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ABSTRACT 

Canine Mast Cell Tumours: Characterization of Subcutaneous Tumours and 

Receptor Tyrosine Kinase Profiling 
 

 

Jennifer Jane Thompson             Co-advisor:  

University of Guelph, 2012             Dr. Robert A. Foster   

                Co-advisor: 

                Dr. Brenda L Coomber 

 

 

This work explored features of canine mast cell tumours (MCT) to improve prognosis 

and to discover potential therapeutic targets. Subcutaneous MCT - a subset of these tumours 

arising in the subcutis - are usually grouped with cutaneous MCT, but there is evidence that they 

may be clinically different. The first objective was to develop a grading scheme for subcutaneous 

MCT. Over 300 canine subcutaneous MCT were evaluated retrospectively and parameters were 

correlated with clinical outcomes, making this the largest retrospective survival study of these 

tumours to date. 

The results of the study showed that the majority of subcutaneous MCT had excellent 

outcomes and key prognostic markers were identified (mitotic index, surgical margins and 

degree of infiltration). A subset of the subcutaneous MCT from the retrospective study was 

further evaluated to assess the cellular localization of KIT - a receptor tyrosine kinase (RTK) 

which is dysregulated and constitutively activated in some cutaneous MCT - as well as Ki67, a 

proliferation marker. In addition, evaluation of mutations of c-KIT, the gene for KIT, was 

determined for each MCT. Cytoplasmic KIT localization and high Ki67 values were predictive 

of decreased survival time and time to local reoccurrence, but no c-KIT mutations were detected.  

The majority of canine MCT do not appear to depend solely upon KIT for tumour 

progression and few other RTK targets have been studied in canine MCT. Based on evidence



 

 

that vascular endothelial growth factor receptors (VEGFR) and platelet-derived growth factor 

receptors (PDGFR) - may play a role in the progression of canine MCT; the expression and 

distribution of these RTK were evaluated. The results showed that canine MCT have unique 

expression profiles and activity of KIT, VEGFR2 and PDGFR.  

Two novel mast cell tumour cell lines were generated and used to assess signalling of 

KIT and VEGFR2 in vitro. Stimulatory and inhibitory responses were assessed and found to be 

different in both cell lines. Both had autophosphorylated VEGFR2 and an autocrine 

VEGF/VEGFR2 signalling pathway existed for both cell lines. These findings are unique and the 

first that identify autocrine VEGF signalling as a possible survival mechanism for canine MCT. 
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Src   Short for sarcoma; a non-receptor tyrosine kinase family 

Ser   Serine 

SCF   Stem cell factor; KIT ligand; Steel factor 

SH2   Src homology 2 

SHB   SH2 domain-containing adaptor protein B 

siRNA   Small interfering RNA 

SM   Systemic mastocytosis 

SM-HES  Systemic mastocytosis with hypereosinophilic syndrome 

Sl   Steel locus; site of SCF gene on murine chromosome 10 

STAT   Signal transducer and activator of transcription 

Syk   Spleen tyrosine kinase  

TSAd   T cell specific adapter molecule 

TGFβ   Transforming growth factor beta 

Thr   Threonine 

TLR   Toll-like receptor 

TNFα   Tumour necrosis factor alpha 

Tyr   Tyrosine amino acid residue (tyrosyl) 

VEGF   Vascular endothelial growth factor 

VEGFR  Vascular endothelial growth factor receptor (-1,-2,-3) 

VRAP   VEGFR-associated protein 

W   Dominant white spotting locus; site of c-KIT on murine chromosome 5 

WHO   World health organization
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GENERAL INTRODUCTION 

Cancer is a leading cause of death in dogs accounting for 30% mortality (Bronson et al., 

1982; Proschowsky et al., 2003; Adams et al., 2010). In Canada, about 32% of households have 

at least one dog and 35% have at least one cat. As of 2006, there were an estimated 6,070,783 

dogs and 8,510,021 cats living as pets in Canada (Perrin, 2009). Pet owners spend approximately 

$990 per year on cats and $1386 on dogs with veterinary care estimated as approximately $300 

per pet per year (Perrin, 2009), thus cancer treatment has a significant financial impact. 

Spontaneous canine neoplasms share many features with human neoplasia, thus canine studies 

may have direct translational relevance (Vail and MacEwen, 2000; Khanna et al., 2006; De 

Maria et al., 2009; Klopfleisch et al., 2010; Withrow and Wilkins, 2010; Mohammed et al., 

2011; Queiroga et al, 2011; Rankin et al., 2012). Pets are regarded as part of a family so there 

are profound emotional effects of cancer (Butler et al., 1991; Hetts and Lagoni, 1990; Barker and 

Wolen, 2008; Friedmann and Son, 2008). These factors collectively highlight the importance of 

cancer research in companion animals. 

The reported incidence of cancer in dogs varies from 381 to 958 cases per 100,000 dogs 

per year (Dorn, 1968; Dorn, 1976; Priester and McKay, 1980; Bonnett et al., 1997; Dobson et 

al., 2002; Merlo et al., 2008; Vascellari et al., 2009). This parallels the incidence of cancer in 

Canadian people, which is estimated as being 0.5% of the population or over 170,000 new cases 

each year (www.cancer.ca). A recent study consisting of over 6,000 dogs reported the highest 

rates in mammary cancer, lymphoma and skin cancer (Merlo et al., 2008). According to the 

Danish Veterinary Cancer Registry, the most common malignant neoplasms in dogs are 

adenocarcinoma (site undeclared), lymphoma, mammary carcinoma, soft tissue sarcoma, oral 

http://www.cancer.ca/
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melanoma and mast cell tumour (Brønden et al., 2010b). Canine mast cell tumour (MCT) is the 

most prevalent of the malignant skin tumours in this species (Brønden et al., 2010a). 

Canine mast cell tumour (MCT) is a common skin tumour arising in the dermis or 

subcutaneous tissue (Cohen et al., 1974; Bostock, 1986; Macy and MacEwen, 1989; Gross et al., 

2005; Newman et al., 2007; Villamil et al., 2011). The prognosis of cutaneous MCT is based on 

a histological grading scheme developed decades ago (Patnaik et al., 1984). Tumours are 

classified as low (grade I), intermediate (grade II) or high (grade III) risk tumours largely on 

subjective parameters (Patnaik et al., 1984). Although Patnaik’s grading scheme works well for 

the extremes, grade II MCT are less easily categorized and unfortunately, these represent the 

majority (Patnaik et al., 1984; Northrup et al., 2005a, b; Kiupel et al., 2011). Although typically 

benign, subsets of grade I and II MCT can reoccur and metastasize (Patnaik et al., 1984; Weisse 

et al., 2002; Séguin et al., 2006; Webster et al., 2007; Kiupel et al., 2011). There is no reliable 

way to distinguish these, but mitotic activity is a key prognostic feature (Romansik et al., 2007; 

Kiupel et al., 2011). MCT arising in the subcutaneous tissue were not included in Patnaik’s study 

(Patnaik et al., 1984) and it is unclear if subcutaneous MCT were included in Romansik’s study 

(Romansik et al., 2007). As such, subcutaneous MCT are widely misclassified as grade II MCT 

as they are located in the subcutaneous tissue, as are the grade II and III cutaneous tumours 

(indicative of tumour progression), based on Patnaik’s criteria of cutaneous MCT (Patnaik et al., 

1984). It is impossible to determine if most studies of cutaneous MCT include data from 

subcutaneous MCT. The only specific study of subcutaneous MCT suggested that these may 

have a more favourable prognosis (Newman et al., 2007), but this was based on a small number 

of dogs (n = 53) and the study did not include aggressive tumours. A grading scheme therefore 

does not exist for subcutaneous MCT. If the conclusions from Newman’s study are correct, dogs 



 

3 

 

with subcutaneous MCT are subject to overly aggressive and unnecessary treatment or even 

euthanasia. It is therefore important to further investigate these and develop reliable prognostic 

criteria. 

The response to treatment of metastatic cutaneous and subcutaneous MCT is poor. 

Survival beyond 1 year is rarely reported, even with aggressive chemotherapy (London and 

Séguin, 2003; Thamm et al., 2006; Rassnick et al., 2008; Taylor et al., 2009; Rassnick et al., 

2010; Hume et al., 2011). Inadequate treatment responses to conventional modalities such as 

chemotherapy and radiation therapy have led to the investigation of novel therapeutics in both 

dogs and humans (Gschwind et al., 2004; Baumgartner et al., 2009; London et al., 2009a; Lin et 

al., 2010a; Gleixner et al., 2011; Peter et al., 2011). One of these alternative strategies is to target 

the activity of receptor tyrosine kinases (RTK) (London et al., 2009a; Zhang et al., 2009). These 

receptors are cellular proteins that can be over-activated or dysregulated in neoplastic cells, 

causing uncontrolled tumour growth (Kitayama et al., 1995; Longley et al., 1999; Liao et al., 

2002; Ueda et al., 2002). RTK inhibition, in theory, is less toxic and more specific than 

chemotherapy as drugs target receptor signalling rather than killing rapidly dividing cells 

(Gschwind et al., 2004; London, 2009b). Several drugs that inhibit the activity of these receptors 

have proven effective in human (Ueda et al., 2002; Cools et al., 2003; Pardanani et al., 2003; 

Gschwind et al., 2004; Giantonio et al., 2007; Eisenberg and Trent, 2011; Guo et al., 2011) and 

canine neoplasms (London, 2009b; Liao et al., 2002; Wolfesberger et al., 2010; Takeuchi et al., 

2012; Thamm et al., 2012). 

In addition to targeting neoplastic cells, RTK inhibitors can target the tumour 

environment, specifically the tumour vasculature (Joyce, 2005; Ellis and Hicklin, 2008; 

Carmeliet and Jain, 2011; Takahashi, 2011). Angiogenesis, or the growth of new blood vessels 
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from pre-existing vessels, was recognized as a target in cancer decades ago and was thought to 

aid in the progression of tumours (Folkman, 1971). RTK inhibition of angiogenesis is based on 

targeting angiogenic factors such as vascular endothelial growth factor receptors (VEGFR) and 

its ligand (VEGF) as well as platelet-derived growth factor receptors (PDGFR) which are 

expressed on vascular cells (Benjamin et al., 1999; Bergers et al., 2003; Ellis and Hicklin, 2008; 

Backer et al., 2009; Carmeliet and Jain, 2011). In some human and canine neoplasms, these 

receptors are also expressed on neoplastic cells themselves (Santos and Dias, 2004; Vincent et 

al., 2005; Millanta et al., 2006; Yonemaru et al., 2006; Lee et al., 2007a, b; Rebuzzi et al., 2007; 

Barr et al., 2008; Calvani et al, 2008; Sher et al., 2009; Al-Dissi et al., 2011; Lee et al., 2011), 

thus targeting these receptors may have direct as well as indirect effects on tumours. It is 

therefore important to establish if these receptors are present in neoplasms in order to design 

targeted therapies. 

Despite some promising results of targeted therapy, including anti-angiogenic therapy, 

single treatment agents are disappointing (reviewed by Ferrara and Kerbel, 2005; Gschwind et 

al., 2004; Ellis and Hicklin, 2008). This is largely due to developed or inherent drug resistance, 

which is the major impediment to their success (le Coutre et al., 2000; Bergers, 2008; Zhang et 

al., 2009; Chomel and Turhan, 2011; Koutras et al., 2011). In part, inherent drug resistance has 

led to the concept of “personalized medicine” in managing human cancer, which is a strategy to 

treat individuals based on the detection of histological, molecular or genetic expression profiles 

unique to subsets of individual tumours (Ely, 2009; Phan et al., 2009). This type of treatment 

may maximize drug efficacy and minimize toxicity (Ely, 2009; Phan et al., 2009; Jiang and 

Wang, 2010; Lee and Kohn, 2010). A key aspect of personalized medicine is determining high 

risk markers in order to develop “signatures” which predict prognosis and allow selection of 
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candidate patients who are amenable to particular therapies (D’ambrosio et al., 2003; Yeatman et 

al., 2008; Valent et al., 2010; Galanina et al., 2011; Kulesza et al., 2011; Niedoszytko et al., 

2011; Hassan et al., 2012). Although veterinary studies are lagging, screening of potential targets 

in canine neoplasia is now also being investigated in order to develop marker panels (Selvarajah 

et al., 2009; Tamburini et al., 2009; Klopfleisch et al., 2010; Sassi et al., 2010; Gioia et al., 

2011; Takeuchi et al., 2011), but further studies are needed. In canine MCT, a proposed 

prognostic panel includes histological grading, assessment of proliferation markers and 

evaluation of KIT - a RTK which is dysregulated in some aggressive MCT (Liao et al., 2002; 

Webster et al., 2006a, b; Webster et al., 2007; Gleixner et al., 2007; Gleixner et al., 2011). These 

tests show considerable promise, yet they do not reliably predict outcome for many of these 

tumours. It is still undetermined how these tests are best interpreted in combination (Webster et 

al., 2007). Furthermore, it is unknown if this panel has prognostic value for subcutaneous MCT. 

Canine MCT represent important models for the study of RTK as some of these tumours 

respond to RTK inhibition (Pryer et al., 2003; London et al., 2009a, b), but exact mechanisms 

are incompletely understood (London et al., 2003; London et al., 2009b). This is because the 

majority of research has focused on KIT. Unlike canine MCT, KIT is dysregulated in the 

majority of human patients with mast cell neoplasia (systemic mastocytosis). The majority of 

human patients with systemic mastocytosis appear to be less susceptible to RTK inhibition. The 

discovery that some canine MCT are responsive to RTK inhibitors makes this tumour a valuable 

comparative model for the design of novel drugs (Gleixner et al., 2007; London et al., 2009a; 

Gleixner et al., 2011, Takeuchi et al., 2012). 

This research addresses several unknown factors and is essential for improved 

prognostication and treatment of canine MCT. Of central importance is the prognosis for 
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subcutaneous MCT - a variant which may behave less aggressively than supposed (Newman et 

al., 2007). Also, as molecular techniques, such as detection of c-KIT mutations and 

immunohistochemical labelling for KIT and Ki67, are useful for cutaneous MCT (Webster et al., 

2007), these need to be investigated for subcutaneous MCT. 

Although KIT is responsible for the progression of some canine MCT, it is not true for 

the majority, thus other RTK targets should be explored. Recent work has shown that VEGFR 

and PDGFR may play a role in some canine MCT (London et al., 2003; Rebuzzi et al., 2007; 

London et al., 2009b), but the distribution and prognostic impact of these receptors in canine 

MCT is not known. Also, no signalling studies have been done to investigate the utility of RTK 

inhibitors for these receptors. If these receptors are important, more selective therapy and 

prognostic schemes may be developed for these neoplasms. This research will therefore explore 

the expression, activity and impact of VEGFR and PDGFR in canine MCT by developing novel 

techniques using tissues and cell culture. Canine MCT cell lines may be valuable for studying the 

signalling pathways of these receptors. This research will therefore impact both human and 

animal oncology. 
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CHAPTER 1 - LITERATURE REVIEW 

MAST CELL BIOLOGY AND DEVELOPMENT 

Mast Cell Structure, Function and Interactions 

Mast cells were first described by Paul Ehrlich in 1877 as ‘mastzellen” or ‘well-fed’ cells 

based on the characteristic metachromatic cytoplasmic granules stained with basic aniline dyes 

(Ehrlich, 1956). These granules were later found to contain numerous inflammatory mediators, 

such as histamine and proteases, which are rapidly released upon mast cell activation. These 

mediators cause many of the clinical signs (e.g., bronchoconstriction, erythema, mucous 

secretion and edema) seen in allergy and asthma (Table 1.1) (reviewed by Boyce, 2004; Galli 

and Tsai, 2008; Metcalfe, 2008; Gilfillan et al., 2011). Mast cells also rapidly de novo synthesize 

lipid mediators, chemokines and growth factors (Table 1.1) (reviewed by Galli, 2000; Galli et 

al., 2005a; Krischnaswamy et al., 2006; Metcalfe, 2008; Gilfillan et al., 2011). 

Mast cells are long lived (months to years) tissue dwelling cells of the immune system 

(Galli et al., 2005a, b). Mast cells are of key importance to the innate immune system and as 

such are predominantly localized around blood vessels and at sites which are exposed to the 

environment such as the skin and mucosa of the gastrointestinal and respiratory tracts (Kitamura, 

1989; Galli et al., 1993; Metcalfe et al., 1997; Kawakami and Galli, 2002). Although much of 

mast cell biology was explored using murine and human mast cells (Plaut et al., 1989; Bachelet 

et al., 2006), recently, bone marrow-derived cultured canine mast cells (BMCMC) were purified 

and compare similarly to these species (Lin et al., 2006; Lin and London, 2006; Lin and London, 

2010). Consequently, mast cell studies between humans and dogs can now be compared 

effectively. 
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A variety of stimuli cause mast cell degranulation including physical (e.g., trauma), 

chemical (e.g., opioids, alcohols) and receptor-mediated activation (e.g., via Toll-like receptors 

(TLR), complement receptors) (Table 1.2). The classic mechanism of mast cell activation is via 

the cell surface IgE receptor (FcεRI), which is expressed in high levels in mast cells (reviewed 

by Galli, 2000; Lin et al., 2006; Gilfillan et al., 2011). Upon antigen binding to IgE, the antigen-

IgE complex binds the Fc portion of FcεRI, leading to receptor crosslinking, aggregation and 

downstream signalling of Src kinases (e.g., Lyn, Fyn, Syk). This culminates in mast cell 

degranulation and release of synthesized mediators into the extracellular environment (Metcalfe, 

2008; Gilfillan et al., 2011) and also promotes mast cell chemotaxis and survival (Kawakami and 

Kitaura, 2005). 

Mast cells are key players in both innate and adaptive immunity (Fig. 1.1) (reviewed by 

Boyce, 2004; Galli et al., 2005a, b; Dawicki and Marshall, 2007; Metz et al., 2007; Galli and 

Tsai, 2008; Kalesnikoff and Galli, 2008; Abraham and St. John, 2010; Shelburne and Abraham, 

2011). Innate immune responses attributable to mast cell activation include direct killing of 

pathogens, neutralization of toxins and secretion of antimicrobial peptides as well as indirect 

effects such as physical expulsion of pathogens via stimulation of nerves and smooth muscle by 

histamine (Shelburne and Abraham, 2011). Additionally, as they are positioned around blood 

vessels, mast cells enact local effects on endothelial cells through the release of factors such as 

histamine and VEGF, causing increased vascular permeability and vasodilation (Heltianu et al., 

1982; Gordon and Galli, 1990; Boesiger et al., 1998; Sendo et al., 2003; Shelburne and 

Abraham, 2011). Depending on the type of stimulus, the response is variable. For example, IgE 

related responses lead to “explosive” granule release, while other stimuli (e.g., type I fimbriated 

E. coli) lead to slower responses and some factors (e.g., lipopolysaccharides via Toll-like 
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receptor activation) do not result in degranulation, but rather cause the secretion of copious 

amounts of cytokines (Caulfield et al., 1980; Dvorak et al., 1984; Malaviya et al., 1994; Zhu and 

Marshall, 2001; Matsushima et al., 2004). Mast cells also effectively recruit immune cells (e.g., 

neutrophils and eosinophils) by releasing chemokines and cytokines (Huang et al., 1998; 

Biedermann et al., 2000; Burke et al., 2008; Sutherland et al., 2008) and via up-regulation of 

adhesion molecules such as E-selectin by release of TNFα (Shelburne et al., 2009). The wide 

array of sensory and effector mechanisms explain why mast cells are capable of responding to a 

myriad of pathogens, toxins and inflammatory mediators (Table 1.2). 

In addition to innate immunity, mast cells also are now thought to be active participants 

in adaptive immune responses (Fig. 1.1) (reviewed by Galli et al., 2005b; Abraham and St. John, 

2010; Shelburne and Abraham, 2011; Tsai et al., 2011), although studies of the in vivo 

mechanisms responsible are lacking. The impetus for ongoing investigation is the role that mast 

cells have in the progression of chronic asthma and autoimmune disorders (Benoist and Mathis, 

2002). The pro-inflammatory environment created by activated mast cells is thought to maximize 

engagement of receptors on naïve T cells with MHC class II complexes on dendritic cells. There 

is evidence that mast cells also directly influence T cells (Shelburne et al., 2009; Bryce et al., 

2004; Gregory et al., 2005; Jawdat et al., 2006). For example, mast cell-deficient mice have 

impaired T cell activation (Jawdat et al., 2006). Mast cells influence dendritic cell migration 

(Suto et al., 2006), maturation and function (Galli et al., 2005b; Galli et al., 2008) and via the 

release of histamine, promote dendritic cells to polarize the T helper 1/T helper 2 balance toward 

the production of T helper 2 responses (Mazzoni et al., 2006). Additionally, mast cells can 

directly function as antigen presenting cells for MHC class II T helper subsets (Metcalfe et al., 

1997) and MHC class I CD8+ T cells (Stelekati et al., 2009), thus mast cells can evoke both 
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humoral and cytotoxic responses. Several mast cell mediators (e.g., IL4, IL5, IL6, CD40 ligand) 

also influence B cell development and function (Gauchat et al., 1993; Tkaczyk et al., 1996). In 

vitro murine bone marrow-derived cultured mast cells (BMCMC) stimulated with these factors 

caused proliferation of IgA secreting plasma cells (Merluzzi et al., 2010). In addition to pro-

inflammatory effects, mast cells are also thought to elicit immunosuppressive and anti-

inflammatory effects. These may be regulated by apoptosis or via the activation of inhibitory 

receptors, but studies resolving this issue are needed (reviewed by Caughey, 2011; Gilfillan et 

al., 2011; Karra and Levi-Schaffer, 2011). 

Mast cells are functionally and phenotypically diverse. This is known as “mast cell 

heterogeneity”, which is the variable phenotype of these cells demonstrated at different anatomic 

sites or during certain biological responses (Kitamura, 1989; Galli, 1990; Galli, 1993; Valent et 

al., 2010). This concept is well established in mice and humans. Early studies identified two 

main subtypes - connective tissue (MCTC) and mucosal mast cells (MCT) - which are classified 

based on expression of chymases (C) and tryptases (T), response to stimuli and expression of cell 

surface antigens (Schwartz, 2006). In dogs, three subsets are identified - MCT, MCC and MCTC 

(Noviana et al., 2004). Recent advances in mast cell biology suggest that this view of mast cells 

is simplistic (Galli, 1990; Galli, 2005a, b; Valent et al., 2010). There is growing recognition that 

mature mast cells may be able to change their mediator content, cell surface antigens and 

receptor expression based on cell maturity, activation status and interaction with the local 

microenvironment: a hypothesis known as “plasticity” (Galli, 1990; Galli, 2005a; Valent et al., 

2010; Galli et al., 2011). 
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Mast Cell Development 

Human, murine and canine mast cells arise from uncommitted haematopoietic stem cells 

in the bone marrow and are released as CD34+/CD117+ (KIT+) progenitor cells that 

subsequently migrate into tissues (Kirshenbaum et al., 1991; Gurish and Boyce, 2006; Lin et al., 

2006). Terminal differentiation occurs under the influence of numerous cytokines, chemokines 

and growth factors in the microenvironment (Metcalfe et al., 1997; Hallgren and Gurish, 2011). 

The most important determinant of human and canine mast cell development and survival is stem 

cell factor (SCF) (Kitamura and Go, 1979; Galli, 1987; Galli et al., 1993; Galli et al., 1994; Yee 

et al., 1994a, b; Bachelet et al., 2006; Lin et al., 2009), a glycoprotein produced by many cells, 

but predominantly (in mice and humans) by fibroblasts, keratinocytes and endothelial cells 

(Nocka et al., 1990; Bachelet et al., 2006; Roskoski, 2005a). Stem cell factor exists as a non-

covalent dimer, which is generated as one of two cell membrane-bound isoforms as a result of 

alternative mRNA splicing (Galli et al., 1993a; Galli et al., 1994; Welker et al., 1999; Roskoski, 

2005b). One isoform contains a proteolytic region which is cleaved to produce a soluble form, 

while the other remains membrane bound. These isoforms appear to be involved in different 

aspects of mast cell signalling. The soluble form appears to be more important for migration and 

the membrane-bound form is more important for homing and proliferation (Flanagan and Leder, 

1990; Koma et al., 2005). The attachment of mast cells to fibroblasts confers a survival 

advantage as evidenced by co-culture studies of murine mast cells, which may be attributable to 

membrane-bound SCF (Levi-Schaffer et al., 1986, 1987; Dastych and Metcalfe, 1994; Rubinchik 

and Levi-Schaffer, 1994; Koma et al., 2005; Bachelet et al., 2006). 

SCF is the ligand for KIT, a receptor tyrosine kinase (RTK) (Huang et al., 1990; Nocka 

et al., 1990; Zsebo et al., 1990a, b; Galli, 1994; Roskoski, 2005a, b). KIT is expressed in many 
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cell types including mast cells, haematopoietic progenitor cells, melanocytes, germ cells and 

gastrointestinal pacemaker cells (cells of Cahal) (Roskoski, 2005b). The discovery of KIT was 

based on the fact that early researchers noticed the sporadic appearance of “white spotted” mice 

in established colonies (Geissler et al., 1988). Genetic studies revealed that these mice had 

homozygous mutations in either the dominant white spotting locus (W) of chromosome 5, or in 

the Steel (Sl) locus of chromosome 10 (Copeland et al., 1990). Mutations in either site resulted in 

low numbers of mast cells, anemia, absence of hair pigmentation, constipation and sterility 

(Kitamura et al., 1978; Kitamura and Go, 1979; Galli, 1987). Stem cell factor-KIT signalling 

was later determined to be essential for mast cell adhesion, proliferation, survival and migration 

(Blume-Jensen et al., 1991; Tsai et al., 1991; Meininger et al., 1992; Valent et al., 1992; Iemura 

et al., 1994; Blume-Jensen et al., 1998). 

KIT Structure and Signalling 

Protein kinases are enzymes that catalyze the transfer of a terminal phosphate from ATP 

to a substrate containing a serine, threonine or tyrosine residue (Roskoski, 2005a, b). Receptor 

tyrosine kinases (RTK) are cell surface growth factor receptors that contain several tyrosine 

kinase catalytic sites (Ullrich and Schlessinger, 1990; Fantl et al., 1993). They are classified into 

types I to IX based on structural and biochemical properties, but all consist of an extracellular 

binding domain, a transmembrane segment, a cytoplasmic kinase region and a C-terminal tail 

(Ullrich and Schlessinger, 1990; Fantl et al., 1993; Roskoski 2005a, b). 

KIT is a membrane-bound, type III protein RTK belonging to a class which includes 

platelet-derived growth factor receptors (PDGFRα and PDGFRβ), the macrophage colony-

stimulating factor receptor (CSF-1) and the Fl cytokine receptor (Flt3) (Yarden et al., 1987; Qiu 
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et al., 1988; Mol et al., 2003). KIT is encoded by its gene, c-KIT, which is the homologue of the 

viral counterpart of the Hardy-Zukerman 4 feline sarcoma virus (Besmer et al., 1986). Human c-

KIT is localized to chromosome 4 (Qiu et al., 1988) and in dogs to chromosome 13 (Lindblad-

Toh et al., 2005; Lin et al., 2009). KIT consists of an extracellular domain containing five 

immunoglobulin-like loops (encoded by exon 8 and 9), a transmembrane segment (encoded by 

exon 10) and a cytoplasmic domain consisting of a juxtamembrane region (encoded by exon 11), 

a kinase domain (divided into proximal and distal subdomains by a kinase insert) and a C-

terminal tail (Fig. 1.2) (Besmer et al., 1986; Roskoski, 2005b; London et al., 1999; Ma et al., 

1999). The proximal kinase domain is an ATP binding site (exons 12-14) and the distal kinase 

domain is a phosphotransferase site (exons 16-20). The sequence of c-KIT is well conserved 

between dogs and other mammals with 93%, 88%, 81% and 64% homology with cats, humans, 

mice and chickens, respectively (Ma et al., 1999). Comparison between the dog and human 

sequences have shown that the extracellular domain is less conserved (78%) than the 

intracellular domain (97%), but the gene is 99% identical within the juxtamembrane domain (Ma 

et al., 1999). 

KIT has a bi-lobed structure consisting of a large C-terminal lobe and smaller N terminal 

lobe (Mol et al., 2003). The catalytic site of KIT lies in the cleft between lobes. Relative 

movement of the two lobes open and close the cleft. The open form allows access of ATP and 

the closed form brings amino acid residues into the catalytically active state (Mol et al., 2003). 

The juxtamembrane domain, unique to this class of RTK, serves as a negative regulator of KIT 

activity by sterically hindering the relative movement of the two lobes (Mol et al., 2003) (Fig. 

1.3A). This region is important as it stabilizes the inactive receptor conformation. Following 

ligand binding of SCF, the normally dormant, monomeric form of KIT dimerizes, resulting in 
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trans-phosphorylation between two homodimers of tyrosine kinase residues (Ullrich and 

Schlessinger, 1990; Blume-Jensen et al., 1991; Blechman et al., 1993). The first sites to be 

phosphorylated (Tyr 568 and Tyr 570) are within the juxtamembrane domain. This causes loss of 

immobilization of the lobes and extension of the activation loop (Fig. 1.3B) (Mol et al., 2003). 

The activation loop is a conserved region within the distal kinase domain and consists of an 

amino acid sequence beginning with a DFG motif, which refer to one letter amino acid 

abbreviations for aspartic acid, phenylalanine and glycine, respectively. When the activation loop 

is in an extended form, the DFG motif is buried within the catalytic cleft (“DFG in”) and the 

tyrosine residue is accessible and can be phosphorylated by its dimer partner, which stabilizes 

the activated form (Fig. 1.3B). Conversely, when the DFG motif is “out”, binding of ATP cannot 

occur and the enzyme is inactive (Fig. 1.3A) (Mol et al., 2003, Roskoski, 2005a). In some 

neoplasms, such as human systemic mastocytosis, structural rearrangements of KIT can prevent 

the “DFG out” conformation, resulting in displacement of the juxtamembrane segment and 

constitutive phosphorylation and activation (Mol et al., 2004). 

Specific residues within the juxtamembrane and kinase domains of activated KIT provide 

docking sites (Fig. 1.2) for critical signalling molecules containing Src homology 2 (SH2) 

domains, including adaptor proteins, Src family kinases (Lyn, Fyn), Shp2 tyrosyl phosphatase, 

phosphatidylinositol 3 kinase (PI3K) and phospholipase C gamma (PLCγ) (Roskoski 2005a, b). 

Activated KIT also catalyzes the phosphorylation of these proteins, resulting in subsequent 

activation of downstream signalling cascades such as PI3K/Akt (protein kinase B), Ras/mitogen-

activated protein kinases (MAPK) and Janus kinase/signal transducers and activators of 

transcription (Jak/STAT) pathways (Blume-Jensen et al., 1991; Blume-Jensen et al., 1998; 

Roskoski, 2005a; Metcalfe, 2008). Together, signal transduction culminates in genetic 
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transcription of numerous factors necessary for survival, proliferation, migration, differentiation 

and cytokine production (Fig. 1.4) (Metcalfe, 2008; Roskoski, 2005a). KIT and FcεRI signalling 

pathways are integrated in human and murine mast cells (Tkaczyk et al., 2004; Gilfillan and 

Tkaczyk, 2006), but this is not known for dogs. Stem cell factor can enhance FcεRI-mediated 

degranulation (Columbo et al., 1992) and activation of FcεRI can promote cellular proliferation 

and mast cell survival (Gilfillan and Tkaczyk, 2006; Metcalfe, 2008). 

As for all RTK, KIT signalling is highly regulated. Ligand binding concurrently initiates 

KIT phosphorylation as well as its inactivation via phosphatases such as Shp1 and Shp2 and 

internalization and subsequent degradation in lysosomes mediated by ubiquitin-proteasome 

pathways (Roskoski, 2005a; Mosesson et al., 2008). All of these processes are dependent on the 

interactions of a host of signalling intermediates and adaptor proteins (Yee et al., 1994a, b; 

Roskoski, 2005a, b; Zeng et al., 2005, Mosesson et al., 2008). Evasion of degradation, 

production of excessive surface receptor concentration (e.g., via RTK over-expression) or 

dysregulated intermediate molecules can lead to sustained signalling and consequent 

enhancement of cellular proliferation, survival and motility (Bache et al., 2004; Mosesson et al., 

2008). A well described mechanism of RTK internalization is via clathrin-mediated endocytosis, 

mediated by the E3 ubiquitin ligase, Casitas B-lineage lymphoma (c-Cbl) (Mosesson et al., 

2008). The ligase c-Cbl has been found to be mutated in human mast cell neoplasia, which 

results in impaired degradation and thus constitutive KIT activation and generalized 

mastocytosis (Peschard and Park, 2003; Bandi et al., 2009). It is not known if this occurs in 

canine mast cell neoplasia. 
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MAST CELLS IN DISEASE 

Mast cells are implicated in several acute and chronic inflammatory conditions including 

host defence, tissue remodelling, autoimmunity, vascular disease, angiogenesis and tumour 

progression (Galli et al., 2005; Galli, 2008; Metcalfe, 2008; Gilfillan et al., 2011; Ribatti et al., 

2011). Their presence and numbers in human tumours is also now considered to be a either a 

positive or negative prognostic determinant for many neoplasms (Imada et al., 2000; Rajput et 

al., 2008; Johansson et al., 2010). Mast cells themselves can become neoplastic, manifesting as 

systemic mastocytosis in humans (Valent et al., 2005) or skin tumours in domestic animals 

(Gross et al., 2005). Mast cell research is thus important for understanding these conditions. 

Mast Cells in Allergy and Anaphylaxis 

Mast cell participation in acute (type I) hypersensitivity is best understood from acute 

allergic reactions (reviewed by Metz et al., 2007; Burton and Oettgen, 2011). Initial antigen 

exposure results in antigen binding to membrane bound immunoglobulin on antigen presenting 

cells (e.g., macrophages). This leads to internalization and proteasomal degradation of the 

antigen into peptides which are bound to MHC class II receptors and displayed to T helper 

lymphocytes. T helper cells signal B cells via CD40 ligand-receptor interactions to produce large 

amounts of antigen specific IgE, which bind to mast cells, thus “sensitizing” them for the 

specific antigen. Subsequent exposure to the antigen results in amplified mast cell activation via 

IgE/FcεRI signalling, resulting in massive degranulation and subsequent heightened type I 

hypersensitivity reactions as seen in acute allergic reactions (Fig. 1.1A) (Burton and Oettgen, 

2011). If the response is systemic, degranulation can lead to massive release of mediators, 

causing severe systemic vasodilation as seen in systemic anaphylaxis (Metz et al., 2007). Late 
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phase type I hypersensitivity reactions (2 to 3 hours) are also described which coincides with 

increased recruitment of leukocytes, persistent inflammatory mediator release and cytokine 

production (Metz et al., 2007). 

Mast Cells in Chronic Inflammation and Autoimmune Disorders 

The influence that mast cells have on chronic inflammation and adaptive immune 

responses may be important to the progression of chronic allergic disorders such as asthma, by 

invoking T cell responses and contributing to tissue remodelling (Figs. 1.1B, C) (reviewed in 

Benoist and Mathis, 2002; Abraham and St. John, 2010; Reuter et al., 2010). There are several 

studies which have also evaluated the number of mast cells in diseases such as multiple sclerosis 

(reviewed by Brown et al., 2002). In experimental allergic encephalomyelitis (the murine model 

for multiple sclerosis), the severity of lesions is abrogated with drugs which stabilize mast cells 

(e.g., Cromolyn) (Brosnan and Tansey, 1984; Dietsch and Hinrichs, 1989; Seeldrayers et al., 

1989). Sustained mast cell-related inflammation is also implicated in the progression of chronic 

inflammatory diseases such as cardiac fibrosis (Zhang et al., 2011) and autoimmune diseases 

such as rheumatoid arthritis and bullous pemphigoid (Benoist and Mathis, 2002; Nigrovic et al., 

2007; Heimbach et al., 2011). 

One way that mast cells contribute to these diseases appears to be via KIT signalling 

(reviewed in Reber et al., 2006). Stem cell factor is up-regulated in inflammation as evidenced 

by several in vitro (Da Silva et al., 2002; Da Silva et al., 2003; Da Silva et al., 2004) and in vivo 

(Otsuka et al., 1998; Huttunen et al., 2002; Al-Muhsen et al., 2004) studies. SCF activation of 

mast cells via KIT signalling causes mast cell degranulation and the elaboration of numerous 

cytokines (Columbo et al., 1992; Takaishi et al., 1994). Eosinophil recruitment (via eotaxin 
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production) additionally may exacerbate inflammation and contribute to ongoing fibrosis 

(Hogaboam et al., 1998). One study has demonstrated that activation of murine mast cells by 

SCF results in the recruitment of large numbers of eosinophils and that fibroblast-mast cell 

interactions are needed for this since soluble SCF did not elicit the same effect (Hogaboam et al., 

1998). As many diseases, such as canine MCT, human mastocytosis and allergy, are typified by 

large numbers of both mast cells and eosinophils (Gross et al., 2005; Valent et al., 2005; Stone et 

al., 2010) understanding these interactions is important. 

Mast Cells in Tumour Progression 

Mast cells may be potential therapeutic targets in neoplasia. There is a growing body of 

evidence that mast cells promote the progression of many human neoplasms through enhancing 

angiogenesis and via participation in chronic inflammation and tissue remodelling (Fig. 1.1D) 

(reviewed by Crivellato et al., 2008; Ribatti and Crivellato, 2011). Mast cells promoted both 

angiogenesis and growth of experimental murine models of squamous cell carcinoma (Coussens 

et al., 1999). Other studies have implicated mast cell release of tryptase in angiogenesis in 

cervical and endometrial cancer (Benítez -Bribiesca et al., 2001; Ribatti et al., 2005). 

Mast cells produce numerous angiogenic factors such as fibroblast growth factor (FGF), 

vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), tumour 

necrosis factor alpha (TNFα), transforming growth factor beta (TGFβ), IL8 and histamine (Qu et 

al., 1998; Grützkau et al., 1998, Cantarella et al., 2002, Emanueli et al., 2002). Additionally, 

they produce enzymes capable of degrading of the extracellular matrix (ECM) which may aid in 

metastasis and facilitate angiogenesis (Dabbous et al., 1986; Gruber et al., 1989; Stack and 

Johnson, 1994; Taipale et al., 1995; Blair et al., 1997; Baram et al., 2001). 
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Another way that mast cells may promote tumourigenesis is by inciting immune tolerance 

(reviewed by Pardoll, 2003; Munn and Mellor, 2006; Sayed and Brown, 2007; Sayed et al., 

2008). Immunosuppressive effects of mast cells are reported (e.g., in skin allograft models) and 

are thought to be due to IL10 production or by promoting T regulatory cell (Treg) responses 

(Grimbaldeston et al., 2006; Lu et al., 2006; Grimbaldeston et al., 2007; Ullrich et al., 2007; Ju 

et al., 2009). Mast cell mediators may also directly enhance metastasis and stimulate 

proliferation. Histamine, for example, has been shown to directly enhance tumour proliferation 

in some carcinomas while in other neoplasms (e.g., melanoma) it acts as an inhibitor (Lázár-

Molnár et al., 2002). The prevalence of metastasis correlates inversely with tissue histamine 

levels in murine models of fibrosarcoma and lung carcinoma (Burtin et al., 1985), so this may be 

an important mechanism for mast cells to contribute to tumour progression. Fibroblast growth 

factor (FGF) and IL8 derived from mast cells are also mitogenic to melanocytes and melanoma 

cells (Halaban et al., 1988). 

Proliferation and recruitment of mast cells in neoplasms may be partly due to SCF/KIT 

signalling (Okayama and Kawakami, 2006; Metz et al., 2007; Huang et al., 2008). In a 

hepatocellular carcinoma model, mast cells failed to migrate into SCF-knockdown tumours and 

anti-KIT antibodies abolished mast cell migration into wildtype tumours, leading to decreased 

tumour growth in both cases (Huang et al., 2008). Additionally, that study showed that high 

concentrations of SCF led to release of numerous mast cell mediators such as IL6, TNFα and 

VEGF, which correlated with tumour progression (Huang et al., 2008). In vitro studies of breast 

cancer have shown that IL6 induces epithelial-mesenchymal transition (EMT) and it has been 

suggested that mast cells aid in tumour progression via secretion of IL6 (Hugo et al., 2012). 
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Many studies have shown that mast cell density within human tumours is associated with 

prognosis (Imada et al., 2000; Rajput et al., 2008; Johansson et al., 2010; Kim et al., 2011). 

Recently, mast cell density in canine mammary tumours has been assessed, but the clinical 

significance was undetermined (Sfacteria et al., 2011). High mast cell numbers in human 

melanoma, oral squamous cell carcinoma, transitional cell carcinoma and endometrial cancer 

indicate a poor prognosis (Ribatti et al., 2003; Iamaroon et al., 2003; Ribatti et al., 2005; Rojas 

et al., 2005; Cinel et al., 2009; Kim et al., 2011), while in other neoplasms such as non-small-

cell lung cancer (NSCLC), high numbers indicate better outcomes (Welsh et al., 2005). In human 

prostate cancer, the significance of mast cells is uncertain as some studies report that these 

indicate a better prognosis (Fleischmann et al., 2009), while others indicate that it is worse 

(Nonomura et al., 2007). The reasons for these different effects are not known. Based on the 

collective studies discussed above, mast cell heterogeneity and plasticity may lead to different 

phenotypic diversity of mast cells within tumours. Alternatively, it may be due to the balance of 

different inflammatory mediators produced by mast cells or the milieu that they incite by diverse 

interactions with their surroundings. 
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MAST CELL NEOPLASIA 

Mast cell neoplasia is common in dogs
 
(Cohen et al., 1974; Bostock, 1986; Macy and 

MacEwen, 1989; Gross et al., 2005; Villamil et al., 2011), cats (Bostock, 1986; Wilcock et al., 

1986; Miller et al., 1991; Molander-McCrary et al., 1998; Gross et al., 2005; Litster and 

Sorenmo, 2006; Lamm et al., 2009; Skeldon et al., 2010) and horses (Hum and Bowers, 1989; 

McEntee, 1991; Riley et al., 1991; Richardson et al., 1994; Ritmeester et al., 1997; Johnson, 

1998; Brown et al., 2007; Leadbeater et al., 2010; Millward et al., 2010). Less commonly, mast 

cell tumours have been reported in cattle (McGavin and Leis, 1968; Ames and O’Leary, 1984; 

Hill et al., 1991; Pérez et al., 1999; Smith and Phillips, 2001; Palyada et al., 2008) and there are 

occasional reports in sheep (Johnstone, 1972), goats (Khan et al., 1995; Allison and Fritz, 2001), 

pigs (Migaki and Langheinrich, 1970), rodents (Miyakawa et al., 1990), ferrets (Poonacha and 

Hutto, 1984; Parker and Picut, 1993), llamas (Martin et al., 2009; Lin et al., 2010b), alpacas 

(Martin et al., 2009), eastern king snakes (Schumacher et al., 2009) and African hedgehogs 

(Raymond et al., 1997). 

Mast cell neoplasia typically presents as benign solitary or multiple cutaneous or 

subcutaneous tumours in horses (McEntee, 1991; Ward et al., 1993; Mair and Krudewig, 2008) 

and cattle (Palyada et al., 2008), but malignant cases have been described in both species (Riley 

et al., 1991; Shaw et al., 1991; Reppas and Canfield, 1996). In horses, ocular (Hum and Bowers, 

1989), intraosseous (Ritmeester et al., 1997), nasopharyngeal (Richardson et al., 1994) and 

tracheal (Wenger and Caron, 1988) mast cell tumours are also described. Congenital generalized 

mastocytosis, presenting as cutaneous plaques of non-neoplastic mast cells, has been reported in 

foals (Prasse et al., 1975; Johnson, 1998) and cats (Noli et al., 2004); this presentation mimics 

the human condition known as urticaria pigmentosa, which spontaneously resolves (Valent et al.,  
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2005). Diffuse cutaneous (neoplastic) mastocytosis, which also affects humans (Valent et al., 

2005) has been described in a calf (Palyada et al., 2008). In cats, mast cell neoplasia is also 

usually benign and can spontaneously resolve (Miller et al., 1991; Litster and Sorenmo, 2006), 

but intestinal and generalized neoplasia (systemic mastocytosis) is frequently reported - often 

with splenic involvement (Spangler and Culbertson, 1992). In humans, mast cell neoplasia 

(systemic mastocytosis) is a rare systemic disorder, typically manifesting as the accumulation of 

neoplastic mast cells in organs and rarely as skin tumours (Valent et al., 2005; Arock and Valent, 

2010). 

Canine Mast Cell Tumour 

The majority of canine mast cell tumours (MCT) arise in the dermis and subcutaneous 

tissue (reviewed by Cohen et al., 1974; Bostock, 1986; Gross et al., 2005; Newman et al., 2007; 

Welle et al., 2008). Extracutaneous sites are uncommon and have poor clinical outcomes. These 

include the oral cavity (Hillman et al., 2011) and gastrointestinal tract (Takahashi et al., 2000). 

Systemic mastocytosis and mast cell leukemia is very rare (Thamm and Vail, 2001; Welle et al., 

2008). Collectively, cutaneous and subcutaneous MCT represent 7 to 21% of all skin tumours 

diagnosed in this species (Cohen et al., 1974; Welle et al., 2008; Villamil et al., 2011). Mean 

reported ages vary (7.5 to 9 years), but MCT can occur in dogs as young as 4 months (Welle et 

al., 2008). Tumours typically present as solitary raised nodules in the dermis or subcutaneous 

tissue and can be located anywhere on the body. Common sites are the trunk, extremities and 

head/neck (Gross, 2005; Welle et al., 2008). Systemic effects are unusual, but vomiting, 

diarrhea, erythema and respiratory distress can occur secondarily to the local and systemic 

release of mast cell mediators such as histamine (Welle et al., 2008). As well, ulceration of skin 
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tumours frequently occurs (Gross et al., 2005). An extensive review of the clinical and 

pathologic features has recently been published (Welle et al., 2008) for detailed reference. 

Certain breeds commonly develop MCT (Miller, 1995; Gross et al., 2005; McNiel et al., 

2006; Welle et al., 2008), a claim strongly supported by two recent large retrospective studies 

(Villamil et al., 2011; White et al., 2011), one of which consisted of over 1 million dogs 

(Villamil et al., 2011). In that study, the top breeds at risk (i.e., had the highest odds ratios) were 

the Boxer, Rhodesian Ridgeback, Visla, Boston Terrier, Weimaraner, Chinese Sharpei, Bull 

Mastiff, Pug, Labrador Retriever, American Staffordshire Terrier and Golden Retriever (Villamil 

et al., 2011). Prognosis for respective breeds was not performed and this information is not well 

established as most published studies consist of numerous breeds and small numbers (less than 

100) of dogs. Despite this, it is generally accepted that certain breeds, such as Boxers, have a 

tendency to develop MCT which are usually benign, but frequently develop other MCT (Welle et 

al., 2008). One report suggests that MCT in Sharpei dogs occur at a younger age and tend to 

behave aggressively (Miller, 1995). These findings together strongly support a genetic 

component to MCT development. Sex, neuter/spay status, tumour location and the presence of 

multiple MCT are likely not significant factors, but there have been conflicting reports among 

studies and debate is ongoing (Zavodovskaya et al., 2004; Kiupel et al., 2005; Sfiligoi et al., 

2005; Mullins et al., 2006; Murphy et al., 2006; Fife et al., 2011; White et al., 2011). The 

majority of studies have small sample sizes and consist of several breeds, which make statistical 

analyses difficult. Large prospective studies are therefore needed to fully understand the effect of 

these risk factors for canine MCT. 

Clinical diagnosis of MCT can be challenging as the appearance is highly variable, 

ranging from discrete firm raised nodules to plaque-like, ulcerated lesions (Gross et al., 2005). 
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Cytological examination of fine needle aspirates is highly sensitive based on the characteristic 

round cell appearance and cytoplasmic granularity (London and Séguin, 2003; Welle et al., 

2008). The prognosis for clinical outcome is based on clinical signs and staging (i.e., extent of 

disease and evidence of metastasis), but expectations and treatment regimens are largely based 

on prognostic variables identified by histological examination (London and Séguin, 2003; Welle 

et al., 2008). 

Histological Appearance and Grading of Canine Mast Cell Tumours 

Histologically, canine cutaneous and subcutaneous MCT are unencapsulated neoplasms 

arising in the dermis and subcutaneous tissue, consisting of round cells, identifiable as mast cells 

due to the presence of basophilic cytoplasmic granules (Gross et al., 2005). Numerous 

eosinophils are usually interspersed among neoplastic cells (Gross et al., 2005), indicating 

cytokine induction (e.g., IL5 and eosinophil chemotactic factor), but this has not been studied. 

Canine MCT are highly variable with respect to demarcation, growth pattern (expansile or 

infiltrative), cellular density, vascularity and stromal consistency. The stromal component ranges 

from edematous to intensely fibrotic and in some cases, there is hyalinised collagen or 

collagenolysis (Patnaik et al., 1984; Gross et al., 2005). This is likely due to the chronic 

inflammatory milieu and tissue remodelling that mast cells incite but the mechanisms and 

significance of this is not known. Thrombosis and necrosis can also be present. Aside from 

microvascular density (MVD), which appears to be a promising clinical predictor (Ranieri et al., 

2003; Preziosi et al., 2004; Patruno et al., 2009), there are no published studies which have 

examined the significance or prognostic implications of stromal components. As normal (non-

neoplastic) mast cells are heterogeneous and are capable of diverse and dynamic interactions 
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with their environment (reviewed by Galli et al., 2005a; Galli et al., 2008; Metcalfe, 2008; 

Gilfillan et al., 2011), these aspects should not be ignored for canine MCT as they are likely 

significant to tumour progression. As discussed above, normal mast cells have been implicated in 

the progression of many human neoplasms (Imada et al., 2000; Ribatti et al., 2003; Iamaroon et 

al., 2003; Ribatti et al., 2005; Rojas et al., 2005; Rajput et al., 2008; Cinel et al., 2009; 

Johansson et al., 2010; Kim et al., 2011; Ribatti and Crivellato, 2011), thus it is likely that 

neoplastic mast cells potentiate their own tumourigenic microenvironment and this should be 

explored further for canine MCT. 

The most widely used histological classification system for cutaneous MCT is the Patnaik 

grading scheme (Patnaik et al., 1984). Subcutaneous MCT were not evaluated. This survival 

study, based on only 83 dogs, described the varied histological features of cutaneous MCT in an 

attempt to distinguish clinically benign MCT from aggressive variants. Despite the subjective 

nature of this retrospective study and the low number of dogs, this single paper remains the 

foundation for prognosis (Zemke et al., 2002; London and Séguin, 2003; Gross et al., 2005; 

Northrup et al., 2005a, b; Welle et al., 2008; Kiupel et al., 2011). Histological grades (I, II and 

III) are defined based on criteria which includes depth of infiltration, degree of anaplasia or 

differentiation (cell and nuclear size, loss of granularity, multiple nucleoli) and proliferative 

nature (number of mitotic figures, presence of “bizarre” mitoses) (Patnaik et al., 1984). Grade I 

MCT (which are the minority), are well circumscribed, confined to the dermis and consist of 

cells resembling normal mast cells and dividing cells are rarely detected. These are typically 

benign, with survival rates reported as being 83% at 1500 days (Patnaik et al., 1984) and 100% 

at 730 days (Abadie et al., 1999). At the other end of the spectrum, Grade III MCT (which are 

also uncommon) are often aggressively infiltrative, often with deeper invasion into the subcutis 
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and muscular layers. Mast cells often have a high degree of anisokaryosis and anisocytosis, 

multinucleation and multiple mitotic figures are seen (Patnaik et al., 1984). These carry a poor 

prognosis, with survival reported as 6% at 1500 days (Patnaik et al., 1984) and 7% at 730 days 

(Abadie et al., 1999). Grade III MCT also have high rates of regional and disseminated lymph 

node metastasis and local reoccurrence following surgery (Patnaik et al., 1984; Hume et al., 

2011). While grading criteria do work for the extremes, intermediate grade (grade II) tumours are 

less easily categorized by pathologists, which leads to interobserver disagreement (Northrup et 

al., 2005a, b). Although many grade II MCT are benign (44% survival at 1500 days) (Patnaik et 

al., 1984), there are subsets which behave aggressively and there is no uniform way to 

distinguish these. To address this grey area, many studies attempted to define better predictors 

for grade II MCT (Bostock et al., 1989; Abadie et al., 1999; Ginn et al., 2000; Maiolino et al; 

2005; Webster et al., 2006a, b; Ozaki et al., 2007; Webster et al., 2007). One useful predictor is 

KIT cellular localization pattern, which is an immunohistochemistry technique used to identify 

aberrant diffuse or focal cytoplasmic KIT localization (Kiupel et al., 2004; Webster et al., 2007). 

As non-neoplastic cells have membranous KIT localization, other patterns may indicate 

abnormal KIT trafficking or degradation (Webster et al., 2007; Tabone-Eglinger et al., 2008) but 

this is not known for canine MCT. Proliferation markers predictive of clinical behaviour include 

mitotic index (MI; number of mitotic figures per 10 high power fields (HPF)) (Romansik et al., 

2007; Elston et al., 2009), Ki67 immunohistochemistry (Simoes et al., 1994; Scase et al., 2006; 

Webster et al., 2007; Maglennon et al., 2008) and argyrophilic nucleolar organizer regions 

(AgNOR), which is a silver stain used to identify loops of ribosomal DNA (Bostock et al., 1989; 

Kravis et al., 1999). Mast cell tumours having MI > 5, diffuse cytoplasmic expression of KIT 
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and high KI67 or AgNOR counts correlate with high rates of local reoccurrence and MCT-

related death (Romansik et al., 2007; Webster et al., 2007). 

Some researchers (Kiupel et al., 2011) propose to eliminate the grade II category 

altogether by dichotomizing these tumours into high and low grade categories. The presence of 

any of the following: MI > 7, at least 3 multinucleated cells, at least 3 “bizarre” nuclei per HPF 

or if over 10% of neoplastic cells have at least a 2-fold variation in nuclear diameter 

(karyomegaly), are sufficient criteria for a “high” grade diagnosis (Kiupel et al., 2011). This 

stratification scheme significantly improved agreement among pathologists, but it is likely too 

simplistic to ensure high sensitivity and specificity and should probably not be used as a single 

prognostic determinant, an opinion which is also held by the authors of that study (Kiupel et al., 

2011). Also, the choice of cut-off for MI was arbitrary (i.e., was not determined using statistical 

models) (Kiupel et al., 2011). Webster et al., 2007 and Kiupel et al., 2011 have suggested that 

prognosis for canine MCT should be evaluated by both histology as well as a panel of markers, 

which includes KIT cellular localization pattern, Ki67 immunohistochemistry and c-KIT 

mutational status (Webster et al., 2007), but it is unclear how these tests are best used in 

combination. The proposed grading scheme, like the majority of canine MCT studies, also does 

not distinguish subcutaneous from cutaneous MCT (Newman et al., 2007). 

Canine Subcutaneous Mast Cell Tumours 

A major drawback to Patnaik’s grading scheme is that his study did not include the 

subcutaneous variant of MCT (Patnaik et al., 1984). As such, they are widely misclassified as 

grade II MCT according to Patnaik’s grading scheme, as these are interpreted as deeper tumour 

infiltrates (indicative of tumour progression) (Patnaik et al., 1984). 
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Subcutaneous MCT are confined exclusively to the underlying subcutaneous tissue with 

no involvement of the epidermis or dermis. As they are completely surrounded by fat, there is 

potential to misdiagnose these as lipomas (benign tumours of adipose tissue), even with fine 

needle aspiration, if performed superficially (Newman et al., 2007). Survival studies to date have 

not distinguished the subcutaneous form as a separate entity, but in a recent study of these, dogs 

had better clinical outcomes than reported for grade II MCT and tumours had lower proliferation 

counts (Newman et al., 2007). That study showed survival to be 61% at 1200 days (Newman et 

al., 2007), which compared favourably to grade II MCT survival rates of 44% at 1500 days 

(Patnaik et al., 1984) and 44% at 730 days (Abadie et al., 1999). Although these results are 

promising, the study of the subcutaneous tumours had a low number of cases (n = 53) and did 

not include behaviourally aggressive MCT (Newman et al., 2007). 

As mast cell development, homing and phenotype is strongly influenced by the 

microenvironment (Galli, 1990; Galli, 1993; Metcalfe, 2008) and several influential cytokines 

and growth factors within adipose tissue have been identified (Chaldakov et al., 2003, Cleary et 

al., 2010), neoplastic mast cells arising in fat, may have a different phenotype than cutaneous 

MCT. Alternatively, subcutaneous MCT may arise from haematopoietic progenitor cells which 

reside in adipose tissue. A recent study showed that adipose tissue is a reservoir for normal mast 

cell progenitor cells that did not originate from the bone marrow (Poglio et al., 2010). That study 

showed that these progenitor cells in mice could differentiate into functional mast cells and home 

to the gastrointestinal tract and skin (Poglio et al., 2010). This is not known for dogs, but this 

implies that subcutaneous MCT may be of a different lineage than cutaneous MCT and hence 

these tumours may behave differently than those which arise in the dermis. 
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Treatment of Canine Mast Cell Tumours 

Current treatment of canine MCT is based on histological grading, staging and clinical 

signs (reviewed by London and Séguin, 2003; Welle et al., 2008). It is unclear if cutaneous and 

subcutaneous MCT were separated in any studies. Currently, a modified World Health 

Organization classification, consisting of tumour (T), node (N) and metastasis (M) evaluation is 

used to stage canine MCT (reviewed by Welle et al., 2008). Treatment for MCT is surgical 

removal, which is curative for the majority of grade I and grade II cutaneous MCT (London and 

Séguin, 2003; Séguin et al., 2001; Schultheiss et al., 2011). Adjuvant treatment such as radiation, 

local amputation and chemotherapy is typically reserved for grade III MCT, any MCT that has 

evidence of regional or disseminated metastasis or when complete surgical margins cannot be 

achieved (London et al., 2003; Welle et al., 2008). As clinical outcomes are uncertain, grade II 

MCT represent a challenge and treatment options vary widely based on the risk adversities of 

owners and their perceptions of the pet’s quality of life. 

A pivot point of confusion for grade II MCT is the importance of surgical margins. 

Historically, recommendations for surgery are to obtain 3 cm margins (Thamm and Vail, 2001). 

This is often difficult or impossible to achieve for anatomical sites such as the extremities and 

alternatives are amputation and external beam radiation (Frimberger et al., 1997; Ladue et al., 

1998; Chaffin and Thrall, 2002). This may not be necessary. Retrospective studies have shown 

that 2 cm margins are adequate for the majority of grade I and II MCT (Simpson et al., 2004; 

Fulcher et al., 2006). Other studies have reported low reoccurrence for incompletely resected 

grade II cutaneous MCT (Michels et al., 2002; Séguin et al., 2006; Schultheiss et al., 2011). A 

significant drawback of these studies, however, is that none have distinguished histological 

growth pattern (i.e. well circumscribed vs. infiltrative). Intuitively, infiltrative MCT are more 



 

30 

 

difficult to excise and surgical margins may be inaccurately assessed as “complete” as it is 

impossible to histologically evaluate the entire tumour. If infiltrative growth is indicative of more 

aggressive behaviour, wider margins may be advisable for these tumours. 

Systemic chemotherapy for high risk MCT consists of single agent or combination 

treatment with lomustine (CCNU), vinblastine, prednisone and cyclophosphamide (Thamm et 

al., 1999; Kristal et al., 2004; Thamm et al., 2006; Rassnick et al., 2008; Taylor et al., 2009; 

Rassnick et al., 2010). Despite aggressive therapy, survival of dogs with metastatic grade III 

MCT is poor. A recent retrospective study of 41 dogs with grade III MCT (treated with various 

chemotherapeutic regimes) reports median disease-free interval and median survival times to be 

133 and 257 days, respectively (Hume et al., 2011). 

Human Mast Cell Neoplasia 

Human mast cell neoplasia encompasses a spectrum of uncommon clinical disorders with 

abnormal mast cell proliferation and accumulation in organs (reviewed by Metcalfe, 2008; 

Valent et al., 2005; Arock and Valent, 2010). As the clinical presentation, prognosis and 

treatment for each type of mast cell-related disease varies widely, patients are diagnosed based 

on major and minor criteria established by the World Health Organization (WHO) (reviewed in 

Valent et al., 2005; Arock and Valent, 2010). Mastocytosis is categorized based on 

clinicopathologic findings. Cutaneous mastocytosis in humans is confined to the skin and ranges 

from urticaria pigmentosa, maculopapular, diffuse cutaneous and solitary mastocytoma - all 

usually occur in children and have favourable prognoses amenable to symptomatic treatment 

(Valent et al., 2005; Metcalfe, 2008; Arock and Valent, 2010). The latter, solitary mastocytoma 

most resembles cutaneous mast cell tumours in dogs histologically and clinically, however, 



 

31 

 

unlike the canine counterpart, these typically occur in children and are self-limiting with frequent 

spontaneous regression (Valent et al., 2005; Bodemer et al., 2010). 

Systemic mastocytosis usually occurs in adults. It is a clonal expansion of neoplastic mast 

cells, causing organ failure by the displacement of normal cellular architecture with mast cells - 

most commonly this occurs in the bone marrow, liver, lymph nodes, gastrointestinal tract and 

spleen. Cutaneous lesions are typically absent (Valent et al., 2005; Arock and Valent, 2010). 

Systemic mastocytosis occurs as indolent (‘smoldering’ or isolated to bone marrow) or 

aggressive (with or without other clonal non-mast cell haematological lineage) disease. 

Aggressive systemic mastocytosis can further develop into mast cell leukemia (Valent et al., 

2005; Arock and Valent, 2010). 

Clinical signs of patients with systemic mastocytosis are related to the release of mast cell 

mediators (e.g., histamine and prostaglandins), which cause vasodilation and incite inflammatory 

cascades. These symptoms include fever, skin flushing, hypotension, systemic anaphylaxis and 

gastrointestinal distress (Valent et al., 2005; Metcalfe 2008). As there is no cure, treatment of 

patients is largely palliative, consisting of pharmacologic agents that inhibit mast cell mediators, 

including anti-histamines and glucocorticoids (Arock and Valent, 2010). These treatments are 

not sufficient for many patients and in aggressive cases, chemotherapy and therapies targeting 

receptor tyrosine kinases (RTK) such as KIT are used, but success is limited (Arock and Valent, 

2010; Valent et al., 2010; Gleixner et al., 2011). 



 

32 

 

RECEPTOR TYROSINE KINASES IN NEOPLASIA 

Receptor tyrosine kinases (RTK) are the focus of intense investigation as many of these 

are dysregulated or over-activated in human and animal diseases, such as atopy (Cadot et al., 

2009), cardiovascular fibrosis (Liao et al., 2010) and cancer (reviewed by Corless et al., 2004; 

Gschwind et al., 2004; Toffalini and Demoulin, 2010; Corless et al., 2011). Also, as several 

chronic inflammatory, autoimmune and neoplastic diseases appear to be exacerbated by normal 

mast cells, targeting of mast cell receptors (such as KIT) is now being explored as a therapeutic 

modality (reviewed by Imada et al., 2000; Benoist and Mathis, 2002; Brown et al., 2002; 

Abraham and St. John, 2010; Johansson et al., 2010; Reuter et al., 2010; Pittoni et al., 2011; 

Ribatti and Crivellato, 2011). As such, there is an ever-growing, interdisciplinary body of 

information concerning RTK involved in human and animal disease. 

Several mechanisms of aberrant RTK expression or activation are described, including 

over-expression, autocrine or intracrine signalling loops, genetic mutations and rearrangements 

(reviewed in Gschwind et al., 2004). RTK over-expression with gene amplification (increased 

gene copy number) occurs in the human epidermal growth factor receptor-related 2 gene 

(HER2/neu; also known as ERBB2) in human breast and ovarian cancer. HER2 over-expression 

indicates a poor prognosis (Slamon et al., 1987; Slamon et al., 1989). RTK over-expression can 

also occur due to impaired degradation, as demonstrated in c-Cbl (an E3 ubiquitin ligase) mutant 

mouse models of systemic mastocytosis (Bandi et al., 2009). Autocrine and intracrine signalling 

occur when a cell produces a ligand to which it also responds. In autocrine activation, receptors 

are on the cell surface and react with secreted ligand whereas intracrine signalling involves 

intracellular receptors and synthesized ligand. Both types of signalling loops (for VEGF) are  
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evidenced in human colorectal cancer (CRC) (Fan et al., 2011; Samuel et al., 2011). Genetic 

mutations and rearrangements are well described in neoplasms and include internal tandem 

duplications (ITD), point mutations (e.g., deletions, substitutions) and the generation of fusion 

proteins - all of these can occur in gastrointestinal stromal tumours (GIST) (Heinrich et al; 2002, 

2003b; Lasota et al., 2003; Miettinen and Lasota, 2006). In addition, paracrine activation of 

stromal VEGFR and PDGFR is important as signalling through these pathways stimulate 

angiogenesis and fibroblast activation, which aid in tumour progression (Bhowmick et al., 2004; 

Ferrara and Kerbel, 2005; Pietras et al., 2008; Joyce and Pollard, 2009). 

KIT Dysregulation in Canine and Human Mast Cell Neoplasia 

Dysregulation of KIT in neoplasia frequently involves c-KIT mutations. c-KIT mutations 

are detected in human systemic mastocytosis (Longley et al., 1999, 2001), gastrointestinal 

stromal cell tumours (GIST) (Hirota et al., 1998; Heinrich et al., 2002; Bauer et al., 2007), acute 

myeloid leukemia
 
(Gari et al., 1999), seminomas, dysgerminomas (Tian et al., 1999) and 

melanomas (Torres-Cabala et al., 2009). In animals, KIT research has largely focused on canine 

MCT (London et al., 1999; Ma et al., 1999; London et al., 2003; London et al., 2009a, b) and 

feline mastocytosis (Hadzijusufovic et al., 2009; Isotani et al., 2010), but c-KIT mutations are 

found in canine GIST (Gregory-Bryson et al., 2010) and recently in canine acute myeloid 

leukemia (Usher et al., 2009). c-KIT mutations were investigated in canine histiocytic sarcoma, 

but none were found (Zavodovskaya et al., 2006). c-KIT mutations in mast cell neoplasia and 

GIST are currently the most translationally relevant as these occur in both humans and dogs. In 

GIST, mutations are the same in both species (Gregory-Bryson et al., 2010). 
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Human systemic mastocytosis occurs primarily in adults and in the majority of cases 

(over 80%) it is associated with a point mutation in c-KIT (D816V), which consists of a 

substitution of valine (V) for aspartic acid (D) in the catalytic kinase domain (encoded by exon 

17 of c-KIT) (Furitsu et al., 1993; Kitayama et al., 1995; Longley et al., 1999; Ma et al., 2002; 

Valent et al., 2005; Frost et al., 2011; Gleixner et al; 2011). These patients are typically resistant 

to currently approved RTK inhibitors (Frost et al., 2011). Recently, it has been evidenced that 

D816V mutations in c-KIT are not, on their own, sufficient to explain the transforming events 

progressing to aggressive disease as mutations often disappear spontaneously or in response to 

RTK inhibitors (e.g., due to clonal selection) and other oncogenic events are suspected (Gleixner 

et al., 2011). Other less common c-KIT mutations are described in special cases of systemic 

mastocytosis, which present with hypereosinophilic syndrome (SM-HES) (Cools et al., 2003). In 

SM-HES, a fusion gene between FIP1-like 1 gene and platelet-derived growth factor receptor 

alpha (PDGFRα) is generated. FIP1L1-PDGFRα gene arrangements have been found in less than 

5% of cases of systemic mastocytosis (Cools et al., 2003). In contrast, deletions and point 

mutations of c-KIT in human and canine GIST are usually found within the juxtamembrane 

domain of exon 11 (Hirota et al., 1998; Gregory-Bryson et al., 2010) and these tumours initially 

respond well to RTK inhibition. 

The role of KIT in canine MCT has been intensively investigated as some of these 

tumours possess c-KIT mutations (London et al., 1999; Ma et al., 1999; Downing et al., 2002; 

Jones et al., 2004; Riva et al., 2005; Webster et al., 2006a, b). In contrast to humans, the 

prevalence of c-KIT mutations in canine MCT is reported to be much lower (15 to 30%) 

(Webster et al., 2006b; London et al., 1999; London et al., 2009b) and the majority are ITD 

within the juxtamembrane domain of exon 11 (London et al., 1999; Ma et al., 199; Downing et 
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al., 2002; Jones et al., 2004; Webster et al., 2006b), while D816V kinase domain mutants have 

not been found (Webster et al., 2006a). c-KIT mutations are typically seen in higher grade MCT 

(Zemke et al., 2002). These cause ligand-independent cellular proliferation as seen in neoplastic 

canine mast cell lines (Liao et al., 2002; Gleixner et al., 2007; Takeuchi et al., 2010). Activating 

c-KIT mutations in exon 8 and 9 (corresponding to the extracellular domain) are infrequently 

reported in canine MCT (Letard et al., 2008; Takeuchi et al., 2012). Interestingly, mutations of 

KIT at this site are common in feline mast cell tumours (Hadzijusufovic et al., 2009; Isotani et 

al., 2010) and were recently detected in human paediatric mastocytosis (Bodemer et al., 2010). 
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TARGETED CANCER THERAPY 

The basis for chemotherapy is non-selective inhibition of dividing cells (Mutsaers, 2009). 

RTK inhibitors are promising therapies as they specifically target cells that rely on RTK 

signalling (Gschwind et al., 2004). These drugs may also prove to be effective as “sensitizing 

agents”, by rendering neoplastic cells more susceptible to chemotherapy. Human and animal 

studies have shown this effect (Katayama et al., 2004; Ellis and Hicklin, 2008; Falcon et al., 

2011; Thamm et al., 2012). There are three types of targeted RTK treatments: small molecule 

inhibitors (which suppress receptor phosphorylation by occupying ATP binding sites) and 

monoclonal antibodies which either target the receptor binding site or neutralize the ligand 

(Gschwind et al., 2004). Currently there are 11 RTK inhibitors registered for clinical use in 

human patients. These target EGFR, ERBB2, VEGFR, KIT, PDGFR, the non-receptor tyrosine 

kinases ABL and SRC and one Ser/Thr-specific kinase, the atypical protein kinase mTOR (Table 

1.3) (NCCN, 2011; reviewed by Fabbro et al., 2012). There are over 130 others currently being 

evaluated in clinical trials (Fabbro et al., 2012). In veterinary medicine, only one (toceranib; 

Palladia™) is approved in North America for use in dogs (London et al., 2009b) and another, 

masitinib (Kinavet™), is approved for use in dogs in Europe, conditionally approved for dogs in 

North America and is still undergoing clinical trials (Hahn et al., 2008; Hahn et al., 2010). 

Masitinib is also being investigated for use in cats (Hadzijusufovic et al., 2009). 

Currently, the most well studied small molecule inhibitor is imatinib (Glivec™ 

(USA)/Gleevac™ (Canada); Novartis) (Pardanani et al., 2003; Zhang et al., 2009). Imatinib is 

approved for the treatment of human patients with chronic myeloid leukemia (CML), GIST
 
and 

systemic mastocytosis patients without D816V c-KIT mutations (Pardanani et al., 2003; 
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Miettinen and Lasota, 2006; Melo and Barnes, 2007; Zhang et al; 2009; An et al., 2010; NCCN, 

2011). There is a high rate of success of the drug in human patients with indolent CML (Zhang et 

al., 2009; An et al., 2010). Chronic myeloid leukemia is almost always caused by a reciprocal 

translocation between chromosomes 9 and 22, replacing the 1
st
 exon of the c-abl oncogene-1, 

non-receptor tyrosine kinase (Abelson/ ABL) gene on chromosome 9 with sequences from the 

breakpoint cluster region (BCR) gene of chromosome 22, resulting in the constitutively activated 

BCR-ABL fusion protein (Melo and Barnes, 2007; An et al., 2010). Chronic myeloid leukemia is 

a proto-typical example of “oncogene addiction”, whereby cancer cell survival is dependent 

upon a single oncogenic mechanism (Weinstein et al., 2006). Discovery of these “driving” 

mutations, which are amenable to single agent RTK inhibition, is a key motivator for RTK 

research (Zhang et al., 2009). Other oncogenically “addicted” neoplasms respond well to RTK 

inhibition, including those which have ITD c-KIT mutations in the juxtamembrane domain. 

These include GIST (Lasota et al., 2003; Miettinen and Lasota, 2006; Frost et al., 2011) and 

some canine MCT (London et al., 2009b). 

Monoclonal antibodies which recognize the receptor and block ligand binding induce 

receptor internalization, cell-cycle inhibition and the recruitment of tumour-killing immune cells 

(Zhang et al., 2009). A key example of this type of drug is trastuzumab (Herceptin™; 

Genentech), which has proven effective for the treatment of ovarian and metastatic breast 

cancers that over-express HER2 (Zhang et al., 2009; Fabbro et al., 2012). Monoclonal antibodies 

which neutralize the receptor ligand can disrupt autocrine or paracrine RTK activation. The first 

drug of this kind to receive FDA approval was bevacizumab (Avastin™; Genentech) for 

metastatic colorectal cancer (CRC) used in conjunction with chemotherapy (Berlin et al., 2004; 

Hurwitz et al., 2004; Giantonio et al., 2007; Koukourakis et al., 2011). Bevacizumab neutralizes 
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human VEGF and is used to modulate autocrine activity and angiogenesis (Kim et al., 1993; 

Presta et al., 1997; Epstein, 2007; Ellis and Hicklin, 2008). While these therapies are widely used 

in human cancer, they have not been studied in animals and neutralizing antibodies to canine 

VEGF are not available. 

Receptor Tyrosine Kinase Inhibitor Resistance in Neoplasia 

Targeted RTK therapy is short-lived and ineffective in many neoplasms, largely due to 

inherent or acquired drug resistance, which are major impediments to their success (Bergers, 

2008; Koutras et al., 2011). There is a wide range of resistance mechanisms including the 

development of subsequent genetic mutations, which prevent drug binding (Zhang et al., 2009); 

gene amplification as seen in CML (le Coutre et al., 2000) or clonal selection of aggressive 

neoplastic subclones (Zhang et al., 2009). Other mechanisms of resistance include the 

development of compensatory mechanisms, such as over-expression of alternative kinases or 

other oncogenes, such as described in human lung cancer (Engelman et al., 2007). In colorectal 

cancer, there is evidence that chronic treatment with bevacizumab accelerates metastasis (Ebos et 

al., 2009; Paez-Ribes et al., 2009; Fan et al., 2011). One study showed that bevacizumab caused 

up-regulation of VEGFR1 which induced a metastatic phenotype (Fan et al., 2011). A separate 

study of non-small-cell lung cancer (NSCLC) showed that bevacizumab caused increased 

production of VEGF, which accelerated angiogenesis in xenograft models (Sasaki et al., 2008). 

For these reasons, RTK targeted therapies in human patients are usually not used as single-agent 

drugs, but rather in combination with chemotherapy (Sandler et al., 2006; Giantonio et al., 2007; 

Reck et al., 2009; Zhang et al., 2009; Tebbutt et al., 2010). 
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Inherent resistance is common in human systemic mastocytosis as the majority of these 

neoplasms have kinase domain mutations. Mutations occurring within the kinase domain are 

referred to as “activating” mutations as they confer KIT with a sustained “DFG-in” conformation 

of the activation loop, which prevents juxtamembrane domain autoinhibition and sustains 

signalling (Heitjan and Ma, 1999; Ma et al., 2002; Mol et al., 2004; Frost et al., 2011). These 

mutations are different than “regulating” mutations within the juxtamembrane domain. Although 

mutations in both sites cause constitutive activation, the main relevancy of the distinction is that 

c-KIT mutations within the kinase domain are inherently resistant to all currently available 

receptor targeted therapy due to steric hindrance of drug occupancy sites conferred by the “DFG-

in” conformation of KIT (Ma et al., 2002; Mol et al., 2004; Valent et al., 2005; Toffalini and 

Demoulin, 2010; Frost et al., 2011). In contrast, juxtamembrane mutations are extremely 

susceptible to RTK inhibition (Lasota et al., 2003; Ma et al., 2002; Miettinen and Lasota, 2006; 

Frost et al., 2011). 

A further challenge to drug design and efficacy is the lack of drug specificity. As there 

are hundreds of protein kinases which share similar topology within the activation loop, 

inhibition of a single RTK with ATP-mimicking drugs is considered to be extremely difficult, if 

not impossible
 
and at best, they are described as “selective” inhibitors (Fischer, 2004). Many 

RTK inhibitors therefore target several sites (Table 1.3). For example, imatinib inhibits ABL, 

KIT and PDGFR (Fabbro et al., 2012). These inhibitors undoubtedly affect several common 

downstream pathways. Also, RTK in the “active” conformation are structurally more similar 

than the “inactive” conformations, making drugs which target the “active” conformation less 

specific (Fischer, 2004; Zhang et al., 2009). This lack of specificity explains in part some of the 

toxic side-effects, such as cardiotoxicity
 
(Force et al., 2007), skin eruptions (Amitay-Laish et al., 
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2011) and
 
interstitial lung disease (Min et al., 2011). This may be because many of these drugs 

also inhibit VEGFR and PDGFR. These RTK are needed to maintain normal homeostasis. For 

example, PDGF signalling is thought to have a cardioprotective effect and VEGFR is involved in 

maintaining blood pressure (Mellor et al., 2011). Another reason is that as these drugs are ATP 

competitors, they can have direct negative effects on cells that have a high ATP demand, such as 

cardiac myocytes (Mellor et al., 2011). For these reasons, ongoing investigation is needed, 

especially to design drugs which are not ATP mimetics (Zhang et al., 2009). 

Receptor Tyrosine Kinase Inhibition in Mast Cell-Related Inflammation 

There have been several recent studies of RTK inhibition of non-neoplastic mast cells in 

diseases such as asthma and rheumatoid arthritis (Reber et al., 2006; Halin et al., 2008; Huang et 

al., 2009; Humbert et al., 2009; Tebib et al., 2009; Sanderson et al., 2010; Rhee et al., 2011; 

Yamaki and Yoshino, 2011). These studies have shown the small molecule inhibitors masitinib 

and imatinib to be effective treatments of these conditions using murine models and phase II 

clinical trials. In rheumatoid arthritis, KIT inhibition leads to significant reduction in TNFα in 

synovial tissue cultures and causes apoptosis of cultured murine mast cells (Juurikivi et al, 

2005), indicating that this is a key mechanism of mast cells for the progression of the disease. 

Masitinib was recently studied for treatment of canine atopy and results of a clinical trial 

suggested that non-neoplastic canine mast cells may respond to inhibition as well (Daigle et al., 

2010; Cadot et al., 2011). The inhibitory mechanisms implicated include KIT inhibition of mast 

cells (Tebib et al., 2009), but these drugs may also affect downstream Src family members such 

as Lyn, Fyn and Syk, which are also downstream to the FcεRI receptor (Metcalfe, 2008; 

Sanderson et al., 2010; Cadot et al., 2011). 
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RTK Inhibition in Canine Mast Cell Tumours 

Based on the discovery that some canine MCT possessed c-KIT mutations, many in vitro 

and in vivo investigations of KIT inhibition have been performed (Liao et al., 2002; Pryer et al., 

2003; Gleixner et al., 2007; Kobie et al., 2007; Isotani et al., 2008; Lin et al., 2008; Lin et al., 

2010a, Takeuchi et al., 2010, Gleixner et al, 2011; Takeuchi et al., 2012). This research led to 

the launch of toceranib (Palladia™; Pfizer), the first RTK inhibitor to receive FDA approval for 

veterinary use. Toceranib inhibits many RTK including KIT, VEGFR and PDGFR (Pryer et al., 

2003). Forty-three percent of dogs with MCT responded in a large multi-center clinical trial, but 

some of these tumours relapsed due to resistance (London et al, 2009b). Toxicity was also 

reported in that study – one side-effect being neutropenia (London et al., 2009b). The data from 

this trial showed that although dogs with MCT bearing c-KIT mutations were more likely to 

benefit from single agent toceranib (20 of 29 (69%) of dogs responded), 42 of 114 (37%) of dogs 

without demonstrable c-KIT mutations also had objective responses in the open-label study phase 

(London et al., 2009b). The reason for this finding is not known, but it may be due to toceranib’s 

inhibition of VEGFR and PDGFR. A prior study which supports this, found that toceranib 

caused regression of primary and metastatic tumours in several canine neoplasms that did not 

have dysregulated KIT (London et al, 2003). It is unknown if tumour regression seen in either 

study was a result of toceranib’s effect on neoplastic cells or on the local microenvironment (i.e., 

by abrogation of angiogenesis, stromal necrosis or resolution of edema) as objective responses 

were largely based on measurements of tumour size (London et al., 2009b). Only one study of 

canine MCT has obtained follow-up biopsies to assess the effect of toceranib, but histology was 

not assessed (Pryer et al., 2003). 
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The results of the toceranib clinical trial showed that RTK inhibition could be effective in 

treating canine MCT, but further drug development and exploration of new targets are needed. 

Although a subset of MCT are driven by juxtamembrane or less frequently, extracellular domain 

c-KIT mutations (London et al., 1999; Letard et al., 2008), the mechanisms responsible for the 

majority remain unknown. While it is tempting to speculate that these have undiscovered c-KIT 

mutations, evidence for this is lacking as several studies have failed to detect these (London et 

al., 1999; Ma et al., 1999; Downing et al., 2002; Jones et al., 2004; Riva et al., 2005; Webster et 

al., 2006b). While it may be possible that KIT is dysregulated due to over-expression or impaired 

degradation, it is also possible that many MCT are driven by aberrant RTK other than KIT, most 

notably VEGFR and PDGFR. These receptors are still to be investigated in canine MCT and 

consequently, their role is unknown. Additionally, as these receptors are expressed in endothelial 

cells and fibroblasts, which are an important part of the tumour stroma and involved in 

angiogenesis, they represent attractive targets and warrant investigation. 
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THE VEGF and PDGF SIGNALLING PATHWAYS IN NEOPLASIA 

The VEGF Signalling Pathway in Neoplasia 

The VEGF signalling pathway is important in cancer progression for two main reasons. 

First, it is a key regulator of tumour neovascularization (reviewed by Ribatti and Crivellato, 

2011) and secondly, many cancer cells use VEGF signalling as a survival mechanism (reviewed 

by Roskoski, 2007; Ellis and Hicklin, 2008). 

The VEGF family consists of five members: VEGFA (known as VEGF), VEGFB, 

VEGFC, VEGFD and placental growth factor (PlGF1 and PlGF2) and various isoforms exist for 

these due to alternative splicing of mRNA (Ferrara et al., 2003; Roskoski, 2007). VEGF (A - D) 

and PlGF1 are ligands for the vascular endothelial growth factor receptors (VEGFR), which 

include the RTK VEGFR1 (also known as Fms-like tyrosine kinase 1 or Flt1), VEGFR2 (also 

known as the kinase domain receptor or KDR), VEGFR3 and the co-receptors neuropilins 1 and 

2 (Ferrara et al., 2003; Roskoski, 2007). VEGFR1 and VEGFR2 are expressed primarily by 

endothelial cells and are involved in blood vessel formation and development. Both VEGFR can 

also exist as soluble isoforms (sVEGFR), which lack both kinase and intracellular signalling 

domains (Chung and Ferrara, 2011; Koch et al. 2011; Tugues et al., 2011). VEGFR1 is the RTK 

for VEGF, VEGFB and PlGF. VEGFR2 binds with all family ligands except VEGFB. VEGFR3 

is the receptor for VEGFC and VEGFD and is involved in lymphatic development and 

maintenance (Roskoski, 2007; Koch et al., 2011). 

The VEGF ligand is well studied (reviewed by Kanno et al., 2000; Olsson et al., 2006; 

Roskoski, 2007; Chung et al., 2010; Koch et al., 2011; Tugues et al., 2011) and the majority of 

endothelial VEGF signalling is thought to be through VEGFR2 (Tugues et al., 2011). Embryonic 
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mouse studies have shown that both homozygous and heterozygous loss of VEGF alleles are 

lethal and that heterozygous VEGF-deficient mice develop abnormal vasculature, which 

highlights its importance for development (Ferrara et al., 1996). VEGF/VEGFR2 signalling is 

the most important pathway for endothelial cell survival, growth and migration (Ferrara and 

Henzel, 1989; Kim et al., 1993; Ferrara et al., 2003; Hutchings et al., 2003). VEGF binds with 

more affinity to VEGFR1, but results in weaker receptor activity than seen for VEGFR2 

(Waltenberger et al., 1994; Ferrara et al., 2003). The role of VEGFR1 is uncertain and appears to 

be context dependent (Gille et al., 2001; Shibuya, 2006a; Chung and Ferrara, 2011; Koch et al., 

2011; Shibuya, 2011). VEGFR1 appears to act as a negative regulator of angiogenesis during 

embryogenesis and a positive regulator in pathological angiogenesis, notably in tumour 

angiogenesis (Shibuya, 2011). It is thought that it acts as a decoy for VEGF, thus affecting 

VEGFR2 signalling by competing for VEGF (Hiratsuka et al. 1998; Shibuyu, 2006a). VEGFR1 

also promotes endothelial survival, monocyte migration and secretion of proteases and growth 

factors from endothelial cells (Barleon et al., 1996; Hiratsuka et al., 1998; Cai et al., 2003; 

LeCouter et al., 2003). It has recently been found to promote the growth of some tumours (Wu et 

al., 2006; Lichtenberger et al., 2010; Van de Veire et al., 2010b) and has been implicated in 

metastasis (Kaplan et al., 2005; Wey et al., 2005; Seto et al., 2006; Mylona et al., 2007; Liu et 

al., 2011). VEGFR1-mediated activation appears to be a compensatory resistance mechanism to 

long-term bevacizumab therapy in some neoplasms such as colorectal cancer (Fan et al., 2005; 

Fan et al., 2011). Colorectal cancer cells treated chronically with bevacizumab had increased 

VEGFR1 phosphorylation, which led to increased motility in vitro and a heavier metastatic 

burden in vivo (Fan et al., 2011). 
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VEGFR2 downstream signalling in endothelial cells is well described (reviewed by Koch 

et al., 2011). Two major tyrosine kinase phosphorylation sites are Tyr 951 and Tyr 1175, which 

affect different pathways. Tyr 951 is located within the kinase insert domain and is a binding site 

for the SH2-domain containing T cell specific adapter molecule (TSAd; also known as VEGFR-

associated protein or VRAP) (Matsumoto et al., 2005). TSAd is normally not activated in 

quiescent endothelial cells, but is phosphorylated during angiogenesis (Matsumoto et al., 2005). 

It is thought that this pathway is more important for motility and survival, rather than 

proliferation, as shown using murine TSAd knockdown models (Matsumoto et al., 2005). TSAd 

reportedly activates PLCγ and PI3 (Wu et al., 2000). The Tyr 1175 site is more important for 

proliferation (Shibuya et al., 2006b). This is a binding site for many proteins, the most important 

is PLCγ but also the SH2 domain-containing adaptor protein B (SHB). PLCγ activates protein 

kinase C (PKC) leading to ERK1/2 activation and cellular proliferation (Takahashi et al., 2001). 

Other downstream pathways activation through VEGF/VEGFR2 signalling include the PI3/Akt 

pathway, which results in B-cell lymphoma 2 (Bcl2) - associated death promoter (Bad) and 

caspase 9 inactivation, which thereby inhibits apoptotic activity (Datta et al., 1999; Los et al., 

2009). VEGF also induces the expression of the anti-apoptotic proteins Bcl2 (Gerber et al., 

1998a, b; Nör et al., 2001; Kumar et al., 2004). Less is known about VEGFR1 signalling, but in 

vitro studies have shown that signalling occurs through PLCγ and PI3K binding as well (Sawano 

et al., 1997; Shibuya et al., 2006a, Wang et al., 2011). VEGFR1 has several phosphorylation 

sites which are activated by PlGF, but not VEGF (Autiero et al., 2003). VEGFR1 may also affect 

VEGFR2 signalling through the formation of heterodimers of these receptors which may alter 

the recruitment and activation of signalling molecules downstream to VEGFR2 (Rahimi et al., 

2000; Huang et al, 2001). 
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Much of what is known about VEGF signalling is based on studies of neovascularization 

(reviewed by Olsson et al., 2006; Ellis and Hicklin, 2008; Carmeliet and Jain, 2011; Chung and 

Ferrara, 2011; Herbert and Stainier, 2011; Koch et al., 2011). Neovascularization, or new blood 

vessel formation is divided into two broad categories - vasculogenesis and angiogenesis - and 

both processes are critically dependent on VEGF/VEGFR signalling (Kim et al, 1993). 

Vasculogenesis is the embryonic process of de novo blood vessel formation, initiated by the 

differentiation of angioblasts to mature endothelial cells, which fuse to form primitive capillary 

plexi (Ellis and Hicklin, 2008). Post-natal vasculogenesis is also identified, whereby endothelial 

progenitor cells (EPC) are recruited from the bone marrow and incorporated into blood vessels 

(Asahara et al., 1997; Ellis and Hicklin, 2008; Patenaude et al., 2010). This is thought to be 

important for the establishment of pre-metastatic niches (Kaplan et al., 2005). 

Angiogenesis is the formation of new blood vasculature from pre-existing vessels. This is 

a complex process involving a myriad of growth factors and other mediators, whereby 

endothelial cells sprout, branch, form a lumen and anastomose, ultimately remodelling these new 

capillaries into functional vascular beds with effective blood flow
 
(Roskoski, 2007, Ellis and 

Hicklin, 2008; Chung and Ferrara, 2011). Mature blood vessels are stabilized by pericytes and 

smooth muscle cells, a process regulated by key growth factors such as PDGF (Ferrara and 

Kerbel, 2005; Roskoski, 2007). Angiogenesis is tightly regulated by a balance of numerous 

growth factors, cytokines and physical factors (e.g., oxygen supply) which are either pro-

angiogenic or inhibitory (Bergers and Benjamin, 2003; Roskoski, 2007). A shift in the balance of 

these factors towards a pro-angiogenic environment initiates angiogenesis - a concept known as 

“the angiogenic switch” (Bergers and Benjamin, 2003). 
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In neoplasia, the process of angiogenesis is dysregulated, resulting in the formation of 

abnormal, often “leaky” vasculature, resulting in ineffective perfusion (Ferrara and Kerbel, 2005; 

Ellis and Hicklin, 2008). Angiogenesis is an important aspect of tumourigenesis, as it results in 

hypoxic areas. This contributes to further tumour progression in a variety of ways, such as 

promoting epithelial mesenchymal transition (EMT) and metastasis (Joyce and Pollard, 2009; 

Wilson and Hay, 2011). Additionally, the abnormal vasculature makes anti-tumour drug delivery 

a substantial challenge and therapy investigating ways to “normalize” tumour blood vessels is a 

central theme in cancer (reviewed in Jain, 2005; Ellis and Hicklin, 2008; Goel et al., 2011). 

Anti-angiogenic therapy is promising as both VEGFR and PDGFR are often targeted 

(Bergers et al., 2003, Erber et al., 2004). Anti-VEGF targeting also potentially blocks the 

recruitment of endothelial progenitor cells which may pre-empt metastatic niches (Kaplan et al., 

2005) as well as decrease vascular permeability and stabilize pericyte-endothelial interactions, 

which may ensure better delivery of chemotherapeutics (Jain, 1996; Jain, 2003; Ellis and 

Hicklin, 2008; Chung et al., 2010). In practice, the clinical response to anti-angiogenic therapy 

has been highly variable with low rates of success (Casanovas et al., 2005; Ferrara and Kerbel, 

2005; Jain et al., 2006; Bergers and Hanahan, 2008; Arao et al., 2011). This response variability 

may be due to the heterogeneity of VEGFR2 expression within tumour vasculature (Patten et al., 

2010) but other possibilities include the development of resistance mechanisms discussed above. 

Newer therapies directed at neutralizing both VEGF and PlGF are now being investigated in 

clinical trials (Holash et al., 2002; Fischer et al., 2007). One of these is VEGF-Trap (aflibercept; 

Regeneron™), which is a soluble decoy receptor with very high affinity for both VEGF and 

PlGF and may therefore be an effective in inhibitor of both VEGFR1 and VEGFR2 (Holash et 

al., 2002; Teng et al., 2010; Van de Veire et al., 2010a). 
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VEGF Paracrine and Autocrine Signalling in Neoplasia 

Many human neoplasms over-express VEGF (Takahashi et al., 1995; Relf et al., 1997; 

Salven et al., 1998; Delli-Carpini et al., 2010) and use this ligand in a paracrine fashion to 

stimulate angiogenesis via VEGFR2 signalling (Delli-Carpini et al., 2010). VEGF expression 

and mean vascular density are associated with poorer clinical outcomes in some neoplasms 

including squamous cell carcinoma, breast cancer, non-small cell lung cancer, hepatocellular 

carcinoma and gastric lymphoma (Gasparini et al., 1997; Hazelton et al., 1999; Inoue et al., 

1997; O’Byrne et al., 2000; Loggini et al., 2003; Yao et al., 2005; Xie et al., 2011). Some 

neoplasms, including breast, ovarian and colorectal cancer, also use VEGF autocrine and 

intracrine signalling through either VEGFR1 or VEGFR2 as a survival mechanism (Bachelder et. 

al, 2001; Santos and Dias, 2004; Vincent et al., 2005; Weigand et al., 2005; Lee et al., 2007a, b; 

Barr et al., 2008; Sher et al., 2009; Lee et al., 2011). The mechanism for neoplastic cell survival 

in some neoplasms appears to be evasion of apoptosis (Barr et al., 2008; Sher et al., 2009). 

Inhibition of VEGF signalling caused down-regulation of the anti-apoptotic protein Bcl2 and up-

regulation the pro-apoptotic protein Bad in breast cancer cells (Barr et al., 2008). In veterinary 

medicine this field is less advanced, but many studies have demonstrated co-expression of VEGF 

and VEGFR2 in neoplasms such as mammary carcinoma (Millanta et al., 2006; Al-Dissi et al., 

2011), epithelial nasal tumours (Shiomitsu et al., 2009), vascular tumours (Yonemaru et al., 

2006) and canine MCT (Rebuzzi et al., 2007), which is suggestive of autocrine signalling, but 

this has yet to be determined. 
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The PDGF Signalling Pathway in Neoplasia 

Platelet-derived growth factor is a type III RTK belonging to the same family as KIT 

(Claesson-Welsh, 1996; Fredriksson et al., 2004; Andrae et al., 2008; Dai, 2010). There are four 

homodimeric ligands: PDGFAA, PFGFBB, PDGFCC, PDGFDD and one heterodimer 

(PDGFAB). These are encoded by 4 genes (PDGFA to D) and there are two receptors (PDGFRα 

and PDGFRβ). Interactions for some have been described in vivo: PDGFAA and PDGFCC 

activate PDGFRα and PDGFBB activates PDGFRβ (Fredriksson et al., 2004). PDGF is 

produced and stored in platelets, but is also produced by many other cells, including smooth 

muscle cells, neurons, fibroblasts, endothelial cells, megakaryocytes and mast cells (Claesson-

Welsh, 1996; Fredriksson et al., 2004; Andrae et al., 2008; Ribatti and Crivellato, 2011). Both 

PDGFR are expressed in mesenchymal cells including fibroblasts and smooth muscle and 

PDGFRβ is additionally expressed in pericytes (Andrae et al., 2008; Dai, 2010). Upon secretion, 

PDGF is sequestered in the extracellular matrix and is released by proteases (e.g., MMP2 and 

MMP9) (Andrae et al., 2008). Mouse models have shown that targeted deletion of the PDGFBB 

retention motif in mice leads to pericyte detachment from the microvessel wall (Abramsson et al. 

2003; Lindblom et al. 2003), illustrating the importance of PDGF signalling in blood vessel 

development (Bergers et. al, 2003). 

PDGF mediated induction of fibroblasts is also thought to be an important mechanism of 

tumour progression (Tejada et al., 2006; Anderberg et al., 2009; Pietras and Ostman, 2010). 

PDGF signalling has been implicated in inciting desmoplasia within several human neoplasms, 

such as melanoma, breast, cervical, prostate and lung cancer (Shao et al., 2000; Tejada et al., 

2006; Donnem et al., 2008; Pietras et al., 2008; Hägglöf et al., 2010). Several studies are now 

evaluating the utility of RTK inhibitors to inhibit fibrosis within neoplasms. One study of 
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cervical cancer showed imatinib to be effective in reducing the growth of carcinomas, attributed 

in part to abrogation of PDGF induction of fibroblasts (Pietras et al., 2008). A separate study 

assessed the effects of PDGF neutralization in cervical carcinoma cells co-cultured with 

fibroblasts (Murata et al., 2011). That study found that fibroblasts produced heparin-binding 

epidermal growth factor (HB-EGF), which caused increased proliferation of carcinoma cells, an 

effect that was abrogated with PDGF neutralization. 

Additionally, prominent stromal expression of PDGFRβ in prostate, cervical and breast 

cancer is linked with poorer survival outcomes (Pietras et al., 2008; Paulsson et al., 2009; 

Hägglöf et al., 2010). In several human neoplasms, activating genetic mutations or over-

expression of PDGFR are also described, including glioblastoma, GIST, myeloproliferative 

diseases,
 
dermatofibrosarcoma protuberans, Ewing’s sarcoma and non-small-cell lung cancer 

(NSCLC) (Golub et al., 1994; Kulkarni et al., 2000; Sjöblom et al., 2001; Heinrich et al., 2003b; 

Cools et al., 2003; Dibb et al., 2004; Bozzi et al., 2007; Tsao et al., 2011). In human 

glioblastoma, there is almost always gene amplification and over-expression of PDGFRα 

(Fleming el al., 1992). It has been suggested that autocrine signalling through this RTK occurs 

(Fleming et al., 1992), but this has not been supported by all studies (Kenney-Herbert et al., 

2011). Autocrine PDGF signalling has also been implicated in Ewings soft tissue sarcoma (Bozzi 

et al., 2007), ovarian carcinoma (Henriksen et al., 1993; Matei et al., 2006) and large granular 

lymphocytic (LGL) leukemia (Yang et al; 2010). 

In animals, PDGF signalling is less well studied. PDGFRα is over-expressed in canine 

osteosarcoma (Levine, 2002), mimicking the human counterpart (McGary et al, 2002; Kubo et 

al., 2008). In one study, a canine osteosarcoma cell line expressed PDGF ligands and both 

PDGFR, suggestive of autocrine activation (Levine, 2002), but this was not proven. PDGFRα is 



 

51 

 

also over-expressed in canine gliomas
 
(Higgins et al., 2010) and PDGFRβ over-expression was 

reported in equid sarcoids
 
(Borzacchiello et al, 2009) and feline vaccine-associated sarcoma cells 

(Katayama et al., 2004). 

The Role of VEGFR and PDGFR in Canine Mast Cell Tumours 

The role of VEGFR and PDGFR in canine MCT is not known. Two studies have 

demonstrated that neoplastic mast cells can express both VEGFR1 and VEGFR2 and 

constitutively secrete its ligand (VEGF), but the significance of this was undetermined (Rebuzzi 

et al., 2007; Sekis et al., 2009). Although VEGF autocrine signalling was suspected, this was not 

found. Both studies used a c-KIT mutation-driven cell line that may not have depended on VEGF 

signalling for survival. Additionally, neither study directly evaluated VEGFR signalling. One of 

these studies did report VEGF expression within neoplastic cells to be more intense in higher 

grade MCT compared to low grade ones, but these findings were subjective and neither 

microvascular density nor survival outcomes were assessed (Rebuzzi et al., 2007). As VEGF 

autocrine and paracrine signalling are known to be important tumourigenic mechanisms in 

human cancer, this warrants closer investigation as a potential target in canine MCT. 

VEGFR and PDGFR signalling may play an important part in canine MCT progression 

based on studies of human and murine non-neoplastic mast cells. Normal mast cells stimulate 

angiogenesis in chick embryo chorioallantoic membrane (CAM) assays, an effect which was 

abolished by anti-VEGF neutralizing antibodies (Ribatti et al., 2001; Detoraki et al., 2009). 

Several studies have also shown the number of VEGF expressing normal mast cells within 

tumours are associated with increased microvascular density (MVD) and poor prognosis in 

several human neoplasms (Imada et al., 2000; Fukushima et al., 2006; Ribatti et al., 2003, 2005). 
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Comparative studies have revealed this to be the same for canine MCT (Ranieri et al., 2003; 

Preziosi et al., 2004; Patruno et al., 2009), indicating that VEGF/VEGFR signalling may be 

important in the progression of canine MCT, but this is not proven. 

PDGFR signalling causes mast cell hyperplasia. One study, using murine bone marrow 

derived cultured mast cells (BMCMC) co-cultured with fibroblasts, demonstrated that PDGF 

enhanced the expression of membrane bound SCF on fibroblasts, leading to mast cell 

proliferation (Hiragun et al., 1998). The impetus for research in this area is the growing evidence 

that mast cells promote fibrosis (Galli and Tsai, 2008; Nechushtan, 2010; Ribatti and Crivellato, 

2011). Mast cells are known to stimulate fibrosis through release of tryptase and matrix 

metalloproteinases (MMP), illustrating the complexity of fibroblast-mast cell interactions 

(Mangia et al., 20101; Ribatti and Crivellato, 2011). As “cancer-associated fibroblasts” have 

been implicated in tumour progression and metastasis (Bhowmick et al., 2004; Kalluri and 

Zeisberg, 2006; Hugo et al., 2012), targeting of mast cells may be an important area of research 

and it would be valuable to know if PDGFR inhibition could negate mast cell-related fibrosis. 

Normal murine mast cells also produce PDGF, but this is not reported for canine mast cells. A 

recent study demonstrated that PDGF signalling by murine mast cells caused fibrosis (Liao et al., 

2010). It is not known if this occurs in canine tissue. As fibroblasts are a rich source of SCF and 

enhance normal mast cell survival (Levi-Schaffer et al., 1986, 1987; Dastych and Metcalfe, 

1994; Rubinchik and Levi-Schaffer, 1994; Koma et al., 2005; Bachelet et al., 2006), fibrosis 

within canine MCT may influence disease progression, but this is not known. If fibrosis is 

important and if it is associated with PDGFR signalling, RTK inhibitors would be valuable in 

treating these tumours. 



 

53 

 

The significance of PDGFR in canine MCT is unknown, but a recent study demonstrated 

that some tumours express PDGFRα in neoplastic cells. That study further showed cellular 

proliferation to be inhibited by antibodies which exclusively targeted PDGFR (Takeuchi et al., 

2011), indicating that this signalling pathway may be important. These findings have not been 

validated by any other studies and signalling studies were not performed. Additionally, protein 

expression of PDGFRα was not examined, thus a mechanism for these findings was not 

elucidated. 

As VEGFR and PDGFR signalling contribute to the progression of many types of cancer 

and are important therapeutic targets, the distribution and significance of these receptors in 

canine MCT warrants investigation. Furthermore, in vitro assessment of VEGFR and PDGFR is 

needed in order to understand how these receptors contribute to tumour progression and to 

determine if these receptors are potential targets for RTK inhibitors. 
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CANINE MAST CELL TUMOUR CELL LINES 

Research of canine and human mast cell neoplasia is impeded by the lack of available 

cell lines. This may be because these cells are difficult to isolate, purify and sustain (Bachelet et 

al., 2006; Lin et al., 2009). Also, it is difficult to obtain large numbers from tissues (Brazís et al., 

2000, 2002). The majority of in vitro studies of canine MCT are thus based on only two 

continuous canine MCT cell lines called C2 and BR (Lazarus et al., 1984; DeVinney and Gold, 

1990). For human mastocytosis research, there are two subclones from one human neoplastic 

mast cell line (HMC1.1 and HMC1.2), which are the wildtype and D816V c-KIT mutants, 

respectively (Furitsu et al., 1993; Kanakura et al., 1994). A murine mast cell line is also used, as 

it harbours a point mutation in c-KIT (Tsujimura et al, 1994). 

The canine C2 and BR cell lines both have juxtamembrane c-KIT mutations. In C2 this 

mutation is an ITD and in BR it is a point mutation (Liao et al., 2002). Studies using these cell 

lines have shown that these, like the HMC1.2 cell line, are driven by c-KIT mutations, but unlike 

HMC1.2, they are sensitive to RTK inhibitors such as imatinib, dasatinib, midostaurin, nilotinib 

and toceranib (Liao et al., 2002; Gleixner et al., 2007). For this reason, these cell lines are 

valuable for human systemic mastocytosis research and this has led to recent collaborative 

efforts between veterinary and human researchers in this field (Gleixner et al., 2007; Peter et al., 

2011). 

RTK resistance in canine and human mast cell neoplasia has stimulated further 

investigation in both human and veterinary medicine. The canine C2 line was used to test histone 

deacetylase (HDAC) and heat shock protein 90 (HSP90) inhibitors (Lin et al., 2008; Lin et al., 

2010) and one drug (ganetespib), a HSP90 inhibitor, is now undergoing clinical trials for dogs 

with spontaneous neoplasms (London et al., 2011). Calcitriol, small interfering RNA (siRNA) 
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and inhibitors of downstream proteins such as signal transducer and activator of transcription 5 

(STAT5), are being investigated in HMC1 and C2 cells (Baumgartner et al., 2009; Malone et al., 

2010; Elders et al., 2011; Peter et al., 2011). Results show these to be promising candidate 

therapies and they may be bi-translationally relevant for both dogs and humans. Human systemic 

mastocytosis research is now focusing on the role of mutated degradative pathways, such as the 

E3 ubiquitin ligases c-Cbl and Cbl-b (Bandi et al., 2009). Human GIST research is evaluating 

aberrant KIT cellular trafficking
 
(Tabone-Eglinger et al., 2008) and the role of the transcription 

factor E-twenty six (ETS) translocation variant 1 (ETV-1), which appears to be important in 

stabilizing activated KIT (Chi et al., 2010). These mechanisms have not been explored for canine 

neoplasms, but may be involved in the progression of canine MCT. 

As RTK research is evolving, there is need for additional neoplastic mast cell lines. The 

C2 and BR lines were derived decades ago and were passaged in mice to enhance their 

tumourigenicity (Lazarus et al., 1984; DeVinney and Gold, 1990), thus they may not be 

representative of the tumours from which they were derived. Further, the influence of murine 

passage on these cells is unknown. There are now attempts to generate additional cell lines to 

increase our understanding of the genetic diversity of these tumours. Recent continuous canine 

MCT cell lines include the CL1 line, which was isolated from the ascitic fluid of a metastatic 

canine MCT
 
(Lin et al., 2009) and the MPT-1 cell line,

 
derived from a cutaneous canine MCT 

(Amagai et al., 2008). Both of these have wildtype KIT receptors, yet show similar ligand 

independent proliferation as for c-KIT mutant lines. Four other canine MCT continuous cell lines 

(HRMC, CMMC1, VIMC1 and CoMS1) are reported (Ishiguro et al., 2001; Ohmori et al., 2008; 

Takeuchi et al., 2012) and have just recently been evaluated for c-KIT mutations, RTK 

expression and inhibitory responses (Takeuchi et al., 2010; Takeuchi et al; 2012). HRMC 
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possess wildtype c-KIT and CMMC1 cells have multiple c-KIT mutations, including an ITD in 

exon 11, while VIMC1 and CoMS1 possess point mutations in c-KIT in exon 9, corresponding to 

the extracellular domain. One of these cell lines (HRMC) produces SCF. This is the first report 

of a potential SCF-KIT autocrine signalling loop (Takeuchi et al., 2010). 

There are preliminary investigations of VEGFR or PDGFR signalling in canine MCT cell 

lines. Two studies demonstrated VEGFR protein expression in cells, but signalling studies were 

not performed so the significance of this is unknown (Rebuzzi et al., 2007; Takeuchi et al., 

2011). VEGFR signalling studies are rarely reported in other canine neoplasms. One study 

demonstrated VEGFR phosphorylation in a canine hemangiosarcoma cell line which was 

attenuated with VEGFR RTK inhibitors (Tamburini et al., 2009), but further studies were not 

performed. PDGFR signalling studies are similarly limited (Takeuchi et al., 2011). 

Canine MCT is a valuable model for the study of KIT signalling and small molecule 

inhibitors as they share similar features with human systemic mastocytosis and GIST and 

respond to inhibition (Gregory-Bryson et al., 2010; Gleixner et al., 2011). Novel cell lines will 

allow us to discover new RTK targets, explore resistance mechanisms and test responses to 

single agent or combinational therapies in cancer. Studies of canine MCT could prove valuable 

in the study of other mast cell related diseases in vivo and in vitro. It is still not determined if 

VEGF and PDGF signalling are important to the progression of canine MCT, although there is 

sufficient evidence that autocrine and paracrine activity occur (Ranieri et al., 2003; Rebuzzi et 

al., 2007). If these signalling pathways are important, canine MCT will be valuable in the study 

of angiogenesis, autocrine signalling and mast cell-stromal interactions in neoplasia. 
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Table 1.1. Mast Cell Inflammatory Mediators and Biological Effects* 

Inflammatory Mediators† Biological Effects 

Preformed mediators (granules) 

Histamine, serotonin, heparin, neutral proteases 

(tryptase, chymase, carboxypeptidase, cathepsin G), 

major basic protein, acid hydrolases, peroxidase, 

phospholipases  

Vasodilation, vasoconstriction, angiogenesis, 

mitogenesis, pain, protein processing/degradation, 

lipid/proteoglycan hydrolysis, arachidonic acid 

generation, tissue damage and repair, inflammation 

Lipid mediators  

LTB4, LTC4, PGE2, PGD2, PAF Leukocyte chemotaxis, vasoconstriction, 

bronchoconstriction, platelet activation, vasodilation  

Cytokines  

TNFα, TNFβ, TGFβ, IFNγ, IL1, IL1, IL5, IL6, 

IL13, IL16, IL18 

Inflammation, leukocyte migration/proliferation 

Chemokines (alternate name)  

IL8 (CXCL8), I309 (CCL1), MCP1 (CCL2), 

MIP1S (CCL3), MIP1 (CCL4), MCP3 (CCL7), 

RANTES (CCL5), eotaxin (CCL11), MCAF 

(MCP1) 

Chemoattraction and tissue infiltration of leukocytes 

 

Growth factors  

SCF, M-CSF, GM-CSF, bFGF, VEGF, NGF, 

PDGF  

Growth of various cell types, vasodilation, 

neovascularization, angiogenesis 

*Adapted from Metcalfe, 2008. 

† bFGF - basic fibroblast growth factor receptor; CCL - chemokine (C-C motif) ligand; GM-CSF - granulocyte-

macrophage colony stimulating factor; IL - interleukin; LT - leukotriene; MCAF - monocyte chemotactic and 

activating factor; MCP - monocyte chemotactic protein; MIP - macrophage inflammatory protein; NGF - nerve 

growth factor; PAF - platelet activating factor; PDGF – platelet-derived growth factor; PG - prostaglandin; 

RANTES - Regulated upon Activation, Normal T-cell Expressed and Secreted; SCF - stem cell factor; TGF - 

transforming growth factor; TNF - tumour necrosis factor; VEGF - vascular endothelial growth factor. 
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Table 1.2. Mechanisms of Mast Cell Activation* 

Activating Factor† Mechanism of Activation 

IgE FcεRI 

Products of complement (C3a, C5a, C3b, C4b) Respective complement receptors: C3aR, 

C5aR, CR3, CR4 

Toll-like receptor (TLR) ligands (e.g., lipopolysaccharides (LPS), 

peptidoglycan, flagellin) 

TLR4/CD14, TLR2, TLR5 

Bacteria and bacterial products (e.g., Escherichia coli, Clostridium 

difficile toxin A, Vibrio cholera toxin) 

CD48, direct toxin neutralization 

Viruses (e.g., Dengue, Sendai) TLR 

Parasites (e.g., Schistosoma mansoni, Leishmania major) Direct activation by cercariae, 

promastigotes 

Inflammatory mediators (tryptase, IL1, IL12) Secretion of selective mediators 

Growth factors (e.g., SCF) KIT activation 

Endogenous peptides (e.g., Nerve growth factor, substance P) G coupled receptors 

Venom (e.g., sarafotoxin 6B, phospholipase A) Venom components 

Physical stimuli (e.g., light, cold, heat, pressure, vibration) Direct and indirect effects 

 

*Modified from Metz et al., 2007. 

† C3a, C5a, C3b, C4b - complement components; CD48 - cluster of differentiation 48; FcεRI - high affinity IgE 

receptor; IgE - immunoglobulin E; IgG - immunoglobulin G; IL - interleukin; KIT - stem cell receptor; LPS - 

lipopolysaccharide; TLR - Toll-like receptors. 
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Table 1.3. Commonly Used Receptor Tyrosine Kinase Inhibitor Therapies* 

Names Company Targets† Description Clinical Status Target 

Species‡ 

Toceranib; 

Palladia™;  

Pfizer Flt3, KIT, PDGFR, 

VEGFR 

SMI Approved for 

MCT 

Dog 

Masitinib; 

Masivet™ 

Kinavet™ 

AB Science FAK, FGFR, KIT 

PDGFR 

SMI Approved in 

Europe MCT 

(for dogs) 

Dog, cat, 

human 

Bevacizumab; 

Avastin™ 

Genentech VEGF Humanized 

anti-VEGF  

Approved for 

CRC 

Human 

Cediranib; 

Recentin™ 

AstraZeneca VEGFR SMI Clinical trials 

(many)  

Human 

Cetuximab; 

Erbitux™ 

ImClone/ 

Merck 

EGFR SMI Approved for 

CRC 

Human 

Dasatinib; 

Sprycel™;  

BristolMyer/Sq

uibb 

BCR-ABL, Src SMI Approved for 

ALL, CML 

Human 

Gefitinib; 

Iressa™ 

AstraZeneca EGFR SMI Approved for 

NSCLC 

Human 

Imatinib; 

Glivec™ 

Novartis BCR-ABL, KIT, 

PDGFR 

SMI Approved for 

CML, GIST 

Human 

Midostaurin; 

PKC412 

Novartis FLT3, PDGFR, 

VEGFR2 

SMI Clinical trials 

AML 

Human 

Nilotinib; 

Tasigna™ 

Novartis BCR-ABL, KIT, 

PDGFR 

SMI Approved for 

CML 

Human 

Sorafenib; 

Nexavar™ 

Bayer/Onxy PDGFR, Raf, VEGFR SMI Approved for 

RCC, HCC 

Human 

Sunitinib; 

Sutent™ 

Sugen/Pfizer FLT3, KIT, PDGFR, 

VEGFR  

SMI Approved for 

RCC, PC, GIST 

Human 

Trastuzumab; 

Herceptin™ 

Genentech HER2 Humanized 

anti-HER2  

Approved for 

BCC 

Human 

 

*Adapted from Gschwind et al., 2004; Fabbro et al., 2012. 

†ALL - acute lymphoid leukemia; AML - acute myeloid leukemia; BCC - breast cancer; BCR-ABL - Translocation 

mutation gene (BCR/ABL); CML - chronic myeloid leukemia; FAK - focal adhesion kinase; FGFR - fibroblast 

growth factor receptor; EGFR - epidermal growth factor receptor; FLT3 - FMS-like tyrosine kinase receptor 3; 

GIST - gastrointestinal stromal tumour; HCC - hepatocellular carcinoma; KIT - stem cell factor receptor; HER2 - 

human epidermal growth factor receptor 2; MCT - mast cell tumour; NSCLC - non-small-cell lung cancer; PC - 

pancreatic carcinoma; PDGFR – platelet-derived growth factor receptors; Raf - Raf kinase; RCC - renal cell 

carcinoma; SMI - small molecule inhibitor; Src - (sarcoma) family kinases; VEGF - vascular endothelial growth 

factor; VEGFR - vascular endothelial growth factor receptors. 

‡Used for clinical use in this species. 
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Figure 1.1. Mast cell responses in hypersensitivity, immunity and neoplastic progression. A. Mast cells are key 

effectors of IgE-dependent hypersensitivity responses. Antigen bound IgE activation of mast cells leads to explosive 

degranulation seen in acute hypersensitivity. Prior exposure to antigen can sensitize mast cells leading to amplified 

responses. Granules contain numerous inflammatory mediators such as histamine, prostaglandins (PG), leukotrienes 

(LT) and cytokines. Effects of these mediators on blood vessels and nerves cause vasodilation, edema and 

bronchoconstriction. B. Mast cells are located at sites exposed to the environment such as skin, respiratory and 

gastrointestinal tract and surround blood vessels. Localized effects (e.g., peristalsis, mucous production and 

vasodilation) occur when mast cells are activated by a number of agents via FcεRI, Toll like receptors (TLR) or 

independently (e.g., trauma, infectious agents). Leukocyte recruitment occurs through the release of mediators (e.g., 

chemokines). C. Mast cells can act as antigen presenting cells, signalling T cells via MHC class receptors eliciting 

both cytotoxic and humoral effects, important in adaptive immunity. Mast cells also signal B cells and dendritic cells 

via CD40 ligand/receptor interactions. Dendritic, T and B cells interactions induce immune responses such as T-

helper 2 (CD4+) induction. Persistent degranulation and inflammatory mediator production can lead to sustained 

signalling, tissue remodelling and fibrosis. D. Mast cells are implicated in the progression of neoplasia via 

angiogenic stimulation, immune tolerance (by up-regulating regulatory T cells (Treg)), degrading the extracellular 

matrix (ECM) or by causing fibrosis through the release of tryptase, matrix metalloproteinases (MMP) and possibly 

platelet-derived growth factor (PDGF). 

Figure adapted from Galli et al., 2005a, b; Metz et al., 2007; Metcalfe, 2008. 
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Figure 1.2. KIT structural domains and major tyrosine kinase phosphorylation sites. Phosphorylation residues serve 

as docking sites for downstream signalling proteins. Domains of KIT are encoded by specific exons within c-KIT 

and tyrosine phosphorylation sites refer to the amino acid location within KIT for human and mice (site in murine 

KIT indicated by brackets). Activation of intracellular proteins by phosphorylated KIT leads to downstream 

signalling activation of numerous proteins, culminating in gene transcription and biological functions such as 

proliferation, survival and adhesion. APS - adaptor protein; c-KIT - the KIT gene; p85 - regulatory subunit of PI3; 

PI3 - phosphatidylinositol 3 kinase; PLCγ - phospholipase C gamma; Shp1, 2 - Src homology 2 domain containing 

phosphatases 1 and 2; Src - Src kinases.  

Figure adapted from London et al., 1999; Ma et al., 1999; Roskoski, 2005a, b. 
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Figure 1.3. Schematic structure of inactive and activated KIT. A. Inactive conformation. Inactivated KIT is 

autoinhibited by the juxtamembrane domain, which prevents relative movement of the N and C enzymatic lobes. In 

this state ATP cannot bind and the activation loop is buried within the enzymatic cleft, with the proximal DFG 

amino acid sequence facing outwards (DFG “out”). This conformation does not allow binding of adenosine 

triphosphate (ATP) to occur. B. Active conformation. Upon ligand binding to the extracellular domain (not shown), 

phosphorylation of the juxtamembrane domain occurs, leading to conformational changes which disengage the 

enzyme from inhibition. The activation loop assumes an extended position and ATP binding at tyrosine kinase 

residues can occur. 

Figure adapted from Mol et al., 2003 and Roskoski, 2005a, b. 
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Figure 1.4. Schematic of KIT signalling. A. Binding of KIT ligand (stem cell factor) to the extracellular portion of 

the receptors is followed by conformational changes. B. The autoinhibitory juxtamembrane domain changes its 

conformation allowing KIT dimerization. C. Phosphorylation of KIT tyrosine kinase residues occurs, which 

provides docking and phosphorylation sites for downstream signalling protein kinases. D. Phosphorylated 

intracellular protein kinases phosphorylate other signalling intermediates, initiating a cascade of signalling. E. 

Signalling leads to eventual transcription of genes responsible for processes such as proliferation, survival and 

motility. 

Figure adapted from Blume-Jensen et al., 1991; Blume-Jensen et al., 1998; Roskoski, 2005a, b; Metcalfe, 2008. 
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RATIONALE 

Subcutaneous MCT may be a separate entity with more favourable outcomes than for 

grade II MCT, but this is has not been established. No grading scheme exists for these subsets. 

The first objective of this thesis was to retrospectively investigate a large number of 

subcutaneous MCT to characterize their behaviour and identify prognostic features. The second 

objective was to evaluate the prognostic utility of Ki67, AgNOR, KIT cellular localization 

pattern and c-KIT mutations for subcutaneous MCT. These markers are useful tests for canine 

cutaneous MCT, but it is unclear if these can be used for subcutaneous MCT. 

RTK research of canine neoplasia is less advanced than for humans, but the majority of 

studies were done using canine MCT. This is because some canine MCT have c-KIT mutations, 

which cause over-activation of the RTK KIT, mimicking human mast cell neoplasia. This 

research led to the development of toceranib (Palladia™), which inhibits the RTK KIT, VEGFR 

and PDGFR. This drug showed positive responses not only in dogs with c-KIT mutations, but 

also in those without them. Some of these positive responses may have been due to inhibition of 

VEGFR or PDGFR and this is not known. It also is not known if canine MCT uniformly express 

these receptors. The third objective of this thesis was to determine if canine cutaneous and 

subcutaneous MCT have detectable VEGFR and PDGFR and if so, to establish if over-

expression or activation of these RTK is associated with clinical outcomes. KIT localization 

pattern and c-KIT mutations were also performed on each MCT to compare the established tests 

with VEGFR and PDGFR expression. In order to determine if VEGFR and PDGFR expression 

was due to the tumour stroma or neoplastic cells, studies were designed using both fresh tumour 

biopsies and cell culture isolates. For these experiments, many culture techniques were explored 
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and a modified fibroblast co-culture technique was optimized to maximize viability and 

longevity of neoplastic mast cells derived from canine cutaneous and subcutaneous MCT. 

During the course of these studies, it was found that both KIT and VEGFR2 expression 

and autophosphorylation occurred in cultured neoplastic mast cells. Although it was expected 

that KIT autophosphorylation was due to c-KIT mutations in some cells, the mechanism for 

VEGFR2 autophosphorylation was not known and had not been reported for canine MCT. I 

hypothesized that some MCT may have autocrine VEGF signalling, which may be blocked by 

VEGF neutralizing antibodies or toceranib. Fortunately, during the course of these 

investigations, two of the cell cultures derived from canine MCT began to proliferate 

independently of recombinant canine SCF stimulation and no longer needed fibroblast 

attachment. This event gave rise to a fourth objective, which was to explore both KIT and 

VEGFR2 cell signalling in vitro. These novel MCT cell lines were used for all signalling 

experiments, which made repeatability of the experiments possible. VEGFR2 and KIT signalling 

were evaluated in several ways, including western blotting, immunofluorescence, 

immunocytochemistry and cellular proliferation assays. 

 In conclusion, this thesis sought to improve current grading schemes, identify potential 

prognostic and therapeutic markers and expand current knowledge of canine MCT using 

retrospective, histological and molecular methods. 
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CHAPTER 2 - CANINE SUBCUTANEOUS MAST CELL TUMOUR: 

CHARACTERIZATION AND PROGNOSTIC INDICES 

 

This chapter is modified from the manuscript:  

 

Thompson JJ, Pearl DL, Yager JA, Best SJ, Coomber BL, Foster RA: Canine subcutaneous mast 

cell tumour: characterization and prognostic indices. Vet Pathol 48:156-168, 2011. 

 

INTRODUCTION 

The majority of canine mast cell tumours (MCT) occur in the skin and subcutis. Many 

MCT originate in the dermis and extend into the subcutis, but there is a subset that is restricted to 

the subcutaneous fat. Only one publication has described this type (Newman et al., 2007). 

Survival times were prolonged and there was a low rate of reoccurrence and metastasis, but the 

number of cases was too small to provide accurate prognostic data. The seminal work by Patnaik 

(Patnaik et al., 1984), which formed the basis of the commonly used grading scheme, did not 

include subcutaneous MCT. Many pathologists include subcutaneous MCT with cutaneous MCT 

and ascribe them as being grade II because of their subcutaneous location (Patnaik et al., 1984; 

Kiupel et al., 2005). Intermediate (grade II) tumours have a highly variable prognosis and low 

interobserver agreement among pathologists has been reported (Northrup et al., 2005a, b). 

Many studies of cutaneous MCT attempt to establish better prognostic schemes, however, 

there is still no uniform way to prognosticate the majority of these tumours. Studies have 

examined numerous predictors, including location (Kiupel et al., 2005; Sfiligoi et al., 2005; Fife 

et al., 2011), surgical margins (Michels et al., 2002; Simpson et al., 2004; Fulcher et al., 2006; 

Séguin et al., 2006; Osaki et al., 2007), mitotic activity (Romansik et al., 2007; Elston et al., 

2009), nuclear morphometry (Strefezzi et al., 2003; Maiolino et al., 2005) and vascular density 

(Preziosi et al., 2004) as well as molecular markers, including immunohistochemical assays for  
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the proliferation markers Ki67, proliferating cell nuclear antigen (PCNA) and AgNOR (Bostock 

et al., 1989; Simoes et al., 1994; Abadie et al., 1999; Kravis et al., 1999; Sakai et al., 2002; 

Scase et al., 2006; Webster et al., 2007; Maglennon et al., 2008). KIT expression (Gil da Costa 

et al., 2007), KIT immunohistochemical staining pattern (Kiupel et al., 2004; Webster et al., 

2007) and vascular endothelial growth factor expression (Rebuzzi et al., 2007) also have been 

found to be useful markers. Genetic mutations of c-KIT may be responsible for the progression 

of some of these tumours (London et al., 1999; Ma et al., 1999; Downing et al., 2002; Zemke et 

al., 2002; Webster et al., 2007; Letard et al., 2008), but as over 70% of dogs do not have 

identified mutations, this marker has limited predictive value. 

Some publications combine subcutaneous MCT with cutaneous MCT (Kiupel et al., 

2005; Preziosi et al., 2007). If subcutaneous MCT have a different prognosis, the data generated 

from such studies could be inaccurate. The aim of this investigation is to separately evaluate a 

large number of subcutaneous MCT to characterize their behaviour, histology and clinical 

prognosis. 
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MATERIALS AND METHODS 

Case Selection 

 

In sum, 550 subcutaneous MCT from 354 veterinary clinics diagnosed from 2002 to 2008 

were obtained from the pathology archives of Yager-Best Histovet, Histologic and Cytological 

Services, Guelph, Ontario, Canada. 

Cases were included if they met the following criteria: first, the tumour was a primary 

occurrence; second, all were histologically diagnosed as subcutaneous MCT on the basis of 

adequate representation of the tumour and third, adequate follow-up data were obtained from 

veterinary clinics in the form of a questionnaire or telephone interview. Mast cell tumours were 

determined to be subcutaneous on the basis of a location within the subcutaneous tissue and no 

invasion of the dermis assessed with two or more separate histologic sections. In some cases, 

there was apparent, multifocal extension of low numbers of mast cells around the base of hair 

follicles and in other cases, mast cells infiltrated the underlying panniculus musculature, 

however, the bulk of the tumour was in the subcutaneous tissue. In cases where the overlying 

epithelium was not present, tumour sections were completely surrounded by adipose tissue with 

no follicular or epidermal involvement. In addition, the pathology report diagnosing each tumour 

as a subcutaneous MCT was available for each tumour. 

Follow-up information included signalment, tumour location, dates of additional tumour 

development, metastasis, death or last examination, history of prior MCT, cause of death and 

status at last examination. Table 2.1 presents summary statistics for clinical outcomes. 

Additional information included details on adjunctive surgery (if applicable) and further 

diagnostic testing. Cases were excluded if there was immediate loss to follow-up, if there was 
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history of a previous MCT, if the sample was an incisional biopsy or cytoreductive, or if the 

patient had a concurrent MCT that was cutaneous. 

The date of surgical excision was defined as the date of diagnosis. Follow-up time was 

defined as the time from date of diagnosis to date of last follow-up or death. Local reoccurrence 

was defined as regrowth at the surgical site and distant occurrence was defined as occurrence of 

a subsequent cutaneous or subcutaneous MCT at an anatomic location different from that of the 

initial surgery. Metastasis was defined as spread to the local lymph node or as disseminated 

disease (i.e., to internal organs). Metastasis was determined by physical examination and at least 

one of the following: cytology of fine-needle aspirates, histology, surgery, ultrasound, magnetic 

resonance imaging and buffy coat analysis. Only three dogs had histologic confirmation of 

metastasis. Post-mortem examination was not performed on any dogs. Cases of metastasis that 

were not confirmed by histology were treated as metastases to avoid a bias toward the inclusion 

of tumours with only favourable outcomes. 

Disease-free interval (DFI) was defined as the time between date of diagnosis to the date 

of local or distant MCT development or metastasis, whichever occurred first. Dogs lost to 

follow-up, healthy dogs and dogs that died from causes unrelated to mast cell disease were right-

censored and included for survival analysis. Dogs that died or were euthanized because of 

unknown causes were right-censored for analyses of risk factors, however, sensitivity analysis 

was performed, treating these as events to assess a worst-case scenario (i.e., assumed to have 

died from MCT). Median survival time (MST) was defined as the time at which 50% of dogs 

were alive and median DFI was defined as the time at which 50% of dogs had no MCT-related 

disease. 
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Evaluation of Histological Variables 

Histologic features were evaluated in a blinded fashion and included confirmation of 

subcutaneous location and examination of surgical margins. The completeness of surgical 

margins was described as ‘‘incomplete’’ if neoplastic cells were at or within 1 mm of the margin. 

For larger tumours, at least four peripheral sections of marginal tissue were available. All 

tumours were unencapsulated, composed of neoplastic mast cells on a background of variably 

dense collagenous tissue stroma and pre-existing adipose tissue, admixed with variable numbers 

of eosinophils. 

Histologic appearance was recorded as one of three growth patterns: circumscribed, 

combined, or infiltrative, as assessed by subgross (40X magnification) histologic examination 

(Fig. 2.1). Circumscribed tumours (n = 53) were grossly well demarcated, densely cellular and 

expansile, elevating the overlying dermis and epidermis; in some cases, they extended to the 

underlying panniculus musculature (Fig. 2.1A). Combined (infiltrative-demarcated) tumours (n = 

90) consisted of solitary nodules formed by neoplastic cells arranged in variably dense 

aggregates and rows and as single cells demarcated from the surrounding normal tissue by 

abundant collagenous fibrous connective tissue (Fig. 2.1B). Infiltrative tumours (n = 163) were 

composed of neoplastic cells arranged as in combined tumours, but they lacked demarcation 

(Fig. 2.1C). Table 2.2 summarizes quantitative histologic features and qualitative (recorded as 

present or absent). Slides were assessed on the basis of areas of greatest variability of 

anisocytosis and anisokaryosis and greatest degree of multinucleation. Anisocytosis and 

anisokaryosis were recorded as present if there was more than a 2-fold change in at least 10% of 

100 cells. Multinucleation (more than 1 nuclei) was recorded as present if there was at least 1 

multinucleated cell in 10 high-power fields (400X). Cytoplasmic granules were recorded as 
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absent if there were no discernible granules within neoplastic cells in the entire section. Except 

for mitotic index (MI), quantification was not performed, because many attributes often varied 

widely by region and were influenced by cellular integrity or plane of section. The MI was 

defined as the number of mitotic figures per 10 high-power fields and recorded for each tumour 

using the method described by Romansik et al., 2007. The area with the highest mitotic activity 

was chosen for evaluation. For the cases that had multiple subcutaneous tumours (n = 16), the 

tumour with the highest MI was included for evaluation of risk factors. 

Statistical Analyses 

All statistical analyses were performed with Statistical Analysis Software (SAS 9.1). Risk 

analyses were performed with Cox proportional hazards models. MST and median DFI were 

calculated with the Kaplan-Meier product limit survival method. Cox proportional hazards 

models were generated for the outcomes of survival, DFI and time to local and distant tumour 

occurrence and metastasis. Only those risk factors having a p-value of < 0.20 in univariable 

analysis were included in multivariable model building; breed, sex, age at diagnosis and tumour 

location were initially forced into all models because they were believed to be important 

confounding variables. Backward selection methods were used to create a fixed effects model, 

retaining only those values that had a p-value of < 0.05. Each model was then tested in a 

stepwise fashion for pairwise interactions of risk factors and to assess for confounding variables. 

Results are reported as hazard ratios: values for categorical risk factors are interpreted as the 

ratio of the predicted hazard of one group relative to a referent group (i.e., presence vs. absence 

of risk factor). Hazard ratios for continuous predictors (e.g., age at diagnosis) represent the effect 

of a unit of change in the risk factor on the hazard of the outcome. A hazard ratio < 1 means that 
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the risk factor increases the time to outcome and a hazard ratio > 1 means that the risk factor 

decreases the time to outcome. Predicted survival curves were generated on the basis of 

multivariable models using the baseline option in PROC TPHREG, using referent covariates. 

MI was categorized on the basis of quantiles that provided adequate sample size for 

subsequent analyses. Risk factors were tested for validity of the Cox proportional hazards 

assumption by graphically assessing log-cumulative hazard plots and examination of Schoenfeld 

residuals. Evaluation of the functional form of the relationship between continuous predictors 

(age and MI) and survival was assessed using Martingale residuals generated from the null 

model and then verified with the final model and plotted against the predictor, using a smoothing 

function (Lowess curve). Correlation among risk factors was assessed using Spearman-Rank 

coefficients to make certain that no variables in the models were highly correlated (i.e., > 60%). 

This was done to ensure that a high degree of multicollinearity was not present, which would 

have led to numerical inaccuracy. 
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RESULTS 

Demographics 

Sixty-two percent (221 of 354) of veterinary clinics returned questionnaires for 367 of 

550 (67%) dogs. Sixty-one cases (17%) were excluded from the study because of immediate loss 

of follow-up (n = 20), because of history of prior MCT (n = 26), because samples were incisional 

(n = 6) or cytoreductive (n = 1) biopsies, or because dogs had concurrent cutaneous MCT (n =7). 

A total of 306 cases fulfilled the inclusion criteria and for all these, dates of last follow-up, 

subsequent MCT development and metastasis were available. The median and mean age at time 

of diagnosis was 8 years and 8 years, 2 months, respectively, with a range of 1 year and 5 months 

to 18 years. Age was not recorded in one case. There were 54 breeds consisting of mixed breeds 

(n = 72), Labrador Retrievers (n = 63), Boxers (n = 25) and other purebred dogs (n = 145), which 

included Golden Retrievers (n = 15), Cocker Spaniels (n = 14), Jack Russell Terriers (n = 9), 

Pugs (n = 8), Lhasa Apsos (n = 7), Beagles (n = 6) and Shetland Sheepdogs (n = 5). Breeds were 

consolidated into four categories based on the largest groups (Labrador Retrievers, Boxers, 

mixed breed and other purebred) to create categories of an adequate size for statistical analyses. 

The breed of one animal was unknown. There were 7 intact females, 7 intact males, 173 spayed 

females and 116 neutered males. Sex was unknown for 3 dogs. Because there were few intact 

dogs, sex was dichotomized into female and male. Tumour location included extremities (n = 

104), thorax (which included back; n = 80), abdomen (n = 45), head/neck (n = 37) and 

inguinal/perineal (n = 20). Location was not known for 20 cases. Sixteen dogs had multiple 

subcutaneous MCT (up to 3). Five dogs received chemotherapy during the study period, three of 

which had widespread metastasis and were treated with chemotherapy for 1, 76 and 155 days 

before death. One dog was diagnosed with an additional (distant) MCT and disseminated 
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metastasis 1,184 days following the initial surgery and was healthy at the last date of 

examination, 21 days later. The last dog was diagnosed with a distant MCT 1,001 days after the 

initial surgery and was treated with chemotherapy up until the date of last examination (427 days 

later), despite there being no evidence of metastasis. Because there were too few dogs, 

multivariable analyses could not be performed to account for the effect of chemotherapy, but 

models were reanalyzed excluding these cases and this did not significantly impact outcomes. 

Clinical Outcomes 

Table 2.1 summarizes the outcomes for dogs. Follow-up time ranged from 3 to 2,305 

days, with a median and mean of 891 and 848 days, respectively. Sixty-one percent of dogs (186 

of 306) had follow-up times greater than 2 years. The shortest follow-up time (3 days) was for a 

dog euthanized for an unrelated cause (ruptured cruciate ligament) following surgery for MCT. 

The MST for all dogs was not reached and the 6-month, 1-, 2- and 5-year estimated survival 

probabilities were 95%, 93%, 92% and 86% (Fig. 2.2A, curve A) with 84% of dogs estimated as 

surviving at 1,500 days. Kaplan-Meier survival curves were also generated ascribing deaths due 

to unknown causes as mast cell disease (i.e., were not censored). The 6-month, 1-, 2- and 5-year 

estimated survival probabilities were 92%, 87%, 82% and 59%, respectively, with 67% predicted 

survival at 1,500 days (Fig. 2.2A, curve B).  

Over the study period, 153 of 306 dogs died (50%). Mortality due to confirmed mast cell 

disease was low (9%), consisting of 27 of 306 dogs. Dogs were euthanized or died because of 

metastasis and additional MCT development. Local occurrence and distant occurrence were 8% 

(n = 24) and 11% (n = 35), respectively and metastasis occurred in 4% of dogs (n = 13) and 

involved the local lymph node (n = 5) or dissemination (n = 8). The median estimated DFI for all 
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306 dogs was 2,055 days and the 6-month, 1-, 2- and 5-year estimated disease-free probabilities 

were 92%, 87%, 84% and 65%, respectively (Fig. 2.2B). Tables 2.3 and 2.4 present the 

univariable and multivariable Cox proportional hazard analyses for time to outcome. MI had the 

largest coefficient among significant risk factors associated with decreased DFI and increased 

rate of MCT-related mortality, local reoccurrence and metastasis. The distribution of MI was 

highly skewed, with 60% (185 cases) having MI = 0 (Table 2.2). The median MI (50% quantile) 

and 75% and 90% quantiles were 0, 1 and 4, respectively; thus, less than 10% (28 of 306) had 

MI > 4 and yet these cases represented 50% (n = 12), 54% (n = 7) and 56% (n = 15) of local 

reoccurrences, metastases and MCT deaths, respectively (Tables 2.3 and 2.4). Cases were 

stratified into groups based on MI quantiles for risk factor analyses: group 1 (n = 185) had 

tumours with MI = 0; group 2 (n = 93), MI = 1 to 4 (0 < MI ≤ 4) and group 3 (n = 28), MI > 4. 

Survival 

Significant risk factors for decreased survival time, based on multivariable analysis, were 

MI, histologic pattern (infiltrative vs. well circumscribed), the presence of multinucleation and 

age at diagnosis (Table 2.4). The largest coefficient in the model was MI. Increased hazard of 

MCT-related mortality was associated with increasing MI; rates of MCT-related death for dogs 

with tumours having MI > 4 and 0 < MI ≤ 4 were 36.05 (p < 0.01) and 3.72 (p = 0.03) times 

higher than for those with MI = 0 and rates for the group MI > 4 were 9.70 (p < 0.01) times 

higher than for the 0 < MI ≤ 4 group (Table 2.4). 

Infiltrative tumours had 3.18 times (p = 0.02) higher rates of MCT mortality than well-

circumscribed tumours, according to multivariable analysis (Table 2.4), but there was no 

significant difference in survival between infiltrative and combined patterns (p = 0.18) or 
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between combined and circumscribed tumours (p = 0.58). Multinucleation was also significantly 

associated with decreased survival times (hazard ratio = 3.40; p = 0.02) and age at diagnosis 

increased the MCT-related mortality rate by 1.20 times per additional year of age. 

Risk factor-adjusted predicted survival curves were generated on the basis of 

multivariable analysis (Figs. 2.3I-III), as stratified by MI. Predicted survival times are decreased 

for increasing MI, controlling for the presence of multinucleation and histologic pattern. Having 

multiple risk factors resulted in the worst predicted survival times (Fig. 2.3III). For cases having 

MI > 4, the largest decreases in survival are seen regardless of the other combinations of 

covariates. The predicted MST for dogs with infiltrative tumours having MI > 4 and 

multinucleation is 140 days (Fig. 2.3III, curve F), compared to 950 days for those having MI > 4, 

no multinucleation and infiltrative pattern (Fig. 2.3III, curve C). 

Local Reoccurrence 

Tumours locally reoccurred in Labrador Retrievers (n = 11), mixed breeds (n = 4) and 

other purebred dogs (n = 9) and were located on the extremities (n = 11), trunk/thorax (n = 9) 

and head/neck area (n = 4). Boxers (n = 25) did not experience any local reoccurrence. Location 

was not a significant risk factor for rate of local reoccurrence. Median time to local reoccurrence 

for these dogs (n = 24) was 198 days (95% confidence interval [CI], 93 to 327) with a range of 

18 to 1,023 days; the MST of these dogs was 283 days (142 - open-ended). Six dogs with local 

reoccurrence developed metastasis consisting of lymph node (n = 4) or disseminated metastasis 

(n = 2) and 15 died from their disease. Two dogs were euthanized at the time of reoccurrence; 9 

dogs had additional surgery and 13 continued to live with the tumour (no surgery). Kaplan-Meier 

survival curves were generated to compare the effect of additional surgery on survival for these 
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dogs. Excluding those that died at the time of reoccurrence, log-rank statistical analysis showed 

no significant difference in survival between those that had additional surgery and those that did 

not (p = 0.31). 

Tables 2.3 and 2.4 present statistics for risk factors associated with time to local 

reoccurrence. Significant risk factors based on multivariable analysis were MI > 0, incomplete 

surgical margins and infiltrative histologic pattern (Table 2.4). The majority (n = 20) of tumours 

that reoccurred had MI > 0, consisting of MI > 4 (n = 12) and 0 < MI ≤ 4 (n = 8). Dogs having 

tumours with MI > 4 and 0 < MI ≤ 4 had rates of local reoccurrence that were 130.21 times (p < 

0.01) and 5.59 times (p < 0.01) higher than dogs with MI = 0. 

Tumours with incomplete surgical margins (n = 171) reoccurred sooner than those with 

complete margins (hazard ratio = 11.19; p < 0.01). Incompletely resected tumours reoccurred in 

12% of MCT (21 of 171). Infiltrative tumours (n = 163) had 4.94 times higher rates of 

reoccurrence (p < 0.01) than did circumscribed ones (n = 53), however, similar to survival 

outcomes, there was no difference in local reoccurrence rate between infiltrative and combined 

patterns (p = 0.58) or between combined and circumscribed (p = 0.14). This suggests that the 

combined growth pattern has intermediate behaviour between circumscribed and infiltrative 

patterns, as illustrated by predicted time to reoccurrence curves (Figs. 2.3IV-VI). Predicted time 

to reoccurrence curves show that the relative effects of incomplete margins and histologic pattern 

are similar for each strata of MI, but that the prognosis is much poorer for those with MI > 4 

(Fig. 2.3VI). The predicted time to local reoccurrence for cases having incomplete margins and 

infiltrative pattern (Fig. 2.3VI, curve F) is 70 days, compared to 1,000 days for completely 

excised infiltrative tumours (Fig. 2.3VI, curve C) and 365 days for incompletely excised 

circumscribed tumours (Fig. 2.3VI, curve D). 
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Distant MCT Occurrence 

Additional tumour development distant to the surgical site occurred in mixed-breed dogs 

(n = 8), Boxers (n = 7), Labrador Retrievers (n = 7), Pugs (n = 3), Cocker Spaniels (n = 3) and 7 

other purebred dogs (n = 1 of each breed). Median time to distant occurrence was 450 days (95% 

CI, 275 to 808) with a range of 17 to 2,055 days; the MST for these dogs was not reached. Nine 

dogs with distant occurrence died or were euthanized because of metastasis (n = 2) or the 

occurrence itself (n = 7). Five dogs were euthanized at the time of occurrence; 21 dogs had 

additional surgery and 9 continued to live with the tumour. Kaplan-Meier curves were used to 

compare survival of dogs that had additional surgery with those that did not, excluding cases that 

were euthanized for the occurrence. Additional surgery significantly improved survival (log-

rank, 17.4984; p < 0 .0001); the MST for dogs with distant occurrences without additional 

surgery was 68 days (95% CI, 33 to not reached) compared to dogs with surgery (MST not 

reached). Of the dogs that did not have additional surgery, 4 were eventually euthanized for the 

occurrence; 2 metastasized; 5 died of unknown/unrelated causes and 1 was lost to follow-up. Of 

those that had additional surgery, only 1 dog died from MCT (metastasis). Twelve were alive at 

the end of the study; 6 died of unknown/unrelated causes and 2 were lost to follow-up. 

Risk factors significantly affecting the rate of distant MCT occurrence, based on 

multivariable analyses, were the presence of multiple MCT and multinucleation (Table 2.4). MI 

was not a significant risk factor. Dogs with multiple MCT (n = 16) had rates of distant 

occurrence that were 5.62 times (p < 0.01) higher than that for dogs with a single MCT; 

multinucleation increased the rate by 2.24 times (p = 0.02) compared to those with none (Table 

2.4). According to univariable analysis (Table 2.3), Boxers had significantly increased rates of 

distant MCT occurrence, but this was not significant in multivariable analysis. 
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Metastasis 

Metastasis occurred in 13 of 306 dogs (4%). Metastasis was diagnosed post-operatively 

in 12 dogs and at the time of the initial surgery in 1 case (local lymph node). The latter dog died 

of unrelated causes 1,644 days after excision of both tumour and node. This case was excluded 

for risk factor analysis for the outcome of metastasis, but it was included for all other analyses, 

given that exclusion did not affect these outcomes. Metastasis occurred in 6 dogs following local 

reoccurrences. Lymph node (n = 4) and disseminated disease (n = 2) were the sites. Three dogs 

had widespread metastasis after MCT were found at distant sites. For these 3 cases, it was not 

possible to determine which tumour metastasized (the initial or subsequent MCT). Three dogs 

had disseminated metastasis with no prior reoccurrence and were euthanized 41, 144 and 816 

days after the initial surgery. The only significant risk factor for decreased time to metastasis 

using multivariable analysis was MI > 4 (Table 2.4). Multinucleation and absence of granules 

were other significant risk factors in univariable analysis (Table 2.3), however, these did not 

remain significant in multivariable analysis. The rate of metastasis for dogs with tumours having 

MI > 4 was 53.89 times greater (p < 0.01) than for MI = 0 and 18.17 times higher (p < 0.01) than 

for those having 0 < MI ≤ 4 (p < 0.01), however, there was no significant difference between the 

0 < MI ≤ 4 and MI = 0 groups (p = 0.23). The MST of dogs with 0 < MI ≤ 4 metastasis was 212 

days (95% CI, 142 to 406), which was significantly decreased (p < 0.01; log-rank statistic) when 

compared with dogs that did not have metastasis (MST not reached). 
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Disease-Free Interval 

Table 2.4 summarizes significant risk factors affecting DFI. MI had the largest coefficient 

for decreased DFI and risk was associated with increasing MI: Tumours with MI > 4 had 11.13 

(p < 0.01) and 5.80 (p < 0.01) higher rates of MCT-related disease than those having M = 0 and 0 

< MI ≤ 4, respectively and the rate was 1.92 times higher for 0 < MI ≤ 4 compared to MI = 0 (p 

= 0.04). The presence of multiple MCT at the time of diagnosis (p < 0.01) and multinucleation (p 

= 0.02) decreased the DFI when compared to cases that lacked these features. Infiltrative 

tumours had significantly higher rates of MCT disease (local reoccurrence, distant MCT 

occurrence and metastasis) than both circumscribed (p = 0.02) and combined (p = 0.02) tumours, 

but there was no difference between combined and circumscribed ones (p = 0.83). The DFI is a 

potentially more relevant outcome than survival because multiple confounding factors, including 

age and reasons for euthanasia (e.g., financial constraints or perception of quality of life by 

owners), do not influence statistical analyses. These factors, in addition to the increased number 

of events (additional MCT and metastases), are reflected by the relatively narrowed confidence 

intervals compared to values obtained in the other models. 
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DISCUSSION 

The majority of dogs with subcutaneous MCT had extended survival times, DFI and 

lower rates of local reoccurrence (8%) and metastasis (4%) than did those reported for grade II 

cutaneous MCT. Estimated 6-month, 1-, 2- and 5-year survival probabilities were 95%, 93%, 

92% and 86%, respectively, with 84% of dogs estimated to be alive at 1,500 days. Of the 306 

cases, less than 10% of dogs died from confirmed mast cell disease and when dogs that died 

from unknown causes were attributed to mast cell disease (i.e., worst-case scenario), mortality 

was only 23% and survival was estimated to be 67% at 1,500 days. These findings are similar to 

those reported by Newman (Newman et al., 2007), who found that of 53 dogs with subcutaneous 

MCT, there was a low rate of reoccurrence (9%) and metastasis (6%) and survival rates were 

61% at 1,206 days, 30% at 1,392 days and 0% at 1,780 days (last date of follow-up). Published 

survival rates of dogs with grade II/intermediate cutaneous MCT (which may have included 

subcutaneous types) include 1,500-day survival of 44% (Patnaik et al., 1984), 20-month (610 

days) survival of 16% (Abadie et al., 1999) and MST of 28 weeks (196 days) (Bostock et al., 

1973). Local reoccurrence rates are reported as 11% (Weisse et al., 2002), 23% (Séguin et al., 

2006) and 33% (Simoes et al., 1994) and mortality rates vary from 17% (Bostock, 1983) to as 

high as 56% (Patnaik et al., 1984). 

These results indicate that subcutaneous tumours are more effectively controlled by 

surgery alone than their cutaneous counterparts. Surgery is curative for the majority of these 

tumours. Of tumours with complete margins (n = 135), only 3 (2%) locally reoccurred; thus, 

surgical excision alone was effective in local control of 98% of cases. This is higher than that of 

published studies (Séguin et al., 2001; Weisse et al., 2002) for completely excised grade II 

cutaneous MCT, which report a local reoccurrence rate of 11% and thus, effective control in 
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89% of cases. Of the incompletely excised tumours in this study (n = 171), only 21 reoccurred 

(12%). This is lower than that reported for incompletely excised grade II cutaneous MCT treated 

by surgery alone (23%) (Séguin et al., 2006) and the same as those treated with adjuvant 

radiation (12%) (Al-Sarraf et al., 1996). 

One theory regarding why some MCT do not reoccur following incomplete removal is 

related to post-surgical healing. Inflammatory cells recruited to the surgical site, in conjunction 

with release of cytokines or disturbance of vasculature may play a role in killing the remaining 

neoplastic cells (Lin and Karin, 2007). Alternatively, it may be related to heterogeneity of cells 

within the tumour. For example, there is recent evidence to suggest that hypoxic gradients within 

tumours provide stem cell ‘‘niches’’ within central areas of glioblastoma and these central cells 

are more resistant to chemotherapy and radiation (Pistollato et al., 2010). It may be that 

neoplastic cells from the periphery of the tumour may represent a more committed cell type than 

those located centrally and they cannot sustain their survival. 

This study included only dogs with primary subcutaneous MCT and they mostly came 

from primary care veterinary clinics. Retrospective studies conducted at referral centers are 

based on higher-grade or reoccurring tumours, which require specialized surgery and treatment, 

so their results are potentially biased toward the more aggressive neoplasms. It is possible that by 

selecting only those MCT that clearly arose in the subcutis, smaller tumours may have been 

overrepresented; that is, larger MCT may have progressed to invade the overlying tissue and 

would have been indistinguishable on routine histologic sections from a cutaneous MCT with 

downward extension. Additionally, some tumours may have been sectioned obliquely and 

despite every attempt to ensure a subcutaneous origin, cutaneous involvement could have been 
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missed in some cases. Despite these possible biases, these results show that MCT with the 

criteria outlined here have a low metastatic and local reoccurrence rate. 

It is possible that subcutaneous MCT may be less aggressive than cutaneous tumours 

because of the surrounding fat. In recent years, adipose tissue has been intensively investigated 

as an endocrine organ because it is important in human disease, such as type-2 diabetes, 

atherosclerosis and cancer (Chaldakov et al., 2003; Chaldakov et al., 2007; Cleary et al., 2010). 

Cytokines, growth factors and chemokines (collectively referred to as adipokines) produced by 

adipocytes and stromal cells (including fibroblasts and non-neoplastic mast cells) influence 

disease and neoplastic progression through effects on endocrine balance, inflammation and 

immunity (Chaldakov et al., 2003; Chaldakov et al., 2007; Nechushtan, 2010). Additionally, 

non-neoplastic mast cell development is known to be influenced by the tissue microenvironment 

(Galli et al., 1990; Galli et al., 2005a; Metcalfe, 2008; Valent et al., 2010). Mast cells are 

released from the bone marrow as haematopoietic precursor cells and fully differentiate within 

tissues, as influenced by signals from the local microenvironment (Galli et al., 1990; Galli et al., 

2005a). MCT that arose within adipose tissue may have acquired different phenotypic properties 

than did those arising within the dermis, resulting in less aggressive behaviour than that of grade 

II cutaneous MCT with downward expansion. Alternatively, subcutaneous MCT may be of a 

different lineage altogether, as discussed in Chapter 1 (Poglio et al., 2010). Molecular studies 

would be invaluable in elucidating these effects. 

The results of this study show that the strongest effect on clinical outcome is related to 

mitotic activity. Dogs with MI > 4 had significantly shorter survival times and decreased time to 

local reoccurrence and metastasis than did those with MI < 4. This finding is consistent with 

numerous publications that showed cellular proliferation to be associated with poorer outcomes 
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for dogs with cutaneous MCT (Preziosi et al., 2007; Romansik et al., 2007; Elston et al., 2009). 

Two studies have evaluated MI in cutaneous MCT as a sole prognostic indicator (Romansik et 

al., 2007; Elston et al., 2009). One of these studies reported a MST of 5 months for dogs bearing 

tumours with MI > 5 (n = 19) compared to 70 months for those with MI ≤ 5 (n = 80), regardless 

of grade (Romansik et al., 2007). A second study, consisting of 57 dogs, showed similar results 

using the same cut-off for MI but also found that stratification of MI into 3 groups (MI = 0, 1 ≤  

MI < 7 and MI > 7), based on the cut-off points of 1 and 7 had superior prognostic potential 

(Elston et al., 2009). The most likely reason for the discrepancy between cut-off values is due to 

the small number of cases in these studies, which makes statistical comparison between strata 

difficult. In this present study, individual MI values were often represented by one case and the 

relationship between MI and the log hazard of the various outcomes being investigated was not 

linear, so MI could not be modeled as a continuous variable. Consequently, cut-off values were 

based on quantiles that provided adequate sample sizes in each group for statistical comparison. 

Curves for predicted survival and local reoccurrence show that although MI is a useful 

prognostic factor, as a sole test it should be interpreted with caution because effects of other 

histologic risk factors have a significant impact. When MI is a sole predictor, the estimated MST 

(Kaplan-Meier analysis) for dogs having tumours with MI > 4 is 212 days, compared to those 

with MI ≤ 4, where the MST was not reached (p < 0.01). Predicted survival curves differ 

substantially when controlling for other significant risk factors determined by multivariable 

analysis (age, presence of multinucleation and histologic growth pattern). For example, for those 

cases having multinucleation and an infiltrative growth pattern, the MST for those having MI > 4 

is 200 days (Fig. 2.3III, curve F), compared to those having MI = 0 or 0 < MI ≤ 4, where the 

MST was not reached (Figs. 2.3I, II, curve F). Similarly, predicted local reoccurrence curves 
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(Figs. 2.3IV-VI) demonstrate that regardless of MI, those cases with complete margins and a 

well-circumscribed appearance (Figs. 2.3IV-VI, curve A) are unlikely to locally reoccur (less 

than 10% reoccurring by 1,000 days). This information clearly demonstrates the clinical 

relevance of these histologic features for prognostication and therapeutic intervention. 

The presence of multinucleation in MCT is a feature described in higher-grade cutaneous 

MCT (Patnaik et al., 1984) and when based on univariable analyses, this was a significant risk 

factor in all models. It also remained significant in survival, DFI and distant occurrence models 

with multivariable statistics (Table 2.4). Having an infiltrative tumour was significantly 

associated with decreased time to local reoccurrence, which affected overall survival and DFI 

(Table 2.4). Intuitively, it suggests that complete surgical margins are harder to obtain in these 

cases when compared to well-circumscribed tumours, however, there was no statistically 

significant interaction between margins and histologic pattern. Because this feature is indicative 

of potential aggressive disease, further staging and monitoring is warranted for these dogs, even 

if neoplastic cells are not seen at the surgical margins. 

There were 56 breeds in this study and many of these had too few animals to draw 

statistical associations. Univariable analysis showed that Labrador Retrievers had significantly 

increased rates of local reoccurrence and that Boxers had an increased rate of distant occurrence, 

compared to all other breeds, however, these findings were not significant in multivariable 

analyses. Boxers did tend to have less aggressive tumours; none of the 25 experienced local 

reoccurrence or metastasis, nor did any have tumours with MI > 1. This is similar to previous 

studies of cutaneous MCT reporting that Boxers frequently develop additional distant and 

multiple tumours (Kiupel et al., 2005), but have favourable outcomes (Bostock, 1973; Bostock, 

1986; London and Séguin, 2003; Gross et al, 2005). Pugs also have less aggressive tumours 
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(McNiel et al., 2006), which suggests that there may be a genetic component to predisposition 

and tumour behaviour. 

Subsequent distant occurrence rates were significantly increased for cases that had 

multiple MCT (p < 0.01) based on multivariable analysis (Table 2.4), suggesting a propensity to 

develop many tumours. Follow-up information did not indicate whether these tumours arose 

sequentially or synchronously. Multiple MCT are reportedly present in 9% (Mullins et al., 2006) 

to 15% (London and Séguin, 2003) of cases of cutaneous MCT and certain breeds (e.g., Boxers, 

Boston Terriers and Pugs) seem to be predisposed. These breeds also develop additional distant 

tumours (Gross et al., 2005; Kiupel et al., 2005). The number of cases in this study was too low 

to detect interaction effects between breed and the presence of multiple tumours. Having 

multiple MCT did not significantly influence survival or metastasis, suggesting that they 

represent separate (de novo) events. Only one published study (Zavodovskaya et al., 2004) 

determined a clonal origin of multiple cutaneous MCT arising in a small number of dogs, 

suggesting that each tumour may be a form of metastasis. 

There are limitations to retrospective analyses and long-term follow-up studies such as 

this. Because follow-up information was obtained from primary care veterinary clinics instead of 

a research center, metastasis and additional tumour occurrence may have been underestimated (if 

there were silent metastases) or overestimated (by the presence of non-MCT related disease), 

given that post-mortem examination and histologic confirmation were not performed. Rather 

than exempt cases, which would have biased the results toward more favourable outcomes, these 

were included as events. Also, risk factors identified are based on a relatively small number of 

subjects that had aggressive disease and consequently there were wide confidence intervals for 

some hazard ratios. 
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The results of the study show that the majority of subcutaneous MCT are not aggressive 

and that although mitotic activity is a key prognostic factor, other factors should be considered; 

that is, they should not be automatically categorized as grade II cutaneous MCT based on their 

location. 

Based on these results, the next logical step was to establish if current molecular 

techniques used to identify aggressive cutaneous MCT (Webster et al., 2007) could be used for 

subcutaneous MCT. For this, all of the aggressive MCT in this study (metastatic and locally 

recurrent) were used. These tumours (cases) were compared to subcutaneous MCT which had 

favourable outcomes (controls) in this study. To minimize the effects of age, sex and breed, a 

case-control design was used to match these for breed, age and sex. The results of this work are 

presented in Chapter 3. 
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Table 2.1. Dogs with Various Clinical Outcomes and Stage of Subcutaneous Mast Cell Tumour  

(N = 306) 

Outcome No. (%) 

Alive           98 (32) 

Lost to Follow Up           55 (17) 

Overall Mortality         153 (50) 

Due to Mast Cell Tumour         27 (9) 

Local Reoccurrence
a
    9 of 27 (33) 

Distant Occurrence
b 

  7 of 27 (18) 

Metastasis 11 of 27 (41) 

Unknown Causes           43 (14) 

Unrelated Causes           83 (27) 

Additional MCT Development  

Local           24 (8) 

Distant            35 (11) 

Metastasis         13 (4) 

No Reoccurrence   4 of 13 (31) 

Local Reoccurrence
a 

  6 of 13 (46) 

Distant Occurrence
b 

  3 of 13 (23) 

 a
 Mast cell tumour regrowth at the original surgical site. 

 b
 Subsequent mast cell tumour development at a location distant to the original surgery site. 
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Table 2.2. Dogs with Tumours Having Various Histological Features of Subcutaneous Mast Cell 

Tumours (N=306) 

Risk Factor No. (%) 

Mitotic Index
a 

 

> 4   28 (10) 

0 < Mitotic index ≤4   93 (30) 

0 185 (60) 

Incomplete margins 171 (56) 

Histological Pattern  

Infiltrative 163 (53) 

Combined   90 (29) 

Circumscribed  53(17) 

Multinucleation   85 (28) 

Multiple Tumours 16 (5) 

Anisocytosis 233 (76) 

Anisokaryosis 250 (82) 

Granules Absent 19 (6) 

Necrosis   66 (22) 

Lymphoid follicles   59 (19) 

Collagenolysis   33 (11) 

Intramuscular Invasion   47 (15) 

a
 No. of mitotic figures per 10 high-power fields. 
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Table 2.3. Univariable Cox Proportional Hazards Analyses for Clinical Outcomes for 306 Dogs 

with Subcutaneous Mast Cell Tumours 

Risk Factor Events
a
 Hazard Ratio 95%  

Confidence Interval 

P 

Survival   27    

Mitotic Index
b
    < 0.01 

> 4
c
    15 54.68   17.86-167.37 < 0.01 

0 < MI ≤ 4
c
      8   3.93   1.18-13.05 0.03 

0      4 - - - 

> 4 vs. 0 < MI ≤ 4  13.92   5.76-33.60 < 0.01 

Histological Pattern    0.16 

Infiltrative
d
   17   0.96 0.38-2.44 0.94 

Combined
d
     4   0.35 0.10-1.23 0.10 

Circumscribed      6 - - - 

Infiltrative vs. Combined      2.77 0.93-8.24 0.07 

Multinucleation    21 10.17   4.10-25.21 < 0.01 

Age at Diagnosis
e
  305   1.27 1.10-1.46 < 0.01 

Granules Absent      6   6.85   2.75-17.09 < 0.01 

Anisocytosis    25   4.42   1.04-18.70 0.04 

Necrosis     9   2.13 0.96-4.75 0.06 

Anisokaryosis    25   2.84   0.67-11.99 0.16 

     

Local Reoccurrence
f
   24    

Mitotic Index
b
     

> 4
c
    12 44.23   14.06-139.14 < 0.01 

0 < MI ≤ 4
c
      8   3.94   1.19-13.10 0.02 

0     4 -   

> 4 vs. 0 < MI ≤4  11.22   4.51-27.96 < 0.01 

Incomplete Margins   21   6.37   1.90-21.35 < 0.01 

Histological Pattern     

Infiltrative
d
    17   1.43 0.48-4.25 0.52 

Combined
d
      3   0.39 0.09-1.74 0.22 

Circumscribed      4 - - - 

Infiltrative vs. Combined    3.68   1.08-12.56 0.04 

Multinucleation    14   4.10 1.82-9.24 < 0.01 

Labrador Retriever
g
   11   2.73 1.13-6.59 0.02 

Granules Absent      5   5.83   2.17-15.70 < 0.01 

Lymphoid Follicles      8   2.03 0.87-4.74 0.10 

Necrosis      8   2.11 0.90-4.94 0.08 

Anisocytosis    21   2.33 0.70-7.82 0.17 

     

Distant Occurrence
h
   35    

Multiple MCT     5   4.70   1.81-12.35 < 0.01 

Multinucleation   14   1.97 1.00-3.90 0.05 

Boxer
h
     7   3.51 1.39-8.84 < 0.01 

Granules Absent      3   2.48 0.75-8.13 0.14 

Intramuscular      9   1.93 0.90-4.15 0.09 
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Table 2.3 (Continued). 

Risk Factor Events
a
 Hazard Ratio 95%  

Confidence Interval 

P 

Metastasis   12    

Mitotic Index
b
     

> 4
c
     7 53.89    10.92-265.87 < 0.01 

0 < MI ≤ 4
c
      3   2.96   0.50-17.76 0.23 

0     2 - - - 

> 4 vs. 0 < MI ≤4  18.17   4.54-72.77 < 0.01 

Multinucleation    11 15.28   3.35-69.78 < 0.01 

Granules Absent      2   4.78   1.04-21.98 0.04 

     

DFI 
i
   63    

Mitotic Index
b
     

> 4
c
   17 12.42   6.53-23.62 < 0.01 

0 < MI ≤ 4
c
   22   1.89 1.06-3.41 0.03 

¤ 0   24 - - - 

> 4 vs. 0 < MI ≤ 4    6.55   3.42-12.50 < 0.01 

Age at Diagnosis
e
 305   1.07 0.97-1.18 0.19 

Incomplete Margins   39   1.41 0.85-2.36 0.19 

Abdominal Location
j
     4   0.38 0.13-1.14 0.08 

Histological Pattern     

Infiltrative
d
   37   1.09 0.57-2.11 0.79 

Combined
d
   14   0.57 0.26-1.24 0.16 

Circumscribed   12 - - - 

Infiltrative vs. Combined    1.90 1.02-3.55 0.04 

Multinucleation    32   3.05 1.85-5.02 < 0.01 

Multiple MCT     7   3.31 1.50-7.30 < 0.01 

Granules Absent      9   4.17 2.05-8.48 < 0.01 

Intramuscular Invasion   14   1.59 0.88-2.88 0.13 

Lymphoid Follicles   17   1.47 0.84-2.57 0.17 

Necrosis    16   1.57 0.88-2.77 0.12 

a
 Number of occurrences of event of interest within risk factor group (mast cell tumour mortality, local reoccurrence, 

distant occurrence, metastasis, or disease-free interval). 
b
 Number of mitotic figures per 10 high-power fields. 

c
 Compared to mitotic index (MI) = 0. 

d
 Compared to circumscribed histologic pattern. 

e
 Per year after diagnosis. 

f
 Mast cell tumour reoccurrence at the site of surgery. 

g
 Compared to other purebred group. 

h
 Subsequent mast cell tumour at a site distant to the original tumour. 

i 
Time without occurrence of additional mast cell tumours or metastasis. 

j 
Compared to thoracic location. 
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Table 2.4. Multivariable Cox Proportional Hazards Analyses for Clinical Outcomes for 306 

Dogs with Subcutaneous Mast Cell Tumours 

Risk Factor Events
a
 Hazard Ratio 95%  

Confidence Interval 

P 

Survival 27    

Mitotic Index
b
     

> 4
c
  15   36.05    10.04-129.37 < 0.01 

0 < MI ≤ 4
c
  8     3.72   1.08-12.84 0.04 

0  4 - - - 

> 4 vs. 0 < MI ≤ 4      9.70   3.63-25.92 < 0.01 

Histological Pattern     

Infiltrative
d
 17     3.18 1.18-8.52 0.02 

Combined
d
 4     1.44 0.39-5.39 0.58 

Circumscribed  6 - - - 

Infiltrative vs. Combined        2.20 0.68-7.09 0.18 

Multinucleation  21     3.40 1.19-9.68 0.02 

Age at Diagnosis
e
  305     1.20 1.02-1.42 0.03 

     

Local Reoccurrence
f
 24    

Mitotic Index
b
     

> 4
c
  12 130.21    35.71-474.83 < 0.01 

0 < MI ≤ 4
c
  8     5.59   1.67-18.70 < 0.01 

0 4 - - - 

> 4 vs. 0 < MI ≤ 4    23.31   8.10-67.10 < 0.01 

Incomplete Margins 21   11.19   2.86-43.69 < 0.01 

Histological Pattern     

Infiltrative
d
  17     4.94   1.58-15.42 < 0.01 

Combined
d
  3     3.40   0.65-17.67 0.14 

Circumscribed  4 - - - 

Infiltrative vs. Combined      1.45 0.38-5.49 0.58 

     

Distant Occurrence
g
 35    

Multiple MCT 5     5.62   2.12-14.88 < 0.01 

Multinucleation 14     2.24 1.11-4.49 0.02 
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Table 2.4 (Continued). 

Risk Factor Events
a
 Hazard Ratio 95%  

Confidence Interval 

P 

Metastasis 12    

Mitotic Index
b
     

> 4
c
   7 53.89    10.92-265.87 < 0.01 

0 < MI ≤ 4
c
    3   2.96   0.49-17.76 0.23 

0   2 - - - 

> 4 vs. 0 < MI ≤4  18.17   4.54-72.77 < 0.01 

     

DFI 
h
 63    

Mitotic Index
b
     

> 4
c
 17 11.13   5.23-23.69 < 0.01 

0 < MI ≤ 4
c
 22   1.92 1.02-3.62 0.04 

0 24 - - - 

> 4 vs. 0 < MI ≤4    5.80   2.92-11.53 < 0.01 

Histological Pattern     

Infiltrative
d
 37   2.36 1.17-4.77 0.02 

Combined
d
 14   1.09 0.49-2.42 0.83 

Circumscribed 12 - - - 

Infiltrative vs. Combined    2.17 1.14-4.11 0.02 

Multinucleation  32   2.04 1.14-3.66 0.02 

Multiple MCT   7   4.78   2.11-10.81 < 0.01 

a
 Number of occurrences of event of interest within risk factor group (mast cell tumour mortality, local reoccurrence, 

distant occurrence, metastasis, or disease-free interval). 
b
 Number of mitotic figures per 10 high-power fields. 

c
 Compared to mitotic index (MI) = 0. 

d
 Compared to circumscribed histologic pattern. 

e
 Per year after diagnosis. 

f
 Mast cell tumour reoccurrence at the site of original surgery. 

g
 Subsequent mast cell tumour at a site distant to the original tumour. 

h 
Time without occurrence of additional mast cell tumours or metastasis. 
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Figure 2.1. Canine subcutaneous mast cell tumour histological growth pattern. A. Circumscribed histologic pattern. 

The tumour is an unencapsulated, well demarcated, expansile and densely cellular neoplasm, which is elevating the 

overlying epidermis and invading the underlying musculature. HE. B. Subcutaneous mast cell tumour, canine. 

Combined histologic pattern. The tumour is a solitary nodule consisting of neoplastic cells arranged in variably 

dense aggregates and rows and as single cells demarcated from the surrounding normal tissue by abundant 

collagenous fibrous connective tissue. HE. C. Infiltrative histologic pattern. The tumour is an unencapsulated, 

poorly demarcated, infiltrative neoplasm within the subcutaneous fat that extends to the surgical margins. Insert: 

Higher magnification (400X) at the tumour margin (box). Neoplastic mast cells are arranged as single cells, loose 

aggregates and rows linearly arranged along collagen fibers, as supported by abundant collagenous stroma 

interspersed with eosinophils. HE. 
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Figure 2.2. Kaplan-Meier survival and disease-free interval curves for 306 dogs with subcutaneous mast cell 

tumours. A. Survival curves. Dogs that died of unknown causes were either censored (curve A) or treated as events 

(i.e., deaths were considered to be due to mast cell tumours; curve B). The median survival time was not reached in 

either case. The 6-month, 1-, 2- and 5-year estimated survival probabilities were 95%, 93%, 92% and 86% 

(unknown deaths censored) and 92%, 87%, 82% and 59% (unknown deaths treated as events). B. Kaplan-Meier 

curve for the disease-free interval of 306 dogs with subcutaneous mast cell tumours. The median was 2,055 days 

(lower 95% confidence interval = 2,055); estimated 6-month, 1-, 2- and 5-year probabilities were 92%, 87%, 84% 

and 65%. Ticks represent censored observations in Figs. 2.2A and B. 



 

96 

 

 
 

Figure 2.3. Predicted survival and time to local reoccurrence curves for dogs with subcutaneous tumours. MI, 

mitotic index. A, no multinucleation, circumscribed; B, no multinucleation, combined; C, no multinucleation, 

infiltrative; D, multinucleation, circumscribed; E, multinucleation, combined; F, multinucleation, infiltrative. Curves 

are based on multivariable Cox proportional hazards model using the following independent variables: MI, presence 

of multinucleation, histologic pattern and age at diagnosis (set to mean age of 8 years, 2 months). I. Predicted 

survival curves for dogs having tumours with MI = 0. II. Predicted survival curves for dogs having tumours with a 0 

< MI ≤ 4. III. Predicted survival curves for dogs having tumours with MI > 4. Predicted survival curves for A and B 

were not generated, because there were no tumours that were non-infiltrative and without multinucleation. IV-VI. 

Predictive curves for time to local reoccurrence for dogs having tumours. Curves are based on a multivariable Cox 

proportional hazards model based on the following independent variables: MI, status of surgical margins and 

histologic pattern. A, complete surgical margins and circumscribed histologic pattern; B, complete surgical margins 

and combined histologic pattern; C, complete surgical margins and infiltrative histologic pattern; D, incomplete 

surgical margins and circumscribed histologic pattern; E, incomplete surgical margins and combined histologic 

pattern; F, incomplete surgical margins and infiltrative pattern. IV. Predictive curves for time to local reoccurrence 

for dogs having tumours with MI = 0. V. Predictive curves for time to local reoccurrence for dogs having tumours 

with 0 < MI ≤ 4. VI. Predictive curves for time to local reoccurrence for dogs having tumours with MI > 4. 
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CHAPTER 3 - CANINE SUBCUTANEOUS MAST CELL TUMOURS: CELLULAR 

PROLIFERATION AND KIT EXPRESSION AS PROGNOSTIC INDICES 

This chapter is modified from the manuscript: 

 

Thompson JJ, Yager JA, Best SJ, Pearl DL, Coomber BL, Torres RN, Kiupel M, Foster RA: 

Canine subcutaneous mast cell tumours: cellular proliferation and KIT expression 

as prognostic indices. Vet Pathol 48:169-181, 2011. 

 

INTRODUCTION 

Only one study has evaluated the utility of Ki67, AgNOR and KIT in subcutaneous 

canine MCT (Newman et al., 2007). That study showed that proliferation counts in subcutaneous 

MCT were lower than for grade II cutaneous MCT, but there were only 56 cases and none were 

behaviourally aggressive tumours. KIT cellular localization pattern was not found to be 

predictive of clinical outcome, in discordance with a study of cutaneous MCT (Webster at al., 

2007), which may have been due to the small number of cases. 

The retrospective data analyzed in Chapter 2 showed that proliferation (as assessed by 

MI) was a strong predictor of survival time, time to local reoccurrence and metastasis in 

subcutaneous MCT. MI is a valuable prognostic test in several canine neoplasms, including soft 

tissue sarcoma, melanoma and MCT (Kuntz et al, 1997; Sarli et al., 2002; Spangler and Kass, 

2006; Romansik et al., 2007; Elston et al., 2009) and it is an integral part of grading schemes for 

cutaneous MCT (Bostock, 1973; Patnaik et al., 1984; Gross et al., 2005). Despite this, there are 

drawbacks to using MI as a sole determinant for assessment of cellular proliferation. Accurate 

counting of mitotic figures may be influenced by field selection, plane of section, field diameter, 

intensity of cytoplasmic granularity (or presence of crush artifact), necrosis and/or apoptotic 

cells. All of these variables can contribute to interobserver disagreement. In addition, MI detects 

only cells in the mitotic phase rather than the entire growth fraction (i.e., all active cells within 
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the cell cycle) (Webster et al, 2007). As Ki67, AgNOR, KIT localization and c-KIT mutations 

have been determined to have predictive utility for cutaneous MCT and may be valuable 

adjuvant tests to MI (Webster et al., 2007), these need to be evaluated for subcutaneous MCT. 

Many studies of cutaneous MCT have assessed the use of argyrophilic nucleolar 

organizing regions (AgNOR) (Bostock et al, 1989; Kravis et al., 1999; Scase et al., 2006; 

Webster et al., 2007; Maglennon et al., 2008) and immunohistochemistry for Ki67 (Abadie et 

al., 1999; Scase et al., 2006; Webster et al., 2007; Maglennon et al., 2008). The nuclear protein 

Ki67 is expressed in all cell cycle stages but is not present in non-cycling cells; thus Ki67 

expression can be used to assess the tumour growth fraction (Webster et al., 2007). AgNOR are 

nucleolar subunits involved in RNA transcription and the number of AgNOR per cell is 

associated with the rate of cellular proliferation (Webster et al., 2007). Together, these markers 

assess both the number of cycling cells and the rate of cell cycle progression, providing a more 

comprehensive assessment of tumour growth. Mutations of c-KIT lead to constitutive activation 

of KIT, which explain the increased proliferation in some cases of canine MCT (London et al., 

1999; Gleixner et al., 2007; Lin et al., 2008; Lin et al., 2010a). One group reported that the 

presence of ITD mutations of c-KIT or aberrant cytoplasmic KIT protein localization was 

significantly associated with higher values of Ki67 (Webster et al., 2007). 

It is not clear from any study of cutaneous MCT if subcutaneous MCT were included; if 

so, the data could be compromised. The results of the single study of immunohistochemical 

proliferation markers in subcutaneous MCT showed that mean counts of Ki67, PCNA and 

AgNOR were similar to grade I cutaneous tumours (Newman et al., 2007). These markers, as 

well as KIT expression pattern, were not demonstrated to have significant prognostic value for 
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subcutaneous MCT, which was likely due to the small number of behaviourally aggressive cases 

included in that study. 

The aim of the current study was to evaluate the prognostic utility of MI, Ki67, AgNOR, 

the cellular localization of KIT and c-KIT mutational status for subcutaneous MCT. To ensure 

sufficient numbers of biologically aggressive tumours (because the majority of subcutaneous 

MCT have a benign clinical course) (Newman et al., 2007), the most biologically aggressive 

cases (local reoccurrences and metastases) from the previous retrospective investigation were 

used to compare these to nonaggressive subcutaneous MCT, using a matched case-control study 

design. Cases and controls were matched for breed and, as possible, age and sex to eliminate the 

potential confounding effects of these variables. 
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MATERIALS AND METHODS 

Case Selection 

A total of 60 subcutaneous MCT diagnosed between 2002 and 2008 were used to 

compare cases and controls for 2 outcomes: local reoccurrence and metastasis. Tumours were 

selected from a larger subset (n = 306) of subcutaneous MCT that were previously investigated 

for histologic prognostic indices (Chapter 2). Details of inclusion and exclusion criteria for that 

retrospective investigation are as previously reported. In brief, cases were included if they met 

the following criteria: first, the tumour was a primary occurrence; second, all were histologically 

diagnosed as subcutaneous MCT based on adequate representation of the tumour; third, adequate 

follow-up data were obtained from veterinary clinics in the form of a questionnaire or telephone 

interview. Follow-up information included signalment, tumour location, dates of additional 

tumour development, metastasis, death or last examination, history of prior MCT, cause of death 

and status at last examination. Additional information obtained for dogs with reoccurrence or 

metastasis included details on adjuvant treatment (surgery, chemotherapy, or radiation) and 

further diagnostic testing. Cases were excluded if there was immediate loss of follow-up, if there 

was a history of a previous MCT, if the sample was an incisional biopsy or was cytoreductive, or 

if the patient had concurrent MCT that were cutaneous. 

Case-Control Design 

There were two separate case-control analyses performed in this study. The first 

consisted of 24 dogs that developed local reoccurrence following tumour removal (cases) and 24 

dogs that did not (controls). The second study consisted of 12 dogs that developed metastasis 

following tumour removal (cases) and 12 dogs that did not (controls). Six cases of metastasis had 
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prior local reoccurrence and these cases and their controls were used in both analyses. Six 

additional dogs with metastasis (without prior reoccurrence) and their controls were used for the 

metastatic outcome analysis. None of the control dogs for either outcome developed local 

reoccurrence or metastasis. Two control dogs (one for each outcome) developed an additional 

tumour distant to the initial surgical site 46 and 1,078 days after the initial surgery. The first dog 

had additional surgery for the second occurrence and was healthy at the end of the study (1,546 

days later); the second dog was euthanized at 1,078 days because of the new MCT. All cases 

were matched by breed; 25 of 30 (83%) were matched by sex and 22 of 30 (73%) were matched 

within 1 year of age at diagnosis. For local reoccurrence analysis, 12 pairs were matched for all 

three variables (breed, age and sex); for metastasis, 8 pairs were matched. 

The date of surgical excision was defined as the date of diagnosis. Follow-up time was 

defined as the date of diagnosis to the date of last follow-up or death. Local reoccurrence was 

defined as regrowth at the surgical site and distant occurrence was defined as occurrence of a 

subsequent cutaneous or subcutaneous MCT at an anatomical location different from the initial 

surgery. Metastasis was defined as spread to the local lymph node or as disseminated MCT 

disease (i.e., spread to internal organs). Metastasis was confirmed by at least one of the 

following: cytology of fine-needle aspirates of lymph nodes (n = 4), abdominal and thoracic 

radiographs (n = 4), histology of lymph node biopsies (n = 3), buffy coat analysis (n = 3), 

exploratory laparotomy (n = 1), abdominal ultrasound (n = 1) and whole body magnetic 

resonance imaging (n = 1). Six dogs had histologic or cytologic confirmation of metastasis; no 

post-mortem examinations were performed on any dogs. Cases of metastasis which were 

unconfirmed by histology were included so as not to bias the study toward tumours with 

favourable outcomes. 
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Evaluation of Histologic Variables 

Histologic features were evaluated in a blinded fashion and included confirmation of 

subcutaneous location. MCT were determined to be subcutaneous based on a location within the 

subcutaneous tissue and no invasion of the dermis, assessed with two or more histologic sections 

(Fig. 3.1A). In some cases, there was apparent multifocal extension of low numbers of mast cells 

around the base of hair follicles, however, the bulk of the tumours were in the subcutaneous 

tissue and they were classified as subcutaneous MCT. In cases where the overlying epithelium 

was not present, the tumour was classified as subcutaneous because sections were completely 

surrounded by adipose tissue with no follicular or epidermal involvement. The original 

pathology report was available for each tumour. MI - defined as the number of mitotic figures 

per 10 high power fields, using a 40X objective and a field diameter of 550 mm - was recorded 

for each tumour using the method described by Romansik et al., 2007. The area with the highest 

mitotic activity was chosen for evaluation (Fig. 3.1B). 

AgNOR and Immunohistochemistry 

Histochemical and immunohistochemical labelling was conducted by the Michigan State 

Diagnostic Laboratory, using techniques previously described (Ploton et al., 1986; Webster et 

al., 2007). Slides were prepared using 5 µm sections of formalin-fixed paraffin-embedded tissue, 

which were cut, deparaffinized in xylene, rehydrated in graded ethanol and rinsed in distilled 

water. For AgNOR staining, slides were incubated for 30 minutes at room temperature in the 

dark with freshly made AgNOR staining solution consisting of 0.02 g of gelatin in 1 ml of 1% 

formic acid and 1 g of silver nitrate in 2 ml of distilled water. Following staining, slides were 

rinsed with distilled water, dehydrated with graded ethanol and xylene, mounted with non-water 



 

103 

 

soluble mounting media applied in a dry format to coverslips (Ventura Symphony Optisure; 

Ventana) (Fig. 3.1C). 

Ki67 immunolabelling was performed on the Benchmark Automated Staining system 

(Ventana Medical Systems, Inc., Tucson, AZ) following heat-induced epitope retrieval. Briefly, 

a mouse monoclonal anti-Ki67 antibody (MIB-1, Dako Cytomation, Carpinteria, CA) at a 

dilution of 1:50 was applied for 32 minutes and detected using the Enhanced V-Red Detection 

System (Ventana) according to manufacturer’s protocol. This system utilized an alkaline 

phosphatase and the chromogen Fast Red/Naphthol. For KIT, a rabbit polyclonal anti-KIT 

antibody was used (Dako Cytomation) at a 1:100 dilution for 30 minutes. Deparaffinization, 

antigen retrieval, immunohistochemical staining and counterstaining were performed on the 

Bond maX Automated Staining System (Vision BioSystems, Leica, Bannockburn, IL) using the 

Bond Polymer Detection System (Vision BioSystems, Leica) with 3, 3-diaminobenzidine 

substrate chromogen and hematoxylin counterstain according to manufacturer’s protocol (Fig. 

3.1D). Negative controls were included in each run and they consisted of canine cutaneous MCT 

treated identically to the other tissue sections except that buffer was used in place of primary 

antibody. Known sections of canine cutaneous MCT were included in each run as a positive 

control for KIT. The basal layer of the epidermis served as an internal positive control for Ki67. 

Evaluation of AgNOR Histochemical Staining 

Staining for AgNOR was evaluated as previously described (Webster et al., 2007). 

AgNOR were counted in 100 randomly selected neoplastic mast cells at 1000X magnification 

and an average count per cell recorded. Individual AgNOR were resolved by focusing up and 

down while counting within nuclei (Fig. 3.1C). 
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Evaluation of Ki67 and KIT Immunolabelling 

KIT and Ki67 immunohistochemical labelling was evaluated in a blind fashion by Dr. 

Matti Kiupel, Michigan State University, using methods previously described (Kiupel et al., 

2004; Webster et al., 2007). For Ki67, all cell counting was performed manually. Areas with the 

highest proportion of immunopositive neoplastic mast cells were identified at 1000X 

magnification using a light microscope (American Optical Instruments, Buffalo, NY). Upon 

identification of highly proliferative areas, the number of immunopositive cells present in a 

10x10-mm grid area was counted using a 1 cm
2
 10x10 grid reticle at 400X magnification (Fig. 

3.1D). The number of immunopositive cells per grid area was evaluated over 5 high-power fields 

and subsequently averaged to obtain an average growth fraction. 

All slides were assigned one of 3 patterns of KIT protein localization as previously 

described (Webster et al., 2007). KIT pattern 1 consisted of a predominately membranous pattern 

of KIT protein localization with minimal cytoplasmic KIT protein localization (Fig. 3.1E). KIT 

pattern 2 consisted of focal to stippled cytoplasmic KIT protein localization and KIT pattern 3 

consisted of diffuse cytoplasmic KIT protein localization (Fig. 3.1F). Cells on the margins of the 

tissue sections were not considered, owing to possible artefactual staining. 

c-KIT Mutational Analysis 

Mutational analysis was performed as previously described (Webster et al., 2007). In 

brief, DNA was extracted from 10 µm paraffin shavings of neoplastic tissue and subsequent 

polymerase chain reaction (PCR) amplification of c-KIT exon 11 and intron 11 was performed to 

identify ITD c-KIT mutations. Formalin-fixed paraffin-embedded shavings were deparaffinized 

and incubated overnight in 50 µl of DNA extraction buffer containing 10 mM, Tris; pH, 8.0; 1 
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mM, ethylenediaminetetraacetic acid; 1% Tween (United States Biochemical Corp, Cleveland, 

OH) and 1.5 µl of 15 mg/ml proteinase K (Roche, Indianapolis, IN) at 37°C. Samples were 

centrifuged at 1,306 X g for 5 minutes and proteinase K was inactivated by heating at 95°C for 8 

minutes. PCR amplification of c-KIT exon 11 and intron 11 was performed using a previously 

described primer pair that flanks exon 11 and the 5’ end of intron 11, which includes the ITD 

region of the c-KIT proto-oncogene in canine MCT (Downing et al., 2002). The primers used for 

PCR amplification of the c-KIT juxtamembrane domain were based on the 5’ end of exon 11 

(PE1: 5’ CCATGTATGAAGTACAGTGGAAG-3’ sense, base pairs 1,657-1,680 of exon 11) 

and the 5’ end of intron 11 (PE2: 5’ GTTCCCTAAAGTCATTGTTACACG-3’ anti-sense, 

nucleotides 43 to 66 of intron 11). PCRs were prepared in a 25 µl total reaction volume, with 5 

µl of extracted DNA, 5 pmol of each primer, 0.5 U of Taq polymerase (Invitrogen, Carlsbad, 

CA) and final concentrations of 80 µM of deoxynucleotide triphosphate, 2 mM of magnesium 

chloride, 20 mM of Tris-hydrogen chloride and 50 µl of potassium chloride. Cycling conditions 

were as follows: 94°C for 4 minutes; 35 to 45 cycles at 94°C for 1 minute, 55°C for 1 minute; 

72°C for 1 minute and 72°C for 5 minutes. Amplified products and ITD mutations were 

visualized by gel electrophoresis on a 2% agarose gel after ethidium bromide staining. 

Statistical Analyses 

All statistics were performed using STATA 10 (StataCorp, College Station, TX). 

Univariable conditional logistic regression using exact methods was used to compare matched 

groups. Because not all cases and controls were matched for age and sex, subanalyses for each 

outcome were performed, including only dogs that matched for all 3 variables. Subanalyses were 

performed excluding dogs that had received chemotherapy. The results of the subanalyses 
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showed similar results (increased odds ratios [ORs]), however, there was often not enough power 

to show statistical differences based on the small number of cases. Multivariable models were 

attempted, but these could not be performed; that is, because of the small sample size, they did 

not often converge. Additionally, interpretation of multivariable statistics was difficult because 

of the high degree of correlation of the variables (up to 80%). Results for conditional logistic 

regression are reported as ORs. An OR < 1 means that the odds of an event (e.g., death) is 

decreased and an OR > 1 means that the odds of an event is increased, relative to a referent 

group. 

Analyses of the continuous variables MI, Ki67, AgNOR and the product of Ki67 and 

AgNOR (Ag67), were performed using exact conditional logistic regression (EXLOGISTIC 

command in STATA 10). Each variable was assessed for a linear association for each outcome 

by graphically assessing the standardized residuals against the predictor, as well as by 

performing conditional logistic regression (CLOGIT command in STATA 10) for the quadratic 

transform of each variable. Because the sample size was small and there were concerns about 

linearity, independent variables were categorized and analyzed using exact methods. Because 

information can be lost with categorization, both continuous and categorical statistics are 

presented. Categorization of risk factor variables was done as follows: for MI, groups were 

stratified into MI ≤ 4 and MI > 4, based on the results in Chapter 2. Counts of Ki67, AgNOR and 

Ag67 were categorized on the basis of examination of quantiles that provided adequate sample 

size for subsequent analyses. For Ki67, the 25%, 50% and 75% quantiles were, respectively 3.8, 

7.6 and 21.8 positive cells per grid area; for AgNOR, 1.75, 2.10 and 2.71 per cell and for Ag67, 

6.3, 17.1 and 55.0. Strata were therefore combined into 2 groups based on the 75% quantiles for 
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risk factor analyses (Ki67 ≤ 21.8 and Ki67 > 21.8, AgNOR ≤ 2.7 and AgNOR > 2.7 and Ag67 ≤ 

55 and Ag67 > 55). 

For comparison of these results with published studies of cutaneous MCT, data were 

reanalyzed using previous published cut-off values for MI (Romansik et al., 2007); AgNOR 

(Webster et al., 2007), Ki67 (Webster et al., 2007) and Ag67 (Webster et al., 2007), which were 

found to be prognostic markers for local reoccurrence and survival for dogs with cutaneous 

MCT. For MI, groups were stratified into MI ≤ 5 and MI > 5; for Ki67, Ki67 ≤ 23 and Ki67 > 

23; for AgNOR, AgNOR ≤ 2.3 and AgNOR > 2.3 and for Ag67, Ag67 ≤ 53 and Ag67 > 53. 

Agreement between tests for all matched pairs was evaluated using the Cohen κ statistic 

and the interpretation of the magnitude of κ was based on Dohoo et al., 2003. To assess whether 

test bias was present, the exact McNemar test was used to determine any significant differences 

in the proportions positive to the tests being compared. A significant p-value (p < 0.05) for the 

McNemar χ
2
 suggests serious disagreement between tests and assessment of agreement is 

unreliable (Dohoo et al., 2003). 
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RESULTS 

Demographics 

There were 12 breeds in the study, consisting of Labrador Retrievers (n = 24), mixed-

breed dogs (n = 12), Siberian Huskies (n = 4) and 2 each of other purebred dog breeds. The 

median and mean age of all dogs was 7 years 11 months and 8 years 2 months (range 4 years 10 

months to 12 years 7 months). Tumours were located on the abdomen (n = 7), thorax (n = 20), 

extremities (n = 19), head/neck (n = 12) and inguinal/perineal area (n = 1). Location was not 

known for one case. Twenty-two dogs were male and 38 were female.  

Four dogs received chemotherapy during the study period. Three of these developed 

widespread metastasis and were subsequently treated with chemotherapy for 1, 76 and 155 days, 

before death. The last dog was diagnosed with an additional, distant MCT and disseminated 

metastasis 1,184 days after the initial surgery; it began chemotherapy at that time and was 

healthy at the last date of examination, 21 days later. Because no dogs received chemotherapy 

before a diagnosis of local reoccurrence or metastasis, the effect of chemotherapy on statistical 

analyses for these outcomes should not be relevant. Despite this, the data was reanalyzed 

excluding these cases, with similar overall conclusions (results not shown). 

Evaluation of Risk Factors 

Tables 3.1 and 3.2 present the proliferation indices for cases (reoccurrence/metastasis) 

and matched controls (without metastasis/reoccurrence). MI counts for all dogs ranged from 0 to 

29, with a mean and median of 3.9 and 1.0, respectively. Ki67 counts ranged from 1.6 to 68.8, 

with a mean and median of 13.7 and 7.6 positive cells per grid area. AgNOR counts for all dogs 

ranged from 1.2 to 4.1 per cell, with a mean and median of 2.2 and 2.1. Ag67 counts ranged from 
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2.6 to 239.8, with a mean and median of 36.9 and 17.1. KIT pattern distribution for all dogs was 

as follows: diffuse cytoplasmic (n = 15), focal/stippled cytoplasmic (n = 24) and membranous (n 

= 20). One tumour (a control for local reoccurrence) had large areas of necrosis; thus, Ki67, 

AgNOR and KIT pattern could not be evaluated. AgNOR staining was not demonstrated in a 

different control (also for local reoccurrence outcome). Case-control pairs for these tumours 

were excluded from matched analyses for these markers. 

c-KIT Mutational Analysis 

No c-KIT mutations (presence of ITD in exon 11) were demonstrated in any of the 60 

subcutaneous MCT (data not shown). 

Survival 

Thirty-six dogs died during the study: 20 as a result of MCT-related disease, 4 of 

unknown causes and 12 to diseases unrelated to MCT. MCT-related deaths were due to local 

reoccurrence (n = 9), distant occurrence (n = 1) and metastasis (n = 10). Of the remaining 24 

dogs, 8 were lost to follow-up and 16 were alive at the end of the study. 

Local Reoccurrence 

The mean and median age for dogs with local reoccurrence was 8.3 and 7.5 years and for 

controls, 7.8 and 8.0 years, respectively. The mean and median difference in age between 

matched pairs was 1.4 and 7.0 months (range, 6 days to 7 years 2 months) with 17 of 24 pairs 

matched within 1 year of age. Nineteen pairs were matched by sex. The median time to local 

reoccurrence was 198 days (18 to 1,023) days and median follow-up time for dogs with local 

reoccurrence was 213 days (48 to 1,354). Six dogs with local reoccurrence developed metastasis 
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consisting of lymph node (n = 4) and disseminated disease (n = 2), whereas 15 of 24 dogs died 

from either reoccurrence or metastasis. The mean and median follow-up time for controls was 

1,078 and 1,082 days and 20 of 24 had follow-up times that were greater than their matched 

cases. 

Mean and median values for MI, Ki67, AgNOR and Ag67 for cases of local reoccurrence 

were consistently higher than those of matched controls (Table 3.1) and diffuse cytoplasmic KIT 

labelling was more frequently observed in reoccurring cases compared to controls. Membranous 

KIT labelling was observed in 13 MCT (3 cases and 10 controls); focal/stippled KIT labelling 

was present in 21 (10 cases and 11 controls) and diffuse cytoplasmic KIT labelling was found in 

14 (11 cases and 3 controls). The percentage of matched pairs that had values greater than 

controls were consistently higher than the percentage of pairs for which the control had greater 

or equal values for all proliferation markers as well as cellular localization of KIT labelling 

(diffuse cytoplasmic > focal/stippled > membranous; Fig. 3.2A). 

Univariable exact logistic regression analysis showed MI, Ki67, AgNOR and Ag67 

counts to be significantly associated with increased odds of developing local reoccurrence, using 

either continuous or categorical data (Tables 3.3 and 3.4). For comparison purposes, the data 

were reanalyzed using previously reported cut-off counts for MI, Ki67 and Ag67 (Webster et al., 

2007). Univariable statistics showed that dogs with MCT having MI > 5 and Ag67 > 53 had 

significantly increased odds of developing local reoccurrence than those with lower counts (OR 

= 5.5, p = 0.02; OR = 12.49, p < 0.01, respectively), however, the OR for Ki67 (Ki67 > 23 vs. 

Ki67 ≤ 23) was not statistically significant (OR = 7.0, p = 0.07). 

Diffuse cytoplasmic localization (pattern 3) of KIT was significantly associated (p < 

0.01) with increased odds of local reoccurrence compared to the membranous pattern, but there 
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was no significant difference between cytoplasmic and focal/stippled pattern (p = 0.13) or 

between focal/stippled and membranous patterns (p = 0.25). When the focal/stippled pattern was 

combined with cytoplasmic patterns (non-membranous pattern), the odds of local reoccurrence 

were increased compared to those with a membranous pattern (OR = 8.0, p = 0.04). 

Metastasis 

The mean and median ages for dogs with metastasis were 8.8 and 8.2 years and for 

controls, 8.4 and 8.0 years, respectively. The mean and median difference between matched 

cases and controls were 1.2 years 9 months, with 9 of 12 dogs matched within 1 year of age. 

Eleven pairs were matched for sex. The mean and median times to metastasis were 256 and 172 

days and total follow-up times for cases were 396 and 206 days, respectively. For controls, the 

mean and median follow-up times were 1,078 and 1,082 days and of these 12 dogs, 9 had follow-

up times that were greater than their matched cases that had metastasized. 

In all but one case, metastasis occurred subsequent to the original surgery. The one 

exception was a Cocker Spaniel that had metastasis confirmed histologically at the time of the 

original surgery, at which time both node and tumour were excised. Six dogs had local 

reoccurrences diagnosed either before or in conjunction with metastatic disease. Three dogs with 

metastasis had distant occurrences of MCT following the original surgery and it could be 

determined whether metastasis resulted from the original MCT or subsequent, distant MCT. Ten 

dogs with metastasis died from MCT disease; 1 dog died of unrelated causes and 1 dog was alive 

at the end of the study. 

Table 3.2 presents results for MI, Ki67, AgNOR and Ag67 for matched case-control 

pairs. Mean and median values for all proliferation markers for cases of metastasis were 
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consistently higher than controls. As for the local reoccurrence outcome, diffuse cytoplasmic 

KIT labelling was more frequently observed in cases compared to controls. Membranous KIT 

labelling was observed in 11 MCT (1 case and 10 controls); focal/stippled KIT labelling was 

present in 7 (5 cases and 2 controls) and diffuse cytoplasmic KIT labelling was found in 6 MCT 

(all in cases that metastasized). The percentage of matched pairs that had values greater than 

controls were consistently higher than the percentage of pairs where the control had greater or 

equal values for all proliferation markers or cellular localization of KIT labelling (diffuse 

cytoplasmic > focal/stippled > membranous; Fig. 3.2B). 

Univariable logistic regression (Tables 3.3 and 3.4) showed MI, Ki67 and Ag67 values to 

be significantly associated with increased odds of developing metastasis. Dogs with MCT having 

a MI > 4, Ki67 > 21.8, or Ag67 > 55 were significantly more likely to develop metastasis than 

those with lower values. AgNOR counts were not significantly associated with increased odds of 

metastasis using categorization (p = 0.22, Table 3.4), but approached statistical significance 

using continuous data (p = 0.05, Table 3.3). To assess the influence of the 3 dogs that had distant 

occurrences, the data were reanalyzed excluding these cases with similar overall conclusions 

(data not shown). 

Based on previously published higher cut-off counts, univariable analysis showed that 

dogs with MCT having MI > 5 had significantly increased odds of developing metastasis 

compared to those with MI ≤ 5 (OR = 8.16, p = 0.03) and those with Ag67 > 53 had significantly 

increased odds compared to those with ≤ 53 (OR = 11.05, p < 0.01), however, there was no 

statistically significant difference between those with Ki67 > 23 vs. Ki67 ≤ 23 (OR = 6.72, p = 

0.06). 
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Diffuse cytoplasmic immunohistochemical labelling for KIT protein was significantly 

associated (Table 3.4) with increased odds of developing metastasis compared to the 

membranous pattern (OR = 17.55, p < 0.01), however, there was no significant difference 

between cytoplasmic and focal/stippled patterns (OR = 6.72, p = 0.06) or between focal/stippled 

and membranous patterns (OR = 2.41, p = 0.50). When the focal/stippled pattern was combined 

with cytoplasmic patterns (non-membranous pattern), the odds of metastasis were increased 

compared to those with membranous localization (OR = 12.49, p < 0.01). 

Statistical Associations Between Tests 

According to exact McNemar values, there were no significant differences in the 

proportions positive for MI, Ki67 and AgNOR; therefore, Cohen κ statistic could be used to 

assess agreement between these tests (Table 3.5). The level of agreement between proliferation 

markers was moderate (between MI and AgNOR) to substantial (between MI and Ki67) and 

statistically significantly better than that expected due to chance (p < 0.01). In addition, κ 

statistics between proliferation markers and KIT pattern were found to be significant, however, 

exact McNemar χ
2
 values were also statistically significant (Table 3.5), indicating that the κ 

statistic assessing agreement between these tests is unreliable (Dohoo et al., 2003). Table 3.6 

presents the distribution of proliferation marker counts and KIT localization pattern for cases and 

controls for both clinical outcomes, as stratified by MI. For both MI  ≤ 4  and MI > 4 groups, 

Ki67, AgNOR and Ag67 stratification illustrates a high degree of correlation between MI and 

other tests for cases and controls (Tables 3.5 and 3.6). 

The presence of non-membranous KIT (diffuse or focal cytoplasmic) was a relatively 

more sensitive test than MI for clinical outcome. Of those tumours that reoccurred (n = 24) or 
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metastasized (n = 12), 21 (88%) and 11 (92%) had non-membranous KIT localization, 

respectively, but only 12 recurrent (50%) and 7 metastatic (58%) tumours had a MI > 4 (Table 

3.3). KIT localization appeared to be relatively less specific for local reoccurrence (43%) and 

metastasis (83%) compared to MI (specificity, 58% and 100%, respectively). 
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DISCUSSION 

MI, Ki67, AgNOR and immunohistochemical KIT expression pattern are useful 

prognostic tests for subcutaneous MCT, as they are for cutaneous MCT. Dogs that developed 

post-surgical local reoccurrence and metastasis had tumours with consistently higher counts of 

MI, Ki67, AgNOR and Ag67 and a cytoplasmic KIT localization pattern. Subcutaneous MCT 

with MI > 4, Ki67 > 21.8, or Ag67 > 55 were significantly more likely to locally reoccur and 

metastasize than those with lower counts. Tumours with AgNOR > 2.71 were significantly more 

likely to locally reoccur than those with ≤ 2.7. Values for AgNOR were not found to be 

statistically associated with metastatic disease. 

A matched case-control study was used to ensure inclusion of all aggressive tumours. 

Certain breeds are predisposed to MCT and the development of multiple tumours (Bostock, 

1973; London et al., 2003; Gross et al., 2005), but these spurious effects were minimized by 

matching for breed, sex and age. Multivariable analyses of an even larger population would have 

allowed for control of these factors, however, because the majority of subcutaneous MCT are not 

aggressive, the sample size was small. Analyses of the data matching for all 3 variables showed 

similar ORs, but there was not always adequate power to show significant differences (data not 

shown). 

The results of this study illustrate that no single test appears to be definitive in identifying 

aggressive disease for subcutaneous MCT. Measures of agreement between proliferation markers 

showed that these were highly correlated, but confidence intervals were wide, indicating 

considerable uncertainty about the estimate. MI has been shown to be a valuable prognosis 

predictor for canine cutaneous MCT (Patnaik et al., 1984; Romansik et al., 2007; Elston et al., 

2009 and this was found for subcutaneous MCT (Chapter 2), however, uniform methods of 
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evaluation and reporting have not been established, which makes comparisons among studies 

difficult. Ki67 and AgNOR are more accurate measures of cell proliferation than MI because 

these tests evaluate the growth fraction and rate (Webster et al., 2007). Furthermore, if 

standardization of molecular assays and proliferation marker evaluation (e.g., using a grid 

reticle) can be achieved, these tests will be potentially less subject to interobserver disagreement. 

In a diagnostic setting, however, they are complex and expensive. 

Ki67 and AgNOR counts are predictive for aggressive behaviour of canine cutaneous 

MCT (Bostock et al., 1989; Simoes et al., 1994; Scase et al., 2006; Webster et al., 2007; 

Maglennon et al., 2008). One group (Webster et al., 2007), showed that tumours having Ki67 

counts > 23 positive cells per grid area and Ag67 values > 54 had a greater incidence and 

increased rate of local reoccurrence than did those with lower counts. The data of this study were 

reanalyzed using these cut-offs, but although ORs were increased, statistical associations did not 

remain significant (although they were very close for Ki67). This disparity is likely due to the 

small sample size of this study (predicated by the study design) and the low number of tumours 

with high proliferation indices. 

This study showed that Ki67 counts were relatively lower compared to a previous report 

for cutaneous MCT which used the same grid quantification method (Webster et al., 2007) - this 

despite having 50% of data composed of the most aggressive MCT (by design) from the previous 

retrospective study (n = 306). Ki67 counts for cutaneous MCT (Webster et al., 2007) ranged 

from 3 to 97 positive cells per grid area, with a mean and median of 25 and 17, which were 

similar to these results for cases that locally reoccurred and metastasized (Tables 3.1 and 3.2). It 

cannot, however, be concluded that all subcutaneous MCT have lower proliferation indices, as 
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has been previously suggested (Newman et al., 2007). A parallel study comparing cutaneous and 

subcutaneous variants would be needed to investigate this hypothesis. 

AgNOR counts for both cases and controls were higher than previously determined for 

subcutaneous MCT (Newman et al., 2007). Mean and median AgNOR counts for subcutaneous 

MCT were reported by one group to be 1.3 and 1.3 per cell (Newman et al., 2007). Those 

researchers used a computerized counting system for AgNOR, whereas in this study, manual 

counting was performed which allowed for focusing up and down while counting. This may 

partially explain the difference. That previous study was also much smaller and had few 

behaviourally aggressive tumours. AgNOR counts for this study were similar to cutaneous MCT, 

which reportedly vary from 2.3 (Webster et al., 2007) to 1.9 (Scase et al., 2006); 2.2 (for non-

reoccurring MCT), 2.9 (for reoccurring MCT) (Simoes et al., 1994) and 3.2 per cell (grade II 

MCT) (Bostock et al., 1989). 

This study demonstrates that KIT diffuse cytoplasmic localization is a statistically 

significant risk factor for aggressive subcutaneous MCT disease. Those dogs with diffuse 

cytoplasmic localization of KIT receptor protein had significantly increased odds of developing 

local reoccurrence and metastasis than did those with a membranous pattern. The presence of 

cytoplasmic KIT protein may be associated with downstream events responsible for increased 

proliferation (Webster et al., 2007), but the molecular evidence to further elucidate this for 

canine MCT is lacking. One possible explanation for diffuse cytoplasmic accumulation in 

neoplastic mast cells is genetic mutations of c-KIT, resulting in abnormal maturation and 

trafficking, as found in human gastrointestinal stromal tumours (Tabone-Eglinger et al., 2008). 

Autophosphorylated (and thus constitutively activated) immature KIT receptor proteins 

accumulate in the endoplasmic reticulum and Golgi zone of mutant c-KIT gastrointestinal 
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stromal tumour cells but not in cells with wild-type c-KIT, where membranous localization 

occurs (Tabone-Eglinger et al., 2008). Interestingly, that study showed that treatment with 

imatinib, a tyrosine kinase receptor inhibitor, restored KIT to the cell surface (membranous) in a 

mature form (Tabone-Eglinger et al., 2008). 

None of the 60 subcutaneous MCT in this study demonstrated ITD mutations in exon 11 

of c-KIT, despite many of them having aberrant KIT localization and high values for 

proliferation markers. Given that up to 30% of high-grade cutaneous MCT have these mutations 

(Webster et al., 2007; London et al., 2009b), it was expected that some of the subcutaneous 

MCT would have these, particularly because many demonstrated biologically aggressive 

behaviour. It is possible that other genetic or epigenetic mechanisms are more important for the 

neoplastic progression of subcutaneous MCT. Possibilities include undiscovered c-KIT 

mutations, spontaneous dimerization of receptor tyrosine kinases, or failure of ubiquitinization 

(London et al., 1999; London et al., 2003; Zeng et al., 2005; Bandi et al., 2009; London et al., 

2009b). These mechanisms may explain the diffuse cytoplasmic expression of KIT protein 

observed in many higher-grade canine cutaneous MCT and molecular studies investigating this 

could prove invaluable. Another factor that may play an important role in tumour progression is 

the local microenvironment, such as angiogenic or growth factor stimuli (London et al., 1999; 

Rebuzzi et al., 2007; London et al., 2009b; Halper, 2010; Witsch et al., 2010). As development 

of non-neoplastic mast cells is known to be influenced by the surrounding environment (Galli et 

al., 1990) neoplastic mast cells that differentiated within adipose tissue may be phenotypically 

different from those that arose in the dermis, owing to local growth factor variability, which may 

result in variability of protein expression profiles or responses to local signals. 



 

119 

 

There are limitations to retrospective analyses and long-term follow-up studies such as 

this one. Because cases and follow-up information were obtained from primary care veterinary 

clinics instead of a research center, metastasis and additional tumour occurrence may have been 

underestimated (if there were silent metastases) or overestimated (by the presence of non-MCT-

related disease), given that histologic confirmation was not routinely performed. A prospective 

analysis or larger retrospective study would be needed to ensure adequate numbers for stricter 

inclusion criteria. 

Proliferation markers including MI and Ki67 are important indices in predicting 

aggressive behaviour of subcutaneous MCT. Aberrant cellular localization of KIT may prove to 

be an even more valuable prognostic marker if molecular studies are able to identify further 

genetic causes (e.g., additional c-KIT mutations) or epigenetic causes for this phenomenon. The 

presence of diffuse cytoplasmic KIT labelling is suggestive of dysregulation and further testing 

may indicate that these dogs are amenable to targeted therapy. Based on these results, diffuse 

cytoplasmic KIT localization may be a highly sensitive but less specific test, however, larger 

cross-sectional studies (where the prevalence is not predetermined) are needed to verify this and 

to establish better cut-off values for proliferative indices for comparison. Multivariable analyses 

of a larger subset of tumours would be helpful in determining how best to use these tests in 

combination in a diagnostic setting. Finally, c-KIT mutational status (ITD) is unlikely to be a 

sensitive test for subcutaneous MCT, but it may prove to be a specific marker of aggressive 

disease. 

The results of this study show that these molecular tests are useful for subcutaneous 

MCT, but need further refinement. Also, aside from KIT localization pattern, these are tests to 

assess proliferation only. As many other factors, such as vascularity (Folkman, 1971; Ranieri et 
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al., 2003; Ellis and Hicklin, 2008; Ribatti and Crivellato, 2011) are important to the progression 

of tumours, novel markers are needed. As a major goal of this thesis was to determine if RTK 

other than KIT - specifically VEGFR and PDGFR - were involved in canine MCT progression, 

the next step was to develop methods to detect the expression and activity of these receptors in 

canine MCT. These RTK markers were then comparatively assessed with the molecular markers 

evaluated in this study and the data are presented in Chapter 4. 
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Table 3.1. Proliferation Markers for 48 Dogs with Subcutaneous Mast Cell Tumour Comparing 

Local Reoccurrence Cases with Controls
a
 

 Ki67
b
 AgNOR

c
 MI

d
 Ag67

e
 

 Case Control Case Control Case Control Case Control 

No. 23 23 22 22 24 24 22 22 

Mean±SD 20.13±17.91 7.04 ±5.10 2.60 ±0.83 1.98± 0.45 6.46 ±7.06 1.50 ±3.59 58.37±62.85 15.01±13.10 

Median 16.60 4.40 2.45 2.02 4.00 0.00 39.72 10.10 

Range 1.60-68.80 2.40-24.40 1.61-4.12 1.28-2.73 0-29.00 0-15 2.58-239.78 3.78-58.56 

   

Difference Between Case-Control Pairs   

Mean ±SD 15.73±17.14 0.94±0.81 7.00±7.00 48.23±62.76 

Median 10.40 0.61 7.00 21.95 

Range 0.6-61.60 0.06-2.77 0-29.00 0.32-236.00 

a 
 Subsequent local reoccurrence (cases; n = 24) - that is, regrowth of mast cell tumours at original surgery site - and 

no local reoccurrence (controls; n = 24), as matched by breed, age and sex. Cases were matched for age at diagnosis 

as closely as possible to controls. Cases were matched for sex and breed as closely as possible to controls, according 

to the data available. One tumour could not be evaluated for this marker and this case-control pair was excluded 

from matched analyses. 
b
 Number of positive immunolabelled neoplastic cells per grid area. 

c
 Argyrophilic nucleolar organizing region (number. per cell). 

d
 Mitotic index (number of mitotic figures per 10 high-power fields; 40X objective). 

e
 Product of Ki67 and AgNOR (counts). 
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Table 3.2. Proliferation Markers for 24 Dogs with Subcutaneous Mast Cell Tumour Comparing 

Metastatic Cases with Controls
a
 

 Ki67
b
 AgNOR

c
 MI

d
 Ag67

e
 

 Case Control Case Control Case Control Case Control 

No. 12 12 12 12 12 12 12 12 

Mean ± SD 24.43±17.86 5.60±2.74 2.61±0.90 1.86±0.58 8.75±9.84 0.08±0.29 71.54±64.73 11.62±8.49 

Median 22.80 4.30 2.45 1.69 5.50 0.00 72.69 6.30 

Range 2.20-58.20 2.80-10.30 1.53-4.12 1.24-2.93 0-29.00 0-1.00 3.85-239.78 3.47-24.41 

   

Difference Between Case-Control Pairs   

Mean ±SD 19.70 ±17.32 1.04 ±0.87 9.00 ±10.00 63.13 ±63.78 

Median   17.25 0.77 6.00 58.50 

Range  0.60-55.40 0.13-2.77 0-29.00 1.41-2.36 

a
 Subsequent metastasis (cases; n = 12) - that is, subsequent spread of mast cell tumours to the local lymph node or 

to internal organs as disseminated mast cell tumour disease - and no metastasis (controls; n = 12), matched by breed, 

age and sex. Cases were matched for age at diagnosis as closely as possible to controls according to breed, based on 

the available data. Cases were matched for sex as closely as possible to controls according to breed, based on the 

data available. 
b
 Number of positive immunolabelled neoplastic cells per grid area. 

c
 Argyrophilic nucleolar organizing region (number. per cell). 

d
 Mitotic index (number of mitotic figures per 10 high-power fields; 40X objective). 

e
 Product of Ki67 and AgNOR (counts). 
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Table 3.3. Univariable Analyses of Predictive Markers for Local Reoccurrence or Metastasis in 

Dogs with Subcutaneous Mast Cell Tumours
a
 

 Local Reoccurrence
b
 Metastasis

c
 

Risk Factor OR
d
 95% CI

e
 P

f
 OR

d
 95% CI

e
 P

f
 

       

MI
g
  1.18 1.03-1.40 < 0.01   1.79* 1.07-∞ < 0.01 

Ki67
h
  1.13 1.03-1.30 < 0.01 1.26      1.03-2.08 < 0.01 

AgNOR
i
  3.37   1.23-13.61 0.01 3.72        1.01-28.23 0.05 

Ag67
j
 1.05 1.01-1.13 < 0.01 1.06      1.01-1.20 < 0.01 

a
 Risk factors modeled as continuous variables, as compared to controls matched by breed, age and sex. Cases were 

matched for age at diagnosis as closely as possible to controls according to breed, based on the available data. Cases 

were matched for sex as closely as possible to controls according to breed, based on the data available. 
b
 Regrowth of mast cell tumours at original surgery site. 

c
 Subsequent spread of mast cell tumours to the local lymph node or to internal organs as disseminated mast cell 

tumour disease. 
d
 Odds ratio. OR > 1 interpreted as an increase per unit of change (e.g., for MI, OR is increased per mitotic figure 

per 10 high-power fields). 
e
 95% confidence interval. 

f
 p-value (significant if p < 0.05). 

g
 Mitotic index (number of mitotic figures per 10 high-power fields; 40X objective). 

h
 Number of positive immunolabelled neoplastic cells per grid area. 

i
 Argyrophilic nucleolar organizing region (number per cell). 

j
 Product of Ki67 and AgNOR (counts). 

* Median unbiased estimate. 
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Table 3.4. Univariable Analyses of Categorized Risk Factors for Local Reoccurrence or 

Metastasis in Dogs with Subcutaneous Mast Cell Tumours
a
  

 Local Reoccurrence
b
 Metastasis

c
 

Risk Factor OR
d
 95% CI

e
 P

f
 OR

d
 95% CI

e
 P

f
 

       

MI
g
 > 4   6.00    1.33-55.20 0.01   9.61* 1.44-∞ 0.02 

Ki67
h
> 21.8   9.00    1.25-394.48 0.02   9.61* 1.44-∞ 0.02 

AgNOR
i
> 2.7   9.00    1.25-394.48 0.02 5.00         0.56-236.49 0.22 

Ag67
j
> 55.0   11.05*    1.71-∞ < 0.01   9.61* 1.44-∞ 0.02 

KIT Localization Pattern: cytoplasmic
k
     

Diffuse  19.78    1.65-1334.09 < 0.01 17.55* 2.06-∞ < 0.01 

Focal/Stippled    4.71    0.52-223.34 0.25   6.72* 0.92-∞ 0.06 

Diffuse vs. focal/Stippled
l
    5.82    0.71-268.10 0.13   2.41* 0.19-∞ 0.50 

a 
Compared to controls matched by breed, age and sex. Cases were matched for age at diagnosis as closely as 

possible to controls according to breed, based on the available data. Cases were matched for sex as closely as 

possible to controls according to breed, based on the data available. 
b
 Regrowth of mast cell tumours at original surgery site. 

c
 Subsequent spread of mast cell tumours to the local lymph node or to internal organs as disseminated mast cell 

tumour disease. 
d
 Odds ratio. ORs are relative to the noted referent values (e.g., membranous KIT localization pattern is the referent 

for diffuse and focal/stippled cytoplasmic KIT patterns). 
e
 95% confidence interval. 

f
 p-value (significant if p < 0.05). 

g
 Mitotic index (number of mitotic figures per 10 high-power fields; 40X objective). Referent value, ≤ 4. 

h
 Number of positive immunolabelled neoplastic cells per grid area. Referent value, ≤ 21.8. 

i 
Argyrophilic nucleolar organizing region (number per cell). Referent value, ≤ 2.7. 

j
 Product of Ki67 and AgNOR (counts). Referent value, ≤ 55.0. 

k
 Immunohistochemical labelling pattern for CD117 within neoplastic cells. Referent, membranous pattern. 

l 
OR of diffuse cytoplasmic pattern relative to focal/stippled cytoplasmic KIT labelling pattern. 

* Median unbiased estimate. 
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Table 3.5. Statistical Associations Between Tests Used to Predict Local Reoccurrence and 

Metastasis for Dogs with Subcutaneous Mast Cell Tumours
a
 

 Agreement McNemar’s
b
 

Comparison 

Between Tests 

κ
c
 95% CI 

for κ
d
 

Agreement,% Expected 

Agreement,% 

p
e
 χ

2
 p

e
 

MI
f
        

+Ki67
g
 0.64 0.42-0.87 86.44 62.02 < 0.01   0.50 0.48 

+AgNOR
h
 0.59 0.35-0.83 84.48 62.37 < 0.01   1.00 0.32 

+Ag67
i
 0.73 0.53-0.93 89.66 61.59 < 0.01   0.67 0.41 

+KIT Pattern
j
 0.32 0.16-0.48 61.02 42.63 < 0.01 23.00 < 0.01 

Ki67
g
        

+AgNOR
h
 0.37 0.10-0.65 77.59 64.27 < 0.01   0.08 0.78 

+Ag67
i
 0.81 0.64-0.99 93.10 63.38 < 0.01   0.00 1.00 

AgNOR
h
 +Ag67

i
 0.57 0.31-0.82 84.48 64.27 < 0.01   0.11 0.74 

KIT Pattern
j
        

+Ki67
g
 0.28 0.13-0.42 57.63 41.54 < 0.01 25.00 < 0.01 

+AgNOR
h
  0.13 0.02-0.28 48.28 40.49 0.06 22.53 < 0.01 

+Ag67
i
 0.27 0.12-0.42 56.90 41.08 < 0.01 25.00 < 0.01 

a
 Local reoccurrence, regrowth of mast cell tumours at original surgery site; metastasis, subsequent spread of mast 

cell tumours to the local lymph node or to internal organs as disseminated mast cell tumour disease. 
b
 Exact binomial test for correlated proportions. 

c
 Cohen κ (actual agreement beyond chance). 

d
 95% confidence interval. 

e
 p-value (significant if p < 0.05). 

f
 Mitotic index (number of mitotic figures per 10 high-power fields; 40X objective). 

g
 Number of positive immunolabelled neoplastic cells per grid area. 

h
 Argyrophilic nucleolar organizing region (number per cell). 

i
 Product of Ki67 and AgNOR (counts). 

j
 Immunohistochemical labelling pattern for CD117 within neoplastic cells. 
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Table 3.6. Count Distribution for Dogs with Subcutaneous Mast Cell Tumour for Local 

Reoccurrence and Metastasis Outcomes, Stratified by Mitotic Index
a
 

 Local Reoccurrence Metastasis 

 MI
b
 > 4 MI

b
 ≤ 4 MI

b
 > 4 MI

b
 ≤ 4 

 Case Control Case Control Case Control Case Control 

Ki67
c
         

> 21.8 10 0   1   1 6 0 1   0 

≤ 21.8   2 2 11 20 1 0 4 12 

AgNOR
d
         

> 2.7 11 0   1   1 5 0 0   1 

≤ 2.7   1 2 11 20 2 0 5 11 

Ag67
e
         

> 55 10 0   1   1 7 0 0   0 

≤ 55   2 2 12 19 0 0 5 12 

KIT Pattern: cytoplasmic
f
        

Diffuse 10 0   1   2 5 0 1   0 

Focal/Stippled   2 2   8   9 2 0 3   2 

Non-membranous
g
 12 2   9 11 7 0 4   2 

Membranous   0 0   3 10 0 0 1 10 

a
 Local reoccurrence, regrowth of mast cell tumours at original surgery site; metastasis, subsequent spread of mast 

cell tumours to the local lymph node or to internal organs as disseminated mast cell tumour disease. 
b
 Mitotic index (number of mitotic figures per 10 high-power fields; 40X objective). 

c
 Number of positive immunolabelled neoplastic cells per grid area. 

d
 Argyrophilic nucleolar organizing region (number. per cell). 

e
 Product of Ki67 and AgNOR (counts). 

f
 Immunohistochemical labelling pattern for CD117 (KIT) within neoplastic cells (i.e., membranous, focal/stippled 

cytoplasmic and diffuse cytoplasmic). 
g
 Combined diffuse and focal/stippled cytoplasmic KIT patterns. 
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Figure 3.1. Histological and immunohistochemical evaluation of mitotic index, AgNOR, Ki67 and KIT cellular 

localization in canine subcutaneous mast cell tumours. A. Photomicrograph of a well-circumscribed canine 

subcutaneous mast cell tumour. 20X magnification. B. Higher magnification of A. Mitotic index is recorded as the 

number of mitotic figures (arrows) per 10 high-power fields. 400X magnification. HE. C. Argyrophilic nucleolar 

organizing region (AgNOR) histochemical staining, identified as discrete black nuclear foci (arrows). 1000X 

magnification, oil immersion. D. Ki67 immunohistochemistry. Cells expressing Ki67 are identified by magenta 

nuclear labelling. 400X magnification. E. and F. Immunohistochemical labelling for KIT protein receptor tyrosine 

kinase in subcutaneous mast cell tumours. Cells expressing KIT are identified by brown labelling, varying from 

membranous to diffusely cytoplasmic. E. Membranous KIT localization. The majority of neoplastic mast cells 

express KIT on the cell membrane. F. Diffuse cytoplasmic KIT localization. The majority of neoplastic mast cells 

express KIT protein within the cytoplasm, often obscuring the nucleus. 400X magnification. 
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Figure 3.2. Percentage of matched case-control pairs where the case or control has the higher value for predictive 

marker. Predictive markers are mitotic index (MI), Ki67, argyrophilic nucleolar organizing regions (AgNOR), the 

product of Ki67 and AgNOR (Ag67), or KIT pattern. Black bars represent the percentage of cases that have a higher 

value for the marker than controls matched by breed, age and sex. White bars represent the percentage of controls 

that have an equal or greater value of the marker than the matched case. A. Case, local reoccurrence; control, no 

reoccurrence. B. Case, metastasis; control, no metastasis. 
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CHAPTER 4 - CHARACTERIZATION AND PROGNOSTIC VALUE OF RECEPTOR 

TYROSINE KINASE EXPRESSION PROFILES IN CANINE CUTANEOUS AND 

SUBCUTANEOUS MAST CELL TUMOURS 

 

INTRODUCTION 

The focus of RTK research of canine MCT is KIT (London et al., 1999; Ma et al., 1999; 

Downing et al., 2002; Liao et al., 2002; Pryer et al., 2003; Jones et al., 2004; Gleixner et al., 

2007; Webster et al., 2007; Letard et al., 2008; Takeuchi et al., 2010). This is because canine 

MCT with c-KIT mutations are highly proliferative and mimic human mast cell neoplasia. 

Human systemic mastocytosis patients typically demonstrate c-KIT mutations, but less than 30% 

of canine MCT possess these (London et al., 1999; Webster et al., 2007; London et al., 2009b). 

Additionally, canine MCT usually manifests as a solitary cutaneous or subcutaneous neoplasia, 

which is rarely seen in human systemic mastocytosis patients (Valent et al., 2005). Despite this, 

MCT research has significantly advanced our understanding of RTK signalling and inhibition of 

aberrant RTK activity in both animals and humans (Liao et al., 2002; Gleixner et al., 2007; 

London et al., 2009a, b; Takeuchi et al., 2010). 

Although much is known about KIT, little is known about the contribution of other RTK 

to MCT progression. Promising candidate receptors include VEGFR and PDGFR (London et al., 

2003; Rebuzzi et al., 2007; London et al., 2009b). These RTK are implicated in the progression 

of a number of animal (Levine et al., 2002; Katayama et al., 2004; Millanta et al., 2006; 

Yonemaru et al., 2006; Patruno et al., 2009; Higgins et al., 2010; Al Dissi et al., 2011) and 

human (Graeven et al., 1999; Fakhari et al., 2002; Des Guetz et al., 2006; Mayer et al., 2000; 

Taja-Chayeb et al., 2006; Giatromanolaki et al., 2008; Paulsson et al., 2009; Giatromanolaki et 

al., 2010; Guo et al., 2010; Hägglöf et al., 2010; Arnes et al., 2011) neoplasms and are also key 



 

130 

 

contributors to tumour angiogenesis (Ostman, 2004; Roskoski, 2007; Ellis and Hicklin, 2008). 

RTK inhibitory drugs could disrupt not only neoplastic cells, but also stromal interactions, 

vascularity and metastatic niches. 

The data from the recent clinical trial of the multi-targeted RTK inhibitor, toceranib 

(Palladia™; Pfizer), suggest that objective responses in some dogs may have been due to the 

drug’s inhibition of RTK other than KIT, such as VEGFR and PDGFR (London et al., 2009b). A 

prior study which supports this, showed that toceranib caused regression of several types of 

canine primary and metastatic tumours without dysregulated KIT (London et al., 2003).
 
It is 

unknown if tumour regression seen in the study was a result of toceranib’s effect on neoplastic 

cells or on the local microenvironment, as the expression of these RTK is not adequately 

investigated and no direct signalling studies have been performed with canine cells. One group 

has shown that some MCT express both VEGFR2 and its ligand, VEGF, but the significance of 

this was not functionally examined (Rebuzzi et al., 2007). Together, these studies indicate that 

further exploration of these RTK as prognostic markers in MCT is warranted. 

The main objectives of this study were to determine expression profiles and activation 

(phosphorylation) status of KIT, VEGFR2 and PDGFR for canine cutaneous and subcutaneous 

MCT and determine if they are associated with clinical outcomes. RTK expression in MCT, 

marginal skin (used as a negative control) and cells cultured from tumours was evaluated to 

explore the relative distribution of RTK within neoplastic cells and stroma. As c-KIT mutations 

and aberrant cellular localization (within neoplastic mast cells) have been shown to play a 

significant role in some MCT (Webster et al., 2007), the presence of c-KIT mutations and KIT 

localization pattern was determined for each MCT and assessed as risk factors for outcomes. 
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MATERIALS AND METHODS 

Case Selection 

Twenty-seven MCT and skin from the surgical margins for 25 dogs, diagnosed from 

2006 to 2011, were obtained from the small animal surgical oncology service at the Ontario 

Veterinary College, University of Guelph, Guelph, Ontario, Canada. Five MCT were 

histologically diagnosed as subcutaneous and the rest were cutaneous. 

MCT were included if they met the following criteria: first, all were histologically 

diagnosed as cutaneous or subcutaneous MCT; second, sufficient protein and DNA could be 

collected from the sample; third, paraffin blocks were available for immunohistochemistry and 

fourth, adequate follow-up data were obtained from veterinary clinics in the form of a 

questionnaire or telephone interview. MCT were excluded from statistical analyses if there was 

no accompanying marginal skin available (n = 3), however, these were included for descriptive 

purposes. Follow-up information included signalment, tumour location, dates of prior or 

additional MCT development, metastasis, death or last examination, cause of death and status at 

last examination. Additional information included details on adjuvant surgery or treatment 

(chemotherapy, radiation and tyrosine kinase receptor inhibitors such as toceranib and 

masitinib). 

The date of surgical excision was defined as the date of diagnosis. Follow-up time was 

the date of last follow-up or examination. Local reoccurrence was defined as regrowth at the 

surgical site and distant occurrence was defined as occurrence of a subsequent cutaneous or 

subcutaneous MCT at a different anatomic location. Metastasis to either local lymph node or 

widespread dissemination was determined by physical exam and at least one of the following: 

cytology of fine needle aspirates, histology, radiographs or ultrasound. No post-mortem 
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examination was performed on any dogs. Disease free interval (DFI) was defined as the time 

from date of diagnosis to the date of local reoccurrence, distant MCT occurrence, metastasis or 

death, whichever occurred first. Dogs lost to follow-up, alive or who had died from causes 

unrelated to MCT at the time of statistical analyses were right censored and included in the 

survival analyses. Median survival time (MST) was defined as the time at which 50% of dogs 

were alive and median DFI was defined as the time at which 50% had no detectable MCT-related 

disease. 

Tissue Processing and Protein Extraction 

Within 30 minutes of surgery, tumour and marginal skin tissue were aseptically collected, 

minced, pulverized and lysed for 1 hour at 4°C in protein lysis buffer (Cell Signaling 

Technology, Danvers MA) supplemented with 1 mM PMSF, 2 μg/mL of each aprotinin and 

phosphatase inhibitor cocktail 2 (Sigma-Aldrich) and 1 mM sodium pervanadate (Fisher 

Scientific, Nepean ON). Following centrifugation, aliquots were stored at -80°C. For four cases, 

tissue was collected as above and immediately stored at -80°C until protein extraction was 

performed. 

For fresh MCT, a portion was retained for in vitro cell culture. Tissue was aseptically 

minced and incubated at 37⁰C, in RPMI 1640 media (Sigma-Aldrich, Oakville ON) containing 

100 U/mL sterile-filtered collagenase IV (Sigma-Aldrich), in a rotary shaker for 90 minutes. 

After digestion, cells were recovered through filtration using a 70 μm filter (Millipore, Temecula 

CA) and washed twice with PBS containing 100 U/mL of penicillin, 100 µg/mL of streptomycin, 

50 μg/mL of gentamycin and 50 μg/mL of amphotericin B. 
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Fibroblast Co-culture Method 

Cells were maintained in co-culture with autologous fibroblasts using modifications of 

previously published techniques (Liao et al, 2002; Bachelet et al., 2006; Gleixner et al., 2007; 

Pinello et al., 2009). Cells were maintained at 37°C in a humidified atmosphere containing 5% 

CO2 using 6 well suspension plates (Fischer) in RPMI-1640 supplemented as described above 

plus 10 ng/mL of recombinant canine SCF (rcSCF; R&D Systems, Minneapolis, MN). Cell 

culture using suspension plates resulted in fibroblasts from tissue digest readily becoming 

adherent to plates, however mast cells remained in suspension or attached to fibroblasts, forming 

spheroidal cellular aggregates (Figs. 4.1A, B). Media and rcSCF was replaced every 3 to 5 days 

using gentle pipetting to avoid removing adherent mast cells. After 10 to 14 days in culture, a 

relatively pure (over 90%) population of mast cells could be obtained by disaggregating mast 

cells from fibroblasts using more rigorous pipetting or 1% Vercene (Gibco-Invitrogen). Purity 

was determined by cytology of Wright-Giemsa stained cytospins (Fig. 4.1C) and viability was 

determined using Trypan blue exclusion. To ensure that serum-derived growth factors were not 

present in the media, prior to all experiments, cells were washed and serum-starved for 48 hours 

with no additional rcSCF. Cells were collected as described above, washed with PBS and lysed. 

For experiments involving phospho-VEGFR2, cells were incubated with 0.5 mM sodium 

orthovanadate at 37⁰C for 8 minutes prior to lysis. 

KIT Immunohistochemical Staining 

KIT immunohistochemistry was performed using 5 µm thick paraffinized tissue sections 

according to a previously published protocol (Webster et al., 2007). Following deparaffinization, 

slides were incubated with 3% hydrogen peroxide to block endogenous peroxidases. Antigen 
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retrieval was performed by heating slides in citrate buffer (pH 6, 1:10 of 10X Target Retrieval 

Solution; Dako, Carpinteria, CA) for 30 minutes at 95° C in a water bath, followed by cooling at 

room temperature for 30 minutes. Slides were blocked using serum free protein block (Dako) for 

10 minutes prior to incubation with primary rabbit polyclonal antibody to KIT (1:100; Dako). A 

streptavidin-biotin-HRP labelling system (LSAB; Dako) was used for development, using 15 

minute incubation times for the anti-rabbit biotinylated antibody and peroxidase-labelled 

streptavidin. Reactions were visualized with 3’, 3’-diaminobenzidine (DAB; Dako). Following 

hematoxylin counterstaining, slides were mounted (Cytoseal; Thermo-Scientific) and 

coverslipped. Negative controls, consisting of canine cutaneous MCT treated identically to the 

other tissue sections except that antibody diluent (Dako) was used in place of primary antibody, 

were included for each tumour. 

Evaluation of KIT Immunolabelling 

KIT immunohistochemical labelling was evaluated in a blind fashion using published 

methods (Webster et al., 2007). All slides were assigned one of three patterns of KIT protein 

localization as previously described by that study. KIT pattern 1 consisted of predominately 

membranous KIT protein localization with minimal cytoplasmic KIT protein localization (Fig. 

4.2A). KIT pattern 2 consisted of focal to stippled cytoplasmic KIT protein localization (Fig. 

4.2B) and KIT pattern 3 consisted of diffuse cytoplasmic KIT protein localization (Fig. 4.2C). 

Cells on the margins of the tissue sections were not evaluated owing to possible artefactual 

staining. 
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c-KIT Mutational Analysis 

Mutational analysis was performed using techniques previously published (Downing et 

al., 2002; Jones et al., 2004). Genomic DNA was extracted from frozen MCT tissue using a 

commercially available kit (DNeasy; Qiagen), following digestion for 2 hours with proteinase K. 

PCR amplification of c-KIT exon 11 and intron 11 was performed using a previously described 

primer pair (Downing et al., 2002; Jones et al., 2004) that flanks exon 11 and the 5’ end of intron 

11, which includes the ITD region of the c-KIT proto-oncogene in canine MCT (Fig. 4.3). β-actin 

was used as a negative control using the primers described in Table 4.1. 

PCRs were prepared in a 25 µl total reaction volume, with 10 pmol of extracted DNA, 

7.5 pmol of each primer, 0.9 U of Taq polymerase (New England Biolabs), 0.015 µmol of 

deoxynucleotide triphosphate and 2.5 µL of reaction buffer (ThermoPol; New England Biolabs). 

Cycling conditions for c-KIT were as follows: 94°C for 4 minutes; 35 to 45 cycles at 94°C for 1 

minute, 59.8°C for 1 minute; 72°C for 1 minute and 72°C for 5 minutes. For β-actin, cycling 

conditions were 94°C for 4 minutes; 35 cycles at 94°C for 1 minute; 61.5°C for 1 minute; 72°C 

for 1 minute and 72°C for 5 minutes. Amplified products were visualized by agarose gel 

electrophoresis on a 2% agarose gel after ethidium bromide staining. β-actin was used as a 

positive control and negative controls were processed as above but did not contain template. 

Genomic DNA from samples which had c-KIT mutations was extracted using a commercially 

available kit (Ilustra GFX PCR DNA and gel purification kit; General Electric Healthcare) and 

sequencing was performed by the University of Guelph Laboratory Service (Table 4.2). 
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Analysis of Receptor Tyrosine Kinase Phosphorylation and Expression 

Protein from tissues and cells was quantified (Bio-Rad protein assay; Bio-Rad, 

Mississauga, ON) and 10 µg (for phospho-KIT and KIT detection) or 20 μg (for VEGFR2, 

PDGFRα and PDGFRβ detection) per sample of protein was loaded onto a 7% polyacrylamide 

gel. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed 

under reducing conditions followed by protein transfer to a polyvinylidene difluoride (PVDF) 

membrane. Following blocking with 5% bovine serum albumin for 1 hour, membranes were 

incubated with anti-phospho-KIT (Tyr 719; Dako) or anti-phospho-VEGFR2 (Tyr 951; Cell 

Signaling Technology) at 1:1000 overnight at 4°C. For anti-PDGFRα and PDGFRβ (Tyr 

849/847; 1:1000, Cell Signaling Technology) and anti-β-actin (1:2000; Cell Signaling 

Technology), blocking was performed using 5% milk prior to addition of antibody. After 

incubation with goat anti-rabbit POD-conjugated secondary antibodies (1:10,000; Sigma-

Aldrich), membranes were successively rinsed and developed using BM Chemiluminscence 

Western Blotting Substrate (Roche Diagnostics) and exposed to X-ray medical film (Kodak). 

Blots of phosphorylated proteins were then stripped (Reblot Plus Mild Stripping Solution; 

Millipore) and reprobed with anti-KIT (1:2000; Dako), anti-VEGFR2, anti-PDGFRα or anti-

PDGFRβ (1:1000; Cell Signaling Technology). Positive qualitative controls were included for 

each experiment, consisting of canine cerebellum (phospho-KIT, KIT) and canine aorta 

(phosphorylated and total VEGFR2, PDGFRα and PDGFRβ). A canine soft tissue sarcoma was 

used as a negative control for KIT and VEGFR2 and as an additional positive control for 

PDGFRα and PDGFRβ. 

To confirm the identity of KIT, VEGFR2 and PDGFR and to ensure no antibody cross- 

reactivity, immunoprecipitation was additionally performed for these RTK using MCT tissue and 
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canine controls (Fig. 4.4). For these experiments, approximately 1 gram of protein lysate was 

incubated overnight with primary antibody at 4°C. The following day, 60 µL of sepharose G 

beads (Sigma) were added for 1 hour at 4°C. Following successive washes in 0.5% TNTE buffer 

(Appendix I), the supernatant was removed and 60 µL of loading dye (Cell Signaling 

Technology) containing 2% β-mercaptoethanol (Sigma) was added to beads. Protein was eluted 

by incubating beads at 95°C for 5 minutes prior to electrophoresis and western blotting was 

performed as described above. 

Densitometry of scanned blots was performed using Image J (National Institutes of 

Health, USA) and analyzed using GraphPad Software (Prism 4). Relative phosphorylation was 

determined by normalizing phosphorylated protein levels with respect to total receptor values 

and β-actin (i.e., p-RTK/RTK/β-actin) and relative total expression was normalized to β-actin 

(i.e., RTK/β-actin), which was used as a loading control. Normalized densitometry values for 

paired MCT and marginal skin samples were compared. MCT having greater intensity of RTK 

expression compared to marginal skin were considered positive for expression and those with 

lesser or equal expression were considered negative for expression. 

Statistical Analyses 

Risk factor analyses were performed with Cox proportional hazard models for the 

outcomes of survival, DFI, time to local and distant tumour occurrence and metastasis. All risk 

factors were analyzed with univariable statistics as well as demographic factors (breed, sex and 

age at diagnosis) (Table 4.3). All statistical analyses were performed with Statistical Analysis 

Software (SAS 9.1). The correlation among risk factors was assessed using Spearman-Rank 

coefficients (Table 4.4) using PROC FREQ option in SAS. 
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Risk factors assessed were relative KIT phosphorylation (p-KIT), KIT, VEGFR2 and 

PDGFRβ expression, histological grade, KIT pattern and presence of an exon 11 c-KIT mutation 

(Table 4.3). As there were only five cases of subcutaneous MCT, separate analyses was not 

performed so risk factor statistics are for both cutaneous and subcutaneous MCT combined. For 

statistical analyses purposes, grade was dichotomized into grade III (which included high grade 

subcutaneous MCT) and lower grades (grade I, grade II and low grade subcutaneous). KIT 

pattern was dichotomized into pattern 3 (diffuse cytoplasmic) compared to combined pattern 1 

and pattern 2 as no statistical difference was seen between these patterns (data not shown). As 

there were so few dogs in each breed category, Labrador Retriever, Golden Retriever, mixed 

breed, Sharpei and Boxer were separately compared to all other pure breeds for statistical 

analyses. Labrador Retriever compared to all other breeds is shown as an example (Table 4.3). 

The small sample size did not allow for multivariable model construction as overfitting 

was inevitable. Also, as many of the variables were highly correlated (over 60%), collinearity 

issues would have prevented many markers from being included in the same model (Dohoo et 

al., 2003). Results are reported as hazard ratios: values for categorical risk factors are interpreted 

as the ratio of the predicted hazard of one group relative to a referent group (e.g., presence vs. 

absence of risk factor). The validity of the Cox proportional hazards assumption was graphically 

assessed using log-cumulative hazard plots and examination of Schoenfeld residuals. Evaluation 

of the functional form of the relationship between continuous predictors (age) and clinical 

outcomes was assessed using Martingale residuals generated from the null model and plotted 

against the predictor, using a smoothing function (Lowess curve). Predicted survival curves were 

generated from univariable statistics using the baseline option in PROC TPHREG in SAS. 
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RESULTS 

Demographics 

Tumour tissue and follow-up data were available for 27 MCT from 25 dogs. Two dogs 

had local reoccurrences and both original and reoccurring MCT were used in the study, but only 

the original MCT for each was included for statistical analyses. Marginal skin was not available 

for three cases so these were used for descriptive purposes only, thus 22 MCT were included in 

statistical analyses. There were 15 breeds in the study including Labrador Retrievers (n=5), 

Golden Retrievers (n = 3), mixed breed dogs (n = 3), Sharpeis (n = 2), Boxers (n = 2) and one 

each of 10 other Purebred dogs. The mean and median age was 7.1 and 7.6 years (range 4 

months to 12.3 years). There were 16 female and 9 male dogs. Breed, age and sex were not 

found to be statistically significant risk factors for any outcomes (Table 4.3). Tumours occurred 

on the extremities (n = 10), trunk (n = 7), head/neck (n = 4), inguinal/perineal (n = 3) and 

abdomen (n = 1). Three dogs presented with two separate MCT and two dogs had concurrent 

osteosarcoma (samples 8, 17; Table 4.5). Only one MCT from dogs with multiple MCT was 

included in the study and all were diagnosed histologically with identical grades. Seven dogs 

(28%) had prior surgery for MCT; two of these were local reoccurrences and the remainder 

occurred at distant sites. Surgical margins were complete in 76% of cases (19 of 25). Ten dogs 

received chemotherapy: six of these additionally received toceranib or masitinib and 2 of these 

dogs were also treated with radiation. No dogs included for statistical analyses received adjuvant 

treatment prior to surgery. Of the 5 dogs with subcutaneous MCT, 4 of these were Labrador 

Retrievers and the last was a mixed breed dog. Subcutaneous MCT occurred in the axilla, 

forelimb, flank, hip and inguinal locations. Of these, 2 were female and 3 were male and ranged 

in age from 1.7 to 8 years of age. 
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Clinical Outcomes 

Over the study period, 12 dogs died, 8 due to MCT and 4 due to unrelated causes. Deaths 

not due to MCT were censored, as were dogs which were alive (n = 9) or lost to follow-up (n = 

4). Of the 5 dogs with subcutaneous MCT, 1 died from MCT disease (metastasis) 83 days after 

surgery (sample 3; Table 4.5) and the other 4 were alive. Local reoccurrence was reported in 6 

dogs and 6 dogs developed a subsequent MCT at a distant site, one of which had a low grade 

subcutaneous MCT (sample 14; Table 4.5). The mean and median follow-up time for all dogs 

was 419 and 321 days (range 10 to 1620 days) and for dogs with subcutaneous MCT this ranged 

from 83 to 999 days. Metastasis occurred in 9 (36%) of all cases, consisting of lymph node (n = 

5) or disseminated spread (n = 4). Of these, 2 were subcutaneous MCT - 1 dog developed local 

lymph node metastasis (sample 3; Table 4.5) and died from MCT and the other - a 1.7 year old 

Labrador with an inguinal MCT (sample 10; Table 4.5) had splenic metastasis at the time of 

initial surgery. The latter dog was treated with splenectomy, systemic chemotherapy and 

toceranib and was alive at 515 days. Aside from that case, no other dogs had metastasis at the 

time of surgery. Metastasis was determined by either cytology of fine needle aspirates, histology 

or was inferred from obvious growths found on physical examination. 

Histological Grading 

Cutaneous MCT were histologically diagnosed as grade I (n = 7), grade II (n = 5) and 

grade III (n = 8) (Table 4.5). Subcutaneous MCT (n = 5) were diagnosed as high grade (n = 1) 

and low grade (n = 4) (Table 4.5). For statistical purposes, grade was dichotomized into high 

grade (consisting of grade III cutaneous MCT and the high grade subcutaneous MCT) and low 

grade (grade I, II and low grade subcutaneous MCT). As there were so few subcutaneous MCT, 
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dogs with subcutaneous MCT location could not be statistically compared to those with 

cutaneous tumours. 

As expected, based on prior studies (Patnaik et al., 1984; Romansik et al., 2007), grade 

was a significant factor for clinical outcome (Table 4.3). High grade MCT had significantly 

decreased DFI and decreased time to local reoccurrence and metastasis than lower grade MCT. 

For survival, grade could not be statistically measured as all MCT-related deaths were due to 

high grade tumours (i.e., 100% were in one category) (Tables 4.3 and 4.5). The effect of grade 

for distant occurrences also could not be statistically measured to the small number of cases 

(Tables 4.3 and 4.5). 

KIT Cellular Localization Pattern and c-KIT Mutational Analysis 

KIT cellular localization (Fig. 4.2) was determined for all cases. KIT pattern distribution 

for all dogs was as follows: membranous/pattern 1 (n = 6) focal/stippled cytoplasmic/pattern 2 (n 

= 14) and diffuse cytoplasmic/pattern 3 (n = 7) (Table 4.5). For subcutaneous MCT, diffuse KIT 

pattern expression was present in the high grade tumour (sample 3; Table 4.5), 2 were 

focal/stippled cytoplasmic (samples 10, 14; Table 4.5) and membranous in the other 2 (samples 

6, 17; Table 4.5). Membranous and focal/stippled groups were combined for statistical analyses 

as there was no statistical difference between these (results not shown). Diffuse cytoplasmic KIT 

pattern was a significant risk factor for decreased survival time, DFI, rate of local reoccurrence 

and metastasis (Table 4.3). Diffuse KIT expression was demonstrated in 7 of the 10 MCT from 

dogs that died of metastasis and 4 of the 7 MCT from dogs that developed local reoccurrence 

(Table 4.5). 
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Exon 11 c-KIT mutations were detected in 7 MCT from 5 dogs (Table 4.2 and Fig. 4.5). 

All were grade III MCT and no c-KIT mutations were found in subcutaneous MCT. A PCR 

product was not detected for either c-KIT or β-actin for three MCT (Fig. 4.5), thus out of 24 

MCT, mutant c-KIT was detected in 29% of MCT, which is comparable with prior reports 

(London et al., 1999; Webster et al., 2007). For the 2 dogs where the original and locally 

reoccurring MCT was available, identical mutations were present in both the original (sample 1, 

2; Table 4.2) and locally reoccurring MCT (sample 1R, 2R; Table 4.2), respectively. One MCT, 

a grade III tumour removed from the neck of a 7 year old Sharpei (sample 12), had a 43 bp 

internal tandem duplication (ITD) mutation in intron 11 and the remainder of detectable c-KIT 

mutations were ITD mutations within exon 11 of KIT (Table 4.2). 

Three of the dogs with c-KIT mutations developed local reoccurrence and all 5 dogs died 

from metastatic disease. Follow-up times for the dogs with c-KIT mutations were 31, 43, 78, 194 

and 708 days. The 2 dogs with the longest survival time were treated with chemotherapy and 

toceranib. For risk factor analyses, only 2 of these samples could be used (samples 1, 2; Table 

4.2) as no marginal skin was available for the others. Statistics of this risk factor were thus not 

estimateable (NE) for local or distant reoccurrence outcomes and not significant for survival (p = 

0.11), DFI (p = 0.08) or metastasis (p = 0.16) outcomes (Table 4.3). 

Receptor Tyrosine Kinase Expression in MCT Tissue and Marginal Skin  

Representative western blots for phospho-KIT (p-KIT), KIT, VEGFR2, PDGFRα and 

PDGFRβ expression and phosphorylation for MCT and marginal skin are shown in Fig. 4.6 and 

densitometry of western blots for all 27 cases is shown in Figs. 4.7 and 4.8. MCT had 

heterogeneous expression profiles for p-KIT, KIT, VEGFR2 and PDGFRβ (Figs. 4.6-4.8). 
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KIT Expression and Phosphorylation in MCT Tissue Lysates 

KIT was phosphorylated in 10 MCT (Fig. 4.7A), two of which were subcutaneous 

(samples 3, 6). All demonstrated strong total KIT expression, however, relative phosphorylation 

was considerably greater in some cases (e.g., samples 2 and 2R; Figs. 4.6 and 4.7A), which 

indicated increased cellular activity. Both MCT from this dog possessed c-KIT mutations 

(internal tandem duplications in exon 11; Table 4.2) and this dog died from metastatic disease 

despite aggressive treatment with chemotherapy and toceranib. In general, phosphorylated KIT 

was detectable in dogs with unfavourable clinical outcomes (Table 4.5); p-KIT was detected in 7 

out of 10 MCT that died of metastasis and 4 out of 7 cases with locally reoccurring tumours, 

comparing similarly with instances of KIT localization pattern (Table 4.5). Four MCT with 

phosphorylated KIT (samples 1, 2, 7, 20) were diagnosed as grade III and had high expression of 

VEGFR2 and 3 had diffuse KIT localization. The high grade subcutaneous MCT also had diffuse 

cytoplasmic KIT localization (sample 3; Table 4.5). 

There were 3 MCT with p-KIT expression that did not have local reoccurrence or 

metastasis (samples 6, 8, 11; Table 4.5). These 3 cases were all diagnosed as low grade MCT 

with either membranous or focal/stippled KIT and 2 of these (samples 6, 8; Table 4.5) did not 

show expression of other RTK. The exception was MCT sample 11, which had both VEGFR2 

and PDGFRβ over-expression. That dog was a 7 year old Boxer that died 56 days after surgery 

from undiagnosed fever and melena. As no post-mortem was performed the cause of death was 

undetermined, but it is possible that death was due to MCT. Supporting this supposition is the 

fact that cultured mast cells from this case began to proliferate in the absence of fibroblasts after 

three months in vitro and these cells had a 48 bp ITD in c-KIT, which was not detected in the 

original MCT (sample 11 cells; Table 4.2). 
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Of the MCT with p-KIT expression, 60% (6 of 10) were diagnosed as grade III and 60% 

had diffuse cytoplasmic KIT (pattern III). Only 40% (4 of 10) had demonstrable c-KIT mutations 

(samples 1, 1R, 2, 2R; Table 4.5). Total KIT was expressed in canine cerebellum and with 

variable intensity in MCT but was not detectable in marginal skin (Figs. 4.6 and 4.7B). The 

majority of tumours (16 out of 22) expressed KIT, but 4 of these demonstrated very weak levels 

which were only detected after prolonged exposure times (2 hours). These 4 cases were 

considered negative for KIT expression. 

Phosphorylated KIT expression was a statistically significant risk factor for decreased 

survival time (p = 0.02), DFI (p = 0.04) and increased rate of metastasis (p= 0.03) (Table 4.3 and 

Figs. 4.9A-C). Of the 8 dogs with MCT having p-KIT expression, 5 died from MCT. The median 

survival time for dogs with MCT having p-KIT expression was 270 days (125 to 708 days) 

compared to those without p-KIT (MST not reached; 89% of dogs alive at 421 days) (Fig. 4.9A). 

Local reoccurrence and metastasis was seen in 38% (3 of 8) and 62% (5 of 8) of these dogs, 

respectively. Total KIT over-expression, compared to marginal skin, was not a significant risk 

factor for any outcome (Table 4.3 and Fig. 4.9A). 

VEGFR2 Expression and Phosphorylation in MCT Tissue Lysates 

VEGFR2 was expressed in both MCT (n =14) and marginal skin (n = 13), (Figs. 4.6, 

4.8A). Cases which had greater relative expression in tumours compared to marginal skin were 

considered positive for analytic purposes (n = 6, Table 4.5). Of those dogs, 67% (4 of 6) died 

from MCT (samples 1, 2, 7, 20; Table 4.5). All 6 MCT additionally demonstrated KIT 

expression and 83% (5 of 6) also had phosphorylated KIT including the dog that died of 

undetermined causes as described above (sample 11; Table 4.5). Phosphorylated VEGFR2 was 
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not detected in tissue lysates (Fig. 4.6). VEGFR over-expression (compared to marginal skin) 

was not observed in subcutaneous MCT. Median survival time, time to local reoccurrence and 

time to metastasis were 270 days (98 to 270 days), 145 days (98 to 270 days) and 270 days (98 to 

270 days), respectively for dogs with MCT with relatively greater VEGFR2 expression than 

marginal skin. These times were significantly decreased compared to dogs without VEGFR2 

expression, where MST, time to local reoccurrence and metastasis was over 1000 days (Table 

4.3 and Figs. 4.9A-C). Of the MCT that locally reoccurred (n = 5) or metastasized (n = 7), 

increased VEGFR2 expression was seen in 60% (3 of 5) and 67% (4 of 7) of cases, respectively 

(Table 4.5). 

Assessment of VEGFR2 expression was difficult as detectable levels were demonstrated 

in both tumours and marginal skin, unlike for KIT, which was expressed only in MCT. To assess 

whether increased expression of VEGFR2 in marginal skin was caused by inflammation or 

residual tumour cells, histological examination of both MCT and margins was performed (data 

not shown). Although mild to moderate hemorrhage was present along the surgical margins in 

most sections, there was no evidence of inflammation or fibrosis in marginal skin. Tumour cells 

were present at the margins for 3 cases (samples 1, 2, 7; Table 4.5) with known incomplete 

margins (as only cytoreductive surgery was possible), however, for these samples, VEGFR2 

expression levels were increased in MCT relative to marginal skin, which discounts the 

possibility that residual cancer cells in marginal skin affected the results. 

PDGFRα and PDGFRβ Expression and Phosphorylation in MCT Tissue Lysates 

PDGFRβ expression was detected in both tumour (n = 17) and marginal skin (n = 20) and 

was expressed with greater intensity in MCT tissue (compared to marginal skin) in 4 cases 



 

146 

 

(samples 2, 7, 11, 18; Table 4.5 and Fig. 4.8B). Phosphorylation of PDGFRβ was only seen in 

one case (1, Fig. 4.6), however, the significance of this is uncertain as phosphorylation was also 

seen in normal marginal skin samples (samples 1, 2, 3, 10; Fig. 4.6). Three of the 5 subcutaneous 

MCT had PDGFRβ expression, but this was not greater than marginal skin.  

PDGFRα was detected in a number of marginal skin samples (n = 14; densitometry not 

shown), but this was only demonstrated in four MCT (samples 7, 11, 22 and 25; Table 4.5). 

PDGFRα was over-expressed relative to marginal skin in one case (sample 7; Fig. 4.6). Three 

out of the 4 cases which showed detectable PDGFRα were grade III MCT with poor clinical 

outcomes (samples 1, 2, 3; Table 4.5). None of these were subcutaneous MCT. As there were so 

few tumours that expressed PDGFRα, this was not assessed as a risk factor. Relative over-

expression of PDGFRβ was not determined to be a significant risk factor for any clinical 

outcome (Table 4.3 and Figs. 4.9A-C). 

Receptor Tyrosine Kinase Expression and Activation in Cultured Neoplastic Mast Cells 

Cells from 10 MCT were isolated for in-vitro culture. Purity and viability were greater 

than 90% as assessed by cytology of cytospins and Trypan blue exclusion (Fig. 4.1C). KIT, 

VEGFR2 and PDGFRβ were shown to be variably expressed in cells as assessed by western 

blotting (Fig. 4.10). RTK expression and phosphorylation was generally more readily detectable 

in cells than in tissue lysates, which was expected, as lysates from cells yielded higher 

concentrations of cellular protein than tissue lysates. 

For KIT, the molecular weight for bands was higher in some cells (samples 1, 8, 11) 

compared to others (samples 3, 7, 12) and this was also seen in MCT tissue correlates (Fig. 4.6). 
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One of these had a demonstrable c-KIT ITD mutation (sample 1), which based on its putative 

translational sequence (Table 4.2) may explain the larger receptor size. 

VEGFR2 was expressed in most cells (Fig. 4.10) and unlike in tissues, phosphorylation 

was detected in 50% of samples (5 of 10) with relative phosphorylation highest for sample 11 

(Fig. 4.10), indicating greater VEGFR2 activation. With the exception of the dog that died from 

unknown causes (sample 11), all dogs that had neoplastic cells with phosphorylated VEGFR2 

(samples 1, 3, 7, 12) died from MCT. 

For two cases (samples 3, 6; Fig. 4.10), VEGFR2 and PDGFRβ expression were detected 

in cells, but PDGFRβ was not detected in tissue correlates for either sample and VEGFR2 was 

not detected in tissue from sample 6. Conversely, RTK total expression detected in tumours was 

also present in isolated cancer cells, except in 3 cases (samples 1, 2, 12; Figs. 4.6 and 4.10). For 

sample 1, PDGFRβ was detected only in tissues. For sample 2, KIT expression was detected in 

cells at a prolonged exposure (2 hours; not shown), but neither VEGFR2 nor PDGFRβ were 

detectable in cells while all three RTK were detectable in tissue (Fig. 4.6), thus the expression of 

VEGFR2 and PDGFRβ in this MCT was mainly due to the stroma. For sample 12, PDGFRβ was 

only observed in tissues, indicating stromal expression as well. PDGFRβ was expressed in cells 

(Fig. 4.10), but this was only detectable in tissue correlates in one case (sample 8; Fig. 4.6). 

Levels of total PDGFRα were not detectable in isolated neoplastic cells, even for the 2 

MCT which showed tissue expression (samples 7, 11; Fig. 4.6), thus this was likely 

predominantly expressed by stromal components. Phosphorylation of PDGFR was undetectable. 
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Statistical Associations Between Risk Factors 

Several diagnostic markers were highly positively correlated (i.e., greater than 50%; 

Table 4.4). The most highly correlated variables were p-KIT and KIT (r = 0.69; p < 0.001), 

which was expected as phosphorylated KIT was only detected in MCT with total KIT 

expression. Phosphorylated KIT over-expression (compared to marginal skin) was also 

significantly correlated with high VEGFR2 expression (r = 0.60; p = 0.01) and high histological 

grade (r = 0.59; p < 0.01). Diffuse cytoplasmic KIT localization was significantly correlated with 

histological grade (r = 0.64; p = 0.01), c-KIT mutations (r = 0.58; p = 0.04) and KIT over-

expression (r = 0.49; p = 0.03). PDGFRβ was not significantly associated with any other marker 

except VEGFR2 (r = 0.51; p = 0.04; Table 4.4). 
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DISCUSSION 

In this study canine MCT heterogeneously express KIT, VEGFR2 and PDGFRβ in 

tumour tissue and isolated neoplastic cells. Expression profiles among individual dogs vary. 

Phosphorylated KIT, KIT and VEGFR2 were identified as potential diagnostic markers, which 

may be used in conjunction with histological grading, c-KIT mutation status and KIT localization 

pattern to determine prognosis. In some cases, neoplastic cells have activated KIT and VEGFR2, 

indicating that RTK inhibition potentially would be effective in treating these cases. These 

findings may therefore prove useful for the selection of candidate patients amenable to RTK 

inhibition. These data may additionally have future implications for the development of 

treatment protocols which are based on the selection of specific receptor inhibitors. 

RTK expression profiling has not been well investigated for canine MCT, but as the 

pathogenesis of these tumours is unknown, the results of this study are valuable. Numerous 

studies have identified possible RTK inhibitory targets for human neoplasms such as 

medulloblastoma, glioma, Ewing sarcoma, chordoma and colorectal, esophageal, gastric, 

synovial, breast and lung carcinoma (Tamborini et al., 2004; Joensuu et al., 2005; Tamborini et 

al., 2006a; Puputti et al., 2006; Seto et al., 2006; Bozzi et al., 2007; Drescher et al., 2007; 

Mylona et al., 2007; Tamborini et al., 2007; Gockel et al., 2008; Wehler et al., 2008; Blom et al., 

2010; Schimanski et al., 2010). In veterinary research, equivalent studies are lacking, but 

screening of potential RTK targets in canine cancer is now also being investigated in order to 

develop marker panels (Selvarajah et al., 2009; Klopfleisch et al., 2010; Sassi et al., 2010; Gioia 

et al., 2011; Klopfleisch et al., 2011; Takeuchi et al., 2011). 

Phosphorylated KIT was detected in both c-KIT - mutated and non-mutated MCT in dogs 

in this study. This finding has been previously reported (Pryer et al., 2003), but this is the first 



 

150 

 

study to evaluate p-KIT as a prognostic marker. The presence of a c-KIT mutation is associated 

with high grade cutaneous MCT (Zemke et al., 2002) and detection of these mutations identifies 

those dogs which will respond well to RTK inhibition (London et al., 2009b). The results of this 

study support these findings and additionally may potentially be used to identify non-c-KIT 

mutated MCT that are amenable to RTK inhibition. The role of c-KIT in subcutaneous MCT is 

not known as these have yet to be detected. While it is tempting to speculate that subcutaneous 

MCT do not harbour these mutations, larger numbers are needed to determine this (Appendix 3). 

Activated KIT has been associated with c-KIT mutations as this leads to conformational 

changes in the receptor which permits constitutive signalling (Liao et al., 2002; Gleixner et al., 

2007). The detection of activated KIT without mutations suggests that other causative 

mechanisms are responsible. It may be that these MCT have undiscovered c-KIT mutations, such 

as in exon 8 or 9 as has been reported for some canine MCT (Letard et al., 2008), but there are 

several alternative possibilities including autocrine and paracrine SCF production, spontaneous 

homodimerization, heterodimerization with other RTK, loss of phosphatase function or failure of 

degradation processes such as ubiquitinization - all of which have been implicated in various 

neoplasms (Gschwind et al., 2004; Tabone-Eglinger et al., 2008; Bandi et al., 2009; Toffalini 

and Demoulin, 2010).  

Diffuse cytoplasmic KIT localization has been proposed to be due to aberrant receptor 

trafficking or degradation (Webster et al, 2007; Tabone-Eglinger, 2008) and is a useful predictor 

of poor outcome in cutaneous MCT (Webster et al., 2007) and subcutaneous MCT as evidenced 

by the data in Chapter 3. This study supported those findings and in addition, showed p-KIT 

expression to be associated with KIT localization pattern. It remains to be seen if these two 

processes - KIT activation and aberrant localization - are interrelated. Regardless of etiology, 
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detection of p-KIT may be a promising marker for aggressive MCT disease and also could be 

used to distinguish mechanisms of KIT dysregulation in future studies. 

There are no other published studies of canine MCT which associate VEGFR2 expression 

or activation with clinical outcomes, thus this is the first study to demonstrate the potential utility 

of this as a prognostic marker. Strong VEGFR2 expression was detected in both MCT biopsies 

and neoplastic cell lysates, suggesting that both neoplastic cells and the tumour stroma are 

potential RTK inhibitor targets, but this needs to be assessed with immunohistochemistry. Three 

bands were variably demonstrated using western blotting. Based on prior publications of human 

VEGFR2 in cancer (Huang et al., 2011), these likely represent the mature glycosylated (230 

kDa), glycosylated intermediate (210 kDa) and non-glycosylated (150 kDa) forms, but this is not 

established for dogs. In this study, VEGFR2 expression appeared to be a significant risk factor 

for decreased survival, DFI and time to local reoccurrence and metastasis and the detection of 

activated receptors in cancer cells indicates that MCT could be amenable to anti-VEGF 

therapies, but this remains to be shown. 

It is likely that both tumour cells and stroma play important and potentially synergistic 

roles in MCT progression as evidenced by several studies (Millanta et al., 2006; Yonemaru et 

al., 2006; Rebuzzi et al., 2007; Patruno et al., 2009; Al Dissi et al., 2011). Increased VEGF and 

VEGFR2 expression have been reported in canine cancers such as lymphoma, mammary cancer, 

vascular tumours and recently MCT (Millanta et al., 2006; Yonemaru et al., 2006; Rebuzzi et al., 

2007; Wolfesberger et al., 2007; Patruno et al., 2009; Al Dissi et al., 2011). One group has 

reported the presence of both VEGFR2 receptors and VEGF within MCT cells and found that 

VEGF expression was subjectively more intense in higher grade MCT as assessed with 

immunohistochemistry (Rebuzzi et al., 2007). Additionally, that study demonstrated VEGF 
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production in conditioned media produced by neoplastic cells, which suggests that autocrine 

VEGFR2 activation may be a mechanism for tumour progression or neoplastic cell survival. 

VEGFR2 phosphorylation was not determined to assess this process. That study was conducted 

using a single cell line, the C2 cell line, which is known to possess activating c-KIT mutations 

(London et al., 1999), thus that cell line may not have relied on VEGF signalling pathways. In 

this present study, western blots of cell lysates showed that VEGFR2 expression is not uniformly 

present within MCT cells and more importantly, constitutive phosphorylation was detected in 

only 50% of cell lysates (5 of 10), indicating that VEGFR2 activation is heterogeneous, thus 

more than one cell line would be needed to understand the role of this receptor in MCT. 

Increased VEGFR2 expression in MCT may be due to increased vascularity or over-

expression in neoplastic mast cells, but this was not assessed in this study. Microvascular density 

has been shown to be predictive for aggressive disease in canine MCT (Ranieri et al., 2003, 

Preziosi et al., 2004; Patruno et al., 2009) as well as in many canine (de Queiroz et al., 2010) and 

human tumours, including breast and colorectal cancer (Des Guetz et al., 2006; Arnes et al., 

2011). Veterinary studies have largely focused on quantitating the number of intratumoural 

blood vessels using factor VIII-related antigen (von Willebrand Factor) immunolabelling. The 

relative contribution and significance of VEGFR2 expression in the supporting vasculature as 

well as cancer cells is thus unknown. Additionally, as the distribution of VEGFR2 positive 

vessels has been reported to be heterogeneous within some neoplasms, such as colorectal cancer 

(Patten et al., 2010), quantifying the number of VEGFR2 positive vessels may be a more 

relevant measurement than the absolute number of blood vessels for screening of MCT which 

would be amenable to anti-VEGFR2 targeted therapies. Further work needs to be done to assess 

this and to explore the effects of inhibition of this receptor in tissues. 
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PDGFRβ was expressed in many aggressive MCT, which was either due to neoplastic 

cell expression or stromal components within the tumour. Expression of PDGFRβ was 

demonstrated in MCT tissue lysates, marginal skin and in some neoplastic cells while PDGFRα 

was predominantly found in marginal skin. In the majority of cases, PDGFRβ and PDGFRα 

expression was greater in marginal skin than MCT, suggesting that overall expression is reduced 

by effacement of stromal tissue by (non-receptor bearing) neoplastic cells or that expression of 

these receptors is lost in some neoplastic mast cells. Three cases strongly expressed PDGFRβ in 

cell lysates thus this receptor is expressed heterogeneously in neoplastic cells. PDGFRβ over-

expression in tumour lysates (compared to marginal skin) was not found to be a statistically 

significant risk factor for any clinical outcome. This may be due to the small number of cases. 

The effect and significance of PDGFR in canine MCT is not known, and this is the first 

study to investigate these in canine MCT. As PDGFR signalling has wide implications for 

tumour progression in humans (Golub et al., 1994; Cools et al., 2003; Dibb et al., 2004; Bozzi et 

al., 2007), the detection of these receptors in canine MCT may be important in distinguishing 

those which would be amenable to RTK inhibition. PDGFRα and PDGFRβ have been implicated 

in the progression of many human (Golub et al., 1994; Cools et al., 2003; Dibb et al., 2004; 

Bozzi et al., 2007) and animal neoplasms (Levine, 2002; Katayama et al., 2004; Borzacchiello et 

al, 2009; Higgins et al., 2010). Furthermore, in some human cancers such as breast, prostate and 

cervical carcinoma (Taja-Chayeb et al., 2006; Paulsson et al., 2009; Hägglöf et al., 2010) 

stromal expression of PDGFRβ is a significant negative prognostic determinant. In human 

cervical cancer, it is thought that a high level of PDGFRβ expression is important in early 

carcinogenesis as it is reduced in progressive disease (Mayer et al., 2000). One study showed 

that although cervical cancer lines did not express PDGFRβ, they expressed the PDGF ligand 
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(PDGFBB) (Taja-Chayeb et al., 2006). That study also found that 56% of tumour biopsies 

strongly expressed PDGFRβ, thus paracrine activation of stromal components may be a potential 

mechanism for progression of some of these neoplasms. PDGF is known to be a potent mitogen 

for mesenchymal cells and signalling through PDGFRα and β leads to growth, differentiation 

and proliferation (Heldin and Westermark, 1999; George, 2001; Yu et al., 2003; Ostman, 2004). 

PDGFRβ is also of paramount importance in angiogenesis through pericyte-mediated expression 

(Abramsson et al. 2003; Lindblom et al. 2003). In neoplasia, PDGFRβ is additionally known to 

play a role in regulating interstitial pressure within tumours, a factor which can impede normal 

circulation and drug delivery in tumours (Pietras et al., 2001). 

This study had a small number of cases which undoubtedly influenced statistical 

analyses. For this reason, subcutaneous MCT could not be compared to cutaneous MCT. 

Multivariable analyses could not be performed, so the effects of confounding factors and 

interactions were not known and consequently it remains to be determined how to best use these 

tests in combination. Additionally, three cases had to be excluded from statistical analysis as no 

marginal skin was available. Two of these had c-KIT mutations, thus the study may have 

underestimated the significance of c-KIT mutations for prognosis. 

There were several limitations to this study. For statistical purposes, tumours were 

classified as positive for VEGFR2 or PDGFR if expression of these receptors was increased 

relative to marginal skin. This was done to subtract background stromal effects, which likely 

vary among individuals, anatomic locations and physiologic states. This selection may have been 

too simplistic. Also, a key limitation of the study was that only a portion of the original tumour 

could be collected for analysis and samples analyzed may not have been representative if RTK 

expression was regionally variable within individual tumours. Early tumour progression may 
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have led to diminished expression of these RTK, due to effacement of stromal components by 

(non-receptor expressing) neoplastic cells, while at later stages, neoplastic cells may have 

acquired RTK expression or else stromal components (e.g., blood vessels and fibroblasts) 

expressing these receptors predominated. Both of these events may confer malignancy and were 

not distinguishable in this study. Due to the notorious difficulties sustaining mast cells in vitro 

(Bachelet et al., 2006), short-term culture of only 10 MCT was possible, thus expression levels 

of cells and tissue lysates could not be compared for all cases. Additionally, it is not known if 

RTK expression in neoplastic cells was lost in vitro, due to factors such as clonal selection. For 

all of these reasons, results should be verified with immunohistochemistry. 

Despite these drawbacks, this study shows that canine MCT have a spectrum of RTK 

expression and that individual profiles vary. This may explain variable clinical responses to 

toceranib inhibition (London et al., 2003; London et al., 2009b). Although KIT is expressed only 

by neoplastic cells, VEGFR2 and PDGFR β are expressed in both tumour cells and possibly 

stroma, which makes these attractive for targeted inhibitor therapy. The finding that some 

neoplastic cells demonstrate activated VEGFR2 is highly significant as this implies that at least 

some MCT may depend on VEGF signalling. This needs to be further explored. 

The results of this work suggest that both VEGFR2 and KIT may be important prognostic 

markers for canine MCT. Successful protocols were developed which can assess phosphorylation 

and expression of these RTK in neoplastic mast cells. The next step was to study VEGFR2 and 

KIT signalling and inhibitory responses in vitro. For this, fibroblast co-culture techniques were 

optimized to prolong cellular longevity so that experiments could be repeated. Two MCT began 

to proliferate independently of fibroblasts and rcSCF and became continuous cell lines. These 

were used to study signalling responses described in Chapter 5. 
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Table 4.1. Primer Sequences for Polymerase Chain Reaction Detection of c-KIT Mutations 

Primer Sequence Location Within c-KIT Product 

Size (bp)
a
 

PE1 5' CCC ATG TAT GAA GTA CAG TGG AAG 3' 1,657-1,680 base pairs 

of exon 11 

 

190 

PE2 5' GTT CCC TAA AGT CAT TGT TAC ACG 3' 4-66 base pairs  

of intron 11 

β-actin 

FP
b
 

5’ GCG CAA GTA CTC TGT GTG GA 3’ -  

210 

β-actin 

RP
c
 

5’ AAA GCC ATG CCA ATC TCA TC 3’  - 

a  
Basepairs. 

b
 β-actin forward primer. 

c  
β-actin reverse primer. 
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Table 4.2. Sequences of c-KIT Mutations Detected in Canine Cutaneous and Subcutaneous 

Mast Cell Tumours 

MCT 

Sample
a
 

c-KIT Sequence c-KIT 

Mutation 

Wildtype CCCATGTATGAAGTACAGTGGAAGGTTGTTGAGGAGATCAATGGAAACAATTAT

GTTTACATAGACCCAACACAGCTTCCTTACGATCACAAATGGGAGTTTCCCAGAA

ACAGGCTGAGCTTTGgtcagtatgaaataggggctttccatgtaacctttttgtgtacgtgtaacaatgactttagggaaca 

 

- 

Translation
d
 PMYEVQWKVVEEINGNNYVYIDPTQLPYDHKWEFPRNRLSF  

1 and 1R
e
 CCCATGTATGAAGTACAGTGGAAGGTTGTTGAGGAGATCAATGGAAACAATTAT

GTTTACATAGACCCAACACAGCTTCCTTACGATCACAAATGGGAGTTTCCCAGAA

ACAGGCTGAGCTTTCCTTACGATCACAAATGGGAGTTTCCCANAAACAGGCTGAG

CTTTGgtcagtatgaaataggggcttacnatgtaacctttttgtgtacgtgtaacaatgactttagggaaca 

 

45 bp ITD
c
 

(exon 11) 

Translation
d
 PMYEVQWKVVEEINGNNYVYIDPTQLPYDHKWEFPRNRLSFPYDHKWEFPXNRLSF  

2 and 2R
e
 CCCATGTATGAAGTACAGTGGAAGGTTGTTGAGGAGATCAATGGAAACAATTAT

GTTTACTAGACCCAACACAGCTTCCTTACGATCACAAATGGGAGTTTCCCAGAAA

CAGGCTGAGCTTTGGGCTTCCTTACAATCACAAATGGCAGGTTCCCTTAAACAGG

CTGAGCTTTGgtgagtatgaaataggggctttccatgtaacctttttgtgtacgtgtaacaatgactttagggaaca 

 

50 bp ITD 

(exon 11) 

Translation
d
 PMYEVQWKVVEEINGNNYVY*TQHSFLTITNGSFPETG*ALGFLTITNGRFP*TG*AL  

11 CCCATGTATGAAGTACAGTGGAAGGTTGTTGAGGAGATCAATGGAAACAATTAT

GTTTACATAGACCCAACACAGCTTCCTTACGATCACAAATGGGAGTTTCCCAGAA

ACAGGCTGAGCTTTGgtcagtatgaaataggggctttccatgtaacctttttgtgtacgtgtaacaatgactttagggaaca 

 

- 

11 cells
f
 CCCATGTATGAAGTACAGTGGAAGGTTGTTGAGGAGATCAATGGAAACAATTAT

GTTTACATAGACCCAACACAGCTTCCTTACGATCACAAATGGGAGTTTCCCAGAA

ACAGGCTGACACAGCTTCCTTACGATCACAAATGGGAGTTTCCCAGAAACAGGCT

GAGCTTTGgtcagtatgaaataggggctttccatgtaacctttttgtgtacgtgtaacaatgactttagggaaca 

 

 

48 bp ITD 

(exon 11) 

Translation
d
 PMYEVQWKVVEEINGNNYVYIDPTQLPYDHKWEFPRNRLTQLPYDHKWEFPRNRLS

F 

 

12 CCCATGTATGAAGTACAGTGGAAGGTTGTTGAGGAGATCAATGGAAACAATTAT

GTTTACTAGACCCAACACAGCTTCCTTACGATCACAAATGGGAGTTTCCCAGAAA

CAGGCTGACCTTTGttccttatgatctaggggctttccatccnnccttttgtganntgtaaccatgactttnaggaacntttcc

atgtaacctttttgtgtacgtgtaacaatgactttagggaac 

 

46 bp
b
 

ITD
c
 

(intron 11) 

Translation
d
 PMYEVQWKVVEEINGNNYVYIDPTQLPYDHKWEFPRNRLSF  

22 CCCATGTATGAAGTACAGTGGAAGGTTGTTGAGGAGATCAATGGAAACAATTAT

GTTTACTAGACCCNACACAGCTTCCTTACGATCACAAATGGGAGTTTCCCAGAAA

CAGGCTGAGCTTTGGTCCAACTCAAATACCTTATTTCCATGTAACCTAGTTTCCCA

GAAACAGGCTGAACTTTGgtcagtatgaaataggggcttacnatgtaacctttttgtgtacgtgtaacaatgactttagg

gaaca 

 

60 bp ITD 

(exon 11) 

Translation
d
 PMYEVQWKVVEEINGNNYVY*TXHSFLTITNGSFPETG*ALVQLKYLISM*PSFPETG

*TL 

 

25 CCCATGTATGAAGTACAGTGGAAGGTTGTTGAGGAGATCAATGGAAACAATTAT

GTTTACTAGACCCAACACAGCTTCCTTACGATCACAAATGGGAGTTTCCCAGAAA

CAGGCTGAGCTTTGgtcagtatgaaataggggctttccatgtaacctttttgtgtacgtgtaacaatgactttaggcctttttgt

gtacgtgtaacaatgactttagggaaca 

 

32 bp ITD  

(intron 11) 

Translation
d
 PMYEVQWKVVEEINGNNYVYIDPTQLPYDHKWEFPRNRLSF  

Underlined areas indicate mutation sequences. Uppercase letters refer to Exon 11 and lowercase letters represent 

intron 11 sequences. Asterisks (*) indicate an unreadable frame sequence. 
a
 Mast cell tumour sample number. 

b
 Base pairs. 

c
 Internal tandem duplication. 

d
 Putative amino acid sequence. 

e
 Mast cell tumour reoccurrence. 

f
 Cultured cells derived from the original MCT (sample 11). 
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Table 4.3. Univariable Cox Proportional Hazard Analyses for Clinical Outcomes for 22 Dogs 

with Cutaneous and Subcutaneous Mast Cell Tumour. 

Risk Factor Hazard Ratio 95% Confidence Interval p
a
 

Survival    

p-KIT
b
 14.29     1.62-125.86 0.02 

KIT 5.88   0.68-50.76 0.11 

VEGFR2
c
 9.38   1.65-53.34 0.01 

PDGFRβ
d
 2.67   0.49-14.60 0.26 

KIT Pattern
e
  6.27   1.14-34.66  0.04 

c-KIT Mutation
f
 4.00   0.72-22.22 0.11 

Grade
g
   NE

h
 NE

h
 NE

h
 

Labrador Retriever
i
 1.25   0.14-11.25 0.84 

Sex
j
 2.92   0.34-25.05 0.33 

Age
k
 1.07 0.77-1.48 0.70 

    

Disease-Free Interval
l
 

p-KIT
b
 4.74   1.10-20.33 0.04 

KIT 2.06 0.56-7.49 0.27 

VEGFR2
c
 7.11   1.28-39.61 0.02 

PDGFRβ
d
 2.00   0.40-10.10 0.40 

KIT Pattern
e
 5.29 1.28-21.9 0.02 

c-KIT Mutation
f
 4.58   0.83-25.19 0.08 

Grade
g
 15.56   3.01-80.45 < 0.01 

Labrador Retriever
i
 1.80 0.36-9.03 0.47 

Sex
j
 1.80 0.46-7.05 0.40 

Age
k
 1.01 0.81-1.25 0.96 

 

Local Reoccurrence
m

 

p-KIT
b
 8.18   0.84-79.20 0.07 

KIT 3.79   0.39-36.63 0.25 

VEGFR2
c
 20.0   1.94-207.2 0.01 

PDGFRβ
d
 2.61   0.26-25.71  0.41 

KIT Pattern
e
 13.29   1.38-128.5 0.02 

c-KIT Mutation
f
   NE

f
 NE

f
 NE

f
 

Grade
g
 15.85     1.60-160.17 0.02 

Labrador Retriever
i
   NE

h
 NE

h
 NE

h
 

Sex
j
 2.01   0.21-19.41 0.54 

Age
k
 1.09 0.80-1.49 0.58 
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Table 4.3. Continued 

Risk Factor Hazard Ratio 95% Confidence Interval p
a
 

Distant Occurrence
n
 

p-KIT
b
 2.17   0.20-24.05 0.53 

KIT 1.29 0.21-7.82 0.78 

VEGFR2
c
 NE

h
 NE

h
 NE

h
 

PDGFRβ
d
 4.30   0.38-48.43 0.24 

KIT Pattern
e
 4.30   0.38-48.43 0.24 

c-KIT Mutation
f
 NE

h
 NE

h
 NE

h
 

Grade
g
 NE

h
 NE

h
 NE

h
 

Labrador Retriever
i
 NE

h
 NE

h
 NE

h
 

Sex
j
 1.29 0.21-7.88 0.78 

Age
k
 1.04 0.79-1.38 0.77 

    

Metastasis    

p-KIT
b
 6.49   1.23-34.19 0.03 

KIT 2.52   0.48-13.06 0.27 

VEGFR2
c
 5.39   1.16-25.14 0.03 

PDGFRβ
d
 2.00   0.38-10.38 0.41 

KIT Pattern
e
 4.98   1.09-22.71 0.04 

c-KIT Mutation
f
 3.26   0.62-16.98 0.16 

Grade
g
 23.48   2.80-196.7 < 0.01 

Labrador Retriever
i
 3.13   0.56-17.55 0.20 

Sex
j
 3.98   0.48-33.22 0.20 

Age
k
 0.96 0.72-1.29 0.80 

a
 p-value (significant if p < 0.05). 

b
 Phosphorylated KIT.

 

c
 Vascular endothelial growth factor receptor 2. 

d
 Platelet-derived growth factor receptor beta. 

e
 Diffuse cytoplasmic KIT localization pattern compared to membranous or focal/stippled KIT localization pattern. 

f
 c-KIT internal tandem duplication mutation. 

g
 Grade III compared to grade I and grade II (subcutaneous high grade was classified as grade III for statistics). 

h
 Not estimateable (small number of cases). 

i
 Compared to all other breeds. 

j
 Compared to male dogs. 

k
 Per year of risk. 

l
 Time without occurrence of additional mast cell tumours or metastasis. 

m
 Mast cell tumour reoccurrence at original surgery site. 

n
 Subsequent mast cell tumour at a site distant to the original tumour. 
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Table 4.4. Associations Between Risk Factors for Canine Cutaneous and Subcutaneous Mast 

Cell Tumours 

Risk Factor r
a
 95% Confidence Interval p

b
 

p-KIT
c
    

+ KIT
d
 0.69 0.46-0.92 < 0.01 

+ VEGFR2
e
 0.60 0.25-0.94 0.01 

+ PDGFRβ
f
 0.38 -0.02-0.78 0.12 

+ KIT Pattern
g
 0.49 0.12-0.86 0.04 

+ c-KIT mutation
h
 0.41 0.14-0.70 0.12 

+ Grade
i
 0.59 0.25-0.94 < 0.01 

KIT
d
    

+ VEGFR2
e
 0.56 0.32-0.79 0.01 

+ PDGFRβ
f
 0.19 -0.19-0.57 0.37 

+ KIT Pattern
g
 0.49 0.26-0.72 0.03 

+ c-KIT mutation
h
 0.29 0.09-0.50 0.28 

+ Grade
i
 0.35 0.04-0.70 0.11 

VEGFR2
e
    

+ PDGFRβ
f
 0.51 0.09-0.91 0.04 

+ KIT Pattern
g
 0.40 -0.04-0.83 0.10 

+ c-KIT mutation
h
 0.52 0.19-0.84 0.06 

+ Grade
i
 0.54 0.15-0.94 0.02 

PDGFRβ
f
    

+ KIT Pattern
g
 0.03 -0.40-0.45 0.67 

+ c-KIT mutation
h
 0.26 -0.27-0.79 0.34 

+ Grade
i
 0.24 0.22-0.70 0.29 

KIT Pattern
g
    

+ c-KIT mutation
h
 0.58 0.24-0.93 0.04 

+ Grade
i
 0.64 0.28-1.00 0.01 

c-KIT mutation
h
    

+ Grade
i
 0.52 0.19-0.84 0.06 

a 
Spearman correlation coefficient (rho). 

b 
p-value (significant if p < 0.05). 

c 
Phosphorylated KIT. 

d 
KIT receptor tyrosine kinase. 

e 
Vascular endothelial growth factor receptor 2. 

f 
Platelet-derived growth factor receptor beta. 

g 
KIT cellular localization pattern. 

h
 Presence of c-KIT internal tandem duplication mutation in exon 11 of c-KIT.

 

i 
Histological grade. 
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Table 4.5. Risk Factor Expression and Clinical Outcomes for 25 Dogs with Cutaneous and 

Subcutaneous Mast Cell Tumours 

Mast Cell Tumour Sample No. 

Risk Factor 1 1R
a
 2 2R

a
 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 + - 

p-KIT Expression 

MCT
b
 + + + + + - - + + + - - + - - - - - - - - + - - - - - 10 17 

MS
c
 - - - n/a - - - - - - - - - n/a - - - - - - - - - n/a - - n/a   0 23 

MCT > MS
d
 + + + n/a + - - + + + - - + n/a - - - - - - - + - n/a - - n/a   9 14 

KIT Expression 

MCT
b
 + + + + + - - + + + - - + + + - - + - - - + - - + + + 16 11 

MS
c
 - - - n/a - - - - - - - - - n/a - - - - - - - - - n/a - - n/a   0 23 

MCT > MS
d
 + + + n/a + - - + + + - - + n/a + - - + - - - + - n/a + + n/a 13 10 

VEGFR2
e
 Expression 

MCT
b
 + - + - + - - - + + - + + - + - - + - - - + + + - - + 13 14 

MS
c
 + + - n/a + + - - + + + + + n/a - - + + + - - - + n/a - - n/a 13 10 

MCT > MS
d
 + - + n/a - - - - + - - - + n/a + - - - - - - + - n/a - - n/a 6 17 

PDGFRβ
f
 Expression 

MCT
b
 + + + - + + - + + + - + + + + - - + - + - + - + - - + 17 10 

MS
c
 + + + n/a + + + + + + + + + n/a + - - + + - + + + n/a - + n/a 19   4 

MCT > MS
d
 - - + n/a - - - - + - - - + n/a - - - - - + - - - n/a - - n/a   4 19 

PDGFRα
g
 Expression 

MCT
b
 - - - - - - - - + - - - + - - - - - - - - - - + - - +   4 23 

MS
c
 + + - - + - - + + + + + + n/a + - - + + - - - + n/a - + n/a 14   9 

MCT > MS
d
 - - - - - - - - + - - - - n/a - - - - - - - - - n/a   n/a   1 22 

c-KIT ITD 

Mutation
h
 

+ + + + - - - nd
i
 - - - - - + nd

i
 - - - - - - - nd

i
 + - - +   7 17 

KIT Pattern
j
 3 3 3 3 3 2 2 1 2 1 2 2 2 3 2 2 1 2 1 2 2 3 1 2 1 3 3 P1   6 

                            P2 12 

                            P3   9 

Grade
k
 3 3 3 3 SH 2 1 SL 3 1 2 SL 1 3 1 SL 1 2 SL 2 3 3 1 3 2 1 3 G1   7 

                            G2   5 

                            G3   8 

                            SH    1 

                            SL   4 

Local  

Reoccurrence
l
 

+ + + - - + - - - - + - - - - - - - - - - + - + - - -   7 20 

Distant 

Reoccurrence
m

 

- - + - - - + - - - + - - - - + - - - - + - - - + - -   6 21 

Metastasis + + + + + - - - + - - + - + - - - - - - + + - + - - - 11 16 

MCT Death + + + + + - - - + - - - - + - - - - - - + + - + - - - 10 16 
a
  Subsequent local reoccurrences (1R, 2R) for samples 1 and 2, respectively. Excluded from statistical analyses. 

b
  Mast cell tumour. 

c
  Marginal skin (skin removed from surgical margins). 

d
  Expression in mast cell tumour compared to marginal skin (+, greater expression in tumour; - , less). 

e
  Vascular endothelial growth factor receptor 2. 

f
  Platelet-derived growth factor receptor beta. 

g
  Platelet-derived growth factor receptor alpha. 

h
  c-KIT Internal tandem duplication mutation. 

i
  Non-diagnostic. 

j
  Cellular localization of KIT (P1 - membranous; P2 - focal/stippled cytoplasmic; P3 - diffuse cytoplasmic). 

k
 Histological grade (G1 - grade I; G2 - grade II; G3 - grade III; SH and SL - subcutaneous high and low grade). 

l
  Subsequent reoccurrence of mast cell tumour at original site of surgery. 

m 
Subsequent reoccurrence of mast cell tumour at site distant to original tumour. 
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Figure 4.1. Neoplastic canine mast cells co-cultured with fibroblasts. A. Mast cells are adhered to fibroblasts as 

single cells, in rows and occasionally as large spherical aggregates (center; 100X magnification). B. Spherical 

aggregate of neoplastic mast cells (200X magnification). C. Cytology of cytospin preparation of cultured neoplastic 

mast cells. Neoplastic mast cells were disaggregated from fibroblasts, which remained attached to tissue plates. 

Isolated mast cells consist of high relatively purity (over 90%) and demonstrate abundant, intensely basophilic 

cytoplasmic granules. Wright-Geimsa, 1000X magnification. 
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Figure 4.2. Immunohistochemical KIT cellular localization in canine mast cell tumours. Cells expressing KIT are 

identified by coarse brown staining. A. Membranous KIT labelling (Pattern 1). Neoplastic mast cells have strong 

KIT labelling on the cell membrane. B. Focal/stippled cytoplasmic labelling (Pattern 2). Neoplastic mast cells have 

no membranous labelling and strong focal cytoplasmic (arrow) and stippled cytoplasmic reaction. C. Diffuse 

cytoplasmic staining (Pattern 3). The majority of neoplastic mast cells show strong coarse dark immunolabelling 

diffusely within the cytoplasm. D. Negative control. (1000X magnification; hematoxylin). 
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Figure 4.3. Wildtype sequence of exon 11 and exon 12 of canine c-KIT
 
and location of primers used for polymerase 

chain reaction (PCR) analysis. Underlined bold letters represent the sequences used to design primers. Uppercase 

letters represent exons (coding regions) and lowercase letters represent intron sequences. 

Exon 11 

   PE1 
AAACCCATGTATGAAGTACAGTGGAAGGTTGTTGAGGAGATCAATGGAAACA 

 

ATTATGTTTACATAGACCCAACACAGCTTCCTTACGATCACAAATGGGAGTTT 

                      Intron 11 
CCCAGAAACAGGCTGAGCTTTGgtcagtatgaaacaggggctttccatgtaac 

     PE2  
ctttttgtgtacgtgtaacaatgactttagggaaccccattagcttcctttgt 

 

tctgttccaactgagacaataagtattttctgtgaagtttcatcacttttgat 

 

agattccgcataaagcaccttatagagaaatgtccttagctggatttgtcctt 

 

aattccttaacaattccttgattgttgactttgaaattacccagatgctcctt 

        Exon 12 
tggtcctaccaccacccctactcttttctcctttctgcagGGAAACTTTGGGT 

 

GCTGGGCCTTCGGGAAAGTGGTTGAAGCCACTGCATATGGCCTGATTAAGTCG 

 

GATGCGGCATGACTGTTGCCGTTAAGATGCTCAAAC 
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Figure 4.4. Expression of KIT, VEGFR2, PDGFRα and PDGFRβ assessed by immunoprecipitation in canine mast 

cell tumours. Western blotting of protein samples from a mast cell tumour (1) and canine controls (Cb - canine 

cerebellum; Ao - canine aorta). Protein from tissue lysates was immunoprecipitated with an antibody to each native 

receptor tyrosine kinase and probed for total receptor. Strong expression of KIT (125 kDa, 145 kDa), VEGFR2 (210 

kDa and 230 kDa) and PDGFRβ (190 kDa) was seen in both tumour samples and PDGFRα was seen in canine aorta, 

confirming the identity of these bands and the specificity of these antibodies for canine tissue. 
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Figure 4.5. Polymerase chain reaction amplification of exon and intron 11 of c-KIT from canine cutaneous and 

subcutaneous mast cell tumours. L - 50 bp ladder; 1-7 - MCT number; C1 - positive control heterozygous for 

wildtype allele (190 bp) and mutant allele (238 bp); WT - canine blood homozygous for wildtype allele (190 bp); 

NC - negative control (no template). No bands were detected for samples 6, 13 or 21 after repeated reactions. c-KIT 

internal tandem duplication (ITD) mutations were detected in 7 mast cell tumours (1, 1R, 2, 2R, 12, 22, 25) and the 

remainder had wildtype c-KIT. 
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Figure 4.6. Receptor tyrosine kinase expression profiles for canine cutaneous and subcutaneous mast cell tumours 

(MCT). Representative western blots of phosphorylated (p-KIT) and total KIT, VEGFR2, PDGFRα and PDGFRβ 

from MCT, marginal skin and canine controls (Ct - canine cerebellum (KIT) or canine aorta (VEGFR2, PDGFR-β, 

α)). Subcutaneous MCT are indicated with an asterisk (*; samples 3, 6, 10). Total and phosphorylated KIT are seen 

in canine cerebellum (Ct) and with variable intensity in some MCT (samples 1, 2, 3, 6, 7, 8, 9, 11). Expression of the 

other receptor tyrosine kinases (RTK) is detected in canine marginal skin as well as MCT with variable intensity. 

VEGFR2 expression is more strongly expressed in MCT relative to marginal skin in samples 1, 2, 7, 11. PDGFRβ 

expression is comparatively increased over marginal skin in 2 cases (2, 24). Phosphorylated PDGFRβ is 

demonstrated in one MCT (1), aorta and in some marginal skin samples (1N, 2N, 4N, 10N). PDGFRα expression is 

absent in the majority of MCT (except case 11) but strongly expressed in the majority of marginal skin samples. 

Phosphorylation of VEGFR2 and PDGFRα is demonstrated in canine aorta only. β-actin was used as a loading 

control. 
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Figure 4.7. Densitometry of western blots for phosphorylated and total KIT for canine cutaneous and subcutaneous 

mast cell tumours and marginal skin. A. Relative KIT phosphorylation is calculated as the ratio of intensity of 

phosphorylated to total KIT, normalized to β-actin. B. Relative KIT expression is the ratio of total receptor 

expression to β-actin. p-KIT and KIT are detected in tumours only. Values vary widely among MCT, with the 

strongest signal seen for sample 2 and 2R. Ct - canine cerebellum MCT - mast cell tumour; N - marginal skin; R - 

reoccurrence; Sc - canine soft tissue sarcoma. 
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Figure 4.8. Densitometry of western blots for VEGFR2 and PDGFRβ for canine cutaneous and subcutaneous mast 

cell tumours and marginal skin. Relative expression is calculated as the ratio of total receptor normalized to β-actin. 

A. Relative VEGFR2 expression. B. Relative PDGFRβ expression. Values vary widely among MCT and marginal 

skin. Ct - canine aorta; MCT - mast cell tumour; N - marginal skin; PDGFRβ – platelet-derived growth factor 

receptor beta; R - MCT reoccurrence; Sc - canine soft tissue sarcoma; VEGFR2 - vascular endothelial cell growth 

factor 2. 
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Figure 4.9. Predicted survival, local reoccurrence and metastasis curves for dogs with cutaneous and subcutaneous 

mast cell tumours (MCT). Outcomes were compared based on the presence or absence of p-KIT, KIT, VEGFR2 or 

PDGFRβ expression in MCT. Cases were considered positive for expression if levels were higher in MCT than 

marginal skin, which served as a control. Curves are based on univariable Cox proportional hazard models. A. (Left 

panel). Survival time for dogs assessed as positive for p-KIT and VEGFR2 were significantly decreased (p = 0.02 

and p = 0.01, respectively) compared to those not over-expressing the risk factors. (Median survival time = 270 days 

for both risk factors). B. (Middle panel). Rate of local reoccurrence was significantly increased for dogs having 

tumours with greater VEGFR2 expression than marginal skin (p = 0.01). C. (Right panel). Metastatic rate was 

significantly increased in dogs having tumours with increased p-KIT (p = 0.03) or VEGFR2 (p = 0.03) compared to 

marginal skin. LR - Local reoccurrence; PDGFRβ – platelet-derived growth factor receptor beta; p-KIT - 

phosphorylated KIT; VEGFR2 - vascular endothelial growth factor receptor 2. 

C B A 
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Figure 4.10. Receptor tyrosine kinase expression profiles of cultured cells derived from cutaneous and subcutaneous 

canine mast cell tumours. Western blots of phosphorylated and total KIT and VEGFR2 and total PDGFRβ from 

MCT lysates of serum-starved cells cultured from mast cell tumours. All cells expressed detectable KIT using 

prolonged exposures (2 hours) but phosphorylation was only detected in some MCT (1, 3, 8, 11). Both glycosylated 

(145 kDa) and non-glycosylated (130 kDa) KIT are seen in cell lysates, however, the non-glycosylated band is much 

less intense in some cells (sample 7 and 8). The molecular weight is slightly higher in some samples (1, 3, 8, 11). 

VEGFR2 is detected in most cells and phosphorylated VEGFR2 (Tyr 951) is seen in 50% of samples. Cells show 

variable isoform expression, presumably corresponding to the glycosylated (230 kDa), partially glycosylated (210 

kDa) and non-glycosylated (150 kDa) forms reported for human cells. Detectable PDGFRβ is expressed in three 

samples (3, 6, 8). 
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CHAPTER 5 - RECEPTOR TYROSINE KINASE SIGNALLING IN 

TWO NOVEL CANINE MAST CELL TUMOUR CELL LINES 
 

INTRODUCTION 

Receptor tyrosine kinase (RTK) inhibitors are effective in treating human (Pardanani et 

al., 2003; Valent et al., 2005; An et al., 2010; Eisenberg and Trent, 2011; Guo et al., 2011)
 
and 

animal cancer patients (London et al., 2003; Pryer et al., 2003; Hahn et al., 2008; London et al., 

2009a; Hahn et al., 2010), either as sole agents or by sensitizing the tumour to adjuvant radiation 

or chemotherapy. Despite considerable advances, drug resistance and toxicity are commonly 

reported (Ma et al., 2002; Bauer et al., 2007; Force et al., 2007; London et al., 2009b; Amitay-

Laish et al., 2011; Chamberlain and Barnholtz, 2011; Chomel and Turhan, 2011; Min et al., 

2011) and further understanding of RTK expression and signalling at a cellular level is needed. 

In non-neoplastic cells, ligand binding causes RTK activation via phosphorylation of 

tyrosine residues which serve as docking sites for signalling intermediates (Qiu et al., 1988; 

Yarden and Ullrich, 1988; Blume-Jensen et al., 1998; Mol et al., 2003; Roskoski, 2005b). This 

leads to activation of numerous downstream molecules culminating in the transcription of genes, 

including those involved in proliferation, survival and motility (Blume-Jensen et al., 1991; 

Blume-Jensen et al., 1998; Roskoski, 2005b). Aberration of RTK expression, activation, 

trafficking or signalling contributes to tumour progression by escalating cellular processes. 

Canine MCT are a valuable model for understanding RTK involvement in cancer as they 

respond clinically to RTK inhibition (London et al., 2003; Hahn et al., 2008; London et al., 

2009b; Hahn et al., 2010;). The results of many studies have shown that canine MCT are 

important research models for c-KIT driven neoplasia (Liao et al., 2002; Gleixner et al., 2007; 

London et al., 2009b; Gleixner et al., 2010; Takeuchi et al., 2010; Takeuchi et al., 2012). In 
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addition, recent investigations have shown that these tumours may be used to study other 

dysregulated RTK, including VEGFR (Rebuzzi et al., 2007). This is evidenced by studies using 

toceranib, a multi-targeted indolinone RTK inhibitor (London et al., 2003; London et al., 2009a). 

Toceranib occupies the ATP binding site in the catalytic domain and thus excludes ATP binding 

and subsequent RTK phosphorylation. This leads to reduction of the activity of several RTK 

(Table 1.3), including KIT and VEGFR (Liao et al., 2002; Pryer et al., 2003; London, 2009a). 

Toceranib has biological activity against c-KIT mutated and non-mutated MCT and many 

spontaneous canine cancers lacking dysregulated KIT, including multiple myeloma, mixed 

mammary carcinoma and sarcomas (London et al., 2003; London et al, 2009b). These responses 

may, in part, be due to inhibition of VEGFR. Canine MCT cells expressed VEGFR1 and 

VEGFR2 as well as VEGF ligand and the latter is over-expressed in high grade MCT (Rebuzzi et 

al., 2007). As VEGF signalling is an important mediator of angiogenesis (Kim et al., 1993; 

Ferrara et al., 2003; Ferrara and Kerbel, 2005; Roskoski, 2007) and is an autocrine growth factor 

in some human cancers (Santos and Dias, 2004; Vincent et al., 2005; Lee et al., 2007a; Barr et 

al., 2008; Sher et al., 2009; Lee et al., 2011), this is an important target and should be explored 

in canine MCT. 

This study describes the generation of two continuous canine MCT-derived cell lines 

(MCT1 and MCT2) obtained directly from spontaneous canine MCT using in vitro fibroblast co-

culture techniques. Both cell lines have autophosphorylated KIT and VEGFR2 and proliferate 

without the addition of exogenous ligand. The expression, activity, and inhibition responses of 

KIT and VEGFR2 receptors were characterized in both cell lines. These data show that these cell 

lines will be useful in further studying RTK signalling and inhibitory responses. 
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MATERIALS AND METHODS 

Reagents and Buffers 

Toceranib phosphate (SU-11654) was provided as a crystalline powder by Pfizer Inc. 

Stock solutions of 10 mM were prepared by dissolving 4 mg into 1 mL of dimethyl sulfoxide 

(DMSO) and aliquots were stored at -80°C. Stock solutions were used to prepare further 

dilutions in DMSO. The following reagents were obtained from Invitrogen (Burlington, Ontario, 

Canada): DMSO, penicillin/streptomycin, gentamycin, amphotericin B, fetal bovine serum 

(FBS). Recombinant canine stem cell factor (rcSCF) and recombinant canine vascular 

endothelial growth factor (rcVEGF) were purchased from R&D Systems (Minneapolis, MN, 

USA). Collagenase type IV was purchased from Sigma-Aldrich (Oakville, Ontario, Canada). 

Generation of Neoplastic Canine Mast Cell Lines Using Fibroblast Co-Culture 

Surgical biopsies from 2 dogs with spontaneous MCT were obtained from the Ontario 

Veterinary College, University of Guelph, small animal surgical oncology service. MCT1 was a 

grade III MCT with metastasis to the mandibular lymph node derived from the neck of a 7 year 

old male castrated Sharpei dog (Figs. 5.1A, B). The tumour was a non-encapsulated, poorly 

demarcated expansile and infiltrative mass extending from the dermis to the subcutaneous tissue, 

composed of a dense cellular, pleomorphic population of agranular neoplastic mast cells with a 

high mitotic rate (Fig. 5.1C). The MCT2 cell line was derived from a grade I MCT removed 

from a 7 year old female spayed Boxer dog. The MCT was confined to the dermis and was a 

poorly-circumscribed, infiltrative mass composed of well differentiated mast cells with abundant 

cytoplasmic granules and no discernible mitoses (Fig. 5.2A). 
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Neoplastic mast cells were isolated from surgical biopsies as described in Chapter 4 

based on modifications of published protocols (Lazarus et al., 1986; DeVinney and Gold, 1990; 

Bachelet et al., 2006; Lin et al., 2009). Cells were initially maintained in co-culture with 

fibroblasts using suspension plates and modifications of published techniques (Bachelet et al., 

2006; Pinello et al., 2009). Media (RPMI-1640; Sigma) was supplemented with 10% FBS, 1 

mmol/L sodium pyruvate, 100 U/mL penicillin, 100 µg/mL streptomycin, 50 μg/mL gentamycin, 

50 μg/mL amphotericin B and 10 ng/mL of rcSCF. Media and rcSCF was replaced every 3 to 5 

days using gentle pipetting to avoid removing adherent mast cells, while allowing removal of 

debris, erythrocytes and other leukocytes (e.g., eosinophils). Initially, mast cells remained in 

suspension or attached to fibroblasts (Figs. 5.1D and 5.2B). After several weeks, MCT1 and 

MCT2 began to proliferate without rcSCF or fibroblasts (Figs. 5.1E and 5.2C). Purity was 

assessed using Wright-Giemsa stained cytospins (Figs. 5.1F and 5.2D) and viability with Trypan 

blue exclusion. 

Immunocytochemical Expression and Activity of KIT and VEGFR2 

Cells were serum-starved for 48 hours. For phospho-VEGFR2 (p-VEGFR2), cells were 

incubated with 0.5 mM sodium pervanadate for 8 minutes at 37°C prior to experiments. Air-

dried cytospins were prepared using approximately 1x10
6
 cells/mL resuspended in PBS prior to 

fixation with 4% paraformaldehyde. Cells were permeabilized using 0.1% Triton X-100 (Sigma) 

for 5 minutes, rinsed with wash buffer (Dako), blocked with protein-free block for 10 minutes 

(Dako), followed by incubation with primary anti-rabbit antibodies (KIT; Dako; 1:100; phospho-

KIT (p-KIT), VEGFR2 and phospho-VEGFR2 Tyr 951: all from Cell Signaling Technology at 

1:100) for 1 hour at room temperature. A streptavidin-biotin-HRP labelling system (LSAB; 
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Dako) was used as per manufacturer’s protocol using 30 minute incubations times for anti-rabbit 

biotinylated antibodies and peroxidase-labelled streptavidin. Reactions were visualized with 3', 

3'-diaminobenzidine (DAB; Dako). Following hematoxylin counterstaining, slides were mounted 

(Cytoseal; Thermo-Scientific) and coverslipped. 

p-KIT and KIT Immunofluorescence 

Cells were serum-starved for 48 hours prior to fixation with 4% paraformaldehyde. 

MCT1 cells were cultured on sterile coverslips while air-dried cytospins were used for MCT2 

cells as these grew in suspension. Following permeabilization and blocking as above, slides were 

incubated with a fluorescence conjugated, anti-mouse monoclonal antibody to KIT (Alexa Fluor 

488; Cell Signaling Technology; 1:50) overnight at 4°C. Slides were rinsed and incubated with 

anti-p-KIT (Cell Signaling; 1:100) for 1 hour at room temperature prior to incubation with 

fluorescent-tagged anti-rabbit Cy3 secondary antibody (1:100; Jackson ImmunoResearch). 

Nuclei were stained using 4 ng/mL of 4’,6’-diamidino-2-phenylindone (DAPI) (Dako) and slides 

were mounted using fluorescence mounting media (Dako). Images were captured with a 40X 

objective using QCapture software calibrated to a Leica DMLB microscope fitted with a Q 

imaging QICAM fast 1394 digital camera. Images were merged using Adobe Photoshop 7 

(Adobe). 

c-KIT Mutational Analysis 

Mutational analysis and sequencing was performed as previously described in Chapter 4 

using published techniques (Downing et al., 2002; Jones et al., 2004). Genomic DNA was 

extracted from MCT1 and MCT2 cells using a commercially available kit (DNeasy; Qiagen), 
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following digestion for 2 hours with proteinase K. Total DNA was quantified using Nano-drop 

analysis (Thermo Scientific). PCR amplification of c-KIT exon 11 and intron 11 was performed 

using the primers in Chapter 4 (Table 4.1). β-actin was used as a positive control (Chapter 4, 

Table 4.1) and negative controls were treated identically to sample but did not contain template. 

Analysis of Receptor Tyrosine Kinase Phosphorylation and Expression  

For all experiments, approximately 1x10
6 

cells/mL cells were washed in PBS and serum-

starved in 24 well plates for 48 hours. For dose response experiments, cells were either treated 

with rcSCF or rcVEGF for 15 minutes at concentrations ranging from 0 to 100 ng/mL. Time 

course experiments involving KIT were performed by treating cells with 100 ng/mL of rcSCF for 

various times (0 to 2 hours). For RTK inhibition experiments, cells were pre-treated for 4 hours 

with toceranib at concentrations ranging from 0 µM (0.01% DMSO only) to 10 μM with or 

without addition of 100 ng/mL rcSCF (for KIT experiments) or 10 ng/mL rcVEGF (for VEGFR2 

experiments) for 15 minutes. For experiments involving phospho-VEGFR2, cells were 

additionally incubated with 0.5 mM pervanadate at 37⁰C for 8 minutes. Following treatment, 

cells were lysed for 20 minutes at 4°C in protein lysis buffer (Cell Signaling) supplemented with 

1 mM PMSF, 2 μg/mL each of aprotinin and phosphatase inhibitor cocktail 2 (Sigma-Aldrich) 

and 1 mM sodium pervanadate (Fisher). Following protein quantitation, 10 µg (for phospho KIT 

and KIT) and 20 μg (for phospho VEGFR2 and VEGFR2) of protein was separated using SDS-

PAGE on a 7% gel. Western blotting was performed as described previously using the following 

antibodies: anti-phospho-KIT (1:1000; Tyr 719; Dako), anti-phospho-VEGFR2 (1:1000; Tyr 951 

and Tyr 1175; Cell Signaling Technology) and anti-β-actin (1:2000; Cell Signaling Technology). 

After incubation with POD-conjugated secondary antibodies (1:10,000; Cell Signaling 
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Technology) for 30 minutes, membranes were rinsed and developed using BM 

Chemiluminscence Western Blotting Substrate (Roche Diagnostics) and exposed to X-ray 

medical film (Kodak). Blots were then stripped (Reblot Plus Mild; Millipore), blocked for 1 hour 

in 5% milk and then reprobed for total KIT (Dako; 1:2000) or VEGFR2 (Cell Signaling; 1:1000). 

Effect of Stimulation and Inhibition of KIT and VEGFR2 on Cell Proliferation 

To determine the effect of stimulation or inhibition of KIT and VEGFR2 signalling on 

cell viability, a commercial MTT assay (Sigma) was used according to manufacturer’s protocol. 

In brief, approximately 1x10
4
 cells were seeded into 96 well plates containing 150 μL of phenol 

red-free RPMI supplemented with 10% FBS and antibiotics. For stimulation experiments, 0 or 

10 ng/mL of either rcSCF or rcVEGF, were added per well every 24 hours and for inhibition 

studies, cells were incubated with either toceranib (0, 0.01, 0.1 or 1 μM), bevacizumab (as 

Avastin™; 150 ng/mL) or a combination of both. Control wells contained vehicle only and 

assays were done in triplicate with 3 independent experiments. There was no significant effect of 

vehicle addition (results not shown). 

Detection of SCF and VEGF in Conditioned Media and MCT Lysates 

To determine if cell lines produced KIT and VEGFR2 ligands, levels of SCF and VEGF 

were assessed in cell-free conditioned media using commercially available ELISA (Canine SCF 

and VEGF Duosets, R&D Systems) according to manufacturer’s protocol. Approximately 1x10
6
 

cells/mL were seeded into 6 well plates. After 24 hours, cells were washed with PBS and serum-

starved for 48 hours. Conditioned media was removed, centrifuged at 3000 x g for 5 minutes at 

4°C and 100 µL was used for ELISA. For VEGF, cells were incubated for 1 hour with 0, 5 or 50 
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μg/mL of bevacizumab (supplied as Avastin™), diluted in PBS prior to the collection of 

conditioned media. Lysates from frozen tumours from which MCT1 and MCT2 were derived 

were also assessed for SCF levels. Controls were serum-free media. 

Assessment of Autocrine VEGFR2 Signalling Loops 

Approximately 1x10
6
 cells/mL were seeded into 24-well plates and serum-starved for 48 

hours. Cells were washed and incubated with fresh serum-free media for various time points (0-4 

hours). Immediately before lysis, conditioned media was removed, centrifuged to remove cells 

and assessed for VEGF levels using ELISA (Canine VEGF Duoset). Cells were incubated with 

0.5 M pervanadate for 8 minutes prior to lysis, followed by western blotting as described above. 

Statistical Analyses 

All statistical analyses for densitometry were performed with Statistical Analysis 

Software (SAS 9.1) and graphs were generated with GraphPad Software (Prism 4). Data which 

was normally distributed (as assessed by the Kolmogorov-Smirnov test using PROC 

UNIVARIATE) and displayed homogeneity of variance (as assessed by the Brown-Forsythe’s 

test using PROC GLM) was analysed with one-way ANOVA and post-hoc analysis was 

performed if F values were found significant, using Tukey-Kramer tests. For data which violated 

assumptions of normality or homogeneity of variance, Kruskal-Wallis tests were used and if 

significant differences were found, Dunn’s multiple comparison testing was performed to assess 

which medians differed among treatment groups. Outliers were identified by examination of 

residuals, but removal did not statistically influence the data so results presented include these 

data. All experiments were performed in triplicate and significance was set at p < 0.05. 
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RESULTS 

MCT Cell lines Express Activated KIT and VEGFR2  

MCT1 cells demonstrated cell to cell heterogeneity in phosphorylation of KIT and 

VEGFR2, observed as diffuse cytoplasmic staining in less than 30% of cells as assessed with 

immunocytochemistry (Fig. 5.3A). Total KIT and VEGFR2 were observed in the majority of 

MCT1 cells as diffuse stippled cytoplasmic staining (Fig. 5.3A). In contrast, phosphorylation of 

KIT and VEGFR2 was more homogeneously demonstrated in MCT2 cells as diffuse cytoplasmic 

staining (Fig. 5.3B). Total KIT and VEGFR2 expression was also diffusely cytoplasmic and also 

was frequently observed as focal, perinuclear (“Golgi-like”) cytoplasmic aggregates as assessed 

with immunocytochemistry (Fig. 5.3B). 

In the initial MCT from which MCT1 and MCT2 cell lines were derived, phosphorylated 

and total KIT and VEGFR2 were detected by western blotting in Chapter 4 (samples 11 and 12; 

Fig. 4.6). KIT cellular localization patterns, assessed by immunohistochemistry, for the original 

tumours (Fig. 5.4) corresponded to the KIT patterns in the respective cell lines (Fig. 5.3). 

Immunofluorescence of KIT and p-KIT in MCT1 cells showed diffuse and focal 

perinuclear  (“Golgi-like”) localization and in both locations, these were co-localized (Fig. 5.5). 

In MCT2 cells, phosphorylated KIT was diffusely cytoplasmic and although total KIT 

expression was both diffusely cytoplasmic and focally cytoplasmic, co-localization was diffuse 

within the cytoplasm (Fig. 5.6). After toceranib treatment, both cell lines showed attenuation of 

phosphorylated KIT (Figs. 5.5 and 5.6). In toceranib-treated MCT1 cells, total KIT expression 

was reduced and focal perinuclear aggregates were diminished (Fig. 5.5). Following toceranib 

treatment of MCT2 cells, total KIT localization appeared unchanged and there were several 

apoptotic cells seen as evidenced by DAPI-stained nuclear morphology (Fig. 5.6). 
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c-KIT Mutational Analysis of Cell Lines 

PCR amplification of the exon 11 juxtamembrane region of c-KIT showed MCT1 cells as 

a band of approximately 190 bp (Fig. 5.7). The sequence was identified as wildtype c-KIT. 

Sequencing of c-KIT of the initial MCT from which MCT1 cells were derived revealed a 46 bp 

ITD mutation within intron 11 (Table 5.1), but this was not detected in the cell line. PCR 

amplification showed that MCT2 cells had both mutated (approximately 250 bp) and wildtype 

(approximately 190 bp) alleles (Fig. 5.7 and Table 5.1). Sequencing revealed the higher band to 

have a 48 bp ITD within exon 11 of c-KIT, which conferred a putative translational protein with 

a 16 amino acid insert within the juxtamembrane domain (Table 5.1). The sequence from the 

initial MCT for this cell line consisted of wildtype c-KIT only. 

Effect of rcSCF on KIT Phosphorylation in MCT Cell Lines 

Expression of total and phosphorylated KIT in response to rcSCF stimulation was 

assessed using western blotting (Fig. 5.8). Both cell lines showed autophosphorylation of KIT 

without additional ligand of both immature (125 kDa) and mature (145 kDa) bands, 

corresponding to the non-glycosylated and glycosylated isoforms, respectively (London et al., 

1999) (Fig. 5.8A). Baseline (0 ng/mL rcSCF) relative phosphorylation was greatly enhanced and 

KIT was of a higher molecular weight in MCT2 cells compared to MCT1 cells (Fig. 5.8A). 

Addition of rcSCF had a statistically significant effect on KIT phosphorylation of the mature 

isoform in MCT1 cells (Table 5.2 and Figs. 5.8A, B). Dunn’s post-hoc analysis showed 

significant increases in mean phosphorylation levels (p < 0.05) at 10 ng/mL rcSCF compared to 

untreated cells (Table 5.2 and Fig. 5.8B). MCT2 cells showed no change in phosphorylated or 

total KIT levels upon addition of exogenous ligand in any experiments (F[5,12] = 0.65; p = 0.67) 
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(Table 5.2 and Figs. 5.8A-C). Levels of SCF produced by cells and detected in tissue lysates 

were similar to control media alone and were below the threshold for significant induction of 

KIT phosphorylation (Fig. 5.8D). 

Time course experiments showed significant enhancement of phosphorylation in MCT1 

cells (F[5,12] = 13.62; p < 0.001) within 5 minutes of treatment with 100 ng/mL rcSCF, which 

was sustained for one hour. No change in phosphorylated or total KIT was seen in MCT2 at any 

time point (F[5,12] = 0.04; p = 0.99) (Table 5.2 and Figs. 5.9A-C). 

Responses to Ligand Stimulation of VEGFR2 Differ Between Cell Lines 

Cells were serum-starved for 48 hours to negate the possibility that effects were due to 

serum-derived VEGF. Both cell lines demonstrated autophosphorylated VEGFR2 receptors (Tyr 

951) without additional ligand (0 ng/mL rcVEGF; Fig. 5.10A). Phosphorylated VEGFR2 was 

consistently higher in untreated MCT2 cells compared to MCT1 cells (Figs. 5.10A, B). MCT1 

cells showed significant dose-dependent phosphorylation of both the glycosylated (230 kDa) and 

non-glycosylated bands (210 kDa) with additional ligand (F[5,12] = 11.10; p < 0.001). Relative 

phosphorylation was significantly increased at 1 ng/mL of rcVEGF compared to baseline (0 

ng/mL) levels (Table 5.2 and Fig. 5.10B). For MCT2, phosphorylation of VEGFR2 remained 

unchanged with additional exogenous ligand. Although there was consistently a transient 

increase in relative phosphorylation at 1 ng/mL rcVEGF in MCT2 cells, this was not found to be 

statistically significant based on repeated experiments (Table 5.2 and Fig. 5.10B). Total 

VEGFR2 levels were unchanged in both cell lines (Table 5.2 and Figs. 5.10 A, C). MCT1 cells 

had strong expression of the mature band which masked a relatively weaker non-glycosylated 

band. In contrast, both forms of VEGFR2 were expressed with equal density in MCT2 cells and 
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phosphorylation of the immature band was seen at 0 and 1 ng/mL rcVEGF (Fig. 5.10A). 

Phosphorylation at tyrosine kinase residue 1175 was not detected (data not shown). 

Neoplastic Mast Cells Show Autocrine Activation of VEGFR2 

To assess if autocrine VEGFR2 signalling loops existed in cells, VEGF levels of 

conditioned media were compared to relative phosphorylation and expression of VEGFR2 for 

various time points following incubation with fresh serum-free media (Figs. 5.11 and 5.12). 

Autocrine VEGF production significantly enhanced phosphorylation of VEGFR2 in MCT1 cells 

(χ
2 

= 24.28; p = 0.01). Phosphorylation was initially increased in a dose dependent manner in the 

first 60 minutes (Figs. 5.11A and 5.12A). This was followed by fluctuating reduction and 

increases in phosphorylation until 720 minutes, at which time phosphorylation was stably 

attenuated (Fig. 5.11A). Total VEGFR2 expression remained unchanged over time (Fig. 5.12B). 

In MCT2 cells, VEGFR2 phosphorylation was also significantly changed with autocrine VEGF 

production (F[10,22] = 7.26; p < 0.001) with pulsatile increases seen at 5, 30, 60 and 240 

minutes and attenuation was seen at 720 minutes (Table 5.2 and Figs. 5.11B, 5.12A). Both 

isoforms of total VEGFR2 expression in MCT2 cells were significantly affected by autocrine 

VEGF (F[10,22] = 9.40; p < 0.001) with relative increase seen at 4 and 12 hours. At 720 

minutes, total VEGFR2 levels became attenuated in MCT2 cells, with significant down-

regulation at 48 hours in concordance with decreased phosphorylation (Table 5.2 and Figs. 

5.11B, 5.12B). VEGF levels in conditioned media steadily increased over time in both cell lines, 

with statistically significant change (compared to 0 time point) seen at 12 hours (Table 5.2 and 

Fig. 5.12C). VEGFR2 phosphorylation at the Tyr 1175 site was not evidenced for either cell line 

(data not shown). 
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Toceranib Inhibits KIT and VEGFR2 Phosphorylation in Both Cell Lines 

Attenuation of KIT phosphorylation was demonstrated in both cell lines, but MCT1 (Fig. 

5.13) and MCT2 (Fig. 5.14) cells differed in susceptibility. KIT phosphorylation was 

significantly decreased only at extremely high concentrations (10 µM) of toceranib in MCT1 

cells but the effect of toceranib was statistically significant only in cells treated with rcSCF 

(Table 5.2 and Figs. 5.13A, B). In contrast, KIT was much more sensitive to tyrosine kinase 

inhibition in MCT2 cells (Figs. 5.14A, B). KIT phosphorylation was significantly reduced in 

MCT2 cells at low concentrations of toceranib with statistically significant decrease compared to 

0 µM seen with as little as 0.01 µM of toceranib (Table 5.2 and Fig. 5.14B). For both cells lines, 

significant changes in total KIT were not observed (Table 5.2 and Figs. 5.13C, 5.14C).and 

toceranib did not influence receptor glycosylation using this protocol (Figs. 5.13A and 5.14A). 

VEGFR2 activity was significantly decreased at high concentrations of toceranib in both 

cell lines (1 µM in MCT1 (Figs. 5.15A, B) and 10 µM in MCT2 (Figs. 5.16A, B)). Total 

VEGFR2 remained unchanged for MCT1 cells. In MCT2 cells there was consistent, up-

regulation of total VEGFR2 at 0.001µM of toceranib in cells untreated with rcVEGF, but this 

was not statistically significant (Table 5.2 and Figs. 5.16A, C) 

Cell Proliferation Responses to Stimulation and Inhibition in MCT1 and MCT2 Cell Lines 

MTT assays were used to determine if cell growth of MCT1 (Fig. 5.17A) or MCT2 (Fig. 

5.17B) was enhanced in response to additional rcSCF or rcVEGF. The doubling time for MCT1 

was approximately 48 hours and for MCT2 was 72 hours without additional ligand. Neither cell 

line showed significant change in cell growth with either rcSCF or rcVEGF (Table 5.2). 
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The effect of toceranib and bevacizumab on cell growth was assessed in both cell lines 

(Figs. 5.18A, B). Toceranib had no significant inhibitory effect on MCT1 growth, even at 72 

hours (F[4,15] = 0.85; p = 0.52) (Fig. 5.18A) using either 0.1 µM or 1 µM concentrations. Cell 

growth was most decreased in cells treated with a combination of 1 µM toceranib and 150 

µg/mL bevacizumab at 72 hours compared to untreated controls (Fig. 5.18A), but this was not 

statistically significant (p > 0.05). In contrast, cell growth and viability of MCT2 was 

significantly inhibited by toceranib as early as 24 hours (F[5,12] = 13.59; p <0.001) (Fig. 5.18B). 

Cell numbers were reduced below 50% of controls at 24 hours (p < 0.05) using either 0.1 or 1 

µM of toceranib and were significantly reduced using 0.01 µM at 48 hours (p < 0.01; Fig. 

5.18B). Additionally, 150 ng/mL of bevacizumab alone significantly impeded cell growth 

compared to controls after 48 hours of incubation (p < 0.05) (Table 5.2 and Fig. 5.18B). 

The neutralizing ability of bevacizumab on canine VEGF was determined by incubating 

cell-free conditioned media with bevacizumab at 0, 5 and 50 µg/mL for 1 hour. VEGF levels 

assessed using ELISA appeared to be higher in MCT2 cells compared to MCT1 cells, but the 

difference was not statistically significant (p = 0.22) (Fig. 5.19). Bevacizumab significantly 

reduced VEGF in both MCT1 cells and MCT2 cells using both 5 and 50 µg/mL, demonstrating 

that bevacizumab can effectively neutralize canine VEGF (Table 5.2 and Fig. 5.19). 
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DISCUSSION 

Two novel continuous canine MCT cell lines (MCT1 and MCT2) were generated directly 

from spontaneous canine tumours. Both cells lines express KIT and VEGFR2 and continuously 

proliferate without the addition of exogenous ligand. Responses to stimulation and inhibition of 

KIT and VEGFR2 differed between the two cell lines, illustrating differential dependence on 

these receptor signalling pathways. These novel cells lines will be valuable for the study of both 

KIT and VEGFR signalling and inhibition in neoplasia. 

A major impediment to RTK research is the lack of available cell lines. The majority of 

human mastocytosis research is performed using 2 cell lines (HMC1.1 and HMC1.2) (Furitsu et 

al., 1993; Gleixner et al., 2010). As the human disease is rare, the opportunity for generation of 

further cell lines is reduced. Despite that they are common, much of what is known about canine 

MCT is also based on a limited number of MCT lines (Liao et al., 2002; Gleixner et al., 2007; 

Lin et al., 2009)
 
and the majority of studies have been performed using the murine-passaged BR 

or C2 lines (Lazarus et al., 1986; DeVinney and Gold, 1998). Recently characterized continuous 

canine MCT cell lines include CL1, which was isolated from the ascitic fluid of a metastatic 

canine MCT
 
(Lin et al., 2009) and the MPT-1 cell line,

 
derived from a cutaneous canine MCT 

(Amagai et al., 2008). Both of these have wildtype KIT receptors, yet show similar ligand 

independent proliferation as for c-KIT mutant lines. Four other canine MCT continuous cell lines 

(HRMC, CMMC1, VIMC1 and CoMS1) have been reported (Ishiguro et al., 2001; Ohmori et 

al., 2008; Takeuchi et al., 2012) and these have recently been evaluated for c-KIT mutations and 

RTK inhibitory responses (Takeuchi et al., 2010; Takeuchi et al; 2012). The addition of MCT1 

and MCT2 to this panel will increase our understanding of the genetic diversity of KIT in 

neoplasia and also may enhance understanding of VEGFR signalling. 
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MCT1 and MCT2 were generated using fibroblast co-culture techniques. This culture 

method has the advantage of prolonging longevity and viability of mast cells, allowing media 

replacement with minimal disruption and loss of cells in suspension. As mast cells are 

notoriously fragile (Bachelet et al., 2006), repeated centrifugation would have resulted in 

decreased viability and debris contamination, which was avoided since mast cell aggregates were 

not dislodged with media changes. A major obstacle to using fibroblast co-culture has been the 

difficulty in obtaining purity of mast cells for analysis (Bachelet et al., 2006), but this study 

shows that this can be circumvented by using suspension plates, which results in the formation of 

loose aggregates of mast cells amenable to isolation. As fibroblast co-culture effectively mimics 

elements of the tumour microenvironment by preserving stromal interaction, in vitro longevity 

was likely increased due to the local growth factor stimulation, particularly SCF, provided by 

fibroblasts (Levi-Schaffer et al., 1987; Dastych and Metcalfe, 1994; Koma et al., 2005; Bachelet 

et al., 2006). This culture method resulted in sustained growth of cells, which either allowed for 

further mutations to arise in vitro, or more likely, for clonal selection of more aggressive 

variants. In either case, this study illustrates a valuable way to explore tumour cell-stromal 

interactions in vitro and demonstrates a method which may facilitate the generation of additional 

neoplastic canine mast cell lines for study. 

KIT and VEGFR2 phosphorylation was heterogeneous in MCT1 cells as shown by 

immunocytochemistry and immunofluorescence. In contrast, phosphorylation of these receptors 

was more homogeneous in MCT2 cells, suggesting that there is less clonal variation within this 

cell line. Activated KIT was localized diffusely within the cytoplasm and as focal perinuclear 

aggregates in both cell lines. The latter pattern suggests that KIT is localized within the 

endoplasmic reticulum or Golgi zone as was reported in c-KIT- mutated GIST and murine 
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mastocytosis cells (Xiang et al., 2007; Tabone-Eglinger et al., 2008). One of those studies 

(Tabone-Eglinger et al., 2008) determined that Golgi zone phosphorylation was due to the 

immature isoform. This predominated in cases of GIST which had either homozygous or 

heterozygous c-KIT mutations and was absent in those with wildtype c-KIT (which demonstrated 

membranous KIT). 

Detection of perinuclear phosphorylated KIT has not been previously described for 

canine MCT. Furthermore, no studies of canine MCT have demonstrated KIT responses to 

inhibition with immunofluorescence. These discoveries may prove valuable for the study of 

cellular responses to RTK inhibition as was described for GIST (Tabone-Eglinger et al., 2008). 

That study found that 24 hour treatment with imatinib, a RTK inhibitor of KIT, restored KIT 

localization to the membrane, suggesting that RTK inhibition was effective in re-establishing 

normally intracellular trafficking (Tabone-Eglinger et al., 2008). The mechanism responsible for 

this effect is not known (Tabone-Eglinger et al., 2008). The work is significant as it demonstrates 

that re-establishing membranous KIT localization may increase the efficacy of monoclonal 

antibody therapy, thus small molecule inhibitors could be used in a synergistic manner (Tabone-

Eglinger et al., 2008). Normalization of KIT to the membrane was not observed in either MCT1 

or MCT2 cells. In this present study, a 4 hour, rather than 24 hour, incubation was used which 

may not have been long enough to effect this change. Despite the shorter time period, perinuclear 

aggregation was diminished in MCT1 cells with toceranib treatment, suggesting that RTK 

inhibition may have an effect on intracellular trafficking in canine MCT cells and should be 

further investigated. Phosphorylated KIT localization may also be an important predictor for 

clinical outcome. Results from Chapter 4 showed that p-KIT expression in canine MCT may be a 

useful prognostic marker, but localization of activated KIT has not been evaluated as a risk 
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factor. KIT localization is a useful predictive marker in cutaneous MCT (Webster et al., 2007) 

and this was shown to be similar for subcutaneous MCT (Chapter 3). 

KIT was phosphorylated in a dose and time-dependent manner by exogenous ligand in 

MCT1, but not in MCT2. KIT expression was of a higher molecular weight in MCT2 cells 

compared to MCT1 cells. As MCT2 cells had a demonstrable ITD c-KIT mutation, this is most 

likely because a larger KIT is generated, as previously reported (Downing et al., 2002; Takeuchi 

et al., 2010). KIT phosphorylation of the mature and immature isoforms was greatly enhanced at 

baseline (untreated) levels in MCT2 cells compared to MCT1 cells and this remained unchanged 

with rcSCF treatment. These findings parallel the work of another group, who showed similar 

dose responses in neoplastic mast cells with exon 11 ITD c-KIT mutations (Takeuchi et al., 

2010). This lack of response in KIT activation suggests that receptors are maximally 

phosphorylated due to the mutated juxtamembrane domain. c-KIT mutations at this site cause 

conformational change in KIT, which prevents stereotypic hindrance and thus there is 

constitutive signalling (Mol et al., 2003; Mol et al., 2004; Roskoski, 2005a). 

Both cell lines produce high levels of VEGF which appeared to autoactivate VEGFR2 

receptors, suggesting that an autocrine signalling loop may exist in these cells, but further work 

is needed to prove this. Autocrine VEGF signalling is an important mechanism for development 

of some human cancers, including breast cancer, colorectal cancer, ovarian carcinoma and 

melanoma (Bachelder et. al, 2001; Santos and Dias, 2004; Vincent et al., 2005; Lee et al., 2007a, 

b; Barr et al., 2008; Sher et al., 2009; Lee et al., 2011). Autocrine VEGF signalling has been 

shown to sustain cell survival, rather than enhance proliferation (Barr et al., 2008). This survival 

mechanism may be used by canine MCT as VEGFR2 phosphorylation in MCT1 and MCT2 cell 

lines was assessed for the tyrosine kinase 951 site, which is known to be important in motility 
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and survival, but not proliferation, which is attributed more to phosphorylation of Tyr 1175 (Wu 

et al., 2000; Takahashi et al., 2001; Matsumoto et al., 2005; Huynh et al., 2009; Gehrke et al., 

2011; Koch et al., 2011). VEGFR2 phosphorylation at the Tyr 1175 site was not evident in either 

MCT1 or MCT2 cells (data not shown). 

Several groups have shown that some canine cancer cells (including MCT) express both 

VEGF and its receptors (Millanta et al., 2006; Yonemaru et al., 2006; Rebuzzi et al., 2007; 

Shiomitsu et al., 2009; Al-Dissi et al., 2011), suggestive of autocrine signalling and these data 

lend support to the present study. Only one other group (Takeuchi et al., 2011) has demonstrated 

VEGFR2 phosphorylation in canine MCT cells, but signalling studies were not performed. These 

new cell lines can be used to evaluate autocrine VEGFR signalling and anti-VEGF therapies. 

VEGFR2 phosphorylation in MCT1 cells was enhanced with increasing rcVEGF 

concentration and initially (over the 1
st
 hour) correlated in a time-dependent manner with 

autocrine VEGF stimulation. In contrast, dose-dependent VEGFR2 phosphorylation was not 

observed in MCT2 cells and receptor activation appeared to be pulsatile over time, as was found 

at later time points for MCT1. The explanation for this dynamic signalling is not clear as 

VEGFR2 signalling in canine cells is not described. In human endothelial cells, VEGFR2 

signalling is complex and many cellular trafficking mechanisms have been elucidated (Koch et 

al., 2011). Following VEGF binding, VEGFR2 is internalized within endothelial cells via a 

number of mechanisms including clathrin-mediated endocytosis and via perinuclear caveosomes 

(Mosesson et al., 2008; Koch et al., 2011). VEGFR2 may then be degraded (via 

ubiquitin/proteasomal pathways) or recycled back to the membrane (Bikfalvi et al., 1991; Duval 

et al., 2003; Labrecque et al., 2003; Ewan et al., 2006; Bruns et al., 2010; Koch et al., 2011). 

Upon internalization, signalling is also not necessarily terminated as VEGFR2 phosphorylation 
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within endosomes of endothelial cells has been reported (Labrecque et al., 2003). Additionally, 

VEGFR2 is stored in intracellular vesicles within endosomes and receptors. Stimulation with 

VEGF can cause these receptors to localize to the membrane (Gampel et al., 2006). It is not 

known whether these processes occur in canine cells, but if they do, it is still not possible to say 

if transient decreases in phosphorylation were due to total receptor internalization and 

degradation, as total VEGFR2 levels did not appreciably decline in concordance with 

phosphorylated VEGFR2 until later time points (48 and 72 hours). Newly synthesized VEGFR2 

may account for some of the total VEGFR2, especially at later time points. Conversely, transient 

increases in phosphorylation may be attributed to the combined activity of newly synthesized 

and endosomal VEGFR2 signalling. Finally, transient decreases in phosphorylation may be due 

to phosphatase activity as has been shown in human endothelial cells (Bhattacharya et al., 2008). 

Addition of VEGF to human umbilical vein endothelial cell (HUVEC) culture led to activation 

of Shp1-1, a Src homology 2 (SH2) domain-containing tyrosine phosphatase, which is 

constitutively associated with VEGFR2 (Bhattacharya et al., 2008). Activation of Shp1-1 led to 

VEGFR2 dephosphorylation, demonstrating a negative feedback loop in HUVEC cells. As 

VEGFR2 signalling in canine cells is poorly understood, the significance of these results are not 

known and warrant further study. 

Although bevacizumab caused statistically significant growth retardation in the MCT2 

cell line, suggesting a dependency on VEGF signalling, this needs to be further explored. In 

addition, although VEGFR2 phosphorylation was decreased with toceranib, this only occurred at 

high (non-physiological) concentrations. This may mean that these cell lines are resistant to 

toceranib and other inhibitors with higher binding affinities should be assessed. Also, although 
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synergistic inhibition with toceranib and bevacizumab was not seen, future work using different 

concentrations of single agent or combination therapy may determine if this is possible. 

MCT2 cells were highly susceptible to toceranib, even at low concentrations. This is 

reported for canine MCT cell lines which harbour ITD c-KIT mutations in the juxtamembrane 

domain (Liao et al., 2002; Gleixner et al., 2007; Takeuchi et al., 2010; Takeuchi et al., 2012). In 

contrast to MCT2, no c-KIT mutations were detected in the juxtamembrane domain of the MCT1 

cell line. It is possible that other c-KIT mutations were present (e.g., extracellular domain), but as 

the entire c-KIT genome was not sequenced, this is not known. Despite the fact that the original 

MCT from which MCT1 was derived harboured c-KIT mutations within intron 11, this was not 

detectable in the MCT1 cell line. This may have been due to loss of the mutated allele, or else, 

the area of the tumour from which cell culture was derived did not contain c-KIT mutated cells. 

MCT1 appears to be comparatively resistant to toceranib, indicating that these cells are 

either not dependent upon KIT signalling or that structural changes within the receptor prevent 

toceranib binding. As toceranib is structurally different than other KIT inhibitors (Fabbro et al., 

2012), these cells may be more susceptible to inhibitors such as imatinib, masitinib or dasatinib 

since variable responses in neoplastic canine and human mast cells have been reported (Liao et 

al., 2002; Ma et al., 2002; Gleixner et al., 2007). This cell line is therefore valuable for the 

discovery of RTK resistance mechanisms and for the development of novel anti-KIT therapies. 

As RTK research is becoming a valuable part of developing prognostic expression 

profiles and new therapies for cancer (Gschwind et al., 2004; Fabbro et al., 2012; Koukourakis et 

al., 2011), understanding the activity and inhibition of these receptors at the cellular level is 

essential. As spontaneous canine MCT are common and cultured cells can be maintained for 

prolonged periods of time, they are valuable models for RTK signalling and inhibition. 

http://www.ncbi.nlm.nih.gov.subzero.lib.uoguelph.ca/pubmed?term=%22Gschwind%20A%22%5BAuthor%5D
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Table 5.1. Genetic Sequences of c-KIT for Two Canine Cutaneous Mast Cell Tumour Cell Lines 

and Initial Mast Cell Tumours. 

MCT Sample c-KIT Sequence Type 

Mutation 

Size 

(bp)
b
 

Wildtype CCCATGTATGAAGTACAGTGGAAGGTTGTTGAGGAGATCAATGGAAACAATT

ATGTTTACATAGACCCAACACAGCTTCCTTACGATCACAAATGGGAGTTTCC

CAGAAACAGGCTGAGCTTTGgtcagtatgaaataggggctttccatgtaacc

tttttgtgtacgtgtaacaatgactttagggaaca 

 

Wildtype 

 

190 

Translation
a
: PMYEVQWKVVEEINGNNYVYIDPTQLPYDHKWEFPRNRLSF 

MCT1 

Initial 

Tumour 

CCCATGTATGAAGTACAGTGGAAGGTTGTTGAGGAGATCAATGGAAACAATT

ATGTTTACATAGACCCAACACAGCTTCCTTACGATCACAAATGGGAGTTTCC

CAGAAACAGGCTGACCTTTGgtcagtatgaaataggggctttccatccnncc

ttttgtganntgtaaccatgactttnaggaacntttccatgtaacctttttg

tgtacgtgtaacaatgactttagggaac 

46 bp
b
 ITD

c
 

Intron 11 

and wildtype  

 

236 

and 

190 

Translation
a
: PMYEVQWKVVEEINGNNYVYIDPTQLPYDHKWEFPRNRLSF 

MCT1 Cells CCCATGTATGAAGTACAGTGGAAGGTTGTTGAGGAGATCAATGGAAACAATT

ATGTTTACATAGACCCAACACAGCTTCCTTACGATCACAAATGGGAGTTTCC

CAGAAACAGGCTGAGCTTTGgtcagtatgaaataggggctttccatgtaacc

tttttgtgtacgtgtaacaatgactttagggaaca 

Wildtype 

 

190 

Translation
a
: PMYEVQWKVVEEINGNNYVYIDPTQLPYDHKWEFPRNRLSF 

MCT 2 Initial 

Tumour 

CCCATGTATGAAGTACAGTGGAAGGTTGTTGAGGAGATCAATGGAAACAATT

ATGTTTACATAGACCCAACACAGCTTCCTTACGATCACAAATGGGAGTTTCC

CAGAAACAGGCTGAGCTTTGgtcagtatgaaataggggctttccatgtaacc

tttttgtgtacgtgtaacaatgactttagggaaca 

 

Wildtype 

 

190 

Translation
a
: PMYEVQWKVVEEINGNNYVYXDPTQLPYDHKWEFPRNRLSF 

MCT2 Cells CCCATGTATGAAGTACAGTGGAAGGTTGTTGAGGAGATCAATGGAAACAATT
ATGTTTACATAGACCCAACACAGCTTCCTTACGATCACAAATGGGAGTTTCC

CAGAAACAGGCTGACACAGCTTCCTTACGATCACAAATGGGAGTTTCCCAGA

AACAGGCTGAGCTTTGgtcagtatgaaataggggctttccatgtaacctttt

tgtgtacgtgtaacaatgactttagggaaca 

 

48 bp
b 

ITD
c 

Exon 11 

 

238 

Translation
a
:PMYEVQWKVVEEINGNNYVYIDPTQLPYDHKWEFPRNRLTQLPYDHKWEFPRNRLSF 

Underlined bold areas indicate mutation sequences. Uppercase letters refer to Exon 11 and lowercase letters 

represent intron 11 sequences. Lowercase n are bases that are undetermined by sequencing. 
a   

Putative amino acid sequence. 
b
  Base pairs. 

c
  Internal tandem duplication. 
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Table 5.2. Statistics Used for Densitometry and Cellular Proliferation Assays 

Fig.
a
 Cell Line Statistic

b
 Post-hoc test

d
 

  Test Value p
c
 Name Comparison p

c
 

5.8B MCT1 KW
e
 χ

2 
(5) = 14.31 0.01 Dunn’s

f
 0 vs. 10 ng/mL rcSCF < 0.05 

      0, 0.01 or 0.1 vs. 100 ng/mL rcSCF < 0.05 

 MCT2 ANOVA
g
 F(5,12) = 6.36 0.67 - - - 

5.8C MCT1 ANOVA
g
 F(5,12) = 0.28 0.91 - - - 

 MCT2 ANOVA
g
 F(5,12) = 0.30 0.91 - - - 

5.8D BOTH ANOVA
g
 F(3,8) = 17.13 0.01 Tukey

h
 MCT1 conditioned media  vs. 1 

ng/mL rcSCF 

< 0.01 

      MCT2 conditioned media or tissue 

lysates vs. 1ng/mL 

< 0.05 

5.9B MCT1 ANOVA
g
   F(5,12) = 13.62 < 0.01 Tukey

h
 0 vs. all other times <0.01 

 MCT2 ANOVA
g
 F(5,12) = 0.04 0.10 - - - 

5.9C MCT1 ANOVA
g
 F(5,12) = 0.38 0.95 - - - 

 MCT2 ANOVA
g
 F(5,12) = 0.27 0.92 - - - 

5.10B MCT1 KW
e
 χ

2
(5)

 
= 14.33 0.01 Dunn’s

f
 0 vs. 1 ng/mL rcVEGF < 0.05 

      0 or 0.01 vs. 10 ng/mL rcVEGF < 0.05 

      0, 0.01 or 0.1 vs. 10 ng/mL 

rcVEGF 

< 0.05 

 MCT2 ANOVA
g
 F(5,12) = 1.14 0.39 - - - 

5.10C MCT1 ANOVA
g
 F(5,12) = 0.40 0.84 - - - 

 MCT2 ANOVA
g
 F(5,12) = 0.16 0.97 - - - 

5.12A MCT1 KW
e
 χ

2
(5)

 
= 24.28 0.01 Dunn’s

f
 0 vs. 60 or 240 min. < 0.05 

 MCT2 ANOVA
g
 F(10,22) = 187.5 < 0.01 Tukey

h
 0 vs. 5, 30, 60 or 240 min. < 0.05 

5.12B MCT1 ANOVA
g
 F(10,22) = 0.01 0.10 - - - 

 MCT2 ANOVA
g
 F(10,22) = 9.40 < 0.01 Tukey

h
 2880 minutes vs. all other times < 0.05 

5.12C MCT1 KW
e
 χ

2
(10)

 
= 30.14 < 0.01 Dunn’s

f
 0 vs. 720, 1440 or 2880 min. < 0.05 

 MCT2 KW
e
     χ

2
(10)

 
= 28.72 < 0.01 Dunn’s

f
 0 vs. 720, 1440 or 2880 min. < 0.05 

5.13B MCT1 

- rcSCF 

ANOVA
g
 F(5,12) = 1.23 0.35 - - - 

 MCT1 

+ rcSCF 

KW
e
     χ

2
(10)

 
= 11.34 0.04 Dunn’s

f
 0 vs. 10 μM toceranib < 0.05 

5.13C MCT1 

- rcSCF 

ANOVA
g
 F(5,12) = 0.02 0.99 - - - 

 MCT1 

+ rcSCF 

ANOVA
g
 F(5,12) = 0.03 1.00 - - - 

5.14B MCT2 

-rcSCF 

ANOVA
g
   F(5,12) = 28.89 < 0.01 Tukey

h
 0 vs. 0.01 μM toceranib < 0.01 

      0.1, 1 or 10 vs. 0 or 0.001 μM 

toceranib 

< 0.01 

 MCT2 

+ rcSCF 

ANOVA
g
   F(5,12) = 22.18 < 0.01 Tukey

h
 0 vs. 0.01 μM toceranib < 0.01 

      0.1, 1 or 10 vs. 0 or 0.001 μM 

toceranib 

< 0.05 

5.14C MCT2 

-rcSCF 

ANOVA
g
 F(5,12) = 0.67 0.66 - - - 

 MCT2 

+ rcSCF 

ANOVA
g
 F(5,12) = 0.90 0.51 - - - 
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Table. 5.2 (Continued). 

Fig.
a
 Cell Line Statistic

b
 Post-hoc test

d
 

  Test Value p
c
 Name Comparison p

c
 

5.15B MCT1 

- rcVEGF 

ANOVA
g
 F(5,18) = 8.30 < 0.01 Tukey

h
 0, 0.001 or 0.01 vs. 1 μM 

toceranib 

< 0.05 

      0, 0.001 or 0.01 vs. 10 μM 

toceranib 

< 0.01 

 MCT1 

+ rcVEGF 

KW
e
       χ

2
(5)

 
= 12.96 0.02 Dunn’s

f
 0 vs. 1 or 10 μM toceranib < 0.05 

5.15C MCT1 

- rcVEGF 

ANOVA
g
 F(5,12) = 0.23 0.94 - - - 

 MCT1 

+ rcVEGF 

ANOVA
g
 F(5,12) = 0.20 0.96 - - - 

5.16B MCT2 

- rcVEGF 

ANOVA
g
 F(5,12) = 3.28 0.04 Tukey

h
 0.001 or 0.1 vs. 10 μM 

toceranib 

< 0.05 

 MCT2 

+ rcVEGF 

ANOVA
g
 F(5,12) = 3.49 0.04 Tukey

h
 0.01 or 0.1 vs. 10 μM 

toceranib 

< 0.05 

5.16C MCT2 

-rcVEGF 

ANOVA
g
 F(5,12) = 3.24 0.06 - - - 

 MCT2 

+ rcVEGF 

ANOVA
g
 F(5,12) = 0.97 0.49 - - - 

5.17A MCT1  

(72 hours) 

ANOVA
g
   F(2,9) = 0.06 0.94 - - - 

5.17B MCT2 

(72 hours) 

ANOVA
g
   F(2,6) = 0.30 0.75 - - - 

5.18A MCT1  

(72 hours) 

ANOVA
g
 F(4,15) = 0.85 0.52 - - - 

5.18B MCT2  

24 hours 

ANOVA
g
   F(5,12) = 13.59 < 0.01 Tukey

h
 0.1 or 1 μM toceranib vs. 

untreated controls 

< 0.01 

 MCT2 

48 hours 

ANOVA
g
   F (5,12) = 41.51 < 0.01  0.01, 0.1, 1 μM toceranib or 

150 μg/mL bevacizumab or 

150 μg/mL bevacizumab + 1 

μM toceranib vs. untreated 

< 0.01 

 MCT2 

72 hours 

ANOVA
g
   F(5,12) = 58.31 < 0.01  0.01, 0.1, 1 μM toceranib or 

150 μg/mL bevacizumab or 

150 μg/mL bevacizumab + 1 

μM toceranib vs. untreated 

< 0.05 

5.19A MCT1 ANOVA
g
     F(2,6) = 12.52 0.04 Tukey

h
 0 or 50 μg/mL bevacizumab 

vs. untreated 

< 0.05 

5.19A MCT2 ANOVA
g
     F(2,6) = 9.062 0.04 Tukey

h
   

a
  Figure number. 

b
  Statistical test used - ANOVA is used if assumptions of normality and homogeneity of variance met.  

c
  p-value; significant if p < 0.05. 

d 
 Post-hoc statistical analysis was used if F or χ

2 
is significant to determine change between 

specific variable groups. 
e
  Kruskall-Wallis - one-way analysis of variance by rank; non-parametric statistic; displayed as χ

2
(df), where (df) 

represents degree of freedom of median values. 
f
  Dunn’s multiple comparison test of means between groups. 

g 
 Analysis of variance (one-way). ANOVA generates the F (t,r) statistic, where (t,r) represent degrees of freedom 

between and within different variable groups. 
h
 Tukey-Kramer multiple comparison test of means between groups. 
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Figure 5.1. Generation of the canine mast cell tumour cell line MCT1 using fibroblast co-culture. A. MCT 1 was 

derived from a metastatic cutaneous mast cell tumour removed from the neck of a 7 year old male castrated Sharpei 

dog. B. Computer tomography image of the tumour showing metastasis to the local submandibular lymph node 

(arrow). C. Histology of the original tumour (grade III). The tumour was composed of a densely cellular 

pleomorphic population of agranular mast cells. Cells had distinct borders, central round, oval, convoluted and 

frequently multiple nuclei, indistinct nucleoli, 3-fold anisocytosis and anisokaryosis and a mitotic index of 55 per 10 

high power fields (arrows) (400X, HE). D. MCT1 cells grew as adherent spheroid colonies, inititially attached to 

fibroblasts  (200X). E. After 3 months in culture, MCT1 cells proliferated without rcSCF or fibroblast attachment 

(200X). F. Cytology of cytospin shows a pure population of mast cells with cytoplasmic granules and numerous 

mitotic figures (arrows) (Wright-Geimsa; 1000X). 
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Figure 5.2. Generation of the canine mast cell tumour cell line MCT2 using fibroblast co-culture. MCT2 was 

derived from a grade I cutaneous mast cell tumour from the hindlimb of a 6 year old spayed female Boxer dog  A. 

Histology of the original tumour. Neoplastic mast cells are arranged as single cells, loose aggregates and rows 

linearly arranged along collagen fibers, supported by abundant collagenous stroma interspersed with eosinophils. 

The cells have distinct margins, moderate eosinophilic cytoplasm containing abundant basophilic granules, single 

round nuclei, two-fold anisokaryosis and a single central nucleolus. Mitotic figures were rare (none noted on this 

section) (400X, HE). B. MCT2 cells inititally grew as small colonies and single cells attached to fibroblasts (400X) 

C. After 2 months in culture, cells proliferated as suspended cellular aggregates without exogenous rcSCF or 

fibroblast attachment (200X). Insert: Higher magnification (400X) of spherical aggregate (box). D. Wright-Geimsa 

staining of MCT2 cytospin showing a central mitotic figure (arrow) (1000X). 
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Figure 5.3. Immunocytochemical localization of phosphorylated and total KIT and VEGFR2 in MCT1 and MCT2 

canine mast cell tumour cell lines. A. MCT1 cells show heterogeneous phosphorylation of KIT and VEGFR2 which 

is a coarse dark brown cytoplasmic stain in scattered cells; total KIT and VEGFR2 expression is variably intense 

and stippled to diffusely cytoplasmic. B. The majority of MCT2 cells demonstrate homogeneous phosphorylation of 

KIT and VEGFR2 diffusely within the cytoplasm. Total expression of KIT and VEGFR2 is seen as dark focal 

(“Golgi-like”) cytoplasmic aggregates (arrow) as well as stippled cytoplasmic staining within the majority of cells 

(1000X magnification). 
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Figure 5.4. Immunohistochemical KIT cellular localization of mast cell tumours deriving MCT1 and MCT2 cell 

lines. Neoplastic mast cells expressing KIT are identified by coarse brown staining. A. Initial tumour from which 

MCT1 cells were derived shows diffuse cytoplasmic staining (Pattern III) in over 10% of neoplastic cells. B. Initial 

tumour from which MCT2 cells were derived shows focal/stippled cytoplasmic staining (Pattern II). Neoplastic mast 

cells have no membranous labelling and strong focal perinuclear cytoplasmic (arrow) and stippled cytoplasmic 

staining (1000X magnification; hematoxylin). 
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Figure 5.5. Phosphorylated and total KIT cellular localization in MCT1 cells treated with toceranib. MCT1 cells 

were either untreated or treated with 10 µM toceranib for 4 hours and assessed by dual immunofluorescence. Serum-

starved cells were immunostained for KIT (green) and p-KIT (Tyr 719; red); co-localization points are seen as 

yellow. Nuclei were assessed with 4’,6’-diamidino-2-phenylindone (DAPI; blue). Untreated cells show 

predominantly stippled and focal (“Golgi-like”) cytoplasmic KIT expression and phosphorylation (arrow) and there 

is weak membranous expression of total KIT. Cells treated with toceranib show attenuation of phosphorylated KIT 

and total KIT expression is also less pronounced and there is loss of focal cytoplasmic localization. 1000X 

magnification. 
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Figure 5.6. Phosphorylated and total KIT cellular localization in MCT2 cells treated with toceranib. MCT2 cells 

were either untreated or treated with 10 µM toceranib for 4 hours assessed by dual immunofluorescence. Serum-

starved cells were immunostained for KIT (green) and p-KIT (Tyr 719; red); co-localization points are seen as 

yellow. Nuclei were assessed with 4’,6’-diamidino-2-phenylindone (DAPI; blue). Untreated cells show 

predominantly diffuse cytoplasmic total KIT expression and phosphorylation, but focal cytoplasmic expression of 

KIT is also seen. Cells treated with toceranib show attenuation of phosphorylated KIT and there is frequent 

apoptosis, evidenced by pyknotic fragmented nuclei (white arrows). 1000X magnification. 
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Figure 5.7. PCR amplification of exon and intron 11 of c-KIT of MCT2 and MCT2 cell lines. L - 50 bp ladder; 

MCT1 - mast cell tumour cell line 1 (faint band at approximately 190 bp); MCT - mast cell tumour cell line 2 

heterozygous for wildtype (190 bp) and internal tandem duplication mutant allele (248 bp); NC - negative control 

(no template); WT - Canine blood homozygous for wildtype allele (190 bp). bp - base pair; ITD - internal tandem 

duplication; WT - wildtype. 
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Figure 5.8. Effect of recombinant canine stem cell factor (rcSCF) concentration on KIT. A. Western blots of 

phosphorylated and total KIT in MCT1  and MCT2 cells. B. Relative phosphorylation (fold increase) is the ratio of 

phosphorylated to total KIT, normalized to β-actin. Statistically significant changes were seen in MCT1 (p < 0.05) 

but not MCT2 cells (p = 0.67). Significantly increased KIT phosphorylation was seen in MCT1 cells at 10 and 100 

ng/mL rcSCF  (* - 10 ng/mL compared to 0 ng/mL; p <  0.05; † - 100 ng/mL compared to 0, 0.01 and 0.1 ng/mL; p 

< 0.05). C. Relative KIT expression is the ratio of KIT to β-actin. Total levels are unchanged by rcSCF addition. D. 

rcSCF ELISA of conditioned media and whole tumour lysates. There was no evidence of autocrine SCF production 

by cells as baseline levels did not differ significantly from media alone and were significantly lower than 1 ng/mL 

rcSCF (* - p < 0.05). Values represent the mean +/- SE based on 3 independent experiments. 
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Figure 5.9. Effect of recombinant canine stem cell factor (rcSCF) on KIT phosphorylation and total KIT expression 

over time in MCT1 and MCT2 cell lines. A. Representative western blots showing the effect of 100 ng/mL rcSCF 

on phosphorylated (p-KIT) and total KIT in MCT1 (left) and MCT2 (right) cell lines at various time points (0 - 2 

hours). KIT phosphorylation (Tyr 719) of the mature and immature (weaker lower band) isoform of KIT was 

increased in a dose dependent fashion in MCT1, but not in MCT2 cells. B. Densitometry show a statistically 

significant increase in p-KIT for MCT1 (p < 0.01), but not in MCT2 (p = 0.10). Post-test comparison shows 

significant increase in p-KIT after 5 minutes with rcSCF as compared to controls (* - compared to all other time 

points; p < 0.01). C. Relative KIT expression is the ratio of KIT to β-actin. Total levels are unchanged by rcSCF 

addition. rcSCF - recombinant canine stem cell factor; MCT1, 2 - mast cell tumour cell line 1 and 2. β-actin 

expression was used as a loading control. Values represent the mean +/- SE based on 3 independent experiments. 
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Figure 5.10. Effect of recombinant canine vascular endothelial growth factor (rcVEGF) concentration on VEGFR2 

phosphorylation (Tyr 951) and total VEGFR2 in MCT1 and MCT2 cell lines. A. Representative western blots of 

phosphorylated and total VEGFR2 in MCT1 (left) and MCT2 (right). MC1 cells showed a dose dependent increase 

in phosphorylation of the mature and immature isoform of VEGFR2 with addition of rcVEGF, in contrast to MCT2 

cells which remain unchanged. B. Relative phosphorylation densitometry values (fold increase) represent the ratio of 

phosphorylated to total VEGFR2, normalized to β-actin.. VEGFR2 phosphorylation was significantly affected by 

rcVEGF in MCT1 (p < 0.001), but not in MCT2 cells (p = 0.39). Tukey’s post-test analysis shows statistically 

significant increase in VEGFR2 phosphorylation in MCT1 cells at 1, 10 and 100 ng/mL of rcVEGF (* - 1 ng/mL 

compared to 0 ng/mL (p < 0.05); † - 10 ng/mL compared to 0 (p < 0.01) and 0.01 ng/mL (p < 0.05); ‡ - 100ng/mL 

compared to 0 (p < 0.001), 0.01 (p < 0.01) and 0.1 ng/ml (p < 0.05)). C. Relative VEGFR2 expression represents the 

ratio of VEGFR2 to β-actin. Total VEGFR2 levels remain unchanged with rcVEGF addition. rcVEGF - recombinant 

canine vascular endothelial growth factor; MCT1, 2 - mast cell tumour cell line 1 and 2. β-actin expression was used 

as a loading control. Values represent the mean +/- SE based on 3 independent experiments. 
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Figure 5.11. Effect of autocrine VEGF production on phosphorylated and total VEGFR2 over time in MCT1 (A) 

and MCT2 (B) cell lines. A. MCT1 cells showed a steady increase in VEGFR2 phosphorylation over the first 60 

minutes, followed by pulsatile phosphorylation thereafter. B. MCT2 cells showed pulsatile VEGFR2 

phosphorylation until 24 hours at which time both phosphorylated and total VEGFR2 levels become stably 

attenuated. 
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Figure 5.12. Densitometry of autocrine VEGF time course experiments in MCT1 and MCT2 cell lines. A. 

Densitometry of western blots of phosphorylated VEGFR2 over time in MCT1 and MCT2 cells. Autocrine VEGF 

had a significant effect on VEGFR2 phosphorylation in both MCT1 (p < 0.05) and MCT2 cells (p < 0.05). In MCT1 

cells, phosphorylation of VEGFR2 increased in a dose dependent manner for up to 1 hour, followed by fluctuating 

reduction and significantly increased phosphorylation until 72 hours, at which time phosphorylation was attenuated. 

In MCT2 cells, VEGFR2 phosphorylation was pulsatile throughout time. Post-test comparisons showed significant 

increases in VEGFR2 phosphorylation (compared to controls) at 60 and 240 minutes in MCT1 and at 5, 30, 60 and 

240 minutes in MCT2 cells (* - compared to 0 time point (p < 0.05)). Attenuation was seen at 48 and 72 hours in 

both cell lines, which was concordant with total VEGFR2 down-regulation in MCT2 cells only. B. Total VEGFR 

levels remained unchanged in MCT1 cells (p = 0.10), but autocrine VEGF had a significant effect in MCT2 cells (p 

< 0.001). In MCT2 cells, both isoforms of total VEGFR2 expression appeared to be relatively increased at 480 and 

720 minutes compared to controls (0 time point), but this was not statistically significant when assessed with Tukey 

post-test analysis (p > 0.05). Total VEGFR2 was significantly attenuated at 2880 minutes in MCT2 († - compared to 

0 time point (p < 0.05). C. VEGF levels in conditioned media significantly and steadily increased over time in both 

MCT1 (p < 0.001) and MCT2 cells (p < 0.001) with statistically significant changes seen at 16 hours as assessed 

with Dunn’s post-test analysis (‡ - compared to 0 pg/mL (p < 0.05)). β-actin expression was used as a loading 

control. VEGF - canine vascular endothelial growth factor; MCT1 and MCT2-mast cell tumour cell line 1 and 2. 

Values represent the mean +/- SE based on 3 independent experiments. 
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Figure 5.13. Effect of toceranib inhibition of KIT in MCT1 cell line. Cells were serum-starved for 48 hours prior to 

incubation with 0.01% DMSO (0 μM) or toceranib at various concentrations (0-10 µM) for 4 hours. A. 

Representative western blots showing KIT activation and expression. Cells were either treated with PBS (- rcSCF) 

or 100 ng/mL rcSCF (+ rcSCF) for 15 minutes before lysis. B. Densitometry showing relative KIT phosphorylation. 

Relative phosphorylation densitometry values (fold increase) represent the ratio of phosphorylated to total KIT, 

normalized to β-actin. Statistically significant inhibition of MCT1 phosphorylation by toceranib was seen only in 

rcSCF-treated cells (p = 0.04), with significant decreased seen at 10 µM (* - compared to 0 µM; p < 0.05). C. 

Densitometry showing relative KIT expression, representing the ratio of KIT to β-actin. Total KIT was unchanged 

by toceranib treatment. rcSCF - recombinant canine stem cell factor; MCT1 - canine mast cell tumour cell line 1. 

Values represent the mean +/- SE based on 3 independent experiments. 
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Figure 5.14. Effect of toceranib inhibition of KIT in MCT2 cell line. Cells were serum-starved for 48 hours prior to 

incubation with 0.01% DMSO (0 μM) or toceranib at various concentrations (0-10 µM) for 4 hours. A. 

Representative western blots showing KIT activation and expression. Cells were either treated with PBS (- rcSCF) 

or 100 ng/mL rcSCF (+ rcSCF) for 15 minutes before lysis. B. Densitometry showing relative KIT phosphorylation. 

Relative phosphorylation (fold increase) represent the ratio of phosphorylated to total KIT, normalized to β-actin. 

Statistically significant inhibition of MCT2 cells by toceranib was seen in both untreated (- rSCF) (p < 0.001) and 

rcSCF-treated (+ rSCF) cells (p < 0.001) as assessed by ANOVA. Tukey post-test analysis showed significant 

inhibition with as little as 0.01 µM  of toceranib (* - compared to 0 µM; (p < 0.001);† - compared to 0 µM (p < 

0.001) and 0.001 µM (p < 0.001); ‡ - compared to 0 µM (p < 0.001) and 0.001 µM (p < 0.05)). C. Densitometry 

showing relative KIT expression (ratio of KIT to β-actin). Total KIT was unchanged by toceranib treatment. rcSCF - 

recombinant canine stem cell factor; MCT2 - canine mast cell tumour cell line 2. Values represent the mean +/- SE 

based on 3 independent experiments. 
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Figure 5.15. Effect of toceranib on VEGFR2 in MCT1 cell line. A. Representative western blots of phosphorylated 

and total VEGFR2. Following incubation with 0.01% DMSO or toceranib, cells were either untreated (- rcVEGF) or 

treated with 10 ng/mL rcVEGF (+ rcVEGF) for 15 minutes. B Densitometry showing relative VEGFR2 

phosphorylation. Statistically significant inhibition of VEGFR2 phosphorylation by toceranib was seen in - rcVEGF 

(p < 0.01) and + rcVEGF treated cells (p = 0.02). Post-test statistical analysis showed significant inhibition at 1 µM 

of toceranib. (* - compared to 0 µM (p < 0.05), 0.001 µM (p < 0.01) and 0.01 µM (p < 0.05); †- compared to 0 µM 

(p < 0.01), 0.001 µM (p < 0.01) and 0.01 µM (p < 0.01; ‡ - compared to 0 µM (p < 0.05)). C. Densitometry showing 

relative VEGFR2 expression (ratio of VEGFR2 to β-actin). Total relative VEGFR2 expression remained unchanged 

with rcVEGF addition. β-actin expression was used as a loading control. rcVEGF - recombinant canine vascular 

endothelial growth factor; MCT1 - mast cell tumour cell line 1. Values represent the mean +/- SE based on 3 

independent experiments. 
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Figure 5.16. Effect of toceranib on VEGFR2 in MCT2 cell line. A. Representative western blots of phosphorylated 

and total VEGFR2. Following incubation with 0.01% DMSO or toceranib, cells were either untreated (- rcVEGF) or 

treated with 10 ng/mL rcVEGF (+ rcVEGF) for 15 minutes. B Densitometry showing relative VEGFR2 

phosphorylation. VEGFR2 phosphorylation of MCT2 cells was significantly inhibited by toceranib in - VEGF (p = 

0.04) and + VEGF-treated cells (p = 0.04). Tukey’s post-test analysis shows phosphorylation to be significantly 

inhibited at 10 µM toceranib (* - compared to 0.001 (p < 0.05) and 0.1 µM (p < 0.05); † - compared to 0.01 (p < 

0.05) and 0.1 µM (p < 0.05). C. Densitometry showing relative VEGFR2 expression (ratio of VEGFR2 to β-actin). 

Total VEGFR2 expression in MCT2 was increased with additional toceranib, but this was not significantly 

significant (p = 0.06). β-actin expression was used as a loading control. rcVEGF - recombinant canine vascular 

endothelial growth factor; MCT2 - mast cell tumour cell line 2. Values represent the mean +/- SE based on 3 

independent experiments. 
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Figure 5.17. Effect of KIT and VEGFR stimulation on cell proliferation of MCT1 and MCT2 cell lines. Cell 

viability was assessed using the MTT assay; values reflect percent of untreated control (0 hour). A. Effect of rcSCF 

and rcVEGF on MCT1 cells. B. Effect of rcSCF and rcVEGF on MCT2 cells. There was no change in cell growth 

with exogenous ligand in either cell line. β-actin expression was used as a loading control. Triplicate wells were 

used for each assay and values represent the mean +/- SE based on 3 independent experiments. 
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Figure 5.18. Effect of toceranib and bevacizumab inhibition on cellular proliferation of MCT1 and MCT2 cell lines. 

A. MCT1 cell growth was unaffected by any treatment compared to untreated controls, even at 72 hours (p = 0.52). 

B. MCT2 cell growth was  significantly reduced with toceranib, bevacizumab or combination treatment (p < 0.01). 

At 24 hours, inhibition was seen with 0.1µM toceranib and at 48 hours with all treatments (* - compared to 

untreated (p < 0.01); † - compared to untreated (p < 0.05)). Triplicate wells were used for each assay and values 

represent the mean +/- SE based on 3 independent experiments. 
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Figure 5.19. Assessment of VEGF neutralization by bevacizumab in conditioned media from MCT1 and MCT2 cell 

lines. Cell-free conditioned media was incubated with PBS (0), 5 or 50 µg/mL of bevacizumab for 1 hour at 37°C. 

Bevacizumab at these doses completely neutralized VEGF in the conditioned media in MCT1 (p = 0.04) and MCT2 

cells (p= 0.04). Tukey’s post-test analysis shows significant decreases at both 5 and 50 µg/mL of bevacizumab (* - 

compared to untreated; p < 0.01). Values represent the mean +/- SE based on 3 independent experiments. 
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GENERAL DISCUSSION 

This research will improve the diagnosis and management of canine MCT. A major 

accomplishment of this work was to prove that the majority of subcutaneous MCT are benign. 

Key features were also identified that distinguished aggressive tumours. This will impact many 

dogs as subcutaneous MCT will no longer be considered as aggressive as grade II cutaneous 

tumours. The outcome for grade II cutaneous MCT is uncertain (Patnaik et al., 1984; Webster et 

al., 2007; Kiupel et al., 2011), thus subcutaneous MCT are subject to overly aggressive and 

unnecessary treatment or dogs may be euthanized due to socioeconomic reasons or owner 

perceptions of poor prognosis or quality of life. 

The idea for the study began with an evaluation of a large number (over 7000) of canine 

MCT obtained from the Department of Pathobiology, Ontario Veterinary College and Yager-

Best Histovet Histologic and Cytological Services, Guelph, Ontario. It was identified that there 

were distinct cutaneous and subcutaneous subsets and the clinical impression was that 

subcutaneous MCT were less aggressive tumours. This was supported by the research conducted 

by Newman (Newman et al., 2007). That study did not have sufficient power to draw statistical 

conclusions as it was based on a small number of dogs and did not include aggressive tumours. 

The work presented in Chapter 2 was based on 306 dogs, making this the largest 

retrospective study of its kind. Most dogs with subcutaneous MCT had excellent clinical 

outcomes. The majority of dogs had extended survival times, DFI and much lower rates of local 

reoccurrence (8%) and metastasis (4%) than did those reported for grade II cutaneous MCT 

(Bostock et al., 1973; Bostock, 1983; Patnaik et al., 1984; Simoes et al., 1994; Abadie et al., 

1999; Weisse et al., 2002; Séguin et al., 2006). These results also indicated that subcutaneous 

tumours are more effectively controlled by surgery alone than their cutaneous counterparts. Of 



 

216 

 

tumours with completely resected margins (n = 135), only 3 (2%) locally reoccurred; thus, 

surgical excision alone was effective in local control of 98% of cases. Of the incompletely 

excised tumours in this study (n = 171), only 21 reoccurred (12%). These are better outcomes 

than for cutaneous MCT - 11% of completely excised and 23% of incompletely excited 

cutaneous MCT reoccur (Séguin et al., 2001; Weisse et al., 2002; Séguin et al., 2006). Further, 

the reoccurrence rate for incompletely excised subcutaneous MCT is the same as for those 

treated with adjuvant radiation (12%) (Al-Sarraf et al., 1996). 

The reasons that subcutaneous MCT have favourable outcomes are not known. It may be 

a reflection of the study population. The dogs in the study described in Chapter 2 were from 

primary care veterinary hospitals, rather than from referral centers or university hospitals, whose 

databases are intrinsically biased toward the inclusion of more aggressive tumours. Alternatively, 

it may be due to the interaction of mast cells with the surrounding milieu - specifically adipose 

tissue. Adipose tissue, once thought to be an inert stromal component, is now known to be a rich 

source of growth factors, hormones and inflammatory mediators including adiponectin, leptin, 

plasminogen activator inhibitor 1, TNFα and IL6 (Chaldakov et al., 2003; Chaldakov et al., 

2007; Cleary et al., 2010; Han et al., 2010; Nechushtan, 2010). These ‘adipokines’ are 

implicated in the progression of numerous diseases, such as breast cancer, diabetes and vascular 

disease (Hajer et al., 2008; Doyle et al., 2011; Klopp et al., 2012). Obesity is linked to the 

progression of both breast cancer and diabetes, necessitating further study in this field (Doyle et 

al., 2011). The focus on body fat as a negative prognostic indicator for disease seems at odds 

with the finding that subcutaneous MCT have favourable outcomes. This may be due to complex 

local signalling interactions between mast cells and adipocytes and perhaps the balance of these 

mediators does not promote malignancy in these tumours, but this is not known. Alternatively, 
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neoplastic mast cells may have evolved from progenitor reserve cells in fat, rather than from the 

bone marrow as has been reported to occur in non-neoplastic mast cell development (Poglio et 

al., 2010). Neoplastic mast cells arising from precursors in adipose tissue may be phenotypically 

different from cutaneous MCT which have completed differentiation in the dermis but a 

difference in origin for canine MCT has not yet been demonstrated. 

These data are the first to establish grading criteria and provide guiding prognostic 

information which will improve therapy for many dogs. The results of this study show that the 

strongest effect on clinical outcome is mitotic activity (MI). It was additionally found that 

histological growth pattern, multinucleation and incomplete margins were important predictors. 

Because this study had a large number of dogs (n = 306), meaningful statistics could be 

analyzed. Using results from multivariable cox proportional hazard models, curves for predicted 

survival and local reoccurrence show that these features can be used in combination to screen for 

high risk tumours, regardless of MI. For example, dogs with subcutaneous MCT having a high 

MI, but a well circumscribed growth pattern had significantly better survival and lower local 

reoccurrence rates than for those with infiltrative MCT. This information is important for 

effective long-term clinical management. 

A second accomplishment of this thesis was to show that aggressive subcutaneous MCT 

could be distinguished from benign tumours using recognized molecular markers. In Chapter 3, 

the proliferation markers MI, Ki67, AgNOR and immunohistochemical KIT expression pattern 

were shown to be useful prognostic tests for subcutaneous MCT, as they are for cutaneous MCT 

(Webster et al., 2007). A matched case-control study design was used to control for sex, age and 

breed. This design also allowed the inclusion of all aggressive tumours selected out of the 306 

subcutaneous MCT analyzed in Chapter 2. The drawback of this method was that the data 



 

218 

 

collected is not reflective of the overall population, so the determination of cut-points for risk 

factors, such as Ki67 and MI, could not be realistically performed. This study showed that these 

tests are also highly correlated and thus statistically could not be used in combination with 

multivariable models due to issues with collinearity (Dohoo et al., 2003). These tests, although 

predictive for many canine MCT, did not, on their own, predict clinical outcomes for some dogs, 

as was found for cutaneous MCT (Webster et al., 2007). Further refinement of these techniques 

is therefore necessary as are novel approaches for diagnosis and treatment of canine MCT. 

Additionally, no c-KIT mutations were found in subcutaneous MCT and larger numbers of 

tumours are needed to determine if this is significant. 

The limitations of this work were largely due to the small number of aggressive MCT 

cases and the retrospective manner in which the data were collected. The effect that small sample 

size had is reflected by the wide confidence intervals in Chapter 3 and Chapter 4. To investigate 

optimal sample size needed for risk factor analyses, power analyses were performed, using c-KIT 

as an example (Appendix 3). In order to achieve statistical significance and overall power of 

90%, up to 580 canine subcutaneous MCT with complete clinical data would be needed to show 

that c-KIT mutations predict clinical outcomes for the subcutaneous form of MCT. This was not 

realistic for this current study, but the results presented here establish a basis for future work. In 

this study, the information was conducted using retrospective methods. A strength of 

retrospective studies are that data can be collected in a realistic timeframe, but significant 

drawbacks include recall and selection bias - largely because the data would have originally been 

collected for other purposes and much information may be missing (Breslow and Day, 1987; 

Dohoo et al., 2003; Fleiss et al., 2003). An example of this is that many of the MCT collected in 

this study were from archival tissue and information was often from historical records as some 
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dogs were deceased or were lost to follow-up. Also, for dogs that developed distant MCT 

occurrences, it was not known if metastasis or MCT-death was due to the original or subsequent 

MCT. Prospective studies would be more valuable, but in order to achieve statistical 

significance, a large number of dogs (Appendix 3) would need to be followed for several years 

(Breslow and Day, 1987), which is not feasible. 

A third accomplishment of this work was the development of novel techniques to 

determine RTK expression profiles for cutaneous and subcutaneous MCT. The results shown in 

Chapter 4 suggest that these profiles could be used in future to screen dogs in a highly selective 

manner. Expression profiles could potentially identify high risk MCT and also may be useful in 

the selection of inhibitors that are likely to be effective in individuals. This work is the first to 

identify these as important potential targets in canine MCT and serves as a basis for larger 

studies which could assess these markers in combination.This work began with the realization 

that many dogs without c-KIT mutations responded clinically to toceranib in clinical trials 

(London et al., 2009b). In that study, dogs without c-KIT mutations also had comparable 

response durations to those with identified c-KIT mutations (London et al., 2009b). Although 

clinical data were promising, toceranib did not elicit positive responses for 55% of dogs (London 

et al., 2009b). One reason for this is that some of these tumours were not “driven” by the RTK 

inhibited by toceranib (KIT, Flt3, VEGFR and PDGFR) or their downstream pathways. In other 

words, some canine MCT may not have been “oncogenically addicted” to alterations in these 

RTK and relied on alternative pathways for survival as discussed in many reviews (Weinstein et 

al., 2006; Zhang et al., 2009; Corless et al., 2011; Fabbro et al., 2012). 

Alternatively, the lack of universal response may be attributable to individual variations 

in KIT conformation which prevent drug binding to the receptor. This is not known for canine 
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MCT because studies of toceranib on canine MCT were largely based on only two cell lines - 

both of which harbour constitutively activating c-KIT mutations and could be inhibited in vitro 

(Liao et al., 2002; Gleixner et al., 2007). There is considerable evidence that in vitro and clinical 

responses to different ATP competitive small molecule inhibitors vary widely among and within 

neoplasms as seen in human GIST (Heinrich et al., 2003a; Demetri, 2011) and acute 

myelogenous leukemia (AML) (Cools et al., 2004; Pratz et al., 2010; Kharazi et al., 2011), 

canine MCT (Ma et al., 2000; Liao et al., 2002; Gleixner et al., 2007; Isotani et al., 2008; 

Takeuchi et al., 2012) and feline mastocytosis (Hadzijusufovic et al., 2009). In part, this may be 

attributed to the wide array of possible conformations of the RTK ATP binding site, which is 

determined by the type of RTK (e.g., KIT vs. PDGFR), activation state and mutations in genes 

which correspond to key residues in the ATP binding site (Mol et al., 2003; Fischer, 2004; Mol 

et al., 2004; Fabbro et al., 2012). 

The structure of the ATP binding site for many RTK is well described based on 

crystallography and nuclear magnetic resonance (NMR) spectroscopy technologies (reviewed by 

Jänne et al., 2009; Fabbro et al., 2012). It lies in a cleft between the N and C-terminal lobes of 

the kinase domain and contains several important structural elements which influence the ability 

and the affinity of drug binding. Key regions within this site include a hydrophobic purine 

binding region, a hinge segment, the activation loop and a “gatekeeper” residue - so called 

because the size of the amino acid side chain determines the accessibility of a hydrophobic 

pocket adjacent to the ATP binding site (Jänne et al., 2009; Zhang et al., 2009; Fabbro et al., 

2012). Many drugs which mimic ATP form hydrogen bonds that are normally formed by the 

adenine ring of ATP, but drug binding is further stabilized by other interactions with these 

residues in the cleft. It is therefore the physical, spatial and chemical properties of each drug 
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which explain unique responses (Fischer, 2004; Fabbro et al., 2012). An important factor 

influencing ATP binding site conformation and drug effect is the RTK activation status, which is 

best described by studies of KIT (Roskoski, 2005b; Mol et al., 2003), but is similar for other 

RTK (Jänne et al., 2009; Fabbro et al., 2012). When the RTK is in the activated state, the DFG 

motif is directed “in” towards the cleft (Roskoski, 2005b, Fabbro et al., 2012). This 

conformation allows for binding of type I inhibitors, which include the majority of ATP 

competitors such as toceranib, dasatinib, sunitinib and gefitinib (Fabbro et al., 2012). When the 

receptor is in the inactive state, the DFG motif is directed “out”, which exposes an additional 

hydrophobic binding site adjacent to the ATP binding site (Jänne et al., 2009). This 

conformation is favoured by type II small molecule inhibitors such as imatinib (Mol et al., 2004). 

In neoplasms which harbour kinase domain mutations such as the D816V c-KIT mutation in 

human systemic mastocytosis (Frost et al., 2002), c-KIT or PDGFRβ mutants in GIST (Lasota et 

al., 2008; Corless et al., 2011) or in Flt3 mutants in AML (Cools et al., 2004) the kinase domain 

cannot assume an inactive conformation and may also have alterations of ATP binding residues 

(Mol et al., 2004), thus these patients are resistant to some type II small molecular inhibitors, 

notably imatinib (Frost et al., 2002; Ma et al., 2002; Peter et al., 2010). Recent studies have 

shown that use of dasatinib, a type I small molecule inhibitor, can bind to human mastocytosis 

D816V mutant c-KIT and inhibit neoplastic mast cell growth in vitro (Shah et al., 2006; Gleixner 

et al., 2011), but clinical trials have not been rewarding (Verstovsek et al., 2008). 

The type and site of RTK mutation also affects drug binding and predicts the response to 

small molecule inhibitors as evidenced by many studies of human mastocytosis (Frost et al., 

2002; Peter et al., 2010), GIST (Heinrich et al., 2003a; Corless et al., 2011), AML (Cools et al., 

2004) and canine MCT (Gleixner et al., 2007; London et al., 2009b; Takeuchi et al., 2012). In 
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GIST, approximately 75-80% of cases have detectable c-KIT mutations, the majority of which 

are deletions, point mutations and insertions found within exon 11 (Heinrich et al., 2003a; 

Corless et al., 2011; Gounder and Maki, 2011). Less than 10% have extracellular mutations 

(exons 8 and 9) and 5% harbour mutations within the kinase domain. Other mutations identified 

in GIST include PDGFRα mutations (8-10%) which are in the juxtamembrane domain (exon 12) 

or kinase domain (exon 18) (Heinrich et al., 2003a). The remainder of GIST cases have neither 

detectable c-KIT nor PDGFRα mutations and are considered “wildtype” (Corless et al., 2011). 

Some human GIST with wildtype c-KIT (which includes the majority of paediatric GIST cases) 

are now known to have mutations in BRAF, RAS or in the genes of succinate dehydrogenase 

complexes (Corless et al., 2011). This is not known for canine MCT. In most cases of human 

GIST, those harbouring c-KIT mutations are heterozygous, but approximately 15% are 

homozygous for the mutations owing to loss of the wildtype allele - this is associated with 

malignant behaviour. GIST with juxtamembrane mutations of c-KIT or the PDGFRα gene have 

the best response to imatinib with less response seen in exon 8/9 mutations and poor responses in 

wildtype and kinase mutant cases (Frost et al., 2002; Heinrich et al., 2003a). This increased 

susceptibility of juxtamembrane mutants to small molecule inhibitors is also seen in cases of 

AML, where 30% have activating ITD mutations in the juxtamembrane domain of Flt3 

(Stirewalt and Radich, 2003; Cools et al., 2004; Pratz et al., 2010; Lin et al., 2012). In human 

angiosarcoma, mutations in VEGFR2 were recently detected in the extracellular and kinase 

domain and the latter is less susceptible to inhibition than the extracellular domain (Antonescu et 

al., 2009). 

In addition to activating mutations, acquired or selective secondary mutations can further 

alter RTK conformation, which results in resistance to small molecule inhibition (Tamborini et 
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al., 2006b; Jänne et al., 2009; Antonescu et al., 2011; Corless et al., 2011). An important 

mechanism of developed resistance is through mutations in the genes for the “gatekeeper” region 

(Jänne et al., 2009; Weisberg et al., 2010; Fabbro et al., 2012). It is controversial if this mutation 

is acquired or becomes predominant during treatment via clonal selection (Jänne et al., 2009). 

The most commonly found mutation of the “gatekeeper” region is in the kinase domain as 

evidenced in BCR-ABL in CML patients (Gorre et al., 2001; Shah et al., 2002; Weisberg et al., 

2010), c-KIT in human GIST (Heinrich et al., 2003a; Tamborini et al., 2006b; Fletcher and 

Rubin, 2007; Heinrich et al., 2008), PDGFRα in hypereosinophilic syndrome (Cools et al., 2003) 

and Flt3 in AML (Cools et al., 2004; Stirewalt and Meshinchi, 2010). This type of mutation 

confers a conformation which abrogates binding by small molecule inhibitors. The existence of 

this type of mutation has not been reported in canine MCT. 

Several studies have shown c-KIT mutation status to be predictive of susceptibility to 

small molecule inhibitors in canine MCT (Ma et al., 2000; Liao et al., 2002; Gleixner et al., 

2007; Isotani et al., 2008; London et al., 2009b; Takeuchi et al., 2012). The collective consensus 

of these studies is MCT harbouring ITD mutations in exon 11 of c-KIT are the most susceptible, 

followed by point mutations of exon 11 and extracellular mutants (exon 8 and 9). Canine MCT 

with wildtype KIT may be the most resistant to imatinib inhibition, but responses vary among 

individuals and type of small molecule inhibitors (Gleixner et al., 2007; Takeuchi et al., 2012). 

As kinase domain mutants have not been detected in canine MCT (Webster et al., 2006a), 

comparative evaluation of inhibition responses have only been assessed using murine and human 

kinase c-KIT mutants (D816V) (Ma et al., 2000; Liao et al., 2002). These forms are more 

resistant to several small molecule inhibitors compared to the juxtamembrane and extracellular 

mutants of canine MCT. The commonly used measure of this is the concentration of drug needed 

http://www.ncbi.nlm.nih.gov.subzero.lib.uoguelph.ca/pubmed?term=%22Stirewalt%20DL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov.subzero.lib.uoguelph.ca/pubmed?term=%22Meshinchi%20S%22%5BAuthor%5D
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for 50% inhibition of proliferation in vitro (IC50). One study reported mean IC50 values for C2 

cells at 48 hours (which harbour an ITD in exon 11) to be 269 nM, 157 nM, 55 nM and 12 nM 

for imatinib, midostaurin, nilotinib and dasatinib, respectively (Gleixner et al., 2007). In this 

present study the IC50 of toceranib in MCT2 cell line was approximately 60 nM and 10 nM at 24 

and 48 hours, respectively (data not shown) which compares favourably with the results of 

Gleixner et al., 2007. For canine MCT with wildtype c-KIT, studies are limited (Gleixner et al., 

2007; Takeuchi et al., 2012). One study showed that midostaurin had the best overall effect in 

three MCT with IC50 values of 477 nM, 20 nM and 6 nM (Gleixner et al., 2007). That study used 

cells isolated from fresh tumours and kept in short-term culture (Gleixner et al., 2007). In 

contrast, a different group (Takeuchi et al., 2012) has demonstrated cellular proliferation 

responses in a continuous MCT cell line with wildtype c-KIT using imatinib and masitinib and 

only extremely high (non-physiological) concentrations (8.2 µM) of masitinib could significantly 

decrease proliferation in that cell line. In that study, both imatinib and masitinib suppressed the 

proliferation of juxtamembrane ITD and extracellular domain (exon 9) mutants, but higher 

concentrations were needed for extracellular mutants (Takeuchi et al., 2012). The findings of the 

present study (Chapter 5) are consistent with these results for both the ITD c-KIT - mutant cell 

line (MCT2) and the wildtype MCT1 line but for the latter, a 10 µM concentration of toceranib 

was not used (because this was not physiologically realistic). Inhibition of cellular proliferation 

in MCT1 was not seen at any concentration of toceranib used (Chapter 5). 

In vivo studies of canine MCT to imatinib, toceranib and masitinib correlate with in vitro 

studies (Isotani et al., 2008; London et al., 2009b). Imatinib induced complete responses in 10 of 

21 dogs - 5 of which had ITD and 5 had wildtype c-KIT (Isotani et al., 2008). Recently, masitinib  
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has also been evaluated for canine MCT (Hahn et al., 2010). That study consisted of 132 MCT, 

86 of which had wildtype c-KIT and 38 had ITD c-KIT mutations. One hundred and six dogs 

were treated and 26 dogs received placebo. For dogs with MCT having c-KIT mutations (n = 31), 

the overall survival rate was 533 days, with 63% alive at 12 months, which was significantly 

increased compared to placebo group (n =7; 162 days) with 1 dog alive at 12 months. In contrast, 

the overall survival rate for dogs without c-KIT mutations for treated (n = 69) compared to 

controls (n = 19) were 779 and 361 days, with 61.3 and 43.8% of dogs alive at 12 months, 

respectively, but the difference was not statistically different at either 12 or 24 months. 

Collectively, these studies illustrate the complexity of drug binding and role of c-KIT mutational 

status. As the entire c-KIT genome was not evaluated for the MCT in this present study, it cannot 

be determined if c-KIT mutations were present in regions outside exon 11. This may have 

influenced the findings. Also, genomic evaluation of Flt3, VEGFR and PDGFR was not 

performed in tumours and cell lines. This information would be valuable and further studies 

should also be performed using different small molecule inhibitors. 

Of central importance to this study was that VEGFR and PDGFR - receptors known to be 

targets of toceranib - may play an important role for some of these tumours as suggested by the 

toceranib clinical trial (London et al., 2009b). This had not been investigated. The hypothesis 

that VEGFR2 and PDGFR are involved in the progression of canine MCT was explored in 

Chapter 4 by evaluating expression of these RTK in MCT from 25 dogs. The data showed that 

expression and activity is heterogeneous. This may explain the differential responses in non-c-

KIT mutated MCT from dogs that clinically improved with toceranib. VEGFR expression, 

phosphorylated KIT and diffuse cytoplasmic KIT localization were significant risk factors for 

poor clinical outcomes. Although PDGFRα and PDGFRβ were not found to be significant 
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prognostic markers, this could be due to the low number of cases evaluated. The fact that these 

receptors are heterogeneously present in both cutaneous and subcutaneous MCT is a novel 

finding and should be further investigated. The finding that some neoplastic cells derived from 

canine MCT have activated VEGFR2 is highly significant, as this implies that this receptor may 

be dysregulated and may be susceptible to inhibition. 

Neoplastic cell lines were isolated from cutaneous MCT tissue to assess KIT and 

VEGFR2 phosphorylation. In the course of this work (described in Chapter 5), it was noticed 

that neoplastic mast cells had greater longevity and increased in number when co-cultured with 

fibroblasts. This method was described for murine, human and canine mast cells (Bachelet et al., 

2006; Amagai et al., 2008). As a result of using this technique, cells from two canine cutaneous 

MCT began to proliferate independently of fibroblasts or rcSCF after approximately 3 months in 

culture. This work demonstrates that this type of culture technique can be used to generate future 

MCT cell lines. The novel cell lines, called MCT1 and MCT2, have been expanded in vitro for 

over a year and have been successfully recovered from cryopreservation. KIT and VEGFR2 

expression, activity and response to toceranib were assessed using western blotting and cellular 

proliferation assays. As these cell lines both show autophosphorylated VEGFR2 and KIT, they 

were used to explore responses to stimulation and inhibition. 

It was determined that both cell lines have functional VEGFR2 receptors and that a 

VEGF autocrine signalling loop may be present. Also, treatment with the VEGF neutralizing 

antibody bevacizumab significantly decreased cellular proliferation in MCT2 cells. This suggests 

that this signalling pathway may be important for some canine MCT. This study is the first to 

demonstrate such a potential survival mechanism for canine MCT. VEGFR2 signalling studies of 

canine MCT have not been previously done and this work is valuable, as VEGFR2 expression in 
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MCT appears to be associated with poor clinical outcomes (Chapter 4). Also, VEGFR2 

expression and activation was assessed using both western blotting and immunocytochemistry. 

These techniques have not been previously described for canine MCT, thus these methods will 

be valuable for future studies of VEGFR2 signalling. 

Immunocytochemistry and dual immunofluorescence techniques were optimized for 

evaluation of KIT activation and total expression in canine MCT cell lines. These methods 

showed that KIT phosphorylation was heterogeneous within the cellular population and also 

differed between cell lines. This implies that neoplastic mast cells may have differential 

susceptibility to KIT inhibition. Cells in which KIT is not phosphorylated (and thus not over-

activated) may be refractory to inhibition by small molecule inhibitors, suggesting a potential 

resistance mechanism. This could be further explored using these novel canine MCT cell lines. 

Additionally, immunocytochemistry of phosphorylated KIT could be adapted for cytological 

examination of fine needle aspirates. This may prove clinically useful. Finally, as KIT 

immunofluorescence was optimized to detect both phosphorylation and cellular localization, this 

could be used to explore cellular trafficking in canine MCT in response to a variety of 

treatments. KIT localization studies of this kind are important in human GIST research, where 

small molecule inhibitors restore membranous KIT expression (Tabone-Eglinger et al., 2008). 

This may make neoplastic cells more amenable to subsequent monoclonal antibody-based 

treatment (Tabone-Eglinger et al., 2008). This has yet to be evaluated in canine MCT, but may 

have translational relevance and now can be effectively explored. 

The different canine MCT cell lines - MCT1 and MCT2 - will be valuable for the study 

of canine MCT, particularly with respect to RTK inhibition, as they differ in susceptibility to 

toceranib. MCT2 is driven by c-KIT mutations as it has constitutive activation and a lack of 
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response to SCF stimulation. The MCT1 cell line, in contrast, has no detectable exon or intron 11 

c-KIT mutations and is resistant to toceranib. One explanation is that this cell line may have an 

altered KIT conformation which prevents drug binding (e.g., gatekeeper mutation) or other RTK 

mutations. This would make this line valuable for the study of small molecule inhibitor 

resistance, which is important in human systemic mastocytosis (Gleixner et al., 2011). MCT1 

could be used to test other type I and type II small molecule inhibitors as either single agent or 

combination therapies (e.g., with chemotherapy). The findings of this work and the generation of 

these novel cell lines may prove valuable for KIT and VEGFR signalling in other diseases. As 

these pathways are important in the progression of many human and canine neoplasms (Heinrich 

et al; 2002; Liao et al., 2002; Lasota et al., 2003; Santos and Dias, 2004; Valent et al., 2005; 

Vincent et al., 2005; Miettinen and Lasota, 2006; Millanta et al., 2006; Yonemaru et al., 2006; 

Lee et al., 2007a, b; Rebuzzi et al., 2007; Barr et al., 2008; Sher et al., 2009; Gregory-Bryson et 

al., 2010; Al-Dissi et al., 2011; Lee et al., 2011) and for KIT, in non-neoplastic mast cell-

associated diseases (Reber et al., 2006; Daigle et al., 2010; Cadot et al., 2011), lessons learned 

from these discoveries may be translationally relevant. 
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SUMMARY AND CONCLUSIONS 

This thesis first describes the epidemiology, clinicopathogical and molecular features of 

canine subcutaneous MCT. Histological grading criteria and adjuvant molecular techniques can 

be used to predict these more accurately. Prior to this, there was little available information and 

they were considered to be grade II MCT. This research means that many dogs will be spared 

overly aggressive treatment or euthanasia. 

The research presented here is the first to demonstrate the potential utility of RTK 

expression profiling for canine cutaneous and subcutaneous MCT. This should be further 

investigated with larger numbers in order to assess how these can be used synergistically. 

Through these investigations, two novel neoplastic canine MCT cell lines were 

generated. These cell lines can now be used to study KIT and VEGFR2 signalling. Also, the 

techniques developed in these studies could be optimized for the study of PDGFRβ as well. 

These data collectively improved prognosis and generated an increased understanding of 

canine MCT RTK involvement in these neoplasms. The results described here will allow for 

ongoing expansion of this knowledge and hopefully the design of more effective treatment. 
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APPENDIX I – Chemical List and Suppliers 

 

Acetone, 100% Fisher Scientific, Nepean, ON, Canada 

Acrylamide/Bis Solution, 40% Biorad, Mississauga, ON, Canada 

Agarose Low EEO Electrophoresis Grade Fisher Scientific, Nepean, ON, Canada 

Ammonium Persulfate Millipore, Temecula, CA, USA 

Amphotericin B Invitrogen, Burlington, ON, Canada 

Antibody diluent Dako, Carpinteria, CA, USA 

Antigen Retrieval Solution (10X, pH 6) Dako, Carpinteria, CA, USA 

Anti-KIT conjugated Fluorescent Antibody 

(Alexa Fluor 488) 

Cell Signaling Technology, Danvers, MA, 

USA 

Aprotin Sigma-Aldrich, Oakville, ON, Canada 

Bovine Serum Albumin (BSA) Jackson ImmunoResearch Laboratories, West 

Grove, PA, USA 

Cell Culture Dishes Fisher Scientific, Nepean, ON, Canada 

Cell Lysis Buffer (10X) Cell Signaling Technology, Danvers, MA, 

USA 

Chemiluminescent Substrate Roche, Laval, Quebec, Canada 

Citrate Buffer, pH 6.1 Dako, Carpinteria, CA, USA 

Collagenase, type IV Sigma-Aldrich, Oakville, ON, Canada 

Coverslips Fisher Scientific, Nepean, ON, Canada 

Cytoseal mounting media for IHC Thermo-Scientific;Nepean; ON, Canada 

Dako Pen Dako, Carpinteria, CA, USA 

Dako Protein Free Serum Block Dako, Carpinteria, CA, USA 

DAPI (4’,6-diamidino-2-phenylindole) Dako, Carpinteria, CA, USA 

Dimethyl Sulfoxide (DMSO) Fisher Scientific, Nepean, ON, Canada 

DNA Ladder (50 bp) Generuler MBI Fermentas, Burlington, ON, Canada 

DNeasy Blood and Tissue kit Qiagen, Valencia, CA, USA 

dNTP 10 mM set Biorad, Mississauga, ON, Canada 

Ethidium Bromide (10 mg/mL) Biorad, Mississauga, ON, Canada 

Fetal Bovine Serum (FBS) Gibco-Invitrogen, Burlington, ON, Canada 

Filters (70 µM) Millipore, Temecula, CA, USA 

Fluorescent Mounting Media Dako, Carpinteria, CA, USA 

Gentamycin Sigma-Aldrich, Oakville, ON, Canada 

Glycine Fisher Scientific, Nepean, ON, Canada 

Goat anti-rabbit Cy3 conjugated antibody Jackson ImmunoResearch Laboratories, West 

Grove, PA, USA 

Goat  anti-rabbit POD antibody Sigma-Aldrich, Oakville, ON, Canada 

Hematoxylin solution, Mayer’s Sigma-Aldrich, Oakville, ON, Canada 

Hydrogen Peroxide, 30% Fisher Scientific, Nepean, ON, Canada 

Ilustra GFX PCR DNA and gel Purification Kit General Electric Healthcare, Quebec, Canada 

LSAB Kit (Streptavidin-biotin-HRP Labelling 

Kit for Immunohistochemistry) 

Dako, Carpinteria, CA, USA 

Methanol, 100% Fisher Scientific, Nepean, ON, Canada 
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MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide = tetrazolium 

salt) Cellular Proliferation Assay (CGD1) 

Sigma-Aldrich, Oakville, ON, Canada 

Paraformaldehyde, 4% USB Corporation, Cleveland, OH, USA 

Penicillin G (10000 U/mL)/Streptomycin 

sulphate (10000 μg/mL) Liquid  

Invitrogen, Burlington, ON, Canada 

Phenylmethanesulfonylfluoride (PMSF), 

powder 

Sigma-Aldrich, Oakville, ON, Canada 

Polyvinylidene difluoride (PVDF) membrane Roche, Laval, Oakville, ON, Canada 

Rabbit anti-β-actin antibody Cell Signaling Technology, Danvers, MA, 

USA 

Rabbit anti-KIT antibody Dako, Carpinteria, CA, USA 

Rabbit anti-PDGFRα antibody Cell Signaling Technology, Danvers, MA, 

USA 

Rabbit anti-PDGFRβ antibody Cell Signaling Technology, Danvers, MA, 

USA 

Rabbit anti -phospho-KIT (Tyr 719) antibody Cell Signaling Technology, Danvers, MA, 

USA 

Rabbit anti -phospho-PDGFRα/β (Tyr 

849/847) antibody 

Cell Signaling Technology, Danvers, MA, 

USA 

Rabbit anti -phospho-VEGFR2 (Tyr 951) 

antibody 

Cell Signaling Technology, Danvers, MA, 

USA 

Rabbit anti -phospho-VEGFR2 (Tyr 1175) 

antibody 

Cell Signaling Technology, Danvers, MA, 

USA 

Rabbit anti-VEGFR2 antibody Cell Signaling Technology, Danvers, MA, 

USA 

Recombinant canine stem cell factor R&D Systems, Minneapolis, MN, USA 

Recombinant canine vascular endothelial 

growth factor 

R&D Systems, Minneapolis, MN, USA 

RPMI 1640 media Sigma-Aldrich, Oakville, ON, Canada 

RPMI 1640 without phenol red or L-glutamate 

media 

Sigma-Aldrich, Oakville, ON, Canada 

SCF Canine Duoset ELISA R&D Systems, Minneapolis, MN, USA 

Sodium dodecyl sulphate (SDS), 20% Biorad, Mississauga, ON, Canada 

Sodium Orthovanadate Fisher Scientific, Nepean, ON, Canada 

Sodium Pyruvate Invitrogen, Burlington, ON, Canada 

Stem cell factor ELISA duoset (canine) R&D Systems, Minneapolis, MN, USA 

Stripping solution, Reblot Mild Millipore, Temecula, CA, USA 

Taq Polymerase New England Biolabs, Beverly, MA, USA 

ThermoPol Buffer (10X) New England Biolabs, Beverly, MA, USA 

TEMED (N,N,N,N-Tetramethylethylene 

diamine) 

Roche, Laval, Quebec, Canada 

0.5 M Tris-HCl Buffer pH 6.8 Biorad, Mississauga, ON, Canada 

1.5 M Tris-HCl Buffer pH 6.8 Biorad, Mississauga, ON, Canada 

http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Thiazole
http://en.wikipedia.org/wiki/Phenyl
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Tris Base, Powder Fisher Scientific, Nepean, ON, Canada 

Triton X-100 non-ionic detergent Biorad, Mississauga, ON, Canada 

Trypan blue solution 4% Sigma-Aldridge, Oakville, ON, Canada 

Tween-20 Biorad, Mississauga, ON, Canada 

VEGF Canine Duoset ELISA R&D Systems, Minneapolis, MN, USA 

Vercene  Invitrogen, Burlington, ON, Canada 

Wash buffer (Canine Duoset) R&D Systems, Minneapolis, MN, USA 

Wash buffer (LSAB) Dako, Carpinteria, CA, USA 

Wright-Giemsa Stain Invitrogen, Burlington, ON, Canada 

X-ray film Kodak 

 



 

276 

 

APPENDIX II – Preparation of Materials Used 

 

2% Agarose Gel for PCR 

2 grams of agarose and 100 mL of 1X TAE buffer were mixed in a flask. The solution 

was heated using a microwave until completely dissolved and then was allowed to cool for 

approximately 30 seconds. Once cooled, 4 µL of 10 mg/mL ethidium bromide was added to the 

liquid and poured into the casting apparatus. The gel was allowed to solidify before usage 

(approximately 20 minutes). 

 

Casting Acrylamide Gels for Western Blotting (1.5 mm thick) 

7 % acrylamide resolving gels were made as follows (makes 2 gels) 

Reagent Volume 

Milli-Q water (distilled) 11.2 mL 

40% acrylamide solution 3.5 mL 

1.5 M pH 8.8 Tris buffer 5 mL 

TEMED 10 µL 

10% Ammonium Persulfate (APS) 240 µL 

10% SDS 200 µL 

 

After gels solidified, stacking gel was prepared as follows (for 2 gels) 

Reagent Volume 

Milli-Q water (distilled) 3.2 mL 

40% acrylamide solution 0.5 mL 

1.5M pH 8.8 Tris buffer 1.26 mL 

TEMED 5 µL 

10% Ammonium Persulfate (APS)
*
 50 µL 

10% SDS 50 µL 

*10% APS was made the day of use by dissolving 100 mg of ammonium persulfate in 1 mL of 

MilliQ (distilled) water. 

 

50 X TAE Buffer 

The solution was made using 121 g Tris Base, 28.6 mL acetic acid and 50 mL of 0.5 M EDTA 

(pH 8), mixed to a final volume using 500 mL Milli Q (distilled) water. 

 

Towbin Solution 

This solution was made by dissolving 30.35 g Tris Base and 144.1 g Glycine in a final volume of 

1 L Milli Q (distilled) water. 
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Transfer Buffer (10X) For Wet Transfer of Proteins Using Western Blotting 

The solution was made by mixing 150 mL methanol, 80 mL of Towbin solution, 2 mL of 2% 

SDS adjusted to 1 L with Milli Q (distilled) water and chilled at 4° C for 4 hours prior to use. 

 

Tris Buffered Saline (10X) - (TBS) 

This solution was made using 24.2 g Tris Base, 80 g NaCL dissolved in 1 L Milli Q (distilled) 

water. The pH was adjusted to 7.6 with 50% hydrochloric acid. 

 

Wash Buffer (TBS) 

TBS buffer was prepared by diluting 10X TBS to 1X TBS using 900 mL MilliQ water and 100 

mL 10X TBS. 

 

Wash Buffer (TBS/Tween) 

TBT/Tween was prepared by combining 900 mL MilliQ (distilled) water, 100 mL (10X) TBS 

and 1 mL Tween-20. 

 

Blocking Buffers (s) 

For blocking, 5% milk was prepared using 100 mL TBS/Tween and 5 grams of non-fat milk 

powder. 5% Bovine Serum Albumin (BSA) was prepared using 100 mL of TBS/Tween and 5 

grams of BSA powder. 

 

Loading Buffer (3X) (Cell Signaling Technology) for Western Blotting 

Loading buffer was prepared by adding 20 µL of 2-mercaptoethanol to 1 mL of 3X loading 

buffer. For western blotting, loading buffer was 1/3 of total amount loaded per well. 

 

Preparing Stripping Solution for Stripping Membranes of Antibodies 

Antibody probed PVDF membranes were washed in TBS/Tween for 5 minutes. Stripping 

solution was prepared by diluting the stock solution (Millipore) 1:10 in MilliQ (distilled) water. 

Membranes were incubated for 20 minutes in this solution and then washed in TBT/Tween (3x 5 

minute washes) prior to blocking for 1 hour and reprobed for western blotting as previously 

described. 

 

0.5% TNTE Buffer (for Washing Sepharose Beads for Immunoprecipitation) 

TNTE buffer (250 mL) was prepared by mixing 125 mL of 1 M Tris HCl (pH 7.4), 75 mL of 5 

M of sodium chloride, 5 mL of 0.5 M Ethylenediaminetetraacetic acid (EDTA; pH 8), 12.5 mL 

of Triton X-100 and 32.5 mL of MilliQ (distilled) water. This solution was stored at 4 °C until 

use. 
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Sodium Orthopervanadate Solution (for In Vitro Incubation) 

Sodium Orthovanadate was aliquoted and stored at -20°C prior to use. Pervanadate solution was 

prepared immediately prior to incubation with cell cultures and kept wrapped in foil to prevent 

light exposure. Solution was made at room temperature using 150 µL of sodium pervanadate 

stock to 789 µL of phosphate buffered saline (PBS) and activated using 60 µL of 3% hydrogen 

peroxide. For experiments, 15 µL per mL of media was added to cell culture for 8 minutes prior 

to lysis for a final concentration of 0.5 mM sodium orthovanadate. 

 

Toceranib for Receptor Tyrosine Kinase Inhibition Studies 

Stock solution (10 mM) was prepared by dissolving 20 mg of crystalline powder in 5 mL 

DMSO. Aliquots were stored at -80°C prior to use. Serial dilutions in DMSO (1 nM to 10 µM) 

were performed by adding 10 µL of toceranib solution to 90 µL DMSO for RTK inhibition. A 

total of 1 uL volume was added to each 1 mL media and incubated for 4 hours at 37°C. 
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APPENDIX 3 - Power Analysis and Sample Size Calculations for 

Future Prospective Studies 

 

Power and sample size analysis optimizes resources and improves the chances of 

conclusive results with maximum efficiency. The POWER procedure in the Statistical Analysis 

Software (SAS 9.1) performs prospective power and sample size analyses. 

All dogs in the proposed prospective study have cutaneous or subcutaneous mast cell 

tumours (MCT). MCT are surgically excised and dogs are then followed through time to 

determine their outcomes and compare risk factors. The basis for power calculations is based on 

a 2x2 Table for risk factor vs. outcome. In this example, the risk factor is the presence of a c-KIT 

mutation and outcomes are MCT-related death vs. no MCT-related death (i.e., dogs with MCT 

are alive, have died from causes unrelated to MCT or are lost to follow-up). The following 

assumptions are made: first, the prevalence of c-KIT mutations in canine MCT (both cutaneous 

and subcutaneous combined) is thought to be approximately 10-30% and the majority of these 

have a poor prognosis (Zemke et al., 2002; Webster et al., 2007; London et al., 2009b). Second, 

the percentage of dogs with canine MCT (both subcutaneous and cutaneous combined) dying 

from MCT-related disease is reported as approximately 10-50% - the range reflective of the 

number of high grade (III) MCT included in separate studies (Patnaik et al., 1984; Kiupel et al., 

2011).  

Based on the results of Chapter 2 and Chapter 3, as well as the study by Newman et al 

(Newman et al., 2007), it is assumed that subcutaneous MCT are approximately 10% of all 

canine MCT. The goal of this analysis is to determine the number of dogs with MCT needed to 

show statistically significant change in outcome between those with c-KIT mutations and those 

without c-KIT mutations. The sample size is then multiplied by 10 to determine the total number 

of MCT needed to show statistically significant change in subcutaneous MCT variants for 

outcomes base on c-KIT mutational status. 

 

For power analysis a 2x2 table is constructed as follows: 

 

Risk Factor Group Outcome Total 

 MCT-Related Death Number of MCT-

Related Deaths 

 

c-KIT mutation a b 

 

a+b 

No c-KIT mutation c d c+d 

Total a+c b+d a+b+c+d 

 

a = The number of dogs with c-KIT mutated MCT that die from MCT-related disease 

b = The number of dogs with c-KIT mutated MCT that do not die from MCT-related disease 

c = The number of dogs with MCT with no detectable c-KIT mutations that die from MCT-

related disease 

d = The number of dogs with MCT with no detectable c-KIT mutations that do not die from 

MCT-related disease 

 



 

280 

 

p1 = a/a+b = the proportion of dogs with c-KIT mutations that die from MCT (also known in 

SAS as the reference proportion aka “refproportion” 

p2 = c/c+d = the proportion of dogs with no detectable c-KIT mutations that die from MCT 

 

OR= odds ratio = [p2/(1-p2)]/[p1/(1-p1)] 

α = alpha; the level of significance of the statistical test (set to 0.05). This proportion is a type I 

error = rejecting the null hypothesis when it is true 

β = beta; the proportion of type II errors = not rejecting the null hypothesis when it is false 

Power = 1-β 

 

HO = the null hypothesis = p1 - p2 = 0 

H1 = alternative hypothesis = p1 –p2 ≠ 0 for a two-sided test 

 

The formulae for calculating power can be found at  

http://support.sas.com/documentation/cdl/en/statug/63033/HTML/default/viewer.htm#statug_po

wer_a0000000985.htm 

 

The PROC POWER command in SAS was used to determine the sample sizes needed to detect 

various Odds Ratios (ORs) for MCT-related death between dogs with MCT having c-KIT 

mutations and those without detectable mutations. The Fischer exact test was used to analyze the 

proportion of two independent samples. c-KIT mutations are used as a risk factor for this 

example, but the process could be used for other risk factors. Local reoccurrence or metastasis 

could also be used as outcomes, rather than MCT-related death. Calculations were based on 

varying the proportion of c-KIT mutations (reference proportion or p1) from 0.1 to 0.3 of MCT-

related deaths and an expected OR of 2 to 5. 

 

The SAS code is as follows: 

 

proc power; 

twosamplefreq test=fisher 

oddsratio= 2 3 4 5   

refproportion=.1 .2 .3  

nfractional 

npercase= . 

power= 0.8 0.85 0.9 0.95; 

plot; 

run; 
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Output: the results below reflect number per group assuming 1:1 distribution. The numbers in 

bold using 90% power 

 
            The POWER Procedure 
                      Fisher's Exact Conditional Test for Two Proportions 
 
                                    Fixed Scenario Elements 
 
                        Distribution                  Exact conditional 
                        Method             Walters normal approximation 
                        Number of Sides                               2 
                        Alpha                                      0.05 
                                      Computed N Per Group 
 
                                    Ref     Odds    Nominal    Actual    N Per 
                    Index    Proportion    Ratio      Power     Power    Group 
 
                        1           0.1        2       0.80     0.800      303 
                        2           0.1        2       0.85     0.850      343 
                        3           0.1        2       0.90     0.901      398 
                        4           0.1        2       0.95     0.950      486 
                        5           0.1        3       0.80     0.801      110 
                        6           0.1        3       0.85     0.851      124 
                        7           0.1        3       0.90     0.901      143 
                        8           0.1        3       0.95     0.951      174 
                        9           0.1        4       0.80     0.806       66 
                       10           0.1        4       0.85     0.854       74 
                       11           0.1        4       0.90     0.904       85 
                       12           0.1        4       0.95     0.951      102 
                       13           0.1        5       0.80     0.804       47 
                       14           0.1        5       0.85     0.856       53 
                       15           0.1        5       0.90     0.901       60 
                       16           0.1        5       0.95     0.952       73 
                       17           0.2        2       0.80     0.802      186 
                       18           0.2        2       0.85     0.851      210 
                       19           0.2        2       0.90     0.900      243 
                       20           0.2        2       0.95     0.950      297 
                       21           0.2        3       0.80     0.803       72 
                       22           0.2        3       0.85     0.852       81 
                       23           0.2        3       0.90     0.901       93 
                       24           0.2        3       0.95     0.950      113 
                       25           0.2        4       0.80     0.804       45 
                       26           0.2        4       0.85     0.857       51 
                       27           0.2        4       0.90     0.903       58 
                       28           0.2        4       0.95     0.951       70 
                       29           0.2        5       0.80     0.811       34 
                       30           0.2        5       0.85     0.858       38 
                       31           0.2        5       0.90     0.903       43 
                       32           0.2        5       0.95     0.952       52 
                       33           0.3        2       0.80     0.801      153 
                       34           0.3        2       0.85     0.851      173 
                       35           0.3        2       0.90     0.901      201 
                       36           0.3        2       0.95     0.950      245 
                       37           0.3        3       0.80     0.807       63 
                       38           0.3        3       0.85     0.851       70 
                       39           0.3        3       0.90     0.902       81 
                       40           0.3        3       0.95     0.950       98 
                       41           0.3        4       0.80     0.809       41 
                       42           0.3        4       0.85     0.858       46 
                       43           0.3        4       0.90     0.901       52 
                       44           0.3        4       0.95     0.951       63 
                       45           0.3        5       0.80     0.803       31 
                       46           0.3        5       0.85     0.856       35 
                       47           0.3        5       0.90     0.904       40 
                       48           0.3        5       0.95     0.951       48 
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Graphical representation of sample size calculations from above, using the proportion of c-KIT 

mutations as 0.1, 0.2 and 0.3 (reference proportion) and odds ratios varying from 2 to 5. 

If c-KIT mutations are present in 20% of all canine MCT, in order to obtain a power of 90% and 

an OR of 2, the study would need 243 samples per group to show statistical significance for all 

MCT between those with c-KIT mutations and those without them. Therefore 2430 samples per 

group would need to be collected to ensure that 243 subcutaneous MCT were in each group. If 

the expected OR is greater (e.g., OR = 5), then only 43 cases per group would be needed to show 

statistical significance between groups and thus 430 MCT would need to be collected to ensure 

the inclusion of 43 subcutaneous MCT in each group. 
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If it is assumed that aggressive MCT are less infrequent than non-aggressive types (i.e., 

30% MCT-related mortality is assumed), in order to calculate the number of dogs needed to 

achieve a power of 90%, an OR of 2 at the 20% c-KIT mutation rate, the groupweight option in 

SAS is used: 
 

proc power; 

twosamplefreq test=fisher 

oddsratio= 2  

refproportion=.2 

groupweights=(.3 .7) 

nfractional 

ntotal=. 

power=.9; 

run; 

 

The Output is as follows: 
 
                 Distribution                                 Exact conditional 
                 Method                            Walters normal approximation 
                 Reference (Group 1) Proportion                             0.2 
                 Odds Ratio                                                   2 
                 Group 1 Weight                                             0.3 
                 Group 2 Weight                                             0.7 
                 Nominal Power                                              0.9 
                 Number of Sides                                              2 
                 Alpha                                                     0.05 
 
 
                                    Computed Ceiling N Total 
 
                                 Fractional    Actual    Ceiling 
                                    N Total     Power    N Total 
 
                                 579.363642     0.900        580 
    

Number of Controls (non-MCT-related death) = 406 

Number of Cases (MCT-related death) = 174 

 

Next this is recalculated for subcutaneous MCT (which are 10% of all canine MCT). This is 

approximated by multiplying the numbers above by 10. Therefore, in order design a study with 

90% power, which shows that dogs with subcutaneous MCT having c-KIT mutations have 

significantly increased odds (OR=2) of MCT-related death than those without mutations, 

approximately 5800 canine MCT would need to be collected to ensure obtaining 580 cases of 

subcutaneous MCT. 
 

 

 

 


