic properties against late stage CRC. Thus, the effectiveness of an
antiangiogenic tyrosine kinase inhibitor (axitinib) has been shown to be significantly enhanced
when combined with celecoxib in a preclinical model of CRC [14]. Furthermore, the develop-
ment of multiple kinase inhibitors, has enabled the simultaneous inhibition of EGFR and
VEGF pathways. This is the case of AEE788, an oral inhibitor with potent activity against mul-
tiple tyrosine kinases including EGFR, and VEGFR [15], which has been shown to exert antitu-
moral effects in various human cancer models [16–18]. Therefore, the simultaneous targeting
of EGFR/VEGF and COX-2 may also aid in blocking mCRC progression. The present study
shows that combination of AEE788 with the specific COX-2 inhibitor celecoxib not only dem-
onstrated enhanced anti-tumoral efficacy in colorectal cancer cells but also reduced colon
CSCs subpopulation by targeting stemness-related pathways.

Inhibition of EGFR/VEGFR and COX-2 Targets Stemness in Colon Cancer

PLOS ONE | DOI:10.1371/journal.pone.0131363 June 24, 2015 2 / 23



Material and Methods

Cell culture
Caco-2 cells (ECACC, Salisbury, UK) were grown in MEMwith Earle’s salts (PAA Laboratories
GmbH, Pasching, Austria) containing 15% fetal bovine serum. HCT-116 cells (DSMZ, Braun-
schweig, Germany) were grown in McCoy’s 5A medium (Biowest, Nuaillé, France) containing
10% fetal bovine serum (PAA Laboratories). HCT-116 cells harbour an activating mutation
in KRAS (G13D), while Caco-2 cells are KRAS wildtype. Culture media were supplemented
with 2 mM glutamine, 1% non-essential amino acids, penicillin (100 U/ml), streptomycin
(100 μg/ml) and amphotericin B (2.5 μg/ml). Cells were maintained in a humidified atmo-
sphere at 37°C and 5% CO2. After cultures became 80% confluent (usually after 3 days), cells
were trypsinized, centrifuged, and suspended in fresh medium. All cells used for experiments
displayed> 95% viability and were seeded in 96-well plates, 6-well culture plates, 60-mm cul-
ture plates or ultra low-attachment plates (Corning Inc, Lowell, MA, USA). All experiments
were carried out in duplicate and repeated at least three times.

Reagents
AEE788 (Novartis Pharma AG, Basel, Switzerland), NS-398 and celecoxib (Sigma-Aldrich,
Madrid, Spain) were dissolved in DMSO to produce stock concentrations of 10 mM, 10 mM
and 20 mM, respectively, and stored at -20°C. Working solutions were prepared by diluting
thawed stocks into cell culture medium. The concentration of DMSO in the final dilution did
not exceed 0.1% v/v. Human EGF was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA) and dissolved in glycerol to produce stock concentrations of 10% v/v. Human
recombinant VEGF was purchased from Sigma-Aldrich and dissolved in water to produce
stock concentrations of 10 μg/mL. For western blot analysis, the following antibodies were
used: phospho-EGF Receptor (Tyr1068) rabbit pAb, phospho-VEGF Receptor 2 (Tyr1175)
(19A10) rabbit mAb, VEGF Receptor 2 (55B11) rabbit mAb, phospho-p44/42 MAPK (Erk 1/
2) (Thr202/Tyr204) (D13.14E) rabbit mAb, phospho-Akt (Thr308)(C31E5E) rabbit mAb,
phospho-Akt (Ser473)(587F11) mouse mAb, Akt rabbit pAb and β-Catenin rabbit pAb were
purchased from Cell Signaling Technologies (Danvers, MA, USA). EGFR mouse mAb (0.
N.268), actin (C-2) mouse mAb, goat anti-rabbit, goat anti-mouse, donkey anti-goat secondary
antibodies, and FOXM1 (K-19): sc-500 were purchased from Santa Cruz Biotechnology. MAP
kinase ERK1/ERK2 rabbit pAb was from Calbiochem-EMDMillipore (Billerica, MA, USA),
COX-2 mouse mAb (Clone CX229) was from Cayman Chemical (Ann Arbor, Michigan, USA)
and Ep-Cam mouse mAb was from Chemicon International (Billerica, MA, USA). Propidium
iodide was obtained from Sigma-Aldrich and was prepared by dissolving 1 mg in 1 ml phos-
phate buffered saline. This solution was protected from light and stored at 4°C. RNase, DNase-
free was obtained from Roche Applied Science (Indianapolis, IN, USA). Stock concentrations
of 500 μg/mL RNase were prepared and kept at– 20°C.

Cellular proliferation assay
Cell proliferation and viability was assessed using an XTT colorimetric assay (Roche Applied
Science). Cells were seeded on 96-well plates at a density of 4,000 cells/well and let to attach for
24 hours. The cells were then treated with AEE788 (0–20 μM) as a single agent or in combina-
tion with celecoxib (10 μM) in the presence or absence of EGF (100 ng/mL). Controls cells
were treated with the same concentration of the DMSO vehicle. After treatment at indicated
times and doses, the XTT assay was performed following the protocol supplied by the manu-
facturer using a microplate absorbance reader.
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Colonosphere formation assay
For the colonosphere formation assay, after treatments cells were tripsinized, counted and re-
seeded at clonal density (1 cell/μl) in 96-well plate with ultra-low attachment surface (Costar,
Corning, NY, USA) with serum free Dulbecco’s MEM Nutrient Mixture F+12 Ham medium
supplemented with B27 (1:50; Invitrogen, Carlsbad, CA, USA), 10 ng/ml basic fibroblast
growth factor (PeproTech, London, UK)), 20 ng/ml EGF (Santa Cruz Biotechnology) and 1%
v/v methylcellulose (R&D Systems, Minneapolis, MN, USA) to prevent cell aggregation. The
supplements were freshly added every 2–3 days and the number and size of formed colono-
spheres were evaluated by optical microscopy on day 7 after seeding.

Western blotting analysis
After treatments cell were harvested with cold PBS and centrifuged at 300 × g, for 5 minutes at
4°C. The cell pellet was incubated for 15 minutes on ice with 1 ml lysis buffer (50 mM Tris-
HCl (pH 7.4), 150 mM NaCl, 5 mM ethylenediamine tetraacetic acid (EDTA), 1 mM ethylene-
glycol tetraacetic acid (EGTA), 1.5 mMMgCl2, 10% glycerol, 1% NP40, 0.1 M dithiothreitol
(DTT), 0.1 M phenylmethylsulfonyl fluoride (PMSF), 1% v/v protease inhibitor cocktail
(SERVA, Heidelberg, Germany) and 1% v/v phosphatase inhibitor cocktails 2 and 3 (Sigma-
Aldrich) and centrifuged at 10,000 x g for 15 minutes at 4°C. Total protein concentration was
quantified by a standard Bradford assay using the colorimetric reagent from BioRad Laborato-
ries (Hercules, CA, USA).

Proteins (12.5 μg) were separated onto SDS polyacrylamide gels using a 4–12% Bis-Tris gra-
dient gels in the BioRad Criterion System and transferred to nitrocellulose membranes, which
were blocked with 3% BSA, and probed with the appropriate antibodies. Immunocomplexes
were detected with appropriate horseradish peroxidase-conjugated secondary antibodies and
detected by enhanced chemiluminescence with the ECL Plus Western Blotting Detection Sys-
tem or ECL Advance Western Blotting Detection Kit (GE Healthcare Life Sciences, Little Chal-
font, UK). Images were captured on a ChemiDoc XRS Imaging System (BioRad Hercules, CA,
USA).

Combined annexin-V/propidium iodide staining
The fraction of apoptotic cells was estimated after 48h of treatment of cells growing in the
absence or in the presence of EGF (100 ng/mL) with different doses of AEE788 and/or cele-
coxib in 6-well plates at a density of 3 × 106 cells/well. Viability was assessed by using an
Annexin-V/propidium iodide (PI) staining kit (Bender MedSystems, Vienna, Austria), accord-
ing to manufacturer´s recommendations. Binding of fluorescein-conjugated Annexin-V and
PI was measured by flow cytometry (FACSCalibur; BD, Franklin Lakes, NJ, USA) to quantify
the percentage of apoptotic cells.

Enzyme-linked immunosorbent assays (ELISA) for analyses of VEGF
and prostaglandin E2 production
VEGF production by cells was estimated by ELISA assays (Human VEGF-A Platinum ELISA
e-Bioscience) performed on cell culture supernatants 48h after the different treatments and fol-
lowing the protocol supplied by the manufacturer. In brief, cultures were centrifuged at 300 × g
for 5 minutes at 4°C and supernatants were collected, aliquoted, and stored at -80°C until
assay. Optical density was measured at 450 nm with the correction wavelength set at 650 nm,
using a microplate reader. Prostaglandin E2 (PGE2) production by cells was estimated using
the PGE2 EIA kit, (Enzo Life Sciences, Farmingdale, NY, USA). This assay was performed on
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cell lysates 12 h after the treatments with AEE788 and/or Celecoxib and following the protocol
supplied by the manufacturer. Optical density was measured at 450 nm with the correction
wavelength set at 570–590 nm, using a microplate reader.

Cell cycle analysis
Cells (0.5–1 x 106 cells) were trypsinized and resuspended in PBS. Ice-cold 100% ethanol was
added in a drop-wise manner while gently vortexing and incubated for 20 minutes at room
temperature. Samples were centrifuged at 300 × g for 5 minutes, resuspended in PBS contain-
ing 50 μg/ml propidium iodide plus 100 μg/ml RNase A and incubated for 20 minutes at room
temperature protected from light. Analysis and measurement of propidium iodide fluorescence
were performed on a FACSCalibur (BD Biosciences) flow cytometer (FACS; BD, Franklin
Lakes, NJ, USA).

Angiogenesis assay
Angiogenesis was measured as the ability of endothelial cells to form three-dimensional struc-
tures in matrigel basement membrane matrix (BD Biosciences) in vitro. For angiogenesis assay,
HUVECs cells (CC-2519 Lonza Sales AG, Basel, Switzerland) were cultured on top of the
matrigel at a density of 20,000 cells/well in Caco-2-conditioned media after different treat-
ments. Caco-2-conditioned media after different treatments was concentrated in Amicon
Ultra-0,5 Centrifugal Filter Devices (EMDMillipore) with the capability for obtaining high
concentration factors and removing drug residues. As control, HUVECs cells were cultured
in EBMmedium (Lonza Walkersville, MD USA) in the presence or the absence of VEGF
(10 μg/ml). HUVECs were incubated for 24 hours at 37°C in 5% CO2 atmosphere and follow-
ing staining with the fluorescence dye Calcein AM (Cell Biolabs, INC), the tube formation was
examined and photographed using a fluorescence microscope. The extent of tube formation
(average tube length and branch points) was quantified through imaging software (Image J
software).

Antibody arrays
Specific antibody arrays were used to determine the expression of intracellular receptor tyro-
sine kinase (RTK)-related signaling pathways and the expression of pluripotency-related pro-
teins in whole-cell extracts following the protocols supplied by the manufacturers. In brief,
cellular extracts were diluted and incubated overnight at 4°C with the PathScan RTK Signaling
Antibody Array Kit Cell Signaling Technology) or the Proteome Profiler Human Pluripotent
Stem cell Array (Cat#ARY010, R&D Systems) followed by a biotinylated detection antibody
cocktail. Streptavidin-conjugated HRP and LumiGLO Reagent were then used to visualize the
bound detection antibody by chemiluminescence. An image of the slide was captured with a
digital imaging system (ImageQuant LAS 4000, GE Healthcare Life Sciences, Pittsburgh, PA,
USA) and was analyzed using the analysis software provided for measuring the spot relative
intensities.

Scratch-wound healing assay
Cells were grown on 6 multi-wells plates to a nearly confluent monolayer. After incubation for
24h the confluent monolayers were scratched to form a “wound” using a sterile needle. Cellular
debris were removed by washing with PBS. The cells were then cultured under the different
treatments in the appropriate media for 24 h. The images were recorded at 0 and 24 h to moni-
tor the migration of cells into the wounded area using a light photomicroscope. To quantify
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(Image-J software) the percentage of wound (scratch area) at 0 h (control) was arbitrarily
assigned as 100% and the percentage of wound healing at 24h (untreated control and treated)
was compared to control. Each assay was performed in triplicate.

Quantitative real-time reverse transcriptase-polymerase chain reaction
Total RNA was extracted by RNeasy Plus Mini Kit (Quiagen), according to manufacturer’s
recommendations. RNA concentration was determined spectrophotometrically at 260 and
280 nm and RNA samples were stored at -80°C until use. One-step reverse transcriptase-poly-
merase chain reaction (RT-PCR) was performed using the QuantiTect SYBR Green RT-PCR
kit (QIAGEN GmbH, Hilden, Germany) following manufacturer’s protocol. Expression levels
of VEGF gene were measured by quantitative real-time RT-PCR using the LightCycler thermal
cycler system (Roche Diagnostics, Indianapolis, IN, USA). Glyceraldehyde phosphate dehydro-
genase (GAPDH) was used as housekeeping gene. Theoretical size of PCR products, sequence
of primers used for study and efficiency were: VEGF: (254 bp), Forward primer: 5’-CCCTGAT
GAGATCGAGTACATCTT -3’; Reverse primer: 5’-AGCAAGGCCCACAGGGATTT-3, Effi-
ciency: 2; GAPDH: (240 bp), Forward primer: 5’-TGATGACATCAAGAAGGTGGTGAAG-3’;

Reverse primer: 5’-TCCTTGGAGGCCATGTAGGCCAT-3’, Efficiency: 2; Results were
normalized to that of GAPDH and quantification of relative expression was determined by the
2-ΔΔCt method.

Transient expression of mutant K-RAS gene in Caco-2 cells
Caco-2 cells were transiently transfected with pBabe K-Ras 12V plasmid or the empty vector
(pBABE-puro), provided by Addgene (plasmids #12544 and #1764). PureYield Plasmid Midi-
prep System (Promega) was used following the protocol supplied by the manufacturer. Cells
were seeded at 90% confluency in 6‐well plates and after 24 h cells were transfected using Lipo-
fectamine 3000 (Life Technologies) as transfection reagent, following the manufacturer’s
instructions. Analysis of EGF-independent activation of ERK1/2 by western blot and cell pro-
liferation assays were performed in transfected cells.

Immunofluorescence confocal microscopy
Cells were grown on poly-L-Lysine-treated coverslips to form a nearly confluent monolayer
and after 6h of the different treatments. Then, the culture media was discarded, cells were
washed thrice in PBS and permeabilized in methanol. After washing with PBS, coverslips were
incubated with Anti-β-Catenin (1/250) mouse mAb (BD) and FOXM1 (1/250) rabbit pAb
(Santa Cruz Biotechnology), for 1h at room temperature, washed thrice in PBS and labeled
with an anti-mouse IgG alexa fluor 488-labeled antibody (1/500) (Molecular Probes, Eugene,
OR, USA) and with anti-rabbit IgG (H+L) alexa fluor 594-labeled antibody (1/500) (Santa
Cruz Biotechnology), for 1h at room temperature. Finally, cells were incubated with 300 nM
4’,6-diamidino-2-phenylindole dihydrochloride (DAPI) in PBS for 5 minutes at room temper-
ature. Coverslip were mounted using Aqua Poly/Mount (Polysciences, Warrington, PA, USA)
and visualized in a Zeis LSM 5 Exciter Confocal laser-scanning microscope (Zeiss, Germany).
Images were analyzed using the image-J software (National Institutes of Health).

Co-immunoprecipitation assays
Cells were lysed in co-IP buffer (10 mMHEPES, 10 mM KCl, 1.5 mMMgCl2, 0.5 mM DTT,
0.5 mM, PMSF, 0.075% NP40 and 1% v/v proteases/phosphatases inhibitor cocktails), centri-
fuged and cleared by incubation with 22.5 μl of Protein A/G gel for 1 h at 4°C. The pre-cleared
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supernatant was subjected to IP using the indicated first antibodies at 4°C for 1 h. Then, the
protein complexes were collected by incubation with 22.5 μl of Protein A/G gel at 4°C over-
night. The collected protein complexes were washed thrice with PBS buffer, centrifuged at
14000 x g, 4°C for 10 min, and analyzed by western blotting.

Statistical analysis
All data are expressed as mean ± standard error of mean. All Statistical analyses were per-
formed using GraphPad Prism 5. Before comparing two data groups, a normality test and an
equal variance test were performed. If data groups passed both tests, a comparison was made
by a parametric approach (unpaired Student’s t-test). If the normality and/or equal variance
test was violated, a comparison was made by a nonparametric method (Mann-Whitney test).
Differences were considered statistically significant at p< 0.05.

Results

AEE788 inhibits cell proliferation, induces apoptosis and alters cell cycle
in colorectal cancer cells
AEE788 exerted an antiproliferative effect in HCT-116 and Caco-2 cells with a greater antitu-
mor effect in the case of Caco-2 cells, (Fig 1A). The different sensitivity to AE788 between the
two cell lines was more evident in the case of EGF-driven cell proliferation, in which 2.5 µM
AE788 reduced proliferation of Caco-2 cells by 60%, whereas K-Ras mutated HCT-116 cells
were not significantly affected (Fig 1B). In agreement with these results, AEE788 exerted a
dose-dependent apoptotic cell death in Caco-2 but not in HCT-116 cells (Fig 1C). Moreover,
the treatment of Caco-2 cells with different doses of AEE788 resulted in an increased percent-
age of cells in G1 phase in a dose-dependent manner, compared to untreated cells, while these
alterations in cell cycle were not observed in AE788-treated K-Ras mutated HCT-116 cells (Fig
1D).

AEE788 inhibits EGFR signaling in colorectal cancer cells
We next analyzed the activation of EGFR, ERK and AKT kinases to evaluate the significance of
the EGFR signal blockade in the anti-tumoral effects of AEE788 (Fig 2). The treatment with
AEE788 inhibited EGFR phosphorylation in both HCT-116 and Caco-2 cells. However
AEE788 effectively inhibited EGF signaling axis only in Caco-2 cells, as indicated by the inhibi-
tion of EGF-induced phosphorylation of ERK 1/2 (Fig 2). Also, an inhibition of EGF-induced
phosphorylation of Akt Thr was observed in AEE788-treated Caco-2 but not in HCT-116 cells.
Therefore, the observed anti-EGFR activity of AEE788 in colon cancer cells is strongly depen-
dent on wild-type K-Ras status.

AEE788 inhibits the VEGF-driven proliferation in Caco-2 cells
In addition to anti-EGFR activity, AEE788 also targets VEGFR signaling. In this regard, the
function of VEGF is not limited to angiogenesis and vascular permeability, and it is known that
both autocrine and paracrine VEGF signalling occur in tumour cells [19]. Therefore, we next
investigated whether AEE788 impair VEGF signaling in colon cancer cells. As shown in S1 Fig,
the treatment with AEE788 inhibited VEGF-driven cell proliferation in Caco-2 but not in
HCT-116 cells.
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COX-2 inhibition augments the antitumoral efficacy of AEE788
It is known that VEGF stimulates COX-2 expression and prostaglandin synthesis, which in
turn induces VEGF production [20,21]. Therefore, the combination with COX-2 inhibitors can
be an efficient way to increase the activity of AEE788. As shown in Fig 3, the addition of both
NS-398 and celecoxib, two well-known COX-2 selective inhibitors, enhanced the anti-tumoral
effect of AEE788, as indicated by the inhibition of cell proliferation (Fig 3A). Furthermore, the
combined treatment with AEE788 and celecoxib increased the percentage of Caco-2 cells
arrested in G1 (Fig 3B). In particular, a significantly higher percentage of cells in G1 phase was
observed following the combined treatment than with either drugs alone. On the contrary,
none of these effects were observed in HCT-116 cells, which can be related to the much lower
expression levels of COX-2 in these cells compared to Caco-2 (Fig 3C) and their mutated
K-Ras status. Thus, the transfection of Caco-2 cells with a mutant K-Ras expressing plasmid
confirmed that downstream activation of the EGFR-Ras-ERK pathway, as shown by the EGF-

Fig 1. AEE788 inhibits cell proliferation, induces apoptosis and alters cell cycle in colorectal cancer cells. A) Cell proliferation was evaluated after
72h of treatment with different doses of AEE788. B) Inhibition of cell proliferation by AEE788 was tested in cells growing in the presence of EGF (100 ng/ml).
C) The fraction of apoptotic cells was estimated after 48 h of treatment with different doses of AEE788 of cells growing in the presence of EGF (100 ng/mL).
D) Analysis of cell cycle was performed by flow cytometry after 48 h of treatment with different doses of AEE788 of cells growing in the presence of EGF
(100 ng/mL). Data are means ± SEM of three independent experiments (*p <0.05, compared with the control).

doi:10.1371/journal.pone.0131363.g001
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independent ERK1/2 phosphorylation, abolished the antiproliferative activity of AEE788 and/
or celecoxib (S2 Fig). Furthermore, celecoxib inhibited by more than 70% PGE2 production in
Caco-2 cells (S3 Fig). Moreover, it was found that AEE788 treatment decreased COX-2 protein
expression in Caco-2 cells, explaining the 40% reduction in PGE2 production, while the inhibi-
tion of COX-2 enzymatic activity with celecoxib did not affect COX-2 expression (S3 Fig).
Accordingly, the combined treatment of AE788 and celecoxib inhibited EGFR, ERK 1/2, and
AKT (Ser/Thr) phosphorylation in Caco-2 cells (Fig 3D). Quantitative analysis using an anti-
body panel against signaling kinases showed that the combined treatment of Caco-2 cells with
AEE788 and celecoxib caused a significantly higher inhibition of VEGFR, Akt (Ser/Thr) and
Stat3 phosphorylation than with either drug alone (S4 Fig).

COX-2 inhibition intensifies the anti-angiogenic activity of AEE788
The inhibition of COX-2 in combination with the anti-EGFR/VEGFR activity of AEE788,
caused a significant reduction in the VEGF-A mRNA expression (Fig 4A) and VEGF165 pro-
tein secretion levels (Fig 4B) in Caco-2 but not in HCT-116 cells. Moreover, endothelial tube
formation assays showed that the angiogenic activity of Caco-2 conditioned medium was

Fig 2. AEE788 inhibits EGFR signaling in colorectal cancer cells. The phosphorylated and non-phosphorylated forms of EGFR, ERK 1/2 and Akt were
detected byWestern-blot using specific antibodies. Cells were grown in the absence or presence of EGF (100 ng/mL) and treated with AEE788 (2.5 µM) for
5, 10 or 15 min. The expression level of -actin was included as loading control.

doi:10.1371/journal.pone.0131363.g002
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significantly lower when cells were treated with AEE788 and celecoxib than with either drug
alone. (Fig 4C and 4D).

In addition to the functions of VEGF in angiogenesis and in endothelial cells, the promotion
of cancer cell migration has been shown to be among the autocrine functions of VEGF on
tumor cells [22,23]. Therefore, we next investigated the effects of AEE788 and/or celecoxib on

Fig 3. Inhibition of COX-2 enhances the antitumor efficacy of AEE788 in colorectal cancer cells. A) EGF-driven cell proliferation was assayed in cells
growing in the presence of EGF (100 ng/ml) and in the presence or absence of AEE788 (2.5 μM), celecoxib (10 μM) and NS-398 (10 μM). B) Analysis of cell
cycle was performed by flow cytometry after 48 h of treatment with AEE788 (2.5 μM) and/or celecoxib (10 μM) of cells growing in the presence of EGF
(100 ng/mL). C) Expression levels of cyclooxygenase-2 (COX-2) were analyzed by western-blot in whole cell extracts form Caco-2 and HCT-116 cells.
Expression of β-actin is included as loading control. D) The phosphorylated and non-phosphorylated forms of EGFR, ERK 1/2 and Akt were detected by
Western-blot using specific antibodies. Cells were grown in the presence of EGF (100 ng/mL) and treated with AEE788 (2.5 µM) and/or celecoxib (10 μM) for
6h. The expression level of -actin was included as loading control. The corresponding densitometric analysis is also shown. Data are means ± SEM of three
independent experiments (*p <0.05, compared with the control; # p<0.05, compared with AEE788-treated cells).

doi:10.1371/journal.pone.0131363.g003

Fig 4. Celecoxib intensifies the anti-angiogenic activity of AEE788. A) VEGF-A mRNA expression levels were assayed by real time RT-PCR in
colorectal cancer cells growing in the presence of EGF (100 ng/ml) and exposed to the indicated treatments for 48 h. B) VEGFA165 levels were quantified by
ELISA in the conditioned media collected from cells growing in the presence of EGF (100 ng/ml) and treated with AEE788 (2.5 µM) and/or celecoxib (10 μM)
for 48h. Data are means ± SEM of three independent experiments (*p <0.05, compared with the control). C) The angiogenic activity of media conditioned by
Caco-2 cells exposed for 24 h to the indicated treatments was evaluated using the endothelial tube assay as described under Material and Methods. Data are
the total length of formed tubes in pixels (px), showing means ± SEM of three independent experiments (*p <0.05, compared with the control). D)
Representative images of the formed interconnected networks after the treatment of endothelial cells with the indicated Caco-2 cells conditioned media. The
extent of tube formation was quantified as indicated in the Material and Methods section. (Final magnification: X40, scale bar corresponds to 100 microns).

doi:10.1371/journal.pone.0131363.g004
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Caco-2 and HCT-116 cells migration using the scratch-wound healing assay. As shown in Fig
5, the combined treatment was the most effective in reducing the migration of Caco-2 cells (Fig
5A). On the contrary, none of the treatments showed great efficacy in reducing the migratory
capacity of HCT-116 cells (Fig 5B).

The combined AEE788/celecoxib treatment alters subcellular
distribution of β-catenin in Caco-2 cells
It is well known the crucial role for hyperactivated Wnt–β-catenin signaling in colorectal can-
cer. Both β-catenin (CTNNB1) and adenomatous polyposis coli (APC), which is a negative reg-
ulator of β-catenin stability, are frequently mutated genes in colorectal tumors [24]. Hence,
Caco-2 cells harbor an APC mutation, whereas HCT-116 cells harbor a single amino acid dele-
tion (CTNNB1 p.S45del) which prevent β-catenin phosphorylation and degradation by the
proteasome. Both mutations result in the accumulation of β-catenin, which then enters the
nucleus and cause aberrant activation Wnt–β-catenin-regulated genes. Therefore we next

Fig 5. Combined AE788/Celecoxib treatment reduces the migratory capacity of colorectal cancer cells. A) Scratch wound healing assay was used to
analyze the inhibition of cell migration in colorectal cancer cells treated for 24 h with AEE788 (2.5 µM) and/or celecoxib (10 µM). Data are means ± SEM of
three independent experiments (*p <0.05, compared with the control; # p<0.05, compared with AEE788-treated cells). Final magnification: X100, scale bar
corresponds to 100 microns. B) Representative images of scratched areas in confluent Caco-2 and HCT-116 cell layers. The yellow lines indicate the
invasive front in the wound healing assay. Wound closure was photographed at 0h and 24 h after wounding. The scratched area at control (0 h) was
arbitrarily assigned as 100%.

doi:10.1371/journal.pone.0131363.g005
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explored whether the treatment with AE788 and/or celecoxib modify the subcellular distribu-
tion of β-catenin in colon cancer cells. As shown in Fig 6, confocal microscopy analyses dem-
onstrated that both Caco-2 and HCT-116 expressed high levels of β-catenin. In untreated cells,
β-catenin displayed membrane associated, cytosolic and nuclear localizations. Notably, the
combined AEE788/celecoxib treatment drastically reduced nuclear β-catenin levels in Caco-2
cells (Fig 6A). However, none of the treatments significantly altered the subcellular distribution
of β-catenin in HCT-116 cells (Fig 6B).

The combined AEE788/celecoxib treatment impairs FOXM1- β-catenin
interaction in Caco-2 cells
The molecular mechanisms governing β-catenin nuclear import during Wnt signaling are
poorly understood. Remarkably, β-catenin lacks a nuclear localization signal and does not
depend on importins or the small Ras-related GTPase Ran for nuclear translocation [25]. How-
ever, a recent study has demonstrated that nuclear translocation of β-catenin depends on its
binding to the forkhead box M1 (FOXM1) transcription factor [26]. Therefore, we next
explored whether the expression and subcellular location of FOXM1 were altered in our experi-
mental conditions. As shown in Fig 7, the treatment with AEE788, celecoxib, and especially the
combined treatment, significantly downregulated the FOXM1 protein levels of Caco-2 cells.
On the contrary, none of the different treatments exerted a significant effect on FOXM1
expression in HCT-116 cells. Besides, confocal microscopy analysis in Caco-2 cells (Fig 8A)
and HCT-116 (Fig 8B), revealed that FOXM1 and β-catenin co-localization in cell nuclei was
significantly lower when Caco-2 cells (Fig 8C) were treated with AEE788 or the combined
treatment. However, neither AEE788 nor celecoxib, alone or in combination, significantly
altered FOXM1 and β-catenin co-localization in HCT-116 cells. The direct interaction of
FOXM1 and β-catenin was also determined by co-immunoprecipitation assays. As shown in
Fig 8D, FOXM1 could be detected in the β-catenin precipitates, and its level was reduced upon
treatment of Caco-2 cells with AEE788 and celecoxib, suggesting that the combined treatment
impairs the interaction of both proteins.

The combined AEE788/celecoxib treatment targets stemness-related
pathways in colorectal cancer cells
Numerous studies indicate that Wnt—β-catenin signaling contributes to cancer progression
through the maintenance of highly tumorigenic subpopulations of cancer cells termed cancer
stem cells (CSCs) [27–29]. Among the methods used for the study of CSCs are functional
assays of self-renewal capacity, such as tumorosphere formation in vitro. In this assay, cells are
cultured at clonal density with serum free medium in low-adherence plates. Under these condi-
tions, only a subpopulation of tumor undifferentiated cells with stem characteristics (CSCs)
survives, which is capable of generating tumorospheres (colonospheres) in suspension by self-
renewal. Therefore, we next analyzed the impact of AEE788/celecoxib treatment on the capa-
bility of colorectal cancer cells to form colonospheres in vitro. Firstly, to verify that individual
colonospheres were derived from single cells, control experiments were performed using
lipophylic fluorescent stains. Thus, when equal numbers of DiI (Red)- or DiO (Green)-labelled
cells were mixed prior to performing the colonosphere formation assay, formed spheres con-
tained only one or the other label (S5 Fig). Furthermore, Caco-2 and HCT116 cells growing as
colonospheres displayed higher expression levels of β-Catenin, Oct 3/4, Nanog, Sox-2 and Ep-
Cam, which are considered stem markers, compared to the parental adherent cells (S6 Fig)

As shown in Fig 9A, pretreatment of Caco-2 cells with AEE788, alone or in combination
with celecoxib, reduced their capability to form colonospheres. On the contrary, only
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Fig 6. Combined AEE788/Celecoxib treatment alters subcellular distribution of β-catenin in Caco-2 cells. To determine subcellular localization of β-
catenin, both Caco-2 (A) and HCT-116 (B) cells were treated with AEE788 (2.5 µM) and/or celecoxib (10 μM) for 6 h, stained for β-catenin
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combined treatment significantly reduced the formation of colonospheres in the case of HCT-
116 cells. Therefore, in both cell lines the combined treatment contributed to the diminution of
the CSC subpopulation.

Besides, in both cell lines the combined treatment caused the formation of lower size colo-
nospheres compared to those derived from untreated cells (Fig 9B and 9C). This notion is in
agreement with data of expression levels of stem cell markers Oct 3/4, Nanog, Sox-2 and Snail,
which were significantly reduced in Caco-2 cells after treatment with AEE788, and specially
when combined with celecoxib (Fig 10). Reduced expression of Nanog and Sox-2 was also
found in HCT116 cells after treatment with AEE788 alone or in combination with celecoxib.
Taken together, these data suggest that these treatments are effective in the reduction of colon

immunofluorescence (green) and counterstained with DAPI (blue). Merged images of β-catenin and DAPI staining are also shown. Final magnification: X400.
Nuclear β-catenin levels were quantified as the integrated density of β-catenin signal in confocal microscopy images using the Image-J software. Data are
means ± SEM of three independent experiments (*p <0.05, compared with the control; # p<0.05, compared with AEE788-treated cells).

doi:10.1371/journal.pone.0131363.g006

Fig 7. Combined AEE788/Celecoxib treatment downregulates FOXM1 protein levels in colorectal cancer cells. FOXM1 expression was analized by
western-blot in cells were grown in the presence of EGF (100 ng/mL) and treated with AEE788 (2.5 µM) and/or celecoxib (10 μM) for 6h. The expression
-actin is included as loading control. The corresponding densitometric analysis is also shown. Data are means ± SEM of three independent experiments
(*p <0.05, compared with the control; # p<0.05, compared with AEE788-treated cells).

doi:10.1371/journal.pone.0131363.g007
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CSCs subpopulation in both K-Ras mutated and K-Ras wildtype cells by targeting stemness-
related pathways.

Discussion
Numerous complex biochemical pathways participate in tumor cell proliferation and angio-
genesis, and combination therapies designed to target multiple oncogenic pathways are likely
to be more effective. In our study, the combination of AEE788, which is a dual receptor TKI of
both EGFR and VEGFR, with the specific COX-2 inhibitor celecoxib not only demonstrated

Fig 8. Combined AEE788/Celecoxib impairs FOXM1- β-catenin interaction. To determine subcellular localization of β-catenin and FOXM1, both Caco-2
(A) and HCT-116 (B) cells were exposed to AEE788 (2.5 βM) and/or celecoxib (10 μM) for 6 h, stained for β-catenin (green) and FoxM (red)
immunofluorescence, and counterstained with DAPI (blue). Merged images of β-catenin, FOXM1 and DAPI staining are also shown. Final magnification:
X400. C) Pearson´s coefficient analysis was performed for the co-localization in cell nuclei of β-catenin and FOXM1. Data are means ± SEM of three
independent experiments (*p <0.05, compared with the control). D) Cell extracts of Caco-2 cells after 6 h of the indicated treatments were subjected to IP
using β-catenin antibody or control IgG, followed by IB with FOXM1 antibody.

doi:10.1371/journal.pone.0131363.g008

Fig 9. Combined AEE788/ Celecoxib treatment in colon cancer cells impairs colonosphere formation capability.Colon cancer cells were pre-treated
with 2.5 µMAEE788 as a single agent or in combination with 10 µM celecoxib in the presence of 100 ng/mL EGF for 48h, and then cells were seeded at
clonal density with serum free medium in low-adherence plates. After seven days, the number (A), size (B) and appearance (C) of formed colonospheres
were evaluated by light microscopy. Spheres size was quantified in micrograph with the imaging software (Image J software). (Final magnification: X100,
scale bar corresponds to 100 microns. Data are means ± SEM of three independent experiments (*p <0.05, compared with the control; # p<0.05, compared
with AEE788-treated cells).

doi:10.1371/journal.pone.0131363.g009
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enhanced efficacy to inhibit colon cancer cell proliferation, migration and angiogenesis but
also reduced colon CSCs subpopulation by targeting stemness-related pathways.

AEE788 has been reported previously to exert both apoptotic effects and cell cycle arrest in
various human cancer models [16–18]. Consistent with these data, we here show that AEE788
impaired EGFR downstream signaling, inhibiting cell proliferation, augmenting apoptotic cell
death and causing cell cycle arrest at G1 phase in Caco-2 cells, but not in K-Ras mutated
HCT116 cells. Accordingly, the transfection of mutant K-Ras into Caco-2 cells confirmed that
downstream activation of the EGFR-Ras-ERK pathway, abolished the antiproliferative activity
of AEE788. Therefore, the anti-tumoral activity of AEE788, alone or in combination with cele-
coxib, in colon cancer cells was strongly dependent on wild-type K-Ras status.

Several studies have shown that tumour cells express VEGF receptors and respond to auto-
crine and paracrine VEGF signals [19]. Our results support this hypothesis, since AEE788 was
able to inhibit VEGF-driven proliferation in Caco-2 cells. However, AEE788 is a weaker
VEGFR inhibitor as compared with its anti-EGFR activity [15]. In this regard, a pharmacody-
namic-based study showed effective inhibition of EGFR, but not of VEGFR at tolerable

Fig 10. Combined AEE788/celecoxib treatment downregulates stemness-related pathways in colorectal cancer cells. The expression of stem cell
markers Oct 3/4, Nanog and Sox-2 was analyzed by western blot in total cell extracts of colon cancer cells after 6h of indicated treatments. The expression of
-actin is included as loading control. The corresponding densitometric analysis is also shown. Data are means ± SEM of three independent experiments
(*p <0.05, compared with the control; # p<0.05, compared with AEE788-treated cells).

doi:10.1371/journal.pone.0131363.g010
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AEE788 doses, which led to the termination of the AEE788 drug development program [30].
On the other hand, an autocrine loop involving VEGF induction of COX-2 expression and
prostaglandin synthesis, which in turn induces VEGF production has been described [20,21].
Notably, we have shown that the combination with COX-2 inhibitors intensified the antitu-
moral effects of AEE788. Moreover, the existence of this autocrine VEGF signalling is sup-
ported by our observation that the inhibition of VEGF-A mRNA levels, VEGF165 protein
secretion, and angiogenic activity of conditioned medium in AEE788-treated Caco-2 cells was
significantly intensified by celecoxib. COX-2 is a pleiotropic enzyme that mediates many cellu-
lar functions, including cell motility [31,32], and accordingly our data shows that celecoxib effi-
ciently inhibited Caco-2 cells migration. Moreover, the combined treatment of celecoxib with
AEE788 had a greater impact on cancer cell migration in agreement with previous studies sug-
gesting crosstalk between EGFR and COX-2 [33].

It is known that prostaglandin E2, a COX-2-derived eicosanoid, promotes colon cancer cell
growth by strengthening wnt/β-catenin signaling [34]. Besides, the biological effects of PGE2
are mediated by EP receptors, which has been reported to transactivate EGFR [35,36]. There-
fore, the crosstalk between EGFR and COX-2 may also have an important role in regulating
stemness-related pathways, such as wnt/β-catenin pathway, in colon cancer. In supporting this
notion, we found that the combined AEE788/celecoxib treatment drastically reduced nuclear
β-catenin levels in colon cancer cells. Although the molecular mechanisms underlying the β-
catenin nuclear localization remain unclear, a recent study have shown that the direct interac-
tion of forkhead box M1 (FOXM1) transcription factor with β-catenin is necessary and suffi-
cient for its nuclear localization and transcriptional activation in glioma tumor cells [26].
Interestingly, EGFR/RAS signaling leads to FOXM1 activation and nuclear translocation
[37,38], and our data support that the capability of the combined inhibition of EGFR and
COX-2 to impair the nuclear localization of β-catenin may be related to the disturbance of this
FOXM1/β-catenin axis. Indeed, our study demonstrates that the combined AEE788/celecoxib
treatment reduces the interaction of both proteins, as indicated by the co-immunoprecipitation
assays. This will also explain why AEE788 was more effective in the reduction of stem charac-
teristic in colon cancer cells.

The presence of cancer stem cells (CSCs) in tumours is likely one of the main reasons why
current oncologic therapies are poorly effective in preventing tumour progression, metastasis
and recurrence [10]. Therefore selective elimination of CSCs may become a necessary step for
an effective treatment in colorectal cancer [39]. In our study, the combined treatment of
AEE788 with celecoxib significantly reduced the capacity of colon cancer cells to grow forming
colonospheres, a functional assay for the ability of self-renewal that is characteristic of CSCs.
This effect may be related to the impact that this treatment had on β-catenin subcellular loca-
tion. Wnt/β-catenin signaling plays a critical role in CSCs, including colon CSCs [39], and pre-
vious studies have shown that levels of β-catenin regulate the activity of pluripotent markers
such as Oct3/4, Nanog and Sox2 [40–42]. Accordingly, we here have shown that the treatment
with AEE788, specially when combined with celecoxib, significantly reduced the expression of
Oct 3/4, Nanog and Sox-2 in colon cancer cells. Importantly, the increased expression of either
SOX2 or nuclear β-catenin have been shown to be associated with distant metastases in colo-
rectal cancer [43], underlining the importance of these stemness-associated factors for distant
spread in this disease.

In summary, our study shows that the combined treatment of AEE788 and celecoxib not
only demonstrated enhanced anti-tumoral efficacy in colorectal cancer cells, but also reduced
colon CSCs subpopulation by targeting stemness-related pathways. Our data support the
notion that the combined inhibition of EGFR and COX-2 in colorectal cancer cells disturbs
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FOXM1/β-catenin axis impacting CSC subpopulation, and therefore might improve the effi-
cacy of existing therapies in colorectal cancer.

Supporting Information
S1 Fig. AEE788 Inhibits VEGF-driven cell proliferation in colorectal cancer cells. VEGF-
driven (50 ng/ml) cell proliferation was evaluated after 48 h of treatment with different doses
of AEE788. Data are means ± SEM of three independent experiments (�p<0.05, compared
with the control).
(TIF)

S2 Fig. Transient expression of mutant K-RAS gene in Caco-2 cells reduces the antiproli-
ferative effect of AEE788. Caco-2 cells were transiently transfected with pBabe K-Ras 12V
plasmid and the EGF-independent ERK1/2 phosphorylation confirmed downstream activation
of the EGFR-Ras-ERK pathway in these cells (A). Cells transfected with mutant (12V) K-Ras
showed reduced sensitivity to the antiproliferative effect of AEE788 (B). Data are
means ± SEM of three independent experiments (�p<0.05).
(TIF)

S3 Fig. Prostaglandin E2 (PGE2) production and cyclooxygenase-2 (COX-2) expression in
AEE788/celecoxib-treated colorectal cancer cells. PGE2 levels were evaluated in whole cell
lysates after 12 h of the indicated treatments. Data are means ± SEM of three independent
experiments (�p<0.05, compared with the control) (A). Cells were treated for 6 h to the indi-
cated treatments and COX-2 expression was analyzed by western-blot in whole cell extracts.
Expression of β-actin is included as loading control.
(TIF)

S4 Fig. The phosphorylated and non-phosphorylated forms of EGFR, VEGFR2, ERK 1/2,
AKT and Stat3 were detected using an antibody array kit (as described under Material and
Methods) in cells grown in the presence of EGF (100 ng/mL) and treated with AEE788
(2.5 µM) and/or celecoxib (10 μM) for 6h. The array images were captured and quantification
of phosphorylated forms ((normalized to their corresponding non-phosphorylated counter-
parts) was done using Image-Lab software (Biorad-Molecular Images, ChemiDoc XRS). Data
are means ± SEM of three independent experiments (�p<0.05, compared with the control).
(TIF)

S5 Fig. Formed colonospheres are derived from single cells. Lipophilic fluorescent labeling
was performed to confirm that individual colonospheres were derived from single cells. Equal
numbers of DiI (Red)- or DiO (Green)-labelled cells were mixed prior to seeding at clonal den-
sity to perform the colonosphere formation assay, as described under Materials and Methods.
The assay resulted in the formation of DiI (Red)- or DiO (Green)-labelled spheres, whereas
mixed labeled colonospheres were not observed, thus confirming that tumorospheres are
derived from single cells. (Final magnification: X200, scale bar corresponds to 100 microns).
(TIF)

S6 Fig. Colonospheres formed by Caco-2 and HCT-116 cells have increased expression of
pluripotency-related proteins. A) The expression of the stem-related proteins Oct 3/4, Nanog
and SOX-2 were analyzed in total cell extracts using an antibody array as described in Materials
and Methods. Data are shown as fold change in cells growing as colonospheres compared to
parental adherent cell cultures. B) The expression of β-Catenin and Ep-CAM was analyzed in
both Caco-2 and HCT-116 cells grown as colonospheres and parental adherent growing cells
spheres. The expression of -actin is included as loading control. Data are means ± SEM of three
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independent experiments (�p<0.05, compared with the control).
(TIF)
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