
Abstract. Esophageal cancer is one of the most aggressive
cancers in the world. Novel preventive and therapeutic
strategies tend to target the key molecules involved in the
signaling transduction pathways for cell growth. It is known
that FAK and mTOR are important controllers of cell growth.
TAE226, a novel small molecule compound, is a potent ATP
competitive inhibitor of FAK and IGF-IR. TAE226 can block
FAK and IGF-IR signaling pathways. The purpose of this
study was to explore the inhibitory effects on mTOR
signaling and the mechanism of cell growth suppression by
TAE226. We examined the expression of mTOR and S6 in
esophageal cancer cells (SEG-1) and normal esophageal
epithelial cells (KOB-13) and the efficacy of TAE226 against
SEG-1 cells. mTOR and S6 were overexpressed in SEG-1
cells compared with KOB-13 cells. TAE226 inhibited the
expression of mTOR, Akt, p70S6K and S6 as well as the
phosphorylation of mTOR (Ser2448), Akt (Ser473), p70S6K
(Thr389) and S6 (Ser240/244). As a result, TAE226 induced
a dose-dependent decrease in cell growth (number) and
damage in the cell shape. Together, these data show that
TAE226 has potent inhibitory effects on mTOR signaling and
esophageal cancer cell growth indicating that TAE226 has
potential application in esophageal cancer treatment.

Introduction

Esophageal cancer is one of the most aggressive cancers in the
world. The incidence rate of esophageal carcinoma differs
greatly among different regions and countries depending on
race, eating habits and environment. It is estimated there are
462,000 newly occurring cases and 38,600 deaths per year, the
death to incidence ratio reaching 0.8 (1-4).

Focal adhesion kinase (FAK), MW 125 kDa, is a member
of a family of non-receptor protein-tyrosine kinases
expressed in normal and cancer cells. FAK can regulate cell
proliferation, motility, invasion, apoptosis, death and
angiogenesis (5-8). Growth factors and integrins can arouse
the autophosphorylation of FAK on tyrosine 397 (Tyr397)
and then lead to the phosphorylation of several other tyrosine
residues, including Tyr407, 576, 577 and 925. Finally, Tyr861
becomes highly phosphorylated (9-11). Differences in the site
of FAK tyrosine phosphorylation may contribute to the
formation of signaling complexes which promote different
biological effects. FAK is overexpressed in many tumors and
can promote tumor growth.

IGF-IR belongs to the insulin receptor family and is
mainly involved in the regulation of cell proliferation, anti-
apoptosis, differentiation and cell motility. IGF-IR is an
intromembraneous receptor protein-tyrosine kinase, which
can be activated by IGF-I and IGF-II. IGF-IR is expressed in
almost all cells and overexpressed in tumors (12-14). IGF-IR
is crucial for the proliferation and invasion of malignant cells,
but is only partially involved in normal cell growth.

TAE226, a novel small molecule compound, is a potent
ATP competitive inhibitor of FAK and IGF-IR. TAE226 can
block FAK and IGF-IR signaling pathways, which can result
in the inhibition of growth and invasion of malignant cells, the
disruption of cell cycle progression and the induction of
apoptosis. It is known that TAE226 can effectively inhibit
the proliferation of glioma (15,16). We recently reported that
TAE226 can inhibit the growth of esophageal cancer cells
in vitro and in vivo (17).
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It is well recognized that the PI3K/Akt signaling pathway
is connected with the FAK and IGF-IR signaling pathways
(18-21). TAE226 prevents the phosphorylation of FAK and
IGF-IR, leading to changes in the activity of Akt and S6 and
the inhibition of cellular proliferations (15,16). In the PI3K/
Akt/mTOR pathway, Akt is the upstream regulating kinase of
mTOR, while S6 is the downstream target of mTOR, so
TAE226 may inhibit the activity of mTOR.

In this study, we treated the esophageal cancer cell line
SEG-1 with TAE226 to observe changes in the activity of
mTOR and S6, to show the regulation of the FAK/PI3K/
mTOR signaling pathway on S6 and at least show that the
signaling pathway has a partial role in cell growth regulation.
Our data showed the inhibitory effects of TAE226 on mTOR
signaling and esophageal cancer cell growth.

Materials and methods

Cell lines and culture conditions. To assess the levels of
mTOR and S6 in human esophageal cancer as well as the
effects of TAE226 on mTOR signaling, we used the cell lines
SEG-1 (esophageal cancer cell line, a generous gift from
Dr David Beer, University of Michigan) and KOB-13 (primary
normal esophageal epithelial cells). SEG-1 cells were
maintained as monolayer cultures in DMEM with L-glutamine
(Sigma) supplemented with 10% fetal bovine serum (FBS) and
100 U/ml penicillin G, 100 mg/ml streptomycin (FBS, Hyclone
and penicillin/streptomycin, Sigma). KOB-13 cells were
maintained as monolayer cultures in KSFM (L-glutamine+,
Invitrogen) supplemented with EGF and BPE (Invitrogen). Cell
cultures were maintained and incubated at 37˚C in humidified
air with 5% CO2. Cellular morphology was observed through a
light microscope during culture and experiments.

Reagents. TAE226, a dual tyrosine kinase inhibitor of FAK
and IGF-IR, was synthesized and generously provided by
Novartis Pharma AG (Basel, Switzerland) through a materials
transfer agreement with Okayama University. TAE226 was
dissolved in DMSO (Sigma Chemical Corp., St. Louis, MO) to

a stock concentration of 20 mmol/l, stored at -20˚C, and
further diluted to an appropriate final concentration with
culture media before use. DMSO in the final solution did not
exceed 0.1% (v/v).

Measurement of cell proliferation. The antiproliferative
activity of TAE226 on SEG-1 cells growing in culture was
determined using a trypan blue exclusion assay. SEG-1 cells
(1x104/well) were seeded directly in 24-well culture plates
with medium for 24 h before drug treatment. Subconfluent
cells were treated with different concentrations of TAE226
(0.5, 0.75 and 1 μM) for 48 h. Cells were harvested on the
indicated day after treatment with trypsin, stained with trypan
blue and counted using a hemacytometer. Growth curves were
drawn using Microsoft excel software.

Cell shape assay. SEG-1 cells (3x105/well) were seeded
directly in 6-well culture plates with medium for 24 h before
drug treatment. Cells were then treated with different
concentrations of TAE226 (0.1, 1, 3, 6 and 12 μM) for 24 and
48 h. Cells were imaged with a digital camera mounted to a
light microscope (Olympus DP-70).

RT-PCR. Total RNA was prepared by RNAzol (Tel-Test Inc.,
USA) from SEG-1 and KOB-13 cells. RNA was reverse
transcribed with a PrimeScript 1st strand cDNA Synthesis kit
according to the instructions of the manufacturer (Takara
Biotechnology Co. Ltd., Japan). An input of 1 μg total RNA
was used for each reaction. Subsequent PCRs to detect
mTOR and ß-actin were carried out for 25, 30 and 35 cycles
at the appropriate annealing temperature for the following
pairs of primers: mTOR, forward: 5'-GAC CGT CTG AGT
GGG AAG-3', reverse: 5'-TTA CCA GAA AGG GCA
CCA G-3', the predicted fragment was 612 bp; ß-actin,
forward: 5'-TTCCAGCCTTCCTTCCTG -3', reverse: 5'-CGG
ACTC GTCATACTCCTGCT-3', the predicted fragment was
313 bp. Reactions were run in triplicate in two independent
experiments. The PCR products were then electrophoresed
and photos were taken by an electronic UV transilluminator
(Ultralum, Inc.). mTOR gene PCR products were sequenced
by Applied Biosystems.

Antibody. The following primary antibodies were used in this
study: anti-mTOR, purchased from Epitomic Inc., anti-
phosphorylated mTOR (Ser2448), anti-phosphorylated
p70S6K (Thr389), anti-S6, anti-phosphorylated S6 (Ser240/
244), anti-Akt and anti-phosphorylated Akt (Ser473), pur-
chased from Cell Signaling Technology, Inc., anti-p70S6K,
purchased from Santa Cruz, and anti-ß-actin, purchased from
Sigma-Aldrich.

Western blot analysis. SEG-1 cells were plated onto 6-well
plates at a concentration of 3x105 per well and then incubated
for 24 h with medium. On the following day, cells were
treated with different concentrations of TAE226 (0.1, 1, 3 and
6 μM) for 48 h. Cell cultures were collected after treatment
with trypsin and washed with cold PBS three times. Cells then
were dissolved in a cell lysis buffer containing 20 mM Tris
(pH 8.0), 137 mM NaCl, 10% Glycerol, 5% Triton X-100,
0.2% Na2VO4 and 0.4% EDTA. Ten microliters PMSF (0.1 M)
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Figure 1. TAE226 suppresses growth of SEG-1 cells. TAE226 treatment
started at day 1 and cell number in each condition was counted every 24 h
until day 8. Each plot represents average cell number of triplicate and error
bars represent standard deviation. Each plot mark represents the following:
(u), control (DMSO only); (n), 0.5 μmol/l of TAE226; (s), 0.75 μmol/l of
TAE226; (l), 1 μmol/l of TAE226.
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and 10 μl ALT (10 mg/ml) were added to each 1 ml lysis
buffer just before use. The buffer solution was iced for 15 min
and centrifuged at 15,000 rpm at 4˚C for 20 min. The
concentration of protein lysates was measured by the Bio-
Rad protein determination method (Bio-Rad Laboratories,
Hercules, CA). Equal amounts (40 μg) of protein were
electrophoresed under the conditions in 12 or 8% (w/v)
polyacrylamide gels. Proteins were then transferred to
Hybond-polyvinylidene difluoride transfer membranes
(Amersham, Arlington Heights, IL) and incubated with the
primary antibodies at 4˚C overnight, followed by incubation
with peroxidase-linked secondary anti-bodies at room
temperature for 1 h. Amersham chemiluminescence Western
system (Amersham) was used for signal detection.

Statistical analysis. Descriptive statistics were generated for
all quantitative data, with presentation of the mean ± SD.

Results and Discussion

TAE226 inhibited cell proliferation and damaged cell
morphology in SEG-1 cells. FAK plays a critical role for
integrin-mediated cell adhesion in the cultured adherent cells
to maintain their growth and proliferation. In order to
determine an inhibitory effect of TAE226 on cell growth, the
anti-proliferative effect was examined by drawing growth
curve. After seeding SEG-1 cells in plastic culture plates, the
cells were treated with different concentrations of TAE226
(0, 0.5, 0.75 and 1 μM) from the next day (day 1). The
medium with the drug was refreshed every 48 h to continue
the cell culture. The number of cells was counted everyday

(day 1-8) by a trypan blue exclusion assay to draw growth
curve for each condition. SEG-1 cells appeared to be sensitive
to TAE226, which is consistent with our previous report,
where IC50 of the inhibitor was 0.47 μmol/l in SEG-1 cells
(17). The cell proliferation was heavily inhibited and cell
density was not increased when the TAE226 concentration
exceeded over 0.75 μM during a 48-h treatment (Fig. 1).
Microscopic observation revealed that cell morphology was
severely damaged in 24 and 48 h (Fig. 2).

In recent years, preventive and therapeutic strategies for
targeting the key molecules involved in the signaling
transduction pathways of the cell proliferation, migration,
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Figure 2. TAE226 induces severe morphological damage of SEG-1 cells.
SEG-1 cells were treated with indicated concentrations of TAE226 and
microscopic images were taken at 24 h (A) and 48 h (B). Morphological
change was observed in 24 h and cell density was obviously decreased by
the treatment with the FAK inhibitor in a dose-dependent fashion.

Figure 3. Expression of mTOR and S6 were higher in SEG-1 cells than in
KOB-13 cells. (A) Expression of mTOR was detected by RT-PCR. (B)
Expression of mTOR and S6 were detected by Western blot analysis. mTOR
and S6 were overexpressed in SEG-1 cells compared with those in KOB-13
cells.

Figure 4. Activations of mTOR and its downstream molecules were inhibited
by TAE226 in SEG-1 cells. (A) The expression of mTOR, Akt, and S6 and
their phosphorylation status were examined by Western blot at 24 h (A) and
at 48 h (B) after the addition of TAE226. ß-actin was served as an internal
control.
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and the invasion of tumors have made great progress (22,23).
Many specific inhibitors have been discovered and are
beginning to be used in clinical trials against cancer. TAE226,
as a competitive inhibitor of ATP, can inhibit several tyrosine
kinases, in particular FAK and IGF-IR. It was confirmed that
TAE226 can suppress glioma proliferation in vitro and in vivo
(16). Our result shows that TAE226 can inhibit the proliferation
of SEG-1 cells in vitro and that TAE226 offers a therapeutic
intervention as a potential strategy for esophageal cancer.

mTOR and S6 were overexpressed in esophageal cancer
SEG-1 cells. The expression status of mTOR and its
downstream target S6 in SEG-1 cells was detected by RT-PCR
and Western blot analysis. The data showed that mTOR and
S6 were overexpressed in SEG-1 cells compared to the
normal esophageal epithelial cells (KOB-13) (Fig. 3).

mTOR, as a serine/threonine protein kinase, belongs to
the phosphatidylinositol kinase-related kinase super family,
and is the focus of recent research on signal transduction and
cell proliferation. It is believed that mTOR regulates the basic
biological process as a control regulator of cell growth (24).
Studies on the constitution of the mTOR pathway show that
there is a relationship between the disorganization of the
mTOR pathway and tumors (23,25). The mTOR signal,
together with the PI3K signal, controls the cell proliferation
of tumors (26,27). Our result indicates the accordance of the
active mTOR signaling and the high growth rate of cancer
cells. Since FAK can activate PI3K-Akt pathway to maintain
cell growth and survival, inhibition of FAK by TAE226
should modulate activity of mTOR and its downstream
signaling. Since we and other groups have shown anti-
proliferative and proapoptotic effects of TAE226 by inhibiting
PI3K-Akt pathway, we newly hypothesized that inhibition of
mTOR could also contribute to TAE226-mediated suppression
of cell growth.

FAK and IGF-IR inhibition by TAE226 inhibits activation of
downstream targets Akt, mTOR, p70S6K and S6. Next we
determined activities of Akt, mTOR and their downstream
molecules by Western blot analysis in order to explore a
possible inhibitory effect of TAE226 on mTOR signaling.
Fig. 4 showed that TAE226 inhibited activations of Akt and
mTOR as well as those of their downstream molecules such
as p70S6K and S6 in 48 h. Interestingly, 1 μmol/l of TAE226
treatment led to a faint reduction of p70S6K phosphorylation
and moderate decrease of S6 activity in 24 h while those
phosphorylations were almost completely abolished in 48 h.
Suppression of mTOR signaling by inhibition of FAK may
need a certain amount of time.

There is a great amount of evidence showing that S6 is a
downstream molecule of mTOR. mTOR regulates the
phosphorylation of S6 through S6K. The phosphorylated S6
combines with small subunits of ribosome, starting the
synthesis of related protein and cell proliferation (28,29). The
inhibition of TAE226 on FAK and IGF-IR can affect the
phosphorylation of S6 in glioma cells (15,16). We found that
the expression and the phosphorylation of Akt, p70S6K and
S6 were inhibited when esophageal cancer SEG-1 cells were
treated with TAE226. Furthermore, the effect was dose-
dependent. These data provided the direct evidence that there

is a possibility that FAK signaling contacts with mTOR
signaling, suggesting the presence of a signal transduction
pathway of FAK/PI3K/AKT/mTOR.

Although the function of FAK is not totally clear, it is
sure that the inhibition of FAK can affect the phosphorylation
of its downstream molecules and is related to cell proliferation
and death. We found that when FAK and IGF-IR were
inhibited by TAE226, not only phosphorylation, but also the
expression of Akt, mTOR and S6 were inhibited. Since FAK
is a non-receptor tyrosine kinase, these findings suggest that
FAK is involved in the regulation of some gene expression
besides its function as a kinase. Research about the mechanism
would be a useful future project. Another advantage to use a
specific inhibitor targeting a certain molecule which locates
upstream of mTOR is that expression and activities of mTOR
and related molecules are often upregulated in cancer compared
to normal cells/tissues (Fig. 3). Based upon this tendency,
TAE226, which was designated to target FAK and has an
additional inhibitory effect on IGF-IR, should be a good
candidate for a novel therapeutic agent with effective and
selective cancer treatment because of its reasonable suppressive
effect on mTOR signaling.

In conclusion, our data show the importance of the mTOR
signaling pathway on the regulation of cell proliferation and
the possible relationship between the FAK signal pathway
and the mTOR signaling pathway using the specific inhibitor
of FAK. TAE226 can inhibit the activity of mTOR and its
downstream molecule S6. TAE226 may be useful for
esophageal cancer treatment as a novel therapeutic
instrument.
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