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Article history: Purpose: Tamoxifen, a selective oestrogen receptor modulator (SERM), and brivanib alan-
Received 12 August 2009 inate, a vascular endothelial growth factor receptor 2 (VEGFR-2) inhibitor, are two target
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Available online 18 March 2010 mary goal of the current study was to evaluate the therapeutic effects of lower doses
of both agents when given in combination to mice with SERM sensitive, oestrogen stim-
Keywords: ulated tumour xenografts (MCF-7 E2 tumours). Experiments were conducted to evaluate
Breast cancer the response of SERM stimulated breast (MCF-7 Tam, MCF-7 Ral) and endometrial
Tamoxifen tumours (EnCa 101) to demonstrate the activity of brivanib alaninate in SERM resistant
VEGER-2 models.
Angiogenesis Experimental design: In the current study, tumour xenografts were minced and bi-trans-
Brivanib alaninate planted into the mammary fat pads of athymic, ovariectomised mice. Preliminary exper-
Hormone resistance iments were conducted to determine an effective oral dose of tamoxifen and brivanib

alaninate that had minimal effect on tumour growth. Doses of 125 pg of tamoxifen and
0.05 mg/g of brivanib alaninate were evaluated. An experiment was designed to evaluate
the effect of the two agents together when started at the time of tumour implantation.
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treated, to obtain enough tumour tissue for molecular analysis.

Results: Brivanib alaninate was effective at inhibiting tumour growth in SERM sensitive
(MCF-7 E2) and SERM stimulated (EnCa 101, MCF-7 Ral, MCF-7 Tam) models. The effect

* Corresponding author: Address: Lombardi Comprehensive Cancer Center, Georgetown University Medical Center, Research Building,
Room E501, 3970 Reservoir Road, NW, Washington, DC 20057-1468, United States.
E-mail address: vcj2@georgetown.edu (V.C. Jordan).
0959-8049/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ejca.2010.02.018


http://dx.doi.org/10.1016/j.ejca.2010.02.018
mailto:vcj2@georgetown.edu
www.sciencedirect.com
http://www.ejconline.com

1538

EUROPEAN JOURNAL OF CANCER 46 (2010) 1537-1553

of the low dose drug combination as an anti-tumour strategy for SERM sensitive (MCF-7
E2) in early treatment was as effective as higher doses of either drug used alone. In estab-
lished tumours, the combination is successful at decreasing tumour growth, while nei-
ther agent alone is effective. Molecular analysis revealed a decreased phosphorylation
of VEGFR-2 in tumours that were treated with brivanib alaninate and an increase in VEG-
FA transcription to compensate for the blockade of VEGFR-2 by increasing the transcrip-
tion of VEGFA. Tamoxifen increases the phosphorylation of VEGFR-2 and this effect is
abrogated by brivanib alaninate. There was also increased necrosis in tumours treated
with brivanib alaninate.

Conclusion: Historically, tamoxifen has a role in blocking angiogenesis as well as the
blockade of the ER. Tamoxifen and a low dose of an angiogenesis inhibitor, brivanib alan-
inate, can potentially be combined not only to maximise therapeutic efficacy but also to

retard SERM resistant tumour growth.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Angiogenesis is a major requirement for tumours to grow suc-
cessfully and spread. Early work' ™ characterised many of the
factors involved in the regulation of angiogenesis and how
these factors can become disregulated in tumour pathogene-
sis.*® One of the most important factors in the positive mod-
ulation of angiogenesis is the vascular endothelial growth
factor (VEGF) family of growth factors and their correspond-
ing receptors. Angiogenesis in tumours is different from
physiological angiogenesis seen with normal development
and wound healing. In wound healing, angiogenesis is a care-
fully orchestrated process and occurs in a short time. By con-
trast, the blood vessels that form in the tumour bed are thin,
disorganised and leaky. The growth of such vessels persists
over years as long as viable tumour tissue is present.’

In oestrogen receptor (ER) positive breast cancer, it is clear
that adjuvant anti-oestrogenical therapy must be extended to
5 years and beyond to prevent recurrence and improve sur-
vival.””® However, toxicities, the development of resistance
to anti-hormonal therapy, and side-effects from therapy such
as clots and endometrial cancer with tamoxifen'®*! and frac-
tures and joint pain with aromatase inhibitors'>'? often limit
long-term treatment. Clearly new treatment strategies need
to be developed to enhance the activity of anti-hormonal
therapy by improving efficacy. Oestrogen enhances the angio-
genic cascade critical for tumour growth, primarily through
the release of VEGE'*™® Tamoxifen has a historical role in
the prevention of tumour angiogenesis as it was one of the
three drugs in the ‘Navy Regimen’ developed by Folkman.'
Tamoxifen is also reported’® to reduce angiogenesis for ER
negative tumours. An anti-oestrogen for the treatment of ER
positive breast cancer can potentially regulate VEGF produc-
tion. However, with the development of acquired resistance®
in breast and endometrial tumours it is axiomatic that selec-
tive oestrogen receptor modulator (SERM) (tamoxifen and
raloxifene) stimulated tumours must induce angiogenesis to
grow. We hypothesise that limiting angiogenesis with angio-
genic drugs during anti-hormonal therapy could potentially
improve adjuvant therapeutic regimens. However, there are
significant toxicities with current antiangiogenic drugs that
limit their usefulness for long-term therapy.

Several antiangiogenic agents are either used in clinical
practice or are in clinical trials. Most notably, bevacizumab,
a monoclonal antibody that binds to VEGFA and as a result,
prevents phosphorylation and activation of its target recep-
tors, vascular endothelial growth factor receptors 1 and 2
(VEGFR-1 and VEGFR-2), has shown promise in combination
with chemotherapy for breast cancer.”®* In a phase 3 trial
of 722 patients, the disease-free survival time in patients with
metastatic breast cancer has been shown to double (5.9 ver-
sus 11.8 months) when treated with paclitaxel in conjunction
with bevacizumab.?* Unfortunately, the overall survival does
not change when bevacizumab is included as a part of ther-
apy. Toxicities such as infection (9.3% versus 2.9%), protein-
uria (3.6% versus 0.0%), hypertension (14.8% versus 0.0%)
and cerebrovascular ischaemia (1.9% versus 0.0%) also limit
long-term therapy.?* Part of the problem with the therapeutic
use of monoclonal antibodies is that VEGFA is not the only li-
gand that can bind to these receptors. Other members of the
VEGF family such as VEGFC and VEGFD can bind to VEGFR-2,
while VEGFB has been shown to bind and activate VEGFR-
1.'%22 With this in mind, other agents, which target the tyro-
sine kinase domain of the receptor, have been developed and
several pre-clinical and clinical trials are investigating the use
of such agents.>?® Many of the newer agents that are being
developed also target other growth factor receptor tyrosine ki-
nases such as PDGF, FGFR, and c-Kit with the idea that block-
ing several receptors will prevent resistance to therapy that
results from the activation of alternate pathways by co-regu-
latory proteins.?

One dual-targeting drug is brivanib alaninate (BMS 582664,
Bristol Myers Squibb, Princeton, NJ), a VEGFR-2/FGFR-1 inhib-
itor. Pre-clinical studies in vivo have shown that brivanib alan-
inate is effective in reducing the growth of a lung tumour
xenograft, L2987, a panel of human derived hepatocellular
carcinomas,”* and an ER negative breast tumour H3396.%
Pharmacological studies in a phase I clinical trials have
shown that doses of brivanib alaninate below 800 mg/d are
tolerable, but have associated toxicities such as hypertension
(>150/100), elevated transaminases, fatigue and dizziness as
the dosage increases from a baseline of 180 mg/d. Several
phase 1 clinical trials are underway in patients with a variety
of solid tumours.?*%’
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We have addressed the hypothesis that combining tamox-
ifen, a SERM with a sub-therapeutic dose of brivanib alaninate
would be a beneficial strategy for long-term therapy in the
treatment of breast cancer. We report the first studies testing
the efficacy of brivanib alaninate to control tumour growth of
ER regulated SERM sensitive (MCF-7 E2) and SERM stimulated
(MCF-7 Ral, MCF-7 Tam), and endometrial (EnCa 101) tu-
mours. We find that the combination of tamoxifen and briva-
nib alaninate in a laboratory model provided a therapeutic
advantage for the control of breast tumour growth over
tamoxifen or brivanib alaninate alone.

2. Materials and methods

2.1.  Tumour xenografts

SERM sensitive tumours were previously developed by inject-
ing the mammary fat pads of ovariectomised, BALB/c athymic
mice (Harlan Sprague Dawley, Madison, WI) with 1 x 10" WS8
human breast cancer cells.?® Tumour growth was sustained
with 0.3 cm silastic capsules containing estradiol (Sigma, St.
Louis, MO) delivering 83.8 + 34.6 pg/mL oestrogen over an
eight-week period.?® Over time, the tumours were serially
passaged by bi-transplanting the established tumours into
the mammary fat pads of estradiol treated mice. The develop-
ment and characterisation of the SERM stimulated EnCa 101
endometrial cancer model,*® MCF-7 Ral model,** and MCF-7
Tam model®? have been reported previously.

For the experiments in the current study, athymic ovariec-
tomised CrTac: NCr-Foxnlnu mice were obtained from Tacon-
ic (Hudson, NY). Mice were placed under anaesthesia, using a
mixture of isoflurane and 100% oxygen delivered via inhala-
tion. Healthy tumour tissue was sectioned into 1 mm? pieces
and implanted bilaterally into the mammary fat pads. Estra-
diol capsules (0.3 cm silastic capsule) were placed subcutane-
ously on the dorsal surface of the mice to maintain tumour
growth.

Tumours were measured with calipers once a week. Cross-
sectional areas (CSAs) were calculated by measuring the
length and width of the tumours and then using an Excel
(Microsoft) spreadsheet to calculate the CSA (length
(cm) x width (cm) x n/4). Growth curves were derived from
the determining the average CSA per treatment group per
week. In the case of EnCa 101 endometrial tumours, growth
characteristics were atypical with a prolonged latent period
of tumour spreading subcutaneously with an eventual rapid
haemorrhagical growth phase reminiscent of the ‘angiogenic
trigger’. Tumour volumes were measured for EnCa 101 using
the formula 4/3xr>.

Six sets of experiments were completed. The first experi-
ment was specifically conducted to evaluate where VEGFR-2
and VEGFA are expressed and how expression changes in re-
sponse to hormonal and anti-hormonal manipulation. Exper-
iments 2-5 were conducted to determine dosing of brivanib
alaninate to prevent the growth in MCF-7 E2, a SERM sensitive
tumour, and MCF-7 Ral, MCF-7 Tam, and EnCa 101 SERM stim-
ulated tumours. The fourth experiment determined the dos-
ing of tamoxifen to block estradiol stimulated tumour
growth in MCF-7 E2 tumours. The fifth and sixth experiments
determined the effects of combined therapy when started

24 h after initial tumour implantation versus giving the drug
to animals with the established tumours for a two-week time
period.

2.2.  Drug preparation

Bristol Myers Squibb (Princeton, NJ) provided brivanib alani-
nate in powder form. The drug was suspended in a citric acid
buffer solution and the pH was gradually titrated to a pH of
3.5 after the drug dissolved. The final concentration was
10 mg/mL.

Tamoxifen (Sigma Chemical Co., St. Louis, MO) was
weighed and suspended in 10% Tween 80/polyethylene glycol
(PEG) 400 (99.5% PEG 400/0.5% Tween 80) and 90% carboxy-
methylcellulose (CMC, 1% CMC dissolved in double distilled
water). The final concentration of the tamoxifen solution
was 2.5 mg/mL and administered by gavage at the doses indi-
cated. Administration of tamoxifen to animals bearing EnCa
101 tumours was at a dose of 500 pg/mouse by gavage.

Raloxifene (Evista, Eli Lilly, IN) was prepared by placing five
raloxifene tablets in a conical tube and dissolving them via
centrifugation in 27 mL double distilled water. Once the tab-
lets were dissolved, 3 mL of 90% CMC and 10% PEG 400/Tween
80 was added to the raloxifene solution. The final concentra-
tion was 10 mg/mL. Raloxifene was administered at a daily
dose of 1.5 mg/mouse by gavage.

Estradiol capsules were prepared by plugging one end
0.3 cm length of medical grade silastic tubing and filling it
with 17B-estradiol (Sigma Chemical Company, St. Louis, MO)
mixed 1:3 with elastomer. Capsules sealed by placing elasto-
mer at the open ends and then sterilised with radiation
(20,000 rad).**

Fulvestrant (Faslodex, AstraZeneca, Wilmington, DE) was
purchased from the pharmacy at Fox Chase Cancer Center
as a solution of fulvestrant suspended in EtOH and castor
oil (50 mg/ml).

2.3. Drug administration

Brivanib alaninate was dosed orally 7 d a week, according to
the weight of each mouse. Mice were weighed once weekly.
For the high dose, a 20 g mouse was given 200 pL (2 mg) and
for the low dose a 20 g mouse was given 100 pL (1 mg). Tamox-
ifen was also administered 7 d a week. Dosing of tamoxifen
was as follows: 125 ug (50 uL), for 250 pug (100 uL), or 500 pug
(200 pL). Fulvestrant was administered as 2 mg (40 uL) injec-
tions 5 d per week.

2.4.  Experiment 1: the effect of hormonal manipulation on
VEGFA and VEGFR-2 expression

Tumours were grown in the presence of estradiol (0.3 cm
silastic capsule) until the tumours reached 0.4 cm?. The mice
were then treated with different drug regimens for 2 weeks.
The treatments after tumours reached 0.4cm? were as
follows:

(1) continue estradiol (0.3 cm silastic capsule),
(2) withdraw estradiol,
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(3) estradiol + 125 pg tamoxifen daily,
(4) withdraw estradiol (0.3 cm silastic capsule) and 2 mg/
40 pL fulvestrant injections given subcutaneously daily.

2.5.  Experiment 2: effects of different doses of brivanib
alaninate on SERM sensitive MCF-7 E2 tumours

We evaluated the effects of a high dose and low dose of briv-
anib alaninate. The brivanib alaninate treatment was started
24 h after tumour implantation. Treatment groups (five ani-
mals) were as follows:

(1) estradiol (0.3 cm silastic capsule) + placebo given orally
(citric acid buffer: pH 3.5),

(2) estradiol (0.3 cm silastic capsule) + low dose brivanib
alaninate given orally (.05 mg/g),

(3) estradiol (0.3 cm silastic capsule) + high dose brivanib
alaninate given orally (0.1 mg/g).

2.6. Experiment 3: the effects of brivanib alaninate on
SERM stimulated tumours

2.6.1. Experiment 3A: the effects of different doses of brivanib
alaninate on SERM resistant MCF-7 Ral tumours

We evaluated the effects of a high dose and low dose of briv-
anib alaninate. The brivanib alaninate treatment was started
24 h after tumour implantation. Treatment groups (five ani-
mals) were as follows:

placebo (citric acid buffer),

1.5 mg raloxifene,

2 mg fulvestrant - pure anti-oestrogen (subcutaneous),
1.5 mg raloxifene + high dose VEGFR antagonist (0.1 mg/g).

2.6.2. Experiment 3B: the effect of brivanib alaninate on
established SERM resistant MCF-7 Ral tumour models
Tumours were grown up to an average 0.5 cm? CSA. The mice
were randomised to receive 2 weeks of therapy with the high
dose brivanib alaninate.

Groups:

10 mice each after randomisation:

1.5 mg raloxifene,
1.5 mgraloxifene + high dose brivanib alaninate (0.1 mg/g).

2.6.3. Experiment 3C: the effect of brivanib alaninate on
SERM resistant MCF-7 Tam tumours

We examined the effects of the high dose brivanib alaninate
on another SERM resistant model. There were two compo-
nents to this experiment. The first was to determine whether
brivanib alaninate inhibited tumour growth and the second
was to determine whether brivanib alaninate was effective
in established tumours

(1) 1.5 mg tamoxifen first 48 d of the experiment (8 mice,
16 tumours),
- this group was used for the second part of the
experiment,

(2) placebo: citric acid buffer (0.15mL) (5 mice, 10
tumours),

(3) 1.5 mg tamoxifen + 0.1 mg/g brivanib alaninate (4 mice,
6 tumours).

Once the tumours in group one reached a CSA of 0.5 cm ?,
48 d after tumour implantation, group 1 was subdivided:

(1) continue 1.5 mg tamoxifen for two more weeks (4 mice,
8 tumours),

(2) 1.5mg tamoxifen +high dose brivanib alaninate
(0.1 mg/g) for 2 weeks (4 mice, 8 tumours).

2.6.4. Experiment 3D: the effect of brivanib alaninate on EnCa
Tam endometrial tumours

This experiment determined whether brivanib alaninate
inhibited the growth of endometrial tumours that normally
grow with 500 pg of tamoxifen daily. Tumours initially are
not evident until after one month after which they grow rap-
idly. Twenty mice were treated with tamoxifen for 40d and
then randomised into two groups. After randomisation, treat-
ments were given for 3 weeks.

Control group: 500 pg tamoxifen daily(10 mice).
Experimental group: 500 ng tamoxifen daily + 0.1 mg/g briva-
nib alaninate (started on day 40) (10 mice).

2.7.  Experiment 4: determination of tamoxifen dosing in
SERM sensitive MCF-7 E2 tumours

We determined a dose response curve of various oral doses of
tamoxifen to determine the lowest dose that was effective in
decreasing the rate of tumour growth

(1) no estradiol,

(2) estradiol (0.3 cm silastic capsule),

(3) estradiol (0.3 cm silastic capsule) + 500 pg tamoxifen
given orally,

(4) estradiol (0.3 cm silastic capsule) + 250 pg tamoxifen
given orally,

(5) estradiol (0.3 cm silastic capsule) + 125 pg tamoxifen
given orally.

2.8. Experiment 5: the combined effect of a lower dose of
tamoxifen and brivanib alaninate in SERM sensitive MCF-7
E2 tumours

This experiment determined the combined effects of a sub-
maximal dose of tamoxifen and a sub-maximal dose of briv-
anib alaninate on oestrogen stimulated tumour growth. Drug
dosing was commenced 24 h after tumour implantation

(1) control with estradiol (0.3 cm silastic capsule),

(2) experimental group with estradiol (0.3 cm silastic cap-
sule) + 125 pg tamoxifen given orally,

(3) experimental group with estradiol (0.3 cm silastic cap-
sule) + low dose brivanib alaninate (.05mg/g dose)
given orally,
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(4) experimental group with estradiol (0.3 cm silastic cap-
sule) + 125 pg tamoxifen given orally + low dose briva-
nib alaninate (0.05 mg/g dose) given orally.

2.9.  Experiment 6: the combined effect of a lower dose of
tamoxifen and brivanib alaninate in established SERM
sensitive MCF-7 E2 tumours

Experiment 8 was similar to Experiment 7 with one exception.
The tumours were grown to an average CSA of 0.43 mm? and
drug therapy was given for 2 weeks.

2.10. Western immunoblotting

Tumours were harvested and placed in foils and frozen imme-
diately in liquid nitrogen. Tumours were kept at -80 °C until
they were processed. For processing, tumours were placed
in liquid nitrogen and homogenised using a mortar and pes-
tle. The extract was suspended in RIPA buffer (Sigma, St.
Louis, MO) with protease (Roche, Nutley, NJ) and phosphatase
(Calbiochem, San Diego, CA) inhibitors. The mixture was
briefly sonicated and centrifuged for 10 min at 5000g. The
supernatant was removed and protein concentration was
determined using the Bradford assay (BCA assay, Pierce, Rock-
ford, IL) with a Spectramax machine (Molecular Devices, Sun-
nyvale, CA). Equal amounts (25pg) and concentrations of
protein were loaded into 4-12% Nupage Bis-tris (Invitrogen,
Carlsabad, CA) gels, and transferred to nitrocellulose mem-
branes. Immunoblotting was carried out with the following
antibodies: total VEGFR-2 (1:1000, rabbit polyclonal, Cell Sig-
naling Technologies, Beverly, MA), phospho-VEGFR-2 Tyr
951(1:200, rabbit polyclonal, Santa Cruz, Biotechnology, Santa
Cruz, CA), total FGFR-1 and total VEGFR-3 (1:200, rabbit poly-
clonal, Santa Cruz Biotechnology, Santa Cruz, CA), total VEG-
FR-1 (rabbit polyclonal, 1:200, Labvision, Fremont, CA), total
ER alpha (ERo) (rabbit polyclonal, 1:200, G20, Santa Cruz, Santa
Cruz, CA), phospho-ERa (rabbit monoclonal, 1:2000, Ser 118,
clone NL 44, Upstate, Billerica, MA), p-actin (mouse monoclo-
nal, 1:30,000, Sigma-Aldrich, St. Louis, MO).

2.11. Real time polymerase chain reaction (RT-PCR)

Total RNA was extracted from frozen tumour tissues using
RNA mini easy kit (Qiagen, Venlo, The Netherlands) as per
the manufacturer’s instructions. Two micrograms of total
RNA were reverse transcribed using a cDNA high capacity re-
verse transcription kit (Applied Biosystem, Carlsbad, CA) in
20 pL of total volume, as per manufacturer’s instruction. The
resulting cDNA was diluted to a total volume of 200 puL using
sterile water. The real time PCR was carried out on an ABI
7900 HT Fast Real Time PCR system using 1X SYBR green PCR
master mix (Applied Biosystem, Carlsbad, CA) and 100 nM of
forward and reverse primers. All the forward and reverse
primers (Table 1) were designed using Primer Express 3 soft-
ware (Applied Biosystem, Carlsbad, CA) except ERo>* and
mouse and human 36B4.3>%¢ The fold change in the expres-
sion of each gene was calculated by the AACt®” method using
36B4, a ribosomal phospho-protein as an internal control.

Table 1 - Primers used for RTPCR.

VEGFA Fwd: 5’ GGGCAGAATCATCACGAAGTG 3’
Rev: 5" TCAGGGTACTCCTGGAAGATGTC 3’
VEGFB Fwd: 5’ AGCCAGTGTGAATGCAGACCTA 3’
Rev: 5" AGTCCCAGCCCGGAACAG 3’
VEGFC Fwd: 5’ CCTCAGCAAGACGTTATTTGAAATT 3’
Rev: 5" TGGCAAAACTGATTGTTACTGGTT 3’
VEGFD Fwd: 5" CGTACATTTCCAAACAGCTCTTTG 3’
Rev: 5" GGCAAGCACTTACAACCTGTATGA 3’
VEGFR-1 Fwd: 5’ TTCTCACAGGATCTAGTTCAGGTTCA 3’
Rev: 5’ CTGCTTCCCCCCTGCAT 3’
VEGFR-2 Fwd: 5 CAGAGTGGCAGTGAGCAAAGG 3’
Rev: 5" TTGTAGGCTCCAGTGTCATTTCC 3’
Mouse Fwd: 5’ TCCTATCGGCTGTCCATGAAA 3’
VEGFR-1
Rev: 5’ CCAAATAGCGAGCAGACTTCAA 3’
Mouse Fwd: 5’ ACCAGCATGGCATCGTGTAC 3’
VEGFR-2
Rev: 5" CCTAGCGCAAAGAGACACATTG 3’
Mouse Fwd: 5’ GTATGAAATTGACCCGTACGAAAA 3’
VEGFR-3
Rev: 5" AGGAAATGAGGCTTGAGAGAAGATC 3’
VEGFA Fwd: 5 GGGCAGAATCATCACGAAGTG 3’
Rev: 5’ TCAGGGTACTCCTGGAAGATGTC 3’
VEGFB Fwd: 5 AGCCAGTGTGAATGCAGACCTA 3’
Rev: 5’ AGTCCCAGCCCGGAACAG 3/
VEGFC Fwd: 5’ CCTCAGCAAGACGTTATTTGAAATT 3’
Rev: 5" TGGCAAAACTGATTGTTACTGGTT 3’
VEGFD Fwd: 5" CGTACATTTCCAAACAGCTCTTTG 3’
Rev: 5’ GGCAAGCACTTACAACCTGTATGA 3’
VEGFR-1 Fwd: 5’ TTCTCACAGGATCTAGTTCAGGTTCA 3’
Rev: 5" CTGCTTCCCCCCTGCAT 3’
VEGFR-2 Fwd: 5 CAGAGTGGCAGTGAGCAAAGG 3’
Rev: 5’ TTGTAGGCTCCAGTGTCATTTCC 3’
Mouse Fwd: 5’ TCCTATCGGCTGTCCATGAAA 3’
VEGFR-1
Rev: 5" CCAAATAGCGAGCAGACTTCAA 3’
Mouse Fwd: 5’ ACCAGCATGGCATCGTGTAC 3’
VEGFR-2
Rev: 5" CCTAGCGCAAAGAGACACATTG 3’
Mouse Fwd: 5’ GTATGAAATTGACCCGTACGAAAA 3’
VEGFR-3

Rev: 5" AGGAAATGAGGCTTGAGAGAAGATC 3/

2.12. Immunohistochemistry (IHC)/histology

Staining (IHC) was done to determine VEGFR-2 and VEGFA
expressions on tumour tissue from Experiments 2 and 6. Tu-
mours were placed in formalin for 48 h and subsequently
embedded in paraffin. Fixation was done with phosphate buf-
fered formaldehyde 10% (F79-4, Fisher Scientific, Pittsburgh,
PA). Xenografts were placed in the fixative for 48 h and subse-
quently embedded in paraffin. Paraffin sections were de-
waxed using xylenes and hydrated using a series of ethanol.
Antigen retrieval was performed with citrate buffer pH 6 for
10 min in a microwave oven (1500 W, 2min at high and
8 min at the lowest power). Endogenous peroxidases were
quenched with 0.3% hydrogen peroxide in methanol for
30 min. Sections were incubated overnight with the primary
antibody raised against VEGFR-2 and VEGFA. Total VEGFR-2
(55B11) rabbit monoclonal antibody from Cell Signaling Tech-
nology (Beverly, MA) and anti-VEGF (A-20) purified rabbit poly-
clonal antibody from Santa Cruz (Santa Cruz, CA) were
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diluted 1/100 (2 ug/mlL) in phosphate buffered saline (PBS),
washed the next day with PBS, incubated with biotinylated
secondary antibodies (Vector Labs), incubated with Vecta Elite
ABC kit (Vector Labs), developed with a DAB kit (Vector Labs)
and lightly counterstained with Gill’s haematoxylin. Negative
controls were stained without primary antibody or with the
corresponding concentration of rabbit IgG isotype. Specimens
were documented photographically using a Nikon Optiphot
microscope, equipped with an Optronics CCD camera. The
stained sections were scored on the basis of staining inten-
sity. The vast majority of tissues stained diffusely and all or
more than 70% of the tumour tissue was stained in the posi-
tive specimens. The score was defined as weak (1+), positive
(2+) or strong (3+).

For CD31 staining, in Experiment 3C, the sections were
washed in PBS and then treated with 3% H,0, for 10 min to
block endogenous peroxidase activity and were blocked with
normal rabbit serum. Then, the sections were incubated with
rat anti-mouse CD31 (PECAM-1) monoclonal antibody (BD
Pharmingen, San Diego, CA) at a 1:300 dilution overnight at
4°C. Negative controls were incubated with the rat serum
IgG at the same protein concentration. All sections were
washed in PBS containing 0.05% Tween-20, and were then
incubated with a second antibody, mouse anti-rat IgG (Vector
laboratories, Burlingame, CA) at a 1:200 dilution for 30 min at
room temperature again followed by washing with PBS con-
taining 0.05% Tween-20. The sections were incubated in a
1:400 dilution of Extravadin Peroxidase (Sigma, St. Louis,
MO) for 30min. After washing in PBS containing 0.05%
Tween-20, the sections were incubated in peroxidase sub-
strate (Vector laboratories, Burlingame, CA) for 5 min. After
washing we used a Biotinyl-Tyramide enhancement kit
(TSA/Biotin Tyramide Reagent Pack, Perkin Elmer, Waltham,
MA) according to the manufacturer’s instructions. The sec-
tions were washed in PBS containing 0.05% Tween-20 and
were counterstained with Gill's haematoxylin.

For general morphological evaluations, sections from each
tumour were stained with haematoxylin and eosin (H and E).

2.13. Statistical analysis

Tumour growth data were analysed using random effects
growth curve models, where tumour CSA was fit assuming a
quadratic function of time. Let Aj: be the CSA of tumour i
on mouse j, in treatment group k, measured t days after treat-
ment (or control) initiation. The growth curve model was of
the following form:

At = foj + thy + By + Z Yol(k = 2)

z=1..K

+ Z t}y1zl(k = Z) + Z tZVZZI(k = Z) + Eijkt
z=1,...K

z=1,...K
where the fs were assumed random terms with mean zero,
the ys were fixed effects and K is the number of treatment
groups. Random effects were included to allow deviation of
individual tumours from the mean growth of the group and
to account for within-animal clustering. The estimated
curves were plotted and the fit examined. Linear contrasts
were used to estimate mean tumour size differences (and
associated standard error) at a specified time t between any

two pre-specified experimental groups. Wald tests were used
to test the null hypothesis of equal tumour size between two
experimental groups at time t. For experiments with ran-
domisation and treatment initiated after day 0, only observa-
tions taken after randomisation were analysed. For example,
in Experiment 8, only observations after initiation of brivanib
alaninate or tamoxifen treatment (>35d) were analysed.
Bonferroni corrections were used to adjust for multiple test-
ing within each experiment for these analyses. The experi-
ment-wise type I error was 5%. The RNA expression data
measured by RTPCR with high/low dose of VEGFR-2 inhibitor
and combination treatment were analysed using Wilcoxon
rank-sum tests. The RTPCR analyses were confirmatory and,
therefore no adjustment of the type I error for multiple test-
ing was used. All tests were two-sided. Statistical analyses
were performed using STATA version 10.1.

For the CD31 counts that were done for the MCF-7 Tam
model, the statistical analysis was done using a two tailed
Student’s t-test and a p-value that was less than 0.05 was con-
sidered significant.

3. Results

3.1.  Immunohistochemistry

Immunohistochemistry was performed on representative
MCF-7 E2 tumours to determine whether the VEGFR-2 recep-
tor was expressed in response to estradiol and 2 weeks of
tamoxifen. We also determined VEGFR-2 receptor expression
in response to estradiol, estradiol withdrawal and the treat-
ment with the pure anti-oestrogen, fulvestrant. This analysis
demonstrated the presence of VEGFR-2 on both tumour cells
and endothelial cells (Fig. 1A). In addition, VEGFR-2 and
VEGFA expressions were increased on tumour cells in the
presence of estradiol. It is interesting to note that the combi-
nation of estradiol and 2 weeks of 125 pg tamoxifen did not
apparently change VEGFR-2 or VEGFA expression in compari-
son to estradiol treatment alone. However, as noted in Fig. 6A,
tamoxifen was not effective at controlling established estra-
diol stimulated tumour growth during the two-week treat-
ment period. With estradiol withdrawal alone, and the
subsequent destruction of the ER with fulvestrant, there
was very little expression of VEGFR-2 or VEGFA on the tumour
cells (Fig. 1A and B).

3.2.  Effects of different doses of brivanib alaninate in
SERM sensitive MCF-7 E2 tumours

We evaluated the effects of a low dose (0.05 mg/g) and high
dose (0.1 mg/g) of brivanib alaninate on estradiol stimulated
tumour growth. The high dose was based on data demon-
strating the highest effective dose with minimal toxicity and
the low dose that was chosen was half of the high dose and
the minimally effective dose as determined by Bristol Myers
Squibb (Princeton, NJ).*® Statistical comparisons were done
to determine whether there was a difference in the average
CSA of tumours treated with estradiol versus those that re-
ceived the high dose (0.1 mg/g) or low dose (0.05 mg/g) of briv-
anib alaninate in the presence of estradiol. Estradiol caused
tumour growth, while the high dose of brivanib alaninate pro-
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Fig. 1 - The distribution of the VEGFR-2 receptor (A) and VEGFA (B) in the MCF-7 E2 tumour model. Tumour bearing animals
were treated with estradiol (a), estradiol and 2 weeks of 125 pg tamoxifen (b), estradiol and then 2 weeks of estradiol
withdrawal (c), and estradiol followed by 2 weeks of estradiol withdrawal and fulvestrant (d). VEGFA and VEGFR-2
expressions decreased with estradiol withdrawal. The bars represent 50 pm.

duced a dramatic decrease in estradiol-stimulated growth
(Fig. 2A). The average difference in tumour CSA at 6 weeks
in the mice that received the high dose of the brivanib alani-
nate and estradiol versus estradiol was -0.37 cm? (p = 0.001,
«=0.025). There was no significant difference (0.13 cm?) in
the average CSA of tumours treated with estradiol only and
those treated with estradiol and the low dose of brivanib alan-
inate (p = 0.202, & = 0.025).

The tumour tissue was further evaluated with H and E
staining (Fig. 2B). The purpose of this analysis was to detect

differences in the amount of necrotic tissue. In tumours in
which angiogenesis and thus, oxygen and nutrient delivery
is blocked, there would be a decrease in tumour cell viability
and hence an increase in necrosis. In tumours that received
brivanib alaninate, there was an increase in tissue necrosis
as exemplified by the areas that stain pink only. The necrosis
was most prominent in the tumours treated with the high
dose of the brivanib alaninate. There was mild necrosis in
the tumours that were treated with the low dose of the briv-
anib alaninate.
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Fig. 2 - The growth characteristics of MCF-7 E2 tumours treated with estradiol alone or with estradiol and the lower (0.05 mg/g)
and higher doses (0.1 mg/g) of brivanib alaninate. There were five ovariectomised, athymic mice and 10 tumours per group.
The drug treatment resulted in a decreased average CSA of the tumours at the higher dose (0.1 mg/g) (p = .001, « = 0.025), but
there was no difference between the group treated with the low dose (0.05 mg/g) of brivanib alaninate and the oestrogen only
group (p = 0.2, « = 0.025). There were no significant differences in animal body weights between groups. H and E staining is
shown in panel B and reveals that with increases in the dosing of the drug, there was an increase in the amount of necrotic
tissue (*). The bar represents 100 pm. Panel C demonstrates that there was no significant change in the total amount of VEGFR-
2 expressed by the tumours, but there was a decrease in the phosphorylation pattern of the tumours treated with brivanib
alaninate, regardless of the dose given. The presence of ER and its phosphorylated form was indicative of active tumour tissue
in all the samples. Panel D demonstrates analysis by RTPCR. There was a significant increase in VEGFA in the high dose group
in comparison with tumours treated with oestrogen only (p = 0.02). There was a small, but significant decrease in ER mRNA in
the high dose (0.1 mg/g) group (p = 0.04). VEGFC transcription decreased significantly in tumours treated with the low dose
(0.05 mg/g) of brivanib alaninate. Mouse VEGFR-1 and mouse VEGFR-2 mRNA, which represented the endothelial component
of the tumour, significantly decreased in the high dose (0.1 mg/g) group (p = 0.02, p = .04).

Western immunoblotting of tumour extracts did not reveal alaninate (Fig. 2D). There was a significant decrease in mouse

a difference in total VEGFR-2, but there was less phosphoryla-
tion at the tyrosine 951 residue of VEGFR-2 in brivanib alani-
nate treated animals (Fig. 2C). The presence of ER and
phospho-ER demonstrated active tumour tissue and an acti-
vated ER. There was very little VEGFR-1, VEGFR-3 or FGFR-1
(data not shown) detected by immunoblotting. The use of
RTPCR analysis confirmed a significant increase in VEGFA
(p =0.02) and a non-significant increase in human VEGFR-2
in tumours that were treated with the high dose of brivanib

VEGFR-1 and mouse VEGFR-2 in tumours that were treated
with the higher (p = 0.02, p = 0.04) dose of brivanib alaninate.
ER mRNA decreased slightly, but significantly (Fig. 2C) in those
tumours that were treated with the higher dose of brivanib
alaninate (p =0.04), but there was no increase in ER protein
by Western blotting analysis (Fig. 2C). There was a significant
decrease in transcription of VEGFC mRNA (p=0.04) in tu-
mours treated with the lower dose of brivanib alaninate
(Fig. 2D). There was very little or no VEGFB, VEGFD, mouse
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VEGFR-3 or human VEGFR-1 present in the tumours as evi-
denced by high CT values (>35) detected by RTPCR analysis
(data not shown).

3.3. Effect of brivanib alaninate on SERM stimulated
tumour growth

To establish that an inhibitor of VEGFR-2 would block the
growth of SERM stimulated tumours and as a consequence,
would have the potential to retard the development of ac-
quired SERM resistance in ER positive cancers, a series of mod-
els and designs was explored. The MCF-7 Ral tumour model*®
grows without raloxifene, and to a greater extent in the pres-
ence of raloxifene. Fulvestrant retards tumour growth.*® This
is illustrated in Fig. 3A. Statistical comparisons were done to
determine whether there was a difference in the average CSA
of tumours treated with raloxifene versus those treated with
placebo, fulvestrant or high dose brivanib alaninate (0.1 mg/
g). Raloxifene stimulated tumour growth was significantly de-
creased in the presence of high dose brivanib alaninate
(0.1 mg/g) administered with raloxifene and the difference in
average CSA was 0.391 cm? after 8 weeks (p < 0.001, o = 0.016).
A similar difference in average CSA (0.366 cm?) was also ob-
served with tumours treated with raloxifene versus tumours
treated with fulvestrant (p < 0.001, o = 0.016). There was no sig-
nificant difference between the average CSAs of tumours
(0.212cm? in the presence or absence of raloxifene
(p =0.024, o= 0.016). The addition of high dose brivanib alani-
nate (0.1 mg/g) to a daily regimen of 1.5mg of raloxifene
(0.1 mg/g) caused a rapid decrease in tumour growth (decrease
in average CSA = -0.294 cm?) (p < 0.001, « = 0.025) in established
raloxifene stimulated tumours (Fig. 3B) over a two-week peri-
od. At the time of randomisation, the group that was treated
with raloxifene (1.5mg) and brivanib alaninate (0.1 mg/g)
demonstrated no difference in average CSA (-.0146 cm?) than
those that received raloxifene (1.5 mg) only (p = 0.73, o = 0.025).

Our MCF-7 Tam SERM stimulated model showed similar
effects with brivanib alaninate. Statistical comparisons were
done to determine whether there was a difference in the aver-
age CSA of tumours treated with 1.5 mg tamoxifen daily ver-
sus vehicle or 1.5 mg tamoxifen + 0.1 mg/g brivanib alaninate.
The difference in CSA between those tumours that received
1.5 mg tamoxifen daily versus 1.5 mg tamoxifen and the high
dose brivanib alaninate (0.1 mg/g) daily (p <0.001, «=0.025)
was 0.395 cm?. A similar difference in CSA (0.484 cm?) was ob-
served between tumours treated with tamoxifen alone versus
control treated with vehicle only (p <0.001, o=0.025). The
tamoxifen (1.5 mg/daily) treated group was then randomised
to continue 1.5 mg/d tamoxifen or 1.5 mg/d tamoxifen + high
dose brivanib alaninate for 2 weeks. At the time of randomi-
sation, the group that was treated with tamoxifen (1.5 mg)
and brivanib alaninate (0.1 mg/g) demonstrated no difference
in average CSA than those that received tamoxifen (1.5 mg/g)
only (p=0.76, «=0.25). The addition of brivanib alaninate
(0.1 mg/g) caused a rapid tumour regression (difference in
average CSA=-0.261cm? of established tumours after
2 weeks of treatment (p <0.001, «=0.025) (Fig. 3C). There
was a significant decrease in blood vessel density (CD31
counts) in the group that received 0.1 mg/g brivanib alaninate
and 1.5 mg tamoxifen for 2 weeks (average MVD/sq. mm = 76)

in comparison with the group that continued receiving 1.5 mg
tamoxifen (average MVD sq./mm = 156) (p = 0.003).

Finally, the tamoxifen-stimulated EnCa 101 endometrial tu-
mour model*® was also used to evaluate the efficacy of brivanib
alaninate (0.1 mg/g). Animals with bi-transplanted tumours
were treated with 500 pg of tamoxifen daily by oral gavage
for 40 d and then randomised. One group received 500 pg of
tamoxifen and 0.1 mg/g brivanib alaninate daily. The other
group continued to receive 500 pg of tamoxifen. At the time
of randomisation, the group that was treated with tamoxifen
(500 pg) and brivanib alaninate (0.1 mg/g) had a larger average
volume (difference = 40 mm?) than those that received tamox-
ifen (500 pg) only (p = 0.002, o = 0.025). Despite this initial differ-
ence, over a three-week period, animals treated with
tamoxifen alone subsequently had an average tumour volume
(difference = 0.168 mm?®) that was much greater than those
animals treated with brivanib alaninate in combination with
tamoxifen (p <0.001, «=0.025) (Fig. 3D). All models demon-
strated that a VEGFR-2 inhibitor, brivanib alaninate would pre-
vent the growth of SERM stimulated tumours.

3.4.  Determination of tamoxifen dosing in SERM sensitive
MCF-7 E2 tumours

We determined an anti-oestrogenical dose of tamoxifen that
would be approximately 50% effective in blocking estradiol
stimulated tumour growth. Previously, 1.5 mg/d of tamoxifen
has been used to almost completely block oestrogen stimu-
lated tumour growth.?® The differences in the CSAs of tu-
mours treated with estradiol and 125pg tamoxifen (-
0.368 cm?, p=0.01, o =0.016), estradiol and 250 pg tamoxifen
(-0.479 cm?, p = 0.001, « = 0.016) or estradiol and 500 pug tamox-
ifen (-0.479 cm?, p <0.001, «=0.016) versus estradiol alone
were significant (Fig. 4). A dose of 125 pg was chosen for fur-
ther testing in combination with brivanib alaninate to deter-
mine whether there would be an improvement in
therapeutic efficacy.

3.5.  The combined effect of a lower dose of tamoxifen and
brivanib alaninate in SERM sensitive MCF-7 E2 tumours

We hypothesise that a sub-therapeutic dose of brivanib alan-
inate may enhance a sub-optimal effective daily dose of
tamoxifen (125 pg) and thus improve tumour growth control.
The strategy of limiting angiogenesis would optimise long-
term anti-oestrogen therapy. Statistical comparisons were
done to determine whether there was a difference in the aver-
age CSA of tumours treated with 125 pg tamoxifen + 0.05 mg/g
brivanib alaninate versus 125 pg tamoxifen or 0.05 mg/g briv-
anib alaninate. The results illustrated in Fig. 5 demonstrated
that the combination of 125 pg of tamoxifen and 0.05 mg/g
of brivanib alaninate significantly improved the anti-tumour
action tamoxifen or brivanib alaninate alone after 6 weeks.
The difference in average CSAs of tumours treated with
125 pg tamoxifen and 0.05mg/g brivanib alaninate versus
those treated 125pg tamoxifen (-0.128cm? p=0.01,
«=0.025) was significant. Similarly, there was a significant
difference in the CSA of those tumours treated with the com-
bination therapy and those treated with brivanib alaninate
(-0.449 cm?, p < 0.001, o = 0.025).
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Fig. 3 - The anti-tumour effects of high dose (0.1 mg/g) brivanib alaninate on the growth of human tumours with acquired
resistance to the SERMs raloxifene or tamoxifen. There were no significant differences in animal body weights between
groups. Unless stated otherwise, all groups had 5 ovariectomised athymic mice with 10 tumours. (A) Raloxifene stimulated
MCF-7 Ral. Groups were treated with raloxifene (1.5 mg daily by gavage), vehicle, fulvestrant (2 mg SQ 5 d per week), or
raloxifene plus brivanib alaninate (0.1 mg/g by gavage). Brivanib alaninate (0.1 mg/g) significantly prevented the growth of
raloxifene treated tumours (p < 0.001, « = 0.016). (B) Raloxifene (1.5 mg daily by gavage) stimulated MCF-7 RAL. Twenty
ovariectomised athymic mice were randomised into two groups of 10 mice each with continued raloxifene treatment (total of
17 tumours in the group) or raloxifene plus high dose brivanib alaninate (0.1 mg/g by gavage) (total of 19 tumours in the
group). There was a significant decrease in tumour size with brivanib alaninate (p < 0.001, « = 0.025). (C) Tamoxifen (1.5 mg
daily by gavage) stimulated MCF-7 TAM tumours. Athymic, ovariectomised mice were initially placed into three groups to
receive 1.5 mg tamoxifen (8 mice, 16 tumours), 1.5 mg tamoxifen plus 0.1 mg/g brivanib alaninate (4 mice, 6 tumours) or
control vehicle (5 mice, 10 tumours). The group that received tamoxifen was randomised to continue tamoxifen (4 mice, 8
tumours) or receive tamoxifen with 0.1 mg/g brivanib alaninate (4 mice, 8 tumours) once the tumours reached an average
CSA of 0.5 cm?. The VEGFR inhibitor produced significant decreases in tamoxifen-stimulated growth rate in early implanted
(p < 0.001, « = 0.025) or established (p < 0.001, « = 0.025) tumours. (D) Treatment of tamoxifen-stimulated (500 pg tamoxifen by
gavage daily) EnCa 101 endometrial tumours was continued in two groups of 10 ovariectomised, athymic mice (20 tumours
per group for 40 d). One group then received concomitant high dose brivanib alaninate (0.1 mg/g by gavage) for 3 weeks.
Tumour volume was significantly decreased in animals treated with brivanib alaninate and tamoxifen compared to
tamoxifen alone (p < 0.001, « = 0.025).

3.6.  The combined effect of a lower dose of tamoxifen and
brivanib alaninate in established SERM sensitive MCF-7 E2
tumours

rised in Figs. 6 and 7. The short-term combination of brivanib
alaninate and tamoxifen decreased tumour size during the
two-week period, whereas neither tamoxifen alone nor the
brivanib alaninate alone prevented an increase in established

The goal of this experiment was to obtain sufficient tumour
tissue for molecular analysis to evaluate the actions of
tamoxifen and brivanib alaninate. The results are summa-

tumour size (Fig. 6A). Statistical comparisons were done to
determine whether there was a difference in the average
CSA of tumours treated with 125 pug tamoxifen + 0.05 mg/g
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Fig. 5 — The effect of a combination of tamoxifen (125 pg
daily oral dose) and 0.05 mg/g brivanib alaninate on the
growth of established estradiol stimulated MCF-7 E2
tumours. There were five ovariectomised, athymic mice and
10 tumours per group. The combination of 125 pg tamoxifen
with 0.05 mg/g brivanib alaninate improved the effects of
125 pg tamoxifen (p < 0.01, « = 0.025) or 0.05 mg/g brivanib
alaninate (p < 0.001, « = 0.025). There were no significant
differences in animal body weights between groups.

brivanib alaninate versus 125 pg tamoxifen or 0.05 mg/g briv-
anib alaninate. There was no difference in size at the time of
randomisation (tamoxifen versus combination therapy
(p=0.87) and brivanib versus combination therapy
(p=0.29)). The average CSA was significantly different be-
tween tumours treated with 125 pg tamoxifen versus those
treated with 125 pg tamoxifen and .05 mg/g brivanib alaninate
(-0.292 cm?, p =0.01, «=0.025). The same observation was

noted for those tumours treated with 0.05 mg/g brivanib alan-
inate versus those treated with 0.05 mg/g brivanib alaninate
and 125 pg tamoxifen (-0.341 cm?, p = 0.007, a = 0.025).
Consistent with our findings, illustrated in Fig. 2B, repre-
sentative histological analysis in this experiment confirmed
(Fig. 6B) increased necrosis in tumours that received only briv-
anib alaninate or brivanib alaninate plus tamoxifen.
Western immunoblotting (Fig. 6C) demonstrated a de-
crease in phosphorylation of the VEGFR-2, but not total VEG-
FR-2 in the two groups that received brivanib alaninate. Total
ER expression was reduced in the group receiving tamoxifen
and the brivanib alaninate compared to tamoxifen alone.
RTPCR analysis (Fig. 6D) demonstrated an increase in
mRNA for mouse VEGFR-1 and mouse VEGFR-2 in tumours
that receive brivanib alaninate with (p =0.002, p =0.002) or
without (p =0.001, p =0.001) tamoxifen. VEGFA mRNA is in-
creased with tamoxifen (p=0.01), brivanib alaninate
(p =0.001) or both drugs (p = 0.002) in combination. VEGFC in-
creased with the tamoxifen treated group (p=0.001), but
decreased in the groups treated with the brivanib alaninate
(p=0.004). ER mRNA levels increased (p=0.04) with the
tamoxifen treated group, but decreased with the group that
received both the VEGFR inhibitor and tamoxifen (p = 0.04).
We further validated our molecular studies with immuno-
histochemistry. There was little change in total VEGFR-2
(Fig. 7A), which was consistent with the findings in Western
immunoblotting. VEGFA staining intensity increased in the
tumours treated with tamoxifen and brivanib alaninate,
which is consistent with the increased VEGFA mRNA seen
in RTPCR analysis (Fig. 7B). The nuclear staining of the VEGF
in the presence of brivanib (Fig. 7C) could be consistent with
the report by Rosenbaum-Dekel et al.** with the nuclear local-
isation of L-VEGF, but no specific antibody was available to
test the hypothesis.

4, Discussion

We report the first study to explore the potential of combining
tamoxifen with low dose brivanib alaninate to block the
growth of ER positive breast cancer. Previous studies have
demonstrated the efficacy of brivanib in mouse models of hu-
man hepatocellular carcinoma® and to inhibit growth in ER
negative H3396 xenografts in athymic mice.”® Our strategy is
to employ an anti-oestrogen (tamoxifen) to block oestrogen
stimulated VEGF production and to use a combination with
blockers of VEGFR-2 to reduce angiogenic survival mecha-
nisms in both the tumour and endothelial cells to enhance tu-
mour cell death. Our results demonstrate that the strategy is
feasible. We have advanced the idea with the demonstration
that a VEGFR-2 inhibitor, brivanib alaninate can not only inhi-
bit the growth of small SERM stimulated implants derived
from MCF-7 cells with acquired resistance to tamoxifen and
raloxifene, but also can inhibit SERM stimulated growth of
established tumours in athymic mice (Fig. 3A-C). Additionally,
brivanib alaninate inhibits tamoxifen-stimulated endometrial
cancer (EnCa 101) growth (Fig. 3D). Thus, the ability of a VEG-
FR-2 inhibitor to block the growth of tumours with acquired
SERM resistance supports the idea that this strategy might
improve adjuvant therapies.
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Fig. 6 - Panel A: the efficacy of a combination of 125 pg tamoxifen and 0.05 mg/g brivanib alaninate on the growth of
established estradiol stimulated MCF-7 E2 tumours. There were five ovariectomised, athymic mice and 10 tumours per group.
Tumours were grown to approximately 0.46 cm? and treated with the treatment regimens as indicated. There were no
significant differences in animal body weights between groups. However, the decrease in average CSA was significant when
comparing the combination treatment to tamoxifen (125 pg) treated tumours (p = 0.01, « = 0.025) or those treated with

0.05 mg/g brivanib alaninate (p = 0.007, « = 0.025). Panel B: H and E staining demonstrated an increase in necrotic tissue when
brivanib alaninate was given alone or with tamoxifen. Once again, the bar represented a 100 pm distance. Panel C: Western
blot analysis of tumour tissue did not illustrate a decrease in total VEGFR-2, regardless of the treatment group. The addition of
brivanib alaninate, decreased the phosphorylation of VEGFR-2. Expression of ER and phosphorylated ER in all tumours,
demonstrated the presence of active tumour tissue. Panel D: relative fold change in the mRNA levels of angiogenic factors in
tumours relative to estradiol treatment alone. Mouse VEGFR-1 and mouse VEGFR-2 mRNA increased dramatically in tumours
that received the inhibitor (p = 0.001, p = 0.001) or the inhibitor plus tamoxifen (p = 0.002, p = 0.002). VEGFA mRNA increased in
tumours in response to tamoxifen treatment (p = 0.01) brivanib alaninate treatment (p = 0.001) and the combination of
brivanib alaninate plus tamoxifen (p = 0.002). VEGFC increased in tamoxifen treated tumours (p = 0.001) and decreased in
tumours treated with brivanib alaninate (p < 0.004). There was a significant, but small decrease in ER mRNA (p = 0.04) in
tumours treated with the combination of tamoxifen plus brivanib alaninate and an increase in ER mRNA in tamoxifen treated
tumours (p = 0.04).

Angiogenesis is important for tumour growth and metas- hibit the process.’®*? This observation was validated in our
tasis. Stable transfection of MCF-7 cells with the VEGF gene tumour models as the expression of VEGFA and VEGFR-2 is in-
results in hormone independent growth in vivo and tamoxifen creased in the presence of oestrogen and decreased with oest-
resistance.*? This is supported by the recent work by Aesoy rogen withdrawal (Fig. 1A and B). As there is strong evidence
and coworkers*® using an anti-oestrogen resistant cell line for the oestrogen mediated regulation of angiogenesis, com-
(LCC2) in vitro that has constitutive VEGF secretion relative bining an anti-oestrogen with an antiangiogenic inhibitor to
to wildtype MCF-7 cells. MCF-7 cells respond to 4-hydroxy- diminish tumour growth is a reasonable therapeutic
tamoxifen with a reduction in VEGF, but the anti-oestrogen approach.
resistant variant LCC2 does not. Oestrogen has been shown There are fewer side-effects such as malignant hyperten-

to increase the synthesis of VEGFA'® and anti-oestrogens in- sion with angiogenesis inhibitors when used lower doses.**
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Fig. 7 — Panel A: there is no change in total VEGFR-2 expression by IHC in MCF-7 E2 tumours treated with estradiol (a), estradiol
and 2 weeks of 125 pg tamoxifen (b), estradiol and 2 weeks of 0.05 mg/g brivanib alaninate (c), or estradiol and 2 weeks of the
combination of 125 pg tamoxifen and 0.05 mg/g brivanib alaninate (d). Panel B: by IHC, the VEGFA staining intensity is

greatest with 2 weeks of the combination of 125 pg tamoxifen and 0.05 mg/g brivanib alaninate (d). Staining intensity is the
same with estradiol (a), estradiol and 2 weeks of 125 pg tamoxifen (b), estradiol, and 2 weeks of 0.05 mg/g brivanib alaninate

(c). The bars represent 50 pm.

At higher doses, therapeutic efficacy may be diminished
when drug dosing is reduced or abbreviated. Therefore, we
advanced the concept of dual inhibition of angiogenesis fur-
ther and tested a combination of sub-effective tamoxifen
(125 pg) daily and the sub-therapeutic VEGFR-2 inhibitor briv-
anib alaninate (0.05mg/g daily). The combination signifi-
cantly decreased tumour growth compared with estradiol
and either drug alone. This was true for the prevention of

early tumour development following initial implantation
(Fig. 5) or during the short-term treatment of established tu-
mours (Figs. 6 and 7). Thus, we have shown that using a com-
bination of lower, more tolerable doses of two drugs that are
as efficacious as higher, less tolerable doses of either drug
used alone, is a viable alternative for adjuvant therapy.

Drug treatments were evaluated in established tumours to
provide tissue to investigate molecular mechanisms. Total
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VEGFR-2 levels did not change in the tumours with treatment
(Figs. 6C and 7A), but the phosphorylation patterns were dif-
ferent (Fig. 6C). Brivanib alaninate inhibits phosphorylation
of the VEGFR-2 receptor. This confirmed the reported mecha-
nism of action®* of brivanib alaninate as an inhibitor of the
VEGFR-2 tyrosine kinase. Treatment of established tumours
with tamoxifen alone increased phosphorylation of VEGFR-2
and this increase in phosphorylation was inhibited when
brivanib alaninate was combined with tamoxifen. Thus, it is
possible to explain why a significant decrease in tumour size
resulted from the use of a two-drug combination rather than
a single drug that was individually ineffective in established
tumours.

Similarly, transcription of VEGFC mRNA increased during
tamoxifen treatment, but this was abrogated with brivanib
alaninate. This is an important finding because VEGFC also
activates VEGFR-2.%? There was a compensatory rise in VEGFA
with tamoxifen, brivanib alaninate, or the combination of the
two drugs. However, with the combination of tamoxifen and
brivanib alaninate, the compensatory mechanisms of the tu-
mour to overcome blockade of the ER and VEGFR-2 failed as
evidenced by increased tumour necrosis. The compensatory
rise in VEGFA was validated by IHC in tumours treated with
the combination of tamoxifen and brivanib alaninate. Overall,
our findings confirm and extend the recent findings of Aesoy
and co-workers*® who demonstrate a breast cancer cell sur-
vival of VEGF/VEGFR-2/p38 feedback loop in cells resistant
to anti-oestrogens.

Classically, the VEGF pathway in tumours has been
thought to result from VEGF secretion from tumour cell acti-
vation of VEGF receptors on endothelial cells. However, accu-
mulating evidence suggest that VEGFR-2 is most likely found
on both cancer cells and endothelial cells.****™* By using IHC
to localise VEGFR-2 in the MCF-7 tumour model, there is
demonstrable expression of VEGFR-2 on the breast cancer
cells (Fig. 1A). Moreover, there is evidence of oestrogen medi-
ated regulation of VEGFR-2 expression on tumour cells as
VEGFR-2 expression decreases with the withdrawal of 17p-
estradiol. Ryden*® also demonstrated that VEGFR-2 is ex-
pressed on tumour material from patients. These findings
strengthen the argument to target VEGFR-2 in breast cancer.

By using RTPCR to differentiate between mouse and hu-
man VEGFR-2, we were able to evaluate the response to ther-
apy in the endothelial (mouse) and the tumour cell (human)
components. Interestingly, when the brivanib alaninate is
started at the time of implantation there is a significant de-
crease in mouse VEGFR-1 and VEGFR-2. There was a trend to-
wards an increase in human VEGFR-2 in mice treated with the
higher dose of brivanib alaninate, with a significant decrease
in mouse VEGFR-2 mRNA. When the angiogenesis inhibitor
was given to mice with established tumours, there was a
trend towards a decrease in human VEGFR-2 mRNA with a
significant increase in mouse VEGFR-1 and VEGFR-2 mRNA.
Thus, when the human VEGFR-2 is blocked, this then affects
the endothelial component and the cells attempt to manufac-
ture more receptor.

The ER is central to oestrogen-regulated events. As re-
ported in previous studies, tamoxifen blocks the E2-mediated
down-regulation of ER mRNA (Fig. 6D) and there is an increase

in total ER expression®® (Fig. 6C). Interestingly, the co-admin-
istration of brivanib alaninate prevented the tamoxifen in-
duced increase in ER mRNA (Fig. 6C) and there was a
decrease in total ER expression (Fig. 6D). It appears that the
administration of an inhibitor of VEGFR-2 can modulate the
ER during the anti-tumour process and this is an area worthy
of further investigation. Conversely, the expression of VEGFR-
2 on the cancer cells in response to oestrogen is clearly impor-
tant to maintain control of tumour growth. These observa-
tions further validate the use of a combination of an anti-
oestrogen and an angiogenesis inhibitor.

In addition to inhibiting VEGFR-2, the inhibitor has also
shown activity against FGFR-1 in other tumour models, and
is thus useful as a dual inhibitor for angiogenesis.>* In the
present study, however, we were unable to detect FGFR-1 in
our specific model.

Despite the encouraging results obtained in the present
study, several recent reports®®>2 of either the development
of resistance to antiangiogenic drugs®® or enhanced meta-
static spread with low dose antiangiogenic drugs®'>? deserve
consideration. Clinical trials have shown that the majority of
human tumour types do not respond to inhibitors of integrin
as an antiangiogenic strategy. Laboratory models now show®>?
that low concentrations of «,f5 and o,fs inhibitors increase tu-
mour growth via VEGFR-2 trafficking. This promotes endothe-
lial cell migration to VEGE. In related studies, inhibitors of
VEGEFR can either enhance tumour cell seeding in ‘metastatic
assays’®’ or cause adaptive-evasive responses by tumours
with greater malignancy and increased invasiveness.”
Clearly, the complexity of the angiogenic survival signalling
pathways present a challenge to seek the clinical relevance
of pre-clinical pharmacology. Nevertheless, in a recent review,
Ebos and co-workers® contend that it remains unclear
whether antiangiogenic therapy will lead to increased inva-
sion or metastases after long- or short-term treatments. There
are more than 40+ adjuvant clinical trials in progress, so the
question of the premature tumour resistance caused by low
dose antiangiogenesis inhibitors will probably be answered
first in the clinical setting.>

With this concern in mind, we are currently considering
an initial short-term testing platform in ER positive meta-
static breast cancer that has failed exhaustive endocrine ther-
apy.”**° It is known that apoptosis and tumour regression can
be induced by both high or low dose oestrogen clinically,”®>”
but we propose to use low dose oestrogen to reduce thrombo-
embolic events. The therapeutic application of low dose oest-
rogen treatment is a direct translation of laboratory studies
over the past 15 years.”®*® By combining a dose escalation
schedule of brivanib alaninate, we will be able to monitor tu-
mour response precisely for the 12-week treatment schedule.
These preliminary clinical data will guide our future adjuvant
applications.

In summary, antiangiogenic agents have been utilised
clinically in patients who have breast cancer that is refractory
to other agents.‘“ In these instances, to see a partial clinical
benefit, higher doses that are potentially toxic have to be
used. The observations that elevations of VEGFA and VEG-
FR-2 are associated with poor prognosis and response to
tamoxifen therapy®®® suggests that a strategy to combine
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anti-hormone treatment with an antiangiogenic strategy may
have merit to test in clinical trials. Based on an increasing lab-
oratory database that implicates an elevation in angiogenic
factors in endocrine resistant breast cancer in the presence
of tamoxifen,*® we have provided evidence that a combina-
tion of tamoxifen plus a low dose dual inhibitor of VEGFR-2
and FGFR-1, brivanib alaninate, effectively controlled tumour
growth. The strategy of combining a tyrosine kinase inhibitor
of VEGFR-2 has the advantage of reducing toxicity, permitting
long-term therapy and therefore compliance to enhance effi-
cacy for adjuvant tamoxifen therapy. Indeed, the strategy of
inhibiting angiogenesis, might in fact, improve responsive-
ness of those ER positive tumours that are refractory to
tamoxifen alone. We believe this issue should be addressed
in clinical trial.

Role of the funding source

Roshani Patel’s salary is supported by 5T32CA10365-03. Suro-
jeet Sengupta, Helen Kim, and Jennifer Pyle’s salaries, as well
as laboratory supplies supported by the following: the Depart-
ment of Defense Breast Program under award number
BC050277 Center of Excellence, SPORE in Breast Cancer CA
89018 (VCJ), Genuardis Fund (VCJ), FCCC Core Grant NIH P30
CA006927, the Avon Foundation and the Weg Fund of Fox
Chase Cancer Center (VCJ). Bristol Myers Squibb provided
funding for this research, as well as the drug, brivanib
alaninate.

Conflict of interest statement

A research grant was provided as partial funding of this pro-
ject by Bristol Myers Squibb. Brivanib alaninate was also pro-
vided by Bristol Myers Squibb.

Acknowledgements

This work was supported by the following grants: Department
of Defense Breast Program under award number BC050277
Center of Excellence (Views and opinions of, and endorse-
ments by the author(s) do not reflect those of the US Army
or the Department of Defense) (VC]), SPORE in Breast Cancer
CA 89018 (VCJ), Genuardis Fund (VCJ), FCCC Core Grant NIH
P30 CA006927, the Avon Foundation and the Weg Fund of
Fox Chase Cancer Center (VC]J), Bristol Myers Squibb (VCJ),
5T32CA10365-03 (R.R.P.).

Special thanks to the animal histopathology laboratory at
Fox Chase Cancer Center: Catherine Renner, Fangping Chen
and Huafen Li. Technical Assistance: Korey Griffin at Santa
Cruz Biotechnology, and Sheree Beane at Cell Signaling.

REFERENCES

1. Folkman J. Angiogenesis. Annu Rev Med 2006;57:1-18.
2. Folkman J. Angiogenesis: an organizing principle for drug
discovery? Nat Rev Drug Discov 2007;6:273-86.

3. Naumov GN, Akslen LA, Folkman J. Role of angiogenesis in
human tumor dormancy: animal models of the angiogenic
switch. Cell Cycle 2006;5:1779-87.

4. Jain RK. Normalization of tumor vasculature: an
emerging concept in antiangiogenic therapy. Science 2005;307:
58-62.

5. Jain RK, Carmeliet PF. Vessels of death or life. Sci Am
2001;285:38-45.

6. Carmeliet P, Jain RK. Angiogenesis in cancer and other
diseases. Nature 2000;407:249-57.

7. Goss PE, Ingle N, Pater JL, et al. Late extended adjuvant
treatment with letrozole improves outcome in women with
early-stage breast cancer who complete 5 years of tamoxifen.
J Clin Oncol 2008;26:1948-55.

8. Muss HB, Tu D, Ingle JN, et al. Efficacy, toxicity, and quality of
life in older women with early-stage breast cancer treated
with letrozole or placebo after 5 years of tamoxifen: NCIC CTG
intergroup trial MA.17. ] Clin Oncol 2008;26:1956-64.

9. Mamounas EP, Jeong JH, Wickerham DL, et al. Benefit from
exemestane as extended adjuvant therapy after 5 years of
adjuvant tamoxifen: intention-to-treat analysis of the
national surgical adjuvant breast and bowel project B-33 trial.
J Clin Oncol 2008;26:1965-71.

10. Jordan VC. Selective estrogen receptor modulation:
concept and consequences in cancer. Cancer Cell
2004;5:207-13.

11. Buzdar A, Howell A, Cuzick ], et al. Comprehensive side-effect
profile of anastrozole and tamoxifen as adjuvant treatment
for early-stage breast cancer: long-term safety analysis of the
ATAC trial. Lancet Oncol 2006;7:633-43.

12. Crivellari D, Sun Z, Coates AS, et al. Letrozole compared with
tamoxifen for elderly patients with endocrine-responsive
early breast cancer: the BIG 1-98 trial. J Clin Oncol
2008;26:1972-9.

13. Takei H, Lee ES, Jordan VC. In vitro regulation of vascular
endothelial growth factor by estrogens and antiestrogens in
estrogen-receptor positive breast cancer. Breast Cancer
2002;9:39-42.

14. Hyder SM, Nawaz Z, Chiappetta C, et al. Identification of
functional estrogen response elements in the gene coding for
the potent angiogenic factor vascular endothelial growth
factor. Cancer Res 2000;60:3183-90.

15. Hyder SM. Sex-steroid regulation of vascular endothelial
growth factor in breast cancer. Endocr Relat Cancer
2006;13:667-87.

16. Hyder SM, Stancel GM, Chiappetta C, et al. Uterine
expression of vascular endothelial growth factor is increased
by estradiol and tamoxifen. Cancer Res 1996;56:3954-60.

17. Kirk E. Dog’s tale of survival opens door in cancer research.
USA Today 2002. Available from: http://www.usatoday.com/
news/health/2002-07-24-cover-cancer_x.htm.

18. Blackwell KL, Haroon ZA, Shan S, et al. Tamoxifen inhibits
angiogenesis in estrogen receptor-negative animal models.
Clin Cancer Res 2000;6:4359-64.

19. Ferrara N, Hillan K]J, Gerber HP, et al. Discovery and
development of bevacizumab, an anti-VEGF antibody for
treating cancer. Nat Rev Drug Discov 2004;3:391-400.

20. Wedam SB, Low JA, Yang SX, et al. Antiangiogenic and
antitumor effects of bevacizumab in patients with
inflammatory and locally advanced breast cancer. J Clin Oncol
2006;24:769-77.

21. Miller K, Wang M, Gralow J, et al. Paclitaxel plus bevacizumab
versus paclitaxel alone for metastatic breast cancer. N Engl J
Med 2007;357:2666-76.

22. Ferrara N. Vascular endothelial growth factor: basic science
and clinical progress. Endocr Rev 2004;25:581-611.

23. Eskens FA, Verweij J. The clinical toxicity profile of vascular
endothelial growth factor (VEGF) and vascular endothelial


http://www.usatoday.com/news/health/2002-07-24-cover-cancer_x.htm
http://www.usatoday.com/news/health/2002-07-24-cover-cancer_x.htm

1552

EUROPEAN JOURNAL OF CANCER 46 (2010) 1537-1553

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

growth factor receptor (VEGFR) targeting angiogenesis
inhibitors; a review. Eur J Cancer 2006;42:3127-39.

Huynh H, Ngo VC, Fargnoli ], et al. Brivanib alaninate, a dual
inhibitor of vascular endothelial growth factor receptor and
fibroblast growth factor receptor tyrosine kinases, induces
growth inhibition in mouse models of human hepatocellular
carcinoma. Clin Cancer Res 2008;14:6146-53.

Bhide RS, Cai ZW, Zhang YZ, et al. Discovery and preclinical
studies of (R)-1-(4-(4-fluoro-2-methyl-1H-indol-5-yloxy)-5-
methylpyrrolo[2,1-f][1,2,4]triazin-6-yloxy)propan-2-ol (BMS-
540215), an in vivo active potent VEGFR-2 inhibitor. ] Med Chem
2006;49:2143-6.

Rosen LS, Wilding G, Sweeney C, et al. Phase I dose escalation
study to determine the safety, pharmacokinetics and
pharmacodynamics of BMS-582664, a VEGFR/FGFR inhibitor
in patients with advanced/metastatic solid tumors. ] Clin
Oncol 2006;24:3051.

Jonker DJ, Rosen LS, Sawyer M, et al. A phase I study of BMS-
582664 (brivanib alaninate), an oral dual inhibitor of VEGFR
and FGEFR tyrosine kinases, in patients (pts) with advanced/
metastatic solid tumors: safety, pharmacokinetic (PK), and
pharmacodynamic (PD) findings. J Clin Oncol 2007;25:3559.
Gottardis MM, Robinson SP, Jordan VC. Estradiol-stimulated
growth of MCF-7 tumors implanted in athymic mice: a model
to study the tumoristatic action of tamoxifen. J Steroid Biochem
1988;30:311-4.

O’Regan RM, Cisneros A, England GM, et al. Effects of the
antiestrogens tamoxifen, toremifene, and ICI 182, 780 on
endometrial cancer growth. ] Natl Cancer Inst 1998;90:1552-8.
Gottardis MM, Robinson SP, Satyaswaroop PG, et al.
Contrasting actions of tamoxifen on endometrial and breast
tumor growth in the athymic mouse. Cancer Res
1988;48:812-5.

O’Regan RM, Gajdos C, Dardes RC, et al. Effects of raloxifene
after tamoxifen on breast and endometrial tumor growth in
athymic mice. ] Natl Cancer Inst 2002;94:274-83.

Gottardis MM, Jordan VC. Development of tamoxifen-
stimulated growth of MCF-7 tumors in athymic mice after
long-term antiestrogen administration. Cancer Res
1988;48:5183-8187.

Robinson SP, Jordan VC. Antiestrogenic action of toremifene
on hormone-dependent, -independent, and heterogeneous
breast tumor growth in the athymic mouse. Cancer Res
1989;49:1758-62.

Stossi F, Barnett DH, Frasor J, et al. Transcriptional profiling of
estrogen-regulated gene expression via estrogen receptor
(ER)a or ERB in human osteosarcoma cells: distinct and
common target genes for these receptors. Endocrinology
2004;145:3473-86.

Gowri PM, Sengupta S, Bertera S, et al. Lipin1 regulation by
estrogen in uterus and liver: implications for diabetes and
fertility. Endocrinology 2007;148:3685-93.

Frasor ], Danes JM, Komm B, et al. Profiling of estrogen up-
and down-regulated gene expression in human breast cancer
cells: insights into gene networks and pathways underlying
estrogenic control of proliferation and cell phenotype.
Endocrinology 2003;144:4562-74.

Livak KJ, Schmittgen TD. Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-AAC(T))
method. Methods 2001;25:402-8.

Cai ZW, Zhang Y, Borzilleri RM, et al. Discovery of brivanib
alaninate ((S)-((R)-1-(4-(4-fluoro-2-methyl-1H-indol-5-yloxy)-
5-methylpyrrolo[2,1-f][1,2,4]triazin-6-yloxy)propan-2-yl)2-
aminopropanoate), a novel prodrug of dual vascular
endothelial growth factor receptor-2 and fibroblast growth
factor receptor-1 kinase inhibitor (BMS-540215). ] Med Chem
2008;51:1976-80.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

51.

52.

53.

54.

55.

56.

O’Regan RM, Osipo C, Ariazi E, et al. Development and
therapeutic options for the treatment of raloxifene-
stimulated breast cancer in athymic mice. Clin Cancer Res
2006;12:2255-63.

Dardes RC, O’Regan RM, Gajdos C, et al. Effects of a new
clinically relevant antiestrogen (GW5638) related to
tamoxifen on breast and endometrial cancer growth in vivo.
Clin Cancer Res 2002;8:1995-2001.

Rosenbaum-Dekel Y, Fuchs A, Yakirevich E, et al. Nuclear
localization of long-VEGF is associated with hypoxia and
tumor angiogenesis. Biochem Biophys Res Commun
2005;332:271-8.

Qu Z, Van Ginkel S, Roy AM, et al. Vascular endothelial
growth factor reduces tamoxifen efficacy and promotes
metastatic colonization and desmoplasia in breast tumors.
Cancer Res 2008;68:6232-40.

Aesoy R, Sanchez BC, Norum JH, et al. An autocrine VEGF/
VEGFR2 and p38 signaling loop confers resistance to 4-
hydroxytamoxifen in MCF-7 breast cancer cells. Mol Cancer
Res 2008;6:1630-8.

. Burstein H]J, Elias AD, Rugo HS, et al. Phase II study of

sunitinib malate, an oral multitargeted tyrosine kinase
inhibitor, in patients with metastatic breast cancer previously
treated with an anthracycline and a taxane. J Clin Oncol
2008;26:1810-6.

Kranz A, Mattfeldt T, Waltenberger J. Molecular mediators of
tumor angiogenesis: enhanced expression and activation of
vascular endothelial growth factor receptor KDR in primary
breast cancer. Int J Cancer 1999;84:293-8.

Scherbakov AM, Lobanova YS, Shatskaya VA, et al. Activation
of mitogenic pathways and sensitization to estrogen-induced
apoptosis: two independent characteristics of tamoxifen-
resistant breast cancer cells? Breast Cancer Res Treat
2006;100:1-11.

Weigand M, Hantel P, Kreienberg R, et al. Autocrine vascular
endothelial growth factor signalling in breast cancer.
Evidence from cell lines and primary breast cancer cultures
in vitro. Angiogenesis 2005;8:197-204.

Ryden L, Linderholm B, Nielsen NH, et al. Tumor specific
VEGF-A and VEGFR2/KDR protein are co-expressed in breast
cancer. Breast Cancer Res Treat 2003;82:147-54.

Pink JJ, Jordan VC. Models of estrogen receptor regulation by
estrogens and antiestrogens in breast cancer cell lines. Cancer
Res 1996;56:2321-30.

. Paez-Ribes M, Allen E, Hudock J, et al. Antiangiogenic therapy

elicits malignant progression of tumors to increased local
invasion and distant metastasis. Cancer Cell 2009;15:220-31.
Ebos JM, Lee CR, Cruz-Munoz W, et al. Accelerated metastasis
after short-term treatment with a potent inhibitor of tumor
angiogenesis. Cancer Cell 2009;15:232-9.

Reynolds AR, Hart IR, Watson AR, et al. Stimulation of tumor
growth and angiogenesis by low concentrations of RGD-
mimetic integrin inhibitors. Nat Med 2009;1:392-400.

Ebos JM, Lee CR, Kerbel RS. Tumor and host-mediated
pathways of resistance and disease progression in response
to antiangiogenic therapy. Clin Cancer Res 2009;15:5020-5.
Jordan VC, Lewis-Wambi ], Kim H, et al. Exploiting the
apoptotic actions of oestrogen to reverse antihormonal drug
resistance in oestrogen receptor positive breast cancer
patients. Breast 2007;16:5105-13.

Jordan VC, Lewis-Wambi JS, Patel RR, et al. New hypotheses
and opportunities in endocrine therapy: amplification of
oestrogen-induced apoptosis. Breast 2009;18:5S10-7.

Lonning PE, Taylor PD, Anker G, et al. High-dose estrogen
treatment in postmenopausal breast cancer patients heavily
exposed to endocrine therapy. Breast Cancer Res Treat
2001;67:111-6.



EUROPEAN JOURNAL OF CANCER 46 (2010) 1537-1553 1553

57. Ellis MJ, Gao F, Dehdashti F, et al. Lower-dose vs high-dose
oral estradiol therapy of hormone receptor-positive,
aromatase inhibitor-resistant advanced breast cancer: a
phase 2 randomized study. JAMA 2009;302:774-80.

58. Wolf DM, Jordan VC. A laboratory model to explain the survival
advantage observed in patients taking adjuvant tamoxifen therapy.
Recent results in cancer research. Heidelberg: Springer-Verlag;
1993. p. 23-33.

59.

60.

Yao K, Lee ES, Bentrem DJ, et al. Antitumor action of
physiological estradiol on tamoxifen-stimulated breast
tumors grown in athymic mice. Clin Cancer Res 2000;6:2028-36.
Ryden L, Stendahl M, Jonsson H, et al. Tumor-specific VEGF-A
and VEGFR2 in postmenopausal breast cancer patients with
long-term follow-up. Implication of a link between VEGF
pathway and tamoxifen response. Breast Cancer Res Treat
2005;89:135-43.



	Experimental treatment of oestrogen receptor ER positive breast cancer with tamoxifen and brivanib alaninate, a VEGFR-2/FGFR-1 kinase inhibitor: A potential clinical application of angiogenesis inhibitors
	Introduction
	Materials and methods
	Tumour xenografts
	Drug preparation
	Drug administration
	Experiment 1: the effect of hormonal manipulation on VEGFA and VEGFR-2 expression
	Experiment 2: effects of different doses of brivanib alaninate on SERM sensitive MCF-7 E2 tumours
	Experiment 3: the effects of brivanib alaninate on SERM stimulated tumours
	Experiment 3A: the effects of different doses of brivanib alaninate on SERM resistant MCF-7 Ral tumours
	Experiment 3B: the effect of brivanib alaninate on established SERM resistant MCF-7 Ral tumour models
	Experiment 3C: the effect of brivanib alaninate on SERM resistant MCF-7 Tam tumours
	Experiment 3D: the effect of brivanib alaninate on EnCa Tam endometrial tumours

	Experiment 4: determination of tamoxifen dosing in SERM sensitive MCF-7 E2 tumours
	Experiment 5: the combined effect of a lower dose of tamoxifen and brivanib alaninate in SERM sensitive MCF-7 E2 tumours
	Experiment 6: the combined effect of a lower dose of tamoxifen and brivanib alaninate in established SERM sensitive MCF-7 E2 tumours
	Western immunoblotting
	Real time polymerase chain reaction (RT-PCR)
	Immunohistochemistry (IHC)/histology
	Statistical analysis

	Results
	Immunohistochemistry
	Effects of different doses of brivanib alaninate in SERM sensitive MCF-7 E2 tumours
	Effect of brivanib alaninate on SERM stimulated tumour growth
	Determination of tamoxifen dosing in SERM sensitive MCF-7 E2 tumours
	The combined effect of a lower dose of tamoxifen and brivanib alaninate in SERM sensitive MCF-7 E2 tumours
	The combined effect of a lower dose of tamoxifen and brivanib alaninate in established SERM sensitive MCF-7 E2 tumours

	Discussion
	Role of the funding source
	Conflict of interest statement
	Acknowledgements
	References


