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INTRODUCTION 

Salivary adenoid cystic carcinoma (ACC) is one of the
most common malignant tumors of parotid gland1). It is a
slowly growing tumor, but sometimes it has a protracted
clinical outcomes due to the invasion of the facial nerve,
hematogenous metastasis without cervical nodal metas-
tasis, and poor responses to classical chemotherapeutic
agents2). Most deaths from salivary ACC are caused by
vascular metastatic lesions3). Therefore the development

of new treatment strategies for the recurrent metastatic
lesions is a challenge. Especially knowledge of cellular
properties and tumor-host interactions that influence the
dissemination of metastatic cells is important for the
design of more effective therapy of salivary ACC.

The epidermal growth factor receptor (EGFR) was
known as the type I receptor tyrosine kinases, or ErbB
receptors. This family is comprised of the EGFR
(ErbB1/HER1), ErbB2 (HER2/neu), ErbB3 (HER3), and
ErbB4 (HER4). EGFR is proposed as a major target for
cancer treatment because it is overexpressed in a variety
of epithelial tumors including salivary ACC4-6). And lots
of evidence has accumulated that increased EGFR
expression correlates with a poorer clinical results in a
number of malignancies including head and neck squa-
mous cell carcinoma7). In malignant tumor cells, EGFRs
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Purpose: We evaluated the therapeutic effect of AEE788, a dual inhibitor of epidermal growth factor (EGF) and vascular endothelial
growth factor (VEGF) receptor tyrosine kinases on human salivary adenoid cystic carcinoma (ACC) cells growing in nude mice.

Experimental Design: We examined the effects of AEE788 on salivary ACC cell growth and apoptosis. To determine the in vivo effects
of AEE788, nude mice with orthotopic parotid tumors were randomized to receive oral AEE788 (50 mg/kg) three times per week, inject-
ed paclitaxel (200 μg) once per week, AEE788 plus paclitaxel, or placebo. Mechanisms of in vivo AEE788 activity were determined by
immunohistochemical analysis.

Results: Treatment of salivary ACC cells with AEE788 led to growth inhibition and induction of apoptosis. AEE788 inhibited tumor
growth and prevented lung metastasis in nude mice. Furthermore, AEE788 potentiated growth inhibition and apoptosis of ACC tumor
cells mediated by paclitaxel. Tumors of mice treated with AEE788 and AEE788 plus paclitaxel exhibited down-regulation of activated
EGFR and its downstream mediators (Akt and MAPK), increased tumor and endothelial cell apoptosis, and decreased microvessel den-
sity, which correlated with a decrease in the level of MMP-9, MMP-2 and bFGF expression and a decrease in the incidence of vascular
metastasis. 

Conclusions: These data show that tumor-associated endothelial cells are important in the process of tumor-metastasis. And VEGFR
can be a molecular target for therapy of metastatic lung lesion of salivary ACC.
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can be activated in several mechnisms such as receptor
overexpression8-9), mutant forms of EGFR10), or heterolo-
gous ligand-dependent mechanisms11). A main down-
stream signaling pathway of EGFR is via the Ras-Raf-
MAP kinase (mitosis activated protein kinase, MAPK)12),
via phosphatidylinositol 3-kinase (PI3K) and the down-
stream protein-serine/threonine kinase Akt13), or via the
stress-activated protein kinase pathway, involving pro-
tein kinase C and Jak/Stat14). Activation of MAPKs regu-
lates transcription of molecules that are linked to cell
proliferation, survival, and transformation15), and Akt
transduces signals that trigger a cascade of responses
from cell growth and proliferation to survival and motili-
ty16). These findings suggest that EGFR may play a key
role in the progression and metastasis of certain types of
epithelial tumors. 

Tumor angiogenesis has been proposed as a critical
step in oncogenesis and tumor metastasis. Various angio-
genic and anti-angiogenic cytokines and pathways have
been characterized. By targeting angiogenesis-related
molecules, we can develop novel and minimally toxic
anti-tumor treatments. However, few studies have exam-
ined the implications of expression of angiogenesis-relat-
ed factors in salivary cancer. In 1996, investigators
demonstrated that malignant salivary gland tumors
overexpressed the mitogenic and angiogenic protein,
fibroblast growth factor (FGF)-1, FGF-2 (basic FGF) and
FGF receptor (FGFR)-117). A recent study reported both
vascular endothelial growth factor (VEGF) and basic FGF
(bFGF) are major angiogenesis factors in salivary gland
tumors18). And matrix metalloproteinase (MMP)-2, and
MMP-9 were proposed as a invasion and metastasis-
related factors in malignant tumors of salivary glands19). 

In our studies, angiogenic receptor, VEGFR-2 and
angiogenic cytokines, IL-8 and MMP-9 are expressed at
markedly higher levels in human salivary cancer
xenografts4). And angiogenic signaling pathways are acti-
vated in clinical specimens of salivary ACC20-21).
Moreover, VEGF, bFGF and MMP-9 have strong implica-
tions in vascular lung metastasis of orthotopic salivary
tumor model22). Furthermore, microvessel density (MVD)
is considered to be a prognostic indicator for the inci-
dence of distant metastasis of salivary ACC23). These find-
ings suggest that angiogenic signaling molecules have
the potential of being therapeutic targets of salivary
ACC. 

Consistent with the above reviews, we hypothesized
that activation of EGF-signaling pathway and angiogenic

signaling pathway are critical for the progression and
metastasis of human salivary ACC. Therefore their inhi-
bition could be integrated into treatment options, espe-
cially for the management of metastatic lesions of sali-
vary ACC. In the present study, we determined the ther-
apeutic effect of a dual family EGFR/ErbB2 and VEGFR
tyrosine kinase inhibitor, AEE788 (Novartis Pharma AG,
Basel, Switzerland) against established ACC growing in
the parotid glands of athymic mice. Because an anticyclic
agents, paclitaxel is recently being evaluated in salivary
cancer24-25), we also evaluated the synergistic effect of
AEE788 in combination with paclitaxel. 

MATERIALS AND METHODS

Salivary Cancer Cells 

A salivary cancer cell line, ACC3, was provided by Dr.
Jeffrey N. Myers (Department of Head and Neck
Surgery, University of Texas M.D. Anderson Cancer
Center, Houston, TX, U.S.A.). These cells were main-
tained as monolayer cultures in RPMI-1640 medium con-
taining 15% fetal calf serum, L-glutamine, vitamins (Life
Technologies, Inc., Grand Island, NY), and penicillin-
streptomycin (Flow Laboratories, Rockville, MD). The
cells were incubated in a mixture of 5% CO2 and 95% air
at 37℃ The cultures were maintained for no longer than
12 weeks after recovery from frozen stocks.

Reagents 

AEE788 which belongs to the class of the 7H-pyrro-
lo[2,3-d] pyrimidines was donated by Novartis Pharma
Agency. Stock solutions (10 mM) of AEE788 were pre-
pared in DMSO and stored at -20℃. Working solutions
were prepared by diluting thawed stocks into cell culture
medium. For in vivo administration, AEE788 was dis-
solved in 90% polyethylene glycol 300 + 10% 1-methyl-2-
pyrrolidinone to a concentration of 6.25 mg/ml. 

Paclitaxel was purchased from Sigma Chemical Co. (St.
Louis, MO) and administered at 200 μg/week, a dosing
regimen that was selected on the basis of results of previ-
ous studies at literature26). Propidium iodide (PI) and
tetrazolium 〔3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide; MTT〕were both purchased from
Sigma Chemical Co. 

Antibodies for immunohistochemical analysis were
purchased as follows: 
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(1) rabbit polyclonal anti-EGFR (Santa Cruz Biote-
chnology); 

(2) mouse rabbit polyclonal anti-phospho-AKT and
anti-phospho-MAPK (Cell Signaling Technology); 

(3) rabbit polyclonal anti-phospho-VEGFR-2 (Onco-
gene); 

(4) rabbit polyclonal anti-MMP-9 and anti-MMP-2
(Chemicon) rabbit polyclonal anti-phospho-EGFR
(Biosource International);

(5) rabbit polyclonal anti-bFGF (Sigma Chemical Co.)
(6) mouse anti-PCNA clone PC-10 (DAKO); 
(7) monoclonal rat anti-CD31/PECAM-1 (Phar-

Mingen); 
(8) peroxidase-conjugated goat anti-rabbit IgG (Jackson

ImmunoResearch Laboratories); 
(9) peroxidase-conjugated rat anti-mouse IgG2a

(Serotec; Harlan Bioproducts for Science, Inc.); 
(10) peroxidase-conjugated goat anti-rat IgG1 (Jackson

Research Laboratories); 
(11) Alexa Fluor 594-conjugated goat anti-rat IgG and

Alexa Fluor 594-conjugated goat anti-rabbit IgG
(Molecular Probes). 

Other reagents for immunohistochemical analysis were
ABC reagent (Biocare Medical), Hoechst dye 3342, MW
615.9 (Hoechst, Warrington), 3,3’-diaminobenzidine
(DAB, Research Genetics), Gill’s hematoxylin (Sigma
Chemical Co.), and pepsin (Biomeda). Terminal deoxyri-
bonucleotidyl transferase-mediated dUTP nick end label-
ing (TUNEL) assay was performed using a commercial
apoptosis detection kit (Promega Corp.).

In vitro Cytotoxicity Assay 

Tumor cells (1×103) were seeded into 38-mm2 wells of
96-well plates and allowed to adhere for 24 h. The cul-
tures were then refed with medium with 2% serum.After
24 h,cells were treated with different concentrations of
paclitaxel with or without AEE788 (negative control with
DMEM alone). After a 72-h incubation, the metabolically
active cells were determined by MTT assay. Briefly, after
a 2-h incubation in medium containing 0.42 mg/ml MTT,
the cells were lysed in dimethyl sulfoxide (DMSO). The
conversion of MTT to formazan by metabolically active
cells was measured using an MR-5000 96-well microtiter
plate reader at an optical density of 570 nm (Dynatech,
Inc.). Growth inhibition was calculated using the follow-
ing formula: cytostasis (%) = [1-(A/B)] × 100, where A is
the absorbance of treated cells and B is the absorbance of

control cells.

In vitro Apoptosis Assay 

Cells were plated at a density of 2 × 105 cells per well
in a six-well plates . After a 24-h attachment period, the
media were changed to 2% serum, and cells were main-
tained for 24 h and then treated with AEE788 and pacli-
taxel. After 72 h, both adherent and detached cells were
harvested and washed with PBS and resuspended in PI,
50 μg/ml in 0.1% sodium citrate for 20 min at 4�C. Flow
cytometric analysis was performed, and the percentage
of apoptotic cells was calculated by gating the
hypodiploid region on the DNA content histogram using
Lysys software (BD, Franklin Lakes, NJ). The sub-G0/G1
fraction was used as a measure of the percentage of
apoptotic cells. The percentage of cells undergoing spe-
cific apoptosis was calculated by subtracting the percent-
age of cells that had undergone spontaneous apoptosis in
the relevant controls from the total percentage of apop-
totic cells in the study cultures.

Evaluation of EGFR Mutations

To determine whether the salivary ACC cell line har-
bors EGFR mutations that might render it more sensitive
to AEE788, polymerase chain reaction (PCR) was used to
amplify exons 18, 19, and 21 from the human EGFR gene
using genomic DNA isolated from ACC3 cells. The
sequences of PCR primers are the same as the ones
reported previously27). PCR amplicons were purified
using QIAquick PCR purification kit (QIAGEN) and sent
for sequencing. The sequencing results were then blasted
and compared with the wild-type EGFR sequence from
the Genebank. 

Animals and Orthotopic Implantation of Tumor Cells 

5-week old male athymic nude mice were purchased
from the company (Orient Bio). The mice were used in
accordance with the Animal Care and Use Guidelines of
College of Dentistry, Kangnung National University. The
mice used for this study were 6 weeks old.

To produce tumors, ACC3 cells were harvested from
subconfluent cultures. The cells were resuspended in
Ca2+- and Mg2+-free Hanks’balanced salt solution
(HBSS). Only suspensions consisting of single cells with
>90% viability were used for the injections. A total num-
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ber of 1×106cells were resuspended in 30 μL of HBSS
and injected into the parotid gland using a 27-gauge
hypodermic needle and a 1ml-tuberculin syringe. A well-
localized bleb confirmed a sussessful injection without
leakage of the tumor cells. The preauricular incision was
approximated in one layer using fine nylon sutures.

Treatment of Established Human Salivary
Carcinomas Growing in the Parotid Glands of Nude
Mice 

Eight days after injection of the tumor cells, tumor nod-
ules were palpable. Mice with similarly sized tumors
were randomized into one of four groups (n=10
mice/group): group 1, the control group, received an
oral diluent for AEE788 (90% polyethylene glycol 300 +
10% 1-methyl-2-pyrrolidinone) and i.p. HBSS group 2,
the paclitaxel group, received paclitaxel by i.p. injection
once per week (200 g/week); group 3, the AEE788 group,
received AEE788 (50 mg/kg) by oral administration
three times a week; and group 4, the combination thera-
py group, received both the i.p. paclitaxel regimen of
group and the oral AEE788 regimen of group 3 concomi-
tantly. Treatments continued for 7 weeks. Tumor size
and body weight were measured once a week.

Necropsy Procedures and Histologic Examinations 

Mice were euthanatized using carbon dioxide and their
body weights were recorded. Primary tumors in the
parotid glands were excised and weighed. For immuno-
histochemical and hematoxylin and eosin (H&E) stain-
ing, one part of the tumor tissue was fixed in formalin
and embedded in paraffin. And another part was embed-
ded in OCT compound (Miles Inc., Elkhart, IN), rapidly
frozen in liquid nitrogen, and stored at -7℃. Cervical
lymph nodes and lungs were harvested, and the pres-
ence of metastatic lesion was confirmed by histological
review.

IHC Determination of EGFR/pEGFR, pAkt, pMAPK,
MMP-9/MMP-2, bFGF and PCNA 

Paraffin-embedded tissues were prepared for detection
of EGFR/pEGFR, pMAPK, MMP-9/MMP-2, bFGF and
PCNA. Frozen tissues were used for detection of pAkt.
The tissues were sectioned at 8-10 μm, mounted on posi-
tively charged Plus slides and air-dried for 30 min.

Sections were fixed in cold acetone (5 min), 1:1
acetone/chloroform (v/v; 5 min), and acetone (5 min)
and then washed with PBS. For antigen retrieval, sec-
tions for pMAPK and PCNA were microwaved in 10mM
sodium citrate buffer (pH 6.0; PCNA in water) for 5 min.
And sections for bFGF were incubated in pepsin for 20
min at 37℃. Dilutions of primary antibodies were as fol-
lows: EGFR, 1:200; pEGFR, 1:25; pAkt, 1:100; pMAPK,
1:250; MMP-9, 1:50; MMP-2, 1:400; bFGF, 1:1,000; and
PCNA, 1:100. Indirect peroxidase technique was used
and positive reactions were visualized by incubating the
slides with stable 3,3’-diaminobenzidine for 5 to 10 min-
utes. The sections were rinsed with distilled water, coun-
terstained with Gill’s hematoxylin, and mounted with
universal mounts. 

Immunofluorescence Double Staining for CD31 and
Phosphorylated VEGFR-2 or TUNEL

For TUNEL and double immunofluorescence assays,
frozen tissues were used. After fixation with acetone, the
samples were washed with PBS, incubated with protein-
blocking solution containing 5% normal horse serum and
1% normal goat serum in PBS for 20 min, and then incu-
bated with a 1:400 dilution of rat anti-mouse CD31 mon-
oclonal antibody overnight at 4℃. After washing with
PBS, the slides were incubated with a 1:600 dilution of
secondary goat anti-rat antibody conjugated to Alexa
Fluor 594 (red) for 1 h in the dark. 

TUNEL assay was performed using an apoptosis detec-
tion kit with the following modifications. Samples were
fixed with 4% paraformaldehyde for 10 min, washed
twice with PBS for 5 min, and then incubated with 0.2%
Triton X-100 for 15 min. After two 5-min washes with
PBS, the samples were incubated with equilibration
buffer for 10 min. The equilibration buffer was drained,
and the reaction buffer, containing 44 μL of equilibration
buffer, 5 μL of nucleotide mix, and 1 μL of terminal
deoxynucleotidyl transferase (Promega Kit), was added
to the sections and incubated in a humid atmosphere at
37C for 1 h, avoiding exposure to light. The reaction was
terminated by immersing the samples in 2X SSC for 15
min. Samples were then washed with PBS to remove
unincorporated fluorescein-dUTP. 

Immunofluorescence double staining was performed
by staining frozen samples with CD31. The samples were
then incubated with primary antibody for anti-phospho-
VEGFR-2 (1:400) overnight at 4C. After washing with
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PBS, the samples were incubated with Alexa Fluor 594
(red)-conjugated secondary antibody for 1 h at room
temperature. To identify the cell nuclei, the samples were
incubated with 1 μg/mL Hoechst dye (Hoechst,
Warrington) for 2 min. Immunofluorescence microscopy
was performed in a Nikon Microphot-FXA (Nikon Inc.,
Garden City, NY) equipped with an HBO 100 mercury
lamp, narrow bandpass filters to individually select for
green, red and blue fluorescence (Chroma Technology
Corp., Brattleboro, VT). Images were captured using a
cooled CCD Hamamatsu 5810 camera (Hamamatsu
Corp., Bridgewater, NJ) and Optimas Image Analysis
software (Media Cybernetics, Silver Spring, MD).
Photomontages were prepared using Adobe Photoshop
software (Adobe Systems Inc., San Jose, CA).

Quantification of of PCNA, MVD, Absorbance, and
Apoptotic Tumor and Endothelial Cells 

For quantification analysis, five slides were prepared
for each group and two areas were selected in each slide.
To quantify PCNA and TUNEL expression, the number
of positively stained cells and total cells were counted in
10 random 0.159-mm2 fields of tumor area at ×100 mag-
nification. The percentages of positively stained cells
among the total number of cells were calculated and
compared.

For the quantification of microvessel density (MVD),
regions of high vascular density were identified by scan-
ning the tumor sections at low microscopic power (×40).
The vessels that were completely stained with anti-CD31
antibodies were counted in 10 random 0.159-mm2 fields
at ×100 magnification. 

For quantification of staining intensity, the absorbance
of 100 MMP-9 and MMP-2 positive cells in 10 random
0.039-mm2 fields at ×200 magnification taken from treat-
ed tumor tissues was measured using the Optimas Image
Analysis software. The samples were not counterstained
so that the absorbance would be attributable solely to the
product of the immunohistochemical reaction. MMP-9
and MMP-2 cytoplasmic immunoreactivity was evaluat-
ed by computer-assisted image analysis and expressed as
mean density value.

Quantification of apoptotic endothelial cells was expre-
ssed as the average of the ratiosof apoptotic endothelial
cells to the total number of endothelial cells in 10 random
0.039-mm2 fields at ×200 magnification. 

Statistical Analysis 

We calculated the dose and apoptosis rate using a
Loess smoother, and 95% confidence intervals for the
IC50 values using a parametric bootstrap methodology.
For in vivo study, the Wilcoxon rank sum test was used
to test for any difference in the tumor weight, body
weight, and incidence of lung metastasis between the
treatment and control groups. Quantitative analyses for
the expression of PCNA, TUNEL, CD31, absorbance, and
CD31/TUNEL were compared by unpaired Student’s
t test. For all analyses, a P value of less than 0.05 was
considered statistically significant.

RESULTS

In vitro Cytotoxicity Mediated by AEE788 and
Paclitaxel 

To evaluate the effects of AEE788 on growth inhibition
and an paclitaxel-induced cytotoxicity of human salivary
cancer cells, ACC3 cells were incubated for 72 h in medi-
um containing increasing concentrations (0-7 nM) of
paclitaxel in the absence or presence of AEE788. When
grown in media with 2% serum, growth of ACC3 cells
was inhibited by AEE788 in dose-dependent manner, at
IC50 of 4.3 μM. Furthermore, The IC50 of 3.4 nM for pacli-
taxel decreased to 2.6 and 0.9 nM when the cells were
exposed to both paclitaxel and a noncytotoxic concentra-
tion of AEE788 (1.5 and 3 μM, Fig. 1). Therefore, the
cytotoxicity mediated by paclitaxel was sensitizedby
AEE788. But AEE788 did not increase the level of inhibi-
tion achieved with paclitaxel at higher concentrations.

In vitro Induction of Apoptosis by AEE788 and
Paclitaxel 

To assess the effects of AEE788 on the induction of
apoptosis and on paclitaxel-induced apoptosis in human
salivary cancer cells, ACC3 cells were incubated in vitro
with paclitaxel in the absence of presence of AEE788 and
then DNA fragmentation was quantified by flow cytom-
etry with PI stanining. 72 hours after the start of treat-
ment with AEE788, 50% of ACC3 cells were apoptotic at
8.2 μM (data not shown). Paclitaxel alone induced
approximately 50% cell death at 5.9 nM, which was
decreased to 3.5 nM and 2.3 nM by the addition of 2 μM
and 4 μM AEE788, respectively (Fig. 2).
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Table 1. In vivo effects of therapy with AEE788, paclitaxel, or both in human salivary ACC cells growing

orthotopically in nude mice

Treatment groupa

Parameter Control Paclitaxel AEE788 AEE788 +
Paclitaxel

Tumor weight, g
Median 2.263 2.116 1. 570 b 0.853 c

Range 1.657-3.694 0.726-3.625 0.406-2.632 0.433-1.666
Incidence of cervical lymph node 

metastasis 0/10 0/10 0/10 0/10

Incidence of lung metastasis 5/10 2/10 0/10 d 1/10

a ACC3 cells (1×106) were injected into the parotid gland of nude mice. Eight days later, mice were randomized for treatment with
once-weekly i.p. injections of paclitaxel (200 mg/week), three-times-weekly oral administration of AEE788 (50mg/kg), a combina-
tion of both drugs, or placebo as a control. All mice were euthanatized 7 weeks after initiation of therapy.
b P < 0.05 as compared with control (Wilcoxon non-parametric method).
c P < 0.01 as compared with control (Wilcoxon non-parametric method). 
d P < 0.05 as compared with control (Fisher exact test).

Fig. 1. Effect of AEE788 on paclitaxel-induced cytotoxi-
city. Cultured ACC3 cells were treated with paclitaxel
(0-7 nM) with or without AEE788 at noncytostatic con-
centrations for 72 h, and the effect on cell growth was
measured by MTT assay. The data were calculated as
the mean ± SD of triplicate experiments. 

Fig. 2. Effect of AEE788 on paclitaxel-induced apopto-
sis. ACC3 cells were treated with paclitaxel (0-8 nM)
with or without AEE788 (2, 4 μM) for 72 h, and the ef-
fect on the proportion percentage of cells undergoing
apoptosis was determined by PI and flow cytometric
assay. The data were calculated as the mean ± SD of
triplicate experiments. 

PCR Analysis Demonstrates No EGFR Mutations 

Sequence analysis revealed no mutations in exons 18,
19, and 21 of the EGFR gene in ACC3 cell line (data not
shown).

Inhibition of Tumor Growth and Vascular Metastasis 

To assess the effect of AEE788 on the in vivo growth of
ACC3 cells, we used our murine orthotopic tumor mod-
el. After treatment of orthotopic parotid tumors, median
parotid tumor weights (± SD) were 2.26±0.7g in con-
trols and 2.12±0.91g in mice treated with paclitaxel.
AEE788-treatment showed a significant reduction in
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tumor weight (1.57±0.77g ; P<0.05). Moreover, the com-
bination of AEE788 and paclitaxel demonstrated highly
significant reduction in tumor weight (0.85±0.35g ;
P<0.01). The median tumor weight of the combination
treatment group was also compared with that of mice
receiving AEE788 alone or paclitaxel alone. The differ-
ence in median tumor weight of paclitaxel-treated group
(P<0.01) or AEE788-treated group (P<0.05) became statis-
tically significant compared with combination treatment
group. 

We could not detect tumor cells in cervical lymph
nodes. However, distant, hematogenous lung metastasis
occurred in 5 of the 10 control mice, 2 of the 10 paclitax-
el-treated mice, 0 of the 10 AEE788-treated mice, and 1 of
the 10 mice in the combination therapy group. Our data
suggested that both AEE788 and paclitaxel was able to
prevent hematogenous metastasis to the lung compared
with control (P<0.05, Table 1). AEE788 was well tolerated
by the animals without significant side effects as deter-
mined by the maintenance of body weight (data not
shown). 

Effect of AEE788 on Salivary ACC in an Orthotopic
Nude Mouse Model 

Immunohistochemical analysis showed that tumors
from mice in all four treatment groups expressed similar
levels EGFR and its major downstream effectors (Akt
and MAPK, data not shown). However, tumors from
mice treated with AEE788 or the combination of AEE788
plus paclitaxel had decreased levels of activated EGFR,
activated AKT, and activated MAPK compared with the
control and paclitaxel-treated groups. Furthermore,
tumors from mice treated with AEE788 or combination
therapy had decreased PCNA levels, increased TUNEL-
positive cells, and decreased expression of MMP-9,
MMP-2 and bFGF, compared with the control (Fig. 3).
Quantitatively, the mean percentage (±SD) of PCNA-
positive (+) tumor cells in the control group was 61.8 ±
4.4. Compared with control, significant reduction (P <
0.01) in the percentage of PCNA+ tumor cells was detect-
ed in the paclitaxel-treated group (50.8 ± 7.5), AEE788-
treated group (20.9 ± 6.7), and AEE788 plus paclitaxel-

Table 2. Quantitative immunohistochemical analysis of ACC3 tumors in parotid glands of nude mice

Treatment groupa

Parameter Control Paclitaxel AEE788 AEE788 +
Paclitaxel

Tumor cells, mean ± SD
PCNA (%) b 61.8±4.4 50.8±7.5 c 20.9±6. 7 c 11.3±5.6 c

TUNEL (%) b 1.7±1.0 4.8±1.8 c 11.9±4.9 c 17.4±5.8 c

MMP-9 (OD) d 1.39±0.13 1.3±0.14 0.79±0.17 c 0.76±0.14 c

MMP-2 (OD) d 0.98±0.15 0.95±0.13 0.56±0.1 c 0.57±0.13 c

Endothelial cells, mean ± SD
Microvessel density e 15.9±6.1 10.8±3.2 f 5.7±2.6 c 5.5±1.3 c

CD31/TUNEL (%) g 0 2.2±2.1 c 11.8±5.3 c 12.3±3.3 c

a ACC3 cells (1×106) were injected into the parotid glands of nude mice. Eight days later, mice were randomized for treatment with
once-weekly intraperitoneal injections of paclitaxel (200 mg/week), three-times-weekly oral administration of AEE788 (50mg/kg), a
combination of both drugs, or placebo as a control. Specimens were processed for immunohistochemical analyses 7 weeks after initi-
ation of therapy.
b PCNA and TUNEL positivity was quantitated as the ratio of positively stained cells/total cells ×100 per field in 10 random 0.159-
mm2 fields at ×100 magnification and 0.039-mm2 fields at ×200 magnification.
c P < 0.01 as compared with controls (Wilcoxon non-parametric method).
d Absorbance determined as described in “Materials and Methods.”
e Microvessel density was determined by measuring the number of completely stained blood vessels in 10 random 0.159-mm2 fields
at ×100 magnification.
f P < 0.05 as compared with controls (Wilcoxon non-parametric method). 
g CD31/TUNEL positivity was quantitated as the ratio of CD31/TUNEL-positive cells/total endothelial cells × 100 in each of 10 ran-
dom 0.039-mm2 fields at ×200 magnification.
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Fig. 3. Immunohistochemical analyses of ACC3 tumors harvested from control mice or mice treated with paclitaxel alone, AEE788
alone, or paclitaxel plus AEE788. The sections were immunostained for the expression of EGFR, activated (indicated as “Act”) EGFR,
activated Akt, activated MAPK, MMP-9 and MMP-2. Representative results are shown.
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Fig. 4. Expression of bFGF (angiogenic factor), PCNA (tumor cell proliferation), TUNEL (tumor cell apoptosis), CD31 (endothelial
cell marker), CD31/activated VEGFR-2 (activated endothelial cell), and CD31/TUNEL (endothelial cell apoptosis); Representative
results are shown. 
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treated group (11.3 ± 5.6). The percentage of TUNEL+
cells in the control group was 5.1 ± 2.2. Compared with
control, significant increase (P<0.01) in the percentage of
PCNA+ tumor cells was detected in the paclitaxel-treat-
ed group (21.1 ± 7.4;), AEE788-treated group (40.3 ±
8.1), and AEE788 plus paclitaxel-treated group (57.4 ±
9.8). In addition, cytoplasmic immunoreactivity for
MMP-9 and MMP-2 was significantly decreased after
treatment with AEE788 and AEE788 plus paclitaxel,
compared with control and paclitaxel-treated group
(P<0.01, Table 2).

To evaluate the effect of AEE788 on the tumor-associat-
ed endothelial cells of ACC, immunohistochemical
analysis was performed using antibodies against CD31,
CD31/TUNEL, and CD31/pVEGFR-2. Tumors from
mice treated with AEE788 or combination therapy
demonstrated decreased MVD compared with the con-
trol. Quantitatively, the mean MVD was highest in the
control group (15.9 ± 8.9). MVD was significantly
decreased after treatment with paclitaxel (10.8 ± 3.2;
P<0.05), AEE788 (5.7 ± 2.6; P<0.01), and AEE788 plus
paclitaxel (5.5 ± 1.3; P<0.01). To detect apoptotic
endothelial cells, double staining for CD31/TUNEL was
performed with CD31 (red staining) and TUNEL (green
staining). The percentage of CD31/TUNEL+ cells (yel-
low staining) was significantly increased in the tumors
from mice treated with paclitaxel, AEE788, or AEE788
plus paclitaxel compared with control (P<0.01).
However, there was no significant difference in MVD
and the apoptotic endothelial cells after treatment with
AEE788 plus paclitaxel, compared with AEE788-treated
group. Double staining for CD31/activated VEGFR-2,
which were performed with CD31 (red staining) and
activated VEGFR-2 (green staining), revealed that only
tumors from mice treated with AEE788 and AEE788 plus
paclitaxel had decreased signal (yellow staining, Fig. 4). 

DISCUSSION

Our results suggest that the tumor-associated endothe-
lial cells within a primary salivary ACC can be a hopeful
therapeutic target. We report that blockade of EGF and
VEGF receptor tyrosine kinases by a small-molecular
receptor tyrosine kinase inhibitor, AEE788 inhibits ortho-
topic tumor growth of salivary ACC and prevents lung
metastasis in nude mice through induction of tumor and
endothelial cell apoptosis. Furthermore, combination
therapy of AEE788 (50 mg/kg, three times a week) plus

paclitaxel (200 g/week) produces a synergistic therapeu-
tic response resulting in a significant reduction in tumor
growth and increase in tumor cell apoptosis. Our data
also provide the experimental evidence for the essential
role of MMP-9/MMP-2 and bFGF in neoangiogenesis
and vascular metastasis of human salivary ACC. 

In previous studies, we have identified that human
salivary ACC expresses EGF and VEGF signaling pro-
teins such as EGFR, HER-2, VEGFR-2 which can provide
a survival and metastatic advantage of tumor cells by
multiple mechanisms including increased angiogene-
sis6,21). We had also found in our preliminary study that
EGFR and VEGFR-2 were present and phosphorylated in
ACC3 cell line, determined by immunoblotting and
immunohistochemistry4). Immunohistochemical staining
of 18-20 clinical specimens of salivary ACC revealed that
tumor-associated endothelial cells and stromal cells such
as infiltrating inflammatory cells and tissue-specific
fibroblasts as well as tumor cells were positive for
expression of TGF-α, EGF, and VEGF5,21). These findings
suggest that EGF and VEGF may play an important bio-
logic role as a mitogen in autocrine manner and specific
organ microenvironments play a key role in the progres-
sion of salivary ACC. Therefore, in addition to tumor
cells, stromal cells associated with salivary ACC are
potential targets against anti-EGFR/VEGFR strategies. 

In the present study, we used the orthotopic murine
model of parotid ACC, which was published in the pre-
vious report28). One of the striking features of salivary
ACC is that metastases are usually hematogenous and
most frequently involve the lungs. Lymph node metas-
tases are uncommon and, when present, are more often
the result of direct extension of the tumor into the lymph
node rather than from embolic spread29). Our orthotopic
parotid model of ACC exactly recapitulated the metastat-
ic pattern of human tumors. Using this parotid tumor
model, we could evaluate the effect of used small molec-
ular inhibitor (AEE788) and a chemotherapeutic agent
(paclitaxel).

In this study, AEE788, which is a reversible inhibitor of
EGFR and VEGFR kinases, potently inhibits the receptor
phosphorylation in ACC3 cells as proven in our Western
blotting and immunohistochemical assays4). Furthe-
rmore, AEE788 inhibits phosphorylation of Akt and
MAPK, which are downstream mediators of the EGF sig-
naling pathways, relating to promotion of cellular prolif-
eration and survival30-31). Treatment of salivary ACC cells,
which had no EGFR mutations, with AEE788 led to dose-
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dependent inhibition of cellular proliferation and induc-
tion of apoptosis. In addition, administration of AEE788
significantly reduced human salivary tumor growth in
murine models. Moreover, this compound significantly
inhibited tumor neoangiogenesis, resulting in inhibition
of vascular metastasis to the lung. 

The process of tumor metastasis are known to include
the destruction of stroma and vascular basement mem-
brane. The expression level of MMPs in certain malig-
nant tumor system directly associated with invasion and
metastasis32-33). Moreover, in mice that had received
spleen cells from mice that expressed MMP-9, enhanced
vascularity and tumorigenesis were associated with the
expression of MMP-9 in macrophages, suggesting that
tumor-infiltrating macrophages play an important role in
the angiogenesis and growth of the human ovarian
tumors in the animal model34). The extent of angiogenesis
is determined by the balance between positive and nega-
tive regulatory factors, which are produced by tumor
cells as well as by host stromal cells. Activated
macrophages influence the tumor-associated neoangio-
genesis by secreting enzymes that can break down the
extracellular matrix and by secreting angiogenic factors
and growth factors, such as bFGF, platelete-derived
growth factor (PDGF), insulin-like growth factor-1, and
VEGF/VPF35-37). Therefore, MMP and bFGF activity can
enhance tumor growth and survival, invasion, angiogen-
esis and metastasis. In the present study, we demonstrat-
ed inhibition of the expression of MMP-9, MMP-2 and
bFGF after treatment with AEE788, suggesting that the
significant reduction in the incidence of lung metastasis
was attributable to administration of AEE788.

Consistent with the above considerations, our immuno-
histochemical analysis suggests that inhibition of EGFR
by AEE788 decreased Akt activity and subsequently
decreased MMP-9 and MMP-2 production. As a result,
intra-tumoral microvessel density (MVD) was decreased
significantly and metastatic advantage was suppressed
after treatment with AEE788. These data together with in
vivo inhibition of VEGFR-2 phosphorylation of the
tumor-associated endothelial cells, confirm the mecha-
nism-based activity of AEE788 in our study. 

Paclitaxel inhibits cell replication by enhancing poly-
merization of tubulin monomers into stabilized micro-
tubule bundles that are unable to reorganize into the
proper structures for mitosis and subsequent activation
of apoptosis38). The antitumor activity of paclitaxel has
been known to be potentiated by combination with

EGFR tyrosine kinase inhibitors such as ZD1839 or
PKI16639-40). A recent study reported that ZD1839 promot-
ed paclitaxel-induced apoptosis of tumor cells by block-
ing paclitaxel-induced activation of the EGFR-ERK
(extracellular signal-regulated kinase) antiapoptotic
pathway41). Although anticyclic agents are not so effec-
tive on salivary tumors because the growth rate of sali-
vary tumors is so slow, paclitaxel is currently being eval-
uated in salivary malignancies. In the present study,
AEE788 inhibited in vivo growth of ACC xenografts in
nude mice. However, the highest growth inhibition was
achieved by concomitant administration of AEE788 and
paclitaxel. In addition, our quantitative immunohisto-
chemical analysis suggested that paclitaxel plus AEE788
revealed synergistic effects on the inhibition of tumor
cell proliferation (PCNA positive) and induction of
tumor cell apoptosis (TUNEL positive) compared with
each single treatment group. 

In summary, we have demonstrated that EGF receptors
of tumor cells and VEGF receptors of tumor-associated
endothelial cells are present in most of human salivary
ACC. Blockade of EGFR and VEGFR signaling pathways
by small molecular inhibitor has significant therapeutic
effects on human salivary ACC cell xenografts in mice.
The inhibition of in vitro and in vivo growth of tumor
cells is mediated by both antitumor effects and antian-
giogenic effects. Moreover, the antitumor effect of
AEE788 was enhanced when it was combined with pacli-
taxel. Therefore, the antiangiogenic therapy via EGFR
and VEGFR inhibition, is a valuable stratigy for the treat-
ment of salivary ACC, warrnts clinical trials. 
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