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A B S T R A C T

Several clinical trials have investigated the efficacy of bevacizumab in breast cancer, and

even if growth inhibiting effects have been registered when antiangiogenic treatment is

given in combination with chemotherapy no gain in overall survival has been observed.

One reason for the lack of overall survival benefit might be that appropriate criteria for se-

lection of patients likely to respond to antiangiogenic therapy in combination with chemo-

therapy, are not available.

To determine factors of importance for antiangiogenic treatment response and/or resis-

tance, two representative human basal- and luminal-like breast cancer xenografts were

treated with bevacizumab and doxorubicin alone or in combination. In vivo growth inhibi-

tion, microvessel density (MVD) and proliferating tumor vessels (pMVD ¼ proliferative mi-

crovessel density) were analysed, while kinase activity was determined using the PamChip

Tyrosine kinase microarray system.

Results showed that both doxorubicin and bevacizumab inhibited basal-like tumor growth

significantly, but with a superior effect when given in combination. In contrast, doxorubi-

cin inhibited luminal-like tumor growth most effectively, and with no additional benefit of

adding antiangiogenic therapy. In agreement with the growth inhibition data, vascular

characterization verified a more pronounced effect of the antiangiogenic treatment in

the basal-like compared to the luminal-like tumors, demonstrating total inhibition of

pMVD and a significant reduction in MVD at early time points (three days after treatment)

and sustained inhibitory effects until the end of the experiment (day 18). In contrast,

luminal-like tumors only showed significant effect on the vasculature at day 10 in the tu-

mors having received both doxorubicin and bevacizumab.

Kinase activity profiling in both tumor models demonstrated that the most effective

treatment in vivo was accompanied with increased phosphorylation of kinase substrates
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of growth control and angiogenesis, like EGFR, VEGFR2 and PLCg1. This may be a result

of regulatory feedback mechanisms contributing to treatment resistance, and may

suggest response markers of value for the prediction of antiangiogenic treatment

efficacy.

ª 2012 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Introduction patients with TNBC. The effect of bevacizumab in the neoad-
The formation of new blood vessels is an important property

for the proliferation and expansion of solid tumors. Thus, tar-

geting the angiogenic process represents a promising thera-

peutic approach, and several antiangiogenic drugs have been

developed. VEGF-A (commonly referred to as VEGF) has been

recognized as an important stimulator of angiogenesis, and

its overexpression has been associated with tumor progres-

sion and poor prognosis in several tumor types, including

breast cancer (Berns et al., 2003; Manders et al., 2002). Accord-

ingly, treatment with the humanized monoclonal antibody

bevacizumab, which binds and neutralizes all human VEGF-

A isoforms,have shown increasedoverall (OS) andprogression

free survival (PFS) in patientswithmetastatic colorectal cancer

when combined with first-line chemotherapy (Hurwitz et al.,

2004). In breast cancer however, treatment with bevacizumab

in combination with chemotherapy have been less successful.

Variable improvements in PFS and no benefits in OS (Miles

et al., 2010; Miller et al., 2007) have been observed, resulting

in the FDA decision to withdraw the approval of bevacizumab

as a treatment option for metastatic breast cancer.

However, the biological mechanisms responsible for treat-

ment resistance are not fully understood. One explanation for

the lack of an overall survival benefit may be that breast can-

cer is a clinically heterogeneous disease, with molecular sub-

types responding differently to various treatments (Rouzier

et al., 2005). A large clinical benefit in a small subpopulation

of patients will be diluted in large clinical trials with unse-

lected patients, and therefore, one of themost important chal-

lenges is to identify possible responders to different types of

targeted therapies among the unselected group of breast can-

cer patients. In this regard, high baseline levels of VEGF-A in

blood plasma of breast cancer patients has been found to cor-

relate significantly with increased OS, and were of borderline

significance ( p ¼ 0.06) with improved PFS following bevacizu-

mab treatment (Jayson et al., 2011).Furthermore, Yang et al.

demonstrated that patients with high expression of VEGF in

the tumor cells, and CD31 and PDGFRb in the tumor vascula-

ture were more likely to respond to bevacizumab in combina-

tion with doxorubicin-docetaxel (Yang et al., 2008). Triple

negative breast cancers (TNBC) are shown to have increased

CD31 and VEGF expression (Linderholm et al., 2009), suggest-

ing that this subtype of tumors could have a beneficial effect

of antiangiogenic therapy. Accordingly, in vivo studies utiliz-

ing the triple negative breast cancer cell line MDA-MB-231

demonstrated that VEGF-A protected against chemotherapy,

whereas the addition of bevacizumab sensitized the cells to

paclitaxel-induced effects (Volk et al., 2008). This will be fur-

ther studied in the BEATRICE phase III clinical trial, where bev-

acizumab will be added to standard adjuvant therapy in
juvant setting is also currently under investigation in several

randomized clinical trials, and recent studies have reported

an increased fraction of pathological complete responses in

the triple negative subset of patients treated with bevacizu-

mab (von Minckwitz et al., 2012). However, in another recent

clinical trial, the responding patients were found among the

estrogen receptor positive patients (Bear et al., 2012), thus em-

phasizing the need for further research to identify the patient

population responding to antiangiogenic therapy.

In the current project we used two ortothopic xenograft

models, representing luminal-like (hormone receptor posi-

tive) and basal-like (triple negative) breast cancers, to study

the effects of antiangiogenic therapy and chemotherapy.

The effects on tumor growth were compared with changes in-

duced in the tumor vasculature and at the molecular level in

the harvested tumormaterial. Such analysesmay define path-

ways involved in treatment response or development of resis-

tance, as well as possible molecular targets to be exploited as

biomarkers for prediction of therapy response.
2. Materials and methods

2.1. Animal models and treatments

Two breast cancer xenograftmodels, MAS98.06 andMAS98.12,

derived from primary mammary adenocarcinoma specimens

(MAS) have previously been described (Bergamaschi et al.,

2009). Molecular characterization of the two xenografts has

classified MAS98.06 as luminal-like and hormone receptor

positive, while MAS98.12 has been classified as basal-like

and hormone receptor negative. Locally bred athymic nude

mice (NCr-Foxn1nu) were kept under pathogen-free condi-

tions, at constant temperature (21.5 � 0.5 �C) and humidity

(55 � 5%), 20 air changes/hr and a 12 h light/dark cycle. Small

pockets were created in the mammary fat pads, wherein tu-

mor pieces of 1e2 mm3 were implanted. Distilled tap water

was given ad libitum, and was supplemented with 17-b-estra-

diol at a concentration of 4 mg/L. The latter was done to en-

sure growth of the MAS98.06 xenograft, which is dependent

on estrogen. The mice were randomly assigned into the fol-

lowing treatment groups after the tumor diameter reached

approximately 5 mm; controls, bevacizumab treatment

(5 mg/kg, intraperitonealy (I.P.)) given twice weekly, doxorubi-

cin treatment (8 mg/kg intravenously (I.V.)) given once at the

start of the experiment, and one group of animals receiving

a combination of both treatments. Tumor growth was mea-

sured twice weekly, and tumor volumeswere calculated using

the formula length � width � width � 0.5. In each treatment

group the animals were sacrificed and tumor tissue harvested
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at day 3, 10 or at symptom onset in control mice. Two inde-

pendent experiments were performed in the basal-like and

luminal-like tumor models, with the total number of

luminal-like tumors being 36, 43 and 58 for day 3, 10 and 35 re-

spectively, and the total number of basal-like tumors being 44,

44 and 49 for day 3, 10 and 18 respectively. Tumor tissue from

both experiments was stored in liquid nitrogen for protein

phosphorylation analysis, and was fixed in 10% buffered for-

malin for 48 h for analyses by immunohistochemistry. All pro-

cedures and experiments involving animals were approved by

The National Animal Research Authority, andwere conducted

according to the European Convention for the Protection of

Vertebrates used for Scientific Purposes. All procedures and

endpoints were in compliance with what has previously

been described (Workman et al., 2010).

2.2. Histopathology

A middle section from each tumor at the three different time

points was fixed in 10% buffered formalin phosphate for im-

munohistochemistry analysis. A total of seven tumors from

each treatment group were analysed, from the two indepen-

dent studies. A sequential dual staining using the proliferation

marker Ki-67 rat anti-mouse antibody (Dako Cambridge, UK;

M7249, Clone TEC 3, dilution 1:50) and the pan-endothelial

marker CD34 rat anti-mouse antibody (Abcam, Cambridge,

UK; Clone MEC 14.7 dilution 1:50) were applied. After Ki-67

staining, the sections were incubated with an alkaline

phosphatase-conjugated secondary goat anti-rat antibody

(Santa Cruz Biotechnology, CA, USA; sc-3824, dilution 1:100,

60min), followed by Ferangi blue chromogen kit (BiocareMed-

ical, Walnut Creek, CA, USA) applied for 20 min. After rinsing

in buffer and denaturation solution (Biocare Medical), CD34

rat anti-mouse antibody was applied, followed by incubation

with a HRP-conjugated secondary goat anti-rat antibody

(Santa Cruz; sc-3823, dilution 1:50, 30 min). AEC þ substrate

chromogen (Dako) was then applied for 20 min and sections

were finally rinsed in distilled water and mounted. No con-

trast staining was applied.

Before counting ofmicrovessel density (MVD), an examina-

tion at low magnification was performed to identify the most

vascular areas in the tumor sections; 10 fields (�250,

0.424 mm2) were examined, and the counts of positively

stained vessels were expressed per area examined (counts/

mm2). The proliferating endothelial cells were recognized by

their morphology, localization and their combined Ki-67 and

CD34 staining.

2.3. Tyrosine kinase activity profiling by PamChip
peptide arrays

Kinase activity profiles were carried out using the PamChip

Tyrosine Kinase Microarray System (PamGene, The Nether-

lands). This microarray contains 144 phospho-peptides

immobilized on a porous membrane, where each peptide rep-

resents a sequence corresponding to a specific tyrosine kinase

substrate. The tumor lysates are pulsed through the porous

material, which allows rapid phosphorylation of the peptide

sequences by active kinases in the lysate. Thus the technique

allows functional comparison of active signaling pathways in
different biological samples, by measuring the level of kinase

activity.

Tissue used for the PamGene analysis was from three tu-

mors in each treatment group, all belonging to one of the

two individual experiments. Tumor tissue was from passage

47 for MAS98.12 and passage 28 for MAS98.06. To avoid

freezing-thawing cycles prior to analysis, frozen tumors

from MAS98.06 and MAS98.12 xenografts were cut in 10 mm

slices to a total of 1.4 mm3 tissue. Addition of 50 ml M-PER

Mammalian Protein Extract Reagent (Pierce, Rockford, IL,

USA), supplemented with 1% Halt Protease Inhibitor Cocktail,

EDTA-free (Pierce) and 1% Halt Phosphatase Inhibitor Cocktail

(Pierce), to this amount of tissue, gives a protein lysate of ap-

proximately 1 mg/ml. Before loading of lysate, each array

was blocked with 20 mg/ml bovine serum albumin (BSA).

Next, 5 ml lysatewas loaded onto plates in amixture consisting

1� ABL buffer (50 mM TriseHCl pH 7.5, 10 mM MgCl2, 1 mM

EGTA, 2 mM dithiothreitol, 0.01% Brij 35 (New England BioL-

abs, Inc., Ipswich, MA)), 1 mg/ml BSA, 100 mM ATP (Sigma-

Aldrich) and 12.5 mg/ml FITC conjugated monoclonal anti-

phospho-tyrosine antibody (PY20, Exalpha Biologicals, May-

nard, MA, USA). Three tumors from each treatment group

were analyzed. Each biological sample was run in four techni-

cal replicates, and for every fifth pump cycle a 16-bit TIFF im-

age was taken with a built-in CCD camera.

2.4. Western immunoblot analysis

To confirm the data obtained by the PamChip kinase substrate

arrays, lysate from the same tumors as used for the pamgene

analysis was analysed on western immunoblots. Membranes

were probed with phospho-specific antibodies against the

same phospho-tyrosine that turned out significant on the cor-

responding substrate in the PamChip array (Supplementary

Table 1), followed by peroxidase-conjugated secondary anti-

bodies. Proteins were visualized using a SuperSignal West

Dura Luminol/Enhancer solution (Pierce, Rockford, IL), and

membranes were exposed to Kodak X-ray films for 1e5 min

before developing.

2.5. Data analysis and statistics

In vivo growth curves were generated from mean relative tu-

mor volumes. Statistical significance of treatment effect was

assessed by taking the slope intercept at all time points, and

calculate statistical difference with P < 0.05 (Student’s t-test).

The SigmaPlot statistical package (Systat Software Inc, San

Jose, CA) was used to analyse the association between mean

MVD or pMVD values in different treatment groups. Man-

neWhitney U test was performed, and differences were con-

sidered to be significant for values of P < 0.05.

Data from the PamGene kinome profiling was linked to

peptide identities using EVOLVE PAMGRID software, and

quantification of spot intensities was conducted using Biona-

vigator software (PamGene International BV). Replicates from

visually damaged wells were removed from the analysis. Due

to the lack of available plate-to-plate standardization, only

samples analyzed on the same plate were compared. Data

normalization was achieved by determining the median sig-

nal intensity for individual peptides on the PamChip.

http://dx.doi.org/10.1016/j.molonc.2012.03.006
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Treatment effects were assessed by fitting an ANOVA model

to the signal intensities using treatment and individual as ex-

planatory factors. Benjamini andHochberg (1995) false discov-

ery rates (FDR) were calculated from the p-values for the

treatment effects. Peptides with FDR smaller than 10% were

considered significant.

Individual bands from western immunoblots were quanti-

fied by densitometric measurements and mean fold changes

relative to loading control (a-tubulin or b-actin) was calculated

with a statistical difference of P < 0.05 (Student’s t-test).
3. Results

3.1. Effects of antiangiogenic treatment in orthotopic
breast cancer xenografts

Mice inoculated with the basal-like (MAS98.12) or the luminal-

like (MAS98.06) breast cancer xenografts were treated with

bevacizumab, doxorubicin or a combination of both, for three

and ten days, or until control mice had to be sacrificed at day

18 (basal)/day 35 (luminal). Growth curves were generated

from the latter groups of mice (Figure 1).

In basal-like tumors, all treatment regimens reduced the

growth significantly ( p < 0.01) when compared to controls,

with a maximal growth inhibition in tumors treated with the

combination ( p < 0.001). In addition, the combination

treatment was significantly better than both doxorubicin

( p ¼ 0.01) and bevacizumab ( p < 0.01) monotherapies. In con-

trast, the luminal-like breast cancer xenografts demonstrated

a superior response to the doxorubicin containing regimen

( p < 0.01), whereas bevacizumab monotherapy only reduced

the tumor growth with borderline significance compared to

the control group ( p ¼ 0.053). No additional effect was seen

in xenografts treated with doxorubicin in combination with

bevacizumab, compared to doxorubicin alone ( p ¼ 0.37).

3.2. Characterization of tumor vasculature

Treatment with bevacizumab monotherapy significantly re-

duced the number of tumor associated capillaries (MVD) both
Figure 1 e Growth curves showing in vivo inhibition of basal-like (A) and

doxorubicin, and the combination. Significant inhibition (*) of basal-like tu

a superior result in mice receiving the combination treatment, both compare

for bevacizumab and p [ 0.01 for doxorubicin). In contrast, doxorubicin tr

like breast cancer tumors ( p < 0.01), without any statistically significant im

indicate ±SEM.
three and ten days after start of treatment in the basal-like tu-

mors (Table 1). A similar decrease in proliferating endothelial

cells (pMVD) was also demonstrated after this treatment, but

with a borderline significance ( p ¼ 0.051) at day 10. Combina-

tion treatment exhibited similar results as bevacizumab,

with a significant (or borderline significant in the case of

MVDat day 3) decrease inMVDand pMVDat both day 3 and 10.

At the end of the experiment (after approximately three

weeks), MVD and pMVD was still reduced in the bevacizumab

treated tumors, but without statistical significance. However,

in the combination treated tumors MVD was still significantly

lower when compared to doxorubicin treated tumors, indicat-

ing the superior effect of combination therapy, compared to

antiangiogenic monotherapy.

In the luminal-like tumors, no significant effect on the vas-

culature was seen in any of the treatment regimens at day 3.

However, at day 10 the tumors treated with combination ther-

apy demonstrated significantly reduced MVD and pMVD

values. At this time point MVD was also found reduced

( p ¼ 0.054) after doxorubicin monotherapy. The effects on

MVD and pMVD were temporary, as no significant reduction

was found at the end of the experiment.

3.3. Therapy-induced changes in kinase activity in the
basal-like tumors

To investigate if the antiangiogenic effects observed in vivo

were related to any changes at the molecular level, analysis

of kinase activity three and ten days after treatment was car-

ried out using the PamChip kinase activity profiling platform.

Interestingly, the results revealed similar response pat-

terns in the two tumor models, in relation to the most effec-

tive treatment in vivo, that is, combination treatment in the

basal-like (Table 2) and doxorubicin treatment in the

luminal-like (Supplementary Table 5).

The basal-like xenografts were more responsive to antian-

giogenic therapy when evaluating in vivo growth inhibition

and according to the vasculature characterization, compared

to the luminal-like. Kinase activity profiling three days after

bevacizumab treatment revealed a significant increase in the

phosphorylation of several kinase substrates (n ¼ 73,
luminal-like (B) xenografts by treatment with bevacizumab,

mor growth was seen in all treatments groups ( p < 0.01), with

d to controls ( p < 0.01) and monotherapy treated tumors ( p < 0.01

eatment resulted in most significant tumor inhibition in the luminal-

provement with the addition of bevacizumab ( p [ 0.37). Error bars

http://dx.doi.org/10.1016/j.molonc.2012.03.006
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Table 1 e Effects on vasculature (MVD and pMVD) in basal-like and luminal-like breast cancer xenografts after treatment with bevacizumab,
doxorubicin and a combination of both.

Treatment for three days Treatment for ten days End of experimentb

MVDa Pc pMVDa Pc MVDa Pc pMVDa Pc MVDa Pc pMVDa Pc

Basal-like

Control 69.0 e 1.4 e 68.6 e 2.1 e 39.1 e 0.9 e

Bevacizumab 30.5 0.015 0.0 0.009 21.3 0.001 0.9 0.051 39.6 e 0.4 e

Doxorubicin 52.0 e 0.4 e 59.3 e 1.3 e 62.7 e 1.1 e

Bevacizumab þ Doxorubicin 11.6 0.051 0 0.001 24.7 0.001 0.7 0.014 35.8 e 0.2 e

Combination vs Doxorubicin e 0.004 0.001 e 0.026

Luminal-like

Control 56.9 e 1.0 e 60.0 e 0.9 e 28.7 e 0.8 e

Bevacizumab 38.9 e 0.7 e 45.3 e 0.2 e 44.3 e 0.7 e

Doxorubicin 44.5 e 0.4 e 51.4 0.054 0.2 e 29.6 e 0.8 e

Bevacizumab þ Doxorubicin 46.3 e 0.8 e 32.2 0.026 0.0 0.011 36.1 e 0.4 e

Combination vs Doxorubicin e e <0.001 e e e

- : p > 0.05.

a Median values.

b Day 18 for basal-like, day 35 for luminal-like.

c ManneWhitney U test.
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Supplementary Table 2), where many of them are involved in

angiogenesis and growth control. However, this effect was

short lived as only a few kinase substrates (n ¼ 23) were found

affected at day 10 (Supplementary Table 2), and in contrast to

day 3 they were phosphorylated to a lesser extent than in the

control tumors.

Doxorubicin monotherapy demonstrated similar growth

inhibitory effects as single agent bevacizumab in vivo, and in-

terestingly, the treatment associated changes in kinase activ-

ity were also similar. That is, doxorubicin treatment also

resulted in upregulated phosphorylation of several kinase sub-

strates (n ¼ 71) compared to non-treated tumors at day 3, fol-

lowed by a decrease (n¼ 25) at day 10 (Supplementary Table 3).

Although doxorubicin and bevacizumab significantly re-

duced the in vivo growth rate in the basal-like tumors when

administrated alone, the combination treatment resulted in

significantly increased efficacy. Interestingly, while themono-

therapy regimens demonstrated a reduction in kinase activity

at day 10, the combination treatment resulted in increased ki-

nase activity (n ¼ 45) at this time point (Table 2). Among the

upregulated kinase substrates, many are known to be impor-

tant in pathways stimulating tumor growth and angiogenesis,

i.e. epidermal growth factor receptor (EGFR), platelet-derived

growth factor beta (PDGFRB) and VEGFR2. In the latter analysis

combination therapywas compared to doxorubicin in attempt

to definemarkers responsible for the additional growth inhib-

itory effect observed when adding bevacizumab to traditional

chemotherapy. Results showed that many of the kinase sub-

strates that were only found in the combination treated tu-

mors at day 10 uses phospholipase C-gamma 1 (PLCg1) as

a downstream signaling protein, suggesting an important

role for this protein in sustained tumor growth.

3.4. Therapy-induced changes in kinase activity in the
luminal-like tumors

Kinase activity profiling of bevacizumab treated luminal-

like tumors demonstrated a downregulation of substrate
phosphorylation in treated compared to control tumors at

day 3 (n ¼ 77), and without any significant change in any sub-

strates at day 10 (n ¼ 0, Supplementary Table 4). On the con-

trary, doxorubicin monotherapy, which showed the highest

growth inhibitory efficacy in luminal-like tumors in vivo, dem-

onstrated a high level of treatment associated changes in ki-

nase activity; Small changes in phosphorylation in a few

substrates was observed at day 3 (n ¼ 16), while a significant

and marked phosphorylation of several additional substrates

were detected on day 10 (n ¼ 84, Supplementary Table 5).

Due to the superior growth inhibitory effects of doxorubi-

cin monotherapy in the luminal-like tumors, any additional

effects of adding bevacizumab may be difficult to distinguish.

Accordingly, kinase activity profiling demonstrated that com-

bination versus doxorubicin treatment resulted in similar

phosphorylation patterns as bevacizumab monotherapy,

with a small degree of decrease at day 3 (Supplementary

Table 6) followed by a normalization at day 10 (Table 2). This

is in significant contrast to the bevacizumab response seen

in the basal-like tumors (Table 2), highlighting the biological

differences in response to antiangiogenic therapy.

3.5. Validation of protein tyrosine phosphorylation by
western immunoblotting

The PamChip kinase activity profiling technology is relatively

new. Furthermore, the kinase substrates are peptides consist-

ing of 13e14 amino acids, which may have similarities with

other substrates, and cross-reactivity cannot be excluded.

We therefore validated some of the PamGene results by west-

ern immunoblotting with phospho-specific antibodies

(Supplementary Table 1).

Bevacizumab targets VEGF-A and therapywith this agent is

therefore thought to influence on the Vascular Endothelial

Growth Factor Receptor 2 (VEGFR2) activity. The PamGene

analysis indicated a 1.47 fold increase in phosphorylation on

Tyr1054/1059 in VEGFR2 three days after the first bevacizumab

injection in mice with basal-like tumors. Furthermore, the

http://dx.doi.org/10.1016/j.molonc.2012.03.006
http://dx.doi.org/10.1016/j.molonc.2012.03.006
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Table 2 e Fold changes in kinase activity in basal- and luminal-like xenografts, ten days after combination relative to doxorubicin treatment.
Bevacizumab D Doxorubicin/Doxorubicin.

Kinase substrate Swiss Prot ID Basal-like Luminal-like PLCg1a

ACHD_Y383/Y390 Q07001 1.27 e

ANXA2_Y24 P07355 1.18 e

CD3Z_Y123 P20963 1.25 e (Nel et al., 1995)

CDK2_Y15/Y19 P24941 1.40 e

CTNB1_Y86 P35222 1.22 e

DCX_Y112 O43602 1.20 e

DDR1_Y513 Q08345 1.76 1.28

EGFR_Y1110 P00533 1.28 e (Xie et al., 2010a;

Xie et al., 2010b)

EPHA2_Y772 P29317 1.35 e

EPHA7_Y608/Y614 Q15375 1.13 e

EPHB1_Y778 P54762 1.23 e

EPOR_Y368 P19235 1.32 e (Marrero et al., 1998;

Ren et al., 1994)

EPOR_Y426 P19235 1.26 e

FER_Y714 P16591 1.23 e

FES_Y713 P07332 1.41 e

FRK_Y387 P42685 1.39 e

JAK1_Y1022/Y1023 P23458 1.16 e

JAK2_Y570 O60674 1.17 e

K2C6B_Y62 P04259 1.14 e

LCK_Y394 P06239 1.18 e (Weber et al., 1992)

MBP_Y261/Y268 P02686 1.17 e

MBP_Y268 P02686 1.19 e

MET_Y1230/Y1234/Y1235 P08581 1.18 e (Machide et al., 2000)

MK01_Y187 P28482 1.24 e (Yang et al., 2001)

MK07_Y215/Y220 Q13164 1.14 e

MK12_Y185 P53778 1.27 e

PAXI_Y31/Y33 P49023 1.28 e (Chang et al., 1999)

PDGFRB_Y1021 P09619 1.10 e (Poulin et al., 2000)

PDGFRB_Y579/Y581 P09619 1.17 e

PDGFRB_Y771/Y775/Y778 P09619 1.31 e

PLCG1_Y771/Y775 P19174 1.25 e

PR_Y795 P06401 1.26 e

RAF1_Y340/Y341 P04049 1.23 e (Yang et al., 2001)

RASA1_Y460 P20936 1.32 e

RET_Y1029 P07949 1.31 e (Borrello et al., 1996;

Mason, 2000)

RON_Y1353/Y1360 Q04912 1.26 e (Iwama et al., 1996)

SRC8_CHICK_Y477/Y483 Q01406 1.18 e

STAT4_Y725 Q14765 1.32 e

TEC_Y513/Y519 P42680 1.16 e (Tomlinson et al., 2004)

TYRO3_Y681/Y685/Y686 Q06418 1.21 e

VEGFR1_Y1327/Y1333 P17948 1.17 e (Ito et al., 1998)

VEGFR2_Y951 P35968 1.19 e

VEGFR2_Y996 P35968 1.47 e

VINC_Y822 P18206 1.22 e

ZAP70_Y492/Y493 P43403 1.27 e (Williams et al., 1999)

All values are estimated with p < 0.05 and cut-off at 10%.

a Reference coupling kinase substrate to PLCg1 signaling.
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Tyr996 site on the same receptor was upregulated with the

same magnitude in combination treated basal-like tumors at

day 10, compared to the doxorubicin treated tumors. Immu-

noblotting with antibodies directed against these epitopes

confirmed a clear upregulation of the VEGFR2 phosphoryla-

tion in the treated tumors, as indicated in Figure 2A and D.

Enhanced expression and activity of EGFR has been associ-

ated with a number of cancers, including breast cancer, while

Annexin A2 has been linked to enhanced invasion in several

cancer types. The PamGene results indicated over two-fold
increase in phosphorylation of the Tyr1197 site in EGFR and

the Tyr24 site in Annexin A2, three days after treatment of

the basal-like tumors with either bevacizumab or doxorubicin

monotherapy. As demonstrated in Figure 2(B and C) the im-

munoblotting results confirmed these changes in bevacizu-

mab treated tumors.

For many of the kinases the activity of which were found

upregulated at day 10 in combination versus doxorubicin

treated basal-like tumors signal, among others, through

PLCg1, and the Pamgene analysis suggested a 1.25 fold

http://dx.doi.org/10.1016/j.molonc.2012.03.006
http://dx.doi.org/10.1016/j.molonc.2012.03.006
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Figure 2 e Immunoblotting of proteins isolated from the basal-like tumors three days after bevacizumab treatment (A, B and C), or ten days after

bevacizumab and doxorubicin combination treatment (D). Antibodies against phosphorylated VEGFR2 Tyr1054/1059, EGFR Tyr1197 and Annexin

A2 Tyr24 (A, B and C, respectively) confirmed enhanced phosphorylation in bevacizumab treated tumors, compared to controls. In panel D

increased VEGFR2 Tyr996 phosphorylation is confirmed in the combination compared to doxorubicin treated tumors at day 10. HUVEC cells were

used as positive control (PC) for pVEGFR2, while MDA-MB-231 cells were used as PC for pEGFR and p-ANNEXIN A2. Values indicate mean

protein concentration, as quantified by densitometric measurements, ±SEM. *p < 0.05.
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increase in phosphorylation of Tyr771/775 in PLCg1 at day 10.

This was confirmed by immunoblotting with an antibody tar-

geting Tyr771, in addition to a pan PLCg1 antibody (Figure 3A).

To investigate further downstream signaling pathways, anti-

bodies targeting phosphorylated and total ERK1/2 and Akt

were used. Immunoblotting revealed upregulation of phos-

phorylated ERK1/2 in combination versus doxorubicin treated

basal-like tumors at day 10 (Figure 3B), which is also in agree-

ment with the ERK2 Tyr187 upregulation found by the Pam-

Gene analysis at this time point (Table 2). In contrast,

a downregulation of phosphorylated and total Akt was found

in combination versus doxorubicin treated basal-like tumors,

indicating a downregulation of this protein upon bevacizu-

mab addition to doxorubicin.

Some variability within treatment groups was observed, as

expected in biological replicates. However, densitometric

measurements confirmed the results found in the Pamgene

analyses.
4. Discussion

In this paper we have demonstrated that the fast growing

basal-like and the slower growing luminal-like breast cancer

models responded differently to antiangiogenic treatment in

combination with chemotherapy in vivo. The differences

were also verified at the molecular level, showing that the

most effective therapy for each tumor type elicited a marked

upregulation in signaling activity. Tumor growth curves indi-

cated a beneficial effect of antiangiogenic treatment in the

basal-like breast cancer xenograft, with the combination of

bevacizumab and doxorubicin as the most effective therapy.

In contrast, doxorubicin monotherapy was highly efficient in

the luminal-like model, with no significant benefit obtained

by adding bevacizumab. These results are in line with previ-

ous reports indicating that an appropriate selection of
patients with specific tumor characteristics is needed for an

efficient use of antiangiogenic therapy.

Clinical trials with bevacizumab in breast cancer patients

have shown various effects. However, in the metastatic set-

ting, chemotherapy in combination with antiangiogenic ther-

apy has been found superior compared to chemotherapy

alone, although themagnitude of benefit has been questioned

(Miles et al., 2010; Miller et al., 2007). This is in agreement with

our present findings, indicating that the basal-like xenografts

responded better to combination therapy than to monother-

apy with either doxorubicin or bevacizumab. Several studies

have proposed that the observed effect is a consequence of tu-

mor vessel normalization, which results in decreased intersti-

tial pressure and thereby more efficient chemotherapy

delivery (Jain, 2005). Recent studies of human breast cancer

xenografts support this view, demonstrating increased pacli-

taxel concentrations and improved permeability after bevaci-

zumab treatment (Yanagisawa et al., 2010).

Both the basal-like and luminal-like xenografts responded

with a significant decrease in endothelial proliferation upon

combination therapy. This effect was more pronounced in

the basal-like xenografts with a significantly reduced MVD

three days after bevacizumab monotherapy, and (borderline

significance) after combination therapy. The decrease in

MVD persisted for approximately three weeks in the tumors

treated with the combination, and was statistically significant

when compared to the doxorubicin treated xenografts. These

data support the in vivo growth curves and previous studies

demonstrating a more pronounced effect of antiangiogenic

treatment in tumors with basal-like characteristics. We hy-

pothesize that the lack of significantly reduced MVD values

in the luminal-like tumors at day 3 is due to an insufficient du-

ration of the treatment in this slower growing tumor. This hy-

pothesis was further strengthened by the significant decrease

inMVD and pMVDafter ten days of combination treatment. At

this time point a borderline significant decrease in MVD was

also found in doxorubicin treated tumors.

http://dx.doi.org/10.1016/j.molonc.2012.03.006
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Figure 3 e Immunoblotting of proteins isolated from the basal-like

tumors ten days after doxorubicin and combination treatment.

Antibodies against phosphorylated PLCg1 Tyr771 (A) and ERK

Thr202/Tyr204 (B) confirmed the increased signaling in combination

treated tumors, compared to doxorubicin monotherapy. In contrast,

Akt Ser473 was shown to be downregulated. MDA-MB-231 cells were

used as positive control (PC). Values indicate mean protein

concentration, as quantified by densitometric measurements, ±SEM.

*p < 0.05.
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As measured by IHC, none of the endothelial proliferation

markers were significantly reduced at the end of the experi-

ment.Theseresultsare in linewithclinicalobservations,where

initial responses to both chemotherapeutic and antiangiogenic

treatments often are short lived and followed by recurrent tu-

mor growth due to acquired resistance. This may be explained

through upregulation of compensatory feedbackmechanisms,

enabling the tumor to escape anti-VEGF therapy by exploiting

other alternative pro-angiogenic factors to stimulate the tumor

vasculature. This emphasizes the need for a longitudinal char-

acterization of the angiogenic process, in order to get a better

understanding of molecular mechanisms underlying intrinsic

or acquired resistance, and possibly identify potential targets

when the tumor evolves resistance. However, the lack of sus-

tained effects may also be due to loss of doxorubicin-induced

responses in the combination treated groups, as this treatment

was only given once at the start of the experiment. This regi-

men was chosen due to the similarity of clinical scheduling,

where doxorubicin is administered every third week.

The results from the tumor vasculature analysis are

important as they show that antiangiogenic therapy with bev-

acizumab do indeed exhibit a biologic effect in both tumor

types. However, a marked early inhibition of vascular
proliferation seemed to associate with a sustained anti-

tumor response in vivo, as demonstrated for the basal-like,

but not the luminal-like, xenografts.

Identification ofmarkers of antiangiogenic response, or the

lack of such, in different breast cancer subtypes is highly war-

ranted. In this study we utilized the PamChip kinase profiling

technology to identify signaling pathways affected by antian-

giogenic treatment in vivo. The kinase activity profile after

antiangiogenic therapy with bevacizumab was different in

basal-like and luminal-like tumors, further demonstrating

the difference in antiangiogenic response between these two

subtypes of breast cancer. Basal-like tumors responded with

a strong upregulation in kinase activity three days after beva-

cizumab and doxorubicin monotherapies, followed by

a weaker downregulation on day 10. However, the addition

of doxorubicin to bevacizumab resulted in increased kinase

activity at both time points. In contrast, bevacizumab mono-

therapy showed no effect on kinase activity at day 10 in the

luminal-like tumors, whereas doxorubicin monotherapy re-

sembled the high kinase activity pattern found in the combi-

nation treated basal-like tumors. The lack of kinase activity

response after bevacizumab treatment in the luminal-like tu-

mors at day 10, corresponded to the low antiangiogenic effects

demonstrated both in vivo and in the vascular markers. Inter-

estingly, the phosphorylation analyses performed on the

basal- and luminal-like tumors demonstrated similar re-

sponses at the molecular level; the treatment causing the

most significant growth inhibition in vivo was accompanied

with a higher level of kinase activity at day 10. The obtained

results indicated that several pathways are “turned on” fol-

lowing effective growth inhibitory treatment, whichmay indi-

cate compensatory mechanisms and thus possible targets for

treatment resistance. Further studies are needed and are on-

going to define upregulated proteins as “drivers” or “passen-

gers”, but the trend gives valuable information about the

molecular defencemechanism that are activated to overcome

a treatment effect.

One of the substrates found with enhanced level of phos-

phorylation in combination versus doxorubicin treated

basal-like tumors at day 10was PLCg1, and several of the other

upregulated substrates also utilize this protein for down-

stream signaling. PLCg1 is highly expressed in several tumors,

including breast carcinomas (Arteaga et al., 1991), and has

been shown to play a critical role in cell survival, proliferation

andmetastasis (Markova et al., 2010; Sala et al., 2008), in addi-

tion to angiogenesis (Husain et al., 2010) and vascular perme-

ability (Pocock and Bates, 2001). The findings presented here

therefore support earlier reports introducing this enzyme as

a possible candidate for targeted therapy (Kassis et al., 1999;

Markova et al., 2010). However, it is unlikely that the effect

from a number of important regulators of tumor proliferation

and aggressiveness can be counteracted by the inhibition of

one enzyme. Therefore, simultaneous inhibition of a number

of these targets and alternative pathways may be needed to

overcome treatment resistance.

In conclusion, our study demonstrated different growth in-

hibitory efficacy and molecular responses in the two breast

cancer subtypes, with clear improvements in basal-like treat-

ment effects when adding bevacizumab to doxorubicin. Im-

portantly, an early reduction in endothelial proliferation

http://dx.doi.org/10.1016/j.molonc.2012.03.006
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may suggest a clinical meaningful response on tumor grow-

th in this subtype of breast cancer. In addition, potential sig-

naling pathways identified by kinase activity profiling may

suggest candidatemarkers for selection of patients for antian-

giogenic therapy, and for identifying targets to combat treat-

ment related resistance. To our knowledge this is the first

paper analysing the proteomic effects of bevacizumab treat-

ment in different breast cancer subtypes, at different time

points and in combination with chemotherapy. This will be

exploited further in an ongoing neoadjuvant clinical trial

(ClinicalTrials.gov: NCT00773695).
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