
Abstract. The epidermal growth factor receptor (EGFR) is a
member of the EGFR family of receptors. EGFR and other
members of the EGFR family have been shown to play
significant roles in human cancer cell proliferation and
therefore present important molecular targets for the treatment
of cancer. The purpose of this study was to examine the effect
of the pan-erbB tyrosine kinase inhibitor CI-1033 against
esophageal squamous cell carcinoma in vitro and in vivo.
We selected 4 human esophageal squamous cell carcinoma
cell lines (TT, TE2, TE6, and TE10), and determined their
expression of EGFR and HER2. We examined the ability of
CI-1033 to inhibit cell growth in vitro and in vivo. EGFR and
HER2 were overexpressed in all 4 esophageal cancer cells. We
found that CI-1033 could inhibit the growth of esophageal
cancer cell lines in a dose-dependent manner with the
inhibition of phosphorylation of both MAPK and AKT. The
oral administration of CI-1033 exerted a significant
antitumor effect on esophageal cancer tumors in athymic
nude mice. Our results suggest that CI-1033 effectively
inhibits the growth of esophageal squamous cell carcinoma
which co-expresses both EGFR and HER2 with the inhibition
of phosphorylation of both MAPK and AKT. Furthermore,
in vivo animal studies of CI-1033 suggest that CI-1033 holds
significant clinical potential in esophageal cancer.

Introduction

Esophageal cancer is one of the most lethal cancers and the
5-year survival rate of patients diagnosed with esophageal
cancer is approximately 23% to 50%, even after complete
resection with lymph node dissection (1-6). For esophageal
cancers, comprehensive treatment with chemotherapy and/or

radiotherapy is performed as widely as surgical treatment.
Chemoradiotherapy has a significant effect against esophageal
cancer, but does not always yield a complete response (7,8).
Development of new therapies that would provide more
effective responses for a larger number of patients is clearly
needed for the treatment of human esophageal cancer.

The epidermal growth factor receptor (EGFR) (also known
as c-erbB1/HER1), c-erb2 (HER2/neu), c-erbB3 (HER3) and
c-erbB4 (HER4) are members of the EGFR superfamily and
play a key role in cancer development and progression.
EGFR and other EGFR family members become activated by
formation of EGFR/EGFR homodimers and EGFR/HER2
heterodimers after ligands, such as transforming growth
factor-· or EGF, bind to EGFR (9,10). These events lead to
the recruitment and phosphorylation of several intracellular
substrates, leading to mitogenic signaling and other cellular
activities. Two important signaling routes that are activated
by EGFR involve the Ras-Raf-MAPK and the PI3K-AKT
pathways, which are implicated in cell proliferation, survival
and gene expression (11).

The EGFR family is overexpressed in a significant
proportion of human cancers such as breast, lung, head and
neck, glioblastomas and thyroid, and have been shown to
play an important role in human cancer cell proliferation
(12-17). In esophageal squamous cell carcinoma, there is
frequent overexpression of EGFR and a correlation between
EGFR expression and prognosis has also been reported
(18,19). In addition, HER2 expression is detectable in a
variety of esophageal tumors (20). Our previous study found
that co-expression of EGFR and HER2 was observed in
approximately 90% of primary human esophageal squamous
cell carcinoma. Therefore, the EGFR family is an attractive
candidate target for cancer therapy and many different EGFR-
targeted molecular treatments have been attempted, such as
anti-receptor monoclonal antibodies, anti-ligand monoclonal
antibodies, ligand-toxin conjugates, scFv-toxin conjugates,
ligand-genistein conjugates and tyrosine kinase inhibitors
(21). Several studies and our previous study suggest that
combined treatment with drugs that target EGFR and HER2
might result in efficient inhibition of tumor growth in breast
cancer, head and neck cancer, and epidermoid and esophageal
carcinomas (22,23).

CI-1033 (formerly known as PD183805) is an orally
available pan-erbB tyrosine kinase inhibitor that irreversibly
inhibits signaling from all members of the EGFR family
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(24-26). Several studies have shown that CI-1033 inhibits the
growth of cancer cells including glioblastoma, bile duct,
breast and colon cancer (24,26-29). Treatment of athymic
nude mice bearing xenografts of various tumors with CI-
1033 results in highly significant suppression of tumor
growth. In this study, we examined the effects of CI-1033 on
cell proliferation, cell survival and signal transduction in
esophageal squamous cell carcinoma cells that express EGFR
and HER2.

Materials and methods

Reagents. The pan-erbB tyrosine kinase inhibitor CI-1033
was kindly provided by Pfizer Inc. (Groton, CT).

Cell lines and cell cultures. TT human esophageal squamous
cell carcinoma cells were obtained from the Health Science
Research Resources Bank (Osaka, Japan). TE2, TE6 and
TE10 human esophageal squamous cell carcinoma cells were
obtained from the Tohoku University Graduate School of
Medicine. All cell lines were maintained as monolayers at
37˚C and in a humidified atmosphere of 5% CO2 in the
presence of Dulbecco's modified Eagle's medium (DMEM;
Bioproducts, Walkersville, MD) or RPMI-1640 (Sigma-
Aldrich, St. Louis, MO) supplemented with 10% fetal
bovine serum (FBS; Gibco, Grand Island, NY), 100 IU/ml
of penicillin (ICN Biomedicals, Costa Mesa, CA), 100 μg/ml
of streptomycin (ICN Biomedicals, Aurora, OH), and 0.5 mM
of sodium pyruvate (Bioproducts).

Care of animals. Female athymic BALB/c nude mice, 4
weeks of age, were obtained from Crea Japan, Inc., Tokyo,
Japan. The mice were kept in sterilized cages equipped with
an air filter and sterile bedding materials and fed with
sterilized water and food throughout the study. The research
complied with national legislation and with company policy
on the care and use of animals and with related codes of
practice.

Reverse transcription-polymerase chain reaction. We used
human EGFR and HER2 primer kits (Maxim Biotech, Inc.,
San Francisco, CA) to confirm the expression of EGFR and
HER2 in the esophageal cancer cells. RNA was extracted
using Trizol (Life Technologies, Inc., Gaithersburg, MD,
USA) according to the instructions of the manufacturer. Total
RNA (1 ng) was reverse-transcribed in 20 μl of reaction
buffer containing 1 μl of oligo dT primer, 4 μl of 5X RNA
PCR buffer, 1 μl of 10 mM dNTPs, 2 μl of 0.1 M DTT, 0.5 μl
of RNA guard (Amersham Pharmacia Biotech, Bucking-
hamshire, UK) and 1 μl of Moloney murine leukemia virus
reverse transcriptase (Life Technologies). The cDNA
samples were amplified in 20 μl of a PCR reaction mixture
with each primer set and Taq-polymerase (AmpliTaq Gold,
Applied Biosystems, Tokyo, Japan). The primers used for
EGFR were 5'-CGTTGCTGGCTGCGCTCTG-3' and 5'-
AGCCACCTCCTGGATGGTC-3' (product size, 221 bp);
and for HER2, 5'-GCTGGCTCCGATGTATTTGATGGT-3'
and 5'-GTTCTCTGCCGTAGGTGTCCCTTT-3' (product
size, 495 bp). As a control, we amplified GAPDH by RT-
PCR with the following oligonucleotide primers: 5'-GTCAA

CGGATTTGGTCTGTATT-3' and 5'-AGTCTTCTGGGT
GGCAGTGAT-3' (product size, 560 bp).

Cell proliferation assay. Inhibition of the growth of esophageal
cancer cells in vitro was determined by counting cell number.
Cells (1x104) were seeded in each well of a 24-well plastic
culture plate and left overnight in DMEM or RPMI-1640
supplemented with 10% FBS. The next morning, the cells
were treated with the indicated concentrations of CI-1033
(0.1-5.0 nM) for several periods (1, 3, 5 and 7 days). After the
treatment, cells were counted with a Coulter Counter (Beckman
Coulter, Miami, FL). Triplicate wells were treated in each
experiment. The percent of cell proliferation was calculated
by this formula: treatment cell number/control cell number
x100 at each time.

Phosphorylation assay. We determined an indirect measure
of kinase activity in the cells by the detection of
phosphorylated MAPK and AKT (p-MAPK and p-AKT) on
immunoblots. Cells were incubated for 24 h and CI-1033
(1.0 nM) was added for a total drug exposure time of 72 h for
the treatment regimen. After the treatment, the cells were
lysed in 100 μl of ice-cold lysis buffer, and the protein was
then extracted by centrifugation for 5 min at 12,000 rpm at
4˚C. The protein concentration was measured and total
protein (40 μg) from each sample was electrophoresed on a
12.5% polyacrylamide gel and transferred to a nitrocellulose
membrane (Millipore Corporation, Billerica, MA). The
membrane was then blocked for 1 h in 5% skim milk at room
temperature, and incubated overnight at 4˚C with p44/42
MAPK, AKT, phospho-p44/42 MAPK and phospho-AKT
(all from Cell Signaling Technology Inc., Beverly, MA;
diluted 1:1000 in PBS). After the membrane was washed in
0.3% TBS-T (Tris buffer solution with Tween-20) three
times for 5 min each at room temperature, it was incubated
with anti-rabbit IgG, peroxidase-linked species-specific
whole antibody (Amersham Biosciences, Buckinghamshire,
UK) as a secondary antibody for 1 h at room temperature,
and washed again 3 times in 0.3% TBS-T under the same
conditions. Proteins were detected by ECL Western blotting
detection reagents and Hyperfilm ECL (both from Amersham
Biosciences).

Tumor growth studies. TT, TE6 or TE10 cells (1x106) were
suspended in 100 μl of PBS (phosphate buffered saline) and
injected subcutaneously into nude mice. Approximately 6
weeks after injection, the tumor (1 cm in diameter) was
resected aseptically and minced into 3-mm3 pieces. Next, host
mice were anesthetized with diethyl ether and a piece of
tumor was implanted into the left flank of each mouse. The
tumors were allowed to reach 30-100 mm3 in size (7 days
after tumor implantation), and the mice were randomly divided
into three groups of 6 animals each, and the treatment was
initiated. Two groups of mice were treated orally with 2.5 or
10 mg/kg of CI-1033 dissolved in 100 μl of PBS once a day
on days 1-5 of each week for 5 weeks. A control group
received oral PBS (100 μl) in the same manner. The mice
were monitored daily for signs of toxicity. Body weight and
tumor measurements were taken twice a week. The tumor
volume was calculated by this formula: tumor volume =
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length x width2/2, where length and width are the longer and
shorter dimensions of the tumor, respectively.

Statistical analysis. Results are presented as the mean ±
standard deviation (SD) and taken from at least 4 independent
determinations. Student's t-test was used for the statistical
analysis, and a difference was considered significant at p<0.05.

Results

EGFR and HER2 expression in esophageal cancer cells. As
shown in Fig. 1, expression of EGFR mRNA and HER2
mRNA in the esophageal cancer cell lines TT, TE2, TE6 and
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Figure 1. Expression of EGFR mRNA and HER2 mRNA in the esophageal
squamous cell carcinoma cell lines TT, TE2, TE6 and TE10 was evaluated
by RT-PCR. EGFR mRNA was detectable in all cell lines. HER2 mRNA
was also detectable in all cell lines although the expression level in TE10
was lower than in the other cell lines.

Figure 2. Inhibition of the growth of esophageal squamous cell carcinoma cell lines TT, TE2, TE6 and TE10 in vitro was determined by counting the cell
number. Cells (1x104) were seeded into each well of a 24-well plastic culture plate and left overnight in DMEM or RPMI-1640 supplemented with 10% FBS.
The cells were then treated with the indicated concentrations of CI-1033 (0.1-5.0 nM) for various times (1, 3, 5 and 7 days). After treatment, the cells were
counted using a Coulter Counter. The percent of cell proliferation was calculated by this formula: treatment cell number/control cell number x100. After one
day of treatment with CI-1033 (0.1-5.0 nM), significant inhibition of cell growth was observed in all cell lines at all concentrations of CI-1033 examined. The
dose of CI-1033 required to inhibit cell growth was as low as 0.1 nM. An inhibitory effect of CI-1033 on cancer cell growth was dose- and time-dependent.

Figure 3. CI-1033 treatment affects the Ras/MAPK and PI3K/AKT pathways.
We determined an indirect measure of kinase activity in cells by the detection
of phosphorylated MAPK and AKT (p-MAPK and p-AKT) on immunoblots.
Cells were incubated for 24 h and CI-1033 (1.0 nM) was added for a total
drug exposure time of 72 h. The protein concentration was measured and total
protein (40 μg) from each sample was electrophoresed on a 12.5% poly-
acrylamide gel and transferred to a nitrocellulose membrane. The membranes
were blotted with antibodies against MAPK, AKT, p-MAPK and p-AKT. CI-
1033 significantly inhibited the phosphorylation of MAPK in all cell lines,
TT, TE2, TE6 and TE10. On the other hand, the phosphorylation of AKT was
completely inhibited in the TT and TE10 cell lines but the inhibitory effect in
TE2 and TE6 was weak.
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TE10 was evaluated by RT-PCR. EGFR mRNA was detectable
in all cell lines. HER2 mRNA was also detectable in all cell
lines although the expression level in TE10 was lower than in
the other cell lines.

CI-1033 inhibition of esophageal cancer cell proliferation.
The effect of CI-1033 on esophageal cancer cell proliferation
was investigated in the TT, TE2, TE6 and TE10 cell lines
(Fig. 2). After one day of treatment with CI-1033 (0.1-5.0 nM)
significant inhibition of cell growth was observed in all cell
lines at all concentrations of CI-1033 examined. The dose of
CI-1033 required to inhibit the cell growth was as low as
0.1 nM. The inhibitory effect of CI-1033 on cancer cell growth
was dose- and time-dependent.

Effect of CI-1033 on phosphorylation of MAPK and AKT. We
evaluated the effects of CI-1033 on downstream intracellular
signaling through the EGFR family members in the TT, TE2,
TE6 and TE10 cell lines. Fig. 3 shows the result of Western
blot analysis. CI-1033 significantly inhibited the phosphoryl-
ation of MAPK in all the cell lines, TT, TE2, TE6 and TE10.
Alternatively, the phosphorylation of AKT was completely
inhibited in the TT and TE10 cell lines but the inhibitory
effect in TE2 and TE6 was weak.

Effect of CI-1033 treatment on the growth of xenografts in
nude mice. We examined the effect of CI-1033 against
xenografts of TT, TE6 and TE10 but not TE2 because it did
not form a tumor in nude mice. As shown in Fig. 4, the oral

administration of CI-1033 caused a marked growth inhibition
of all tumors at the end of the 5-week treatment period. This
effect was dose-dependent. Complete inhibition of tumor
growth was observed at the 2.5 mg/kg/day dose in the TE6
and TE10 tumors and the 10 mg/kg/day dose in the TT, TE6
and TE10 tumors (p<0.01). No mouse died during this period.
In all doses, there was <10% weight loss in the treated mice
for the duration of the treatment (data not shown). No increase
in major toxicity such as superficial dermatitis, skin sores or
diarrhea was observed in the multidose studies.

Discussion

The activity of the EGFR family is tightly controlled by
positive and negative regulatory forces in normal cells
(30,31). However, many malignant cells have lost this ability
and display aberrant signaling, leading to overexpression of
EGFR family members, principally EGFR and HER2. The
overexpression and activation of EGFR and HER2 result in a
cascade of downstream substrate activation, leading to a
number of processes important to cancer development and
progression, including cell proliferation, apoptosis, angio-
genesis, and metastasis. HER2 is the preferred dimerization
partner for other members of the EGFR family, and hetero-
dimerization with EGFR and HER2 generates the most potent
intracellular signals (9,10). There is rich crosstalk between
EGFR and HER2 that regulates the cellular effects mediated
by these receptors (9,32-36). Therefore, it is reasonable to
target both EGFR and HER2 in order to inhibit the proliferation
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Figure 4. Growth of esophageal cancer s.c. xenografts in nude mice is inhibited by CI-1033. Esophageal squamous cell carcinoma tumors were established by
implanting a 3-mm3 piece of tumor into the left flank of each mouse. Seven days after tumor implantation, two groups of mice were treated orally with 2.5 or
10 mg/kg of CI-1033 dissolved in 100 μl of PBS once a day on days 1-5 of each week for 5 weeks. A control group received oral PBS (100 μl) in the same
manner. The oral administration of CI-1033 caused a marked growth inhibition of all tumors at the end of the 5-week treatment period with doses of 2.5 and
10 mg/kg. This effect was dose-dependent. Complete inhibition of tumor growth was observed at the 2.5 mg/kg/day dose against the TE6 and TE10 tumors
and the 10 mg/kg/day dose against the TT, TE6 and TE10 tumors (p<0.01).
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of cancer cells stimulated by their signals. Recent studies
have shown that dual EGFR-HER2 targeting with mAb or
tyrosine kinase inhibitor results in enhanced inhibition of
cancer cell proliferation expressing both EGFR and HER2 in
breast, head and neck and pancreatic cancer (37-41).
Simultaneous blockade of different molecular sites within the
EGFR family network may diminish potential compensatory
mechanisms by tumor cells compared with a single target
approach against EGFR and HER2.

Junttila et al reported that erbB mRNA levels measured
by RT-PCR closely correlated with protein levels in cancer
cell lines (42). In this study, EGFR mRNA and HER2 mRNA
were detectable in all 4 esophageal cancer cell lines by RT-
PCR and flow cytometric analysis showed almost the same
result as RT-PCR (data not shown). This study and others
have demonstrated that esophageal squamous cell carcinoma
cells express higher levels of EGFR and HER2 compared
with other types of malignant cells (18,20). In addition, a
correlation between EGFR expression and prognosis of
esophageal cancer has also been reported (19). Therefore,
this may suggest that targeting therapies against EGFR and
HER2 may be promising for esophageal cancer. We
demonstrated previously that the anti-EGFR mAb C225
could inhibit the growth of esophageal cancer cells.
Furthermore, combined treatment with C225 and the anti-
HER2 mAb trastuzumab induced a robust inhibition of
esophageal cancer proliferation although trastuzumab alone
did not inhibit the proliferation in vitro. In this study, we
demonstrated a dramatic growth suppressive effect of CI-
1033 on esophageal cancer cells in vitro and in vivo.

CI-1033 is a potent pan-erbB tyrosine kinase inhibitor
that inhibits signaling from all members of the EGFR family
including EGFR and HER2. The expression of HER3 and
HER4 in esophageal cancer has been reported but their
role in cancer development and progression is not clear
(43-45). A recent study demonstrated that the overexpression
and/or activation of HER3 and HER4 correlated with poor
tumor prognosis in breast cancer and other cancers (46).
Blockade of HER3 and HER4 signaling by CI-1033 may also
contribute to its anti-tumor effects on esophageal cancer
cells.

There is growing evidence that signal transduction
through the EGFR family has been shown to be mediated
through two major pathways resulting in the activation of
AKT and MAPK, which have both been associated with
mitogenesis and cell survival (47). Nelson and Fry reported
that CI-1033 significantly reduced the constitutively activated
components of both pathways in human breast carcinomas
(24). In this study, we have found that CI-1033 produced
an almost complete reduction in the levels of MAPK phos-
phorylation in all 4 esophageal cancer cell lines and that of
AKT in TT and TE10 cells. However, it did not completely
inhibit the phosphorylation of AKT in the other 2 cell lines.
The signaling pathways which induce apoptosis in cancer
cells have been varied and tend to depend on the genetic
background and origin of the cancer cell (48). Other growth
factor receptors, such as FGF receptors, may be associated
with the activation of the AKT signaling pathway in these
cell lines (49). Nelson and Fry also demonstrated that p38
activation in the basal state of cancer cells is necessary for

the induction of apoptosis by CI-1033 through its inhibition of
the two major survival pathways (24). Esophageal cancer
cells may exhibit highly activated p38 in the basal state
although we have not verified this. Potential cancer therapies
must not only inhibit cell growth in vitro but also must
be able to inhibit tumor growth in the complex in vivo
environment. Several researchers have reported that CI-1033
treatment of athymic nude mice bearing xenografts of
epidermoid carcinoma, non-small cell lung carcinoma,
glioblastoma, and breast and colon cancer results in highly
significant suppression of tumor growth (26,27,50). Our
study showed that treatment with CI-1033 completely
prevents the growth of esophageal squamous cell carcinoma
xenografts. CI-1033 therapy for esophageal cancer may hold
significant clinical potential because esophageal cancers
simultaneously express higher levels of EGFR and HER2
compared with other malignancies.

CI-1033 treatment might induce potent adverse effects
when used in patients. However, Slichenmyer et al reported
that CI-1033's action appears to be highly specific for the
EGFR family with no inhibitory activity against other protein
kinases even at high concentrations, and such selectivity may
explain the minimal toxicity observed in multidose animal
studies (26). In addition, Mendelsohn and Baselga suggested
that normal epithelial cells may be less susceptible than
malignant cells to cytotoxicity from EGFR therapy because
growth factors generally do not serve as survival factors for
epithelial cells (51). In this study, adverse events such as
diarrhea and skin rash were not observed in multidose studies
in vivo.

Experimental data reported by Gieseg et al indicates that
the combination of CI-1033 and cisplatin results in synergistic
in vitro growth inhibition of the EGFR-overexpressing
human squamous cell line A431 (25). Since cisplatin is one
of the most active chemotherapeutic agents for the treatment
of esophageal cancer, enhanced antitumor activity by the
combination of this drug and CI-1033 may be observed in
clinical trials. In addition, some studies indicate that CI-1033
has synergistic effects when combined with ionizing radiation
in breast, colon cancer and bile duct carcinoma (27,28,52). If
CI-1033 is used in esophageal cancer therapy in the future,
the concurrent use of other treatment strategies, such as
chemoradiotherapy, should be included. In conclusion, this
study has shown that the pan-erbB tyrosine kinase inhibitor
CI-1033 effectively inhibits the growth of esophageal squamous
cell carcinoma which co-expresses both EGFR and HER2
with the inhibition of phosphorylation of both MAPK and
AKT. Furthermore, in vivo animal studies of CI-1033 suggest
that CI-1033 holds significant clinical potential in esophageal
cancer. Our results suggest that the antitumor effects of CI-
1033 might offer a new therapeutic approach in esophageal
squamous cell carcinoma which simultaneously expresses
EGFR and HER2.
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