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Abstract
Anaplastic thyroid carcinoma (ATC) is one of the most
aggressive human malignancies with a mean survival of
only 6 months. The poor prognosis of patients with ATC
reflects the current lack of curative therapeutic options
and the need for development of novel therapeutic
strategies. In this study, we report the results of a
preclinical study of AEE788, a dual inhibitor of epidermal
growth factor receptor (EGFR) and vascular endothelial
growth factor receptor (VEGFR) tyrosine kinases, against
ATC. AEE788 was able to inhibit the proliferation and
induce apoptosis of ATC cell lines in vitro. Administration
of AEE788, alone and in combination with paclitaxel, to
athymic nude mice bearing s.c. ATC xenografts inhibited
the growth of ATC xenografts by 44% and 69%,
respectively, compared with the control group. Further-
more, tumors from mice treated with AEE788, alone and
in combination with paclitaxel, showed increase in
apoptosis of tumor cells by f6- and 8-fold, respectively,
compared with the control group. The microvessel density
within the ATC xenografts was decreased by >80% in
the mice treated with AEE788 alone and in combination
with paclitaxel compared with the control group. Lastly,
immunofluorescence microscopy showed the inhibition of
EGFR autophosphorylation on the tumor cells as well as
the inhibition of VEGFR-2 autophosphorylation on tumor
endothelium. Considering the fact that curative options
seldom exist for patients with ATC, concurrent inhibition
of EGFR and VEGFR tyrosine kinases seems to be a valid
and promising anticancer strategy for these patients. [Mol
Cancer Ther 2005;4(4):632–40]

Introduction
Carcinomas of the thyroid gland account for f1% of all
new malignant diseases in the United States (1). Relatively
high cure rates can be achieved in well-differentiated
thyroid carcinomas, such as papillary and follicular thyroid
carcinomas. However, anaplastic thyroid carcinoma (ATC)
is one of the most aggressive human malignancies known
and carries a grave prognosis (2). Although ATC accounts
for only 1.6% of all thyroid cancers, the median overall
survival following diagnosis is only 6 months (3, 4). The
disease is usually well advanced by the time of diagnosis as
evidenced by the average presenting tumor size of f8 cm.
Ninety percent of the patients have extraglandular spread
at the time of diagnosis and 75% of the patients develop
distant metastasis (5, 6). Because ATC is such an aggressive
disease, it is staged by the American Joint Commission on
Cancer as stage IV regardless of tumor size, cervical lymph
node status, or metastatic status (7).

Although the treatment of ATC is frequently multidisci-
plinary, there is no effective cure. This may be due in part
to the rarity of this disease (and hence the lack of sufficient
research effort). Nevertheless, the inadequacy of the
current available treatment options suggests an urgent
need for development of novel treatment strategies.

Targeted molecular therapy for cancer is rapidly becom-
ing accepted as an established treatment strategy and has
shown promising results in several types of cancer (8). In
particular, preclinical and clinical studies of targeted
molecular therapy against epidermal growth factor recep-
tor (EGFR) have shown promising results against lung and
head and neck cancer (9, 10). EGFR is also frequently
overexpressed in various types of thyroid carcinomas
(11 – 16) and this overexpression has been shown to
correlate with poor prognosis in several studies (17, 18).
Recent work from our laboratory has shown that EGFR is
overexpressed in ATC tumors as well (19). Consistent with
these observations, inhibition of EGFR by using an anti-
EGFR antibody and a small-molecule inhibitor of EGFR
tyrosine kinase, AG 1478, has shown antiproliferative
effects against thyroid carcinoma cell lines in vitro (20, 21).
Despite observations that suggest EGFR as a valid
therapeutic target in thyroid cancer, this molecular targeted
approach has not been studied much in animal models.

It is well established that the activation of tumor-
expressed EGFR frequently results in increased produc-
tion of VEGF by the tumor cells (22–25). VEGF, a potent
proangiogenic molecule, is critical in establishing the
ingrowth of tumor vasculature (26). Furthermore, blockade
of EGFR has been shown to inhibit tumor-associated
angiogenesis in addition to its direct cytotoxic effects on
the tumor cells (22, 23, 27, 28). Specific inhibitors of EGFR,
such as PKI166 and ZD1839, have been shown to inhibit
both neovascularization in rat cornea model (29) and
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tumor-associated angiogenesis in an animal model of
renal cell carcinoma (30). Apoptosis of tumor-associated
endothelial cells has also been shown in response to
EGFR inhibition with small-molecule inhibitors (31).
Therefore, it has been postulated that dual blockade of
EGFR and vascular endothelial growth factor receptor
(VEGFR) will lead to greater inhibition of tumor-
associated angiogenesis compared with inhibition of
VEGFR alone (32).

In this article, we report that NVP-AEE788 (AEE788,
Novartis Pharma AG, Basel, Switzerland), a recently
described dual specific inhibitor of EGFR and VEGFR
tyrosine kinases (KDR and Flt-1; ref. 32), inhibited the
proliferation and induced apoptosis of ATC cell lines
in vitro . Furthermore, the administration of AEE788 to
athymic nude mice bearing ATC xenografts inhibited both
ATC tumor growth and tumor-associated angiogenesis.

Materials andMethods
Animals
Male athymic nude mice (ages 8 – 12 weeks) were

purchased from the animal production area of the National
Cancer Institute-Frederick Cancer Research and Develop-
ment Center (Frederick, MD). The mice were housed
and maintained in laminar flow cabinets under specific
pathogen-free conditions in facilities approved by the
American Association for Accreditation of Laboratory
Animal Care in accordance with current regulations and
standards of the U.S. Department of Agriculture, the U.S.
Department of Health and Human Services, and the NIH.
The mice were used in accordance with the Animal Care
and Use Guidelines of the University of Texas M.D.
Anderson Cancer Center (Houston, TX) under a protocol
approved by the Institutional Animal Care Use Committee.

Cell Lines and Culture Conditions
ATC cell lines C643 and K-4 were used. These cell lines

were obtained from Sai-Ching Yeung, M.D., Ph.D. (Depart-
ment of Endocrine Neoplasia and Hormonal Disorders,
University of Texas M.D. Anderson Cancer Center). The
cells were grown in RPMI 1640 supplemented with 10%
fetal bovine serum, penicillin, sodium pyruvate, and
nonessential amino acids. Adherent monolayer cultures
were maintained on plastic and incubated at 37jC in 5%
CO2 and 95% air. The cultures were free of Mycoplasma
species. The cultures were maintained no longer than
12 weeks after recovery from frozen stocks.

Reagents
AEE788 was generously provided by Novartis Pharma.

For in vitro administration, AEE788 was dissolved in DMSO
(Sigma-Aldrich Corp., St. Louis, MO) to a concentration of
20 mmol/L and further diluted to appropriate final concen-
tration in RPMI 1640 with 10% fetal bovine serum. DMSO in
the final solution did not exceed 0.1% v/v. For in vivo
testing, AEE788 was dissolved in N-methylpyrrolidone
and polyethylene glycol 300 1:9 (v/v). The AEE788
solution was prepared just before it was given to the
mice. Paclitaxel (Mead Johnson, Princeton, NJ) was

diluted 1:6 in Hank’s medium for i.p. injections. Propi-
dium iodide and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) were both purchased from
Sigma-Aldrich.

Western Immunoblotting
To show that AEE788 is able to inhibit the autophos-

phorylation EGFR in vitro , Western immunoblotting was
done. All cells were incubated in serum-free medium for
24 hours. Cells were incubated with AEE788 for 1 hour at
concentrations varying from 0.01 to 20 Amol/L before
addition of EGF (40 ng/mL) for 15 minutes. The cells were
then washed with PBS and lysis buffer was added [1%
Triton X-100, 20 mmol/L Tris (pH 8.0), 137 mmol/L NaCl,
10% glycerol (v/v), 2 mmol/L EDTA, 1 mmol/L phenyl-
methylsulfonyl fluoride, 20 mmol/L aprotinin-leupeptin-
trypsin inhibitor, 2 mmol/L sodium orthovanadate]. The
cells were scraped and centrifuged to remove insoluble
proteins. The samples were diluted in sample buffer [10%
SDS, 0.5 mmol/L Tris-HCl (pH 6.8), 1 mol/L DTT, 10% (v/v)
glycerol, 1% bromophenol blue) and boiled. The proteins
(100 Ag) were resolved by PAGE and electrophoretically
transferred onto nitrocellulose membranes. The membranes
were blocked with 5% (w/v) nonfat milk in 0.1% Tween 20
(v/v) in TBS, probed with rabbit monoclonal anti-EGFR
antibody (1:2,000, Upstate Biotechnology, Inc., Lake Placid,
NY) in 1% nonfat milk, and incubated with peroxidase-
conjugated sheep anti-rabbit IgG antibody (1:2,000, Amer-
sham Life Science, Inc., Arlington Heights, IL) in 1% nonfat
milk. The blots were also probed with rabbit anti-
phosphorylated EGFR (pEGFR) antibody (Tyr1068, Cell
Signaling, Beverly, MA) diluted 1:1,000 in 1% nonfat milk
and incubated with peroxidase-conjugated sheep anti-rabbit
IgG antibody (1:2,000). Phosphorylated mitogen-activated
protein kinase (pMAPK) rabbit antibodies (Cell Signaling)
were used at a concentration of 1:3,000 with anti-rabbit IgG
at 1:2,000 as the secondary antibody. Anti-MAPK mouse
antibody (Cell Signaling) was used at 1:2,000 dilutions. Anti-
h-actin was used at a 1:1,000 concentration followed by
horseradish peroxidase–conjugated donkey anti-rabbit IgG
(1:2,000) in 1% nonfat milk. Protein bands were visualized
using the Enhanced Chemiluminescence Plus Western
blotting detection system (Amersham Life Science).

Measurement of Cell Proliferation
To test the ability of AEE788 to inhibit the proliferation of

K-4 and C643 ATC cell lines in vitro , we used a MTT-based
assay. Cells (2,000 per well) were grown in RPMI 1640
supplemented with 10% fetal bovine serum in 96-well tissue
culture plates. After 24 hours, the cells were treated with
various concentrations of AEE788 (0–6 Amol/L) in RPMI
1640 supplemented with 2% fetal bovine serum. Because of
the concern that the DMSO in AEE788 preparation may affect
the experiments, the concentrations of DMSO in all the wells
were adjusted to a common concentration. However, this
concentration of DMSO was always <2 AL/mL. To measure
the number of metabolically active cells after a 3-day incuba-
tion period, we used a MTT assay as measured by a 96-well
microtiter plate reader (MR-5000, Dynatech Laboratories,
Inc., Chantilly, VA) at an absorbance of 570 nm.
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Measurement of Cell Death
To measure cell death, K-4 and C643 cells were plated

at a density of 2 � 105 cells/well in 38 mm2 six-well plates
(Costar, Cambridge, MA) and maintained for 24 hours
before treatment with AEE788. After 24 hours, AEE788
was added in various concentrations in RPMI 1640
supplemented with 2% fetal bovine serum. After 48 hours
of treatment with AEE788, the extent of cell death was
determined by propidium iodide staining of hypodiploid
DNA. The concentrations of DMSO in all the wells were
adjusted to a common concentration. Furthermore, this
concentration was always kept <2 Ag/mL. The treated
cells were resuspended in a Nicoletti buffer (50 Ag/mL
propidium iodide, 0.1% sodium citrate, 0.1% Triton X-100)
for 20 minutes at 4jC. Cells were then analyzed by flow
cytometry and the sub-G0/G1 fraction was measured.

Immunohistochemistry on MurineTumorTissue Sec-
tions

Immunohistochemistry was done with the following
antibodies: rabbit anti-pEGFR (Tyr1068), rabbit anti-EGFR
(Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-
pMAPK, rabbit anti-MAPK, rabbit anti-phosphorylated
VEGFR-2 (pVEGFR-2; Tyr1045, Santa Cruz Biotechnology),
and rat anti-mouse CD31-platelet/endothelial cell adhesion
molecule 1 (PharMingen, San Diego, CA). For EGFR
staining, paraffin-embedded sections were first dewaxed
in xylene. Excess xylene was removed by washing the
slides in ethanol. After treating the tissue with pepsin for 20
minutes at 37jC, the slides were washed thrice with PBS.
Endogenous blocking was done with 3% H2O2 followed by
protein blocking using 5% horse serum with 1% goat serum
(protein-blocking solution). After washing the slides in
PBS, the primary antibody (1:200 dilution) was added for
18 hours at 4jC. The slides were then washed with PBS
thrice, blocked again with protein-blocking solution for
1 hour, and incubated with horseradish peroxidase–
conjugated anti-rabbit antibody at 1:200 dilutions for 1 hour
at room temperature. The slides were washed again in PBS
thrice and then incubated with 3,3V-diaminobenzidine
tetrahydrochloride (DAB) for 10 minutes. After the excess
DAB was washed off, counterstaining was done with Gill’s
No. 3 hematoxylin.

For staining with antibodies against pEGFR, pMAPK,
total MAPK, pVEGFR-2, and CD31-platelet/endothelial
cell adhesion molecule 1, frozen tumors were sectioned
(8–10 mm thick), mounted on positively charged Super-
frost slides (Fisher Scientific, Houston, TX), air dried for 30
minutes, and fixed in cold acetone for 10 minutes. The
slides were washed thrice with PBS (pH 7.5), blocked for 20
minutes at room temperature in PBS supplemented with
1% normal goat serum and 5% normal horse serum
(protein-blocking solution), and incubated with primary
antibody (1:50 dilution for pEGFR, pMAPK, and total
MAPK antibodies, 1:400 dilution for pVEGFR-2, and 1:800
dilution for CD31-platelet/endothelial cell adhesion mole-
cule 1 antibody) for 18 hours at 4jC. The samples were then
washed thrice for 3 minutes and blocked with protein-
blocking solution for 10 minutes. For pEGFR, pMAPK, total

MAPK, and pVEGFR-2, the samples were then incubated
with Alexa Fluor 594–conjugated goat anti-rabbit IgG at
1:400 (Molecular Probes, Eugene, OR) for 1 hour at room
temperature in the dark. Samples were again washed thrice
for 5 minutes and then counterstained with 300 Ag/mL
Hoechst stain for 1 to 2 minutes at room temperature. The
slides were again washed and then mounted using propyl
gallate. CD31-platelet/endothelial cell adhesion molecule 1
staining was visualized using DAB chromogen. For this
purpose, the sections were washed with PBS and incubated
with blocking solution for 5 minutes. The sections were then
incubated with anti-rat secondary antibody conjugated
with horseradish peroxidase (1:800 dilution) for 1 hour at
room temperature. The slides were washed again in PBS
thrice and then incubated with DAB for 10 minutes. After
the excess DAB was washed off, counterstaining was done
with Gill’s No. 3 hematoxylin.

To assess the degree of intratumoral apoptosis, terminal
deoxynucleotidyl transferase–mediated dUTP nick end
labeling (TUNEL) staining was done using an apoptosis
detection kit (Promega, Madison, WI) with the following
modifications: tissues were fixed with 4% paraformalde-
hyde (methanol free) for 10 minutes at room temperature,
washed twice with PBS for 5 minutes, and then incubated
with 0.2% Triton X-100 for 15 minutes at room temperature.
Then, the tissue sections were incubated with reaction
buffer containing 44 AL equilibration buffer, 5 AL nucleo-
tide mix, and 1 AL terminal deoxynucleotidyl transferase at
37jC for 1 hour. The reaction was terminated by immersing
the samples in 2� SCC for 15 minutes. The samples were
then washed thrice for 5 minutes with PBS to remove
unincorporated fluorescein-dUTP.

Immunofluorescence microscopy was done using a Zeiss
Axioplan2 microscope (Carl Zeiss, Thornwood, NY)
equipped with a 100 W HBO mercury bulb and filter sets
(Chroma, Inc., Brattleboro, VT) to individually capture red
and blue fluorescent images. Images were captured using a
C5810 Hamamatsu color chilled three-chip charge-coupled
device camera (Hamamatsu, Japan) and digitized using
Optimas imaging software (Silver Spring, MD). To image
the DAB-stained paraffin section, the stained sections were
examined in a Microphot-FX microscope (Nikon, Melville,
NY) equipped with a three-chip charge-coupled device
color video camera (Model DXC990, Sony Corp., Tokyo,
Japan).

For quantitative analysis of TUNEL staining, the labeled
cells were counted in five random 0.159 mm2 fields (�100
magnification) per slide from a total of five slides per study
group. To quantify microvessel density (MVD), the labeled
endothelial cells were counted from five random 0.159 mm2

fields (�100 magnification) per slide from a total of five
slides per study group.

The photomontages were prepared using Photoshop
software (Adobe Systems, Inc., San Jose, CA).

In vivo s.c. Xenografts
The K-4 cell line was selected for this part of the

study because of its high tumorigenicity in nude mice.
K-4 cells were harvested from subconfluent cultures by
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trypsinization and washed. K-4 cells (2.5 � 106) were
injected s.c. into each mouse on the right flank under direct
visualization using a 30 gauge needle. The tumors were
allowed to develop during the following 7 days. After the
development of palpable tumors, the mice were random-
ized into four groups of 10 mice per each group, and the
drugs were given as follows: (a) AEE788 via p.o. gavages
at 50 mg/kg thrice weekly, (b) paclitaxel via i.p. injection at
200 Ag/injection once weekly, (c) both AEE788 via p.o.
gavages at 50 mg/kg thrice weekly and paclitaxel via i.p.
injection at 200 Ag/injection once weekly, and (d) 250 AL
N-methylpyrrolidone and polyethylene glycol 300 1:9 (v/v)
given via p.o. gavage and PBS given i.p. as placebo.

Twice weekly, the mice were weighed and tumor sizes
were measured. The volumes of the tumors were deter-
mined using the formula: V = (p/6)WL2, where W and L
represent measurements in two dimensions, with L being
the smaller dimension. Our animal protocol required that
the mice be sacrificed if they became moribund or lost
>20% of their weight. However, all the mice survived until
the end of the 6-week treatment period without weight loss
of >20% or morbidity. Therefore, all the mice were
sacrificed at the end of the treatment period. When the
mice were killed at the end of 6-week treatment period,
AEE788 and paclitaxel were given 2 hours before the
sacrifice.

For immunohistochemical and routine H&E staining, one
part of the tumor was fixed in formalin and embedded in
paraffin. Another part was embedded in OCT compound
(Miles, Inc., Elkhart, IN), rapidly frozen in liquid nitrogen,
and stored at �80jC.

Statistical Analysis
The nonparametric Wilcoxon rank-sum test was used to

assess differences in mouse tumor volume between each
treatment group and the control group. To check for a

difference between the combination treatment and the
single-agent groups, we ran a repeated-measures regres-
sion model with treatment, time, and treatment by time
interaction to compare the tumor volumes observed for the
group receiving AEE788 plus paclitaxel with the group
receiving paclitaxel alone. This methodology was also used
to compare tumor volumes in the group receiving AEE788
plus paclitaxel to the group receiving AEE788 alone.
TUNEL staining results and MVD counts were compared
by a two-sample Student’s t test. Best-fit curves were
generated for the MTT and propidium iodide assays and
used to determine the concentration at which 50% of the
drug effect (IC50) were exhibited.

Results
AEE788 Inhibits EGFRAutophosphorylation In vitro
We first examined the ability of AEE788 to inhibit EGFR

autophosphorylation (Fig. 1). Serum-starved K-4 cells did
not show EGFR autophosphorylation when examined
by Western blotting. However, the addition of EGF to
the serum-free medium for 15 minutes resulted in the
phosphorylation of both EGFR and MAPK. AEE788

Figure 1. AEE788 inhibits phosphorylation of EGFR and MAPK in vitro .
ATC cell line K-4 was serum starved for 24 h and then incubated with
increasing concentrations of AEE788 (0.01–20 Amol/L) for 1 h before the
addition of 40 ng/mL recombinant EGF for 15 min. Cells were then
harvested and Western blotting was done.

Figure 2. A, AEE788 inhibits the proliferation of ATC cell lines in vitro .
ATC cell lines K-4 and C643 were plated on 96-well plates at 2,000 cells
per well. Twenty-four hours after plating, the cells were treated with
increasing concentrations of AEE788 (0–6 Amol/L) for 72 h. The inhibitory
effect of AEE788 was then measured using a MTT assay. B, AEE788
induces the apoptosis of ATC cell lines in vitro . ATC cell lines K-4 and
C643 were plated on six-well plates at 1 � 105 cells per well. Twenty-four
hours after plating, the cells were treated with AEE788 (0–30 Amol/L) for
48 h. Cells were then collected, stained with propidium iodide, and
analyzed by flow cytometry for apoptotic fraction.
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was able to inhibit the EGF-induced autophosphorylation
of EGFR at 0.1 Amol/L. At a concentration of 1 Amol/L,
EGF-induced phosphorylation of MAPK was also
inhibited.

AEE788 Inhibits Proliferationof ATCCell Lines In vitro
After having shown that AEE788 is able to inhibit

the activation of tumor-expressed EGFR, we examined
the antiproliferative property of this agent on ATC cell
lines. ATC cell lines C643 and K-4 were incubated
with increasing concentrations (0–6 Amol/L) of AEE788
in RPMI 1640 supplemented with 2% serum. After 72
hours, the degree of proliferation was determined using a
MTT assay (Fig. 2A). Our previous experiences with these
cell lines showed that K-4 and C643 display approximately
three cell doublings within the 72-hour period (data not
shown). The proliferation of both C643 and K-4 cells was
inhibited by AEE788 in a dose-dependent manner. The IC50

was determined to be 2.13 Amol/L for C643 and 0.88 Amol/L
for K-4 cell line. The proliferation of K-4 and C643 cell
lines was decreased by f40% and 30%, respectively, at the
IC50. These MTT data were also confirmed by counting the
cells at 72 hours after treatment with AEE788 (data not
shown).

AEE788 Induces Apoptosis of ATCCell Lines In vitro
To examine the proapoptotic effects of AEE788, the

K-4 and C643 cell lines were treated with varying
concentrations of AEE for 48 hours. The degree of
apoptosis was then measured using propidium iodide
staining method (Fig. 2B). AEE788 induced apoptosis in
ATC cell lines in a dose-dependent manner. The K-4 cell
line was more sensitive than C643 to induction of apoptosis
by AEE788. The IC50s for induction of apoptosis were
found to be 12 Amol/L for C643 and 17 Amol/L for K-4.

However, the magnitude of apoptosis at the IC50 was
f35% for both cell lines and the maximal apoptosis of 70%
required relatively high concentration of >20 Amol/L
AEE788.

AEE788 Inhibits ATC Xenograft Growth In vivo
With respect to the xenografts assay, both AEE788 and

paclitaxel were able to inhibit the growth of ATC
xenografts generated with K-4 cell line in nude mice.
However, the highest growth inhibition was achieved by
the coadministration of AEE788 and paclitaxel (Fig. 3). At
the end of the 42-day treatment period, the mice treated
with paclitaxel, AEE788, and AEE788 plus paclitaxel
showed 44%, 58%, and 69% decreases, respectively, in the
mean estimated tumor volume compared with the control
group (P < 0.05). The difference in tumor volume for the
treatment groups was statistically significant compared
with the control group starting on treatment day 12. The
mean tumor volume of the group receiving the combina-
tion treatment was also compared with that of the groups
receiving AEE788 alone or paclitaxel alone. The difference
in mean tumor volumes of the paclitaxel treatment group
compared with combination treatment group became
statistically significant after treatment day 23 (P < 0.05).
However, there were no statistically significant differences
in the mean tumor volume between the mice treated with
AEE788 alone and those treated with both AEE788 and
paclitaxel.

AEE788 was well tolerated by the animals without
substantial adverse effects. The weights of the animals
remained constant throughout the treatment period (data
not shown) and none of the animals required sacrifice
before the end of the study.

AEE788 Inhibits EGFRAutophosphorylation and Indu-
ces Apoptosis of K-4 Tumor Cells In vivo

To show in vivo inhibition of EGFR autophosphorylation
by AEE788, immunohistochemical staining was done using
antibodies specific to EGFR and tyrosine-phosphorylated
EGFR (Fig. 4). Tumors from all the study groups
showed similar levels of total EGFR expression, whereas
only tumors from control mice or mice treated with
paclitaxel stained positive for pEGFR. To determine
whether the blockade of EGFR down-regulated any
elements of downstream signaling pathways, tumors
from the study groups were stained with antibodies
specific to MAPK and pMAPK (Fig. 4). Although the
level of MAPK expression was similar throughout the
study groups, pMAPK staining was absent in tumors of
mice treated with AEE788 alone or in combination with
paclitaxel.

To assess the degree of intratumoral apoptosis, the tumor
sections were stained using the TUNEL method (Fig. 5).
The mean numbers of apoptotic cells per unit area in the
tumors of control mice and the mice treated with paclitaxel
were 13.4 and 26.9, respectively (P < 0.05). However,
treatment with either AEE788 alone or in combination with
paclitaxel significantly increased the mean numbers of
apoptotic cells per unit area to 78.1 and 102.8, respectively
(Table 1; P< 0.001).

Figure 3. AEE788 inhibits the growth of ATC xenografts in nude mice.
K-4 cells were injected into the right flank of nude mice. After tumor
development, the mice (n = 10) were treated with p.o. gavage of AEE788
50 mg/kg thrice weekly, paclitaxel given via i.p. injection at 200 Ag/
injection once weekly, or both AEE788 50 mg/kg thrice weekly and
paclitaxel via i.p. injection at 200 Ag/injection once weekly. The control
mice received N-methylpyrrolidone and polyethylene glycol 300 1:9 (v/v),
which was used as the solvent for the AEE788. Points, mean tumor size
measured twice weekly; bars, SE.
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AEE788 Inhibits Endothelial Cell ^ Expressed EGFR
and VEGFR Autophosphorylation and Inhibits Tumor-
Associated Angiogenesis

To determine the effect of AEE788 on endothelial cell–
expressed EGFR and VEGFR-2, CD31/pEGFR and CD31/
pVEGFR-2 double labeling techniques were used (Fig. 5).
K-4 tumors from control mice or mice treated with paclitaxel
showed strong colabeling of fluorescent red CD31 staining

specific for endothelial cells with fluorescent green staining
of pVEGFR-2. Likewise, colabeling of fluorescent red for
endothelial cells with fluorescent green of pEGFR staining
was shown in tumors from control mice or mice treated
with paclitaxel. In contrast, autophosphorylation of endo-
thelial cell–expressed EGFR and VEGFR-2 was significantly
suppressed in K-4 tumors of mice treated with AEE788
alone or in combination with paclitaxel.

Figure 4. Immunohistochemical analysis. After 42 d of treatment with AEE788, paclitaxel, or AEE788 + paclitaxel, K-4 tumors were sectioned and
stained for EGFR, MAPK, pEGFR, and pMAPK as described in Materials and Methods. Treatment with AEE788, alone or in combination with paclitaxel,
inhibited the phosphorylation of EGFR and MAPK. Levels of expression for these proteins were similar throughout the study groups. Original
magnification, �100.

Table 1. Quantitative analysis of TUNEL and CD31 immunohistochemical staining

Control Paclitaxel AEE788 AEE788 + paclitaxel

TUNEL* (mean F SD) 13.4 F 9.2 26.9 F 18.4c 78.1 F 55.9c 102.8 F 55.7c

MVDb (mean F SD) 46.7 F 28.1 40.5 F 20.4x 6.7 F 7.8k 4.0 F 3.5k

*TUNEL staining was quantitated by counting the number of positively stained cells from five random 0.159 mm2 field (�100 magnification) per slide from a
total of five slides per treatment group.
cP < 0.05 compared with the control group (Student’s t test).
bMVD was quantitated by counting the number of positively stained cells for CD31 from five random 0.159 mm2 field (�100 magnification) per slide from a
total of five slides per treatment group.
xP = 0.381 compared with the control group (Student’s t test).
kP < 0.001 compared with the control group (Student’s t test).

Molecular Cancer Therapeutics 637

Mol Cancer Ther 2005;4(4). April 2005

Research. 
on March 16, 2018. © 2005 American Association for Cancermct.aacrjournals.org Downloaded from 

http://mct.aacrjournals.org/


Lastly, MVD was determined by staining tumor sections
for CD31-specific antibodies (Fig. 5). Treatment with
paclitaxel did not affect the tumor MVD significantly
compared with the control group. However, treatment
with AEE788 alone or in combination with paclitaxel
resulted in >80% inhibition of tumor-associated angiogen-
esis (Table 1; P < 0.001).

Discussion
The overexpression of EGFR has been implicated in the
pathogenesis and progression of many types of cancer.
In the normal thyroid gland, EGFR expression is
detectable albeit at a low level (11, 12, 33, 34). Compared
with the basal level of EGFR expression in the normal
thyroid gland, EGFR expression is significantly higher in
thyroid carcinoma cell lines (34) and is overexpressed in up
to 90% of follicular and papillary thyroid carcinoma
specimens (12). The status of EGFR expression in ATC
has not yet been well characterized, although preliminary
work from this laboratory has shown EGFR to be highly
expressed in most archived ATC paraffin-embedded speci-

mens (19). Furthermore, the status of EGFR expression is a
poor prognostic factor in thyroid carcinoma patients.
Multivariate analyses in studies by Akslen and Varhaug
(17) and Chen et al. (18) have shown that EGFR over-
expression was associated with a high frequency of lymph
node metastasis and larger tumors in patients with well-
differentiated thyroid carcinomas.

The therapeutic potential of EGFR inhibition in thyroid
carcinoma has been shown in several in vitro studies
(20, 21, 35). Gabler et al. (20) showed that a monoclonal
antibody against EGFR inhibited the in vitro proliferation of
papillary thyroid carcinoma cell lines. More importantly,
Yin et al. (35) showed that inhibition of EGFR tyrosine
kinase with apigenin, a flavonoid compound, resulted in
apoptosis of ATC cell lines in vitro . Despite the evidence
that EGFR inhibition may be a valid therapeutic strategy
against ATC, only few studies that examined the in vivo
effects of EGFR inhibition on thyroid carcinoma have not
been reported. In this report, we showed that the blockade
of EGFR signaling pathway using AEE788, a novel, dual
specific inhibitor of EGFR and VEGFR tyrosine kinases,
resulted in in vitro inhibition of proliferation and induction

Figure 5. Immunohistochemical analysis. Tissue sections were immunostained for TUNEL (fluorescent green ) to determine the degree of in vivo
apoptosis, for CD31 (DAB staining) to quantify MVD, and for double label of CD31 (fluorescent red) with pEGFR (fluorescent green) or CD31 (fluorescent
red) with pVEGFR-2 (fluorescent green ). K-4 tumors from mice treated with AEE788 alone or in combination with paclitaxel showed significant increase in
apoptosis and decrease in MVD (P < 0.05). Treatment with AEE788 also inhibited the phosphorylation of EGFR and VEGFR-2 on tumor endothelium.
TUNEL and CD31 stain: original magnification, �100; CD31/pEGFR and CD31/pVEGFR-2: original magnification, �400.
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of apoptosis of ATC cells. The inhibition of EGFR resulted
in down-regulation of downstream signaling pathways as
evidenced by the in vitro and in vivo inhibition of MAPK
activation. These effects were maintained in vivo where
AEE788 induced apoptosis of the tumor cells and signifi-
cantly inhibited the growth of ATC xenografts in nude
mice.

Administration of AEE788 also significantly decreased
tumor-associated angiogenesis. The decrease in MVD in
tumors of mice treated AEE788 can be attributed to several
mechanisms. First, it has been shown previously in several
organ systems and tumor types that activation of EGFR
signaling pathway results in up-regulation of VEGF pro-
duction by the target cells (22, 27, 36). Conversely, EGFR
blockade using EGFR monoclonal antibody C225 has been
shown to down-regulate the production of VEGF by tumor
cells and decreased the MVD in nude mice xenografts of
transitional cell carcinoma (27), renal cell carcinoma (28),
and colorectal carcinoma (37). Similarly, we have found that
AEE788 decreases the in vitro VEGF production by ATC cell
lines.4 AEE788 was able to inhibit tumor-expressed EGFR
and this may partly account for the decreased MVD in
tumors of mice treated with this compound.

The decreased angiogenesis in tumors of mice treated
with AEE788 can also be attributed to the inhibition of
endothelial cell–expressed EGFR. As shown by immuno-
fluorescent microscopy, the administration of AEE788
efficiently inhibited the autophosphorylation of EGFR on
the tumor endothelium. Recent results have suggested that
blockade of endothelial cell–expressed EGFR leads to arrest
of human umbilical vascular endothelial cells in G1 phase
and inhibits endothelial cell proliferation in vivo (29, 30). In
a study by Hirata et al. (29), gefinitib, an inhibitor of EGFR
tyrosine kinase, completely inhibited neoangiogenesis
in vivo in rat cornea model of angiogenesis. Furthermore,
a recent preclinical study showed that blockade of
endothelial cell–expressed EGFR using PKI166 resulted in
endothelial cell apoptosis in pancreatic carcinoma (31).

Lastly, the antiangiogenic property of AEE788 can be
attributed to its ability to inhibit endothelial cell –
expressed VEGFR tyrosine kinase. The critical need for
VEGFR activation in endothelial cell proliferation is well
documented (38, 39). Furthermore, antiangiogenic strate-
gies using a monoclonal antibody against VEGF have
shown promising results in vivo against nude mice
xenografts of various thyroid carcinomas, including ATC
(40, 41). In our study, we showed via immunofluorescent
microscopy that the administration of AEE788 efficiently
inhibited the autophosphorylation of VEGFR-2 on tumor
endothelium.

The concept of dual inhibition of EGFR and VEGFR is not
new and has been evaluated in animal models of colon (37),
gastric (42), and pancreatic carcinomas (43). However,
these studies used the administration of two agents

targeting each receptor separately. The major advantages of
AEE788 are that it is able as a single agent to efficiently
block of both EGFR and VEGFR tyrosine kinases and that it
is orally given and well tolerated. Although the double
specificity of AEE788 may raise the concern of possible,
nonspecific interaction of this compound with other
tyrosine kinases, in vitro studies by Traxler et al. have
confirmed the affinity of the inhibitor to be highly selective
for EGFR and VEGFR tyrosine kinases (32).

In this study, the in vivo antitumor efficacy of AEE788 was
evaluated as a single agent therapy as well as in combination
with paclitaxel. EGFR blockade has shown synergistic effect
on tumor cells when combined with radiotherapy and other
DNA damaging agents, such as irinotecan (44, 45).
Although the animals treated with AEE788 and paclitaxel
had statistically significant reduction in tumor volume
compared with those that received paclitaxel alone, similar
statistical significance could not be shown for mice treated
with AEE788 alone when compared with the combination
treatment group. However, toward the end of the
treatment period, there was a separation of tumor growth
curve between mice treated with AEE788 alone and those
treated in combination with paclitaxel. With longer study
period, this separation most likely would have reached
statistical significance. Given the significant antitumor
activity of AEE788 against ATC when given in combination
with paclitaxel, its role in multimodal therapy seems
promising and remains to be further elucidated.

In conclusion, ATC is a highly aggressive disease with
poor prognosis that warrants the development of novel
treatment strategies. AEE788, an orally given inhibitor of
EGFR and VEGFR kinases, has shown significant antitumor
activity against ATC cell lines in vitro and against ATC
xenografts in vivo in nude mice. In addition, AEE788
efficiently inhibited tumor-associated angiogenesis and
decreased the intratumoral MVD. The inhibition of overall
tumor growth in mice treated with AEE788 is most likely
the result of its direct cytotoxicity on the tumor cells as well
as the suppression of tumor-associated angiogenesis.
Considering the fact that curative options seldom exist for
patients with ATC, concurrent inhibition of EGFR and
VEGFR tyrosine kinases seems to be a valid and promising
anticancer strategy for these patients.
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