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ABSTRACT

CHARACTERIZING VASCULAR EXPRESSION OF TIE2/TEK DURING BREAST 
CANCER PROGRESSION

Mackenzie Jonathan Smith
University of Guelph, 2009

Advisor:
Dr. Brenda L. Coomber

Clinical efficacy of targeted anti-angiogenic therapy is dependent on target 

molecule expression by tumor blood vessels. Utilizing dual-immunostaining we have 

demonstrated marked heterogeneity in breast tumor blood vessel expression of the 

endothelial receptor tyrosine kinase Tie2, phosphorylated Tie2 (pTie2Yl 100) and 

coverage by PDGFR-P-positive pericytes, relative to the pan-endothelial marker CD31. 

In human breast tumors, the relative proportion of Tie2- and PDGFR-P-positive blood 

vessels did not correlate to histopathological markers of tumor progression or overall 

patient survival. In tumors from MMTV-PyVmT transgenic mice, the relative proportion 

of Tie2-positive vessels was unrelated to tumor grade, while the proportion of 

pTie2Yl 100-positive vessels increased with increasing nuclear grade. These results 

highlight the need to better understand the factors responsible for Tie2 and PDGFR-P 

expression by breast tumor endothelial cells and pericytes, respectively, which may aid in 

enhancing patient selection for targeted anti-angiogenic therapies, and ultimately improve 

clinical benefit of such therapies.
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INTRODUCTION

Cancer is a genetic disease which is currently estimated to claim the life of 1 out 

of every 4 Canadians (www.cancer.ca). Breast, lung and colorectal cancer account for the 

majority of new cancer cases in women; breast cancer incidence increased consistently 

between 1979 and 1999 due to an increase in screening mammography, identifying breast 

cancer cases much earlier than was previously possible (www.cancer.ca). Incidence rates 

have since declined by 1.7% a year, in part due to exhausting the screening pool and 

modification of risk factors such as hormone exposure and lifestyle (www.cancer.ca). 

Relative 5-year survival for female breast cancers are greater than 80% and mortality has 

decreased steadily since 1999, with mortality rate estimates at 23.1 females per 100,000 

(www.cancer.ca). Despite this, breast cancer is still a significant cause of premature 

death; in fact, in 2004 it was estimated that breast cancer resulted in 94,500 potential 

years of life lost in Canadian women (www.cancer.ca).

Breast tumor progression is a multistep process involving the progressive 

accumulation of genetic mutations. A combination of genetic alterations allowing for 

self-sufficiency in growth signals, insensitivity to anti-growth signals, evasion of 

apoptosis, limitless replicative potential, sustained angiogenesis and tissue invasion 

(Hanahan and Weinberg 2000), provides transformed mammary epithelial cells the 

ability to metastasize to distant sites including bone, brain, liver and lung, which is the 

ultimate cause of mortality (Weigelt et al. 2005).

In 1971 Dr. Judah Folkman proposed that solid tumor growth beyond a size of 1-2 

mm is angiogenesis dependent (Folkman 1971), based on the observation that human 

microscopic, non-angiogenic, tumors could persist in a state of dormancy for long periods 
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of time (Black and Welch 1993). In invasive ductal carcinoma of the breast, acquisition 

of an angiogenic phenotype is thought to preclude transition from ductal hyperplasia to 

tumor malignancy (Brem et al. 1977). As such, use of therapies specifically targeting 

angiogenic tumor blood vessels, so called anti-angiogenic therapy, is an attractive 

concept. Due to the ubiquitous role of vascular endothelial growth factor (VEGF)- 

dependent signaling in embryonic, physiological and pathological angiogenesis (Dvorak 

2002), anti-angiogenic therapies directly targeting the VEGF-VEGFR signaling axis have 

been the focus of drug development. Bevacizumab, a VEGF-neutralizing monoclonal 

antibody, was the first targeted anti-angiogenic therapy approved for use in treating 

metastatic breast cancer by the European Medicines Agency and the United States Food 

and Drug Administration (Salter and Miller 2007). Clinical experience with bevacizumab 

in metastatic breast cancer has been variable; contrary to the pre-clinical efficacy of 

bevacizumab in treating syngeneic mouse mammary carcinoma models and human breast 

tumor xenografts (Borgstrom et al. 1999), clinical benefit has been modest and appears to 

be restricted to specific patient groups (Miller et al. 2005; Miller et al. 2007).

Previous work in our laboratory has been focused on investigating factors that 

may account for mixed clinical efficacy observed with bevacizumab. Tie2 is an 

endothelial receptor tyrosine kinase which functions complementary to VEGF-dependent 

signaling by promoting blood vessel stability and pericyte recruitment. Our research 

group has previously identified heterogeneity in tumor blood vessel expression of Tie2, 

relative to the pan-endothelial marker CD31, in a number of different tumor types, 

including a small sample of human breast tumors. The degree of heterogeneity was found 

to be dependent on tumor type and stage of tumor progression, and impacted response to 
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targeted anti-angiogenic therapy directed at Tie2-dependent signaling, in models of 

human melanoma and colorectal carcinoma (Fathers et al. 2005). We believe that 

heterogeneous expression of Tie2 is a characteristic feature of each tumor type. We have 

therefore sought to better characterize Tie2 expression by tumor blood vessels in breast 

cancer during progression.

In this study, we demonstrated heterogeneity in breast tumor blood vessel 

expression of Tie2 in human invasive ductal carcinoma. Despite a marked variability in 

the relative proportion of Tie2-positive vessels within and between cases, we found no 

correlation between Tie2 expression, histopathological parameters of tumor progression, 

or overall patient survival. In the same cohort of patient breast tumor samples, we 

describe heterogeneity in vessel coverage by PDGFR-0-positive pericytes independent of 

Tie2 expression, tumor progression and overall patient survival. Using MMTV-PyVmT 

transgenic mice, a well-characterized model of human metastatic breast cancer, we 

demonstrated heterogeneity in the expression of Tie2, and Tie2 phosphorylated at Y1100 

of the tyrosine kinase domain (pTie2Yl 100); the proportion of pTie2Yl 100-positive 

blood vessels in tumors from MMTV-PyVmT mice increased significantly with 

increasing nuclear grade. In addition, we describe differences in Tie2 expression between 

human invasive ductal carcinoma and MMTV-PyVmT transgenic mice, which may 

decrease the utility of this model for use in pre-clinical assessment of anti-angiogenic 

therapies. These results suggest inherent complexities in the regulation of Tie2, 

pTie2Yl 100 and PDGFR-0 in breast cancer, highlighting the need for a better 

understanding of angiogenic signaling pathways and use of appropriate pre-clinical 

models to enhance the efficacy of targeted anti-angiogenic therapies.
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REVIEW OF THE LITERATURE

Breast Cancer

The mammary gland is composed of a series of branching ducts, originating at the 

nipple, the terminal portions of which proliferate to fill the mammary gland and 

differentiate to produce milk during pregnancy and lactation (Anderson 1978). The 

mammary gland can be divided anatomically into collecting ducts and the terminal ductal 

lobular unit (TDLU). The TDLU is comprised of a group of alveolar buds, sharing a 

common ductule. Ductules of the TDLU are comprised of a single layer of cuboidal 

ductal epithelial cells surrounded basally by myoepithelial cells; myoepthelial cells have 

contractile properties, aiding in milk expulsion during pregnancy (Russo et al. 1990). 

Luminal mammary epithelial cells of the alveolar buds are hormone responsive, 

proliferating during pregnancy, forming alveoli which produce milk and become 

secretory during lactation and regress during involution (Cardiff et al. 2000). The TDLU 

also contains a population of resident mammary stem cells located basal to mammary 

epithelial cells (DeOme et al. 1959). The TDLU resides within loose irregular 

intralobular connective tissue, which in turn is surrounded by dense irregular interlobular 

connective tissue (Cardiff and Wellings 1999).

Invasive ductal carcinomas (IDC) of the breast, representing 70% of human breast 

cancers, originate from mammary epithelial cells lining ductules of the TDLU; in 

contrast, invasive lobular carcinomas (ILC), representing 10% of human breast cancers, 

originate from mammary epithelial cells forming alveolar buds located within the TDLU. 

Invasive ductal and lobular carcinomas are preceded by ductal carcinoma in situ (DCIS) 

and lobular carcinoma in situ (LCIS), respectively, non-invasive proliferations of 
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mammary epithelial cells (Mallon et al. 2000). Subtypes of IDC and ILC represent the 

majority of the remaining 20% of human breast tumors, including medullary carcinoma, 

inflammatory breast cancer, tubular carcinoma, mucinous carcinoma, papillary carcinoma 

and adenoid cystic or cribiform carcinoma, each presenting with a unique histological 

appearance, treatment strategy and clinical prognosis (Mallon et al. 2000).

Following invasion into the surrounding mammary tissue, invasive breast 

carcinomas preferentially metastasize to local lymph nodes and distant sites including 

bone, brain, liver and lung (Weigelt et al. 2005). Treatment options include a 

combination of lumpectomy or mastectomy, radiation, conventional cytotoxic 

chemotherapy, hormone modulating therapy or, more recently, therapies directly 

targeting specific molecular alterations (www.cbcf.org). A number of criteria are used to 

characterize breast tumor progression, which aid in estimating prognosis and determining 

the best course for therapy. Staging is based on tumor size and invasiveness, and whether 

spread to sentinel lymph nodes or distant sites has occurred (Sobin and Wittekind 2002). 

Nottingham grade includes characterizing nuclear size and morphology, mitotic index 

and overall morphological differentiation, as an assessment of lesion aggressiveness 

(Elston and Ellis 1991). Aggressiveness is also often assessed by level of inflammatory 

cell invasion which can demarcate poor prognosis (Coussins et al. 1999; Bingle et al. 

2002). Estrogen receptor (ER) and progesterone receptor (PR) status determines hormone 

dependence, which often declines during tumor progression, and therefore the potential 

utility of hormone modulating therapies including Tamoxifen (Lapidus et al. 1998). 

Human epidermal growth factor receptor (HER)-2 overexpression occurs in 15-20% of 

human breast cancers; HER-2 status is now determined to select patients who may
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benefit from HER-2 targeted therapies including trastuzumab (Menard et al. 2000). 

Finally, assessment of lymph-vascular invasion by vessel density is a well-established 

marker of tumor aggressiveness and patient prognosis, and will be discussed in detail in 

subsequent sections.

Transgenic mouse models of metastatic breast cancer

The discovery of promoters that drive mammary epithelial cell-specific 

expression of transgenes has allowed for the creation of transgenic mouse models which 

recapitulate many features of human metastatic breast cancer. The mouse mammary 

tumor virus (MMTV) promoter drives expression in mammary epithelial cells, as well as 

epithelium of the salivary gland and lung, under the control of steroid hormones 

beginning at puberty (Muller et al. 1988). The MMTV promoter has been used to drive 

the expression of a number of known oncogenes that initiate or promote mammary 

tumorigenesis including Neu (Guy et al. 1992), activated Neu (Muller et al. 1988), Wntl 

(Kwan et al. 1992) and Cox2 (Liu et al. 2001). In MMTV-PyVmT transgenic mice, 

expression of the polyomavirus middle T antigen (PyVmT) in mammary epithelial cells 

of hemizygous females and males occurs in the presence of steroid hormones beginning 

at approximately 21 days of age (Guy et al. 1992). The membrane-bound PyVmT 

oncoprotein binds to and is phosphorylated by Src tyrosine kinase family proteins at 

specific tyrosine residues. This recruits and activates the p85 subunit of PI3K, She and 

Grb2, activating the Akt and ras/MAPK signaling pathways, increasing mammary 

epithelial cell proliferation and survival, and promoting progressive genetic changes 

leading to rapid tumor formation starting at postnatal day 28. Multiple tumor stages have 
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been described in this model, which progress to invasive and metastatic disease by 70-84 

days of age (Guy et al. 1992).

Transgene expression by the whey acidic protein (WAP) promoter in secretory 

mammary epithelial cells requires lactogenic hormones; the requirement for one or 

multiple pregnancies for tumor development increases latency periods and lowers 

incidence of metastasis. The WAP promoter has been used to drive expression of 

oncogenes including ras (Nielsen et al. 1991), HGF (Gallego et al. 2003) and Notch4 

(Gallahan et al. 1996), among others.

More recently, transgenic models have been developed which allow for 

conditional (tissue and time-specific) overexpression or knockdown of relevant 

oncogenes and tumor suppressors. Inducible mammary oncogene expression can be 

obtained using the tetracycline-inducible (Tet-On) transgene system in which MMTV- 

dependent expression occurs in the presence, but not absence, of tetracycline (Gunther et 

al. 2002). Using the Cre/loxP phage recombinase system, MMTV-dependent expression 

of the protein Cre-recombinase leads to mammary-specific excision of gene sequences 

located between loxP sites (Sauer and Henderson 1989).

Angiogenesis

Blood vessel structure

The endothelial cell layer that lines the interior of blood vessels forms the 

interface between blood and the organs of the body. Proper endothelial cell function is 

required to maintain a selectively permeable barrier and control vascular tone, 

inflammatory cell traffic, platelet function, fibrinolysis and coagulation (Pearson 2000). 

Adjacent endothelial cells form cell-cell contacts through tight and adherens junctions, 
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formed by vascular-endothelial (VE)-cadherin, that limit the passage of macromolecules 

and leukocytes between cells (Wallez and Huber 2008).

Pericytes, also termed Rouget cells or mural cells, aid in blood vessel stability by 

wrapping around the endothelial layer within the basement membrane (BM) (Hirschi and 

D’ Amore 1996), anchoring to adjacent pericytes by means of peg and socket contacts, 

especially at endothelial cell junctions. Long cytoplasmic processes extend from 

pericytes, communicating paracrine survival signals with the endothelium through gap 

junctions; by contacting multiple endothelial cells or multiple blood vessels, pericytes can 

help to integrate signaling (Rucker et al. 2000). Pericytes have cholinergic, a2 / p2 

adrenergic, angiotensin II and endothelin-1 receptors; therefore, via vasoconstriction and 

vasodilation, pericytes are able to regulate blood flow through arterioles and venules 

(Rucker et al. 2000). The presence of actin and myosin contractile fibres has led to some 

confusion over pericyte cell identity, and in some cases the term vascular smooth muscle 

cell has been used interchangeably (Rucker et al. 2000).

Tie2 and the Angiopoietins

Tie2 (or TEK) was initially described as the second member of an orphan receptor 

tyrosine kinase family, expressed primarily by endothelial cells, important during 

vascular development (Dumont et al. 1993). Tie2-/- mice are embryonic lethal E9.5-12.5, 

as the mice fail to develop a normal hierarchy of vascular and lymphatic elements, and 

exhibit blood vessels with evidence of decreased association between endothelial cells 

and pericytes (Dumont et al. 1995). Tie2 is expressed by arterial, venous and lymphatic 

endothelial cells in postnatal vasculature (Nguyen et al. 2007), where constitutive 

activation aids in maintaining mature (stable and quiescent) blood vessels (Wong et al.
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1997). Tie2 is upregulated in ovarian blood vessels during follicular maturation and in 

healing wounds, suggesting a role in postnatal angiogenesis (Wong et al. 1997).

Ligand binding induces Tie2 receptor dimerization and cross-autophosphorylation 

at specific tyrosine residues of the intracellular kinase domain (Peters et al. 2004).

Proteins containing a Src homology-2 (SH2) domain, including GRB2, SHP2 and DokR, 

as well as the p85 subunit of PI3K, are recruited and phosphorylated (Jones et al. 1999; 

Jones et al. 2003), leading to downstream activation of the ras/mitogen-activated protein 

kinase (MAPK) and Akt pathways (Peters et al. 2004). Tie2-dependent signaling can 

promote endothelial differentiation, survival (through increased survivin production), 

chemotaxis and reduced permeability. Tie2 activation induces endothelial expression of 

nitric oxide synthase (eNOS), focal adhesion kinase (FAK), matrix metalloproteinases 

(MMPs) and chemoattractants including heparin-binding epidermal growth factor (HB- 

EGF), serotonin, platelet derived growth factor (PDGF)-BB, transforming growth factor 

(TGF)-P and bone morphogenic protein (BMP), to recruit pericytes to developing blood 

vessels (Eklund and Olsen 2006).

Angiopoietin (Ang) 1-4 represent a family of four Tie2 ligands important for 

vascular development, normal mature/quiescent blood vessel function and postnatal 

angiogenesis (Davis et al. 1996; Maisonpierre et al. 1997). Angl is expressed and 

secreted by mural cells, and subsequently incorporated into the ECM (Xu and Yu 2001). 

Angl-/- mice have a phenotype reminiscent of Tie2 knockouts, with similarly perturbed 

remodeling and stabilization of the primitive vasculature (Suri et al. 1996). Angl- 

dependent Tie2 activation promotes vessel maturity and quiescence by promoting proper 

endothelial cell-cell contacts, inhibiting vascular endothelial growth factor (VEGF)- 
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induced vessel permeability, and mediating PDGFR-0-dependent pericyte recruitment. 

As such, constitutive activation of Tie2 by Angl multimers is likely required for normal 

maintenance and structural integrity of mature blood vessels in postnatal life (Peters et al. 

2004).

Ang2 is produced by endothelial cells and stored in Weibel-Palade bodies, located 

within the cytoplasm, until secretion (Fielder et al. 2004). Ang2 dimers bind to Tie2 and 

inhibit Angl-mediated phosphorylation and downstream signaling pathways, acting to 

destabilize blood vessels (Scharpfenecker et al. 2004). Overexpression of Ang2 during 

development produces failed embryos with a similar phenotype to Tie2-/- and Angl-/- 

mice (Maisonpierre et al. 1997). Ang2-/- mice survive gestation, but die as early as 

postnatal day 14, demonstrating a range of vascular abnormalities including abnormal 

retinal vessel outgrowths, disorganized and hypoplastic lymphatic vessels, and 

suppressed ischemia-induced angiogenesis, highlighting the importance of Ang2 in 

proper vessel regression and remodeling (Gale et al. 2002).

In the adult vasculature, Ang2 is expressed at sites of active vascular 

remodeling/angiogenesis at the leading edge of sprouting capillaries in the ovary, 

placenta and uterus and at sites of inflammation and wound repair (Maisonpierre et al. 

1997). Interestingly, Ang2 at higher concentrations can induce Tie2 phosphorylation in 

endothelial cells in vitro, leading to tube formation, chemotaxis and migration, sprouting 

and induction of MMP-9 expression, indicating that Ang2 may have context-dependent 

effects on Tie2 activation (Kim et al. 2000; Teichert-Kuliszewska et al. 2001; Eklund and 

Olsen 2006). It has also been demonstrated that Ang2 has the ability to act as an 

autocrine protective factor through Tie2. Ang2 expression was rapidly induced in
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cultured endothelial cells by the transcription factor F0X01 after Akt pathway inhibition 

(cell stress); subsequent activation of Tie2 by Ang2 led to increased Akt activation and 

negative feedback of F0X01-mediated transcription and apoptosis (Daly et al. 2006).

Ang3 (mouse) and Ang4 (human) are interspecies orthologues, originally 

discovered through homology cloning, that share similarities in primary protein structure 

with Angl and 2 (Valenzuela et al. 1999). Expression of Ang3 and 4 is known to increase 

in hypoxia in vitro. Ang3 shows species dependency in action, acting as a Tie2-agonist in 

murine endothelial cells and an antagonist for human Tie2. In contrast Ang4 seems to act 

as an obligatory Tie2 agonist, similar to Angl, and is highly expressed in the lung. 

Characterization of the exact role that Ang3 and 4 play in angiogenesis may help 

elucidate the often context-dependent action of Ang-Tie2 signaling during development 

and in the adult vasculature (Martin et al. 2008).

Platelet-derived growth factor (PDGFR)-B

The platelet-derived growth factor (PDGF) family is composed of four ligands, A, 

B, C and D, originally described in platelets and serum as mitogens for fibroblasts and 

smooth muscle cells (Betsholtz et al. 2001). PDGF homodimers bind to receptor tyrosine 

kinases composed of hetero- or homodimers of two receptor subunits, PDGFR-a and 

PDGFR-P (Betsholtz et al. 2001). During embryogenesis, PDGF-B is expressed by 

endothelial cells of newly sprouting, immature blood vessels, while PDGFR-P is 

expressed by mesenchymal pericyte precursors, suggesting paracrine signaling between 

endothelial cells and pericytes. PDGFBB- or PDGFR-p-null mutant mice die late in 

gestation as a result of a severe and widespread pericyte deficiency leading to 

microvascular permeability and tissue edema (Lindahl et al. 1997). Appropriately,
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PDGF-BB-mediated activation of PDGFR-0 on pericytes has since been found to result 

in recruitment of pericytes to newly forming blood vessels (Betsholtz 2004). In addition, 

endothelial expression of PDGF-B has been demonstrated as essential for proper pericyte 

coverage; expression of PDGF-B in endothelial cells is controlled, in part, by Angl- 

mediated Tie2 activation (Bergers and Song 2005).

Sprouting Angiogenesis

During embryonic development, the primitive vascular plexus is sequentially 

remodeled through sprouting angiogenesis, the growth of new blood vessels from pre

existing vessels, to form mature vessel networks supplying blood to all tissues of the 

body. Initially, vessels become hyperpermeable and dilated in response to VEGF, 

increased production of endothelial nitric oxide (NO) and redistribution of junction 

proteins including VE-cadherin and CD31 (Dvorak 1995). Ang2-mediated Tie2 

inhibition allows for pericyte detachment, while production of MMP-9 breaks down the 

BM; endothelial cell mitogens, including VEGF, basic fibroblast growth factor (bFGF), 

PDGF-BB, TGF-pi and tumor necrosis factor (TNF)-a then stimulate endothelial cell 

proliferation and migration. Migration, in turn, is mediated by endothelial cell expression 

of integrins, including avP3-integrin, which aid in adherence to the extracellular matrix 

(ECM). Angl-Tie2-induced endothelial production of PDGF-BB stimulates the 

recruitment of pericytes; pericyte-dependent paracrine signaling induces endothelial 

differentiation and growth arrest (quiescence). Finally, Angl-mediated Tie2 activation 

promotes stability through endothelial-endothelial and endothelial-pericyte contacts 

(Carmeliet 2005). The adult somatic vasculature is relatively quiescent, with low 

endothelial cell-turnover; areas of active angiogenesis are restricted mainly to female 
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reproductive tissues such as the ovary, endometrium and mammary gland regulated by 

cyclical changes in tissue structure and function and in inflammation during wound 

healing. In many conditions including chronic inflammation (e.g. arthritis), macular 

degeneration, psoriasis and tumor growth, sustained angiogenesis is pathological 

(Folkman 2007).

Tumor Angiogenesis

In 1971 Dr. Judah Folkman proposed that solid tumor growth beyond a size of 1-2 

mm is angiogenesis dependent (Folkman 1971), based on the observation that human 

microscopic, non-angiogenic, tumors could persist in a state of dormancy for long periods 

of time (Black and Welch 1993). Acquisition of an angiogenic tumor phenotype requires 

an ‘angiogenic switch’, characterized by a shift in the balance of pro- and anti-angiogenic 

factors in the tumor microenvironment (Folkman 1989). Pro-angiogenic influences can 

include hypoxia (which induces the expression of pro-angiogenic HIF-la target genes), 

vessel permeability and inflammation, as well as increased production of tumor and 

tumor stroma-derived factors such as bFGF, VEGF, Ang2, hepatocyte growth factor 

(HGF) and MMP-9. The angiogenic switch can also involve decreased production of 

endogenous inhibitors of angiogenesis including Angl, thrombospondin (TSP)-l, 

endostatin and angiostatin (North et al. 2005). In invasive ductal carcinoma of the breast, 

acquisition of an angiogenic phenotype is thought to preclude transition from ductal 

hyperplasia to tumor malignancy (Brem et al. 1977). In addition, high MVD and 

increased expression of VEGF have been correlated with high grade and aggressive DCIS 

lesions, high risk of metastatic spread and shorter progression-free and overall survival in 

node-negative patients (Weidner et al. 1991).
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Mechanisms of tumor angiogenesis

Breast tumors utilize a variety of angiogenic mechanisms, all of which are 

utilized during normal embryonic and postnatal angiogenesis, to acquire a blood supply 

to meet metabolic demands. Each method of breast tumor vascularization involves a 

unique set of molecular events, although it is likely that multiple mechanisms are used 

concurrently in a single tumor. Endothelial sprouting (described above) is the most cited 

and best understood mechanism of breast tumor vascularization. Intussusceptive 

microvascular growth (IMG) involves the insertion of a connective tissue column (or 

tissue pillar) into the lumen of a pre-existing blood vessel; growth of the tissue pillar 

leads to partitioning of the vessel lumen. IMG tends to be relatively rapid and 

metabolically economical, occurring within hours or even minutes (Kurz et al. 2003). 

IMG requires a pre-existing vascular network; as such, IMG increases the complexity of 

tumor vascular networks without the requirement of endothelial sprouting or 

proliferation, which may be resistant to anti-angiogenic therapies (Patan et al. 1996). 

Glomeruloid angiogenesis has been documented in brain tumors, aggressive forms of 

melanoma and more recently in some instances in breast cancer (Straume et al. 2002). 

Glomeruloid angiogenesis involves the formation of complex vascular structures 

reminiscent of kidney glomeruli (Brat and Van Meir 2001). The presence of glomeruli

like vascular structures is associated with highly aggressive tumors (Straume et al. 2002).

Early in fetal development the primitive vascular plexus is assembled by the de 

novo production of blood vessels in a process termed vasculogenesis. Aggregations of 

mesenchymal-derived stem cells differentiate into hemangioblasts, which are common 

precursor cells of both endothelial cells and hematopoietic cells. Under the correct milieu 
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of paracrine signals, hemangioblasts produce endothelial progenitor cells and 

hematopoietic precursor cells, which are then induced to differentiate into endothelial 

cells and form rudimentary vessels or form blood islands and become red blood cells, 

respectively (Yancopolous et al. 2000). It was previously thought that vasculogenesis was 

restricted to embryonic development; however, it has recently been proposed that 

postnatal vasculogenesis contributes to forming a tumor blood supply. Tumor, 

inflammatory and / or tumor stromal-cell signals including VEGF and Ang2 are produced 

which induce recruitment of bone-marrow derived endothelial progenitor cells to the 

growing tumor and incorporation into newly forming blood vessels (Asahara and 

Kawamoto 2004).

Tumor blood vessel structure

Tumor blood vessels are functionally and structurally abnormal due to the myriad 

of angiogenic signals present within the tumor microenvironment and constant 

remodeling. Tumor vasculature is disorganized, lacking an arteriole-capillary-venule 

hierarchy, exhibiting frequent arteriovenous (AV) shunts and blind ends, and forming 

tortuous networks which are characterized by larger dilated vessels, impaired/slowed 

blood flow and high interstitial pressure in the tumor microenvironment (Jain 2003). The 

vessels themselves are leaky due to a lack of proper endothelial cell-cell junctions and an 

incomplete basement membrane (Jain 2003). In addition, tumor pericytes show a 

decreased density, looser connections, and have cytoplasmic processes extending away 

from the vessel wall (Morikawa et al. 2002). Interestingly, pericyte abundance can be 

reduced by up to 90% before functional abnormalities are apparent, therefore even the 

sparse blood vessel coverage that occurs in tumors can influence vessel stability (Apte et 
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al. 2004). The consequence of this vascular abnormality is disturbed blood flow, leading 

to regions of hypoxia and necrosis within the tumor microenvironment, which inhibits the 

effectiveness of radiation therapy, can produce hypoxia-resistant clonal populations of 

cancer cells, impair penetrance of anti-tumor agents and promote drug resistance (Jain 

2003).

Anti-angiogenic Therapy

Due to the dependence of tumor growth on angiogenesis, directly targeting tumor 

blood vessels, using so-called anti-angiogenic therapies, is an attractive concept in breast 

cancer. Endothelial turnover is significantly higher in tumors relative to normal tissues; 

as such, anti-angiogenic therapies are thought to be specific for tumor blood vessels, 

which should decrease the levels of overt toxicity that are normally seen with cytotoxic 

chemotherapies. In addition, tumor endothelial cells are considered to be genetically 

stable compared to proliferating tumor cells, and therefore less likely to develop 

resistance to therapy (Folkman 2007). 

Metronomic chemotherapy

Standard cytotoxic chemotherapy is designed to utilize high tumor proliferative 

rates by targeting rapidly dividing cells. In order to be effective, these agents must be 

given at the maximum tolerated dose (MTD), which is toxic to both tumor cells and 

rapidly dividing somatic cells including the hematopoietic system. MTD is therefore 

administered at infrequent intervals to allow for patient recovery, which permits 

surviving tumor cells to repopulate and for an angiogenic response to occur. Therefore, in 

addition to causing overt toxicity to a variety of active tissues in the body, MTD 

chemotherapy apparently allows for tumor recovery and produces rapid drug resistance
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(Salter and Miller 2007). Untargeted anti-angiogenic therapy, also termed metronomic 

chemotherapy, involves using standard cytotoxic agents such as methotrexate, 

cyclophosphamide, vinblastine, paclitaxel or docetaxel at a much lower dose on a 

frequent schedule. Metronomic chemotherapy appears to cause apoptosis in tumor 

endothelial cells, decreases the abundance of circulating endothelial progenitor cells and 

suppresses tumor angiogenesis (Munoz et al. 2005). The exact mechanisms responsible 

for the tumor endothelial-specific action of metronomic chemotherapy remain largely 

undefined, and may differ depending on the cytotoxic agent utilized. In vitro, increased 

endothelial TSP-1 expression occurs during treatment with cyclophosphamide 

administered at a ‘metronomic’ dose, indicating that increased abundance of endogenous 

angiogenesis inhibitors could contribute to the anti-angiogenic action of metronomic 

chemotherapy (Munoz et al. 2005). Administration of cyclophosphamide at a metronomic 

dosing schedule alone and in combination with conventional chemotherapy inhibits 

tumor growth and angiogenesis in xenograft breast tumor models (Munoz et al. 2005). 

Metronomic chemotherapy using cyclophosphamide and a number of other cytotoxic 

agents is currently in phase I and II clinical trials in human breast cancer (Salter and 

Miller 2007).

Targeted anti-angiogenic therapy

Targeted anti-angiogenic therapy involves directly modulating factors involved in 

tumor angiogenesis. To date, anti-VEGF therapies have received the most research 

attention due to the ubiquitous role of VEGF-VEGFR signaling in tumor angiogenesis. 

As such, anti-VEGF therapies are at the most progressed stages of drug development 

(Marty and Pivot 2008). Bevacizumab is a humanized mouse monoclonal VEGF- 
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neutralizing antibody which prevents ligand-receptor binding. In 4T1 murine mammary 

tumors and human breast cancer xenografts bevacizumab was extremely effective at 

inhibiting both tumor angiogenesis and tumor growth, when administered as a 

monotherapy or in combination with capecitabine, doxorubicin or trastuzumab 

(Borgstrom et al. 1999). The European Medicines Agency (EMEA) and United States 

Food and Drug Administration (FDA) approval of bevacizumab for use in first line 

therapy for metastatic breast cancer was based on a randomized Phase III clinical trial of 

bevacizumab in combination with weekly paclitaxel, in which progression free survival 

(PFS) and overall response rate were doubled as compared to paclitaxel monotherapy 

(Miller et al. 2007). However, the clinical benefit of bevacizumab is modest compared to 

pre-clinical experiments, and responses have not been as universal among patient groups 

as hypothesized. For example, the first Phase III clinical trial combining bevacizumab 

and capecitabine in pre-treated breast cancer patients failed to improve PFS or overall 

survival (Miller et al. 2005). This has led to questions regarding the mechanism of action 

of bevacizumab and other targeted anti-angiogenic therapies. In addition, there are a 

number of issues under investigation which may contribute to the efficacy of 

bevacizumab in specific patient groups, including concurrent angiogenic signaling and 

heterogeneous expression of target molecules.

Mechanisms of anti-angiogenic therapy

The angiogenic switch, as originally described by Dr. Folkman, is essential in the 

progression of microscopic, non-invasive lesions, to invasive disease, implying that anti- 

angiogenic therapy is likely most useful in early stage cancer (Folkman 1971). However, 

use of bevacizumab has been primarily on late-stage or well established disease (Salter 
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and Miller 2007). This raises a number of conceptual issues. Late-stage tumors likely 

contain both well established and mature blood vessels and newly sprouting 

microvessels, of which anti-VEGF therapy will likely only be effective against the latter, 

potentially leaving a significant proportion of blood vessels intact. Recruitment of 

patients for a Phase III clinical trial combining bevacizumab in early stage breast cancer 

has been completed (Marty and Pivot 2008); the results from this trial should help 

elucidate the optimal stage of breast cancer for anti-angiogenic therapy.

A decrease in tumor blood vessel perfusion increases tumor ischemia and 

necrosis, inducing mutations in genes such as K-ras (Shahrzad et al. 2005), rendering 

surviving tumor cells more tumorigenic and resistant to therapy. It has also been 

demonstrated that populations of cells within a tumor can adapt to ischemic conditions 

(Yu et al. 2001), and therefore have the ability to grow despite a reduced blood supply. 

Finally, anti-angiogenic agents are not used as monotherapies, and in fact show an 

increased efficacy when used in a neoadjuvant, adjuvant or combination setting. This 

seems counterintuitive, as one would assume a decrease in vessel density would decrease 

the penetration of conventional cytotoxic chemotherapies to the proliferating tumor cells. 

It has been proposed that treatment with an anti-angiogenic agent causes a transient 

normalization of tumor vasculature by pruning immature vessels; this is thought to 

decrease interstitial pressure and improve blood flow in the tumor, allowing for more 

efficient cytotoxic drug penetration (Jain 2003). Current Phase II and Phase III trials in 

breast cancer are therefore testing bevacizumab under different dosing schedules, to 

determine the most efficacious combination (Marty and Pivot 2008).
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Multi-targeted anti-angiogenic therapy

There are a myriad of concurrent signaling pathways and cell types involved in 

tumor angiogenesis which may compensate for VEGF pathway inhibition. A number of 

agents in development are therefore designed to target tyrosine kinase domains of 

multiple receptors including the VEGFR-1,2 and 3, PDGFR-P, abl and/or c-kit; multi

tyrosine kinase inhibitors have shown efficacy in inhibiting tumor growth and 

angiogenesis in a number of pre-clinical models (Marty and Pivot 2008). In addition to 

targeting endothelial signaling pathways, multi-targeted anti-angiogenic therapies have 

the added benefit of targeting multiple cell types, and therefore may be effective against 

immature and well-established blood vessels. In RIP-Tag2 transgenic mice, a VEGFR- 

inhibitor (semaxinib) was effective against early-stage angiogenic lesions, but not large, 

well vascularized tumors. In contrast, SU6668, a VEGFR and PDGFR-P-specific therapy, 

inhibited further tumor growth of end-stage tumors by detaching pericytes and disrupting 

tumor vascularity (Bergers et al. 2003). Combination of semaxinib and SU6668, or 

semaxinib with imatinib (targeting abl, c-kit and PDGFR-P) was effecting in blocking 

tumor angiogenesis in all stages in this model (Bergers et al. 2003). A number of these 

agents are currently in Phase III clinical trials in metastatic breast cancer under various 

combination regimes.

Tie2-targeted anti-angiogenic therapy

Recently, therapies with the potential to modulate Ang-Tie2-dependent signaling 

have received a great deal of interest in pre-clinical experiments. Results from several 

experiments have illustrated the potential that Ang-Tie2 dependent signaling could act as 

a compensatory mechanism during VEGF inhibition. In vitro, inhibition of Tie2- 
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dependent signaling decreases endothelial cell viability, due to a decrease in Akt 

activation and an increased production of TSP-1 (Niu et al 2004). In a corneal 

neovascularization assay, injection of an adenovirus encoding soluble-Tie2 (sTie2) 4 

weeks after injury, at which point blood vessels are well-established, was able to inhibit 

further neovascularization (Singh et al. 2005). A series of small-molecule Tie2 kinase 

inhibitors have been developed, of which one in particular has been shown to inhibit 

endothelial cell tube formation in vitro, and Matrigel-induced choroidal 

neovascularization in vivo (Liu et al. 2008). In addition, a novel antitumor sulfolipid 

(SQMG), which downregulates Tie2 expression, suppressed the growth of MDA-MB- 

231 xenografts through hemorrhagic necrosis (Mori et al. 2008). Administration of an 

adenovirus encoding a Tie2 extracellular domain, AdExTek, to 4T1 mammary tumor 

allografts resulted in 64% tumor growth reduction (Lin et al 1998). Finally, ExTek 

delivery upon 4T1 tumor cell implantation blocked tumor cell survival, decreased tumor 

growth and inhibited angiogenesis onset, without any effects on endothelial cell 

proliferation (Shan et al. 2003). Targeted anti-Tie2 therapy has also shown some 

effectiveness in a combination setting, although this has yet to be investigated in pre- 

clinical breast tumor models. Intracellular antibodies (intradiabodies) can be designed to 

target specific cellular organelles, such as the endoplasmic reticulum (ER), which cause 

surface depletion of transmembrane receptor proteins. Using an ER-targeted 

intradiabody, designed to inhibit Tie2 and VEGFR2, melanoma xenograft tumor growth 

was inhibited significantly more than with monotherapy against VEGFR2 (Cao et al.

2007) . During inhibition of VEGF, Angl overexpression protects tumors and vasculature 

from regression, limits tumor hypoxia, increases vessel caliber and promotes mural cell 
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recruitment (Huang et al. 2009). Angl expression was also able to restore hierarchal 

organization of blood vessels in PDGFR-P-inhibited retina (Uemura et al. 2002).

Vascular Heterogeneity

Tumor cells undergo a variety of genetic changes during disease progression 

which renders cell populations within the same tumor genetically heterogeneous 

(Hanahan and Weinberg 2000). Clonal populations of tumor cells have a differential 

capacity to survive in the absence of cell-cell contacts, tolerate ischemic conditions, 

invade the local tissue microenvironment and metastasize (Yu et al. 2001). This has 

important implications for the efficacy of traditional cytotoxic therapies, as well as the 

development of more resistant or aggressive clones (Jain 2003). It is also well established 

that targeted therapies in breast cancer, including estrogen modulating therapies (e.g. 

tamoxifen) for ER-positive cancers and trastuzumab therapy for HER-2-positive tumors, 

are only efficacious in certain tumors or cancer cell populations due to heterogeneous 

expression of target molecules (Ward 1973; Pegram et al. 1998). It has now become 

apparent that genetic and phenotypic heterogeneity is not restricted to the tumor 

parenchyma; fibroblasts, inflammatory cells, mural cells, and endothelial cells are all 

likely heterogeneous in their ability to support tumor growth, angiogenesis and tissue 

invasiveness, which is likely, at least in part, due to differential expression of important 

molecules.

Despite this, pre-clinical development of targeted anti-angiogenic therapies and 

their use in clinical trials to date have both been predicated on the idea that tumor 

endothelial cells are a homogeneous population. Previous work in our laboratory has 

identified heterogeneous expression of Tie2 and VEGFR2, relative to pan-endothelial 
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markers, in a number of human cancer types including breast carcinoma (Fathers et al. 

2005; Patten 2008). In addition, in xenograft tumor models of human melanoma and 

human colorectal carcinoma, the proportion of Tie2-positive blood vessels was found to 

significantly impact response to Tie2-directed therapy (Fathers et al. 2005). In breast 

cancer, heterogeneous expression of Tie2 has been demonstrated in a limited number of 

other studies. It is also evident that information regarding vascular Tie2 expression 

during tumor progression is lacking. In a syngeneic mammary tumor model of 4 

chemically induced murine mammary tumor cell lines, endothelial Tie2 expression was 

reported as high in tumors derived from one cell line, weak in a second and undetectable 

in 2 others (Stratmann et al. 2001). In 123 human breast cancer specimens, the proportion 

of Tie2-positive vessels, relative to CD31-positive vessels, was elevated in vascular 

hotspots within inflammatory infiltrates at the tumor margin, as compared to benign 

breast lesions and normal breast tissue (Peters et al. 1998). Strong endothelial Tie2 

expression was noted to be restricted to stromal vessels, versus intratumoral vessels, in 6 

human mammary carcinoma samples, with significant variation noted in Tie2-positive 

vessels between samples (Stratmann et al. 2001). Finally, in 90 cases of ductal carcinoma 

examined by immunostaining, strong Tie2 expression was noted in stromal vessels, and 

was elevated compared to vessels in adjacent non-cancerous breast tissues (Rmali et al. 

2007).
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RATIONALE

Tumor angiogenesis is a well-established factor involved in the transition to 

malignancy in invasive ductal carcinoma. Anti-angiogenic therapies targeting VEGF- 

dependent signaling proved effective in inhibiting tumor angiogenesis and tumor growth 

in pre-clinical mouse models of breast cancer. In a randomized Phase III clinical trial of 

bevacizumab in combination with weekly paclitaxel, progression free survival (PFS) and 

overall response rate were doubled as compared to paclitaxel monotherapy (Miller et al. 

2007). This has led to the approval of an anti-VEGF monoclonal antibody, bevacizumab, 

for treatment of human metastatic breast cancer, and the development of a number of 

other VEGF-modulating agents which are now in Phase II and Phase III clinical trial. 

Clinical experience with bevacizumab and emerging results from clinical trials has 

demonstrated variable response in metastatic breast cancer patients to anti-VEGF 

therapies.

In an attempt to understand some of the factors that may be responsible for mixed 

clinical results of targeted anti-angiogenic therapies in human metastatic breast cancer we 

have chosen to investigate expression of the endothelial receptor tyrosine kinase Tie2, 

which plays a complementary role to VEGF-dependent tumor angiogenic signaling by 

modulating pericyte recruitment and blood vessel quiescence. Previous work in our 

laboratory has identified heterogeneous expression of Tie2 by tumor blood vessels. We 

have previously established that the degree of heterogeneity of Tie2 expression is likely 

dependent on tumor type and progression in human melanoma and colorectal carcinoma, 

and impacts tumor response to targeted anti-Tie2 therapy.
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This has led us to hypothesize that Tie2 expression and activation by tumor blood 

vessels is heterogeneous and dependent on tumor progression in invasive breast cancer.

In addition, we have hypothesized that tumor blood vessel coverage by PDGFR-P- 

positive pericytes is heterogeneous, and dependent on tumor progression in metastatic 

breast cancer. To test these hypotheses, we have developed several research objectives: 

Objective 1: Characterize the expression of Tie2 by tumor blood vessels in human 

invasive ductal carcinoma in relation to known histopathological markers of tumor 

progression and overall patient survival.

Objective 2: Characterize coverage of tumor blood vessels by PDGFR-p-positive 

pericytes in human invasive ductal carcinoma in relation to known histopathological 

markers of tumor progression and overall patient survival.

In completing the first two objectives we have employed immunostaining to 

characterize the proportion of Tie2- and PDGFR-P-positive tumor blood vessels relative 

to total vascular content, as assessed by the pan-endothelial marker CD31, in 73 and 69 

cases of invasive ductal carcinoma, respectively. Using clinical data made available to us 

by the Manitoba Breast Tumor Bank, we have investigated the potential correlation 

between Tie2 and PDGFR-P expression and histopathological markers of tumor 

progression including Nottingham grade, inflammation, lymph node status, ER and PR 

status, tumor size, MVD, and overall patient survival. The goal of these objectives was to 

determine the possibility of choosing specific patient groups that may respond well to 

anti-angiogenic therapies targeting Tie2 or PDGFR-p.

Objective 3: Characterize the expression of native and phosphorylated Tie2 in a mouse 

model of human metastatic breast cancer in relation to grade of tumor progression.
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In completing the third objective, we have employed immunostaining to 

characterize the proportion of Tie2- and pTie2Yl 100-positive blood vessels relative to 

the pan-endothelial marker CD31 in MMTV-PyVmT transgenic mice, a well-established 

model of human invasive ductal carcinoma (Guy et al. 1992), in relation to 

histopathological indicators of tumor grade. The goal of this objective was to evaluate the 

utility of MMTV-PyVmT mice are as a pre-clinical model of tumor vascular phenotype, 

with respect to Tie2, during breast cancer progression, and as such for the assessment of 

novel anti-angiogenic therapies.
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MATERIALS AND METHODS

A list of all chemicals and suppliers, and a description of materials prepared for 

the following experiments are detailed in Appendices I and II, respectively. 

MMTV-PyVmT breeding colony

Three breeding pairs, consisting of male FVB mice hemizygous for the mouse 

mammary tumor virus (MMTV)-polyoma middle T antigen (PyVmT) transgene (Guy et 

al. 1992) and female wildtype FVB mice, were obtained from the Mouse Models of 

Human Cancer Consortium (MMHCC). At weaning each pup from resultant litters 

received an ear notch for identification and a 0.5 cm length of tail was removed. Bleeding 

was controlled with Clotisol (Life Science Products) and mice were monitored for signs 

of distress. Brother-sister mating pairs composed of hemizygous males and non- 

transgenic females were established at 5-9 weeks of age. Breeding pairs were used for no 

more than two rounds of mating due to accelerated tumor growth in hemizygous males 

which prevented their further use as breeders in most cases. Mice were housed at the 

Central Animal Facility at the University of Guelph until the colony tested positive for 

Epizootic Diarrhea of Infant Mice (EDIM) in July 2007. Subsequently, mice were housed 

and bred at the Isolation Facility at the Ontario Veterinary College, University of Guelph. 

Mice were maintained and used following guidelines set out by the Canadian Council for 

Animal Care.

Genotyping

Whole genomic DNA was extracted from blood obtained from the 3 male 

breeders received from the MMHCC. Whole genomic DNA was extracted from tails tips 

of all subsequent colony mice using the DNeasy Blood and Tissue Kit (Qiagen) using the 
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recommended protocol; eluted DNA concentration was quantified using the Nanodrop 

1000 (Thermo Scientific). PCR was performed to amplify a 500bp PyVmT transgene 

sequence, identifying hemizygous mice, and a 200 bp fragment corresponding to the T- 

cell receptor, delta chain (amplified as an internal control); products were resolved on a 

2% agarose gel (Appendix III; Figure SI). Primer sequences and reaction conditions are 

detailed in Appendix III. DNA extracted from original male breeders was amplified as a 

positive control; a water-only PCR with each set of tail tips acted as a negative control.

Monitoring

Female and male MMTV-PyVmT transgenic mice, were weighed and monitored 

for tumors by palpation on a weekly basis (males were monitored bi-monthly) beginning 

at 4 weeks of age. Mice were also monitored for body and coat condition, behaviour 

indicating injury or distress, alertness and respiration. Mice with palpable tumors were 

monitored every 3 days. Tumors were observed closely for signs of ulceration, and 

measured with calipers with tumor dimensions recorded. Mice were monitored on a daily 

basis when tumors were >10 mm in diameter and euthanized using a CO2 chamber if the 

largest dimension of the tumor exceeded 15 mm.

Tumor collection

Female transgenic mice, along with age-matched female non-transgenic mice, 

were euthanized at 35, 63 and 77 days of age to correspond with previous reports 

characterizing tumor progression in this model (Lin et al. 2003). Tumor and mammary 

tissue dissected from 6 axillary and 4 inguinal mammary glands was grouped into 4 

clusters (Figure 1). Tissue from each cluster, as well as lung tissue, was divided for 

formalin fixation / paraffin-embedding and snap-freezing in liquid N2. Male transgenic 
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mice (and age-matched non-transgenic males when possible) were euthanized, and 

tissues collected as described for female mice, at 6 months of age or when tumor-bearing 

males had a tumor with its largest dimension reaching 10-15 mm. Due to time 

constraints, male mammary tumor tissue was not analyzed, but is available for future 

investigation.

Tumor sectioning

Cyropreserved samples of MMTV-PyVmT tumors and mammary glands were cut 

in 8 pm sections using a Leica CM 3050s cryostat (Leica). Samples were acclimatized to 

-20°C overnight prior to sectioning. A temperature of -18°C was maintained within the 

cryostat for highly cellular tumors, while a temperature between -22 and -25°C was used 

when sectioning normal mammary gland and tumors with a high proportion of fat or 

fluid. Sections were placed on Superfrost Plus slides (Fisher) and stored at -80°C. 

Formalin-fixed, paraffin embedded samples of MMTV-PyVmT tumors and mammary 

glands were cut in 5 pm sections using a Reichert-Jung microtome. Slides containing 

newly collected sections were stored on slide warmers overnight at 37°C and 

subsequently stored at room temperature.
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Figure 1. (A) and (B): representative photographs of two tumor-bearing females at 63 days of age, 
illustrating the location of mammary gland tumors (and normal mammary gland tissue) removed from 
MMTV-PyVmT transgenic mice. Tumors (and normal mammary tissue) were collected from 35, 63 and 
77-day old hemizygous mice as 4 mammary gland clusters denoted by circled areas 1-4. Clusters 1 and 3 
represent tissue derived from axillary mammary glands (3 glands per cluster), while clusters 2 and 4 
represent tissue derived from inguinal glands (2 glands per cluster).
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Hematoxylin and eosin (H&E) staining

Five pm thick formalin-fixed paraffin embedded sections were stained with H&E 

to use in scoring tumor morphology, nuclear grade and tumor stage. Briefly, slides were 

deparaffinized, washed in dH2O and stained with Meyer’s hematoxylin (Fisher) for 10 

minutes. Sections were washed with acid alcohol and NH3 H2O to differentiate the 

hematoxylin stain, rinsed in 70% isopropyl alcohol, and stained with eosin (Fisher) for 1 

min. Slides were then cleared with a graded alcohol and xylene series, mounted with 

Permount (Fisher) and dried overnight before viewing.

Histological assessment of mammary gland tumors

H&E stained tumor sections from MMTV-PyVmT transgenic mice were used to 

classify progression using methods developed by Lin et al. in 2003, which is based on 

assessment of both tumor morphology and nuclear grade. Tumor morphology and nuclear 

grade were assessed under 10X and 40X objectives, respectively, with the most advanced 

features in each lesion scored in a blinded fashion. This system was used to divide 

mammary lesions into three categories: adenoma/mammary intraepithelial neoplasia 

(Ad/MIN), early carcinoma (ECARC) and late carcinoma (LCARC). Ad/MIN lesions are 

well-defined, forming glandular, acinar, papillary or cribiform structures that are non- 

invasive (i.e. confined by a basement membrane) (Fig 2A-D). Cytologically, the cells in 

Ad/MIN lesions are bland, with hyperchromatic nuclei that are uniform in size and shape, 

with only a slight increase in the nuclear/cytoplasmic ratio compared to normal mammary 

ductal cells (Fig 3A-B; Grade 1). In ECARC lesions, glandular, acinar, papillary and 

cribiform structures show focal areas of invasion (invasion through the basement 

membrane and into stroma) that are often found in the centre of the lesion, with the 
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boundaries between individual structures becoming unclear (Fig 2E). Cells in ECARC 

lesions show moderate heterogeneity of nuclear size and shape. An increasing number of 

cells in ECARC lesions have euchromatic nuclei (nucleoli may or may not be visible), 

with a moderate increase in nuclear/cytoplasmic ratio (Fig 3C-D; Grade 2). Few defined 

structures remain in LCARC lesions, with the majority of the tumor composed of solid 

sheets of invasive tumor cells (Fig 2F). Nuclear pleomorphism is the defining cellular 

feature in LCARC tumors. Nuclei are euchromatic, with conspicuous nucleoli, and show 

a marked increase in nuclear/cytoplasmic ratio (Fig 3E-F; Grade 3).
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Figure 2. Assessment of tumor morphology in H&E stained tumors obtained from MMTV-PyVmT 
transgenic mice. (A) - (D): well-defined, non-invasive lesions characteristic of early grade tumors. (A) 
acinar; tumor comprised of small glandular clusters around small lumens. (B) cribiform; nests of cells 
forming large lumens. (C) glandular; tumor composed of glands, with some glands dilated by protein-rich 
secretion. (D) papillary; tumor forms epithelial-lined projections with a fibro-vascular core. (E) - (F): 
poorly-defined, invasive lesions characteristic of mid - late grade tumors. (E): acinar pattern with focal 
invasion; boundaries between clusters of cells become unclear. (F): solid; tumor is composed of solid 
sheets of cells, with no glandular differentiation. Scale bar in (F) represents 100 pm.

33



Figure 3. Assessment of nuclear grade in H&E stained tumors obtained from MMTV-PyVmT transgenic 
mice. (A) and (B): grade 1 (low); heterochromatic nuclei relatively uniform in size and shape with a slight 
increase in nuclear/cytoplasmic ratio as compared to normal ductal cells. (C) and (D): grade 2 
(intermediate); an increasing number of cells have euchromatic nuclei (nucleoli may or may not be visible). 
Moderate heterogeneity in nuclear size and shape with a moderate increase in nuclear/cytoplasmic ratio. (E) 
and (F): grade 3 (high); nuclear pleomorphism, with a marked increase in nuclear/cytoplasmic ratio and 
clearly visible nucleoli. Scale bar in (F) represents 100 pm.
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Immunostaining

All immunostaining experiments were performed in a blinded fashion, and were 

optimized using secondary antibody-only serial sections to rule out potential non-specific 

binding. Incubations were performed at room temperature in a humidified chamber unless 

otherwise noted. Washes were completed as three intervals of five minutes, unless 

otherwise noted. Coverslips were mounted using DAKO fluorescent mounting medium 

(DAKO), and stained slides stored on a flat surface at 4°C in the dark until imaged. 

Dual immunofluorescence for Tie2 and CD31 in MMTV-PyVmT tumors

Eight pm thick cryosections from MMTV-PyVmT tumors were air dried for 30 

minutes, fixed in acetone (Fisher) at -20°C for 10 minutes, air dried for an additional 15 

minutes and washed in PBS. Blocking was performed with 10% normal donkey serum 

(Sigma-Aldrich) for 1 hour, and slides were incubated with rabbit anti-Tie2 antibody (C- 

20; Santa Cruz Biotechnology) diluted 1:100 in 0.05% Tween 20 (Fisher) in PBS for 1 

hour. Sections were washed in PBS, incubated with a 1:300 dilution of Alexa Fluor 488 

conjugated donkey anti-rabbit secondary antibody (Invitrogen) for 30 minutes, and again 

washed in PBS. A 1:50 dilution of rat anti-CD31 antibody (Hycult Biotechnology) in 

PBS with 0.05% Tween 20 (Fisher) was incubated with slides overnight at 4°C. Sections 

were washed in PBS, incubated with a 1:200 dilution of Cy3-conjugated donkey anti-rat 

secondary antibody (Jackson Immunoresearch) for 30 minutes, and washed again in PBS 

before a 1:3600 dilution of DAPI was applied for 3 minutes. Sections were washed in 

PBS and MilliQ H2O and mounted with coverslips.
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Dual immunofluorescence for pTie2Yl 100 and CD31 in MMTV-PyVmT tumors

A working solution of PBS with a cocktail of phosphatase inhibitors (pPBS) was 

prepared by adding one PhosSTOP tablet (Roche) to 10 ml of sterile PBS, and used for 

all washes and dilutions. Eight pm thick cryosections from MMTV-PyVmT tumors were 

incubated overnight in a Parafilm (Polysciences Inc.) sealed slide box at -20°C, and 

added directly to acetone at -20°C for 10 minutes for fixation the following day. Slides 

were air dried for 15 minutes at room temperature, washed in pPBS and blocked with 

10% normal donkey serum (Sigma-Aldrich) for 1 hour before being incubated with rabbit 

anti-pTie2Yl 100 antibody (R&D) diluted 1:100 in pPBS with 0.05% Tween 20 (Fisher) 

for 1 hour. Sections were washed, incubated in a 1:300 dilution of Alexa Fluor 488- 

conjugated donkey anti-rabbit secondary antibody (Invitrogen) for 30 minutes, washed, 

and incubated with rat anti-CD31 antibody (Hycult Biotechnology) diluted in pPBS with 

0.05% Tween 20 (Fisher) overnight at 4°C. Washed sections were incubated with a 1:200 

dilution of Cy3-conjugated donkey anti-rat secondary antibody (Jackson 

Immunoresearch) for 30 minutes. Slides were then washed, stained with DAPI (as 

described above), washed in PBS and MilliQ H2O, and mounted with coverslips.

Dual immunofluorescence for Tie2 and CD31 in human breast tumors

Five pm thick cryosections from 73 cases of human invasive ductal carcinoma 

(obtained from the Manitoba Breast Tumor Bank (MBTB)) were air dried for 30 minutes 

at room temperature, fixed in a 50:50 mixture of Acetone (Fisher) and Methanol (Fisher) 

at -20°C, and air dried for an additional 10 minutes at room temperature. Slides were 

washed in PBS for 5 minutes, permeabilized with 0.05% Tween 20 (Fisher) in PBS for 5 

minutes and then washed in PBS for an additional 5 minutes. DAKO protein block
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(DAKO) was added to slides for 1 hour followed by incubation with a 1:100 dilution of 

goat anti-CD31 antibody (M-20; Santa Cruz Biotechnology) for 1 hour. Sections were 

washed in PBS, and incubated in a 1:400 dilution of Cy3-conjugated donkey anti-goat 

secondary antibody (Jackson Immunoresearch) for 30 minutes. Sections were again 

washed in PBS and incubated with a 1:150 dilution of mouse anti-Tie2 antibody (BD 

Pharmingen) overnight at 4°C. Slides were washed in PBS and incubated with a 1:400 

dilution of Alexa Fluor 488-conjugated goat anti-mouse secondary antibody (Invitrogen) 

for 30 minutes, washed in PBS, and stained with DAPI (as described above). Slides were 

then washed in PBS and MilliQ H2O prior to mounting coverslips.

Dual immunofluorescence for PDGFR-B and CD31 in human breast tumors

Five pm thick formalin-fixed paraffin embedded sections from 69 cases of human 

invasive ductal carcinoma (obtained from the MBTB) were deparaffinized, immersed in 

10 mM sodium citrate buffer, pH 6.0 (Appendix II), and microwaved on HIGH for 10 

minutes. Slides (immersed in buffer solution) were cooled at room temperature for 30 

minutes, washed in MilliQ and PBS, permeabilized with 0.05% Tween 20 (Fisher) in 

PBS for 5 minutes, and washed again in PBS for 5 minutes. Blocking was performed 

with DAKO protein block (DAKO) for 10 minutes and 5% normal donkey serum 

(Sigma-Aldrich) for 30 minutes. Blocking solution was removed and slides were 

incubated with a 1:100 dilution of goat anti-CD31 antibody (M-20; Santa Cruz 

Biotechnology) for 1 hour. Sections were washed in PBS and incubated with a 1:300 

dilution of Alexa Fluor 546-conjugated donkey anti-goat secondary antibody (Invitrogen) 

for 25 minutes. Following a PBS wash, sections were blocked with 5% normal goat 

serum (Sigma-Aldrich) for 30 minutes and incubated with a 1:150 dilution of rabbit-anti
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PDGFR-P (Cell Signaling Technology) antibody overnight at 4°C. Slides were washed in 

PBS and incubated with a 1:300 dilution of Alexa Fluor 488-conjugated goat anti-rabbit 

secondary antibody (Invitrogen) for 30 minutes. Sections were then washed in PBS, 

incubated with DAPI (as described above), washed in PBS and MilliQ H2O and mounted 

with coverslips.

Blood vessel assessment

Expression of Tie2 and pTie2Yl 100 by tumor blood vessels and PDGFRp by 

tumor blood vessel-associated pericytes was analyzed in a blinded fashion. Five random 

fields of view of each tumor were captured at a 20X-objective using QCapture software 

calibrated to a Leica DMLB microscope fitted with a Q imaging QICAM fasti394 digital 

camera. Three images were captured from each field of view under filters representing 

the excitation wavelengths of red, green and blue. Red and green images were merged 

using Adobe Photoshop 7.0 (Adobe). The number of marker-positive (Yellow; expressing 

the protein of interest and CD31), marker-negative (Red; expressing CD31 only) and 

total tumor blood vessels per field were counted using the merged images in Optimas 6.0 

(Optimas). Micro vessel density was determined by dividing the total number of blood 

vessels per field of view, to obtain a value expressed as number of blood vessels per 

mm . Area per field of view was calculated by capturing an image of a micrometer at a 

20X-objective.

Statistical analysis

Calculation of preliminary summary statistics, including mean, median, standard 

error of the mean (SEM) and range, and graphing of all data was completed using 

Microsoft Excel (Microsoft). Excel-based data was then imported into SAS 9.1 statistical 
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software (SAS) for further analysis. Data are presented as the mean, SEM and range. 

Differences were considered significant when p<0.05 for all analyses.

Analysis of Tie2 and pTie2Yl 100 expression in MMTV-PyVmT tumors

The Anderson-Darling test for normality indicated data followed a normal 

distribution. One-way analysis of variance (ANOVA) was used to compare mean 

proportion of Tie2- and pTie2Yl 100-positive tumor blood vessels in mammary tumors 

grouped by age, tumor morphology, nuclear grade and overall tumor grade. This was 

followed by post-hoc analysis using the Bonferroni method. Least-squares regression 

(LSR) tested for correlation between the mean proportion of Tie2- and pTie2Yl 100- 

positive vessels to MVD, and for correlation between Tie2 and pTie2Yl 100 expression. 

Analysis of Tie2 and PDGFR-B expression in human invasive ductal carcinoma

The Anderson-Darling test for normality indicated logit-transformed data did not 

follow a normal distribution. Kruskal-Wallis (non-parametric) analysis of variance was 

used to compare the mean proportions of Tie2- and PDGFR-P-positive tumor blood 

vessels in cases grouped by Nottingham grade, level of inflammation, lymph node status, 

Estrogen Receptor (ER) status, or Progesterone Receptor (PR) status. Correlation analysis 

using LSR compared mean proportions of Tie2- and PDGFR-P-positive blood vessels to 

Microvessel Density (MVD) and tumor size; LSR was also used to test correlation 

between Tie2 and PDGFR-P expression. Kaplan-Meier log rank tests were performed 

using the website: 

http://biostat.hitchcock.org/BSR/Analytics/CompareTwoSurvivalDistributions.asp  

Overall survival in cases with high vs. low Tie2 expression and high vs. low PDGFR-p 

expression was compared using median expression as a cutoff value.
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RESULTS

Tumor progression in MMTV-PyVmT tumors as assessed by histological 

parameters

Hematoxylin and eosin (H&E) stained sections from 39 MMTV-PyVmT 

mammary adenocarcinomas were scored for tumor morphology, nuclear grade and 

overall tumor grade (Table I). Overall, 31% (n=12) of tumors were classified as having 

an acinar, glandular, papillary and/or cribiform morphology with no evidence of invasion, 

31% (n=12) of tumors had a similar morphology with focal invasion of the tissue stroma 

and 38% (n-15) of tumors had a solid and/or invasive phenotype, with the ratio of 

solid/invasive: focally-invasive and non-invasive lesions increasing from 35 to 77 days at 

tumor collection. The nuclear grade score per lesion was low (grade 1) in 26% (n=10), 

intermediate (grade 2) in 36% (n=14) and high (grade 3) in 38% (n=15) of tumors, with 

the ratio of high: low nuclear grade increasing with age at tumor collection. Overall 

tumor grade was assessed for each lesion by combining tumor morphology and nuclear 

grade scores. Twenty-eight percent (n=l 1) of tumors were scored as Adenoma/Mammary 

Intraepithelial Neoplasia (Ad/MIN), 33% (n=13) as Early Carcinoma (EC) and 36% 

(n=14) as Late Carcinoma (LC), with the ratio of LC: EC and Ad/MIN increasing with 

age at tumor collection (Table I).
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# of tumors (n)
Total 35 days 63 days 77 days

Tumor morphology
DH, A or P - non-invasive 10a 5a 4 1

Focal invasion 14b 5a 6a 3
Solid 15c 0 6a 9d

Nuclear grade
Low 10b 5a 5a 0

Intermediate 14a 4 6a 4
High 15c 1 5a 9d

Tumor grade
Adenoma/MIN lla 5a 5 1

Early Carcinoma 13b 5a 5a 3
Late Carcinoma 15c 0 6a 9d

a: n-1 mice; b: n-2 mice; c: n-4 mice; d: n-3 mice

Table I - Histological assessment of mammary tumors in 39 lesions from MMTV-PyVmT transgenic mice. 
H&E stained sections were used to score tumor morphology, nuclear grade and overall tumor grade. The 
number of tumors with each score is presented as well as the total number of tumors from mice euthanized 
at 35, 63 and 77 days. DH = ductal hyperplasia; A = acinar/glandular; P = papillary; MIN = mammary 
intraepithelial neoplasia.
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Tie2 expression by tumor blood vessels during breast cancer progression in MMTV- 

PyVmT transgenic mice

Dual immunofluorescence staining for Tie2 and CD31 was performed on 39 

mammary tumor sections from MMTV-PyVmT transgenic mice to assess vascular 

phenotype during progression (Figure 4). Interestingly, Tie2 was also found to be 

expressed by mammary carcinoma cells in a number of the tumors (Figure 4E). The 

relative proportion of Tie2-positive vessels was heterogeneous in all tumors examined, 

ranging from 18-98% of the total number of tumor blood vessels (Table II). No 

statistically significant differences were observed when tumors were grouped by tumor 

morphology, nuclear grade or tumor grade (Table II). In addition, the relative proportion 

of Tie2-positive vessels was not correlated with MVD (Figure 5).

Expression of pTie2Y1100 in MMTV-PyVmT transgenic mice

To determine the relative proportion of tumor blood vessels expressing an active 

form of Tie2, we performed dual immunofluorescence for Tie2, using an antibody that 

detects phosphorylation at tyrosine residue 1100, and CD31 in 31 tumors from MMTV- 

PyVmT transgenic mice previously examined for native Tie2 expression. Expression of 

pTie2Y1100 was heterogeneous in all 31 tumor sections (Figure 6). The average relative 

proportion of pTie2Yl 100-positive tumor blood vessels ranged from 7-40% (Table III). 

Expression of pTie2Yl 10 was not found to be significantly different in tumors grouped 

by tumor morphology or tumor grade; a statistically significant difference in vascular 

pTie2Yl 100 levels was found between low and intermediate/high nuclear grade (p=0.03) 

(Table III). The relative proportion of pTie2Yl 100-positive vessels was also not 

significantly correlated with native Tie2 expression or MVD (Figure 7A, B).
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Figure 4. Immunohistochemical evidence for Tie2 heterogeneity in mammary tumors obtained from 
MMTV-PyVmT transgenic mice. Immunofluorescent staining for Tie2 (A, green) and CD31 (B, red), 
merged in panel (C), demonstrating Tie2-negative (arrows) and Tie2-positive (arrowheads) tumor blood 
vessels. Merged images in (D) and (E) show examples of Tie2 heterogeneity in tumors from two additional 
MMTV-PyV-mT mice; (*) in (E) identifies Tie2 expression by tumor cells. Scale bar in (C) represents 100 
pm.
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N Mean % Tie2+ vessels Range (%)
Tumor morphology

DH, A or P - non-invasive 10a 57.3 +/- 9.30 18.5-93.0
Focal invasion 14b 62.7 +/- 5.70 27.5-91.7

Solid 15c 61.8+/-5.94 24.0-98.8
Nuclear grade

Low 10b 52.6 +/- 7.37 22.9-73.1
Intermediate 14a 62.6 +/- 6.84 18.5-93.0

High 15c 64.9+/-5.71 24.6 - 98.8
Overall tumor grade

Adenoma/MIN lla 59.9 +/- 8.80 18.5-93.0
Early Carcinoma 13b 60.9 +/- 5.82 27.5-91.7
Late Carcinoma 15c 61.8+/-5.94 24.0-98.8

a: n-1 mice; b: n-2 mice; c: n-4 mice

Table II - Expression of Tie2 by tumor blood vessels was assessed in relation to histopathological 
parameters of tumor progression (tumor morphology, nuclear grade and overall tumor grade) in 39 tumors 
obtained from MMTV-PyVmT transgenic mice by double-immunofluorescence for Tie2 and CD31. The 
mean values for average percentage of Tie2-positive blood vessels were calculated along with the SEM. 
The proportion of Tie2-positive tumor blood vessels (relative to the total number of blood vessels) ranged 
from 18-98%. No significant differences were observed with tumor progression (p>0.05). DH = ductal 
hyperplasia; A = acinar/glandular; P = papillary; MIN = mammary intraepithelial neoplasia.

Figure 5. Least squares regression with mean relative proportion of Tie2-positive blood vessels in 39 
MMTV-PyVmT tumors plotted as a function of MVD (vessels/mm2). Plot shows no significant correlation 
between the two variables (p>0.05).
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Figure 6. Immunohistochemical staining for phosphorylated Tie2 (tyrosine residue 1100) demonstrating 
heterogeneous expression by tumor blood vessels in MMTV-PyVmT transgenic tumors. Dual
immunofluorescence for pTie2 (A, green) and CD31 (B, red), merged in panel (C), demonstrating pTie2- 
negative (arrows) and pTie2-positive (arrowheads) tumor blood vessels. Merged images in (D) and (E) 
show examples of pTie2 heterogeneity in tumors from two additional different MMTV-PyVmT mice. Scale 
bar in (E) represents 100 pm.
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N Mean % pTie2+ vessels Range (%)
Tumor morphology

DH, A or P - non-invasive 10a 19.9+/- 2.91 7.3-31.9
Focal invasion 9a 23.0 +/- 2.27 9.9-30.0

Solid 12b 27.8 +/- 2.83 11.0-40.8
Nuclear grade

Low 9a 17.2 +/- 2.03 7.3-28.4
Intermediate 12a 26.9+/- 1.88* 11.9-36.5

High 10a 26.1 +/-3.67* 9.9-40.8
Overall tumor grade

Adenoma/MIN lla 19.8 +/- 2.65 7.3-31.9
Early Carcinoma 7 22.5 +/- 2.68 9.9-29.3
Late Carcinoma 13c 27.9+/-2.61 11.0-40.8

a: n-1 mice; b: n-2 mice; c: n-4 mice

Table III - Expression of Tie2 phosphorylated (activated) at tyrosine residue 1100 by tumor blood vessels 
was assessed in relation to histopathological parameters of tumor progression (tumor morphology, nuclear 
grade and overall tumor grade) in 31 tumors obtained from MMTV-PyVmT transgenic mice by double
immunofluorescence for pTie2 (Y1100) and CD31. The mean values for average percentage of pTie2- 
positive blood vessels were calculated along with the SEM. The proportion of pTie2-positive tumor blood 
vessels ranged from 7-40%. A significant increase in pTie2Yl 100-positive blood vessels was observed 
between low and intermediate/high nuclear grade (* p=0.03). No significant differences were observed with 
tumors grouped by tumor morphology or overall tumor grade (p>0.05). DH = ductal hyperplasia; A = 
acinar/glandular; P = papillary; MIN = mammary intraepithelial neoplasia.
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Figure 7. Mean relative proportion of pTie2Yl 100-positive blood vessels in 31 MMTV-PyVmT tumors 
plotted as a function of (A) mean relative proportion of Tie2-positive vessels and (B) MVD (vessels/mm2). 
Least squares regression analysis revealed no significant correlation between pTie2Yl 100 expression and 
either variable (p>0.05).
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Tie2 expression in human invasive ductal carcinoma

In order to characterize Tie2 expression during human breast cancer progression, 

dual immunofluorescence staining for Tie2 and CD31 was performed on sections from 73 

cases of human invasive ductal carcinoma (Figure 8). The average relative proportion of 

Tie2-positive vessels was determined for each case and compared to histopathological 

parameters of tumor progression that were provided by the MBTB. Heterogeneous 

expression of Tie2 was observed, with the relative proportion of Tie2-positive vessels 

ranging from 71-100% (Table IV). Despite this marked variability, no statistically 

significant differences in Tie2 expression were observed when cases were grouped by 

Nottingham grade, level of inflammation, ER status, PR status or lymph node status 

(Table IV). Furthermore, the average relative proportion of Tie2-positive vessels was not 

significantly associated with MVD or tumor size (Figure 9A, B).

Tumor blood vessel coverage by PDGFR-P-expressing pericytes in human invasive 

ductal carcinoma

Due to the importance of Tie2 signaling in mural cell recruitment we performed 

dual immunofluorescence staining for PDGFR-P and CD31 in 69 cases of human 

invasive ductal carcinoma, to assess blood vessel maturity during tumor progression 

(Figure 10). Blood vessel coverage by PDGFR-P-expressing pericytes was heterogeneous 

in the cases examined, with the average relative proportion of PDGFR-p-positive tumor 

blood vessels ranging from 39-100% (Table V). As assessed by analysis of variance, 

there were no significant differences between cases when grouped by Nottingham grade, 

level of inflammation, ER status, PR status or lymph node status
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Figure 8. Immunohistochemical evidence for Tie2 heterogeneity in human invasive ductal carcinoma. 
Immunofluorescent staining for Tie2 (A, green) and CD31 (B, red), merged in panel (C), demonstrating 
Tie2-negative (arrows) and Tie2-positive (arrowheads) tumor blood vessels. Merged images in (D) and (E) 
show examples of Tie2 heterogeneity in tumors obtained from two additional patients. Scale bar in (E) 
represents 100 pm.
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N Mean % Tie2+ vessels Range (%)
Nottingham grade

Low 25 94.0+/-1.17 75.7-100
Intermediate 24 94.9+/- 1.09 83.7-100

High 24 94.0+/- 1.71 71.1 - 100
Inflammation

No inflammation 12 95.0+/- 1.71 81.3-100
Low 31 94.0+/- 1.10 75.7-100

Intermediate 16 93.2+/- 1.85 75.7-100
High 14 95.6 +/- 2.02 71.1-100

ER status
Positive 61 94.5 +/- 0.77 75.7-100

Negative 12 93.3 +/- 2.66 71.1 - 100
PR status

Positive 34 93.2 +/- 0.98 75.7-100
Borderline 11 95.7 +/- 2.54 71.1 - 100

Negative 28 95.1 +/- 1.29 75.7-100
Lymph node status

Negative 26 95.2 +/- 0.96 82.7-100
Positive 37 93.6+/- 1.26 71.1-100

Table IV. Expression of Tie2 by tumor blood vessels was assessed in relation to histopathological 
parameters of tumor progression (Nottingham grade, level of inflammation, ER status, PR status and lymph 
node status) in 73 cases of human invasive ductal carcinoma by double-immunofluorescence for Tie2 and 
CD31. The mean values for average percentage of Tie2-positive vessels were calculated along with the 
SEM. The proportion of Tie2-positive tumor blood vessels (relative to the total number of blood vessels) 
ranged from 71-100%. No significant differences were observed with respect to any of the parameters of 
tumor progression available (p>0.05).
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Figure 9. Least squares regression plots, with mean relative proportion of Tie2-positive tumor blood vessels 
in 73 cases of human invasive ductal carcinoma plotted as a function of (A) MVD (vessels/mm2) and (B) 
tumor size (cm3). No statistically significant correlation was found between Tie2 expression and either 
variable (p>0.05).
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Figure 10. Immunohistochemical staining for PDGFR-P demonstrating heterogeneous coverage of tumor 
blood vessels by PDGFR-p-expressing pericytes (as a surrogate marker for vessel maturity) in human 
invasive ductal carcinoma. Immunofluorescent staining for PDGFR-P (A, green) and CD31 (B, red), 
merged in panel (C), demonstrating PDGFR-p-negative (arrows) and PDGFR-p-positive (arrowheads) 
tumor blood vessels. Merged images in (D) and (E) show examples of PDGFR-P heterogeneity in tumors 
obtained from two additional patients. Scale bar in (E) represents 100 pm.
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N Mean % PDGFR-P+ vessels Range (%)
Nottingham grade

Low 24 77.8 +/- 2.78 53.8-100
Intermediate 23 79.5+/-3.16 44.4 - 100

High 22 75.8 +/- 3.66 39.7-96.1
Inflammation

No inflammation 12 79.6 +/- 3.87 53.8-92.9
Low 28 79.1 +/-2.81 44.4-100

Intermediate 15 81.9+/-3.30 48.1-100
High 14 69.0 +/- 4.67 39.7-100

ER status
Positive 59 78.0+/-1.87 44.4-100

Negative 10 76.5 +/- 6.32 39.7-100
PR status

Positive 32 79.0 +/- 2.33 51.4-100
Borderline 11 73.2+/-5.31 44.4-95.8

Negative 26 79.0 +/- 3.25 39.7-100
Lymph node status

Negative 26 79.5 +/- 2.85 39.7-100
Positive 34 74.7 +/- 2.49 44.4-96.1

Table V. Coverage of tumor blood vessels by PDGFR-0-expressing pericytes (as a surrogate marker for 
vessel maturity) was assessed in relation to histopathological parameters of tumor progression (Nottingham 
grade, level of inflammation, ER status, PR status and lymph node status) in 69 cases of human invasive 
ductal carcinoma by double-immunofluorescence for PDGFR-p and CD31. The mean values for average 
percentage of PDGFR-P-positive vessels were calculated along with the SEM. The proportion of PDGFR- 
P-positive tumor blood vessels ranged from 39-100%. No significant differences were observed with 
respect to any of the parameters of tumor progression available (p>0.05).
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(Table V). Regression analysis found no significant correlations between the proportion 

of PDGFR-P-positive vessels and tumor size or MVD (Figure 11A, B). In addition, there 

was no statistically significant association between the proportions of PDGFR-p- and 

Tie2-positive tumor blood vessels (Figure 1 IC).

Tie2 and PDGFR-P expression by tumor blood vessels and patient survival in 

human invasive ductal carcinoma

Long term follow-up data on patient survival was available through the MBTB for 

51 of the cases we had previously examined for vascular phenotype. As a result, we were 

interested in determining whether patient survival was impacted at all by endothelial Tie2 

expression or tumor blood vessel coverage by PDGFR-P-expressing pericytes. The 

median proportion of Tie2-positive vessels (96.4%) was used as a cutoff point to define 

‘high’ and ‘low’ Tie2-expressing tumors and a Kaplan-Meier log-rank test was 

performed to compare overall survival in patients with high and low Tie2 expression. 

There was no significant difference in long-term survival in patients with high (mean 

survival = 58 months) and low (mean survival = 60 months) Tie2 expression (Figure 

12A). Similarly, when cases were grouped by median proportion of PDGFR-P-positive 

tumor blood vessels (77%), no significant difference in long-term survival was revealed 

in tumors with high (mean survival = 88 months) and low (mean survival = 63 months) 

PDGFR-P expression (Figure 12B).
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Figure 11. Tumor blood vessel coverage by PDGFR-P-positive pericytes with mean relative proportion of 
PDGFR-0-positive vessels in 69 cases of invasive ductal carcinoma plotted as a function of (A) MVD 
(vessels/mm2), (B) tumor size (cm3) and (C) mean relative proportion of Tie2-positive vessels. Least 
squares regression analysis revealed no significant correlations between PDGFR-0 expression and any of 
the three variables (p>0.05).
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Figure 12. Survivorship plots (Kaplan-Meier log-rank test) showing overall survival in 56 patients with 
invasive ductal carcinoma. No significant differences in overall survival were observed when comparing 
patients with (A) a high (>%96.4) vs. low (<%96.4) mean relative proportion of Tie2-positive vessels 
(p=0.99) or (B) high (>77%) vs. low (<77%) mean relative proportion of PDGFR-p-positive vessels 
(p=0.48).
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DISCUSSION

The European Medicines Agency (EMEA) and United States Food and Drug 

Administration (FDA) approval of bevacizumab for first line treatment of metastatic 

breast cancer should be met with cautious optimism. In contrast to the efficacy of 

bevacizumab in pre-clinical models of breast cancer, clinical benefit in limited patient 

groups has been relatively modest, due to an incomplete understanding of concurrent 

angiogenic signaling, heterogeneous expression of target molecules, and tumor 

progression. Preliminary work in our laboratory has demonstrated heterogeneous 

endothelial expression of Tie2 in breast and other cancers, relative to pan-endothelial 

markers (Fathers et al. 2005). We have demonstrated that Tie2 expression can be 

dependent on tumor type and stage of progression; in addition, we have established that 

the proportion of Tie2-positive vessels is predictive of response to targeted anti-Tie2 

therapy in xenograft models of human melanoma and colorectal cancer (Fathers et al. 

2005).

While increased overall Tie2 levels have been demonstrated in human breast 

tumors (Rmali et al. 2007; Hayes et al. 2000; Sfiligoi et al. 2003; Dales et al. 2003; Van 

der Auwera et al. 2004), there is little information on endothelial-specific expression of 

Tie2 during disease progression. Vascular expression of Tie2 has been characterized in 

syngeneic transplantation tumor models utilizing spontaneous (Lin et al. 1998) and 

chemically induced (Stratmann et al. 2001) murine mammary cell lines, which lack many 

important features of human breast cancer angiogenesis and tumor progression. Here, we 

describe that vascular expression of Tie2 in 73 cases of human invasive ductal carcinoma, 

relative to the pan-endothelial marker CD31, was heterogeneous and independent of 
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histopathological markers of tumor progression, including Nottingham grade, 

inflammation, estrogen receptor (ER) and progesterone receptor (PR) status, lymph node 

status, tumor size and microvessel density (MVD). In contrast to previously reported 

data, we have also established that Tie2 expression in a cohort of breast cancer patients 

was not significantly correlated with overall survival.

We have also presented the first report of Tie2 expression in vasculature of 

MMTV-PyVmT transgenic mouse mammary tumors, a well-established model of human 

metastatic breast cancer. Similar to human invasive ductal carcinoma, the proportion of 

Tie2-positive vessels in MMTV-PyVmT tumors were heterogeneous but unchanged 

during tumor progression. To further investigate the potential influence of Tie2 

expression during breast tumor progression, we characterized the vascular expression of 

activated Tie2, using an antibody that detects phosphorylation of the intracellular kinase 

domain at tyrosine residue (pTie2Yl 100), on serial sections from a sample of MMTV- 

PyVmT tumors previously examined for native Tie2 expression. The proportion of 

pTie2Yl 100-positive blood vessels was heterogeneous but did not differ significantly 

when tumors were grouped by tumor morphology or overall tumor grade. Interestingly, 

we found a statistically significant increase in the proportion of pTie2Yl 100-positive 

vessels in tumors with intermediate/high nuclear grade relative to low nuclear grade. In 

addition, a significant proportion of Tie2-positive vessels were pTie2Yl 100-negative, 

suggesting a complex regulation of Tie2-dependent signaling. Due to the importance of 

Tie2-dependent signaling in pericyte recruitment, we also assessed the proportion of 

tumor blood vessels, in human invasive ductal carcinoma, invested by PDGFR-0-positive 

pericytes, as a marker of vessel maturity. In the cases examined, the proportion of
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PDGFR-P-positive blood vessels was heterogeneous, and independent of grade, 

inflammation, ER and PR status, lymph node status, tumor size, MVD and overall patient 

survival.

Histological evaluation of vascular phenotype: strengths and weaknesses

Tie2 mRNA has previously been shown to be elevated in breast tumors in a 

number of studies (Rmali et al. 2007; Hayes et al. 2000; Sfiligoi et al. 2003; Van der 

Auwera et al. 2004). Tie2 mRNA levels were elevated in tissue excised from 52 patients 

with malignant breast tumors, relative to normal breast tissue obtained from reduction 

surgeries. Elevated Tie2 expression was not found to correlate significantly with patient 

age, tumor size, lymph node status, tumor grade, vascular invasion, vascularity or 

vascular maturation (Currie et al. 2001). Determining mRNA levels involves tissue 

homogenization and provides no information on the tissue or cellular localization of Tie2 

expression. This ignores the contribution blood vessels in tumor-adjacent stroma or 

normal mammary tissue (likely included in tissue lysates) make towards estimates of 

Tie2 expression in breast tumors. In addition, recent evidence has demonstrated Tie2 

expression by epithelial cells, pericytes, fibroblasts, smooth muscle cells, neurons and 

glial cells, all of which may influence total Tie2 levels (Makinde and Agrawal 2008). 

Therefore, histological assessment of vascular phenotype is an essential aspect of 

determining the availability of target molecules for anti-angiogenic therapies. Using dual

immunofluorescence, we have clearly demonstrated that tumor endothelial cell 

expression of Tie2 and pTie2Yl 100, and vascular-associated pericyte expression of 

PDGFR-P, is heterogeneous relative to total tumor vascular content as assessed by CD31 

staining.
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In analyzing 909 human breast tumor cryosections, Tie2 expression was 

previously reported as heterogeneous; however, because Tie2-positive staining was 

limited to some endothelial cells or specific endothelial cell compartments within a 

vessel, the authors of this study concluded that making microvessel counts was 

uninformative and therefore did not attempt to quantitate such heterogeneity. Instead, 

absolute Tie2 levels were reported as percent Tie2-positive tumor surface area, and high 

Tie2-positive tumor surface area was determined to be an independent prognostic 

indicator of poor patient outcome and high risk of metastasis and relapse (Dales et al. 

2003). Previously, our laboratory did not find any evidence of Tie2-composite vessels in 

a small sample of human breast tumors (Fathers et al. 2005); additionally, we report here 

that in 73 breast tumor samples we found no evidence of Tie2-composite vessels. The 

one caveat to this is that our study likely lacks an adequate sample size; using 909 breast 

tumor cases, Dales et al. (2003) may well have observed a wider range of variability in 

Tie2 expression that is not present or obvious in our sample set of 73 tumors. In a number 

of other tumor types, our laboratory has demonstrated a small percentage of vessels 

which are a mosaic of Tie2-positive and Tie2-negative endothelial cells, with the 

proportion of Tie2-composite vessels dependent on tumor type. The relative proportion of 

Tie2-positive, Tie2-composite and Tie2-negative vessels was found to be predictive of 

response to targeted anti-angiogenic therapy specific to Tie2 in melanoma and colorectal 

cancer (Fathers et al. 2005). We are therefore confident that use of dual 

immunofluorescence for Tie2 and CD31 is in fact an acceptable histological method for 

performing semi-quantitative analysis of Tie2 expression that is potentially relevant to a 

clinical situation.
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Recently, the utility of classic pan-endothelial markers including CD34, CD31 

and vWF has come into question; many researchers have demonstrated heterogeneous 

staining of tumor blood vessels with pan-endothelial markers, which may preferentially 

stain larger vessels (Sharma et al. 2005). Criticism has been fueled by recent reports that 

intratumoral MVD is not always predictive of patient prognosis, despite its previous use 

as an independent predictor of breast tumor progression (Fox et al. 2007). This has 

yielded a number of other histological measures attempting to quantify breast tumor 

angiogenesis including total microvascular area (TVA), major and minor axis length, 

perimeter, compactness and shape factor and qualitative measures including vascular 

patterns, microvascular shape and complexity (Sharma et al. 2005). In our study we 

found no statistically significant differences in MVD when cases were grouped by 

Nottingham grade; in addition, MVD was unrelated to overall patient survival (data not 

shown). Using an immunohistochemical stain for CD31, counterstained with hematoxylin 

and eosin to observe tumor morphology, it would be possible to determine whether our 

pan-endothelial marker was, in fact, marking all blood vessels or was confined to larger 

vessels, and whether this may have impacted the estimations of MVD and Tie2 or 

PDGFR-p expression in the breast tumors analyzed. Alternatively, marked patient-patient 

variability in blood vessel density may have been the result of factors which are 

unexplainable with the information we have available.

It is unmistakable that standard histopathological assessments of tumor 

vasculature lack information on the angiogenic activity of tumor blood vessels - in 

assessing patient prognosis and potential response to anti-angiogenic therapy it is likely 

important to understand what proportion of tumor blood vessels are the result of actively 
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ongoing neo-angiogenesis or pre-existing vessels. CD 105 (endoglin), a co-receptor for 

TGF-pi, is a proliferation associated hypoxia inducible protein upregulated in activated 

endothelium, yet weakly expressed in mature blood vessels (Yao et al. 2005). CD 105 has 

been shown to be a better prognostic indicator of overall survival and risk of metastasis in 

breast cancer, as compared to standard MVD assessed by CD31, while Tie2 has been 

shown to be more indicative of local relapse, owing to its role in maintaining stable 

vasculature (Dales et al. 2004). It is therefore evident that criticism in using CD31 as a 

pan-endothelial marker is warranted in the context of angiogenic activity. A combination 

of pan-endothelial, proliferation-associated, and stability-associated (i.e. Tie2) markers 

would therefore give the most informative histological picture of breast tumor 

angiogenesis.

Another major downfall in using immunostaining for evaluating tumor 

angiogenesis is the need for excised tumor or biopsies. Alternatively, the levels of soluble 

Tie2 receptor (sTie2) in plasma have been investigated as a potential biomarker for tumor 

progression in breast cancer. A significant elevation in sTie2 protein in serum from breast 

cancer patients has been demonstrated relative to normal breast, and in biopsy proven 

breast cancer prior to surgery (Caine et al. 2003). Tie2 mRNA in serum was also 

increased significantly in infiltrating breast carcinoma (ductal and lobular) patients, as 

compared to cancer-free women but not in ductal carcinoma in situ (DCIS) patients 

(Sussman et al. 2003). Interestingly, a recent comparison was made between tumor blood 

vessel (by IHC) and plasma levels (by ELISA) of Tie2. While there were no differences 

in vascular Tie2 protein expression between breast cancer and benign breast disease, 

there was a significant increase in sTie2 in plasma (Caine 2007). This raises the 
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possibility that levels of sTie2 can be informative in assessing progression and selecting 

patients for anti-angiogenic therapies. It therefore seems important that future work in 

this area incorporate both tissue immunostaining and plasma protein analysis.

Utility of MMTV-PyVmT transgenic mice as a model of human breast cancer 

Tumor Progression

Despite differences in human and murine mammary gland biology (Cardiff and 

Wellings 1999), breast tumors in MMTV-PyVmT transgenic mice share a number of 

important features with human invasive ductal carcinoma, which may make them a more 

suitable model to use in assessing tumor progression than classical xenograft models 

(Guy et al. 1992). Morphologically, hyperplasias, adenoma/MIN, early and late 

carcinomas in MMTV-PyVmT mice are similar to the human terminal ductal lobular unit 

(TDLU), florid ductal epithelial hyperplasia, DCIS with stromal invasion and poorly 

differentiated invasive ductal carcinoma, respectively (Lin et al. 2003). Importantly, pre- 

malignant lesions from MMTV-PyVmT mice have been shown to produce invasive 

tumors with multiple phenotypes and variable metastatic potential, indicating that 

additional genetic mutations are required for progression to malignancy (Borowsky et al. 

2005; Maglione et al. 2001). In agreement, in addition to ‘classic’ invasive ductal 

carcinoma, we have observed tumors with a similar morphology to lobular, papillary and 

cribiform subtypes of invasive ductal carcinoma, indicating that MMTV-PyVmT mice 

model a range of breast tumor subtypes that arise at lower frequency in human invasive 

ductal carcinoma (Mallon et al. 2000); unfortunately, we were unable to obtain 

information on the exact human tumor subtype in the samples we obtained from the
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Manitoba Breast Tumor Bank (MBTB), which may have masked any existing differences 

in Tie2 expression.

At a molecular level, MMTV-PyVmT tumors are a model of HER-2 positive 

breast cancers (Guy et al. 1992), an alteration found to occur in 15-20% of human 

cancers (Mallon et al. 2000). We were unable to obtain the HER-2 status of our human 

samples, which again may have influenced the interpretation of our results. Mutations in 

oncogenes and tumor suppressor genes regulate the expression of Tie2 and other 

receptors involved in angiogenesis; mammary epithelial cells transformed by mutations 

in HER-2, ras, myc, raf, c-jun and src may therefore have a strong angiogenic phenotype 

(Arbiser et al. 1997; Okada et al. 1998). In addition, trastuzumab (which inhibits HER-2- 

dependent signaling) has anti-angiogenic action on breast cancer xenografts, by 

decreasing the expression of multiple pro-angiogenic molecules, and increasing TSP-1 

expression (Jain 2003). Early MMTV-PyVmT lesions are positive for ER-a and PR, with 

expression dropping off during progression (Lin et al. 2003). Previously, using 

ovarectomized MMTV-PyVmT mice, the VEGF-mediated angiogenic-switch was found 

to be estrogen dependent (Dabrosin et al. 2003). In our sample of human breast tumors 

we did not find an association between the proportion of Tie2-positive vessels and known 

ER or PR status, indicating that Tie2 expression is likely primarily regulated by paracrine 

and autocrine factors. In the future it would be interesting to determine whether this trend 

would hold true in MMTV-PyVmT mice.

In contrast to breast cancer cell lines grown as subcutaneous xenografts, MMTV- 

PyVmT tumors have a high reported incidence of metastasis to the lung (Guy et al. 

1992). We did not find a high incidence of macroscopic lung metastasis. Although this 
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does not rule out the presence of micrometastases, due to time constraints we have not 

been able to assess Tie2 expression in metastatic blood vessels. The differences we 

observed in metastatic frequency between our results and those previously reported could 

be a result of slight differences in tumor collection timepoints (Guy et al. 1992). 

Alternatively, tumor growth rates and metastatic frequency may have been altered in 

colony mice infected by EDIM (epizootic diarrhea of infant mice caused by a murine 

rotavirus). Although EDIM has its main effects on the gastrointestinal system, it is known 

to decrease overall immune function; due to the precipitous role the immune system has 

in accelerating tumor angiogenesis and tumor growth, it is tempting to speculate that our 

colony mice infected with EDIM may have exhibited delayed tumor onset and decreased 

metastasis. Importantly, we did observe invasive tumors, allowing for adequate 

comparison of Tie2 expression between human and MMTV-PyVmT ductal carcinomas. 

Assessment of Anti-angiogenic Therapy

Traditional preclinical tumor models used to assess targeted anti-angiogenic 

therapies have utilized human cancer cell lines grown subcutaneously (SC) in an immune 

compromised murine host. The standard anatomical location on the flank makes SC 

tumor cell implantation relatively simple, and tumors are easy to monitor and collect. 

Additionally, human cancer cell lines grown in immune-deficient mice have fairly 

consistent tumor growth curves, making anti-angiogenic drug trials easy to plan and 

compare between research groups. Previous work in our laboratory has indicated that 

tumor vascular phenotype, with respect to Tie2 and VEGFR2 expression, is consistent 

between xenograft tumors and human clinical specimens in melanoma and colorectal 

carcinoma (Fathers et al. 2005; Patten 2008). Xenograft models also have the benefit of 
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being mosaics, with human cancer cells and murine endothelium and stroma, allowing 

researchers to separate tumor and stromal effects. However, tumor-stroma interactions 

and immune involvement are essential to many features of tumor angiogenesis and tumor 

progression. Nude mice, with altered T and B cell function, have impaired angiogenesis, 

decreasing their potential utility as models for human cancer (Khanna et al. 2005).

To circumvent this problem, syngeneic mammary tumor models have been 

developed in which murine tumor cells are injected SC or implanted within the mammary 

fat pad, of a strain-matched, immune competent host. For example the 4T1 cell line, 

which originated from a spontaneous BALB/c mammary tumor, produce metastatic 

tumors in wildtype BALB/c mice with orthotopic or SC injection; subsequent selection 

has produced variants of the cell line which metastasize to lung, liver, bone and brain 

(Fantozzi et al. 2006). Murine mammary tumor cell lines are normally derived from 

homozygous inbred mice, indicating they lack genetic diversity and likely do not possess 

the same constellation of mutations or genetic instability that would be observed in 

human patients. In addition, significant differences in tumor angiogenesis exist between 

transplanted and non-transplanted tumors, which decrease their predictive power (Khanna 

et al. 2005).

In an attempt to circumvent some of the pitfalls associated with traditional 

preclinical tumor models, we have chosen to characterize the expression of Tie2 by tumor 

blood vessels in MMTV-PyVmT transgenic mice. A well-characterized feature of tumor 

progression in MMTV-PyVmT mice, during the transition of hyperplastic lesions to 

invasive disease, is the dependence on an angiogenic switch, which shares similarities to 

human breast cancer including a dramatic increase in MVD (Lin et al. 2003) and a 
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decreased expression of TSP-1 (Folkman 2003). The angiogenic switch is in part 

mediated by HIF-lalpha; MMTV-PyVmT/HIF-la -/- mice show delayed onset of tumor 

growth and slowed progression due to a reduced angiogenic response (Liao et al. 2007). 

Not surprisingly, MMTV-PyVmT mice with conditional endothelial cell overexpression 

of VEGF have an exuberant angiogenic response that promotes accelerated growth, 

progression and metastasis (Schoeffner et al. 2005). Recently, implantation of cell 

suspensions derived from MMTV-PyVmT tumors without exposure to culture conditions 

produced reproducible tumors, closely resembling MMTV-PyVmT parent tumors 

including a similar distribution and density of CD31-positive blood vessels (Varticovski 

et al. 2007).

Interestingly, we are the first to report on Tie2 expression in MMTV-PyVmT 

mice. The increased proportion of Tie2-negative vessels we observed in MMTV-PyVmT 

transgenic tumors, in contrast to human invasive ductal carcinoma, is likely a 

consequence of differences in angiogenic mechanisms that exist between transgenic 

models and human cancer. Irrespective of tumor type, size or growth rate, endothelial cell 

proliferation in human breast tumors is a rare event, indicating vessel co-option and 

intussusceptive microvascular growth (IMG) are likely dominant mechanisms of tumor 

vascularization in breast cancer (Fox et al. 1993). Resident mammary gland vessels that 

are hijacked, or co-opted, by carcinoma cells represent mature vasculature, in which Tie2 

expression and recruitment of pericytes promotes vessel stability and quiescence (Holash 

et al. 1999). IMG increases the complexity of vascular networks without endothelial 

sprouting or proliferation (Patan et al. 1996), in which signaling through Tie2 is the major 

candidate receptor promoting vessel survival and stability (Dome et al. 2007). In contrast, 
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endothelial cells in transgenic models of breast cancer proliferate 30- to 40- fold faster 

than in normal breast tissue, indicating that tumor blood vessels are undergoing constant 

remodeling and growth by sprouting angiogenesis (Fox et al. 1993). An increased 

proportion of blood vessels in our MMTV-PyVmT tumors, relative to the human tumors 

we analyzed, were likely in an immature or ‘plastic’ state, reflected by decreased Tie2 

expression and relatively low levels of pTie2Yl 100 in tumor blood vessels. If, in fact, 

differences do exist in the angiogenic mechanisms occurring in human cancer and 

MMTV-PyVmT mice, this could limit the usefulness of this model for comparison to 

human disease and use in assessment of anti-angiogenic therapy.

In contrast to mice, canines share genetic, anatomic and physiologic similarities to 

humans, and are exposed to identical environmental risk factors (Glickman et al. 1983). 

Mammary carcinomas in dogs are spontaneous, exhibiting tumor biology and behaviour 

that more closely resemble human disease (Vail et al. 2000; Hahn et al. 1994). In 

assessing novel anti-angiogenic therapies, canine mammary cancers progress more 

rapidly than human cancer and metastasize to lymph nodes, lung and bone (Khanna et al. 

2005). Most importantly, there are no gold standard therapies for canine mammary 

tumors, allowing for early and humane testing of novel drugs, compared to human 

clinical trials where end-stage disease is used (Khanna et al. 2005). In developed 

countries, canine neutering results in decreased hormonal exposure, leading to low 

incidences of mammary carcinoma in dogs, limiting their utility as a model. With the 

increased awareness for the establishment of canine tumor banks, canines may drastically 

improve the predictive power of pre-clinical therapy assessment.
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Factors influencing the proportion of Tie2-positive blood vessels

In human invasive ductal carcinoma and PyVmT mice, we have determined that 

Tie2 expression is heterogeneous. Although we observed no correlation between vascular 

Tie2 expression and known parameters of tumor progression, there are a number of 

factors which may influence the proportion of Tie2-positive and negative vessels in 

breast cancer.

Inflammation

Inflammation is an integral aspect of tumor angiogenesis and tumor progression. 

In human breast cancer, inflammatory cell infiltration is associated with high MVD and 

poor prognosis. Inflammatory breast cancers (IBC) have increased total mRNA 

expression of KDR, Angl, Tiel and Tie2 when compared to non-IBC, suggesting that 

Tie2 expression may be directly regulated by inflammation (Van der Auwera et al. 2004). 

Breast carcinomas are known to contain a high proportion of tumor associated 

macrophages (TAMs) (Jain and Rak 2003). Increased production of colony-stimulating 

factor (CSF)-l in some breast tumors increases the proportion of TAMs, which become 

concentrated in necrotic regions of tumors (Jain and Rak 2003). Additionally, PyVmT- 

CSF1-/- mice have delayed onset of tumor growth and progression and show a decreased 

metastatic potential (Lin et al. 2006). TAMs can express both CD31 and Tie2 (Lin et al. 

2007); due to the often elongated morphology of macrophages in routine histology, it is 

possible that Tie2-positive TAMs were counted as microvessel in our study, influencing 

the proportion of Tie2-positive blood vessels counted in tumor sections, especially in 

necrotic regions.
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A population of Tie2-expressing monocytes (TEM) has been described which 

may comprise up to 20% of circulating monocytes (De Palma et al. 2005). Selective 

ablation of TEMs in mice results in greatly reduced angiogenesis, demonstrating their 

pro-angiogenic function (De Palma et al. 2003). Breast tumor derived Ang2 mediates 

TEMs migration through Tie2-activation (Lewis et al. 2007). Hypoxia is known to 

increase endothelial Ang2 production and the expression of Tie2 on the surface of 

infiltrating monocytes (Murdoch et al. 2007), indicating TEMs can concentrate in 

hypoxic regions of breast tumors; extravasating TEMs therefore may have increased the 

number of Tie2-positive blood vessels counted in hypoxic regions. This likely 

contributed to the variability in Tie2-positive blood vessels we observed between cases, 

as we did not determine whether areas we sampled within breast tumors were hypoxic 

using a hypoxia marker such as carbonic anhydrase IX.

We have found Tie2 expression to be independent of an increased level of 

inflammation in human breast tumors. This could indicate that regional distribution of 

TAMs and TEMs within individual tumors influenced Tie2-positive blood vessel counts 

rather than overall inflammation between cases. The relative proportion of Tie2-positive 

blood vessels was increased in all human breast tumors compared to MMTV-PyVmT 

mice; it is therefore tempting to speculate that an increased proportion of TAMs and 

TEMs are present in human breast tumors. Endothelial Tie2 expression may also be 

regulated directly by tumor derived pro-inflammatory cytokines in a manner unrelated to 

overall level of inflammation; induction of endothelial Tie2 expression is known to be 

regulated by a number of pro-inflammatory cytokines, including TNF-a, interleukin (IL)- 

ip and VEGF (Shim et al. 2007). Interestingly, transgenic mice with inducible Tie2 
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expression under the control of the Tie2 promoter exhibit a psoriasis-like inflammatory 

condition, which is resolved upon removal of expression, indicating Tie2 may in fact be a 

regulator of inflammation, although this is not clear from our data (Voskas et al. 2005). 

Ang/VEGF-mediated postnatal vasculo genesis

Postnatal vasculogenesis, involving the recruitment of bone-marrow derived 

endothelial progenitor cells (EPC), has been estimated to respresent 1-12% of human 

breast tumor vascularization (Peters et al. 2005). Angl has been demonstrated to reduce 

recruitment by enhancing EPC binding by osteoblasts in the bone marrow niche (Garmy- 

Susini and Varner 2005). In contrast, Ang2 and VEGF promote the migration of EPC and 

incorporation into newly forming blood vessels, at least in vitro (Gill et al. 2005). 

Preliminary work in our laboratory has identified a number of bovine EPC clones which 

express differential levels of Tie2 and VEGFR2 (Una Adamcic, personal 

communication). Dependent on the levels of Angl, Ang2 and VEGF in the tumor 

microenvironment, it is therefore possible that Tie2-positive and Tie2-negative EPC 

could be contributing to breast tumor blood vessels, influencing the proportion of Tie2- 

positive vessels.

Tumor morphology and regional blood vessel distribution

Assessment of morphology is an important aspect of tumor grading. In addition to 

nuclear grade and mitotic index, Nottingham grade in human breast cancer assesses the 

level of tumor differentiation in the form of tubule formation, while differentiation of 

acinar, glandular, papillary and cribiform subtypes were assessed in staging tumors from 

MMTV-PyVmT transgenic mice. Analysis of normal human breast adjacent to malignant 

tissue has indicated that functional alterations in mammary gland vasculature can occur 
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prior to observable tumor morphological changes (Lichtenbeld et al. 1998) suggesting 

expression of endothelial receptors in angiogenesis is likely regulated independent of 

tumor morphology. Orthotopic implantation of human breast tumor-adjacent fragments in 

mammary fat pads of immune-deficient mice induced angiogenesis more frequently than 

normal tissue from breast-reduction surgery (Lichtenbeld et al. 1998). Similarly, 

significant heterogeneity in vascular patterning was reported in 75 patients with similar 

DCIS lesions, which were characterized by a significant increase in stromal vascularity 

relative to normal breast, or a dense rim of microvessels adjacent to the basement 

membrane. The distribution of these two distinct vascular patterns varied significantly 

between patients, as well as within different regions of the same tumor (Engels et al. 

1997). It is therefore not very surprising that we observed no correlation between the 

proportion of Tie2-positive vessels and tumor morphology in human breast tumors or 

MMTV-PyVmT transgenic mice. In a recent study investigating a model of rat 

rhabdomyosarcoma, tumors were separated into four regions, including the tumor 

surrounding zone (TSZ), tumor marginal zone (TMZ), tumor intermediate zone (TIZ) and 

tumor centre (TCZ). Tie2 expression by tumor blood vessels in the TMZ and TIZ was 

found to be significantly greater than by larger blood vessels of the TSZ and TCZ, 

indicating that vascular phenotype may be dependent on tumor region (Tilki et al. 2007). 

In completing our analysis of human and MMTV-PyVmT breast tumors, Tie2-positive 

and Tie2-negative vessel counts from all regions analogous to those examined in rat 

rhabdomyosarcomas were pooled. As such, we are unable to know from our data whether 

differences in regional expression of Tie2 exist, although future analysis in this area 

would be warranted.
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Factors influencing the proportion of pTielYl 100-positive blood vessels

Three tyrosine residues (highly conserved among vertebrate species) located in 

the cytoplasmic domain of Tie2 function as autophosphorylation sites allowing for the 

recruitment of downstream signaling proteins with Src homology 2 (SH2) and 

phosphotyrosine binding domains (Peters et al. 2004). The p85 regulatory subunit of 

phosphatidylinositol 3-kinase (PI3K) binds to phosphorylated tyrosine residue 1100, 

leading to PI3K activation, which then promotes endothelial cell survival and motility 

(Fujikawa et al. 1999; Jones et al. 1999; Kontos et al. 1999; Papapetropoulos et al. 1999). 

ShcA is also recruited to tyrosine residue 1100, regulating endothelial sprouting and 

migration (Audero et al. 2004). Tyrosine phosphorylation of DokR, upon binding to 

tyrosine residue 1106, regulates intracellular signaling complexes which include RasGAP 

and Nck/Pak, and promotes Angl-dependent endothelial cell migration (Jones et al. 

2003; Master et al. 2001). A third autophosphorylation site exists at tyrosine residue 1111 

which associates with the adaptor protein Grbl4, although signaling events downstream 

of this interaction are not well defined (Huang et al. 1995; Jones et al. 1999).

Transgenic mice expressing a mutant form of Tie2 which cannot be 

phosphorylated specifically at Y1100 (Tie2Fl 100 mice) die in utero, sharing similar 

features to Tie2-null embryos including defects in the heart and angiogenesis; in addition, 

Tie2Fl 100 embryos present with impaired endothelial cell development and 

hematopoiesis in the paraaortic splanchnopleural mesoderm region (Tachibana et al. 

2005). Interestingly, perivascular cell recruitment is unaffected in vessels in the head 

region of Tie2Fl 100 embryos, suggesting alternate tyrosine residues such as Y1106 and 

Y1111 may be primarily responsible for vascular stability in these regions (Tachibana et 
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al. 2005). This indicates that the functions of Tie2 during embryonic development are 

likely influenced by the action of specific tyrosine residues. In MMTV-PyVmT tumors 

we found the distribution of vessels expressing Tie2, phosphorylated specifically at 

Y1100 (pTie2Yl 100), to be highly heterogeneous. The proportion of pTie2Yl 100- 

positive blood vessels was significantly lower relative to native Tie2, indicating Y1100- 

dependent activation was only occurring in a percentage of Tie2-positive blood vessels. It 

is therefore tempting to speculate that the function of Tie2 in breast tumor angiogenesis is 

influenced by signaling through specific tyrosine residues as during embryonic 

development. In the future, this could be investigated further by characterizing the 

expression of additional tyrosine residues of the Tie2 receptor including Y1106 and 

Yllll.

In investigating tumor progression, we found no change in vascular pTie2Yl 100 

levels when tumors were grouped by morphology or overall grade, while there was a 

statistically significant difference in the proportion of pTie2Yl 100-positive vessels in 

low versus intermediate/high nuclear grade tumors. Interestingly, there was no correlation 

between the proportions of Tie2- and pTie2Yl 100-positive vessels, indicating that 

regulation of Tie2 expression and pTie2Yl 100 activation may be independent. There are 

a number of mechanisms which may have regulated the heterogeneous activation of Tie2 

(at Y1100) we observed in breast tumor blood vessels.

Tie2 mutations

Activating and dominant-negative mutations in endothelial Tie2 have been 

described in venous malformations (Limaye et al. 2009). Mutations in the kinase domain 

of Tie2 could inhibit binding of our pTie2Yl 100-specific antibody, which could 
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contribute to a decreased pTie2Yl 100/Tie2 ratio, or to differences in pTie2Yl 100 

expression within or between tumors (Eklund et al. 2006).

Endothelial tip and stalk cells

During sprouting angiogenesis, a newly forming microvessel is composed of 

endothelial tip and stalk cells. While tip cells sample the tumor microenvironment and 

follow chemoattractants using multiple filopodial extensions, stalk cells form endothelial 

junctions and take on a mature endothelial phenotype. Paracrine signaling between tip 

cells, stalk cells, and pericytes normally tightly regulates endothelial cell fate and 

vascular stability (London et al. 2009). In stalk cells, pericyte-derived Angl inhibits 

VEGF-induced Src activation and resultant VE-cadherin degradation (Gavard et al. 

2008). Recently, Slit/Robo4 signaling has also been implicated in maintaining stalk cell 

quiescence (Jones et al. 2008). In addition, tip cells express membrane-bound delta-like 4 

(DIM), which signals through Notch on stalk cells, inducing a stalk-phenotype (Hellstrom 

et al. 2007). Angl overexpression in MCF-7 mammary tumor xenografts has been 

demonstrated to inhibit tumor angiogenesis and tumor growth by increasing pericyte 

coverage, ostensibly through hyper-phosphorylation of Tie2 (Hayes et al. 2000). In 

contrast, tumors expressing soluble DIM, which acts to inhibit Notch-dependent 

signaling, results in increased angiogenesis that may be due to an increased proportion of 

tip cells which may not utilize Tie2-dependent signaling (Noguera-Troise et al. 2006), 

contributing to a decreased proportion of pTie2Yl 100-positive vessels. Overall, 

understanding the integration of Angl/Tie2, Slit/Robo4 and DIM/Notch pathways in 

endothelial cell identity and quiescence could be informative to understanding the 

pTie2Yl 100 levels we observed in MMTV-PyVmT breast tumors.
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Cell-cell/cell-ECM contacts

In vitro, Angl was found to bridge Tie2 at cell-cell contacts, leading to 

preferential activation of Akt-dependent signaling; in contrast, ECM-bound Ang-1 

phosphorylates Tie2 at cell-ECM contacts leading to Erk-dependent signaling (Fukuhara 

et al. 2008). While matrix-bound Angl induced cell adhesion, motility, and Tie2- 

phosphorylation at cell-matrix contacts located at the trailing edge of migrating 

endothelial cells, Angl-induced Tie2 phosphorylation at cell-cell contacts promoting 

survival and anti-permeability signaling (Saharinen et al. 2008). Preferential activation of 

specific Tie2-tyrosine kinase residues may therefore be dependent on differential cellular 

contacts in tumor blood vessels.

Angl/Ang2 and tumor microenvironment

Angl and Ang2 have been found to be upregulated in a number of cancer types, 

including breast cancer, by pericytes (Angl), endothelial cells (Ang2) or by tumor cells 

themselves (Angl and Ang2). The effects of Angl and Ang2 overexpression on tumor 

angiogenesis seem to be context-dependent. In a prostate cancer model transfected with 

Angl, there was a decreased number of mural cells associated with tumor blood vessels, 

especially in the tumor core (Satoh et al. 2008). An Angl-specific RNA aptamer blocked 

Tie2 phosphorylation, downstream Akt activation, endothelial cell survival and pericyte 

coverage (White et al. 2008). Systemic overexpression of Ang2 was demonstrated to 

cause massive tumor regression without concurrent VEGF inhibition, by impairing 

pericyte coverage, creating vessel normalization, inhibiting tumor angiogenesis, 

promoting apoptosis and inhibiting tumor growth (Huang et al. 2009). An Ang2 specific 

RNA aptamer, in a colon cancer xenograft model, inhibited Tie2 phosphorylation, 
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reduced vascular length density (decreased CD31 staining) and decreased tumor volume 

(Sarraf-Yazdi et al. 2007). The effects of Angl and Ang2 levels on tumor angiogenesis 

may be dependent on the specific vascular bed adopted by the growing tumor. Transgenic 

systemic overexpression of Angl results in an enlarged spleen and kidneys, enlarged 

blood vessels at the liver surface and abnormal liver lymphatic vessels (Haninec et al. 

2006); in contrast, systemic overexpression of Ang2 increases the diameter of myocardial 

coronary vessels, decreases the density of endocardial vessels, and increases the diameter 

of blood vessels in the lung (Bureau et al. 2006).

The overall pattern of Ang expression in human breast cancer seems to favor a 

decreased ratio of Ang-l/Ang-2. Endothelial Ang2 expression is heterogeneous in breast 

tumors. In hypoxic and necrotic regions, HIF-la has been demonstrated to induce Ang2 

in a subset of endothelial cells (Shim et al. 2007). In 198 breast tumors evaluated by IHC, 

Ang2 expression correlated with MVD, mainly localized in areas of neovascularization 

(Tsutsui et al. 2006). Regional distribution of Ang2 expression could therefore greatly 

influence the proportion of pTie2Yl 100-positive blood vessels. Levels of VEGF in the 

tumor microenvironment also regulate the expression of Ang2 and phosphorylation of 

Tie2. In an ovarian cancer model, tumor-derived VEGF has been demonstrated to 

increase the expression of Ang2, leading to an increased level of pericyte loss and 

decreased vessel stability (Zhang et al. 2003). At sites of active remodeling, concurrent 

expression of Ang2 and VEGF promotes pericyte detachment, endothelial survival and 

VEGF-induced mitogenesis and migration. In contrast, Ang2-mediated destabilization 

leads to vessel regression without concurrent expression of VEGF (Holash et al 1999).
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Tiel

Despite being classified as an orphan receptor tyrosine kinase, Tiel is thought to 

have an important role in vascular development and postnatal angiogenesis. Tie 1 -/- mice 

die El 3.5 with an increased density of immature vessels leading to severe hemorrhage 

and edema, suggesting a role in modulating Tie2-mediated vessel stability (Puri et al. 

1995; Sato et al. 2005). In adult somatic vasculature, expression of Tiel is upregulated in 

blood vessels actively undergoing angiogenesis in healing wounds. Tiel can form 

heterodimeric complexes with Tie2 via its extracellular domain, decreasing ligand 

responsiveness and limiting ligand availability. In addition, Tiel undergoes ectodomain 

cleavage, generating a membrane tethered endodomain which is thought to participate in 

intracellular signaling; VEGF-mediated proteosomal degradation of the Tiel endodomain 

limits its signaling capacity (Marron et al. 2007). Angl was recently found to bind and 

phosphorylate Tiel in human umbilical vein endothelial cells (HUVEC) in vitro, 

activating Akt-mediated survival, although similar results have yet to be demonstrated in 

vivo (Milner et al. 2009).

In vitro, co-expression of Tiel in endothelial cells has been shown to mediate 

Angl - and Ang2-dependent Tie2 phosphorylation, without affecting Tie2 receptor 

expression at the cell membrane (Marron et al. 2007). Additional evidence for this comes 

from investigation of Tie2-positive EPC. In vitro and in vivo, Ang2 was found to 

promote Tie2-dependent pro-angiogenic behaviour in human cord blood-derived EPCs, 

but not HUVECs. Further analysis revealed Tie2 receptors on HUVECs were bound by 

Tiel, while EPC Tie2 receptors were unbound (Kim et al. 2006). Tiel mRNA expression 

is increased in breast tumors; while Tiel expression and activation have been reported in

78



MCF-7 and inflammatory human breast cancer cell lines in vitro (Rees et al. 2007; 

Shirakawaka et al. 2001), endothelial Tiel expression has yet to be characterized in 

breast tumors. Using immunostaining, it would be interesting to investigate endothelial 

expression of Tiel, to determine whether tumor blood vessels we examined in PyVmT 

tumors, classified as pTie2Yl 100-positive, co-express Tie2 and Tiel.

Factors influencing the proportion of PDGFR-p-positive blood vessels

The success of targeted anti-angiogenic therapy depends on the relative 

abundance of newly-formed and mature vessels. Mammary tumor pericyte abundance has 

been shown to be influenced by Tie2-depdendent signaling. In M6378 murine mammary 

tumors, Angl was expressed by tumor cells, but no Ang2 was detectable in endothelial 

cells, while M6363 tumors did not express Angl and had Ang2 in tumor endothelium. 

M6378/Ang2 and M6363 tumors had similar tumor vascular morphology, including 

intratumoral hemorrhages, a high proportion of non-functional and abnormal blood 

vessels, pericyte loss and increased endothelial cell apoptosis, indicating the cellular 

localization and abundance of Angl and Ang2 is vital to tumor blood vessel morphology 

and functionality (Reiss et al. 2009). In order to assess the maturity of vasculature in 

human invasive ductal carcinoma, we characterized the proportion of PDGFR-P-positive 

blood vessels. We found no significant differences in the proportion of PDGFR-P- 

positive blood vessels in tumors grouped by Nottingham grade, inflammation, ER/PR 

stams, lymph node status, tumor size or MVD.

PDGFR-P expression has previously been demonstrated in the stroma of breast 

cancer, where a causal role exists for PDGFR-p-dependent signaling in desmoplastic 

responses (Ostman et al. 2004). Forced overexpression of PDGF-BB by tumor cells 
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increased abundance of pericytes and xenograft tumor growth, with no apparent increase 

in vessel density indicating PDGF-BB-dependent signaling had functional, rather than 

structural, effects on tumor blood vessels (Ostman et al. 2004). In MMTV-Neu/TGF-p 

transgenic mice, autocrine PDGF/PDGFR-P signaling by mammary tumor cells promoted 

survival during epithelial-to-mesenchymal transition (EMT), enhancing metastasis 

(Jechlinger et al. 2006). We have demonstrated a great deal of variability in the 

proportion of PDGFR-P-positive blood vessels between cases, ranging from 39-100%. 

This variability in PDGFR-P-positive pericyte coverage agrees with the conflicting nature 

of previously reported data. In 75 human breast tumor biopsies, blood vessels were 

described as being greatly enlarged and thickened, with over 90 percent of samples 

containing PDGFR-P-positive pericytes (Ostman 2004). In contrast, human mammary 

carcinomas have been reported to exhibit a relatively dramatic reduction in pericyte 

density as compared to normal breast tissue (Bergers et al. 2005). Although mainly 

described as originating from mesenchymal stem cells, pericytes can develop from a 

variety of cell types depending on location, and can have a variety of tissue specific 

functions. Expression of typical pericyte markers, including desmin, a-smooth muscle 

actin, PDGFR-P, NG2 and RGS-5 is developmental-stage, tumor type and even blood 

vessel specific; consequently, it has been a challenge defining pericyte coverage in tumor 

blood vessels due to the lack of a reliable pan-pericyte marker (Bergers 2005). Recently, 

tumor-specific markers of vascular maturation have been characterized in breast cancer. 

Endosialin (Teml) was found to be expressed by tumor associated pericytes and 

myofibroblasts in colorectal carcinoma, but not in normal human tissues (Christian et al. 

2008). The expression a novel BM component, LH39, was characterized in 50 human 
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breast tumors and 12 normal human breast tissue samples. LH39 is present in the BM of 

mature small veins and capillaries, but not in newly formed vessels. The vascular 

maturation index (VMI) of tumors was much lower than in normal breast tissue;

however, there was no correlation between VMI and ER status, HER-2 status, grade or 

angiogenesis (Kakolyris et al. 2000). It would be interesting to characterize the 

expression of such markers in human invasive ductal carcinoma and MMTV-PyVmT 

tumors, to compare the utility of PDGFR-p as a tumor-associated pericyte marker and to 

assess whether vascular maturation changes during tumor progression.

Caveat: Tie2-positive mammary carcinoma cells

In addition to endothelial expression, we observed groups of Tie2+/C31- cells 

with a mammary carcinoma cell-morphology in a number of MMTV-PyVmT tumors (in 

order to fully confirm mammary-epithelial tumor cell identity immunostaining for the 

PyVmT oncoprotein would be required). This is the first report of Tie2 expression by 

mammary tumor cells in a transgenic model of breast cancer. Expression of Tie2, both 

mRNA and protein, has been detected in a number of human breast cancer cell lines 

analyzed (Hayes et al. 2000), in human breast cancer samples (Rmali et al. 2007) and in 

inflammatory breast cancer cells (Shirakawaka et al. 2001). Vascular mimicry is a form 

of EMT in which aggressive tumor cells adopt an endothelial phenotype and conduct the 

flow of blood. While poorly metastatic MCF-7 cells express very low levels of VEGF, 

aggressive MDA-MB-231 cells express thrombin receptor, Tie2, CD31 and VEGF and 

closely resemble HUVECS in morphology (Hendrix et al. 2000). In 331 human breast 

tumors, cases with evidence of vascular mimicry were associated with a higher risk of 

vascular metastasis, recurrence and a poorer prognosis (Shirakawa et al 2001). It is 
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possible that the clusters of Tie2-positive tumor cells we observed were in a transitional 

state, expressing some endothelial markers but not fully transformed. Interestingly in 

serially stained sections, we did not observe pTie2Yl 100-positive carcinoma cells, 

indicating that Tie2-dependent survival signaling was not activated. In a population of 

Tie2+/CD31-/GFAP+ cells, described in human glioma, Tie2 expression was associated 

with increased adherence to collagen I and IV, and progression from low to high grade, 

indicating a role for Tie2 in invasion and metastasis (Lee Ok-Hee et al. 2006). It would 

be interesting to quantify the abundance of Tie2+/CD31- mammary tumor cells in 

MMTV-PyVmT tumors to determine whether a similar pattern could be deciphered.
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SUMMARY AND CONCLUSIONS

We have investigated expression of the endothelial receptor tyrosine kinase Tie2, 

which plays a complementary role to VEGF-dependent tumor angiogenic signaling by 

modulating pericyte recruitment and blood vessel quiescence, in breast tumor blood 

vessels. In 73 cases of invasive ductal carcinoma of the breast, we have identified marked 

heterogeneity of Tie2 expression by tumor blood vessels. The proportion of Tie2-positive 

vessels, relative to CD31-positive vessels, varied between patients and within individual 

tumors, ranging from 71-100%. Our laboratory has previously established that tumor 

xenografts which produce a high proportion of Tie2-positive vessels, such as human 

colorectal carcinoma, respond better to Tie2-specific anti-angiogenic therapy than tumors 

with relatively low Tie2 expression, such as melanoma. Our results indicate the 

likelihood of variable patient response to Tie2-specific, targeted anti-angiogenic therapy 

in human metastatic breast cancer, highlighting the need to be able to identify patient 

groups who would see the greatest benefit.

Due to the importance of tumor angiogenesis in the progression of invasive ductal 

carcinoma, we hypothesized that patient groups categorized by histopathological 

measures of tumor progression may have similar proportions of Tie2-positive vessels. 

However, we found no correlation between Tie2 expression and Nottingham grade, 

inflammation, lymph node status, ER and PR status, tumor size or MVD. Contrary to 

previously reported findings, we have also failed to find a correlation between Tie2 

expression and overall patient survival in metastatic breast cancer. We believe that this is 

due, at least in part, to differences in estimating tumor Tie2 expression and discrepancies 

in sample size (we used a much lower n value compared to Dales et al. in 2003). To our
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knowledge, this is the first report investigating the relative proportion of Tie2-positive 

blood vessels in clinical human metastatic breast cancer specimens, rather than overall or 

absolute levels of Tie2. Aside from experimental differences, there are a number of 

paracrine factors in the tumor microenvironment which may have influenced, or be 

influenced by, the heterogeneity in Tie2 expression we observed, independent of tumor 

progression; investigation into such factors will be required to better characterize Tie2 

expression in metastatic breast cancer, before Tie2-directed anti-angiogenic therapies can 

be designed which have maximum clinical benefit in specific patient groups.

Due to the importance of complementary signaling between Angl-Tie2 and 

PDGFB-PDGFR-p that occurs between endothelial cells and pericytes during pericyte 

recruitment, we have characterized the proportion of PDGFR-P-positive blood vessels in 

human invasive ductal carcinoma. In 69 cases of invasive ductal carcinoma, we have 

demonstrated striking heterogeneity in the proportion of PDGFR-p-positive vessels, 

ranging from 39-100%, although this was unrelated to histopathological markers of tumor 

progression or overall patient survival. Conceptualizing the potential impact of the 

variability we have observed in breast tumor blood vessel coverage by pericytes is 

difficult, due to an incomplete understanding of the role of tumor pericytes in targeted 

anti-angiogenic therapy. Blood vessels invested by tumor pericytes are thought to be 

resistant to VEGF blockade, which may be beneficial in providing a route of delivery for 

standard cytotoxic chemotherapy drugs. Conversely, a number of multi-targeted kinase 

inhibitors, which inhibit VEGFRs and the pericyte receptor PDGFR-p, have shown 

efficacy in pre-clinical tumor models and Phase II clinical trials, indicating tumor
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pericytes can act as complimentary targets to endothelial cells in vascular-specific 

therapies.

Due to the potential issues associated with traditional pre-clinical models of 

breast cancer used to assess targeted anti-angiogenic therapies, we characterized the 

expression of Tie2 by tumor blood vessels in MMTV-PyVmT transgenic mice, which 

share a number of common features to human invasive ductal carcinoma; we have 

demonstrated heterogeneity in Tie2 expression unrelated to histopathological markers of 

MMTV-PyVmT tumor progression. Interestingly, the overall proportion of Tie2-positive 

vessels was reduced compared to what we earlier characterized in human breast tumors, 

suggesting differential regulation and different mechanisms of angiogenesis in human 

and murine tumors, which may decrease the utility of this model for use in assessment of 

Tie2-directed, anti-angiogenic therapy; future research is warranted to investigate the 

mechanisms responsible for differences observed in Tie2 expression in human invasive 

ductal carcinoma and MMTV-PyVmT mice. Finally, utilizing serial sections of MMTV- 

PyVmT tumors examined for Tie2 expression, we employed an antibody specifically 

recognizing phosphorylation at Y1100 of the intracellular Tie2 kinase domain, 

demonstrating that a significant proportion of Tie2 positive vessels are in fact 

pTie2Yl 100-negative. The proportion of pTie2Yl 100-positive blood vessels was 

heterogeneous and independent of tumor morphology and tumor grade. In contrast, the 

proportion of pTie2Yl 100-positive blood vessels was significantly different in low 

versus intermediate/high nuclear grade tumors. This indicates multi-factorial, context 

dependent activation of specific Tie2-dependent signaling pathways (mediated by 

specific tyrosine residues of the intracellular kinase domain) in breast tumor blood
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vessels; elucidation of the factors responsible for differential activation of the Tie2 

receptor could provide information relevant to understanding the often context dependent 

action of Tie2-directed anti-angiogenic therapies that have been described in pre-clinical 

tumor models of breast cancer.
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APPENDIX I - CHEMICAL LIST AND SUPPLIERS

CHEMICALS

50 bp DNA Ladder
Amphotericin B
Acetone
Agarose
Alexa Fluor 350 donkey anti-goat
Alexa Fluor 488 donkey anti-rabbit
Alexa Fluor 488 goat anti-mouse
Alexa Fluor 488 goat anti-rabbit
Alexa Fluor 546 donkey anti-goat 
Boric Acid
Bovine Pituitary Extract (BPE)
Citric Acid
Collagenase from Clostridium 
histolyticum, type VII
Clotisol
Cy3 donkey anti-goat
Cy3 donkey anti-rat
Cy3 goat anti-rabbit
DAKO Fluorescent Mounting Medium
DAKO Protein Blocking Solution
DAPI (4', 6-diamidino-2-phenylindole)
Dimethyl Sulfoxide (DMSO)
DNA Loading Dye
DNA Reaction Buffer
DNeasy Blood and Tissue Kit 
dNTP mix (lOmM)
Dulbecco’s Modified Eagles Medium
EDTA
Eosin
Ethidium Bromide
Fetal Bovine Serum (FBS)
FITC-conjugated anti-a smooth 
muscle actin antibody
Formalin (10% Buffered)
Gentamycin
Goat anti-CD31 (M-20)
Hematoxylin (Meyer’s)
HuMEC Basal Serum Free Medium
HuMEC Supplement
Isopropyl Alcohol
Magnesium Chloride
Methanol

SUPPLIERS

Fermentas Canada, Mississauga, ON
Fisher Scientific, Nepean, ON
Fisher Scientific, Nepean, ON
Fisher Scientific, Nepean, ON
Invitrogen, Burlington, ON
Invitrogen, Burlington, ON
Invitrogen, Burlington, ON
Invitrogen, Burlington, ON
Invitrogen, Burlington, ON
Fisher Scientific, Nepean, ON
Invitrogen, Burlington, ON
Fisher Scientific, Nepean, ON
Sigma-Aldrich, Toronto, ON

CEVA Animal Health, Manchester, MO
Jackson ImmunoResearch, West Grove, PA
Jackson ImmunoResearch, West Grove, PA
Jackson ImmunoResearch, West Grove, PA 
DakoCytomation, Mississauga, ON 
DakoCytomation, Mississauga, ON 
DakoCytomation, Mississauga, ON
Fisher Scientific, Nepean, ON
Fermentas Canada, Mississauga, ON
Invitrogen, Burlington, ON
Qiagen Inc., Mississauga, ON
Fermentas Canada, Mississauga, ON
Sigma-Aldrich, Mississauga, ON
Fisher Scientific, Nepean, ON
Fisher Scientific, Nepean, ON
Bio-Rad Laboratories, Mississauga, ON
Sigma-Aldrich, Mississauga, ON 
Sigma-Aldrich, Mississauga, ON

Fisher Scientific, Nepean, ON
Fisher Scientific, Nepean, ON
Santa Cruz Biotechnology, Santa Cruz, CA
Fisher Scientific, Nepean, ON
Invitrogen, Burlington, ON
Invitrogen, Burlington, ON
Fisher Scientific, Nepean, ON
Invitrogen, Burlington, ON
Fisher Scientific, Nepean, ON
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Mouse anti-Tie2 antibody
Normal Goat Serum
Normal Donkey Serum
Phosphate Buffered Saline (10X)
PhosSTOP Tablets
PCR Primers
Rabbit anti-desmin antibody
Rabbit anti-PDGFRP antibody
Rabbit anti-pTie2(Yl 100) antibody
Rabbit anti-Tie2 antibody (C-20)
Rat anti-CD31 antibody
Shandon Cryomatrix
Sodium Citrate Monohydrate
Sodium Pyruvate
Taq Polymerase
Tris Base
Trypsin (ATV)

Tween-20
Xylene

BD Biosciences, Mississauga, ON 
Sigma-Aldrich, Toronto, ON 
Sigma-Aldrich, Toronto, ON 
Sigma-Aldrich, Toronto, ON 
Roche, Mississauga, ON 
Sigma-Aldrich, Toronto, ON 
AbCam, Cambridge, MA 
Cell Signaling Technology, Danvers, MA 
R&D Systems, Minneapolis, MN 
Santa Cruz Biotechnology, Santa Cruz, CA 
Hycult Biotechnology, Uden, NL 
Fisher Scientific, Nepean, ON 
Fisher Scientific, Nepean, ON 
Sigma-Aldrich, Toronto, ON 
Invitrogen, Burlington, ON 
Fisher Scientific, Nepean, ON 
Department of Pathobiology, Ontario 
Veterinary College, Guelph, ON 
Fisher Scientific, Nepean, ON 
Fisher Scientific, Nepean, ON
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APPENDIX II - PREPARATION OF MATERIALS

Sodium Citrate (pH 6.0)

[A] 0.1M sodium citrate: 14.7 g sodium citrate, dehydrate, added to 500 ml water

[B] 0.1M citric acid: 1.92 g citric acid, anhydrous, added to 100 ml water.

Final mix: 41 ml solution A + 9 ml solution B + MilliQ H2O to a final volume of 500 ml.

Adjust pH to 6.0.

Collagenase Solution

Make fresh solution prior to use. Prepare under sterile conditions. Protect solution from 
light (wrap tubes in foil).
Require approximately 6 ml of collagenase solution per tumor to be digested.

Add 0.001 mg collagenase (from Clostridium histolyticum, type VII) per ml serum free 
DMEM (supplemented with sodium pyruvate, gentamycin and amphotericin B).

After dissolving collagenase, pass solution through a 0.22 pm syringe filter into a sterile 
tube.

5X TBE solution for agarose gels

54 g Tris Base

27.5 g Boric Acid

20 ml EDTA (pH 8.0)

Add MilliQ H2O to 1 L.

Heat gently to help dissolve.

Working solution is 0.5X.
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APPENDIX III - PCR REACTION CONDITIONS FOR GENOTYPING MMTV- 
PyVmT MICE

Primers

Pl - 5’- CAA ATG TTG CTT GTC TGG TG-3’
P2 — 5’- GTC AGT CGA GTG CAC AGT TT-3’
P3 — 5’- GGA AGC AAG TAC TTC ACA AGG G-3’
P4 — 5’- GGA AAG TCA ATA GGA GCA GGG-3’

P1/P2 - 200 bp product (T-cell receptor, delta chain; internal control)
P3/P4 - 566 bp transgene product

Figure SI: Identification of mice hemizygous for the MMTV-PyVmT transgene. Whole genomic DNA was 
extracted from 0.5 cm tail tips at weaning, and two PCR reactions were performed using primers designed 
to amplify a 566 bp polyoma middle-T transgene product and a 200 bp product representing the delta chain 
of the T-cell receptor (as an internal control). Each round of PCR reactions included a positive (DNA from 
original transgenic breeder mice) and negative (water-only) control. Products were resolved on a 2% 
agarose gel. Pictured is a gel showing amplified products from 5 FVB mice. Three hemizygous mice (lanes 
3-4, 5-6 and 7-8) have bands representing both a 566 bp transgene product (lanes 3, 5, and 7) and a 200 bp 
internal control product (lanes 4, 6, and 8). Two non-transgenic mice (lanes 1-2 and 9-10) are negative for 
the 566 bp transgene band (lanes 1 and 9), but positive for the 200 bp product. Lane 11 is a 50 bp DNA 
ladder.
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Master mix: final concentrations 

10X Buffer: IX 
MgCh: 2 mM 
dNTP: 0.2 mM 
Primeri: 0.25 uM 
Primer2: 0.25 uM 
Taq: 0.025 U/uL 
Sample DNA: 3-5 ng

Cycling conditions

94°C 3 minutes 

94°C 1 minute
60°C 2 minutes 35 cycles
72°C 1 minute 

72°C 3 minutes
4°C HOLD
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APPENDIX IV - ADDITIONAL METHODS

Triple immunofluorescence for CD31, desmin and a-smooth muscle actin in human 
breast tumors

Five pm thick cryosections of human invasive ductal carcinoma (obtained from 

the MBTB) were air dried for 30 minutes at room temperature, fixed in a 1:1 mixture of 

Acetone (Fisher) and Methanol (Fisher) at -20°C, and air dried for an additional 10 

minutes at room temperature. Slides were washed in PBS for 5 minutes, permeabilized 

with 0.05% Tween 20 (Fisher) in PBS for 5 minutes and then washed in PBS for an 

additional 5 minutes. Sections were blocked with DAKO protein block (DAKO) for 15 

minutes and 10% normal donkey serum (Sigma-Aldrich) for 30 minutes, followed by 

incubation with a 1:100 dilution of goat anti-CD31 antibody (M-20; Santa Cruz 

Biotechnology) for 1 hour. Washed slides were incubated with a 1:300 dilution of Alexa 

Fluor 350-conjugated donkey anti-goat secondary antibody (Invitrogen) for 30 minutes, 

washed, and blocked with 10% normal goat serum (Sigma-Aldrich) for 30 minutes. 

Blocking solution was then removed and slides incubated with a 1:200 dilution of rabbit 

anti-desmin antibody (AbCam) for 1 hour. Slides were again washed and incubated with 

a 1:300 dilution of Cy3-conjugated goat anti-rabbit secondary antibody (Jackson 

Immunoresearch) for 30 minutes and washed before being incubated with a 1:300 

dilution of FITC-conjugated anti-a smooth muscle actin antibody (Sigma-Aldrich) for 30 

minutes. Finally, sections were washed and mounted with Dako fluorescent mounting 

medium (DAKO).

108



Primary mammary tumor cell cultures from MMTV-PyVmT mice

Two different methods were utilized to isolate mammary epithelial cells and 

mammary epithelial-derived tumor cells from MMTV-PyVmT transgenic mice. To 

isolate cells via an explant method, dissected mammary tissue (normal or neoplastic) was 

rinsed in 70% isopropyl alcohol and PBS under sterile conditions. Tissue was cut into 

pieces approximately 2 mm and added to a 6-well plate in DMEM supplemented with 

sodium pyruvate, 10% FBS and antimicrobials (gentamicin and amphotericin B). For 

digestion cultures, rinsed tissues were minced under sterile conditions and added to a 

collagenase solution (0.01% collagenase from Clostridium histolyticum, type VII in 

serum free media with antimicrobials) at 37°C on a shaker for 2 hours for digestion. 

Digested tissue from one tumor was added to two 100 x 65 mm plates in DMEM with 

sodium pyruvate, 10% FBS and antimicrobials. Initial attachment and survival was not 

influenced by oxygen tension, as shown by preliminary experiments comparing culture in 

atmospheric or low (<5%) oxygen supplemented with 5% CO2; subsequent isolations 

were therefore grown in normal room air supplemented with 5% CO2. Following initial 

isolation, cells were allowed to grow for a minimum of 2-3 days before the media was 

first changed. Propagation of cells was attempted in DMEM plus 10% FBS, low serum 

media (2,1 or 0.5% FBS) and serum free HuMEC medium (Intvitrogen) with HuMEC 

supplement and bovine pituitary extract (BPE); all media was supplemented with sodium 

pyruvate and antimicrobials. Media was changed every 3-5 days as required, and cells 

were passaged by trypsin treatment at confluence; at each passage cells were 

cryopreserved in media containing 20% FBS and 5% DMSO.
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Successful isolation yielded several populations of epithelium-derived tumor cells 

from female mammary glands at 35, 63 and 77 days of age and from male mammary 

tissue at 152-213 days, using both explant and collagenase digestion methods; mammary 

epithelial cells from non-transgenic females did not survive isolation (Table SI). 

Isolation of cells using both the explant (Fig. S2) and collagenase digestion (Fig. S3) 

methods yielded heterogeneous colonies of epithelial-like cells which formed large round 

islands of adherent cells. In explant cultures, these colonies formed directly adjacent to 

the tissue pieces added to the plate; collagenase-derived epithelial colonies were not 

bound by proximity to tissue pieces. Epithelial-like cell colonies were interspersed with 

more elongated, stromal-like cells (Fig. S4), which formed tight cords and clusters, 

characteristic of fibroblasts or mural cells; these cells radiated outwards from the 

periphery of epithelial clusters. In general, cell yield was much higher in collagenase 

digestion cultures from older mice. Epithelial-like and stromal-like cells from collagenase 

digestion isolations seemed to be better adapted for culture, as they were faster growing 

and required less incubation time prior to initial passage. In either case, cell propagation 

was accelerated by 0.5% FBS serum-supplemented media, and further still by the 

specially-formulated serum free HuMEC media.

All isolated epithelial-like cells were sensitive to trypsin treatment; the majority 

of epithelial colonies did not survive the first 1-3 passages (Table SII). This was evident 

by a shift in cell colony abundance; cultures tended to be dominated by proliferative 

colonies of stromal-like cells, interspersed with more irregular-shaped epithelial cells 

exhibiting a more transitional phenotype, which seemed to form sparse aggregations of 

loosely associated cells (Fig. S5), which often did not seem to be proliferative. Cell 
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morphology and behaviour was difficult to predict from one passage to the next. The two 

most successful isolations were derived from 77-day old female transgenic tumors; both 

yielded populations of epithelial-derived tumor cells that survived 9 passages and, 

overall, retained similar morphology, predictable growth characteristics and proliferative 

behavioural characteristic of cancer cells (Fig. S6).

To establish cell lines, an attempt was made to isolate clonal populations of cells 

using dilution cloning and cloning disc methods. Dilution cloning involved plating cells 

at low density in 96 well plates to obtain an average density of one cell per three wells. 

Isolated cells did not survive this cloning method suggesting they still require contact for 

survival, which supports previous anecdotal observations made in attempting to 

propagate cells. To isolate clonal populations using cloning discs, cells were plated at 

medium density, so that isolated but proliferative colonies of cells could form. Plates 

were washed with PBS, and trypsin-soaked discs were placed on the plate over a colony 

of interest; the disc was transferred to a 6-well plate where cells were incubated with 

DMEM with sodium pyruvate, 10% FBS and antimicrobials. Epithelial colonies were 

efficiently lifted from the original plate; however, cells did not attach and proliferate once 

transferred. Unfortunately, in the process of developing new methods for isolation of 

clonal populations, all of our colonies exhibited fungal contamination and had to be 

discarded.
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Sex (Mouse age) # Digested populations # Explant populations
Female (35 days) 3 3
Female (63 days) 5 3
Female (77 days) 7 4

Male (152-213 days) 1 1

Table SI: Primary populations of mammary tumor cells isolated from MMTV-PyVmT transgenic mice. 
Total number of primary cultures isolated by digestion with collagenase (from Clostridium histolyticum, 
type VII) or as explant cultures, in female transgenic mice 35, 63 and 77 days old, and in male transgenic 
mice 152-213 days of age.

Figure S2: Primary populations of mammary tumor cells isolated as tumor explants from female MMTV- 
PyVmT transgenic mice aged 35, 63 and 77 days. A-C: phase-contrast images of typical mammary tumor 
explant cell culture morphology; tightly packed epithelial-like cells clustered close to the seeded tumor 
piece, with more irregularly-shaped epithelial-like cells and elongated stromal-like cells proliferating at the 
periphery.

Figure S3: Primary populations of mammary tumor cells cultured following treatment of tumor pieces with 
collagenase, from Clostridium histolyticum type VII, from female MMTV-PyVmT transgenic mice 35, 63 
and 77 days of age. A-C: phase-contrast images depicting epithelial-like cell morphology; cell populations 
exhibit cobblestone appearance typical of mammary tumor cells prior to first passage.

112



Figure S4: Primary populations of mammary tumor cells cultured following treatment of tumor pieces with 
collagenase, from Clostridium histolyticum type VII, from female MMTV-PyVmT transgenic mice 35, 63 
and 77 days of age. A&B: phase-contrast images depicting cells with an elongated stromal-like 
morphology; tightly packed and diffuse populations of elongated cells were interspersed with epithelial-like 
cells in primary cultures and early passages, eventually dominating later passage cell populations.

Sex (Mouse age) Isolation method Highest # passages
Female (35 days) Explant 0

Digestion 2
Female (63 days) Explant 3

Digestion 2
Female (77 days) Explant 2

Digestion 9
Male (152 days) Explant 2
Male (196 days) Digestion 0

Table SII: Populations of mammary tumor cells isolated from MMTV-PyVmT transgenic mice. The 
greatest number of passages survived by primary cells isolated from female transgenic mice 35, 63 and 77 
days of age and mice 152 and 196 days of age as explant cultures or by digestion with collagenase from 
Clostridium histolyticum type VII.
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Figure S5: A-C: Representative phase-contrast images depicting the range of epithelial-like cellular 
phenotypes, typically found in low density, observed following initial trypsin treatment (and in subsequent 
passages) of cells isolated from female MMTV-PyVmT transgenic mice 35, 63 and 77 days of age. D: 
phase contrast image demonstrating elongated or stromal-like cells that typically dominated cell 
populations in later passages.

Figure S6: Higher passage epithelial-like cell populations from a 77 day-old female MMTV-PyVmT 
transgenic mouse isolated from a tumor after treatment with collagenase from Clostridium histolyticum 
type VII. A and B: phase contrast images of the same cell population at passage 6 and 7, respectively, 
demonstrating consistent epithelial-like morphology with cells clustered in a typical pavement-like fashion.
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