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Abstract

Purpose of study Hepatocellular carcinoma (HCC) is the
third leading cause of cancer death. Although sorafenib has
been shown to improve survival of patients with advanced
HCC, this improvement is modest and patients eventually
have refractory disease. The purpose of this study is to
assess the anti-tumor and anti-angiogenic activities of fo-
retinib, a vascular endothelial growth factor receptor 2
(VEGFR-2) and c-Met inhibitor using mouse models of
human HCC.

Experimental techniques SK-HEP1 and 21-0208 HCC
cells as well as patient-derived HCC models were
employed to study the anti-tumor and antiangiogenic
activities of foretinib. Changes of biomarkers relevant to
hepatocyte growth factor (HGF) signaling pathways were
determined by Western blotting. Microvessel density,

apoptosis and cell proliferation were analyzed by
immunohistochemistry.
Results Treatment of SK-HEP1 cells with foretinib

resulted in growth inhibition, G2/M cell cycle arrest,
reduced colony formation and blockade of HGF-induced
cell migration. In both orthotopic and ectopic models of
HCC, foretinib potently inhibited tumor growth in a dose-
dependent manner. Inhibition of angiogenesis correlated
with inactivation of VEGFR-2/c-Met signaling pathways.
Foretinib also caused elevation of p27 and Bim but reduced
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cyclin B1 expression and p—c-Myc, which resulted in a
reduction in cellular proliferation and the induction of
tumor cell apoptosis. In an orthotopic model, foretinib
potently inhibited primary tumor growth and significantly
prolonged mouse survival.

Data interpretations Foretinib demonstrated significant
antitumor activities in patient-derived HCC xenograft
models. This study provides a compelling rationale for
clinical investigation in patients with advanced HCC.

Keywords Foretinib - HCC - Growth inhibition -
Angiogenesis

Introduction

With an annual incidence of over 660,000 deaths, HCC is
the fifth most common malignancy and the third leading
cause of cancer-related mortality globally [1]. Despite the
available treatment options, the incidence still nearly
equals to the mortality rate. More than 80% of patients with
HCC have inoperable disease with very poor prognosis [2].
Therefore, potentially curative treatment like locoregional
ablation, surgical resection or liver transplantation can be
achieved only in a minority of HCC patients [3]. Even in
resectable HCC, 5-year-survival rates only range between
15 and 39% [4], largely due to recurrent disease. As such,
there is clearly a need for effective novel therapies to
combat this deadly disease. Meta-analysis evaluating 37
chemotherapy randomized clinical trials demonstrated
almost complete lack of efficacy for HCC [3, 5]. Sorafenib
has been shown to improve the median survival of HCC
patients from 7.9 to 10.7 months [6]. Although the avail-
ability of sorafenib is likely to have a considerable clinical
impact, there remains a need for additional treatment
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options for patients with advanced HCC. This unmet need
may be met in the future by one or more of the novel
inhibitors currently in the development.

HCC tumors are highly vascular and VEGF is one of the
factors regulating this process. The VEGFR-2 is expressed
on endothelial cells and activation of VEGFR-2 by VEGF
plays a primary role in tumor angiogenesis and survival
signals to these cells [7]. Elevated VEGEF is associated with
poor prognosis, early recurrence and short time survival in
HCC [8, 9]. Like VEGFR-2, hepatocyte growth factor
(HGF) and c-Met have been implicated in HCC [10, 11].
Point mutations in c-MET have been identified in HCC
[12]. c-Met overexpression is seen in 20-48% of HCC
tumors [13-16] and has been associated with decreased
5-year survival [14]. Simultaneous administration of HGF
and VEGF in cultured primary endothelial cells confers a
greater proliferative stimulus and pro-angiogenic effect
than either ligand alone, suggesting a co-operation between
c-Met and VEGFR-2 in endothelial cells [17]. Expression
of c-Met is regulated by the same hypoxia-inducible factor
system that governs VEGF expression levels; hence, both
c-Met and VEGF are induced in response to tumor hypoxia
[18]. Recent biomarker data from a phase III sorafenib
study identified elevated HGF levels as a potential pre-
dictor of poor prognosis in HCC [19]. These findings
suggest that simultaneous inhibition of c-Met and VEGFR-
2 by a small-molecule inhibitor may confer broad and
potent anti-tumor efficacy.

Foretinib (XL880, GSK1363089) is a small-molecule
kinase inhibitor that targets members of the HGF and
VEGF receptor tyrosine kinase families, with additional
inhibitory activity toward AXL, c-Kit, FIt-3, PDGF-Rp,
and Tie-2 [20, 21]. Foretinib inhibited cellular HGF-
induced c-Met phosphorylation and VEGF-induced extra-
cellular signal-regulated kinase phosphorylation and pre-
vented both HGF-induced responses of tumor cells and
HGF/VEGF-induced responses of endothelial cells [21].
In vivo, a single 100 mg/kg oral gavage dose of foretinib
resulted in substantial inhibition of HGF/VEGF-induced
phosphorylation of c-Met in liver and VEGFR-2 in lung
through 24 h [21]. Collectively, these data indicate that
foretinib may prevent tumor growth through a direct effect
on tumor cell proliferation and by inhibition of invasion
and angiogenesis mediated by HGF and VEGF [21].
A recent phase I study using foretinib in solid tumors found
the maximally tolerated dose to be 240 mg/day [22]. Pre-
liminary analysis revealed that partial response was
observed in two patients with papillary RCC and one
patient with medullary thyroid carcinoma [22]. Minimal
changes were detected in total c-Met and total RON;
however, kinase activity as measured by phosphorylation
status, as well as the downstream signaling molecules
p-Akt and p-ERK, was reduced in the tumors of three
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patients. In addition, marked decreases in proliferation and
increases in apoptosis in the tumor biopsies were observed
post treatment [22]. A phase I/Il, open-label, multicenter
study of foretinib in adult subjects with HCC is ongoing
(NCT00920192).

Here, we report the results of a study assessing the
effects of foretinib on tumor growth and angiogenesis in
xenograft models of human HCC which have been previ-
ously established and characterized to evaluate new agents
for treatment of HCC [23].

Materials and methods
Reagents

Research grade Capsitol was purchased from CyDex, Inc.,
Lenexa, Kansas, USA. Antibodies against Akt, Bim, Bad,
Shipl, Gabl, PLC-y1, cleaved PARP and phosphorylation-
specific antibodies against c-Met Tyr1234/1235, c-Met
Tyr1003, PLC-y1 Tyr1253, ERK1/2 Thr202/Tyr204, His-
tone 3 Serl0, c-Myc Thr58/Ser62, cdk-2 Thr14/Tyrl5 and
c-Raf were obtained from Cell Signaling Technology,
Beverly, MA. The antibodies against phospho-PDGF-Rf}
Tyr1021, phospho-VEGFR-2 Tyr951, PDGF-Rf3, VEGFR-
2, c-Met, cyclin B1, cdk-2, cdk-4, cdk-6, p27 and «-tubulin
were from Santa Cruz Biotechnology Inc, Santa Cruz, CA.
CD3l1/platelet endothelial cell adhesion molecule 1 anti-
body were was from BioLegend, San Diego, CA, USA..
The chemiluminescent detection system was supplied by
Amersham, Pharmacia Biotech, Arlington Heights, IL.

Cell culture

21-0208 HCC cells were isolated from 21-0208 tumors as
described previously [24]. Human hepatoma SK-HEPI1
(HTB-52) cells were obtained from American Type Cul-
ture Collection (Manassas, VA, USA). They were main-
tained as monolayer cultures in Hi-Gluc-DMEM (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin—streptomycin (growth medium) at 37°C, 5%
CO,.

To determine the effects of foretinib on cell number,
SK-HEP1 cells were plated at a density of 2 x 10* cells per
dish and treated with various concentrations of foretinib
ranging from 0.25 to 1.5 pM in DMEM containing 1%
FBS for 48 h. Cell number was determined manually with
a hemocytometer. The data were expressed as mean & SE.

Flow cytometry analysis

SK-HEPI cells were plated at the density of 5 x 10°
and then treated with either 0.1% DMSO or indicated doses
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(0, 0.25, 0.5, 1, and 1.5 pM) of foretinib for 24 h. Cells
were fixed in 70% ethanol at 4°C for 24 h and stained with
propidium iodide. Fluorescence intensity of the stained
cells was measured using FACSCalibur flow cytometer
(BD, San Jose, CA). Data were analyzed using BD Cell-
Quest Pro software. For every measurement, 10,000 events
were collected, and gating was set to exclude cell doublets.
DNA contents of certain phases were shown as percentage
compared to the total DNA content within the gate.

Colony formation assay

10 x 10* SK-HEP1 cells were suspended in growth med-
ium in the absence or presence of 1 UM of foretinib. Cells
were seeded in triplicate into 100 x 20 mm cell culture
dishes (Greiner Bio-One GmbH, Frickenhausen, Germany)
and allowed to grow for 10 days. Colonies were visualized
by staining the cells with 0.5% crystal violet and pictures
were captured using Nikon E8400 camera.

Wound-healing scratch assay

SK-HEP1 cell monolayer grown to confluence on 100 mm
culture dishes were wounded by scratching with a pipette
tip. They were briefly washed with serum free DMEM and
cultured in the presence of 1 uM foretinib or 50 ng/ml
human recombinant hepatocyte growth factor (HGF) or the
combination of foretinib and HGF for 24 h. The wounds
were photographed (10x objective) at 24 h. Each experi-
ment was done in triplicate.

Efficacy of foretinib on the tumor growth of ectopic
and orthotopic models of HCC

This study received ethics board approval at the National
Cancer Centre of Singapore and Singapore General Hos-
pital. All mice were maintained according to the Guide for
the Care and Use of Laboratory Animals published by the
National Institutes of Health, USA.

Foretinib (GSK1363089G, free base, micronized) was
from GlaxoSmithKline, Collegeville, PA, USA. It was
diluted either in 30% Capsitol (Capsitol in water) or 1%
Hydroxypropyl methylcellulose: 0.2% Sodium Lauryl
Sulfate: 98.8% water at an appropriate concentration prior
use. HCC tumors have previously been used to create
xenograft lines [23], of which the following lines (06-0606,
5-1318, 26-1004, and 21-0208) were used to establish
tumors in male SCID mice (Animal Resources Centre,
Canning Vale, Western Australia) aged 9-10 weeks. The
5-1318 and 06-0606 xenografts were derived from Hepa-
titis B virus positive HCC while 26-1004 had wild type p53
and 16 bp deletion in exon 8 of PTEN gene. 5-1318 had
mutation in codon 249 of p53 gene.

For dose response experiments, mice bearing 06-0606
or 5-1318 tumors were administered indicated doses of
foretinib for indicated times. 6 mg/kg and 10 mg/kg doses
were given daily while 30 mg/kg dose was administered
every other day. Each treatment group is comprised of
10-14 animals. Treatment started when the tumors reached
the size of approximately 100-200 mm?>. Tumor growth
was monitored and tumor volume was calculated as
described [23]. At the end of the study, the mice were
sacrificed with body and tumor weights recorded and the
tumors harvested for analysis.

21-0208, 06-0606 and 26-1004 orthotopic models of
HCC were created as previously described [24]. Mice
bearing tumors were administered vehicle and 3 doses of
foretinib: 6 mg/kg (daily), 10 mg/kg (daily) and 30 mg/kg
(every other day) for indicated days. Each treatment group
is comprised of 10-14 animals. Treatments started on day
9. By this time, the tumors reached the size of approxi-
mately 100-150 mm?. Tumor-bearing mice were sacrificed
when control mice became moribund and tumor volume
recorded.

For time-dependent effects of foretinib, mice bearing
06-0606 tumors were randomized (12 mice/group) and
daily treated with vehicle or 30 mg/kg foretinib. Tumors
were collected daily for 4 days after dosing (2 animals per
time point) for analysis.

To determine the extent of hypoxia in tumor tissues,
mice bearing 06-0606 tumors were treated with vehicle
(30% Captisol), or foretinib (15 mg/kg) or bevacizumab
(10 mg/kg) or sorafenib (20 mg/kg) for 14 days. Mice
were i.p. injected with pimonidazole hydrochloride
(60 mg/kg, 2.5 pl/g of mouse body weight) 1 h before
tumors harvested. Hypoxic regions of tumor were identi-
fied by staining the sections with Hypoxyprobe plus Kit
HP2 (Chemicon) as described by the manufacturer.

Survival study

Mice bearing orthotopic 06-0606 tumors were daily
received either vehicle (1% Hydroxypropyl methylcellu-
lose: 0.2% Sodium Lauryl Sulfate: 98.8% Water) or
15 mg/kg foretinib for 18 days. Each treatment group is
comprised of 10 animals. Body weight, ascites formation,
and overall survival were monitored daily. Tumor-bearing
mice were sacrificed when they became moribund, and the
presence of ascitic fluid was recorded for each mouse. The
size of primary orthotopic tumors was also recorded.

Immunohistochemistry
For cleaved PARP and p-Histone 3 Ser10 stainings, tumor

samples were processed for paraffin embedding. For
CD31 staining, they were embedded in Optimal Cutting
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Temperature (Sakura Finetek Inc., Torrance, CA, USA).
5-pm sections were stained with anti-CD31, anti-p-Histone
3 Serl0 and anti-cleaved PARP antibodies to assess
microvessel density, cell proliferation, and apoptosis,
respectively, as described [24]. The number of p-Histone 3
Ser10 and cleaved PARP positive cells among at least 500
cells per region was counted and expressed as percentage
values. For the quantification of mean micro-vessel density
in sections stained for CD31, 10 random fields at a mag-
nification of x100 were captured for each tumor.

Western blot analysis

To determine the changes in indicated proteins, 3—4 inde-
pendent tumors from vehicle and foretinib-treated mice
were homogenized separately in lysis buffer as described
previously [23]. Eighty pg of proteins per sample were
analyzed by Western blot analysis as described [23]. Blots
were incubated with indicated primary antibodies and
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horseradish peroxidase-conjugated secondary antibodies.
All primary antibodies were then visualized with chemi-
luminescent detection system (Amersham, Pharmacia
Biotech).

Statistical analysis

For quantification analysis, the sum of the density of bands
corresponding to protein blotting with the antibody under
study was calculated and normalized with o-tubulin. After
normalization, changes in the expression of the protein
under study in treated samples were expressed relative to
the basal levels of this protein in vehicle treated sample.
Comparisons of tumor growth over time were performed
using ANOVA followed by Student’s t-test. Body weight
and tumor burden of mice at the point of sacrifice, differ-
ences in the levels of protein under study, tumor weight at
sacrifice, p-Histone 3 Serl0 index, mean microvessel
density, and cleaved PARP-positive cells were compared
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Fig. 1 Effects of foretinib on the proliferation, cell cycle progression
and cell motility of SK-HEP1 cells. Cells were plated and treated with
indicated concentrations of foretinib in DMEM containing 1% FBS
for 24 h as described in “Materials and methods”. Cell number (a),
cell motility assay (b) and cell cycle analysis and quantification of
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cells in different phases of cell cycle (¢) in the presence and absence
of foretinib are shown. Different asterisks indicate significantly
different from one another at P < 0.05. Experiments were repeated at
least twice
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using Student’s t test. For survival study, Log-rank test was
used. For statistical analysis, significance was established
at P < 0.05.

Results

Because c-Met transduces multiple biological activities,
including motility, proliferation, survival and metastasis
[25, 26], we evaluated the in vitro activity of foretinib using
SK-HEPI1 cells. Figure 1a shows that treatment of SK-HEP1
cells with 0.25, 05, 1 and 1.5 pM foretinib resulted in 30, 60,
68 and 70% reduction in cell number, respectively when
analyzed on day 2. Maximal inhibition was observed at
approximately 1 puM. Foretinib also blocked HGF-induced
cell motility (Fig. 1b) and caused G,/M phase arrest with
reduction in the Go/G; and S phases (Fig. 1c). The number
of colony in the vehicle-and foretinib-treated cells at 2 pM
was 873 &£ 81 and 63 £ 20 respectively, suggesting that
foretinib significantly inhibits colony formation (P < 0.05).
In 21-0208 HCC cells, foretinib inhibited phosphorylation
of c-Met, Gab1, VEGFR-2, PDGFR- 3, Akt and ERK1/2 and
induced apoptosis (Fig. 1S, supplementary data).

We next tested the antitumor activity of foretinib in
vivo. For dose response curve, treatment began when mean

tumor volume was 100-200 mm>. As shown in Fig. 2,
the growth rate of 06-0606 xenografts was decreased
by foretinib in a dose-dependent manner (P < 0.05).
Oral administration of foretinib at 6 mg/kg (once daily),
10 mg/kg (once daily) and 30 mg/kg (once every other
day) resulted in 46, 68 and 83% tumor growth inhibition,
respectively when analyzed on day 16. The effects of
foretinib are relatively rapid, showing significant difference
in tumor volume in the treated group within 8 days
(P < 0.05); however, tumor regression was not observed
(Fig. 2b). Similarly, treatment of 5-1318 tumor-bearing
mice with 15 mg/kg (daily) and 30 mg/kg foretinib (once
every other day) for 14 days resulted in approximately 53
and 87% reductions in tumor burden respectively (Fig. 28,
supplementary data). No overt toxicity, as defined by
weight loss (Fig. 2a), unkempt appearance, mortality and
behavior, was observed in any foretinib groups during the
course of treatment. The dose between 15 and 20 mg/kg/
day was deemed efficacious with no observed drug-asso-
ciated toxicities.

Immunohistochemical analysis revealed that c-Met
expression was detected both in endothelial cells and
cancer cells but VEGFR-2 expression was found only on
endothelial cells (Fig. 3S, supplementary data). These are
consistent with previous observations [27]. Treatment with
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Fig. 2 Dose-dependent effects of foretinib on tumor growth of
patient-derived xenograft line 06-0606. 06-0606 tumors were s.c
implanted in SCID mice as described in “Materials and methods”.
Mice bearing tumors were treated with vehicle (30% Captisol) or 3

doses of foretinib (6 and 10 mg/kg daily and 30 mg/kg every other
day) for 15 days as described in “Materials and methods”. Each
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treatment arm involved 14 independent tumor-bearing mice. Mean of
body weight at sacrifice (a), tumor volume + SE at given time points
(b), representative vehicle- and foretinib-treated tumors (c) and the
corresponding tumor weight (d) for 06-0606 xenografts are shown.
Different asterisks indicate significantly different from one another at
P < 0.05. Experiments were repeated twice with similar results
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Fig. 3 Dose-dependent effects of foretinib therapy on angiogenesis,
cell proliferation and apoptosis in 06-0606 xenograft. Mice bearing
tumor xenografts were treated with vehicle (30% Captisol) or 3 doses
of foretinib: 6 and 10 (daily) and 30 mg/kg (every other day) for
15 days as described in Fig. 2. Each treatment arm involved 14

foretinib led to dose-dependent decrease in blood micro-
vessel density, which is consistent with inhibition of
angiogenesis (Fig. 3). The mean microvessel density in
the tumors that were treated with vehicle and foretinib at
6 mg/kg, 10 mg/kg and 30 mg/kg (once every other day)
was approximately 12.4 + 2.4., 6.2 £ 2.1, 4.2 + 0.6 and
2.2 + 0.3, respectively. The differences in blood micro-
vessel density between control and 10 mg/kg foretinib and
between 10 mg and 30 mg/kg foretinib were statistically
significant (P < 0.05). The percentage of p-Histone Ser10
labeling cells in the tumors that were treated with vehicle
and foretinib at 6 mg/kg, 10 mg/kg and 30 mg/kg (once
every other day) were approximately 14.6 £ 1.7, 7.2 +
1.8, 3.2 £ 0.9 and 2.3 £ 0.5%, respectively. The differ-
ences in p-Histone positive cells in vehicle- and foretinib-
treated tumors were statistically significant (P < 0.05).
In addition, the percentage of cleaved PARP positive cells
in the control and foretinib at 6 mg/kg, 10 mg/kg and
30 mg/kg (once every other day) was approximately
04 £ 0.1, 0.6 £ 0.3, 0.7 £ 0.3 and 3.8 £ 0.5%, respec-
tively. The differences in cleaved PARP-positive cells in
vehicle and 30 mg/kg foretinib-treated tumors were sta-
tistically significant (P < 0.05). Micrographs of 06-0606
tumors stained for pimonidazole (hypoxia) showed that
the amount and distribution of hypoxia increased after
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independent tumor-bearing mice. Representative pictures of blood
vessels stained with anti-CD31, proliferative cells stained with
p-Histone 3 Serl0, and apoptotic cells stained with anti-cleaved-
PARP antibodies in vehicle- and foretinib-treated tumors are shown
(200x). Experiments were repeated twice with similar results

foretinib, bevacizumab and sorafenib treatments (Fig. 4S,
supplementary data).

We investigated the potential mechanisms of foretinib in
06-0606 tumors. As expected, the levels of p-VEGFR-2
Tyr951 and p—c-Met at Tyr1234/1235 were significantly
decreased by foretinib therapy in a dose-dependent manner
(Fig. 4a, P < 0.05). The levels of p-ERK1/2, p-PLCy1 and
p-Akt in tumors treated with either 15 mg or 30 mg/kg
foretinib were significantly reduced (P < 0.05). Since
altered expressions of cell cycle regulators and apoptotic
proteins have been implicated in cellular proliferation and
cell death and clinical outcome of HCC, we investigated
the expressions of key genes involved in the cell cycle. As
shown in Fig. 4b, foretinib treatment led to a significant
decrease in cyclin B1 and p—c-Myc (P < 0.05) but caused a
significant elevation of Bim, cleaved PARP and p27
(P < 0.05). There were no significant alterations in the
levels of cdk-6, cdk-2, p—cdk-2 and cdk-4 by foretinib
therapy. The data suggest that foretinib inhibited cell pro-
liferation and caused cell death.

We next examined the time-dependent effects of foret-
inib on phosphorylation of c-Met and VEGFR-2. First,
daily dose of 30 mg/kg was administered 06-0606 tumor-
bearing mice, then tumors were collected daily for 4 days
and lysates prepared from two tumor-bearing mice per time
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Fig. 4 Dose-dependent and time-dependent effects of foretinib on
the activation of VEGFR-2, PDGF-Rf, c-Met, Akt and ERK1/2,
expression of cell cycle regulatory proteins and apoptosis in HCC
xenograft line 06-0606. 06-0606 tumors were s.c implanted in SCID
mice as described in Fig. 1. Mice bearing tumor xenografts were
treated with vehicle (30% Captisol) or 3 doses of Foretinib: 6 and
10 mg/kg (daily) and 30 mg/kg (every other day) for 15 days (a, b).
For time-dependent effect of foretinib, mice bearing tumors were
daily given 30 mg/kg foretinib and tumors were collected daily for

point were analyzed. Figure 4c showed that foretinib
blocked the autophosphorylation of VEGFR-2 and c-Met in a
time-dependent manner. As PLCy1, ERK and Akt signaling
pathways are downstream of VEGFR-2 and c-Met, we
investigated whether these pathways were altered in foreti-
nib-treated tumors. There was a significant decrease in
p-ERK, p-Akt, and p-PLCy1 within 24 h of foretinib treat-
ment (Fig. 4c, P < 0.05), suggesting that the VEGFR-2/c-
Met pathways were inhibited. While the levels of cyclin B1
and p—c-Myc in foretinib-treated samples were significantly
reduced (P < 0.05), the 89 kDa cleaved PARP fragment and
Bim were readily detected in foretinib but not in vehicle-
treated samples. Notably, upregulation of Bim coincided
with the appearance of the apoptotic marker, cleaved PARP,
indicating that foretinib induced apoptosis.

To test the antitumor activity of foretinib in a specific
organ environment, an orthotopic model was used. In this

4 days (c). Each treatment arm involved 14 independent tumor-
bearing mice. Lysates from vehicle- and foretinib-treated tumors were
subjected to Western blotting described in “Materials and methods”.
Blots were incubated with the indicated antibodies. Representative
Western blots and quantification analysis (expressed as fold of
controls) are shown. Different asterisks indicate significantly different
from one another at P < 0.05. Experiments were repeated at least
twice with similar results

model, tumor fragments were implanted into the liver of
SCID mice. In 26-1004, 21-0208 and 06-0606 models of
HCC, all mice developed tumors with the size of approx-
imately 100-150 mm® within 8-10 days of tumor
implantation. Figure 5 showed that the growth of tumor
xenograft was inhibited by foretinib as determined by
tumor volume at the end of treatment. In 06-0606 xeno-
graft, foretinib produced a dose-dependent reduction of
tumor volume by 30 £ 5, 62 &+ 7 and 83 £ 6% with doses
of 6, 15 and 30 mg/kg, respectively (Fig. 5). Similarly,
foretinib treatment led to a dose-dependent decrease
in primary tumor growth of 68 £8 and 89 £ 5%
(for 26-1004 line) and 75 & 7 and 91 + 5% (for 21-0208
line) at 15 and 30 mg/kg doses, respectively. The differ-
ences in tumor volume between vehicle- and foretinib-
treated tumors were statistically significant (P < 0.05). The
results demonstrate the ability of foretinib to block the
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Fig. 5 Dose-dependent effects of foretinib on the growth of ortho-
topic HCC xenografts. Indicated tumors were implanted in the livers
of SCID mice as described in “Materials and methods”. Mice bearing
tumor xenografts were treated with vehicle (30% Captisol) or
indicated doses of foretinib for 18 days as described in “Materials
and methods”. Each treatment arm involved 10-14 independent

tumor growth in an organ environment. This study also
provided an indication of the tolerability of foretinib as the
treated groups had no significant reduction in body weight.

Next, we evaluated the effect of the foretinib therapy on
HCC proliferation, angiogenesis and apoptosis in 26-1004
orthotopic model. Figure 6 showed that foretinib signifi-
cantly decreased in CD31-positive cells, confirming that
foretinib inhibits angiogenesis. The mean microvessel
density in the tumors that were treated with vehicle and
foretinib at 15 and 30 mg/kg (once every other day) was
approximately 16.2 £3.4., 12 £ 04, and 0.8 £ 0.3,
respectively. The differences in blood microvessel density
between control and foretinib treatment were statistically
significant (P < 0.05). The percentage of p-Histone Ser10
labeling cells in the tumors that treated orally with vehicle
and foretinib at 15 mg/kg (daily) and 30 mg/kg (once
every other day) were approximately 10.3 & 2.2,
3.2 + 0.4, and 2.9 £ 0.5 respectively confirming that fo-
retinib inhibits cell proliferation. Additionally, a significant
elevation in cleaved PARP positive cells was seen in fo-
retinib-treated tumors, suggesting that foretinib induces
apoptosis. The percentage of cleaved PARP positive cells
in the control and foretinib at 15 and 30 mg/kg (once every
other day) was approximately 0.3 £+ 0.1, 2.8 £ 0.5, and
4.6 & 0.9%, respectively. The differences in cleaved
PARP- positive cells in vehicle- and foretinib-treated
tumors were statistically significant (P < 0.05). Similar
data were obtained when 21-0208 and 06-0606 tumors
were analyzed (data not shown).
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tumor-bearing mice. Treatments started on day 9. By this time, the
tumors reached the size of approximately 100-150 mm>. Represen-
tative vehicle- and foretinib-treated 06-0606, 26-1004 and 21-0208
tumors are shown. Experiments were repeated twice with similar
results

Finally, we tested if foretinib might confer a therapeutic
benefit in these animals, initiating treatment 9 days after
tumor inoculation. As expected, vehicle-treated mice
developed a swollen abdomen, indicative of ascites for-
mation, and became highly cachetic within 4 weeks of
tumor introduction. Upon autopsy, the abdomens of
injected mice exhibited large volumes of ascites (2—4 ml),
and large tumors grown in the liver. Foretinib treatment
potently inhibited the tumor growth and small sized tumors
were detectable in treated livers. A Kaplan—Meier survival
analysis confirmed that while all mice in the vehicle-treated
group were moribund at days 45, the foretinib-treated mice
had a significantly prolonged overall survival and 80%
mice were still alive at the day 75 (P < 0.01, log-rank test,
Fig. 7).

In conclusion, the results of the current study show
that molecular targeting of AXL, VEGFR-2 and c-Met
by foretinib inhibited the growth of HCC xenografts and
significantly prolonged mouse survival. This may represent
an alternative strategy in the treatment of HCC.

Discussion

HCC is the third leading cause of cancer-related mortality
globally [1]. The number of deaths per year in HCC is
virtually identical to the incidence, illustrating the high
case mortality rate of this aggressive disease [1]. While the
use of sorafenib heralded a major breakthrough in HCC
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Fig. 6 Effects of foretinib and on angiogenesis, cell proliferation and
apoptosis of orthotopic 26-1004 xenograft. 26-1004 tumors were
implanted in the liver of SCID mice as described in Fig. 5. Mice
bearing tumors were treated indicated dose of foretinib for 18 days.
Representative pictures of blood vessels stained with anti-CD31,

cancer therapy, the benefit is at best modest and confers a
rather transient clinical benefit [6, 28]. Therefore, addi-
tional treatment options are warranted. In the present study,
we investigated the antitumor and antiangiogenic activities
of foretinib, which targets VEGFR-2 and c-Met signaling
pathways. We employed both ectopic and orthotopic
models of human HCC, which recapitulate many features
of human HCC [23, 24, 29]. Considerable antitumor
activity was demonstrated in both ectopic and orthotopic
models of when foretinib was given at a dose of 15 mg/kg/
day or 30 mg (every other day). In an orthotopic model of
HCC, foretinib potently inhibited primary tumor growth
and significantly prolonged survival of mice. Foretinib
decreased c-Met and VEGFR-2 phosphorylation, and
reduced downstream signaling of p-ERK and p-Akt in
treated tumors with an increase in cleaved PARP. Reduc-
tion in tumor cell proliferation, induction of tumor hypoxia
and apoptosis in combination with the antiangiogenic
effect of foretinib may result in significant antitumor

proliferative cells stained with anti-phospho-histone 3 Ser10, and
apoptotic cells stained with anti-cleaved-PARP antibodies in vehicle-
and drug-treated tumors are shown (200x). Experiments were
repeated twice with similar results

efficacy. Our findings are consistent with the recent study
by You et al., [30] who reported that in the Ripl1Tag2
mouse model of pancreatic islet cancer, treatment with
foretinib resulted in inhibition of tumor vasculature,
widespread intratumoral hypoxia and tumor cell apoptosis.

The precise molecular mechanisms responsible for
antitumor effects of foretinib remain to be elucidated.
In eukaryotic cells, entry into mitosis is controlled by the
activation of the cyclin B/Cdc-2 protein kinase, resulting in
degradation of cyclin B. In this study, we observed that
foretinib treatment caused elevation of p27 and reduction
in cyclin B1, suggesting that foretinib may cause G2/M
cell cycle arrest. Indeed, treatment of SK-HEP1 cells with
foretinib resulted in G2/M cell cycle arrest. It has been
shown that over-expression of c-Myc induced HCC
[31-33], whereas inhibition of c-Myc expression resulted
in the differentiation of tumor cells and eventually most of
the cells underwent death [34]. In the present study, we
showed by Western blot analysis that treatment with
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Fig. 7 Therapeutic effects of foretinib on tumor burden and survival
of mice bearing 06-0606 orthotopic tumors. 06-0606 tumors were
implanted in the livers of male SCID mice as described under
“Materials and methods”. Upon tumor establishment (day 9 after
tumor implantation), mice (10 per group) were randomized and daily
treated with either vehicle (0.2 ml of 1% Hydroxypropyl methylcel-
lulose: 0.2% Sodium Lauryl Sulfate: 98.8% Water) or 15 mg/kg/day
foretinib for 18 days as described in “Materials and methods”.
Tumor-bearing mice were sacrificed when they became moribund.
Kaplan—Meier survival analysis was shown. While all mice in the
vehicle-treated groups were moribund at day 45, mice treated with
foretinib exhibited significantly prolonged overall survival (P < 0.01,
log-rank test). 80% of mice in foretinib-treated group were still alive
at day 75

foretinib led to the decrease in p—c-Myc Thr58/Ser62 in a
dose-dependent manner. Upregulation of Bim coupled with
reduction in p-c-Myc may be in part responsible for the
observed apoptosis in foretinib-treated tumors. Inhibition
of angiogenesis (through inactivation of VEGFR-2 and
c-Met on stroma and endothelium) was demonstrated by a
reduction in microvessel density in tumor xenografts after
administration of foretinib. Direct inhibition of HGF acti-
vation on tumor cells was confirmed by an inhibition of
HGF-induced SK-HEP1 cell motility and colony formation
in vitro and a reduction in phosphorylation of these
receptors as well as signaling pathway components (ERK
and PLCy1) in 21-0208 HCC cells and tumor xenografts
(Fig. 4). The above data indicate that the effects of foret-
inib appear to be a result of its dual mechanisms of action:
antiangiogenesis and direct antitumor activity.

The degree to which inhibition of the c-Met signaling
pathway contributes to antiangiogenesis and anti-prolifer-
ation and how much of these effects are contributed by
inhibition of other foretinib targets, such as AXL, VEGFR-
2, PDGF-Rp, and Tie-2 [20, 21] remain to be determined.
It has been reported that AXL stimulation by GAS6 results
in inhibition the VEGF activation of VEGFR-2 [35]. In the
06-0606 and 21-0208 HCC tumor models, AXL expression
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was low (data not shown). It remains to determine whether
the inhibition of VEGFR-2 activity on endothelial cells as
the results of direct inhibition of AXL or AXL stimulation
through GAS6 as reported in other models [35]. In the
present study, SK-HEP1 cells responded to HGF and all
HCC xenografts tested express detectable levels of c-Met.
These observations suggest potential HGF-driven auto-
crine/paracrine growth pathways exist. Inhibition of HGF-
induced SK-HEP1 cell motility and greater anti-tumor
activity seen in foretinib-treated mice could also plausibly
be explained by the ability of foretinib to inhibit c-Met
signaling pathway that is implicated in the pathogenesis
of HCC [12]. Recent evidence implicates upregulation
of HGF and c-Met after VEGF-inhibitory therapies as
a mechanism of resistance to angiogenesis inhibitors
[36, 37]. Moreover, expression of both VEGFR-2 and
c-Met is upregulated as a result of tumor hypoxia, and
these receptors cooperate to increase tumor cell invasive-
ness and drive angiogenesis [18]. Additionally, both c-Met
and VEGFR-2 upregulate expression of VEGF regulated
genes, preventing endothelial apoptosis, promoting capil-
lary formation in vivo and increasing the microvessel
density in tumors [17, 38]. These observations raise the
possibility that c-Met signaling pathway in concert with
VEGFR-2, plays an important role in growth and metas-
tasis of cancer cells and activation of the c-Met signaling
pathway during VEGF-targeted antiangiogenic therapy as a
result of elevation of HGF and c-Met may contribute in
part to the observed increased tumor invasiveness and
metastasis [39—41].

It has been reported that point mutations in c-Met have
been identified in HCC [12]. c-Met over-expression is seen
in 20-48% of HCC tumors [13-16] and is associated with
decreased 5-year survival [14]. Up-regulation of both
VEGF and Met occurs in tumor cells under hypoxic con-
ditions, and VEGF signaling synergizes with HGF to pro-
mote tumor growth, angiogenesis, and invasion [18]. Thus,
dual inhibition of c-Met and VEGF receptors may inhibit
growth and survival mechanisms activated by tumor cells
in response to hypoxic stress and may be particularly
effective in addressing the most lethal aspects of tumor
growth, such as migration, invasion, and metastasis. The
realization that foretinib effectively inhibits VEGFR-2,
c-Met, angiogenesis and primary tumor growth and pro-
duces survival benefit, has clinical implications. This is
being explored in a phase I, dose-escalation trial of oral
foretinib. Although the clinical efficacy of foretinib has yet
to be determined, preliminary analysis of phase I study
showed some biological activity and clinical efficacy.
Several studies with c-Met- and HGF-specific antibodies or
small molecular inhibitors of c-Met are ongoing [42].

In conclusion, the results of the current study show that
molecular targeting of c-Met/VEGFR-2 by foretinib
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inhibited primary tumor growth and significantly prolonged
mouse survival. This could represent an alternative strategy
in the treatment of HCC.
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