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The dual EGF/VEGF receptor tyrosine kinase inhibitor
AEE788 inhibits growth of human hepatocellular
carcinoma xenografts in nude mice
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Abstract. We investigated the effect of AEE788, a novel
dual receptor tyrosine kinase inhibitor of the EGF and the
VEGF receptor, for treatment of human HCC cell lines and
in a subcutaneous xenograft model. Cell viability and apoptosis
of HepG2 and Hep3B cells incubated with 0.1-100 M
AEE788 were quantified. In vivo, HepG2 cells were xeno-
grafted to NMRI mice and animals were treated orally with
50 mg/kg AEE788 3x/week. Immunohistochemistry and
quantitative Western blotting was performed for pathway
analysis in vitro and in vivo. AEE788 reduced growth and
induced apoptosis of HCC cells by disrupting mitochondrial
transmembrane potentials and inhibiting MAPK phospho-
rylation. In the xenografts, AEE788 lead to a reduced tumor
growth by reducing proliferation and vascularisation. Except
for a reversible skin reaction and weight loss, no signs of
toxicity were observed. AEE788 is a promising new option
for the treatment of HCC.

Introduction

Hepatocellular carcinoma (HCC) is the fifth most common
malignancy in the world and is responsible for more than
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600,000 deaths annually (1). Though many local ablative
approaches are developed for HCC therapy, the total prognosis
of HCC patients is still poor due to the marked resistance to
chemotherapies (2).

Recently, the development of receptor tyrosine kinase
inhibitors (RTKi) targeting the epidermal growth factor
receptor (EGFR) or the vascular endothelial growth factor
receptor (VEGFR) has demonstrated good success rates for
various human cancers, e.g., lung or colorectal cancer (3.4).
EGEFR (also designated as ErbB1 or Her1) is a transmembrane
receptor tyrosine kinase which has been shown to be over-
expressed and to correlate with disease staging, progression
and metastasis in HCC (5). As HCC usually presents as a
highly vascularized tumor, overexpression of VEGF and its
cognate receptors flt-1 (VEGFR1) and flk-1 (KDR, VEGFR2)
have been demonstrated previously (6-8). Also here, the
expression was correlated with tumor stage, differentiation,
progression and overall survival. Interestingly, both EGFR
and VEGFR mediate their growth promoting properties via
activation of the MAPK pathway, especially the extracellular
signal-regulated kinase ERK1/2 (9-11) and a crosstalk and
interdependency between these pathways has been described
(12).

Previous studies using single EGFR or VEGFR antagonists
(e.g., cetuximab (13), gefitinib (14,15), bevacizumab (16)
and others) have shown promising anti-tumoral effects on
HCC growth in vitro, in animal models in vivo and also in
early clinical trials in humans (16,17).

Recently, several new small molecule kinase inhibitors
have been developed that target multiple growth factor
related pathways. The multi-targeted kinase inhibitor sorafenib
has been shown to inhibit the MEK/ERK pathway in liver
cancer models (18) and has already been established as a
first-line treatment for patients with advanced HCC, although
the overall survival has been improved only marginally (19).



734

AEE788 is a novel multi-kinase inhibitor that preferably targets
the ErbB and the VEGFR family at nanomolar concentrations
(20). Previous studies demonstrated a good in vivo tolerability
of AEE788 in mice and an enhanced anti-tumor activity in
various cancer models, e.g., colon cancer (21) or pancreatic
cancer (22), either as a single agent or combined with
established cytotoxic agents. Here, we investigated the effect
of AEE788 on human HCC cell lines in vitro and in a
subcutaneous xenograft model in nude mice after oral
administration in vivo.

Materials and methods

Cell culture. The human hepatoma cell lines HepG2 (p53%)
and Hep3B (p53, Hepatitis B virus related) as well as primary
human foreskin fibroblasts (HF) were obtained from the
German collection of microorganisms and cell cultures
(DSMZ, Braunschweig, Germany). HepG2 cells were cultured
in RPMI-1640 medium (Biochrom, Berlin, Germany)
containing 10% fetal bovine serum (FBS; Biochrom),
penicillin (100 U/1), streptomycin (100 ug/l; Biochrom) and
gentamycin (40 mg/l; Biochrom) in humified conditions of
37°C and 5% CO,. Hep3B and HF were cultured in Dulbecco's
modified Eagle's medium (DMEM, Biochrom) with the same
supplements and conditions as described. HF served as a
non-malignant epithelial control cell line as primary human
hepatocytes are unstable under cell culture conditions.

For all in vitro experiments, 150,000 cells were seeded to
6-well tissue culture plates (Becton-Dickinson, Heidelberg,
Germany) 24 h before treatment. Cells were treated with
AEE788 at 0.1-100 M dissolved in complete growth medium
and analyzed or processed for further experiments after
24-120 h. Growth medium was not changed during the
experiments.

AEE788 was provided by Novartis Pharma AG (Basel,
Switzerland) and was processed as described previously (20).
For in vivo experiments, AEE788 was administered to mice
orally by gavage at 50 mg/kg bodyweight three times per week.

Analysis of cell viability and apoptosis. The number of viable
cells was determined by counting the number of viable cells
after Trypan blue staining in a Neubauer chamber. Cell
numbers were then expressed relative to untreated controls
set at 1.0.

Flow cytometry was employed for the quantification of
sub-diploid nuclei in treated cell lines after staining with
hypotonic propidium iodide solution as descibeed (23).
Analysis of labeled nuclei was performed on a FACSCalibur
fluorescence-activated cell sorter (FACS) using CellQuest
software (both from Becton-Dickinson).

Analysis of mitochondrial membrane potential AY¥,. Mito-
chondrial injury was measured by JC-1 (5,5',6,6'-tetrachloro-
1,1',3,3'- tetraethylbenzimidazolocarbocyanine iodide)
staining (Sanova Pharma GmbH, Vienna, Austria) according
to the manufacturer's instructions. Analysis was assessed by
FACSScan after 24-72-h incubation time as described (23).

Immunofluorescence verification of apoptosis. Apoptosis
specific cleavage fragments of cytokeratin 18 were detected
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with the M30 antibody (CytoDeath, Roche Molecular
Biochemicals, Mannheim, Germany). Cells were stained
according to the manufacturer's instructions after 24-72 h of
incubation with AEE788. Analysis was performed on a Zeiss
Axioplan fluorescence microscope (Carl Zeiss, Gottingen,
Germany) with OpenLab software (Improvision, Heidelberg,
Germany) as described (23).

Xenograft model of hepatocellular carcinoma. HepG2
(5.0x10°) cells were injected subcutaneously into the flank of
6-8-week old male NMRI mice (Harlan Winkelmann GmbH,
Germany). Eight animals were used for each treatment group.
Animals were kept in a light- and temperature-controlled
environment and provided with food and water ad libitum.
Tumor size was determined daily by measurement using a
caliper square. When subcutaneous tumors reached a diameter
of 7 mm, oral treatment with AEE788 (50 mg/kg) or vehicle
(NMP/PEG300) was started by gavage every other day for a
total of five applications. Animals were sacrificed by cervical
dislocation and tumor samples were collected two weeks after
initiation of treatment. Tumor and tissue samples were fixed in
10% phosphate-buffered formalin or snap-frozen in liquid
nitrogen.

Alanine amino transferase (ALT) levels were determined
from blood samples at the beginning and end of the study using
an automated procedure on a Cobas Mira (Roche, Mannheim,
Germany). Hep3B cells proved not to be tumorigenic in NMRI
mice and were therefore not used for in vivo experiments.

All animals received humane care. The study protocol
complied with the institute's guidelines and was approved by
the Government of Lower Franconia (Wiirzburg, Germany,
file number 54-2531.31-3/06) before the beginning of the
experiments.

Protein extraction and Western blot analysis. Total protein
was extracted from cultured cells or snap-frozen tumor
specimens by adding the sample buffer (23). Samples were
subjected to 6-14% SDS-PAGE (Invitrogen, Carlsbad,
USA), transferred to a nitrocellulose membrane and blocked
for 1 h at room temperature in a TBS buffer containing 0.1%
Tween-20 and 5% low fat milk powder. Membranes were
incubated overnight with primary antibodies (p-VEGFR
(Flk-1, Merck Biosciences, USA) 1:200, p-EGFR 1:1000,
p-MAPK (Erkl and Erk2) 1:1000, p-AKT 1:1000, MAPK
1:1000, AKT 1:1000 (Cell Signaling Technology, USA),
VEGFR 1:200 (Santa Cruz Biotechnology, USA), EGFR
1:500 (Upstate, USA). Membranes were incubated with a
peroxidase coupled secondary antibody (1:2000, Sigma) for
1 h at room temperature. Reactive bands were detected with
the ECL chemiluminescence reagent (Amersham Pharmacia
Biotech, Freiburg, Germany) and analyzed using GelScan 5
software (BioSciTec, Frankfurt, Germany). Signals were
standardized to B-actin (1:5000, Sigma) content.

Quantitative real-time PCR. For quantitative real-time PCR,
total cellular RNA was extracted by use of peqGOLD RNA
Pure (Peqlab, Erlangen, Germany) according to the manu-
facturer's instructions and reverse transcription (RT) was
performed as described previously (24). Sequences of primers
(Sigma, Germany) and probes (Roche Molecular Biochemicals)
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Table I. Specific primer oligonucleotides and oligonucleotide probes for qPCR.

Target gene 5'-primer Probe 3'-primer
ALAS CCCTCTTCA CCCTGG CTA A CCAGGCTG AGG CAT GGT TCC CAG AAT C
VEGF-A CTACCTCCACCATGCCAAGT AGGAGGAG CACCACTTCGTGATGATTCTG
VEGF-C AAGTCCACAGAAATGCTTGTTAAA CCACCACC TCGTACATGGCCGTCTGTAA
VEGF D TGAGTGCAAAGAAAGTCTGGAG CTGCTGCC TGGTATGAAAGGGGCATCTG
NRP 1 CACATTTCACAAGAAGATTGTGC GACCTGGA CATCAATTTTAATTTCTGGGTTCTTT
Flt-1 CCACTCCCTTGAACACGAG GACCTGGA CGCCTTACGGAAGCTCTCT
Flt-4 AGACAAGAAAGCGGCTTCAG TGGCTGTG TTGGGAGTCAGGGTGTGC
EGFR GATCCAAGCTGTCCCAATG GGAGAGGA GGCACAGATGATTTTGGTCA
are given in Table I. PCR conditions were 95°C for 10 min, A 12
40 cycles of 95°C, 60°C for 30 sec, 72°C for 1 sec and 51
cooling to 40°C for 30 sec. Results were normalized to ALAS §.s
mRNA content for each sample. %oe

=

E
Immunohistochemistry and TUNEL staining. Tumor tissue E::
was fixed with 10% phosphate-buffered formalin and |
embedded in paraffin. Sections (5 ym) were cut and stored at :20 oh 2ah 48 h 72h
room temperature until use. Routine histology (hematoxylin B
and eosin staining) was performed in order to evaluate basic 100
histomorphological features of the specimens. Sections were 2%
dewaxed, rehydrated and processed by microwave heating in %60
citrate buffer (pH 6.0). Specimens were incubated with %—nn
primary antibodies (anti-Ki-67, 1:500; anti-B-catenin 1:200; =
both from Dako Germany, Hamburg, Germany; anti-EGFR, 2
1:20, Novocastra, Newcastle upon Tyne, UK) overnight at 04
4°C and visualized using streptavidin-biotin complex e e e
(Biogenex, San Ramon, CA, USA) coupled to alkaline ~#=Hept2 1 M == Hop3R 1 pM “=HFL WM

=0~ HepG2 10 pM =t~ Hep3B 10 pM =0 HF 10 pM

phosphatase and developed using Dako Envision polymer
(DakoCytomation Co., Hamburg, Germany) and developed
using 3-hydroxy-2-naphtylacide-2,4-dimethylanilide or
DAB. Endothelial staining was performed with the anti-
MECA-32 antibody (1:1), produced in a rat hybridoma cell
line (25). Tris-buffered saline (pH 7.2) served as negative
controls. TUNEL stainings were performed with the In Situ
Cell Death Detection Kit (Roche, Mannheim, Germany)
according to the manufacturer's instructions. Slides were
digitized and analyzed with the ImageAccess Enterprise 5
software (Imagic Bildverarbeitung, Glattbrugg, Switzerland).
Quantification (extensity) and semi-quantification (intensity
and distribution) were performed in each slide, performed
with electronic filtering for respective signals.

Statistical analysis. Statistical analysis was performed using
SPSS14.0 for Windows (SPSS Inc., Chicago, IL). Significance
was calculated using the t-test for unpaired samples. P<0.05
was regarded as significant.

Results

AEE788 reduces cell viability and induces apoptosis in HCC
cell lines. We chose two human HCC cell lines that are
representative for human HCC in regard of their p53 status

Figure 1. AEE788 reduces cell proliferation and induces apoptosis. (A)
Relative number of viable cells after AEE788 treatment was determined
after Trypan blue staining in a Neubauer chamber and is expressed relative
to untreated controls (1.0). (B) Increase in sub-G,-events as a marker of
apoptosis after AEE788 treatment as determined by flow cytometry after
propidium iodide staining. Results are mean + SEM of three independent
experiments.

(HepG2: p53 wild-type, Hep3B: p53 deleted) and viral status
(Hep3B: on Hepatitis B virus background). HF cells were used
as controls to detect expected skin toxicities in an epithelial
but non-transformed cell line.

All investigated cell lines responded to AEE788 treatment
with a time- and dose-dependent reduction of the number of
viable cells as determined by Trypan blue exclusion test
(Fig. 1A). While concentrations <10 #M remained ineffective,
concentrations of 10 uM or higher lead to a rapid decrease in
cell viability. The relative cell number was reduced to <10%
of untreated controls after 48-72 h. The ICs, value for inhibition
of cell proliferation in the investigated cell lines is ~10 M.

AEE788 induced apoptosis in the investigated cell lines
at concentrations of 10 M, while lower concentrations
remained ineffective (Fig. 1B). While Hep3B cells showed a
significant increase in sub-G,-events already after 48 h, HF
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Figure 2. Mechanisms of AEE788 mediated apoptosis. Shown are examples of HepG2 cells treated with 1 or 10 xM AEE788 for 72 h. Top row shows
representative flow cytometric histogram analyses of cell cycle and gives the percentage of sub-G,-events. Middle row shows a representative density plot
quadrant analysis after JC-1 staining. x-axis, FL-1H (green fluorescence); y-axis, FL-2H (red fluorescence). Top right quadrant represents cells with intact
mitochondria. Bottom row shows immunofluorescence stainings of cytokeratin 18 cleavage fragments using the M30 CytoDeath antibody system. Magnification
x200. Percentages indicate cell number relative to untreated controls (100%) as determined by Trypan blue staining. All values given in this figure are mean

values of three independent experiments.

and HepG2 showed a delayed response to AEE788. In
HepG2, the maximum apoptosis rate at 10 M reached
58.4% after 120 h (not shown).

Mechanisms of apoptosis induction by AEE788. To investigate
the mechanisms of apoptosis induction by AEE788 we
analyzed its effect on cell cycle, the mitochondrial trans-
membrane potential A¥,, and cytokeratin 18 fragmentation.
Representative examples for the following results are shown
for HepG?2 cells after 72-h treatment with AEE788 in Fig. 2.
Cell cycle analysis by flow cytometry after propidium
iodide staining revealed an arrest in G,-phase preceding
apoptosis induction. The induction of apoptosis was paralleled
by a loss of A¥, as evidenced by a decrease in JC-1 red
fluorescence. Interestingly, the more sensitive cell line Hep3B
also showed an earlier loss of A¥ compared to HF and
HepG2. In detail, the percentage of cells with intact mito-
chondria after 72-h treatment with 10 xM AEE788 was 0.6%
for Hep3B, 39.3% for HepG2 and 3.3% for HF. These values

correlated (Spearman's correlation coefficient r?) with the
apoptosis values determined by flow cytometry with r? values
of 0.99 for Hep3B, 0.98 for HepG2 and 0.99 for HF.

Immunofluorescence staining for apoptosis specific neo-
epitopes of cytokeratin 18 proved qualitatively that AEE788
mediated cytotoxicity leads to activation of the caspase
cascade and not necrotic cell death.

Analysis of EGFR and VEGFR signalling pathways. Semi-
quantitative Western blotting was used to evaluate the effect
of AEE788 on molecules involved in the signal transduction
of EGFR and VEGFR (Fig. 3).

We found a constant expression of VEGFR and its phos-
phorylated active form p-VEGFR in all analysed cell lines
which was not affected by AEE788. For EGFR, an expression
and phosphorylation was observed in all cell lines. Treatment
with 10 uM AEE788 lead to a reduction of phosphorylation
compared to untreated controls of 76% and 40% in Hep3B
and HepG2, respectively, and also to a decreased expression
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Figure 3. Semiquantitative Western blotting of molecules involved in EGFR and VEGFR signalling. Cells were treated with 1 or 10 uM AEE788 for 72 h.
Shown are representative examples for three independent experiments for expression of either total or phosphorylated isoforms of VEGFR2 (flk-1), EGFR,
MAPK (ERK1/2) and AKT. B-actin was used as a control for equal loading of lanes. Molecular weight of unphosphorylated proteins is given in kDa.

of total EGFR (69% and 56% for Hep3B and HepG2, respec-
tively), while 1 uM AEE788 did not show these effects.

While the downstream signalling molecule MAPK (ERK1/
2) was constantly expressed in all three investigated cell lines
and no changes were observed upon AEE788 treatment, a
strong decrease was detectable for expression of phos-
phorylated MAPK isoforms. p-MAPK was undetectable
after 10 uM AEE788 in HF and reduced to 42% on untreated
controls in Hep3B. At 1 M, only a slight reduction to 71
and 89% of untreated controls was observed in HF and Hep3B,
respectively. HepG2 cells did not show a reduction of MAPK
phosphorylation after AEE788 treatment.

AKT was expressed in all three cell lines. While this
signalling molecule was strongly activated in untreated HF
cells, p-AKT was not detectable in hepatoma cells and no
changes could be observed after AEE788 treatment. In contrast,
the activation of p-AKT was strongly suppressed in HF by
10 uM AEE788 but remained stable after treatment with 1 M.

Quantitative RT-PCR of Hep3B, HepG?2 and HF cells treated
with AEE788. All cell lines showed constant levels of VEGF
A and VEGF D mRNA, while VEGF C was only expressed
in HF. In this cell line, AEE788 induced the transcription of
VEGF C mRNA about 5- to 9-fold after 24 h. No expression
was found for VEGF-R3 in all three cell lines, while Flt1 was
highly expressed in HF only. Here, treatment with 1 or 10 uM
AEE788 lead to a suppression of the cognate mRNA to 15%
of untreated controls after 24 h. The pro-angiogenic co-receptor
Nrpl was expressed in HF and Hep3B but was not affected
by AEE788 treatment. EGFR mRNA was detectable in all
three investigated cell lines with lowest expression in HepG2
but was not affected by AEE788.

AEE788 inhibits growth of HepG2 xenografts in nude mice.
To assess the in vivo effect of AEE788 on the growth of
human hepatoma cells, a HepG2 xenograft model was
established in male NMRI mice. Animals were treated with
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Figure 4. AEE788 inhibits growth of HepG2 xenografts in nude mice. (A)
Mice (n/group=8) were treated with 50 mg/kg AEE788 by oral administration
three times per week (marked with x) for a total of 5 times. Tumor size was
determined by measurement with a standardized calliper square and is
expressed relative to mean size of day 1 (set at 1.0) =+ SEM. (B) Absolute
tumor area was measured from respective histologic cross sections at the
study end-point. Results represent mean tumor area in mm? + SEM from
n=8 tumors per group.

oral administration of 50 mg/kg AEE788 three times per
week when tumors reached a diameter of 7 mm for a total of
5 administrations. From day 7 after initiation of treatment,
tumor diameter in the treatment group was significantly
smaller than in the control group receiving vehicle only
(Fig. 4A). After 2 weeks, the mean relative tumor diameter
in the control group was more than doubled compared to
day 1 of treatment (206%) but was increased by only 45%
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Figure 5. Reduction of tumor growth in nude mice and immunohistochemical analysis. Shown are representative examples of specimens from untreated
controls or animals receiving 50 mg/kg AEE788 by oral administration. (A) Macroscopic image showing a reduced tumor size and a reversible skin reaction
in treated mice (a and b). Histochemical sections show endothelial cells (arrows) after Meca-32 staining (¢ and d, magnification x400; bar, 20 ym), Ki-67
(f and g, magnification x200; bar, 50 gm), TUNEL stainings (i and j, magnification x12.5; bar, 500 ym), total EGFR expression (I and m, magnification x400;
bar, 20 xm) and localization of B-catenin (n and o, magnification x400; bar 20 xm). Bar diagrams show quantification of vessel density per group (e),
percentage of Ki-67 positive cells (h) and percentage of TUNEL positive area (k). Bars represent mean = SEM from eight specimens and 4 independent high

power fields per specimen. “P<0.05 vs. control.

in animals receiving 50 mg/kg AEE788. These results were
confirmed by measuring the tumor area at microscopic
sections (Fig. 4B). Here, tumors from the control group
covered a mean area of 59.6 mm?, while 50 mg/kg AEE788
reduced the tumor size to 13.2 mm? (P<0.05), respectively.

Growth delay by AEE788 is mediated by reduced proliferation
and vascularisation. Fig. SA shows a representative macro-
scopic image from an untreated control mouse and an animal
receiving 50 mg/kg AEE788. Here, a marked reduction in
tumor size is visible that was further analysed by various
immunohistochemical stainings.
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Figure 5 (continued). (B) H&E stainings of liver (a and b), large (d and e) and small intestine (f and g), bone marrow (h and i) and skin (j and k) to assess
drug-related side effects. Except for the skin, no morphological signs of toxicity were observed. Magnification x400 (bone marrow); x20 (liver, colon, small
intestine); x10 (skin); bar, 100 ym (skin), 50 ym (liver, colon, small intestine), 20 ym (bone marrow). Bar diagram (c) shows serum levels of alanine
aminotransferase (ALT) from tumor bearing animals before treatment or receiving either vehicle or AEE788 at 50 mg/kg. Bars represent mean + SEM from

four animals per group.

The Meca-32 staining revealed a significantly reduced
vascularisation of AEE788 treated tumors, i.e. a reduced
number and size of blood vessels. The mean blood vessel
number per high power field decreased from 22.2 in untreated
controls to 3.4 in animals receiving 50 mg/kg AEE788
(P<0.05).

A significant reduction in tumor cell proliferation was
observed by evaluating the percentage of Ki-67 positive
nuclei which was reduced from 39.2 to 26.8%. This was
paralleled by a down-regulation of EGFR and a stabilization
of B-catenin in the cell membrane. These results indicate a
long-lasting anti-tumor effect of AEE788 as the immuno-
histochemical analysis was performed 7 days after the last
administration of AEE788. In addition, the mean TUNEL
positive area increased from 12.6 in untreated to controls to

21.8% in tumors treated with 50 mg/kg AEE788, respectively
(P<0.05).

AEE788 induced a reversible skin reaction in mice. As shown
in Fig. 5A, treated mice developed an eczematous skin reaction
as has been described for other EGFR inhibitors (26). H&E
staining (Fig. 5B) revealed a desquamation of the epidermis
with thickening of the stratum corneum with abundant
eosinophilic keratinous material but without additional
changes in deeper layers of the skin. Importantly, this skin
reaction was completely reversible when administration of
AEE788 was stopped. In parallel to this skin reaction, a
weight loss was observed in animals treated with 50 mg/kg
AEE788 but not in the other group. Although this weight
loss was pronounced (>20%) in some animals, all animals
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Figure 6. Western blot analysis of representative HepG2 xenograft specimens from four untreated controls or four animals receiving 50 mg/kg AEE78S.
Tumor samples were obtained at the end of the treatment period and subjected to semiquantitative Western blotting against total and phosphorylated isoforms
of VEGFR (Flk-1), EGFR, MAPK and AKT. -actin served as an internal control to show equal loading of lanes.

completely recovered after AEE788 was stopped and all
animals survived until the study end-point (data not shown).
Interestingly, skin reaction and weight loss correlated with
tumor response to AEE788.

To determine other putative side effects of AEE788 we
investigated further organs by H&E staining (Fig. 5B). In the
liver, only minor signs of a mild drug-induced hepatitis were
visible. To assess the degree of liver damage, we determined
serum levels of alanine amino transferase (ALT) in tumor
bearing mice before and during treatment (Fig. 5B, c).
Although ALT levels were elevated also in untreated animals
due to the fact that large tumors were established, no statis-
tically significant changes were observed after administration
of vehicle control or AEE788 at 50 mg/kg. Other gastro-
intestinal organs (colon, small intestine) and bone marrow
did not show any morphological signs of toxicity due to
EGFR inhibition.

AEE788 inhibits activation of MAPK in vivo. As for the in vitro
experiments, we also determined the expression and activation
levels of EGFR, VEGFR and its downstream signalling path-
ways by semiquantitative Western blotting (Fig. 6). Untreated
HepG2 xenografts showed a strong expression and activation
of both EGFR and VEGFR. Treatment with AEE788 lead to
a significant reduction of receptor expression which was
paralleled by a loss of phosphorylation in these receptors.
In parallel to cell culture results, AEE788 also inhibited
the activation of the MAPK pathway in the xenografts.
Although AKT was also strongly expressed in vivo, no
activation was visible in controls or treated mice.

Discussion
Our results provide evidence that AEE788 inhibits growth

of two representative human HCC cell lines in vitro and in
a subcutaneous xenograft model in nude mice after oral

administration. This growth inhibition is mediated by an
inhibition of activation of the MAPK signalling pathway,
pro-apoptotic effects via disruption of the mitochondrial
transmembrane potential A¥,, as well as an inhibition of
tumor vascularisation and tumor cell proliferation in vivo.

AEE788 has been established as a dual receptor tyrosine
kinase inhibitor of the EGFR and the VEGFR (20). Both of
these growth factor receptors lead to an activation of the
MAPK (ERK1/2) pathway (27) which we have shown to be
inhibited upon AEE788 treatment by inhibition of receptor
phosphorylation. In contrast to previous reports, we did not
stimulate cells with recombinant EGF or VEGF and also kept
the cells constantly incubated with complete growth medium
to see an activation of these pathways as this resembles the
actual clinical situation more closely, which explains the
rather high concentrations needed for the observed in vitro
effects. Yet, also in this setting an inhibition of the MAPK
survival pathway was observed and immunohistochemistry
revealed a loss of membraneous expression of EGFR in vivo.
This receptor has been shown to be regulated post-transcrip-
tionally, e.g., by ubiquitination and subsequent degradation,
especially after anti-EGFR therapies (28-30). The post-
transcriptional modification of EGFR is in concordance with
our findings of reduced total EGFR protein but stable mRNA
levels in vitro. The stability of VEGFR expression may be due
to the lower affinity of AEE788 to this receptor compared to
EGFR (20,31).

HCC is a highly vascularised tumor and several anti-
angiogenic strategies have been applied so far (32) and a
high microvessel density has been related to poor prognosis
in HCC (33). AEE788 has been shown to inhibit proliferation
and to induce apoptosis in endothelial cells (22,34-37).
Despite the constant growth factor stimulation in vitro and
the presence of murine pro-angiogenic factors in vivo, a long-
lasting reduction of number and size of tumor-associated
(murine) blood vessels was observed, paralleled by an
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inhibition the VEGFR pathway but not of the pro-angiogenic
co-receptor Nrpl. This indicates a strong anti-angiogenic
effect of AEE788 in HCC models in addition to the direct
post-transcriptional anti-EGFR effects (e.g., reduced Ki-67
index, loss of survival pathways, disruption of A¥ ) in the
hepatoma cells.

Another direct effect of AEE788 on hepatoma cells was
the stabilization of B-catenin in the cell membrane. 3-catenin
is a key regulator of gene transcription and cell adhesion
(38). Dysregulation or mutation of B-catenin are considered
important steps in the development and progression of human
malignancies, including HCC. Activation of the Wnt/B-catenin
pathway is found in up to 67% of HCC but only 20-30%
exhibit a mutation of these genes, indicating changes in other
com-ponents of this pathway (39). Recently, crosstalk
between EGFR and B-catenin has been observed in HCC (40)
and several kinases, e.g., AKT or the casein kinase family,
have been associated with B-catenin shuttling to the nucleus
(41,42). Our results indicate that AEE788 may interfere with
the B-catenin signalling by inhibition of upstream signals
from the EGFR or by inhibition of other intracellular kinases
that might have direct action on B-catenin trafficking.

AEE788 was well tolerated in our experiments. Except
for the reversible skin reaction and transient weight loss, no
severe adverse side effects were observed. Although
increased liver toxicity was expected from the known
pharmacokinetic data (20), we did not observe any signs of
liver damage as shown by ALT levels comparable to controls
and normal liver histology. The transient weight loss has not
been reported so far from other in vivo studies with AEE788
(21,22,43) and may be due to the different mouse strain used
in our experiments but is not a direct effect of AEE788 on
intestinal mucosa as evidenced by normal histology. The
observed skin reaction correlated with the tumor response to
AEE788 treatment and is similar to the commonly observed
cutaneous toxicities of other EGFR antagonists (26).

In conclusion, AEE788 represents a novel small molecule
inhibitor of the kinase-activity of EGFR and VEGFR and is
effective as a single agent in HCC models in vitro and in vivo.
Due to its good in vivo properties, the compound could
contribute to treatment of human HCC, especially in patients
with acquired resistances to present kinase inhibitors or
receptor antagonists.
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