
Abstract. The objective of this study was to examine the
antitumor effect of ZD6474, an orally available inhibitor of
the vascular endothelial growth factor receptor-2 (VEGFR-2)
and the epidermal growth factor receptor (EGFR), on tumor
growth in an orthotopic metastatic brain tumor model. In
order to determine the antitumor mechanism of ZD6474 treat-
ment, in vitro and in vivo studies were performed. Human
breast carcinoma cells (MDA-MB-435) were injected using
direct intracranial (IC) inoculation (5x105 cells/100 μl) and
internal carotid artery (ICA) injection (5x104 cells/100 μl)
in Balb/c-nu female mice. Daily oral treatment with ZD6474
(50 mg/kg) was initiated on day 14 after the establishment
of micrometastasis. Mice (n=12 per group) were sacrificed
on day 28. Western blot analysis revealed that the autophos-
phorylation of EGFR and Akt was increasingly decreased
with ZD6474 treatment in lung and brain endothelial cells
and the MDA-MB-435 cell line. MTT assay also showed that
the in vitro antitumor activity of ZD6474 was dependent on
EGFR tyrosine kinase inhibition at a higher dose. Daily oral
treatment with ZD6474 led to marked inhibition of metastatic
tumor growth in the ICA injection and the direct IC inocula-
tion models (median size 3.5 mm3, range 1.6-13.9 mm3) as
compared to the control group (median size 62.4 mm3, range
11.5-206.9 mm3). These results suggest that simultaneous
inhibition of both the EGFR and VEGFR-2 signaling path-
ways has a valuable therapeutic effect through its inhibition
of the growth of metastatic brain tumors.

Introduction

In order to grow beyond a few millimeters in size, tumors
must develop a functioning vascular network through which
they can obtain essential nutrients and oxygen. In particular,
they must develop a vascular supply if they are to grow to
form clinically relevant metastases (1). Vascular endothelial
growth factor (VEGF) and epidermal growth factor (EGF)
have been strongly implicated in the metastatic spread and
growth of tumors. VEGF is the most potent angiogenic factor
identified to date (2).

ZD6474 is a novel agent that acts as a potent and reversible
inhibitor of ATP binding to vascular endothelial growth factor
receptor (VEGFR)-2 tyrosine kinases, and is considered the
dominant signaling receptor governing endothelial cell (EC)
permeability, proliferation and differentiation (3). In addition,
it inhibits epidermal growth factor receptor (EGFR) tyrosine
kinase activity. EGFR activation induces the activation of
several downstream intracellular substrates, leading to mito-
genic signaling and other tumor-promoting cellular activities.
In human tumors, overexpression of this receptor correlates
with a more aggressive clinical course (4). These data suggest
that the blockade of both EGFR and VEGFR kinase activities
and their respective downstream targets, such as Akt and
phospho-Akt, could offer an attractive approach for the treat-
ment of brain metastasis. ZD6474 is a novel orally available
dual specific tyrosine kinase inhibitor of the ErbB (EGFR)
and VEGFR receptors. It is a heteroaromatic-substituted
anilinoquinazoline that acts as a potent and reversible inhibitor
of ATP binding to VEGFR-2 tyrosine kinases. We hypothesized
that inhibiting the phosphorylation of EGFR with ZD6474
should inhibit the tumor growth and metastasis of brain
lesions. In the present study, we evaluated the effects of
ZD6474 administered alone on the phosphorylation of these
kinases, leading to cell growth arrest and apoptosis in vitro.

Materials and methods

Culture of the human breast carcinoma cell line. To study
the biology of brain metastasis, human breast carcinoma
MDA-MB-435 cells were maintained as a monolayer culture
in Dulbecco's minimal essential medium (DMEM; Invitrogen,
Burlington, ON, Canada) supplemented with 10% fetal
bovine calf serum.
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In vitro study
Measurement of cell proliferation. The antiproliferative

activity of ZD6474 on lung ECs (provided by Dr Fidler,
M.D. Anderson Cancer Center, Houston, TX), brain ECs
(bEnd3; ATCC) and the MDA-MB-435 cell line growing in
culture was determined using the tetrazolium-based colori-
metric (MTT) assay. ZD6474 was provided by AstraZeneca
Pharmaceuticals. Specifically, 5x104 cells (at passage 2-6)
were plated for 24 h into a 96-well plate (1000 cells/well)
and dosed with ZD6474. Cells were washed twice using 2%
FBS medium and incubated for 0, 3, 6, 24, 48 and 72 h with
ZD6474. The cells were then incubated for 2 h in medium
containing MTT, and then lysed in DMSO. The conversion of
MTT to formazan by metabolically viable cells was monitored
using a 96-well microtiter plate reader at an absorbance of
540 nm (Dynatech, Inc., Chantilly, VA).

Western blot analysis of phosphorylated EGFR/EGFR
and phosphorylated Akt/Akt in lung ECs, brain ECs and the
MDA-MB-435 cell line. The ability of ZD6474 to inhibit
EGF-induced tyrosine phosphorylation of EGFR and Akt
was determined in human lung and brain ECs and in the
MDA-MB-435 cell line. Under serum-free conditions, the
ECs showed a low level of autophosphorylation that was
enhanced after exposure to recombinant human EGF for
15 min. Cells were plated onto a 6-well plate at a concentration
of 5x104 cells per well and incubated in 10% FBS medium
overnight. The next day, the cells were washed and incubated
with serum-free medium for 24 h. The study wells were treated
with ZD6474 at a concentration of 0.1-10 μM/l, whereas the
control wells were treated with DMSO for 1 h. Then, cells
were activated with recombinant human EGF (40 ng/ml) for
15 min, washed with phosphate-buffered saline (PBS) and
scraped with lysis buffer as described previously. The pro-
teins were resolved on 10% SDS-PAGE and transferred onto

0.45 mmol/l polyvinylidene difluoride membranes. The mem-
branes were probed overnight with the desired primary anti-
bodies. After incubation with appropriate secondary antibod-
ies, signals were visualized by the Super-Signal West Pico
Chemiluminescent system from Pierce (Rockford, IL).

In vivo study. Female Balb/c-nu mice aged 6-8 weeks were
cared for in accordance with the standards of the Samsung
Biomedical Research Institute Council on Animal Care. Mice
were anesthetized using a ketamine/xylazine mixture (1.6 mg
ketamine and 0.08 mg xylazine per 15 g body mass) adminis-
tered by intraperitoneal injection (IP). To target cells to the
brain, a suspension of 5x104 cells in 0.1 ml of DMEM sup-
plemented with 10% CS was injected into the internal carotid
artery (ICA) of each mouse (n=12). To determine the antitu-
mor effect of the antiangiogenic agent, a suspension of 5x104

cells in 0.1 ml of DMEM was injected into the brain by direct
intracranial (IC) inoculation with the guidance of a stereotactic
frame (n=12). Breast carcinoma cells have been shown to form
large highly vascularized metastases in the brain within two
weeks of cell injection. To assess the biological effects of
ZD6474 on pre-established brain metastases, tumor-bearing
mice were treated with a single dose of ZD6474 (50 mg/kg,
IP) on day 14, (after the establishment of micrometastases).
ZD6474 solution was formulated in a vehicle of 5% sodium
carbonate and 80% PBS. Control mice were treated with
vehicle alone, IP, on day 14. Mice (n=12/group) were sacri-
ficed on day 28. 

To assess the anti-metastatic effects of ZD6474 on devel-
oping brain metastases, mice were treated with ZD6474
(0.1 ml, 50 mg/kg/day) by oral gavage for 7 days (Fig. 1).
ZD6474 solution was prepared in a vehicle of 1% polysorbate
80 in distilled water. Control mice were treated by gavage with
this vehicle alone on the same schedule. Both control and
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Figure 1. (A) Effect of ZD6474 treatment on EGF-induced phosphorylation of EGFR and Akt. Western blot analysis indicated that lung endothelial cells (ECs),
brain ECs (bEnd3) and MDA-MB-435 breast carcinoma cells express constitutive levels of EGFR and Akt in cell cultures. In the absence of EGF in serum-free
medium, EGFR and Akt remain phosphorylated at basal levels. The addition of EGF (1 or 10 ng/ml) for 15 min to lung ECs, brain ECs and MDA-MB-435 breast
carcinoma cells stimulates EGFR and Akt phosphorylation in a dose-dependent manner. The phosphorylation of EGFR and Akt was inhibited by pretreating cells
with increasing concentrations of ZD6474. (B) The antiproliferative effects of ZD6474. MTT assay was performed to determine the effects of ZD6474 on the
proliferation of cultured lung and brain ECs and MDA-MB-435 breast carcinoma cells. The dose-dependent growth inhibitory effects of various doses of ZD6474
are shown. The results are from a representative experiment performed in triplicate and repeated twice.
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ZD6474-treated groups were sacrificed on day 28 to allow for
comparison between groups.

Histology. To assess the growth and morphology of the
developing metastases, formalin-fixed, paraffin-embedded
brains were sectioned and stained with hematoxylin and
eosin (H&E). To assess the average size of the metastases,
images from one section per mouse were captured using a
color CCD camera and analyzed using Optimas™ 6.1 image
analysis software (Optimas Corp., Bothell, WA).

Results

ZD6474 inhibits the epidermal growth factor-induced phos-
phorylation of epidermal growth factor receptor and Akt in
lung ECs, brain ECs and MDA-MB-435 cells. We investigated
whether ZD6474 inhibits EGF-mediated growth and survival
signaling pathways in lung ECs, brain ECs and MDA-MB-435

cells. These cells were starved of serum overnight, treated with
increasing concentrations of ZD6474 for 1 h, and then stimu-
lated with EGF for 15 min. Western blot analysis revealed that
the autophosphorylation of EGFR and Akt was increasingly
decreased with ZD6474 treatment in lung and brain ECs and
in MDA-MB-435 cells growing in vitro in serum-free medium.
The inhibition of EGFR phosphorylation required 1 μM/l.
The phosphorylated forms of Akt were down-modulated in
cells treated with 5-10 μM/l. Total EGFR and Akt protein
levels remained constant (Fig. 1A). MTT assay also revealed
that the in vitro antitumor activity of ZD6474 was dependent
on EGFR tyrosine kinase inhibition at a higher dose.

ZD6474 suppresses the in vitro proliferation of lung ECs,
brain ECs and MDA-MB-435 cells. The growth of lung ECs,
brain ECs and MDA-MB-435 cells in medium containing
2% FBS was inhibited by ZD6474 at a different dosage of IC50

for different incubation periods (IC50: 1.25, 2.56 and 0.89 μM
at 72 h) (Fig. 1B).

The growth of metastatic brain tumor MDA-MB-435 cells in
Balb/c-nu mice was inhibited by ZD6474. To assess the
effect of ZD6474 on the in vivo growth of MDA-MB-435
cells in the brain, we adopted the established murine model
of brain metastases by injecting MDA-MB-435 cells into the
ICA or by direct IC inoculation using a stereotactic frame.
ZD6474 markedly reduced the extent of metastatic brain
tumors (Figs. 2 and 3). Treatment with ZD6474 led to marked
inhibition of metastatic tumor growth in the IC inoculation
model (median size 3.5 mm3, range 1.5-13.9 mm3) as com-
pared with the control group (median size 62.4 mm3, range
11.5-206.9 mm3) (Fig. 2). We also found that treatment with
ZD6474 was effective for reducing mass size in the direct IC
inoculation model, the results of which were similar to those
of the ICA injection model. 
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Figure 2. Tumor volumes in mice for each treatment group on observational
day 28 in the MDA-MB-435 orthotopic model.

Figure 3. Pathology of the mouse brain. MDA-MB-435 breast carcinoma cells were implanted into the brain using direct IC inoculation and the ICA injection
model. Mice were treated for 28 days with saline (control) or ZD6474 (50 mg/kg daily).
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Discussion

The growth of primary tumors and metastases is dependent
on the development of new blood vessels. In addition, the
aberrant disorganized nature of tumor vasculature provides a
route whereby tumor cells can escape the primary tumor
mass and disseminate to distant metastatic sites (1,3,5,6).
ZD6474 has been shown to inhibit the production of lung
metastases in an orthotopic model of several carcinomas
(7-15). These data demonstrate that ZD6474 has the potential
to inhibit metastases through the prevention of primary tumor
dissemination, as well as by inhibiting the growth of any
secondary tumors that become established. Organ-tumor
interactions at the site of the primary tumor and of metastasis
are considered important determinants of tumor growth and
development in humans. Taghian et al (16,17) suggested that
orthotopically implanted tumors may recapitulate the natural
tumor setting more accurately than subcutaneous models.
Theoretically, the ICA injection model may be superior to
the direct IC inoculation model in view of physiologic and
biological tumor settings for hematogenous brain metastases.
However, in this study, we found that the ICA injection method
showed a lower rate of tumor occurrence. It was therefore
difficult to judge the therapeutic effect of the medication
because of the rarity of tumor occurrence, the multiplicity of
tumor formation and individual variation (Fig. 3). Instead, we
found that the therapeutic effect of ZD6474 for reducing
mass size was easily determined in the direct IC inoculation
model, the results of which were compatible with those of the
ICA injection model. Consequently, we suggest that the
direct IC inoculation method has certain advantages over the
ICA injection method, and can serve as a screening test for
the evaluation of drug effect in orthotopic brain metastatic
models.

In summary, these results suggest that simultaneous inhi-
bition of both the EGFR and VEGFR2 signaling pathways
has an effective therapeutic value in inhibiting the growth of
metastatic brain tumors, and that the direct IC inoculation
method can substitute for the ICA injection method in
metastatic brain tumor models.
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