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ABSTRACT 

 

NOVEL PROGNOSTIC AND PREDICTIVE MARKERS  

FOR CANINE MAST CELL TUMOURS 

 

Britta J. Knight     Advisors: 

University of Guelph, 2019            Dr. Robert A. Foster 

Dr. Brenda L. Coomber 

 

 Mast cell tumours (MCTs) are the most common skin tumour of the dog, representing 

approximately 21% of all cutaneous tumours. Accurately predicting behaviour is critical in 

directing patient therapy, especially in canine MCTs as they range from benign to a fatal systemic 

disease. Grading is useful for prognosis, but it cannot predict the behaviour of each MCT. We 

hypothesized that biomarker staining in tumour tissues will correlate with patient outcome. A 

clinically annotated tissue microarray of primary, recurrent, and metastatic cutaneous canine 

MCTs (with and without adjunctive treatment) was created and high-throughput 

immunohistochemical staining profiling of 244 tumours from 189 dogs was performed. Total 

staining of KIT, a receptor tyrosine kinase that is an important driver of MCTs, was not 

prognostic. Mast cell tryptase levels were found to be prognostic in low-grade MCTs, with low 

tryptase-expressing tumours having a decreased time to recurrence and/or metastasis compared to 

high-tryptase expressing tumours. Two other proteins involved in protein degradation pathways 

were also investigated: c-CBL, an E3 ubiquitin ligase that also functions as an adaptor protein to 

regulate signaling pathways, and beclin-1, an autophagy protein. High c-CBL expressing tumours 

had a decreased MCT-related survival time in primary, adjunctive therapy treated, subcutaneous 

MCTs. Beclin-1 staining level was a strong predictive biomarker for cutaneous MCTs. High 

beclin-1 expressing tumours showed poor response to adjunctive treatment compared to low 

beclin-1 expressing tumours, especially for high-grade or high mitotic count tumours. These 



 
 

findings will hopefully improve our ability to prognosticate MCTs and help decide whether to 

pursue adjunctive treatment. Importantly, this is the first evidence that autophagy inhibitors may 

be useful in improving response to treatment for dogs with high-grade MCTs. 
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Chapter 1: Literature Review 

Mast cell biology 

Mast cells were first described in 1878 by Paul Ehrlich during his doctoral thesis 

presentation (Crivellato et al., 2003). Believing that these granular cells served a nutritional 

function, he coined the term “Mastzellen”, as the German word “Mast” implies a “fattening” or 

“suckling” function (Beaven, 2009). Since that time, studies have revealed a wide and diverse 

range of functions for these cells, with mast cells playing important roles in both immunological 

and non-immunological settings (Crivellato et al., 2015; Galli et al., 2005). In humans, mast cells 

are strategically located at the interface between the host and the environment, such as the skin, 

and the mucosae of the respiratory, gastrointestinal, and genitourinary tracts, as well as around 

blood vessels and nerves (Abraham and Malaviya, 1997). They are present in large numbers, 

which is highlighted by the fact that their combined mass is estimated to be equal to that of the 

spleen (Caughey, 1991). Canine mast cells are also widely distributed with a localization pattern 

that closely follows that of humans (Table 1.1). 

Table 1.1 Location of canine mast cells. 

Location  References 

Skin  (Becker et al., 1985; Kube et al., 1998) 

Adipose tissue of the subcutis  (Kube et al., 1998) 

Airways  (Kube et al., 1998; Peeters et al., 2005; Su et al., 1993) 

Small intestine  (German et al., 1999; Kube et al., 1998) 

Large intestine  (German et al., 1999) 

Stomach  (Kube et al., 1998; Soll et al., 1988) 

Liver  (Morimoto et al., 1998; Yamamoto, 2000) 

Uterus  (Kube et al., 1998) 

Lymph nodes  (Kube et al., 1998) 

Heart  (Frangogiannis et al., 1998) 

Brain  (Matsumoto et al., 2001) 

Tunica albuginea of testes  (Anton et al., 1998) 

Bone marrow (rare)  (Bookbinder et al., 1992) 
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Mast cell development 

In humans, mice, and dogs, mast cells are derived from CD34+ hematopoietic progenitor 

cells in the bone marrow (Chen et al., 2005; Kirshenbaum et al., 1991; Lin et al., 2006). These 

cells leave the bone marrow as morphologically unidentifiable progenitors and travel to most 

organs and tissues of the body where they mature in situ into phenotypically identifiable mast cells 

(Hatanaka et al., 1979; Kitamura and Fujita, 1989). Additionally, white adipose tissue is also a site 

of functional mast cell precursors in mice (Poglio et al., 2010). The developmental pathway of 

mast cells in relation to other myeloid-derived cells remains somewhat controversial. One study 

described a progenitor cell that could give rise only to mast cells or basophils (Arinobu et al., 

2005), cells that share many similar functions with mast cells (Crivellato et al., 2011). Multiple 

other studies suggest that basophils share a common progenitor with eosinophils, while mast cells 

develop from a lineage independent from granulocytes (Chen et al., 2005; Denburg et al., 1985; 

Franco et al., 2010).  

The mast cell progenitor cells (MCps) found in the periphery are generally defined by their 

expression of the high-affinity receptor for immunoglobulin E (FcεRI) and the stem cell factor 

(SCF) receptor KIT, as well as having the ability to form mast cell colonies in culture (Gurish and 

Austen, 2012). Notably, the most important factor in mast cell development and proliferation is the 

glycoprotein SCF (Kitamura and Go, 1979; Yee et al., 1994). This was first suggested in early 

studies with mice with mutations in either the W (c-KIT) locus (encoding KIT), or the Sl locus 

(encoding SCF) (Kitamura and Go, 1979; Kitamura et al., 1978). Partial loss-of-function 

mutations in either locus resulted in profound deficiencies in the number of tissue mast cells, in 

addition to hypopigmentation and sterility (Kitamura and Go, 1979; Kitamura et al., 1978), while 

basophil numbers were not significantly different between wild type and mutant W mice (Jacoby et 
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al., 1984). Further studies in vitro demonstrated the potent proliferative effects of SCF on MCps 

(Sawai et al., 1999), as well as anti-apoptotic effects (Moller et al., 2005).  

Stem cell factor is widely expressed during embryogenesis and in the adult. Stem cell 

factor can exist as a membrane-anchored or soluble isoform, depending on alternative RNA 

splicing and subsequent proteolytic cleavage (Huang et al., 1992). The differential expression of 

the two isoforms can vary widely between different tissues (Huang et al., 1992), and both isoforms 

can be produced in the bone marrow by human marrow stromal fibroblasts (Linenberger et al., 

1995), as well as many other cells, including murine fibroblasts (Dvorak et al., 1994; Flanagan and 

Leder, 1990), human and rat hepatic stellate cells (Gaca et al., 1999), human epithelial cells (Wen 

et al., 1996), human bronchial smooth muscle cells (Kassel et al., 1999), human endothelial cells 

(Aye et al., 1992), human keratinocytes (Hamann et al., 1995), human and canine mast cells (de 

Paulis et al., 1999; Noli and Miolo, 2001), human breast carcinoma and small cell lung carcinoma 

cell lines (Turner et al., 1992), and canine mast cell tumours (Amagai et al., 2014). The 

membrane-anchored isoform can transmit short-range signals through cell-to-cell contacts, 

whereas soluble SCF can transfer long-range signals through diffusion across the extracellular 

media (Roskoski, 2005). 

The full physiologic functions of the two SCF isoforms is not well understood, however, 

there is evidence for differential functions in situations such as hematopoiesis, and it appears that 

both isoforms are necessary for proper mast cell differentiation and survival (Kapur et al., 1998; 

Lennartsson and Ronnstrand, 2012). In addition to playing a key role in mast cell development, 

SCF also promotes the proliferation, migration and differentiation of hematopoietic progenitor 

cells, melanocytes, and germ cells (Lennartsson and Ronnstrand, 2012). A SCF/KIT autocrine 

loop has been implicated in several human cancers (Ronnstrand, 2004) but is not well studied in 

non-neoplastic mast cells or canine mast cell tumours. 
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Tissue-specific homing of murine MCps after release from the bone marrow is dependent 

upon a number of factors, including mast cell integrin and chemokine receptor expression, specific 

chemokines, endothelial ligands, and growth factors (Hallgren and Gurish, 2011). For example, 

the binding of α4β7 integrin to mucosal addressin cellular adhesion molecule-1 (MAdCAM-1) and 

vascular cell adhesion molecule-1 (VCAM-1) was shown to be critical in the homing of MCps to 

the intestine (Gurish et al., 2001). One study has also suggested a role for the MCp expression of 

the thrombopoietin receptor Mpl, in mast cell recruitment to multiple sites, including the dermis, 

peritoneal cavity and stomach (Ghinassi et al., 2009). The critical mast cell growth factor, SCF, is 

also a potent KIT-dependent mast cell chemotactic factor whose activity is potentiated by 

interleukin-3 (IL-3) (Meininger et al., 1992). Homing of MCps from white adipose tissue to 

intestine and skin also occurs, although the mechanism is not well understood (Poglio et al., 2010). 

It has been appreciated for some time that mast cells exist as distinct subpopulations within 

the body. Careful studies in the 1960s in rats revealed a connective tissue submucosal population 

of mast cells (connective tissue mast cells, or CTMCs) in sites such as skin and peritoneal cavity 

that showed differential staining properties compared to atypical mast cells residing in the 

intestinal lamina propria and between epithelial cells (mucosal mast cells, or MMCs) (Enerback, 

1966a, b). Further studies found that the dye-binding differences were related to differential 

proteoglycan characteristics (Enerback et al., 1985). In contrast to rodents, human mast cells are 

divided into two major subtypes based on their protease composition: tryptase expression alone 

(MCT), which are located predominantly in mucosa and airway, and tryptase together with 

chymase expression (MCTC), located in skin and perivascular sites (Irani et al., 1986; Schwartz, 

2006). In contrast, canine mast cells are classified into three groups: tryptase (MCT), chymase 

(MCC) and dual positive (MCTC) cells (Noviana et al., 2004). It is now believed that this 

distinction is an oversimplification (albeit a useful one in understanding mast cell function), and 
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that mediator content and cell surface receptors of differentiated mast cells can be modulated by 

interactions with the microenvironment (Galli et al., 2011; Hallgren and Gurish, 2007). 

The differentiation of mast cells in their target tissue is dependent upon numerous 

environmental factors, including cytokines, growth factors, and interactions with the extracellular 

matrix (Liu et al., 2010; Metcalfe et al., 1997). Once again, SCF plays a critical role in mast cell 

differentiation and maturation. Bone marrow progenitor cells from humans (Valent et al., 1992), 

mice (Jamur et al., 2005), and dogs (Lin et al., 2006) cultured with SCF develop into cells that 

phenotypically and functionally resemble mature mast cells. Numerous interleukins have been 

shown to induce cellular proliferation and upregulate granulation and mucosal protease levels in 

mouse and human mast cells; while interferon-γ, transforming growth factor-β, and granulocyte 

macrophage colony-stimulating factor inhibit cellular proliferation (Okayama and Kawakami, 

2006). 

Mast cell structure and function 

After travelling into tissue, mast cells reside there for weeks to months. Mast cell activation 

can occur in an immunoglobulin E (IgE)-dependent or IgE-independent manner. In the IgE-

dependent pathway, which typically occurs in a hypersensitivity reaction, multivalent antigen 

binds to IgE, which then binds to the Fc portion of FcεRI, on the surface of the mast cell. This 

leads to receptor aggregation, internalization, and initiates intracellular signalling cascades (Turner 

and Kinet, 1999). Several different compounds  have been shown to activate mast cells in in vitro 

experiments (performed in the absence of IgE) (Galli and Tsai, 2012). Such stimuli include 

peptides and proteins (e.g. complement cascade products, neuropeptides, chemokines, 

lipoproteins), chemicals (e.g. opioids), bacteria, lipopolysaccharides (LPS), parasites, toxins, 

changes in osmolality, and physical stimuli (Table 1.2) (Krishnaswamy et al., 2005; Metz et al., 

2007; Theoharides et al., 2012).  
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Table 1.2 Mast cell stimuli. Mast cells can be activated by numerous physiological and environmental 

triggers, which can lead to degranulation, or selective release of mediators, without degranulation. Modified 

from (Theoharides et al., 2012) and (Metz et al., 2007). 

 

Stimuli resulting in      

degranulation 

Stimuli resulting in                

selective release of mediators 

IgE/Antigen Viruses (via TLR-3,-5,-9)  

Peptidoglycan LPS (via TLR-4) 

Thrombin Parasites (e.g. Schistosoma mansoni,  

Hemokinin   Leishmania major) 

Vasoactive intestinal peptide Parathyroid hormone 

Neurotensin Pituitary adenylate cyclase activating  

Endothelin   polypeptide 

Adrenomedullin Polychlorinated biphenols 

Neuropeptides (e.g. nerve growth  Corticotropin releasing hormone 

  factor, substance P) Toxins (e.g. Clostridium difficile Toxin 

Endorphin    A, Cholera toxin) 

Venoms or venom components   

Physical stimuli (e.g. UV light, cold,    

  heat, pressure, vibration)   

IgE, immunoglobulin E; LPS, lipopolysaccharide; TLR, toll-like receptor; UV, ultraviolet 

 

Upon activation, mast cells are stimulated to release many different mediators. Some 

mediators are preformed and contained within the secretory granules that were first observed over 

one hundred years ago, while other mediators are newly synthesized. For example, histamine, 

proteases, proteoglycans, and serotonin are preformed, stored in granules, and can be released 

through degranulation within minutes upon activation; while lipid-derived mediators, 

inflammatory cytokines, chemokines, and oxygen-derived free radicals are newly generated and 

released without degranulation (Figure 1.1). Interestingly, selective release of granule mediators 

without complete degranulation can also occur (Abdel-Majid and Marshall, 2004; Nakayama et 

al., 2006; Theoharides et al., 1982). Broadly, the mediators induce acute vascular injury and 

inflammatory cellular recruitment and adhesion, and in cases of more severe tissue injury, eventual 

progression to fibrosis, tissue remodeling, and angiogenesis (reviewed in (Beaven, 2009; da Silva 

et al., 2014; Krishnaswamy et al., 2005)). 
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Figure 1.1 Mast cell mediated effects. After activation of mast cells, preformed and newly synthesized 

mediators are released, leading to inflammatory effects, including innate immune responses, as well as 

adaptive immune responses. Modified from (Krishnaswamy et al., 2005) and (Beaven, 2009). 

DC, dendritic cell; ECF-A, eosinophilic chemotactic factor–A; FGF-2, fibroblast growth factor-2; IL, interleukin; 

LTB4, leukotriene B4; LTC4, leukotriene C4; MCP, monocyte chemotactic protein; MIP-α, monocyte inflammatory 

peptide-α; NCF, neutrophil chemotactic factor; PAF, platelet-activating factor; PDGF, platelet-derived growth factor; 

PGD2, prostaglandin D2; SCF, stem cell factor; TGF-β, transforming growth factor-β; TNF-α, tumour necrosis factor-

α; VEGF, vascular endothelial growth factor 

Mast cells show a diverse range of functions: they play a role in immediate-type (type I) 

hypersensitivity reactions, both innate and adaptive immunity, tissue homeostasis, chronic 

inflammatory conditions, and neoplasia. In type I hypersensitivity reactions, upon allergen-

induced IgE activation, rapid degranulation of preformed mediators accounts for much of the 

‘classic’ acute clinical signs such as increased vascular permeability resulting in tissue edema, in 

addition to bronchoconstriction and mucous overproduction (da Silva et al., 2014; Gregory and 

Brown, 2006). The late-phase cutaneous inflammatory response (that peaks by 6 to 12 hours) is 

also largely attributed to mast cell function, with continued secretion of chemoattractive and 
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immunomodulatory molecules leading to inflammatory cell recruitment (Barata et al., 1998; Galli 

et al., 1992). 

Much of the early mast cell research focused on its role in allergy; however, new research 

is revealing how mast cells function in innate and adaptive immunity. Mast cells are able to 

recognize antigens, toxins, and pathogens through different mechanisms, including the recognition 

of pathogen-associated molecular patterns (PAMPs) on the surface of the pathogen, the 

recognition of damage-associated molecular patterns (DAMPs) released by damaged cells, and 

antibody binding (Brown and Hatfield, 2012; Hofmann and Abraham, 2009). The release of 

inflammatory mediators results in recruitment of innate immune cells such as eosinophils, natural 

killer cells, and neutrophils (Burke et al., 2008; Huang et al., 1998; Marshall, 2004). Impressively, 

mast cells also play a direct role in bacterial clearance, through bacterial phagocytosis (Malaviya 

et al., 1994), as well as release of antibacterial peptides (Di Nardo et al., 2003). The induction of 

the adaptive immune responses relies on presentation of antigen to T lymphocytes. Mast cells are 

not only able to modulate the activation and migration of antigen-presenting cells (APCs) (Reuter 

et al., 2010), but are also able to process and present antigens themselves in an in vitro setting 

(Malaviya et al., 1996; Stelekati et al., 2009). Additionally, mast cells can directly enhance T cell 

activation through the secretion of TNF-α (Nakae et al., 2006; Nakae et al., 2005).  

Mast cells also make important contributions towards maintaining tissue function and 

homeostasis (Maurer et al., 2003). In humans, rodents, and dogs, mast cells are involved in wound 

healing: in leukocyte recruitment, angiogenesis, granulation tissue formation, and epithelialization 

(Katayama et al., 1992; Levi-Schaffer and Kupietzky, 1990; Meininger and Zetter, 1992; Ng, 

2010; Noli and Miolo, 2001; Rock et al., 1990; Weller et al., 2006). Mast cells are important in 

several aspects of homeostasis such as regulation of hair follicle growth cycles (Maurer et al., 
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1995), bone metabolism (Bulfone-Paus and Paus, 2008), and gastrointestinal motility (Van 

Nassauw et al., 2007). 

The multitude of mast cell-mediated effects that make them uniquely poised to combat 

foreign invaders can also result in serious consequences in a disease setting. In addition to their 

role in allergy and anaphylaxis (described above), mast cells have also been implicated in the 

pathogenesis of several human diseases such as Type I diabetes (Geoffrey et al., 2006), interstitial 

cystitis (Letourneau et al., 1996), bullous pemphigoid (Wintroub et al., 1978), rheumatoid arthritis 

(Lee et al., 2002), psoriasis (Harvima et al., 1993), atherosclerosis (Bot et al., 2015), and multiple 

sclerosis (Dines and Powell, 1997; Ibrahim et al., 1996). Mast cells also contribute to persistent 

inflammation and chronic fibrosis in Crohn’s disease, an inflammatory intestinal disease (Dvorak 

et al., 1980; Gelbmann et al., 1999), as well as other inflammatory conditions such as asthma, 

allergic rhinitis, and atopic dermatitis (Brown et al., 2008; Grimbaldeston et al., 2006; Williams 

and Galli, 2000).  

Although much of the work elucidating mast cell development, structure, and function has 

focused on rodent and human mast cells, canine mast cells have also been studied extensively. 

Indeed, the cloning of mast cell tryptase and chymase was first reported in the dog (Caughey et al., 

1990; Vanderslice et al., 1989). Canine mast cell lines, both with and without c-KIT mutations, 

have also been utilized to study canine mast cell biology, mast cell neoplasms, as well as the 

biologic activity of anti-cancer drugs (Gleixner et al., 2007; Lin and London, 2006; Lin et al., 

2006; Lin et al., 2009; London et al., 1999; Ma et al., 1999; Thompson et al., 2015). Based on the 

similarities in biochemical properties of proteases and in characterization of histamine release 

between canine and human mast cells, canine mast cells have been proposed to be a better model 

to study the role of mast cells in human disease than rodent mast cells (de Mora et al., 2006). 

Experimental canine models have been useful in elucidating the role of mast cells in reperfusion in 
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the lung (Su et al., 1993), small intestine (Szabo et al., 1997), and heart (Frangogiannis et al., 

1998; Somasundaram et al., 2005), in intrathecal morphine-induced granulomas (Yaksh et al., 

2013), and in mitral valve regurgitation (Stewart et al., 2003). As in humans, mast cells also play a 

role in the pathogenesis of several diseases in canines, such as atopic dermatitis (Schumann et al., 

2014), inflammatory bowel disease (Locher et al., 2001; Woldemeskel et al., 2013), and 

parvovirus-2-associated enteritis (Woldemeskel et al., 2013). 

The relationship between tumours and mast cells is complex. On the one hand, mast cells 

are able to promote cancer through the release of pro-angiogenic and mitogenic factors and 

through the degradation of the extracellular matrix (Ch'ng et al., 2006). On the other hand, mast 

cells can also exert anti-neoplastic effects through cell growth inhibition, promotion of apoptosis, 

and an anti-tumour inflammatory reaction (Dyduch et al., 2012). These contradictory effects likely 

explain, at least in part, why mast cell accumulation is associated with a poor prognosis in some 

human cancers such as melanoma (Reed et al., 1996) and Hodgkin’s lymphoma (Molin et al., 

2002), while in some breast cancers, the opposite is true (Dabiri et al., 2004). In addition, 

dysregulated replication of mast cells themselves can result in neoplasia.  

Mast cell neoplasia 

Mast cell neoplasia results from unregulated clonal proliferation of mast cells. In humans, 

there are two main variants of proliferative mast cell disease, or mastocytosis, that are usually 

associated with activating c-KIT mutations: 1) cutaneous, which is a skin-limited disease that most 

commonly affects children; and 2) systemic, with mast cell accumulation in at least one 

extracutaneous organ (with or without skin involvement) (da Silva et al., 2014; Metcalfe, 2008). 

Cutaneous mastocytosis presents as either urticaria pigmentosa, diffuse cutaneous mastocytosis or 

mastocytomas (da Silva et al., 2014). These diseases show a wide range of symptoms, prognoses 

are widely variable, and there is no specific cure available (Deho and Monticelli, 2010). In cats, 
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mast cell tumours (MCTs) occur in three distinct syndromes; cutaneous MCT, splenic/visceral 

mast cell neoplasia, and intestinal MCT (London and Thamm, 2013). MCTs are the second most 

common cutaneous tumour in cats and generally occur in older cats (Buerger and Scott, 1987; 

Miller et al., 1991). Another tumour in young cats of unconfirmed mast cell origin has a histiocytic 

appearance and will spontaneously regress over time (Chastain et al., 1988; Wilcock et al., 1986). 

Mast cell neoplasia has also been reported in numerous other domestic species, including ferrets 

(Poonacha and Hutto, 1984), horses (McEntee, 1991; Millward et al., 2010; Ressel et al., 2015), 

cattle (Hill et al., 1991), and pigs (Migaki and Langheinrich, 1970). However, the species that is 

arguably the most severely negatively impacted by MCTs is the dog.  

Canine mast cell tumours  

The MCT is the most common skin tumour of the dog, representing up to 21% of all 

cutaneous tumours (Bostock, 1986; Cohen et al., 1974; London and Seguin, 2003; Welle et al., 

2008). The vast majority of canine MCTs are located in the dermis or subcutaneous tissue; most 

present as a solitary mass, although 11% to 14% of dogs have multiple synchronous lesions 

(Bostock, 1973; Hottendorf and Nielsen, 1967; Rothwell et al., 1987). It is imperative to note, that 

it was not until 2011 that dermal and subcutaneous MCTs were definitively shown to exhibit 

distinctly different biological behaviour (Thompson et al., 2011a; Thompson et al., 2011b). 

Therefore, canine MCT studies published prior to 2011 must be interpreted with caution, bearing 

in mind that if not otherwise stated, they likely included both dermal and subcutaneous MCTs, 

occurring at a dermal : subcutaneous ratio of approximately 6 : 1 (Sabattini et al., 2015). 

Approximately 50% of all solitary cutaneous MCTs occur on the trunk, with the rest 

occurring on the limbs (40%) and on the head and neck (10%) (Cohen et al., 1974; Hottendorf and 

Nielsen, 1967). Cutaneous mastocytosis has also rarely been reported in dogs, and the small 

papules to erythematous plaques that develop resemble urticarial pigmentosa in humans (Davis et 
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al., 1992; Kato et al., 2016; Pariser and Gram, 2015). There are also occasional reports of primary 

extracutaneous sites such as conjunctiva, salivary gland, nasopharynx, oral cavity, gastrointestinal 

tract, ureter, and spine (Iwata et al., 2000; Patnaik et al., 1982; Welle et al., 2008). Visceral forms 

of MCTs involving the spleen, liver, or bone marrow (known as disseminated or systemic 

mastocytosis), are uncommon in dogs and have a grave prognosis (Moirano et al., 2017). The 

visceral form can occur independently of a cutaneous MCT, or, more commonly, is actually a 

result of widespread metastases of an aggressive cutaneous tumour (O'Keefe et al., 1987; 

Takahashi et al., 2000). Interestingly, it has been suggested that dogs (with a confirmed cutaneous 

MCT) with distant metastatic disease, without lymph node metastasis, may have a surprisingly 

long survival time (Pizzoni et al., 2018). 

The clinical appearance of solitary cutaneous MCTs can vary widely, ranging from small, 

slow growing, well-circumscribed tumours with loss of overlying hair to rapidly growing, 

ulcerated tumours with surrounding inflammation and small satellite nodules (Bostock, 1986; 

London and Seguin, 2003; Welle et al., 2008). Importantly, subcutaneous MCTs may be soft and 

fleshy and can be grossly misdiagnosed as lipomas, a common benign tumour of adipose tissue 

(Welle et al., 2008). Although MCTs can affect dogs as young as 4 months, they are usually found 

in older dogs (mean age at presentation of 7.5-9 years) (Thompson et al., 2011a; Welle et al., 

2008). There are also certain breed dispositions, with Boxers and Boston Terriers showing an 

increased incidence of MCTs, although these MCTs are more often lower grade (Bostock, 1986; 

Brodey, 1970; Villamil et al., 2011). Similarly, Boxers tend to have less aggressive subcutaneous 

MCTs compared to other breeds (Thompson et al., 2011a). Despite the paucity of large-scale 

breed-specific studies, the numerous smaller studies showing associations between breed and 

incidence, site predilections, and tumour behaviour suggest that MCT development has a genetic 

component (Peters, 1969; Welle et al., 2008). Other factors that have been hypothesized to play a 
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role in MCT etiology include chronic inflammation, skin irritants, and viruses; however, 

conclusive studies to support these hypotheses are still lacking (London and Thamm, 2013). 

The myriad of functional effects of mast cells lends itself to numerous complications 

arising secondary to MCTs. Occasionally, physical examination of the tumour induces mast cell 

degranulation, resulting in erythema and wheal formation (known as Darrier’s sign) (London and 

Seguin, 2003). Histamine release from MCTs can lead to gastrointestinal ulceration with 35% to 

83% of dogs with MCTs showing evidence of gastrointestinal ulceration at necropsy (Howard et 

al., 1969), and rarely, systemic anaphylaxis and collapse (Blackwood et al., 2012). Other potential 

complications include delayed wound healing after surgical excision, coagulation defects in blood 

around MCTs, in addition to lesions often related to gastrointestinal ulceration such as anorexia, 

vomiting, melena, anemia, and rarely, intestinal perforation and peritonitis (Welle et al., 2008).  

Diagnosis of solitary MCTs can be made with cytological or histopathological 

examination. Cytological examination of fine-needle aspirations stained with a Wright-Giemsa 

stain, revealing a round-cell population with purplish red (metachromatic) cytoplasmic granules, 

yielded a correct diagnosis in approximately 95% of confirmed MCTs (including both well-

granulated and poorly granulating tumours) (Baker-Gabb et al., 2003). Some general histological 

features of canine cutaneous MCTs include an unencapsulated nodule in the dermis and/or 

subcutaneous tissue, composed of discrete round cells arranged in rows or loose sheets (Patnaik et 

al., 1984; Thompson et al., 2011a). The cells have a central round nucleus and variable numbers of 

basophilic cytoplasmic granules that stain metachromatically with metachromatic stains such as 

toluidine blue or Giemsa. There are variable numbers of eosinophils scattered throughout the MCT 

or forming aggregations (Welle et al., 2008). The surrounding collagen may be fibrotic, edematous 

or hyalinized, and may show collagen degeneration; tissue necrosis may also be present (Patnaik et 

al., 1984; Welle et al., 2008). The wide variety of functional properties of mast cells and their 
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dynamic cross talk with the microenvironment may account for the variability seen in the stroma 

surrounding MCTs. 

Prognosis of canine mast cell tumours 

The ability to accurately predict a tumour’s behaviour is critical in directing patient 

therapy, and is especially important in canine MCTs as their behaviour is highly variable, ranging 

from benign to a fatal systemic disease (O'Connell and Thomson, 2013). Factors shown to have 

statistically significant correlations with clinical outcome (albeit with variable clinically useful 

significance) include cell proliferation rate, biomarker expression pattern, histologic architectural 

pattern, location of tumour, clinical appearance, growth rate, size, the presence of systemic signs, 

breed, sex and clinical stage (i.e. presence of lymph node involvement or distant metastasis) 

(Table 1.3) (Berlato et al., 2018; Da Silva et al., 2017; Horta et al., 2018; London and Thamm, 

2013; Pulz et al., 2017; Welle et al., 2008). A recent study has shown that cytologic grade may be 

useful in directing treatment and for prognostication (Camus et al., 2016). However, histologic 

grade is still generally considered the most consistent and reliable prognostic indicator, although it 

does not predict the behaviour of every tumour (Bostock, 1973; Kiupel et al., 2011; Murphy et al., 

2004; Patnaik et al., 1984). Pre-treatment incisional biopsies are useful in determining grade, as 

their grade has a high level of correlation with the grade evaluated from excisional biopsies (Shaw 

et al., 2017). 
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Table 1.3 Canine mast cell tumour prognostication factors. Many factors (with variable predictive 

ability) have been associated with better prognosis (positive prognostic factor) or poorer prognosis 

(negative prognostic factor). Modified from (London and Thamm, 2013). 

 

 Positive prognostic factor Negative prognostic factor 

Histologic grade 
Patnaik grade I* 

Kiupel low-grade** 

Patnaik grade III* 

Kiupel high-grade** 

Cell proliferation rate 
Low mitotic count, low levels of Ki67 

and AgNORs 

High mitotic count, high levels of Ki67 

and AgNORs 

c-KIT mutation status Absence of activating mutation Presence of activating mutation 

KIT localization Membrane Cytoplasm 

KIT phosphorylation Low phosphorylation High phosphorylation 

VEGFR2 /pVEGFR2 

expression by 

neoplastic cells 

Low expression High expression 

c-CBL Low expression High expression 

Architectural pattern Cords Sheets 

Clinical stage Single site 
Lymph node involvement or distant 

metastasis 

Location Subcutaneous 

Mucous membrane; preputial and scrotal 

tumours; visceral and bone marrow 

disease 

Growth rate 

Slow growth without significant change 

(present for months or years) are usually 

benign 

Rapid growth 

DNA ploidy Diploid 
Aneuploid may be associated with shorter 

survival times and higher-stage disease 

Microvessel density Decreased density Increased density 

Recurrence 
No recurrence following surgical 

excision 

Local recurrence following surgical 

excision  

Systemic signs No systemic signs 

Presence of systemic signs (e.g. vomiting, 

GI ulceration, melena) may be associated 

with worse prognosis 

Tumour size 
Small tumours (more amenable to 

complete excision) 

Large tumours may be associated with 

worse prognosis after surgical removal 

and/or RT 

Age Younger dogs 
Older dogs may be associated with shorter 

median DFIs after RT 

Breed 
Brachycephalic breeds tend to have low-

grade tumours 
Non-brachycephalic breeds 

AgNORs, argyrophilic nucleolar organizer regions; DFI, disease-free interval; GI, gastrointestinal; RT, radiation 

therapy; VEGFR2, vascular endothelial growth factor receptor 2 

*   (Patnaik et al., 1984) 

** (Kiupel et al., 2011)   
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A widely adopted canine cutaneous MCT histopathologic grading scheme was published 

by Patnaik and colleagues in 1984 (Northrup et al., 2005b; Patnaik et al., 1984; Welle et al., 2008). 

This scheme compared histomorphologic features to define three grades of tumour. Grade I 

tumours included well-differentiated tumours that were confined to the dermis with no observed 

mitotic figures in the section examined, grade II tumours included intermediately differentiated 

tumours infiltrating or replacing the lower dermal and subcutaneous tissue, with 0 to 2 mitotic 

figures per 400X high power field (HPF) (although there was no indication of how many HPFs are 

needed to confirm this number), and grade III tumours included highly cellular, poorly 

differentiated tumours with replacement of subcutaneous and deep tissues, and 3 to 6 mitotic 

figures per HPF. The study was able to separate clinically benign from highly aggressive tumours, 

as evidenced by the fact that grade I tumours showed much higher survival rates (93% alive at 

1500 days) compared to grade III tumours (6% alive at 1500 days). Furthermore, grade III tumours 

were reported to have the highest metastatic rate, at 55% to 96% of cases (Thamm et al., 2003).  

Notably, the Patnaik et al. paper was one of the few early studies to separate dermal from 

subcutaneous MCTs. In this study, they excluded subcutaneous MCTs, providing a scheme that 

could be used solely for dermal MCTs. Unfortunately, veterinary pathologists unaware of this 

caveat would automatically classify subcutaneous MCTs as grade II or III, possibly resulting in 

more aggressive treatment than necessary. In recent years, subcutaneous MCTs have been studied 

and characterized (see subsection: Cutaneous versus subcutaneous MCTs).  

Despite the significant advance the Patnaik scheme represented, there were two major 

limitations in the study. First, there is large interobserver variation, which may be partially related 

to the lack of precisely defined criteria in which to assign grades. In one instance, ten veterinary 

pathologists grading 60 cutaneous MCTs showed a mean agreement of only 62%, prompting them 

to conclude that a more objective grading scheme is required (Northrup et al., 2005b). 
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Concordance in another study was 75% for grade III MCTs, but less than 64% for grades I and II 

(Kiupel et al., 2011). Second, the Patnaik scheme is quite poor in predicting outcome for grade II 

tumours, which can represent a large proportion (60 - 75%) of dermal MCTs (Sabattini et al., 

2015; Stefanello et al., 2015). Although many dermal grade II MCTs behave in a benign fashion, 

17% of cases showed metastatic disease (Stefanello et al., 2015), while the mortality rate due to 

MCT-associated disease was 12% (Sabattini et al., 2015). This may be related to the grade II 

classification of potentially highly aggressive tumours that do not meet the requirement of the 

rather high mitotic count of 3 mitotic figures per HPF (Kiupel et al., 2011). 

Several other schemes have been used by veterinary pathologists to classify MCTs, some 

of which allow for subcutaneous tumours to be classified as low-grade (Northrup et al., 2005a; 

Pulley and Stannard, 1990; Walder and Gross, 1992; Yager and Wilcock, 1994). However, one 

cutaneous MCT grading scheme that has become more commonly used in recent years was 

published in 2011 by Kiupel and colleagues (Kiupel et al., 2011). This 2-tier system was 

specifically designed to improve concordance and prognostication of the Patnaik scheme. A high-

grade MCT is defined as having at least one of the following: 1) at least 7 mitotic figures in 10 

400X HPFs; 2) at least 3 multinucleated cells in ten 400 X HPFs; 3) at least 3 bizarre nuclei in 10 

400X HPFs; or 4) karyomegaly. Notably, there are no criteria for tumour location and/or tissue 

invasion. 

Put to the test, Kiupel and colleagues reported 97% consistency with their grading scheme, 

with a median survival time of less than 4 months for high-grade MCTs, and greater than 2 years 

for low-grade MCTs (which represented approximately 90% of the studied tumours) (Kiupel et al., 

2011). Further studies confirmed improved consensus grading (Takeuchi et al., 2013; Vascellari et 

al., 2013), with two reports classifying all Patnaik grade I tumours as Kiupel low-grade, all grade 

III tumours as high-grade, and approximately 85% of grade II tumours as low-grade (Sabattini et 
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al., 2015; Stefanello et al., 2015). Although this grading scheme shows improvement over the 

Patnaik grading scheme, the one unfortunate drawback is that both dermal and subcutaneous 

MCTs were included. Exactly how this lack of separation has influenced the prognostic ability of 

the Kiupel scheme is difficult to determine. Importantly, evaluation of molecular markers in 

addition to the grading schemes was still proposed by Kiupel and others for improved 

prognostication (Kiupel et al., 2011; Sabattini et al., 2015). 

Simple evaluation of mitotic count, even independent of a grading scheme, is a strong 

prognostic factor (Elston et al., 2009; Romansik et al., 2007; Thompson et al., 2011a; Thompson et 

al., 2011b). A more sensitive measure of proliferation is measurement of the cell proliferation 

marker, Ki67, a nuclear protein whose levels correlate with cell proliferation (Gerdes et al., 1984). 

The Ki67 score was reported to be significantly higher in dogs that died of cutaneous MCTs 

(Abadie et al., 1999; Webster et al., 2007), and has been useful in subdividing Patnaik grade II 

tumours into two groups associated with different survival times (Abadie et al., 1999; Scase et al., 

2006). The frequency of another proliferation marker, agyrophilic nucleolar organizer regions 

(AgNORs), has also been shown to be predictive of aggressive biologic behaviour in cutaneous 

MCTs (Bostock et al., 1989), while a third, proliferating cell nuclear antigen (PCNA) appears to 

be less reliable (Bostock et al., 1989; Simoes et al., 1994).  

Several additional potential prognostic markers have been investigated, including ploidy 

status (Ayl et al., 1992), expression of the tumour-suppressor protein p53 (Ginn et al., 2000; Jaffe 

et al., 2000), nuclear morphometric analysis (Maiolino et al., 2005; Strefezzi Rde et al., 2003), 

intratumoural microvessel density (Preziosi et al., 2004), expression of p27 and p21 (Wu et al., 

2004), matrix metalloproteinases (Giantin et al., 2012a), cyclooxygenase-2 (Prada et al., 2012; 

Vascellari et al., 2013), interleukin-2 and its receptor (Meyer et al., 2012, 2013), bcl-2 and its 

protein family members (Strefezzi Rde et al., 2012; Vascellari et al., 2013), p62/sequestrosome-1 
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(Rich et al., 2015), and micro-RNA-9 (Fenger et al., 2014). A recent transcriptome analysis of 

MCTs also identified a set of 13 differentially expressed transcripts between differentiated and 

undifferentiated MCTs (Giantin et al., 2014). Of all the studied markers, it has been suggested that 

KIT staining is currently the most useful prognostic and therapeutic marker (Gil da Costa, 2015). 

Immunohistochemical staining of KIT has been evaluated in MCT cells and distinct 

localization patterns have been identified; membranous, focal/stippled cytoplasmic, and diffuse 

cytoplasmic (Kiupel et al., 2004). While non-neoplastic mast cells show membranous KIT 

localization, the presence of neoplastic mast cells with a diffuse cytoplasmic pattern correlated 

with increased rates of local recurrence and decreased survival (Kiupel et al., 2004; Thompson et 

al., 2015; Webster et al., 2007). We have also recently reported that both phosphorylated KIT and 

expression of total and phosphorylated VEGFR2, both receptor tyrosine kinases (RTKs), are 

predictive of poorer clinical outcomes (Da Silva et al., 2017; Thompson et al., 2015). In addition, 

neoplastic mast cell expression of c-casitas B-lineage lymphoma (c-CBL), an E3 ubiquitin ligase, 

was associated with reduced disease-free survival (Da Silva et al., 2017). Somatic activating 

mutations within the juxtamembrane domain of the c-KIT gene have also been associated with 

more aggressive disease in cutaneous MCTs (Downing et al., 2002; Zemke et al., 2002), although 

c-KIT mutations are reported in less than 35% of cases in studies that included sequencing of 

exons 8 to 13 and 17 to 19 (Letard et al., 2008) or the entire open reading frame (Takeuchi et al., 

2013). There have to date been no internal tandem duplication mutations reported in exon 11 in 

subcutaneous MCTs (Thompson et al., 2011b). 

Dermal versus subcutaneous mast cell tumours 

The Patnaik grading scheme attributed great importance to tumour location/infiltration in 

assigning grade and predicting tumour behaviour (Patnaik et al., 1984). However, a perplexing 

report some years later appeared to show no association between tumour depth and survival rate 
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(Kiupel et al., 2005). These inconsistent results may be attributed to the failure of the latter study 

to recognize dermal and subcutaneous MCTs as separate entities, and erroneously applying the 

Patnaik scheme to subcutaneous tumours. It was not until 2007 that a preliminary report suggested 

subcutaneous tumours were distinct MCT variants, and were associated with longer survival times 

(Newman et al., 2007).  

Our laboratory conducted a statistically powerful study of over 300 subcutaneous MCTs 

with known clinical outcomes that revealed that the majority of subcutaneous tumours had a 

favourable outcome (Thompson et al., 2011a). Additionally, mitotic count was shown to be a 

strong predictor of local recurrence, metastasis and survival rates (Thompson et al., 2011a). 

Further investigations using case-control designs to match benign and aggressive subcutaneous 

tumours showed that higher counts of Ki67 and AgNOR, and a diffuse cytoplasmic KIT 

localization pattern were also associated with poorer outcomes (Thompson et al., 2011b). A recent 

report has confirmed that subcutaneous MCTs are largely benign, with a mortality rate due to 

MCT-associated disease of only 8% (Sabattini et al., 2015). Considering that the 

microenvironment plays an important role in normal mast cell development, it is possible that 

subcutaneous neoplastic mast cells possess phenotypic and functional differences compared to 

neoplastic mast cells developing within the dermis, or that surrounding tissue (e.g. adipose tissue) 

is influencing tumour progression resulting in less aggressive behaviour. Another intriguing 

hypothesis is that the mast cells forming subcutaneous tumours actually arise from progenitor cells 

found not in the bone marrow, but in white adipose tissue (Thompson et al., 2011a). 

Treatment of canine mast cell tumours 

Several different factors dictate the recommended treatment for MCT patients. These 

factors include whether the site is amenable to wide surgical excision, the histologic grade, and 

evaluation of spread of the disease, which is now most commonly done through fine needle 
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aspiration of the regional lymph node, and staging by an abdominal ultrasound (London and 

Thamm, 2013). An important consideration, however, is that dogs often have low numbers of mast 

cells in lymph nodes, which can increase in number in the presence of dermal ulceration. Indeed, 

mast cells were present in lymph node aspirates from approximately one quarter of healthy dogs 

(Bookbinder et al., 1992). Clustering and aggregations of mast cells in lymph node aspirates are 

more indicative of metastatic spread (Krick et al., 2009). Histopathology of lymph nodes showing 

aggregates or sheets of mast cells is considered evidence of metastasis, and correlates with shorter 

survival time (Weishaar et al., 2014).  

The optimal treatment algorithm differs between grade I/localized grade II MCTs versus 

metastasized grade II/grade III MCTs (summarized in (London and Thamm, 2013)). Briefly, some 

of the main differences include the use of adjunctive medical and/or radiation therapy in 

completely excised grade III tumours and incompletely excised grade I and II tumours, in contrast 

to simple routine follow up physical examinations for completely excised localized grade I or II 

tumours. The use of the term “complete excision” varies depending on the histologic grade; 3 cm 

margins are typically the target for MCTs, but recent evidence suggests that 1 to 2 cm margins are 

sufficient for grade I and II tumours (Fulcher et al., 2006; Simpson et al., 2004).  

Currently, options for adjunctive medical therapy include oral corticosteroids such as 

prednisone, as well as cytotoxic chemotherapy drugs, such as vinblastine and lomustine, and 

radiation to control local recurrence (London and Thamm, 2013). The effects of several new 

treatments have recently been analyzed in pilot or in vitro studies, including oncolytic sendai virus 

therapy (Ilyinskaya et al., 2018), targeting the c-KIT promoter through the use of G-quadruplex 

ligands to downregulate KIT expression (Zorzan et al., 2018), administration of heat shock protein 

90 inhibitors to downregulate KIT (London et al., 2018), electrochemotherapy with IL-12 gene 

(which encodes a pleiotropic cytokine) electrotransfer to induce an inflammatory response against 
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neoplastic cells (Cemazar et al., 2017; Salvadori et al., 2017), intralesional injection of the 

glucocorticoid triamcinolone (Case and Burgess, 2018), and inhibitors of the JAK2/STAT5 

pathway to inhibit neoplastic cell proliferation and survival (Keller et al., 2018). It has also 

recently been shown that removal of regional lymph nodes with confirmed metastases may have 

therapeutic value and reduce the risk of tumour progression and MCT-related death (Marconato et 

al., 2018). 

As previously discussed, the RTK KIT plays an important role in normal mast cell 

development and can show dysregulation in MCTs. The use of medications that inhibit signaling 

through KIT, called small molecule RTK inhibitors, is proving to be extremely powerful in 

treating canine MCTs. Interestingly, not only has response to treatment been reported in those 

tumours with c-KIT activating mutations, but also a large number of those that do not (London et 

al., 2009; Weishaar et al., 2018)(see subsection: Tyrosine kinase inhibitors in canine MCTs). A 

novel anti-KIT antibody has also shown to be a powerful inhibitor of both wildtype and mutant 

KIT in vitro, and reduced cutaneous mast cell numbers in dogs with MCTs in a phase I clinical 

trial (London et al., 2017). 

Receptor tyrosine kinases  

Polypeptide growth factors and cytokines are vital extracellular signals in promoting cell 

proliferation and differentiation, and cell survival and metabolism. Receptor tyrosine kinases 

(RTKs) are a family of high-affinity cell surface receptors that mediate many of the effects of 

these growth factors. Although RTKs are numerous and diverse, they share certain features: all 

RTKs are transmembrane proteins that bind ligands through their extracellular domains resulting 

in activation of the tyrosine kinase located in the cytoplasmic domain (Fantl et al., 1993). Tyrosine 

kinases are enzymes that transfer phosphate groups from adenosine triphosphate (ATP) to a 

tyrosine residue of a target molecule (Roskoski, 2005). These phosphorylation events lead to 
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activation of various intracellular signaling cascades, the nature of which depends on the specific 

RTK as well as the cell type (Fantl et al., 1993). In humans, there are 58 identified RTKs, which 

based on structural characteristics, are classified into 20 subfamilies (Lemmon and Schlessinger, 

2010). Many key features of RTK structure and function are highly conserved from the nematode 

Caenorhabditis elegans to humans (Lemmon and Schlessinger, 2010). 

KIT structure and function 

In 1986, a viral oncogene from the Hardy-Zuckerman 4 feline sarcoma virus was identified 

and named v-KIT (Besmer et al., 1986). Shortly thereafter, c-KIT, the normal mammalian cellular 

homologue was cloned and sequenced (Yarden et al., 1987). The encoded protein, KIT, belongs to 

the type III subfamily of RTKs, which also includes two platelet-derived growth factor (PDGF) 

receptors (α and β), the macrophage colony stimulating-factor receptor (CSF-1R), and the FI 

cytokine receptor (Flt3/Flk2) (Lemmon and Schlessinger, 2010). The members of this subfamily 

are characterized by the presence of five immunoglobulin (Ig)-like extracellular domain repeats, a 

transmembrane region, an intracellular juxtamembrane region, an intracellular kinase domain that 

is split by a kinase insert sequence of 70-100 amino acids located near the middle of the domain, 

and a C-terminal tail (Figure 1.2,A) (Lennartsson and Ronnstrand, 2012).  

KIT activation requires dimerization. This can occur rapidly, with dimers forming within 

minutes after ligand addition (Broudy et al., 1998). Stem cell factor is a homodimer and one 

molecule of SCF can bind tightly to the first three Ig-like domains in KIT (Yuzawa et al., 2007). 

KIT dimerization is achieved when two KIT receptors are each bound to one molecule of a SCF 

homodimer at the same time (Figure 1.2,B) (Lemmon et al., 1997). When the two KIT monomers 

come together, conformation changes and homotypic interactions occur between the Ig-like 

domains 4 and 5 (Yuzawa et al., 2007). This brings the transmembrane regions as well as the 

intracellular kinase domains of the two KIT receptors into close proximity.  
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Figure 1.2 Schematic representation of KIT. (A) The KIT protein contains 5 Ig-like extracellular 

domains. Ig-like domains 1-3 bind SCF (unbound SCF homodimer is shown in blue box), and Ig-like 

domains 4 and 5 are involved in the dimerization process. There is a single transmembrane domain, and 

split tyrosine kinase domain, in between which is the regulatory juxtamembrane domain. The last 50 amino 

acids form the carboxyterminal tail. (B) The binding of SCF brings two KIT monomers close together, 

allowing for interactions between the Ig-like domains 4 and 5 which stabilize formation of KIT 

homodimers. The juxtamembrane region is phosphorylated through trans-phosphorylation, with subsequent 

phosphorylation of the kinase insert region, kinase domain, and carboxyterminal tail. Adapted from 

(Lennartsson and Ronnstrand, 2012). 

Ig, immunoglobulin; SCF, stem cell factor 

The kinase domain contains an NH2-terminal lobe and a COOH-terminal lobe, between 

which is located the active site (Mol et al., 2003). In an inactive state, the juxtamembrane domain 

forms a hairpin loop between the lobes and inhibits enzymatic activity (Mol et al., 2004). After 

dimerization, two tyrosine residues within the juxtamembrane domain become phosphorylated 

through trans-phosphorylation, which releases the juxtamembrane domain from the kinase domain 

and enables catalytic function (Mol et al., 2004; Mol et al., 2003). Full activation of the kinase 
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domain occurs through autophosphorylation of up to ten more tyrosines within the intracellular 

domain in an orderly manner (DiNitto et al., 2010; Lennartsson et al., 2005). Most of the 

phorphorylated tyrosine residues act as docking sites for signaling molecules with Src homology 2 

domains, which can initiate several well-established downstream signal transduction pathways, 

including phosphatidylinositol 3 (PI3)-kinase, Src family kinase, mitogen-activated protein kinase 

(MAPK) pathways, and phospholipases (Lennartsson and Ronnstrand, 2012).  

In order to modulate the duration and intensity of the KIT signaling pathways, mechanisms 

must be in place to downregulate KIT activation. Attenuation of KIT signaling is possible through 

ubiquitination, with internalization and degradation of KIT receptors (Masson et al., 2006), 

inactivation of the kinase domain through serine phosphorylation of the kinase insert region 

(Blume-Jensen et al., 1995), and tyrosine dephosphorylation (Paulson et al., 1996). In human 

disease, constitutive KIT activation has been implicated in the pathogenesis of systemic 

mastocytosis (Bodemer et al., 2010; Hanssens et al., 2014), gastrointestinal stromal tumours 

(Hirota et al., 1998), leukemia (Corbacioglu et al., 2006; Wang et al., 2005), and prostate cancer 

(Wiesner et al., 2008). 

KIT expression and dsyregulation in canine mast cell tumours 

The amino acid sequence of canine KIT is highly conserved, showing 93%, 88%, and 81% 

identity when compared to feline, human, and murine KIT, respectively (Ma et al., 1999). While 

the extracellular domain is 78% identical between canine and human KIT, the intracellular domain 

is 97% identical, with perfect conservation of all 38 residues in the regulatory juxtamembrane 

region (Ma et al., 1999), and the phospho-transferase portion of the kinase domain is 99.5% 

identical, with conservation of all tyrosine residues (Webster et al., 2006). KIT is expressed by a 

number of different cell types in the adult dog, including cerebellar Purkinje cells, mammary gland 

duct and acinar cells, interstitial cells of Cajal in the gastrointestinal tract, endometrial epithelial 
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cells, and of course, mast cells (Morini et al., 2004). Several canine neoplasms also show 

expression of KIT, including gastrointestinal stromal tumours (Bettini et al., 2003), as well as 

mammary gland (Morini et al., 2004), ovarian (Morini et al., 2004), testicular (Morini et al., 2004; 

Reis-Filho et al., 2004), renal cell (Gil da Costa et al., 2011), and Merkel cell tumours (Gil da 

Costa et al., 2010), cutaneous melanomas and melanocytomas (Gomes et al., 2012), and of course, 

MCTs (London et al., 1996; Morini et al., 2004). 

Most of the known activating c-KIT mutations in canine dermal MCTs occur within exon 

11, which encodes the regulatory juxtamembrane domain, with reported rates of 8 to 17% of 

MCTs across all histological grades (Giantin et al., 2012b; Takeuchi et al., 2013; Webster et al., 

2006; Zemke et al., 2002), and 35% in Patnaik grade II or III tumours (Downing et al., 2002). 

Exon 11 mutations, which often consist of tandem duplications, inhibit the regulatory function of 

the juxtamembrane domain, resulting in constitutive, SCF-independent KIT activation (London et 

al., 1999; Ma et al., 1999). Mutations within other exons have also been reported, including exons 

8 and 9, which can also lead to constitutive KIT phosphorylation, however these mutations are 

much less studied (Letard et al., 2008). The presence of exon 11 c-KIT mutations correlates with 

higher histological grade (Zemke et al., 2002), increased risk of local and systemic recurrence 

(Webster et al., 2006), a shorter overall survival and progression-free survival (Takeuchi et al., 

2013), and upregulation of cytoskeleton structure or cell motility proteins (Schlieben et al., 2013). 

To date, investigations of subcutaneous MCTs have only revealed wildtype c-KIT by sequencing 

exon 11 and the 5′ end of intron 11 (Thompson et al., 2011b). 

As previously mentioned, there are three distinct KIT staining patterns observed in canine 

MCT cells, namely membranous, focal/stippled cytoplasmic, and diffuse cytoplasmic. Normal 

mast cells show membranous KIT staining, whereas neoplastic cells may show a focal or diffuse 

cytoplasmic pattern that correlates with activating c-KIT mutations (Webster et al., 2006). 
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Aberrant KIT protein localization is also associated with increased tumour recurrence and reduced 

post-surgical survival (Kiupel et al., 2004; Thompson et al., 2015; Webster et al., 2007), higher 

histological grade and increased cell proliferation markers (Gil da Costa et al., 2007) in dermal 

MCTs, and increased recurrence and metastases in subcutaneous MCTs (Thompson et al., 2011b). 

Interestingly, KIT staining levels do not correlate with altered KIT staining patterns (Giantin et al., 

2012b; Webster et al., 2006), suggesting that cytoplasmic staining patterns may result from 

abnormal post-translational modifications rather than increased transcription levels. 

Tyrosine kinase inhibitors in canine mast cell tumours 

There are two orally bioavailable RTK inhibitors that inhibit KIT and are approved for use 

in veterinary medicine: toceranib (Palladia; Pfizer Animal Health), and masitinib (Kinavet; AB 

Science) (London and Thamm, 2013). A large multicenter study evaluating toceranib treatment in 

dogs with recurrent, Patnaik grade II or III MCTs showed a response rate of 69% in MCTs 

harboring c-KIT mutations (London et al., 2009). Interestingly, in MCTs without mutations, 37% 

of cases showed a response. Another study evaluating the long-term outcome of dogs with 

nonresectable grade II or III MCTs treated with masitinib showed increased time to tumour 

progression compared with placebo regardless of c-KIT mutational status (Hahn et al., 2010). In 

addition, 10% of dogs with wild-type c-KIT and 33% with mutated c-KIT had a complete tumour 

response at 12 months. Another recent study looking at MCTs treated with toceranib or 

vinblastine, found that c-KIT mutational status did not predict treatment response with either 

treatment (Weishaar et al., 2018).  

Exactly why a subset of the wild-type MCTs responded to RTK treatment is not clear. 

However, it is tempting to hypothesize that it is related to the fact that toceranib and masitinib also 

inhibit other RTKs, such as VEGFR2 and/or PDFGRα/β (London and Thamm, 2013), which may 

also be playing important roles in tumour progression, in both neoplastic cells, as well as in 
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stromal cells. There is evidence of VEGF expression in canine MCTs, with stronger expression in 

grade III tumours (Giantin et al., 2012a; Patruno et al., 2009). Two preliminary studies found cell 

surface expression of VEGFR-1 and cytoplasmic expression of VEGFR-2 (Rebuzzi et al., 2007; 

Sekis et al., 2009). Recently, expression of VEGFR2 in a subset of canine dermal and 

subcutaneous MCTs has been demonstrated by Western blot analysis (Thompson et al., 2015). 

Moreover, VEGFR2 expression was a risk factor for decreased survival, increased metastasis and 

local recurrence. An analysis of PDGFRα/β also showed expression of PDGFRβ in a subset of 

tumours, but this was not determined to be a significant risk factor. In another study examining 14 

subcutaneous MCTs, cases with high expression of VEGFR2 and phosphorylated VEGFR2 in 

neoplastic cells were significantly associated with reduced disease free survival (Da Silva et al., 

2017).  

One of the major limitations of RTK inhibitor therapy is the development of resistance that 

often arises during long-term treatment (London and Thamm, 2013). The mechanism of resistance 

in canine MCTs is not known. A recent study has provided some insight, reporting that toceranib-

resistant c-KIT mutant MCT cell lines developed secondary c-KIT mutations in the juxtamembrane 

and tyrosine kinase domains and showed overexpression of c-KIT mRNA and KIT protein (Halsey 

et al., 2014). A transcriptome analysis in a masitinib-treated MCT-derived cell line showed 

upregulation of several alternative pro-proliferative pathways. This may help explain the 

development of resistance (Klopfleisch et al., 2012).  

Protein degradation pathways 

The proper maintenance of healthy proteins in cells is important for cell metabolism, 

organelle biogenesis, and adaptation to external and internal stressors. An important part of this 

maintenance involves the degradation of misfolded or damaged proteins that can impair cellular 
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functions. Two major degradation pathways exist in cells, the autophagy-lysosome pathway, and 

the ubiquitin-proteasome system.  

Autophagy 

Autophagy occurs continuously in healthy cells to eliminate and recycle damaged 

intracellular constituents. The first step in autophagy is nucleation, whereby multiple proteins 

assemble to form a phagophore. In the next step, the phagophore elongates, curves around, and 

seals itself to form the autophagosome. The last step involves fusion of the autophagosome with 

the lysosome and subsequent degradation. Autophagy is able to degrade not only proteins, but also 

organelles (Hurley and Young, 2017). By recycling organelles during times of starvation, 

autophagy is able to replenish the cells with biosynthetic precursors and energy sources. This may 

also lead to autophagy-associated cell death, which is important for development, as well as tissue 

survival and cellular remodeling in times of environmental stress.  

There is increasing evidence that autophagy is dysregulated in neoplasia (Ozpolat and 

Benbrook, 2015). The protein beclin-1 plays a key role in the nucleation step of autophagy and is 

encoded by a putative tumour suppressor gene, BECN1 (Liang et al., 1999). Monoallelic deletion 

of the BECN1 gene is found in several human cancers and is thought to contribute to 

tumourigenesis (Gao et al., 1995; Russell et al., 1990; Saito et al., 1993). Knockdown of BECN1 

leads to accumulation of KIT protein in human gastrointestinal stromal tumour cell lines driven by 

mutant c-KIT (Hsueh et al., 2013). Conversely, cancer cells can also exploit the process of 

autophagy in order to survive in the hypoxic, acidic, and poor nutrient tumour microenvironment 

(Ozpolat and Benbrook, 2015). Importantly, not only is autophagy induced in the metabolically 

challenged tumour microenvironment, but also in response to radiation therapy and anticancer 

treatments, including RTK inhibitors (Abedin et al., 2007; Amaravadi et al., 2007; Han et al., 

2011; Paglin et al., 2001; Rouschop and Wouters, 2009). Several clinical trials are currently 
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underway to investigate the effect of autophagy inhibitors in combination with chemotherapies in 

various human cancers (Ozpolat and Benbrook, 2015). 

The role of beclin-1 in the pathogenesis of canine MCTs is not well understood. In 

malignant canine mammary tumours, cytoplasmic beclin-1 expression was reported to be lower 

than in surrounding normal mammary glands, and loss of beclin-1 expression was associated with 

poor overall survival (Liu et al., 2013). One hint that autophagy may be important in MCT biology 

comes from a recent study examining p62/sequestosome-1, a “hub” protein that plays a role in 

apoptosis and protein delivery to autophagosomes (Rich et al., 2015). The study showed p62 

nuclear immunoreactivity was significantly associated with Kiupel low-grade tumours, and p62 

cytoplasmic immunoreactivity was significantly associated with high-grade tumours (Rich et al., 

2015). 

Ubiquitin proteasome system 

The ubiquitin proteasome system is the primary protein degradation pathway for short-

lived proteins that are unfolded, misfolded or damaged, or that otherwise require rapid regulated 

destruction (Dikic, 2017). Protein ubiquitination involves three types of enzymes: E1, the 

ubiquitin-activating enzyme; E2, a ubiquitin-conjugating enzyme; and E3, a ubiquitin ligase. 

Polyubiquitinated proteins are targeted for destruction through delivery to and degradation within 

the proteasome (Cohen-Kaplan et al., 2016). 

The casitas B-lineage lymphoma (CBL) proteins (c-CBL, CBL-B, and CBL-3) are a highly 

conserved family of E3 ubiquitin protein ligases that ubiquitinate and target many RTKs, including 

KIT, VEGFR2 and PDGFRs, for degradation within the proteasome (Masson et al., 2006; Ryan et 

al., 2006; Zeng et al., 2005). Mutations in CBL genes result in the deregulation of RTKs (Peschard 

and Park, 2003). Human acute myeloid leukemia cell lines with CBL mutations show strong 

surface expression of KIT, presumably due to decreased receptor ubiquitination (Makishima et al., 
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2012). In a murine myeloid cell line, the presence of mutant CBL conferred SCF-independent 

growth (Bandi et al., 2009). Furthermore, these mutant CBL genes induced a generalized 

mastocytosis and myeloproliferative disease after retroviral transduction into murine bone marrow 

cells in vivo (Bandi et al., 2009). Interestingly, the transformation induced by mutant CBL appears 

to be dependent on the presence of KIT and on Src family kinases (SFKs), and independent of KIT 

kinase activity (Bandi et al., 2009). This may explain the much larger growth inhibitory effect of 

dasatinib (dual SFK and RTK inhibitor) compared to imatinib (KIT inhibitor) (Bandi et al., 2009; 

Makishima et al., 2012).  

In a study of canine subcutaneous MCTs, high levels of neoplastic cell c-CBL 

immunoreactivity were significantly associated with reduced disease-free survival (Da Silva et al., 

2017). Given that combination therapy of a proteasome inhibitor (that induced degradation of KIT 

by binding KIT to CBL) and dasatinib stimulated KIT internalization-induced apoptosis of human 

gastrointestinal stromal cells (Dong et al., 2015), investigations into the role of protein degradation 

pathways in canine MCTs hold much promise. 

Tissue microarrays   

A tissue microarray (TMA) is an array-based technique that enables high-throughput 

staining profiling of large numbers of tissues or tumours (Kononen et al., 1998). A typical TMA is 

composed of tens to hundreds of paraffin-embedded tissue cores (0.6 to 2 mm in diameter) 

combined into typically multiple recipient paraffin blocks (Braunschweig et al., 2004). Sectioned 

slides can then be analyzed like an ordinary tissue section to examine protein staining by 

immunohistochemistry (IHC), DNA aberrations by fluorescence in situ hybridization (FISH), or 

mRNA expression levels by mRNA in situ hybridization (Giltnane and Rimm, 2004).  

The advantages of this technique to study protein expression are multiple. A TMA 

represents a high-throughput proteomic analysis that maintains histologic and cytologic 
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information (Hewitt, 2004). It also allows a large number of tissues, as well as cell lines and 

control tissues, to be subjected to identical experimental conditions in a short time period (Camp et 

al., 2008). Furthermore, IHC on TMAs can take advantage of previously collected large tissue 

archives and requires only a very small sample (Giltnane and Rimm, 2004).  

Tissue microarray technology is particularly useful for the discovery and evaluation of 

cancer biomarkers that aid in diagnosis, prognostication, and prediction of treatment response 

(Camp et al., 2008). Over the past 15 years, large numbers of human tumours have been profiled 

on TMAs and much of these data are available on public web pages (Uhlen et al., 2010). In recent 

years, TMAs have also been used to study canine neoplasms, including osteosarcoma (Khanna et 

al., 2002), lymphoma (Keller et al., 2007), hemangiosarcoma and hemangiomas (Sabattini and 

Bettini, 2009), gliomas (Higgins et al., 2010), prostatic carcinoma (Fonseca-Alves et al., 2013; 

Rodrigues et al., 2011), central nervous system tumours (Wohlsein et al., 2012), and melanomas 

(Simpson et al., 2014). Additionally, a small-scale TMA (42 cases) was used to investigate KIT 

protein staining patterns in canine MCTs by immunofluorescence, but found no significant 

relationships between immunofluorescence, c-KIT mutations and KIT protein localization 

(Webster et al., 2006). 

Validation 

The most frequent concern of TMA technology is whether a small tissue core accurately 

represents the entire tissue section (Giltnane and Rimm, 2004). Several studies have compared 

biomarker staining in TMA cores compared to large sections. One validation study using human 

breast carcinoma found that two 0.6 mm cores were representative of tumour antigen expression in 

more than 95% of cases (Camp et al., 2000). Similarly, in a study of Hodgkin lymphoma, two 0.6 

mm cores had a concordance of 93.8% with whole section analysis (Garcia et al., 2003). Another 

early TMA study examining estrogen and progesterone receptor expression in human breast cancer 
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found that a single sample 0.6 mm core was sufficient to identify statistically significant 

associations between expression and clinical outcome (Torhorst et al., 2001).  

Another concern with IHC studies in general, is whether there is loss of antigen staining 

after prolonged storage of blocks (Camp et al., 2000). One study examined antigen 

immunoreactivity in tissue that dated back more than 60 years (Camp et al., 2000). Although 

antigen staining could not be compared to when the tissue was collected, as many of the samples 

were collected prior to the development of IHC, the authors found that many proteins showed 

successful antigen retrieval and immunoreactivity from samples stored for up to 60 years.  

Tissue microarray scoring 

Tissue microarrays can be scored manually or with an automated analysis. Given the large 

numbers of cores to be analyzed, one clear advantage of the automated analysis is an extremely 

rapid analysis that is consistent between every core. Another advantage is the ability to distinguish 

subtle differences in staining intensity using a continuous scale, which can be difficult for the 

human eye (Camp et al., 2002). Studies comparing quantitative automated analysis to manual 

scoring of IHC have found that the automated scoring matched or exceeded the results of 

conventional manual scoring (Wang et al., 2001). TMAs are frequently quantified by calculating 

an H-score, which is derived from multiplying the intensity of IHC staining and the percentage of 

immunopositive cells (Batistatou et al., 2013). 

Study rationale and research proposal 

Taken all together, it is evident that although histological grading is useful for 

prognostication of canine MCTs, it cannot predict the biological behaviour of each tumour, which 

can vary from benign to rapidly fatal. Evaluation of biomarkers is an exciting and promising 

avenue to improve our ability to predict local recurrence, metastasis, survival, and response to 
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therapy. Furthermore, biomarker characterization of a mutant KIT-driven neoplasm may help in 

the understanding and treatment of other KIT-driven neoplasms in both dogs and people.  

I hypothesize that biomarkers that reflect molecular pathways that are significant in canine 

MCT biology will correlate with patient outcome, which will help guide future therapy. The 

specific aims to test this hypothesis are as follows:  

1) To construct a TMA of canine cutaneous MCTs with known clinical outcome  

2) To analyze biomarker staining profiles in various subsets of the tumours (e.g. dermal vs. 

subcutaneous, low-grade vs. high-grade) 

3) To correlate staining parameters for the biomarkers (all together and between subsets) with 

patient outcome 

A TMA of canine MCTs will provide us with a high-throughput staining profile platform 

to identify and characterize biomarkers representative of signaling pathways that are critical in 

MCT biology. This work is significant as it will not only have an immediate impact in improving 

prognostication but will also lead the way for future mechanistic studies and allow us to further 

characterize biological differences between dermal and subcutaneous MCTs. Elucidating the role 

of these pathways in canine MCTs and their interactions with current therapies will enable 

veterinarians to select personalized targeted treatments and improve patient survival. Furthermore, 

this work will have broader implications in improving our understanding of other cancers, both 

canine and human, driven by these pathways.  
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Chapter 2: Canine Mast Cell Tumour Tissue Microarray Design and 

Construction with General Prognostic Information on Included Cases 

Introduction 

 The behavior of certain canine mast cell tumours (MCTs) cannot accurately be predicted 

using current prognostic indicators such as grade or mitotic count. Although grade I and grade III 

tumours based on the Patnaik grading scheme are generally expected to have an excellent and poor 

prognosis, respectively, the prognosis for grade II tumours is difficult to predict (Patnaik et al., 

1984). Additionally, although high-grade tumours based on the Kiupel grading scheme typically 

have a poor prognosis, there is a small percentage of low-grade tumours that will recur and/or 

metastasize, and also possibly lead to MCT-related death of the dog (Kiupel et al., 2011). A 

prognostication system with higher accuracy is needed, especially as MCTs are one of the most 

common cutaneous neoplasms in dogs. The use of a tissue microarray (TMA) enables high-

throughput immunohistochemistry (IHC) on a large number of tumours at one time, making it a 

valuable method for prognostic biomarker discovery in cancer studies.  

A TMA typically consists of one or more paraffin blocks that each has tens to hundreds of 

formalin-fixed paraffin-embedded (FFPE) tissue cores. Performing IHC using TMAs is 

advantageous compared to IHC on conventional full-thickness sections due to simultaneous and 

consistent antigen retrieval, washing time, antibody concentration, chromogen application, and 

counter staining on a large number of cores. This ensures consistency in immunostaining between 

samples, and saves time and resources compared to conventional full-thickness sections. It also 

allows for stored FFPE samples to be utilized, as the tissues retain antigenicity for years (Camp et 

al., 2000). In addition, the inclusion of control tissue cores on each TMA block allows for multiple 

positive and negative internal controls.  
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One critique of TMAs is whether IHC on small (typically 0.6 mm to 2.0 mm in diameter) 

cores represent the tumour as a whole. In order to validate the use of TMAs, antigen staining from 

a large section of the tumour must be compared to antigen staining from 0.6 mm core(s). Using 

this approach, TMAs have been validated for numerous human cancers, including breast 

carcinoma (Camp et al., 2000; Torhorst et al., 2001), fibroblastic tumours (Hoos et al., 2001), 

bladder cancer (Nocito et al., 2001), pulmonary carcinomas (Leversha et al., 2003), and ovarian 

carcinoma (Rosen et al., 2004), as well as in central nervous system (Wohlsein et al., 2012) and 

lymphoma tumours (Keller et al., 2007) in the dog.  

The objective for this chapter was to design and construct a canine cutaneous MCT TMA 

for use in MCT prognostic biomarker discovery.  

Materials and Methods 

Case selection 

Paraffin embedded tissue blocks and haematoxylin and eosin (H&E) slides were collected 

from the Animal Health Laboratory (AHL) (Ontario Veterinary College, University of Guelph, 

Guelph, Ontario), Antech Diagnostics Canada (Mississauga, Ontario), and Yager-Best Histovet, 

Histological and Cytological Services (Guelph, Ontario). The cases from AHL were collected by 

searching the database for “mastocytoma” (whether the grade was included in the diagnosis code 

or not, which includes codes E-906, E9061, E9062, and E-9063), in canines, and only cases that 

were submitted by the Ontario Veterinary College Teaching Hospital (OVCTH) were selected. Of 

the 104 cases from the OVCTH, the majority were from 2008-2015, with three cases from 2017; 

the Antech cases were from 2014 (30 cases); and the Yager-Best cases were from 2002-2006 (55 

cases). In total, 244 paraffin blocks from 189 dogs were included in the TMA.  
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Clinical and outcome data 

 The tissue blocks and medical records for the Yager-Best cases had been collected for a 

previous study (Thompson et al., 2011a). For the OVCTH cases, the medical records were 

reviewed to obtain the breed, sex, date of diagnosis, tumour site, details of previous cancer 

including MCTs, adjunctive treatment protocols, metastatic disease status, date of 

euthanasia/death, and cause of death. If full outcome data were not available from the medical 

record, the referring clinic was contacted directly in an attempt to obtain these data.  

The date of diagnosis was defined as the date of MCT surgical excision. Disease-free 

interval (DFI) was defined as the number of days from the date of diagnosis to confirmation 

(histology or fine needle aspiration) or suspicion (clinical signs) of local recurrence of the MCT or 

metastasis (lymph node metastasis or disseminated MCT disease in internal organs). Local 

recurrence was defined as regrowth at the site of surgical excision. Survival time (ST) was defined 

as the number of days from the date of diagnosis to euthanasia/death or to the date of the last 

follow-up. The cause of death was recorded as being MCT-related (for example, euthanasia due to 

local recurrence affecting quality of life or widespread metastases) or unrelated to MCT. 

Statistical analyses 

 Kaplan-Meier functions and plots for DFI and ST were constructed with R statistical 

programming language (3.5.0) using the “survival” and “survminer” packages, and the logrank test 

was used to compare functions. Dogs lost to follow-up were censored during statistical analysis. 

Cox proportional hazard ratios were calculated using the Cox proportional hazard regression 

model in R, and the Wald test was used to compare hazard ratios in both the univariable and 

multivariable analyses. Differences were considered significant if p < 0.05.  
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TMA design and construction 

The original histology report was reviewed for all cases for which it was available. For all 

tumours, H&E stained full thickness sections were examined and areas for TMA coring, type of 

MCT, Patnaik and Kiupel grade, mitotic count, and KIT staining pattern were determined by a 

single pathologist (BK). Cases were excluded from the TMA if the neoplastic area on the slide was 

less than approximately 10 mm2. Three cores were taken from each tumour, unless the tumour was 

less than approximately 25 mm2, in which case one or two cores were taken. The cases were split 

across two recipient blocks that each contained 392 positions (Figure 2.1). One corner of each 

block lacked cores for proper orientation in the event that the section was flipped or rotated during 

processing. Cores from the same paraffin blocks of normal tissue (canine adrenal gland, 

cerebellum, cerebrum, kidney, liver, lung, lymph node, mammary gland, ovary, pancreas, 

pituitary, prostate, salivary gland, skeletal muscle, skin, testis, and uterus) were included on both 

blocks to act as internal control tissue. All three cores of a single tumour were included on the 

same block and were randomly assigned to the positions within each block. 

 

Figure 2.1 Mast cell tumour tissue microarray (TMA) map. Empty boxes represent areas for tissue 

cores. Shaded boxes represent areas devoid of cores to create asymmetry.  
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 The TMA was constructed with a Pathology Devices TMArrayer™ (Pathology Devices, 

Westminster, MD, USA). Tissue cores of 0.6 mm in diameter were transferred from donor FFPE 

blocks to a recipient block. Then, a glass slide was placed on top of the block and the block was 

incubated at 55 °C for 10 minutes to bind the cores to the surrounding paraffin in the recipient 

block. The glass slide was kept on the block to prevent desiccation of the cores until the time of 

sectioning. The TMA blocks were cut into 4 µm thick sections and mounted onto positively 

charged Superfrost Plus slides (Fisher Scientific, Hampton, NH, USA).  

Immunohistochemistry  

The differences in the IHC steps for each primary antibody that were run manually are 

listed in Table 2.1. IHC was run within 2 weeks of the slides being sectioned. The general protocol 

for the antibodies that were manually run was as follows. Unstained tissue sections were baked in 

the oven overnight at 37 °C. The sections were deparaffinised in xylene and rehydrated. Heat 

based antigen retrieval was performed using a Biocare Medical Decloaking Chamber NxGen 

Model: DC2012 (Biocare Medical, Concord, CA, USA) by incubating the sections in their 

respective buffers at 110 °C for 5 minutes and then allowed to cool to 80 °C. The sections were 

then incubated with DAKO Peroxidase Blocking Reagent (DAKO Corporation, Carpinteria, CA, 

USA) for 5 minutes at room temperature, and then incubated with primary antibody overnight at 4 

°C. The next day, the sections were incubated with DAKO Envision secondary antibody (DAKO 

Corporation, Carpinteria, CA, USA) (anti-mouse and anti-rabbit, for mouse and rabbit primary 

antibodies, respectively) for 30 minutes at room temperature. After washing with TBST, the 

sections were incubated with 3-3′-diaminobenzidine (DAB) chromogen for 10 minutes. The 

sections were counterstained with Harris modified hematoxylin for 5 minutes. The slides were 

then dehydrated, and cover slipped with Cytoseal 60 mounting medium.  
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Table 2.1 Antibody details for immunohistochemistry. 

 

For each antibody, positive control tissues included in the TMA block were evaluated to 

confirm positive staining. The positive controls were as follows; Purkinje cells in cerebellum for 

KIT (Riva et al., 2005), biliary and renal tubular epithelium for beclin-1 (Li et al., 2010; Wang et 

al., 2017), and Sertoli cells in testis for c-CBL (Da Silva et al., 2017). The beclin-1 and C-CBL 

antibodies have been verified in canine tissues by Western blot (Da Silva et al., 2017; Schott et al., 

2018). A negative isotype control for each type of primary antibody was also run on the TMA. The 

negative control antibodies included mouse IgG2a (control for mouse monoclonal IgG2a 

antibodies), rabbit IgG whole molecule (control for rabbit polyclonal antibodies), and rabbit 

monoclonal IgG isotype control (control for rabbit monoclonal antibodies). The details for the 

negative control antibodies are also listed in Table 2.1.  

Image analysis 

 The slides were scanned using the Leica SCN400 Slide Scanner automated digital image 

system (Leica Microsystems, Wetzlar, Germany) by the Digital Histology Shared Resource at 

Vanderbilt University Medical Center, Nashville, Tennessee. The whole slide images were 

scanned at 20X magnification at a resolution of 0.5 µm/pixel. The tissue cores were mapped using 

Ariol Review software within the Digital Image Hub (DIH) (ebcdih.mc.vanderbilt.edu/dih).  

 The tissue cores were analyzed using the Tissue IA Optimiser program available within the 

DIH. The default DAB and Fast Red colour definition settings were used for DAB and alkaline 
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phosphatase red, respectively. Algorithm settings were optimized for the Measured Stained Cells 

Algorithm. The algorithm settings that were used are listed in Table 2.2.  

Table 2.2 Automated image analysis software settings.  

 

Results 

Clinical data 

A summary of the clinical data is listed in Table A.1in the Appendix. The breed was 

known for 183 dogs; in which 45 different pure breeds were represented, accounting for 150 of the 

dogs, with the remaining 33 cases affecting mixed breed dogs. The five most common breeds 

affected included Labrador Retriever (48 dogs), Boxer (18 dogs), Golden Retriever (10 dogs), Pug 

(7 dogs), and Boston Terrier (5 dogs). The remainder of the purebreds accounted for less than 4 

cases each.  

The sex was known for 183 dogs. The majority of the dogs were neutered, with 97 spayed 

females and 71 neutered males, with the remainder composed of 7 intact females and 8 intact 

males. The age at MCT diagnosis was known in 183 cases. The average age at diagnosis was 7.7 

years of age.  
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The TMA consisted of 244 different tumour samples from 189 dogs. The vast majority of 

the samples were biopsies (236 samples), with 8 other samples coming from post-mortem 

sampling. Most of the samples were primary tumours (213 samples), along with 14 recurrences of 

tumours, and 17 metastases. Of the 17 metastatic samples, 13 were from lymph nodes, and the 

remainder were from skin, abdominal wall, and lung. The majority of tumour samples were 

cutaneous MCTs, with 110 dermal MCTs and 106 subcutaneous MCTs. The location of the 

remainder of the MCTs were classified as deep/intramuscular, mucocutaneous, penis, and nasal 

planum.  

Of the 216 cutaneous (dermal and subcutaneous) MCTs, the location was known for 202 

tumours. There were 74 tumours (37%) on the extremities, 58 (29%) on the thorax, 32 (16%) on 

the abdomen, 18 (9%) on the head, 15 (7%) in the inguinal/peritoneal area, and 5 (2%) on the 

neck.  

Outcome data 

Survival data was available for 143 of the 189 dogs. The date of death was known in 74 of 

these dogs, and in the other 69 cases, the dog was still alive at the last confirmed follow-up date. 

Of the 74 dogs whose date of death was known, the cause of death could be attributed to MCT-

related disease in 41 of the dogs. The DFI was known in 146 dogs, with 88 dogs having no local 

recurrence of the MCT or metastases at the last known follow-up, and 58 dogs having either local 

recurrence or metastases (lymph node or disseminated). 

Some dogs received adjunctive therapy after surgical removal of the MCT. This treatment 

consisted of one or a combination of: intravenous chemotherapy (vinblastine, usually in 

combination with oral prednisone), radiation (palliative or curative), or oral toceranib phosphate 

(Palladia®). Of the 189 dogs, 44 were recorded to have pursued additional treatment after surgery. 
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Mast cell tumour grades 

 Of the 110 dermal MCTs, 29 (26%) were classified according to the Patnaik grading 

scheme (Patnaik et al., 1984) as grade I tumours, 65 (59%) as grade II tumours, and 16 (15%) as 

grade III tumours. Of these tumours, 45 of them were primary tumours not treated with adjunctive 

therapy for which outcome data was known; 17 grade I tumours, 24 grade II tumours, and 4 grade 

III tumours. The disease-specific median survival time (MST) was not reached for grade I 

tumours, was 1649 days for grade II tumours (95% CI=1530-NA), and was 119 days for grade III 

tumours (95% CI=36-NA) (Figure 2.2A). The differences in both the survival and disease-free 

curves were statistically significant (p<0.001) (Figure 2.2).  

 
Figure 2.2 Kaplan-Meier survival curves for non-AT treated dermal MCTs stratified by Patnaik 

grade. (A) shows survival time and (B) shows disease-free interval. The vertical tick-marks correspond to 

censored data. Survival functions were compared using the logrank test. AT, adjunctive therapy; MCT, 

mast cell tumour. *global p<0.05 

Of the 216 cutaneous MCTs, 161 (75%) were classified as low-grade MCTs and 55 (25%) 

were classified as high-grade MCTs according to the Kiupel grading scheme (Kiupel et al., 2011). 

Of these tumours, 116 were primary untreated tumours for which outcome data was known. The 

MST was not reached in low-grade tumours and was 211 days in high-grade tumours (95% 

CI=144-NA) (Figure 2.3A). The difference in survival between the two groups was significant 

(p<0.0001), and dogs with a high-grade tumour were significantly more likely to die of MCT-

related disease than dogs with a low-grade tumour (hazard ratio (HR)=7.3, p<0.0001). The 
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difference in DFI between low- and high-grade tumours was also statistically significant 

(p<0.0001), and dogs with a high-grade tumour were significantly more likely to have local 

recurrence or metastases than dogs with a low-grade tumour (HR=5.6, p<0.0001) (Figure 2.3B).   

 

Figure 2.3 Kaplan-Meier survival curves for non-AT treated cutaneous MCTs stratified by Kiupel 

grade. (A) shows survival time and (B) shows disease-free interval. The vertical tick-marks correspond to 

censored data. Survival functions were compared using the logrank test. AT, adjunctive therapy; MCT, 

mast cell tumour; SC, subcutaneous. *p<0.05  

Of the 106 subcutaneous MCTs, 26 (25%) had a mitotic count of 5 or greater in ten high 

power 400X fields (area of 2.37 mm2) (high mitotic count), and 80 (75%) had a mitotic count of 4 

or less in ten high power 400X fields (low mitotic count).  Of these tumours, 71 were primary 

untreated tumours for which outcome data was known. The MST was not reached in tumours with 

a low mitotic count and was 442 days in those with a high mitotic count (95% CI=151-NA) 

(Figure 2.4A). The difference in survival between the two groups was significant (p<0.0001), and 

dogs with a high mitotic count were significantly more likely to die of MCT-related disease than 

dogs with a low mitotic count (HR=5.3, p=0.0006). The difference in DFI between low and high 

mitotic count was statistically significant (p=0.0001), and dogs with a high mitotic count were 

significantly more likely to have local recurrence or metastases than dogs with a low mitotic count 

(HR=4.4, p=0.0004) (Figure 2.4B).  

Similar results were obtained when comparing low versus high mitotic count for primary 

untreated dermal tumours. The MST was not reached in tumours with a low mitotic count and was 
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140 days in those with a high mitotic count (95% CI=98-NA) (Figure 2.4C). The difference in 

survival between the two groups was significant (p<0.0001), and dogs with a high mitotic count 

were significantly more likely to die of MCT-related disease than dogs with a low mitotic count 

(HR=32.1, p=0.002). The difference in DFI between low and high mitotic count was statistically 

significant (p<0.0001), and dogs with a high mitotic count were significantly more likely to have 

local recurrence or metastases than dogs with a low mitotic count (HR=10.0, p=0.005) (Figure 

2.4D).  

c  

Figure 2.4 Kaplan-Meier survival curves for non-AT treated MCTs stratified by mitotic count. (A,C) 

show survival time and (B,D) show disease-free interval. The vertical tick-marks correspond to censored 

data. Survival functions were compared using the logrank test. AT, adjunctive therapy; MC, mitotic count; 

MCT, mast cell tumour; SC, subcutaneous. *p<0.05 
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Treatment effects 

 After surgical removal of the MCTs, adjunct therapy of one or a combination of 

chemotherapy, radiation, or toceranib phosphate, was pursued in some cases. The MST and DFI of 

primary cutaneous MCTs were compared between those that received adjunct treatment (one or a 

combination of chemotherapy, radiation and toceranib) and those that did not (Figure 2.5A,B). 

Treated tumours had significantly reduced MST and DFI compared to untreated tumours. The 

outcome of treated versus untreated primary cutaneous MCTs in only the Kiupel high-grade 

tumours was also examined (Figure 2.5C,D). In high-grade MCTs, there was no significant 

difference in MST or DFI between those that were treated and those that were not. 

 

Figure 2.5 Kaplan-Meier survival curves for all and Kiupel high-grade cutaneous MCTs stratified by 

AT status. (A,C) show survival time and (B,D) show disease-free interval. The vertical tick-marks 

correspond to censored data. Survival functions were compared using the logrank test. AT, adjunctive 

therapy; MCT, mast cell tumour; SC, subcutaneous. *p<0.05 
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Tissue microarray tissue sampling quality 

 All tissue spots were evaluated manually to ensure that they accurately represented the 

targeted sample region, and for quality of the spot. An ideal tissue spot was complete and 

composed almost entirely of neoplastic mast cells (Figure 2.6A,B). Some cores had partial to 

complete core loss (Figure 2.6C), while others had folding of the tissue (Figure 2.6D). Some tissue 

spots had variable amounts of dense connective tissue (collagen) (Figure 2.6E), while other MCTs 

had neoplastic cells that were separated by edema fluid (Figure 2.6F).  

 

Figure 2.6 Examples of tissue spots of variable quality and composition. (A,B) are complete, (C) has 

partial loss, (D) has folding, (E) has collagen, and (F) has edema.  

 
Tissue spots were excluded from the automated analysis if they were absent or markedly 

altered (e.g. folded, largely fragmented, etc.). Approximately 25 complete tissue spots were 

manually examined, and the tissue area of each tissue spot was calculated and averaged 

(approximately 320,000 µm2). The minimum tissue area was therefore defined as the equivalent to 

approximately 30% of this average area of a complete tissue spot, or 100,000 µm2. As part of the 

subsequent image analysis, the area of all tissue spots from a tumour sample were summed and, in 
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order to be included in the analysis, the summed area was required to be equivalent to or greater 

than this minimum tissue area.  

Immunolabelling of tissue spots 

 The parameters for the automated analysis were optimized for the MCTs (as listed in Table 

2.2). Although a small minority (estimated at less than 5%) of neoplastic mast cells were not 

detected and measured as cells, the vast majority of neoplastic mast cells were correctly identified 

and analyzed. The strength of the immunopositivity varied with the antibody, and therefore, the 

cut-off values to determine negative versus weak versus moderate versus strong staining were 

optimized for each antibody. For example, the cut-off values for beclin-1 were: less than 220 is 

negative, between 220 and 185 is weak, between 185 and 180 is moderate, and greater than 180 is 

strong (see Table 2.3 for staining cut-off values for beclin-1 as well as other antibodies).  

Table 2.3 Antibody-dependent automated image analysis software settings. 

 
Based on the cut-off values, each cell was determined to have negative (blue), weak 

(yellow), moderate (orange), or strong (red) immunopositivity in the automated analysis (Figure 

2.7). The H-score was then determined by the percentage of cells with negative, weak, moderate, 

or strong immunopositivity. The H-score for total KIT staining level is the sum of the 

membranous and cytoplasmic H-scores.  
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Figure 2.7 Immunohistochemistry staining patterns showing negative, low, medium, and strong 

cellular cytoplasmic immunopositivity of beclin-1. Two examples of MCTs, one with mostly 

negative/weak cytoplasmic immunopositivity (A,B), and one with mostly moderate/strong cytoplasmic 

immunopositivity for beclin-1 (C,D). B and D show the labeled cells after running the automated image 

analysis software. For the labeled cells algorithm, the colours of the cells are as follows: blue = negative; 

yellow = weak; orange = moderate; red = strong. 

If the tissue spot contained acellular areas (e.g. large areas of collagen, small folds, etc.), or 

contained adnexal structures or large blood vessels, these areas were often flagged as cellular 

areas, leading to falsely-identified cells that were negatively immunostaining. Therefore, prior to 

running the analysis, these areas were delineated with labelled annotations to be excluded from the 

automated digital analysis. Even with some tissue areas requiring a large exclusion area, using the 

above-mentioned criteria for minimum tissue area, the number of samples that passed the inclusion 

criteria was relatively high. For example, for beclin-1, 83% of the tumour samples passed the 

inclusion criteria.  

Discussion 

 In order to develop improved prognostication of canine MCTs, a TMA was constructed 

that included 244 tumours from 189 dogs. The various MCTs that comprise the TMA represent 

different types of MCTs (largely subcutaneous and dermal). The majority of the samples were 

primary occurrence tumours that were surgically excised by excisional biopsy, but included in the 
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TMA are also recurrences of MCTs and metastases (both ante- and post-mortem samples). 

Although the number of recurrences and metastases is relatively low, this will allow for 

comparisons of biomarker staining between primary, recurrences, and metastases, which is not 

well studied in canine MCTs.  

The MST and DFI were compared for various subgroups of the MCTs. When primary 

occurrences of dermal MCTs were stratified by Patnaik grade, there was a statistically significant 

difference in survival time and DFI, with grade III tumours having the shortest MST and DFI, and 

grade I tumours having the longest survival time and DFI. These outcome data are consistent with 

the original published grading scheme (Patnaik et al., 1984). However, as has been the critique of 

the Patnaik grading scheme, the survival and disease-free curves of this study’s group of MCTs 

illustrate the difficulty in accurately predicting the outcome for grade II tumours, with 40-50% of 

dogs being alive or disease-free at 5 years after the date of diagnosis. In our study, none of the 

dogs with Grade I MCTs experienced MCT-related disease or death, and none of the dogs with 

Grade III MCTs were alive after 1500 days. However, another limitation of the original Patnaik 

study, is that 2 of 30 dogs with Grade I MCTs had an MCT-related death, and 1 of 17 dogs with 

Grade III MCTs had a good outcome, with a survival time of at least 1500 days (Patnaik et al., 

1984).  

Dogs given adjunct therapy had a significantly reduced MST and DFI compared to those 

who did not have adjunct therapy. This seemingly odd result is likely explained by the fact that 

there is a bias in which MCTs get treated. There are several factors that play a role in whether 

adjunctive treatment is given and of which type, including histological grade, surgical margins, 

location of the MCT, owner’s willingness, presence of comorbidities, and financial constraints. As 

histological grade is one of the main determinants, a larger percentage of high grade MCTs will be 

treated than low-grade MCTs, and this likely explains why the dogs treated with adjunctive 
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treatment have a poorer outcome than all untreated MCTs. When only high-grade MCTs were 

compared between treated and untreated, there were no significant differences in MST or DFI. The 

reason for this is unclear, and perhaps suggests that some of the treated high-grade MCTs did not 

respond well to treatment.  

The MST and DFI for primary occurrences of cutaneous MCTs stratified by Kiupel grade 

was also calculated. Similar to what was originally published (Kiupel et al., 2011), those dogs with 

low-grade tumours had a significantly increased MST and DFI than those with high-grade 

tumours. However, this data set also shows that there are a certain small percentage of dogs that 

are diagnosed with low-grade MCTs that go on to develop local recurrence or metastases and/or 

die of MCT-related disease. This again highlights the need to develop better prognostic markers 

for MCTs.   

Mitotic count has been significantly associated with prognosis in subcutaneous MCTs 

(Thompson et al., 2011a; Thompson et al., 2011b). This analysis showed similar results; dogs with 

subcutaneous tumours with a mitotic count of 5 or greater in 10 high power 400X fields have a 

significantly increased risk of death due to MCT-related disease and increased risk of local 

recurrence or metastases. However, it is important to note that 46 of the 71 primary, subcutaneous 

MCTs not given adjunctive treatment included in this TMA were from the same group of tumours 

studied in the Thompson et al. 2011a paper. Mitotic count is also known to be a strong predictor of 

outcome (Elston et al., 2009; Romansik et al., 2007), and the differences in survival and recurrence 

or metastasis was also significant when taking all cutaneous (dermal and subcutaneous) tumours 

into consideration.  

Tissue spot partial and complete losses were expected during the design and construction 

of the TMA. For this reason, if the area of the MCT was large enough, three cores were taken from 

each MCT. Therefore, even with tissue spot loss and exclusion areas, the number of samples that 
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passed the minimum tissue area was still relatively high and will enable us to compare biomarker 

staining with outcome data.  

The algorithm parameters for the automated image analysis required optimization for 

analysis of neoplastic mast cells. During optimization, certain limitations of the automated analysis 

became apparent. For example, acellular areas (e.g. collagen) were measured as negatively 

immunolabelled cells. In order to address this, areas of exclusion were manually created to avoid 

automated analysis of these areas.  

In conclusion, an MCT TMA was constructed, containing a large sample of primary 

cutaneous MCTs, as well as a smaller number of recurrences and metastases. The primary 

cutaneous MCTs covered a range of grade and mitotic activity and were fairly evenly split 

between dermal and subcutaneous tumours. The automated analysis parameters were optimized for 

neoplastic mast cells as well as for specific antibodies, areas that necessitated exclusion were 

identified and annotated, and a minimum tissue area was defined. Outcome data was collected for 

as many animals as possible, and the next step is to utilize this TMA in combination with the 

outcome data for novel prognostic biomarker discovery.   
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Chapter 3: Investigation of the Prognostic Biomarkers KIT, c-CBL, and 

Tryptase in Tissue Microarrays of Canine Mast Cell Tumours 

Introduction 

Canine mast cell tumours (MCTs) are common skin tumours of dogs whose behaviour is 

often difficult to predict. Novel biomarkers would be useful in helping to prognosticate tumours 

and to guide adjunctive therapy. A small number of biomarkers have been examined in canine 

MCTs. The expression of VEGFR-1 and -2 has been evaluated in canine neoplastic mast cells 

from cell lines (Rebuzzi et al., 2007; Sekis et al., 2009) and from a small number of MCTs (Da 

Silva et al., 2017; Thompson et al., 2015). Overall, high VEGFR2 and phosphorylated VEGFR2 

expression in the neoplastic cells was associated with decreased survival, increased metastasis and 

local recurrence (Da Silva et al., 2017; Thompson et al., 2015). Examination of PDGFRα/β 

revealed expression of PDGFRβ in a subset of tumours, but there was no significant correlation 

with clinical outcome (Thompson et al., 2015).  

In non-neoplastic mast cells, the KIT protein is typically located within the cellular 

membrane. However, in some neoplastic mast cells, there is aberrant localization of Kit within the 

cytoplasm. Three different KIT staining patterns can be observed in canine MCT cells; pattern I is 

membranous; pattern II is focal or stippled cytoplasmic; and pattern III is diffuse cytoplasmic. 

Cytoplasmic staining has been associated with activating c-KIT mutations (Webster et al., 2006), 

and reduced DFI and survival (Kiupel et al., 2004; Thompson et al., 2015; Webster et al., 2007). 

Tryptase is one of the most abundant proteinases that is produced and stored in mast cells. 

Canine MCTs that are poorly differentiated typically have fewer positively staining granules, both 

with hematoxylin and eosin, as well as metachromatic toluidine blue-stained granules (Simoes and 

Schoning, 1994). As this decreased staining is thought to be related to decreased production or 

storage of the mast cell produced compounds, it is possible that decreased tryptase may be 
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correlated to less differentiated MCTs and poorer prognoses. An IHC analysis of tryptase in canine 

neoplastic mast cells identified three different patterns. Tryptase-staining pattern I was categorized 

as diffuse cytoplasmic immunopositivity, tryptase-staining pattern II was a moderate amount of 

cytoplasmic stippling, and tryptase-staining pattern III was weak cytoplasmic stippling (Kiupel et 

al., 2004). However, the tryptase-staining patterns were not significantly associated with disease-

free survival or local recurrence (Kiupel et al., 2004). 

C-Casitas B-lineage lymphoma (c-CBL) is a member of a highly conserved family of E3 

ubiquitin protein ligases which mono-ubiquitinate many proteins, including receptor tyrosine 

kinases (RTKs) such as KIT, VEGFR2, and PDGFR. Ubiquitination of these proteins targets them 

for degradation within the proteasome. Mutations in CBL result in strong surface expression of 

KIT in human acute myeloid leukemia cells (Makishima et al., 2012). Mutant retrovirally 

transduced CBL genes also resulted in a generalized mastocytosis in mice (Bandi et al., 2009). 

Interestingly, a recent study has shown that neoplastic mast cell expression of c-CBL in canine 

MCTs was associated with reduced disease-free survival (Da Silva et al., 2017).  

 Given the role of c-CBL in RTK biology, as well as the relationship between c-CBL and 

clinical outcome, the goal of this study was to further characterize staining of these biomarkers on 

a large number of canine MCTs in a TMA. Although mast cell tryptase staining-patterns were not 

significantly associated with survival outcome (Kiupel et al., 2004), another goal was to 

investigate whether cytoplasmic staining levels, regardless of the pattern of staining, would 

provide prognostic information in canine MCTs. To this end, a canine MCT TMA was constructed 

(Chapter 2) with known clinical outcome to investigate potential prognostic markers.  
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Materials and Methods 

Case selection 

 Cases were included in the analysis if they were excisional biopsies of dermal or 

subcutaneous MCTs, either primary occurrences or reoccurrences. For the analysis of the treated 

recurrent tumours, there was one case whose primary MCT was also included in the TMA; all 

other recurrences did not have the paired primary MCT included in the TMA. Cases of excisional 

biopsies were included regardless of the length of surgical margins as measured by radial 

sectioning and histopathology.  

TMA construction and immunohistochemistry  

TMA construction and immunohistochemical methods are described in Chapter 2. 

KIT staining patterns 

 As the automated digital image system is not designed to separate focal/stippled 

cytoplasmic from diffuse cytoplasmic staining, and automated analyses have not been previously 

used for KIT staining patterns, the tissue spots from the full TMA were also manually reviewed by 

a single pathologist (BK), and the KIT staining pattern was determined. The tissue spots were 

evaluated knowing the case number, but having no knowledge of the outcome data. In MCTs with 

neoplastic cells showing a mixture of two or three patterns, the staining pattern was determined by 

the pattern that was present in the greatest percentage of cells. In order to make an accurate 

determination of the KIT staining pattern, at least approximately 100 neoplastic mast cells were 

required to be included in the manual analysis.  

Automated analysis 

The automated analyses, including annotation of acellular regions, use of the previously 

defined minimum tissue area, and the use of the algorithm parameters, were performed in an 
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identical manner to those described in Chapter 2. H-score cut-offs of 200, 8, and 50, were used to 

stratify low- versus high-expressing KIT, c-CBL, and mast cell tryptase tumours, respectively.  

Results 

KIT staining patterns 

 There were 96 cases of cutaneous MCTs not treated with adjunctive therapy (untreated) for 

which both outcome data was known, and the KIT staining pattern could be determined from the 

TMA. The tumours were fairly evenly split between the three different patterns, with 38 pattern I, 

32 pattern II, and 26 pattern III tumours. The disease-specific MST was not reached in patterns I 

and II, and was 1710 days for pattern III tumours (95% CI=673-NA) (Figure 3.1A). The difference 

in survival curves was statistically significant (p=0.015). There was a significant difference 

between the hazard ratio of pattern III compared to I (HR=3.0, p=0.03) and III compared to II 

(HR=3.9, p=0.02), but not between patterns I and II. The difference in DFI comparing the three 

patterns was also statistically significant (p=0.03) (Figure 3.1B), and there was a significant 

difference between pattern III compared to I (HR=2.6, p=0.04) and pattern III compared to II 

(HR=3.3, p=0.03), but not between patterns I and II. 

 
Figure 3.1 Kaplan-Meier survival curves for non-AT treated cutaneous MCTs stratified by KIT 

pattern. (A) shows survival time and (B) shows disease-free interval. The vertical tick-marks correspond to 

censored data. Survival functions were compared using the logrank test. AT, adjunctive therapy; KP, KIT 

pattern; MCT, mast cell tumour; SC, subcutaneous. *global p<0.05 
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KIT staining levels 

The automated analysis calculates a separate membranous and cytoplasmic H-score. Total 

KIT staining levels were analyzed by summing the membranous and cytoplasmic H-score. In 

primary, untreated and treated, cutaneous MCTs, the total KIT staining levels were highest in 

pattern I (mean H-score=282, n=64), and lower levels were found in both pattern II (mean H-

score=185, n=48), and pattern III (mean H-score=209, n=35) (Figure 3.2). There was an overall 

significant difference in mean H-scores, a significant difference between patterns I and II 

(p<0.001) and patterns I and III (p=0.006), but not between patterns II and III (p=0.6) as calculated 

with a Tukey post hoc test. 

 

Figure 3.2 Violin plot of average KIT H-scores by KIT staining patterns. The overlying boxplot 

displays the median and quartiles.  

 The KIT total staining levels were also compared between different categories of tumours. 

The KIT staining levels were highest in recurrent tumours (mean H-score=267, n=12), lower in 

primary tumours (mean H-score=230, n=155), and lowest in metastatic tumours (mean H-

score=208, n=14) (Figure 3.3). There were no significant overall differences in mean H-scores as 

calculated with an ANOVA, nor between pairs of means in a Tukey post hoc test. 
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Figure 3.3 Violin plot of average KIT H-scores in primary, recurrent and metastatic canine 

cutaneous mast cell tumours. The overlying boxplot displays the median and quartiles.  

To investigate whether mast cell KIT staining could be a potential prognostic marker, 

survival and disease-free curves were compared between low and high-expressing KIT MCTs. The 

differences in survival and disease curves between the two groups was not significant (Figure 3.4).  

 

 

Figure 3.4 Kaplan-Meier survival curves for non-AT treated MCTs stratified by KIT. (A,C) show 

survival time and (B,D) show disease-free interval. The vertical tick-marks correspond to censored data. 

Survival functions were compared using the logrank test. AT, adjunctive therapy; MCT, mast cell tumour; 

SC, subcutaneous. 

Mast cell tryptase staining in primary, recurrent and metastatic tumours  

The staining of mast cell tryptase was also investigated as a potential biomarker. The 

immunopositivity of mast cell tryptase was almost exclusively cytoplasmic with a pattern that 

varied from weak, diffuse to strong, diffuse immunopositivity. The mast cell tryptase staining 
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levels were lowest in primary tumours (mean H-score=78, n=169), marginally higher in 

metastases (mean H-score=82, n=14), and highest in recurrences (mean H-score=98, n=12) 

(Figure 3.5). There were no significant overall differences in means H-scores as calculated with an 

ANOVA, nor between pairs of means in a Tukey post hoc test.  

 

Figure 3.5 Violin plot of average mast cell tryptase H-scores in primary, recurrent and metastatic 

canine cutaneous mast cell tumours. The overlying boxplot displays the median and quartiles.  

 

Mast cell tryptase staining in untreated tumours 

 Although there were no differences in mast cell tryptase H-scores between primary, 

recurrent, and metastatic cutaneous MCTs, an investigation into whether mast cell tryptase 

staining could be a potential prognostic marker was conducted. Survival and disease-free outcome 

in all primary untreated cutaneous MCTs were compared, and there was no significant difference 

in MCT-specific survival or DFI (Figure 3.6A,B). There were also no significant differences when 

the MCTs were separated into dermal (Figure 3.6C,D) and subcutaneous (Figure 3.6E,F).  
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Figure 3.6 Kaplan-Meier survival curves for non-AT treated cutaneous MCTs stratified by tryptase. 

(A,C,E) show survival time and (B,D,F) show disease-free interval. The vertical tick-marks correspond to 

censored data. Survival functions were compared using the logrank test. AT, adjunctive therapy; MCT, 

mast cell tumour; SC, subcutaneous.  

Although there were no differences in MCT-related survival or DFI in all primary untreated 

tumours, MCTs display a wide variety of behaviour, and it is possible that tryptase staining levels 

could be prognostic within certain subsets of MCTs. To investigate this possibility, outcome data 
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stratified by tryptase staining was examined from dogs with cutaneous low- and high-grade MCT, 

as defined by the Kiupel grading scheme (Figure 3.7). Interestingly, there is a significant 

difference in the DFI curves in primary, untreated, low-grade cutaneous (dermal and 

subcutaneous) MCTs, and a Cox proportional hazard analysis calculated a hazard ratio of 3.2 

(p=0.051).  If there was a method to distinguish those low-grade MCTs that are actually aggressive 

tumours, this could prove extremely useful in helping clients decide whether to pursue additional 

treatment after surgical excision of low-grade MCTs.  

 
Figure 3.7 Kaplan-Meier survival curves for non-AT treated low- and high-grade cutaneous MCTs 

stratified by tryptase. (A,C) show survival time and (B,D) show disease-free interval. The vertical tick-

marks correspond to censored data. Survival functions were compared using the logrank test. AT, 

adjunctive therapy; MCT, mast cell tumour; SC, subcutaneous. *p<0.05 

To investigate this further, outcome data in other subgroups of MCTs, divided between 

those with better and poorer prognoses was analyzed. In the analysis of KIT staining patterns 
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(Figure 3.1), there was a significant difference in survival and DFI between patterns III and I, and 

patterns III and II, but not between patterns I and II. Therefore, the outcome between low and high 

tryptase in pattern I and II combined, as well as in those tumours with pattern III was compared 

(Figure 3.8). There was a non-significant decreased time to recurrent or metastatic disease 

compared to the high tryptase group in the primary, untreated, pattern I/II group (p=0.11).  

 

Figure 3.8 Kaplan-Meier survival curves for non-AT treated KIT patterns I/II and III cutaneous 

MCTs stratified by tryptase. (A,C) show survival time and (B,D) show disease-free interval. The vertical 

tick-marks correspond to censored data. Survival functions were compared using the logrank test. AT, 

adjunctive therapy; MCT, mast cell tumour; SC, subcutaneous.  

Next, outcome in dogs with dermal tumours categorized according to the Patnaik grading scheme 

was examined. Unfortunately, there were no events in either MCT-related survival or disease 

within the primary, untreated, grade I, dermal MCTs for which a tryptase H-score was available. 
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In both the grade II and grade III MCTs, there were no differences in MST or DFI between low 

and high tryptase expressing MCTs (Figure 3.9). 
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Figure 3.9 Kaplan-Meier survival curves for non-AT treated Patnaik grade II and III cutaneous 

MCTs stratified by tryptase. (A,C) show survival time and (B,D) show disease-free interval. The vertical 

tick-marks correspond to censored data. Survival functions were compared using the logrank test. AT, 

adjunctive therapy; MCT, mast cell tumour; SC, subcutaneous.The only robust prognostic marker that 

has been identified specifically for subcutaneous MCTs, is the mitotic count (Thompson et al., 

2011a). Therefore, outcome between low and high tryptase expressing subcutaneous MCTs in 

those with a low mitotic count was also examined (Figure 3.10A,B), and those with a high mitotic 

count (Figure 3.10C,D). Notably, there is again a significant difference in the DFI of those MCTs 

with a better prognosis, namely the low mitotic count subcutaneous MCTs; low tryptase 

expressing ones have a shorter DFI than high tryptase subcutaneous MCTs. A Cox proportional 

hazard analysis also shows a significant difference (HR=5.1, p=0.039).  
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Figure 3.10 Kaplan-Meier survival curves for non-AT treated low and high mitotic count 

subcutaneous MCTs stratified by tryptase. (A,C) show survival time and (B,D) show disease-free 

interval. The vertical tick-marks correspond to censored data. Survival functions were compared using the 

logrank test. AT, adjunctive therapy; MCT, mast cell tumour; SC, subcutaneous. *p<0.05 

C-CBL staining in primary, recurrent and metastatic tumours  

 A similar analysis was conducted with c-CBL, another potential prognostic marker of 

interest. In the MCTs with neoplastic mast cells that showed c-CBL immunopositivity, the pattern 

varied from weak to moderate, and was exclusively diffuse, cytoplasmic immunoreactivity. The c-

CBL staining levels were lowest in recurrent tumours (mean H-score=3.9, n=12), higher in 

primary tumours (mean H-score=10.0, n=163), and highest in metastases (mean H-score=21.9, 

n=15) (Figure 3.11). There was a significant difference in means as calculated with an ANOVA 

(p=0.0496); however, a Tukey post hoc test showed no significant differences in means between 

primary and recurrence (p=0.58), primary and metastasis (p=0.08), or recurrence and metastasis 

(p=0.06). The violin plot does show that there are a small number of outliers in the group of 

primary tumours with high c-CBL staining levels. Given that the metastases also have higher c-

CBL staining, it was hypothesized that high c-CBL levels in primary MCTs would have decreased 

times to MCT-related disease and/or death.  

 

Figure 3.11 Violin plot of average c-CBL H-scores in primary, recurrent and metastatic canine 

cutaneous mast cell tumours. The overlying boxplot displays the median and quartiles.  
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 The MST and DFI in primary, untreated cutaneous MCTs stratified by c-CBL staining 

levels was analyzed first. There were no significant differences in MCT-specific MST or DFI with 

all cutaneous MCTs grouped together (Figure 3.12A,B), or separated into dermal (Figure 3.12C,D) 

and subcutaneous (Figure 3.12E,F) MCTs.  
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Figure 3.12 Kaplan-Meier survival curves for non-AT treated cutaneous MCTs stratified by c-CBL. 

(A,C,E) show survival time and (B,D,F) show disease-free interval. The vertical tick-marks correspond to 

censored data. Survival functions were compared using the logrank test. AT, adjunctive therapy; MCT, 

mast cell tumour; SC, subcutaneous. 

Considering that tryptase appears to be a prognostic marker for those tumours with a good 

(but not poor) prognosis, outcome between low and high c-CBL expressing MCTs in different 

categories of MCTs was examined. The MSTs and DFIs were analyzed in dogs with MCTs 

stratified by c-CBL staining in dogs; with low- and high-grade cutaneous MCTs, as defined by the 

Kiupel grading scheme; with KIT staining pattern I/II and III; with grade II and grade III dermal 

MCTs, as defined by the Patnaik grading scheme; and with low and high mitotic count 

subcutaneous MCTs. None of these survival curves showed any significant differences (data not 

shown).  

 Although the initial objective was to find a novel prognostic marker by analyzing survival 

data of primary MCTs not treated with adjunctive therapy, MCT samples from dogs that did go on 

to receive adjunctive treatment after surgical excision was also included in the TMA. Therefore, 

the dataset could be probed to ask whether c-CBL was a potential predictive marker in canine 

MCTs. The MST and DFI were analyzed for dogs who had received chemotherapy (vinblastine), 

curative or palliative radiation, and/or toceranib following excisional biopsy. These analyses were 

done for primary MCTs, as well as for primary combined with recurrent MCTs (referred to as 

“All” within this and subsequent figure titles). The small sample size of recurrent MCTs precluded 

analyses of recurrent MCTs alone. There were no significant differences in MST or DFI in 

primary treated cutaneous (dermal and subcutaneous) MCTs (Figure 3.13A,B), or primary together 

with recurrent MCTs (Figure 3.13C,D). In the primary, adjunctive therapy treated cutaneous 

MCTs, the high c-CBL expressing MCTs showed a non-significant decreased MST compared to 

the low c-CBL expressing MCTs (Figure 3.13A, p=0.081).  
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Figure 3.13 Kaplan-Meier survival curves for AT treated cutaneous MCTs stratified by c-CBL. (A,C) 

show survival time and (B,D) show disease-free interval. The vertical tick-marks correspond to censored 

data. Survival functions were compared using the logrank test. AT, adjunctive therapy; MCT, mast cell 

tumour; SC, subcutaneous. 

Considering that the overall prognosis is different between subcutaneous MCTs (which 

tend to have a better prognosis) versus dermal MCTs (Thompson et al., 2011a), c-CBL staining 

levels were analyzed for predictive value separately in dermal and subcutaneous MCTs. There 

were no significant differences in MST or DFI in the treated dermal MCTs (Figure 3.14). 

Interestingly, high c-CBL expressing primary subcutaneous MCTs showed a non-significant 

decreased MST compared to low c-CBL ones (Figure 3.15A, p=0.057), whereas no difference was 

observed in DFI (Figure 3.15B). A non-significant decreased survival time was also present for 

primary combined with recurrent MCTs (Figure 3.15C, p=0.13), but no difference in the DFI 
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(Figure 3.15D). The Cox proportional hazard ratio for primary treated subcutaneous MCTs was 

4.6 (p=0.08), and for primary and recurrent treated subcutaneous MCTs was 3.1 (p=0.15).  

 

Figure 3.14 Kaplan-Meier survival curves for AT treated dermal MCTs stratified by c-CBL. (A,C) 

show survival time and (B,D) show disease-free interval. The vertical tick-marks correspond to censored 

data. Survival functions were compared using the logrank test. AT, adjunctive therapy; MCT, mast cell 

tumour; SC, subcutaneous. 
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Figure 3.15 Kaplan-Meier survival curves for AT treated subcutaneous MCTs stratified by c-CBL. 

(A,C) show survival time and (B,D) show disease-free interval. The vertical tick-marks correspond to 

censored data. Survival functions were compared using the logrank test. AT, adjunctive therapy; MCT, 

mast cell tumour; SC, subcutaneous.  

The survival functions stratified by c-CBL staining were also compared for treated low- and high-

grade cutaneous MCTs, as defined by the Kiupel grading scheme; with grade II dermal MCTs, as 

defined by the Patnaik grading scheme; low mitotic count subcutaneous MCTs; and low and high 

mitotic count cutaneous (dermal and subcutaneous) MCTs. None of these survival curves showed 

any significant differences (data not shown). There were not enough cases of high mitotic count 

subcutaneous MCTs to compare survival functions.  

Discussion 

In this study, a TMA of canine untreated and treated with adjunctive therapy, dermal and 

subcutaneous, MCTs was constructed and IHC for KIT, mast cell tryptase and c-CBL was 
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performed. The MCTs were split in low- and high-expressing KIT, mast cell tryptase and c-CBL 

groups, and survival functions were compared. Total KIT staining levels were not prognostic. This 

result is consistent with a study that analyzed a smaller TMA of MCTs that showed no relationship 

between KIT staining levels and two established prognostic factors, namely, the presence of c-KIT 

mutations and KIT staining pattern (Webster et al., 2006). 

There was a significant difference in DFI in primary, no adjunctive therapy, low-grade 

cutaneous MCTs stratified by tryptase, as well as in DFI in primary, no adjunctive therapy, low 

mitotic count subcutaneous MCTs, but no significant differences in adjunctive treated tumours. In 

both low-grade combined dermal and subcutaneous MCTs, and low mitotic count subcutaneous 

MCTs, those MCTs with low tryptase had decreased time to recurrence and/or metastasis 

compared to high tryptase MCTs. There was also a non-significant trend of high c-CBL being 

predictive of poor response to adjunctive treatment as measured by MST in MCTs that were 

treated with one or a combination of toceranib, vinblastine, or radiation, but no significant 

differences in no adjunctive therapy treated tumours. The decreased MST in high c-CBL-

expressing tumours in treated MCTs was significant in subcutaneous, but not dermal, MCTs when 

these tumours were analyzed separately.   

 If tryptase is indeed a prognostic marker for disease recurrence and/or metastasis in low-

grade cutaneous MCTs, and low mitotic count subcutaneous MCTs, as our data suggests, this is 

clinically useful. One of the main limitations of the Kiupel grading scheme, is that up to 15% of 

low-grade MCTs have aggressive behaviour and will go on to recur or metastasize despite their 

designation as a low-grade tumour (Kiupel et al., 2011; Stefanello et al., 2015). If low tryptase 

levels can predict an increased likelihood of these events, it may help direct decisions on whether 

to pursue adjunctive treatment after surgical removal of these low-grade tumours. 
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 Humans do not develop solitary cutaneous MCTs like dogs, but they do develop 

pathological proliferations of abnormal mast cells in the skin (cutaneous mastocytosis) or in 

internal organs (systemic mastocytosis) (Le et al., 2017). Rather than being used as a prognostic 

marker of mastocytosis, serum tryptase levels instead are used as a criterion for the diagnosis of 

systemic mastocytosis, and as a marker to assess response to treatment with bone marrow 

transplantation (Komi et al., 2018). Interestingly, there have been investigations looking at tryptase 

levels in other types of human cancer, however, these studies have focused on high tryptase non-

neoplastic mast cells within non-mast cell tumours. For example, high levels of tryptase positive 

mast cells are predictive of poorer outcome in patients with colorectal liver metastases following 

hepatectomy (Suzuki et al., 2015). Increased mast cell density is also correlated with increased 

tumour angiogenesis; tryptase has a direct angiogenic effect through stimulating vascular 

endothelial cell proliferation (Ammendola et al., 2014; de Souza Junior et al., 2015).  

 In the case of canine MCTs, it is actually low tryptase levels that predict poorer outcome. 

This is likely related to the fact that tryptase levels in neoplastic mast cells are being measured, 

rather than non-neoplastic tumour associated mast cells. As tryptase is normally produced in mast 

cells, lower levels of tryptase are likely related to a lower degree of differentiation (Simoes and 

Schoning, 1994). And as a general rule for cancers, both human and canine, poorly differentiated 

tumours tend to behave more aggressively. Indeed, in canine MCTs, those tumours classified as 

“undifferentiated” based on a high-throughput gene staining analysis had a poorer prognosis than 

those classified as “differentiated” (Giantin et al., 2014). Therefore, the decreased differentiation 

of the neoplastic mast cells likely ‘trumps’ any effect (if present at all) of tryptase as a pro-

angiogenic and tumour-promoting factor in canine MCTs.  

The analysis of c-CBL staining in our TMA showed no prognostic value in c-CBL staining 

level, but a potential predictive value in primary subcutaneous MCTs. c-CBL staining levels 
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showed no prognostic information in subcutaneous MCTs in contrast to a report that showed that 

high c-CBL levels were associated with decreased DFI (Da Silva et al., 2017). There are some 

differences between the two analyses that could explain this discrepancy. One main difference is 

in the analysis of the data. Our study used an automated digital analysis of a scanned slide to 

detect positive immunoreactivity in each cell, whereas the Da Silva et al. analysis used Image J 

software to determine the percent positively stained area of representative areas of the tumour. 

Another difference is that in this study, excisional biopsies of MCTs regardless of the surgical 

margins were included, whereas the Da Silva et al. analysis included only those tumours with 

neoplastic cells within 1 mm of the margins. Additionally, in our study, not all the dogs eventually 

developed recurrences (14 of the 57 dogs with analyzed subcutaneous MCTs developed local 

recurrences), whereas all dogs in the Da Silva et al. analysis did eventually develop local 

recurrences. Further studies will be needed to investigate this further. 

 Interestingly, in the Da Silva study (almost all subcutaneous MCTs that were not treated 

with adjunctive therapy), higher c-CBL is associated with decreased DFI compared to low c-CBL 

staining MCTs, while in this study (in adjunctive therapy treated subcutaneous MCTs), higher c-

CBL is non-significantly associated with decreased survival (p=0.057). This might initially seem 

surprising, given that MCTs are KIT-driven tumours, and one might expect that high c-CBL 

would result in increased destruction of the KIT protein and lead to a better outcome. However, in 

c-CBL has been reported to be upregulated in several human solid tumours (Cristobal et al., 2014; 

Ito et al., 2004; Jing et al., 2016; Knight et al., 2008; Tan et al., 2010), and high c-CBL levels are 

associated with poor prognosis in gastric carcinoma (Ito et al., 2004), gliomas (Jing et al., 2016), 

and prostate cancer (Knight et al., 2008).  

The positive role that c-CBL plays in tumourigenesis may be related to the fact that in 

addition to acting as an E3 ubiquitin ligase, c-CBL is also a multifunctional adaptor protein that 
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positively regulates various signaling pathways, such as the PI3K/AKT pathway (Liyasova et al., 

2015). Therefore, even in KIT-driven tumours such as canine MCTs, it may not be its role on RTK 

degradation, but rather its adaptor protein role, that promotes tumour progression. Consistent with 

this hypothesis, a mutant c-CBL protein that lacks ubiquitin ligase activity but maintains its 

association with SH2-domain-containing signaling proteins, is able to induce alterations in cell 

morphology that are typically associated with epithelial-mesenchymal transition (Fournier et al., 

2000). Additionally, in human gliomas, c-CBL was found to play a positive role in tumour 

invasion through the upregulation of matrix metalloproteinase 2 (Lee and Tsygankov, 2010). 

There is also evidence of c-CBL playing a positive role in tumourigenesis through its E3 ligase 

function. The siRNA-mediated suppression of c-CBL and CBL-B inhibited the invasiveness of 

breast cancer cells, and these results were thought to relate to their function to ubiquitinate 

AMAP1, a protein known to play a role in invasion of tumour cells (Nam et al., 2007). 

This TMA included both untreated and treated MCTs, enabling us to investigate the 

potential prognostic and predictive value of two biomarkers, mast cell tryptase and c-CBL. The 

main limitation of this TMA is that although a large number of overall MCTs were included, the 

numbers of tumours were lower when categorized into untreated and treated excisional biopsy 

subsets, and especially when also divided into further subsets based on grade and mitotic count. 

However, this TMA is an excellent screening tool to identify potential predictive and prognostic 

markers, and given that statistically significant results were observed, the findings are extremely 

promising. Another limitation to this study is that this was a retrospective analysis, restricting 

which MCTs could be included in the TMA (e.g. based on availability of blocks, size of tumour, 

no standardized treatment protocols for included tumours, etc.), and some of the dogs were lost to 

follow-up. Further prospective studies with pre-determined inclusion criteria, and extended follow-

up data, will help in confirming our results.  
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In conclusion, this study found that low tryptase staining in neoplastic mast cells was 

significantly associated with decreased time to local recurrence and/or metastasis in low-grade 

cutaneous MCTs and low mitotic count subcutaneous MCTs. Additionally, high c-CBL expressing 

subcutaneous MCTs tended to show poorer response to treatment (as measured by MCT-related 

survival) compared to low c-CBL expressing subcutaneous MCTs. Having an indication of which 

low-grade MCTs will go on to recur and/or metastasis could be extremely helpful in directing 

therapy. Perhaps with adjunctive treatment (that would not normally have been pursued given the 

diagnosis of a low-grade tumour), the outcome of those low-grade low-tryptase MCTs will 

improve. Additionally, having a potential predictive factor for response to treatment in 

subcutaneous MCTs could also help in directing treatment options.   
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Chapter 4: Beclin-1 is a Novel Predictive Biomarker for Canine Mast Cell 

Tumours 

Introduction 

Canine cutaneous mast cell tumours (MCTs) is the most common skin tumour of the dog, 

representing up to 21% of all cutaneous tumours (Bostock, 1986; Cohen et al., 1974; London and 

Seguin, 2003; Welle et al., 2008). Cutaneous MCTs arise in either the dermis or within the 

subcutaneous tissue, at a ratio of approximately 6:1 (Sabattini et al., 2015). The behaviour of 

cutaneous MCTs can vary widely, with many of the tumours having a favourable prognosis, and 

fewer MCTs developing local recurrence and/or metastases to the draining lymph node or 

disseminated throughout the body, which typically includes, but is not limited to, spleen and liver.  

The ability to accurately predict the behaviour of a cutaneous MCT is critical in directing 

patient therapy. Although many factors have been shown to be prognostic, the most widely used 

prognostic indicators for dermal MCTs are two different grading schemes. The first widely used 

grading scheme to be developed was the Patnaik grading scheme (Patnaik et al., 1984), which was 

uniquely developed for dermal MCTs. The second more recently developed grading scheme, 

which included both dermal and subcutaneous MCTs in its development, is the Kiupel grading 

scheme (Kiupel et al., 2011). The most useful prognostic indicator for subcutaneous MCTs is the 

mitotic count (Thompson et al., 2011a).  

Although much progress has been made in improving our ability to prognosticate MCTs, 

the current schemes still have limitations. For example, in the Patnaik grading scheme, the 

majority of MCTs fall into the grade II category, whose behaviour is quite difficult to predict 

(Sabattini et al., 2015; Stefanello et al., 2015). In addition, approximately 5-15% of dogs with 

Kiupel low-grade MCTs (which represented 76-90% of the studied tumours) died or were 

euthanized due to MCT-related disease (Kiupel et al., 2011; Stefanello et al., 2015).  
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Efforts to improve prognostication have been made through characterization of the receptor 

tyrosine kinase (RTK), KIT. Canine normal and neoplastic mast cells typically display one of three 

distinct KIT staining patterns, namely membranous (pattern I), focal/stippled cytoplasmic (pattern 

II), and diffuse cytoplasmic (pattern III). Normal mast cells show membranous KIT staining, 

whereas neoplastic cells can show any one of the three patterns (Webster et al., 2006). 

Cytoplasmic KIT protein localization (patterns II and III) is significantly associated with increased 

tumour recurrence and reduced survival (Kiupel et al., 2004; Thompson et al., 2015; Webster et 

al., 2007), higher histological grade and increased cell proliferation (Gil da Costa et al., 2007) in 

dermal MCTs, and increased recurrence and metastases in subcutaneous MCTs (Thompson et al., 

2015). Although the use of KIT staining pattern is a step forward in prognostication, it still cannot 

predict the behaviour of every tumour. Given the limitations of the current prognostication 

systems, we were interested in investigating novel prognostic biomarkers for cutaneous MCTs. 

In addition to the development of accurate prognostication for both human and animal 

cancer, there has also been tremendous effort to develop accurate predictive markers. Predictive 

markers are imperative in the development of personalized medicine, or choosing specific 

therapeutics based on the characteristics of an individual’s tumour. The only predictive marker that 

has been investigated in canine MCTs, is the c-KIT mutational status. However, as MCTs with 

both mutated and wildtype c-KIT respond to treatment with RTK inhibitors (Hahn et al., 2010; 

London et al., 2009; Weishaar et al., 2018), it is not a clinically useful predictive marker. 

Autophagy is a homeostatic mechanism operating at low basal levels that enables 

destruction of damaged organelles and proteins. To survive times of adverse microenvironmental 

conditions, such as nutrient starvation or growth factor depletion, cells can induce autophagy to 

degrade and recycle cellular components to maintain a source of building blocks (Bialik et al., 

2018). The process of autophagy begins with nucleation, whereby multiple proteins assemble to 
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form a phagophore. Next, the walls of the phagophore elongate, curve around, and join together to 

form the autophagosome. The final step consists of fusion of the autophagosome with the 

lysosome and subsequent protein degradation. Cancer cells are also able to exploit the process of 

autophagy in order to survive the poor conditions in the tumour microenvironment (Ozpolat and 

Benbrook, 2015). The protein beclin-1 is encoded by the autophagy related gene, BECN1, and 

plays a key role in the nucleation step of autophagy (Mizushima, 2007). The aim of this study is to 

investigate beclin-1 staining levels as a prognostic and/or predictive marker in canine dermal and 

subcutaneous MCTs.  

Materials and Methods 

Case selection 

 Cases were included in the analysis if they were excisional biopsies of dermal or 

subcutaneous MCTs, either primary occurrences or reoccurrences. For the analysis of the treated 

recurrent tumours, there was one case whose primary MCT was also included in the TMA; all 

other recurrences did not have the paired primary MCT included in the TMA. Cases of excisional 

biopsies were included regardless of the length of surgical margins as measured by radial 

sectioning and histopathology. 

TMA construction and immunohistochemistry  

TMA construction and immunohistochemical methods are described in Chapter 2. 

Automated analysis 

The automated analyses, including annotation of acellular region, use of the previously 

defined minimum tissue area, and the use of the algorithm parameters, were performed in an 

identical manner to those described in Chapter 2. An H-score cut-off of 80 was used to stratify 

low- versus high-expressing beclin-1 tumours.  
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Results 

High beclin-1 staining is correlated with recurrence and metastasis 

 One advantage of using an automated digital analysis, is that a quantitative (rather than 

categorical) measurement of the amount of protein staining is generated. Therefore, the beclin-1 

staining could be analyzed to see if it varied between primary, recurrent, and metastatic canine 

cutaneous MCTs. The staining of beclin-1 in MCTs was exclusively cytoplasmic, and varied from 

moderate to strong in intensity, and from granular to diffuse cytoplasmic in pattern. Interestingly, 

the beclin-1 staining was lowest in primary tumours (mean H-score=73, n=166), higher in 

recurrences (mean H-score=110, n=12), and highest in metastases (mean H-score=157, n=15) 

(Figure 4.1). There was a significant difference in means as calculated with an ANOVA 

(p<0.001), with a Tukey post hoc test showing a significant difference in means between primary 

and metastasis (p<0.001), but not between primary and recurrence (p=0.07) or recurrence and 

metastasis (p=0.09).    

 

Figure 4.1 Violin plot of average beclin-1 H-scores in primary, recurrent and metastatic canine 

cutaneous mast cell tumours. The overlying boxplot displays the median and quartiles.  

 

Beclin-1 is not a prognostic biomarker for canine mast cell tumours 

 Given that increased beclin-1 levels correlated with increased aggressive behaviour of a 

tumour, it was hypothesized that beclin-1 staining may be a prognostic marker in canine MCTs. In 



80 
 

order to answer this question, beclin-1 levels in primary, untreated tumours were examined, to 

determine whether high levels of beclin-1 staining would predict decreased survival and/or 

decreased time to local recurrence or metastasis. Survival times for MCT-specific deaths and DFI 

for low versus high beclin-1 staining (as shown in Figure 2.7) in all primary untreated cutaneous 

MCTs (Figure 4.2A,B) were examined. There was no significant difference in MCT-specific 

survival or DFI. This result was the same when the MCTs were separated into dermal (Figure 

4.2C,D) and subcutaneous (Figure 4.2E,F) MCTs.  
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Figure 4.2 Kaplan-Meier survival curves for non-AT treated MCTs stratified by beclin-1. (A,C,E) 

show survival time and (B,D,F) show disease-free interval. The vertical tick-marks correspond to censored 

data. Survival functions were compared using the logrank test. AT, adjunctive therapy; MCT, mast cell 

tumour; SC, subcutaneous.  

 Although there were no differences in MCT-related survival or recurrence/metastasis when 

examining all primary tumours not given adjunctive therapy, the possibility remained that beclin-1 

staining levels could be prognostic within certain subsets of MCTs that show different clinical 
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behaviour. To investigate this possibility, outcome data stratified by beclin-1 staining in several 

different subsets of the primary untreated MCTs was examined; from dogs with cutaneous low- 

and high-grade MCTs, as defined by the Kiupel grading scheme; from dogs with cutaneous KIT 

staining pattern I/II and pattern III MCTs; from dogs with dermal Grade II and III MCTs, as 

defined by the Patnaik grading scheme (there were no events in those dogs with Grade I MCTs); 

and from dogs with subcutaneous low and high mitotic count MCTs. No significant differences in 

the survival or disease-free curves were present (p-values are summarized in Appendix Table A.2). 

Taking into account the analyses of subsets of cutaneous MCTs, it is clear that staining differences 

of beclin-1 is not prognostic, even within subsets of tumours. 

Survival curves of mast cell tumours given adjunctive therapy, stratified by beclin-1 staining 

levels 

 Although our initial aim in developing the MCT TMA was to identify a novel prognostic 

marker utilizing outcome data in dogs with primary MCTs not given adjunctive therapy, the 

advantage of creating a TMA is that additional samples could be included at minimal extra cost 

and time. As many of our samples were obtained from a tertiary care clinic with an on-site cancer 

centre, a number of the MCT samples came from dogs who pursued adjunctive treatment after 

surgical removal of the MCT. The differences in outcome between dogs with low and high beclin-

1 staining MCTs who had adjunctive treatment was analyzed. Survival curves for MST and DFI 

were constructed for dogs who had one or a combination of vinblastine, radiation (curative or 

palliative), or toceranib following surgical removal of the MCT. Outcome data from primary 

MCTs, in addition to primary MCTs together with recurrences (referred to as “All”) were analyzed 

(Figure 4.3). Strikingly, there is a significant difference in MCT-disease related survival between 

low and high beclin-1 staining in these treated dogs (Figure 4.3A,B) with primary MCTs alone 

(p=0.022) and primary combined with recurrent (p=0.005).  A Cox proportional hazard analysis 

calculates a hazard ratio of 7.9 (p=0.053) for dogs with high compared to low beclin-1 expressing 
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primary MCTs, and a hazard ratio of 10.5 (p=0.024) for primary together with recurrent. The 

difference in the DFI curves is not significant in either the primary MCTs (p=0.15), or primary 

together with recurrent (p=0.07). Therefore, although beclin-1 staining showed no prognostic 

value in MCTs, these results show that the level of beclin-1 staining is able to predict response of 

MCTs to adjunctive treatment.  

 
Figure 4.3 Kaplan-Meier survival curves for non-AT treated cutaneous MCTs stratified by beclin-1. 

(A,C) show survival time and (B,D) show disease-free interval. The vertical tick-marks correspond to 

censored data. Survival functions were compared using the logrank test. AT, adjunctive therapy; MCT, 

mast cell tumour; SC, subcutaneous. *p<0.05  

 As subcutaneous MCTs tend to have a better prognosis than dermal MCTs (Thompson et 

al., 2011a), the predictive value of beclin-1 staining in MCTs separated into dermal and 

subcutaneous only was examined. The number of primary and recurrent treated dermal tumours is 

relatively low. However, although the difference is not significant, the dogs with adjunctive 
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therapy treated dermal tumours had decreased survival in dogs with high beclin-1 staining primary 

and recurrent MCTs (Figure 4.4)(p=0.092). Similar results are observed with subcutaneous MCTs 

(Figure 4.5)(p=0.051). 

 

Figure 4.4 Kaplan-Meier survival curves for AT treated dermal MCTs stratified by beclin-1. (A,C) 

show survival time and (B,D) show disease-free interval. The vertical tick-marks correspond to censored 

data. Survival functions were compared using the logrank test. AT, adjunctive therapy; MCT, mast cell 

tumour; SC, subcutaneous. 
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Figure 4.5 Kaplan-Meier survival curves for AT treated subcutaneous MCTs stratified by beclin-1. 

(A,C) show survival time and (B,D) show disease-free interval. The vertical tick-marks correspond to 

censored data. Survival functions were compared using the logrank test. AT, adjunctive therapy; MCT, 

mast cell tumour; SC, subcutaneous.  

Given that the number of treated tumours in our analysis is relatively low, it is possible that 

confounding factors were affecting our results; for example, if high beclin-1 staining MCTs 

coincidentally were also high-grade. To investigate this further, treated low-grade and treated 

high-grade cutaneous MCTs were analyzed separately. There were no significant differences in 

MST or DFI in the low-grade subset of MCTs (Figure 4.6). In high-grade MCTs, there is a clear 

difference in survival outcome in primary MCTs alone (p=0.011) and combined with recurrent 

MCTs (p=0.006) (Figure 4.7). Hazard ratios could not be calculated with these data as there were 

no MCT-related deaths in the low beclin-1 staining group. There was also a significant difference 
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in the DFI curve in primary and recurrent MCTs (p=0.045).

 

Figure 4.6 Kaplan-Meier survival curves for AT treated low-grade cutaneous MCTs stratified by 

beclin-1. (A,C) show survival time and (B,D) show disease-free interval. The vertical tick-marks 

correspond to censored data. Survival functions were compared using the logrank test. AT, adjunctive 

therapy; MCT, mast cell tumour; SC, subcutaneous. 
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Figure 4.7 Kaplan-Meier survival curves for AT treated high-grade cutaneous MCTs stratified by 

beclin-1. (A,C) show survival time and (B,D) show disease-free interval. The vertical tick-marks 

correspond to censored data. Survival functions were compared using the logrank test. AT, adjunctive 

therapy; MCT, mast cell tumour; SC, subcutaneous. *p<0.05  

Survival was next examined in dermal MCTs categorized according to the Patnaik grading 

scheme. The low numbers of treated grade I and grade III dermal MCTs precluded a survival 

analysis for these categories. However, clinically, the grade II MCTs are the group whose 

prognosis is most difficult to predict, and therefore may also complicate treatment decisions. If a 

predictive response to adjunctive therapy in grade II tumours is observed, this is likely the most 

clinically relevant information. The number of primary tumours was quite low, and therefore the 

analysis was done on primary combined with recurrent tumours (Figure 4.8). High beclin-1 

expressing MCTs showed a non-significant decreased MCT-related survival time (p=0.14).  
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Figure 4.8 Kaplan-Meier survival curves for AT treated grade II dermal MCTs stratified by beclin-1. 

(A) shows survival time and (B) shows disease-free interval. The vertical tick-marks correspond to 

censored data. Survival functions were compared using the logrank test. AT, adjunctive therapy; MCT, 

mast cell tumour; SC, subcutaneous.  

As previously mentioned, the only prognostic indicator determined specifically for subcutaneous 

MCTs is mitotic count. Therefore, MST and DFI in subcutaneous MCTs with low and high mitotic 

count was also examined. There were no recurrent low mitotic count subcutaneous MCTs in our 

dataset, and therefore only primary low mitotic count subcutaneous MCTs were analyzed (7 low 

beclin-1, and 4 high-beclin-1); there were no significant differences in survival or DFI curves 

(MST p=0.74, DFI p=0.63; data not shown). The number of adjunctive treated high mitotic count 

subcutaneous MCTs was too low to conduct an analysis.  

Subcutaneous together with dermal MCTs were also analyzed by low and high mitotic 

count. Similar to the results with the Kiupel grading, in the MCTs with a better prognosis, the low 

mitotic count MCTs, there were no significant differences in survival or DFI curves (Figure 4.9). 

However, in the high mitotic count MCTs, there were significant differences in the survival curves 

in the primary (p=0.037) and primary combined with recurrent (p=0.022) MCTs (Figure 4.10).  
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Figure 4.9 Kaplan-Meier survival curves for AT treated low MC cutaneous MCTs stratified by 

beclin-1. (A,C) show survival time and (B,D) show disease-free interval. The vertical tick-marks 

correspond to censored data. Survival functions were compared using the logrank test. AT, adjunctive 

therapy; MC, mitotic count; MCT, mast cell tumour; SC, subcutaneous. 
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Figure 4.10 Kaplan-Meier survival curves for AT treated high MC cutaneous MCTs stratified by 

beclin-1  (A,C) show survival time and (B,D) show disease-free interval. The vertical tick-marks 

correspond to censored data. Survival functions were compared using the logrank test. AT, adjunctive 

therapy; MC, mitotic count; MCT, mast cell tumour; SC, subcutaneous. *p<0.05  

In our analyses of the adjunctive treated group of MCTs, all adjunctive treated dogs were included, 

regardless of the treatment modality. However, there were seven different possible combinations 

of treatments, and the cases fell into six of these groups (Table 4.1).  

 

 

 

 

Table 4.1 Categories of adjunctive treatment. 
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In an effort to differentiate which one(s) of these adjunctive treatment responses is being 

predicted, analyses were first done with groups that had each of the three treatments (with or 

without other treatments) (Figure 4.11). There was a significant difference in survival curves in the 

chemotherapy treated dogs (p=0.016), and although not significantly different, the high beclin-1 

staining MCTs in the toceranib group appeared to have decreased survival compared to the low 

beclin-1 staining (p=0.075). 
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Figure 4.11 Kaplan-Meier survival curves for differently AT treated cutaneous MCTs stratified by 

beclin-1. (A,C,E) show survival time and (B,D,F) show disease-free interval. The vertical tick-marks 

correspond to censored data. Survival functions were compared using the logrank test. AT, adjunctive 

therapy; MCT, mast cell tumour; SC, subcutaneous. *p<0.05  

The subgroups of those dogs treated with one of the three adjunctive treatments without any other 

adjunctive treatment were then compared (Figure 4.12). No significant differences were observed 
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in the survival curves, although the high beclin-1 expressing MCTs appeared to have decreased 

survival compared to low beclin-1 expressing MCTs with chemotherapy only and toceranib only 

treatments, and there was a significant reduction in DFI (p=0.013) in high beclin-1 expressing 

MCTs treated with chemotherapy (Figure 4.12B). 
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Figure 4.12 Kaplan-Meier survival curves for single AT treatment cutaneous MCTs stratified by 

beclin-1. (A,C,E) show survival time and (B,D,F) show disease-free interval. The vertical tick-marks 

correspond to censored data. Survival functions were compared using the logrank test. AT, adjunctive 

therapy; MCT, mast cell tumour; SC, subcutaneous. *p<0.05 
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Survival curves of mast cell tumours given adjunctive therapy, stratified by known 

prognostic markers 

A predictive protein biomarker has not yet been identified for MCTs. As mentioned 

previously, there is some predictive value in knowing the KIT mutation status. However, given 

that even MCTs with no identified KIT mutation often have some response to treatment with 

toceranib, the KIT mutational status is not particularly useful from a clinical point of view, and a 

predictive protein biomarker could be quite valuable in directing treatment. Our data suggest that 

beclin-1 staining levels do have predictive value, especially in those MCTs with poorer prognoses 

(e.g. high-grade or high mitotic count). However, it is also possible that the known prognostic 

markers have equal predictive value. To investigate this, survival functions in adjunctive treated 

dermal MCTs stratified by Patnaik grade (data not shown), and adjunctive treated cutaneous 

(dermal and subcutaneous) MCTs stratified by Kiupel grade, by mitotic count, and by KIT staining 

pattern was examined. Although KIT staining levels showed no prognostic information, the 

adjunctive treated cutaneous MCTs were also analyzed after stratification for KIT staining levels. 

There were no significant differences in survival curves in primary (p=0.16) and primary and 

recurrent dermal MCTs (p=0.076) stratified by Patnaik grade (data not shown). There were 

significant differences in survival curves stratified by Kiupel grade (primary, p=0.005; primary 

and recurrent, p<0.001) (Figure 4.13), mitotic count (primary, p<0.001; primary and recurrent, 

p<0.001) (Figure 4.14), and KIT pattern (primary and recurrent, p=0.039) (Figure 4.15). There 

were no significant differences in the survival curves in primary (p=0.94) and primary and 

recurrent dermal MCTs (p=0.89) stratified by KIT staining levels (data not shown).  
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Figure 4.13 Kaplan-Meier survival curves for AT treated cutaneous MCTs stratified by Kiupel 

grade. (A,C) show survival time and (B,D) show disease-free interval. The vertical tick-marks correspond 

to censored data. Survival functions were compared using the logrank test. AT, adjunctive therapy; MCT, 

mast cell tumour; SC, subcutaneous. *p<0.05 
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Figure 4.14 Kaplan-Meier survival curves for AT treated cutaneous MCTs stratified by MC. (A,C) 

show survival time and (B,D) show disease-free interval. The vertical tick-marks correspond to censored 

data. Survival functions were compared using the logrank test. AT, adjunctive therapy; MC, mitotic count; 

MCT, mast cell tumour; SC, subcutaneous. *p<0.05 
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Figure 4.15 Kaplan-Meier survival curves for AT treated cutaneous MCTs stratified by KIT pattern. 

(A,C) show survival time and (B,D) show disease-free interval. The vertical tick-marks correspond to 

censored data. Survival functions were compared using the logrank test. AT, adjunctive therapy; KP, KIT 

pattern; MCT, mast cell tumour; SC, subcutaneous. *global p<0.05  

Beclin-1 staining levels predicts response to treatment in canine cutaneous mast cell tumours  

 Along with beclin-1 staining levels, this study found that three other factors (Kiupel grade, 

mitotic count, KIT staining pattern) appeared to have predictive ability, showing significantly 

different survival curves for combined primary and recurrent adjunctive treated cutaneous MCTs. 

However, this apparent predictive ability may be confounded by the fact that these are well-

recognized prognostic factors, and that MCT behaviour can vary widely from benign to 

aggressive. In other words, some of the adjunctive treated low-grade MCTs that appear to have a 

good response to adjunctive treatment (hence attributing predictive ability to the Kiupel grading 

scheme), may in fact never have progressed regardless of whether treatment was given or not. 
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Therefore, all the variables that showed apparent predictive ability in a univariable analysis were 

included in a multivariable analysis to determine which variable was most significantly predictive 

of response to treatment (Table 4.2). Notably, in primary only adjunctive treated cutaneous MCTs, 

only beclin-1 staining levels approach significance (p=0.055), and in primary combined with 

recurrent adjunctive treated cutaneous MCTs, only beclin-1 staining levels show significant 

predictive ability (p=0.035).  

Table 4.2 Multivariable analysis for predictive factors for adjunctive treatment of combined primary 

and recurrent treated cutaneous (dermal and subcutaneous) MCTs. 

 

Discussion  

 In this study, beclin-1 was identified as a promising novel predictive biomarker in 

adjunctive treated canine cutaneous MCTs. Interestingly, although previously identified prognostic 

markers, such as mitotic count, KIT staining pattern, and Kiupel grade appeared to predict 

response to therapy in treated MCTs, in a multivariable analysis of these three factors as well as 

beclin-1 staining, only beclin-1 staining maintained statistical significance. This suggests that 

beclin-1 staining level is the best independent predictive biomarker. This conclusion is also 

supported by the fact that within the subgroup of Kiupel high-grade MCTs and the subgroup of 

high mitotic count cutaneous MCTs, beclin-1 maintains its predictive value.  
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 In contrast to the results from the subgroups with poor prognosis (e.g. Kiupel high-grade 

and high MC), our analysis shows that within the subgroups with good prognosis, such as Kiupel 

low-grade MCTs, and low mitotic count MCTs, beclin-1 staining levels are no longer predictive. 

Beclin-1 staining levels were not prognostic (see Chapter 2). Therefore, it is likely that we will 

only see a significant difference in outcome in MCTs by beclin-1 staining levels in treated MCTs 

that have aggressive behaviour and will recur and/or metastasize. That is, in a group of treated 

MCTs that includes tumours that would not have progressed even without adjunctive treatment, 

the ability of beclin-1 staining to predict response to adjunctive treatment is significantly 

diminished.  

 To date, the only biofactor that has been examined as being potentially predictive, is the c-

KIT mutational status and its predictive effect is in response to receptor tyrosine kinase (RTK) 

inhibitor therapy. In one study, there was a response rate of 69% to toceranib in dogs with 

recurrent, Patnaik grade II or III MCTs with c-KIT mutations, however, in those without 

mutations, there was a 37% response rate (London et al., 2009). Another study showed little 

difference in tumour response to masitinib between those MCTs with and without c-KIT mutations 

(Hahn et al., 2010), while a recent study found similar results with toceranib treatment (Weishaar 

et al., 2018). It has been hypothesized that these RTK inhibitors may also be affecting not just 

unregulated KIT activity, but also activity of other RTKs such as VEGFR2 and/or PDFGRα/β in 

neoplastic and/or associated stromal cells that may be playing a role in tumour progression. As 

such, the mutational status of c-KIT has not been widely adopted as a clinically useful predictive 

marker, and if known, does not typically influence the decision to pursue RTK inhibitor therapy.  

This study has identified a predictive marker that may prove useful in deciding whether to 

pursue adjunctive treatment after surgical removal of a cutaneous MCT, especially for high-grade 

tumours. Predictive markers play a key role in personalized medicine, which is becoming 
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increasingly important as the number of different medicines and treatment modalities continues to 

grow at a high rate. Veterinary clinicians and owners may have a relatively easy time deciding 

whether to pursue additional treatment for those MCTs with excellent (e.g. 5 mm in diameter, 

completely excised with wide margins, grade I dermal MCT) or very poor prognoses (e.g. 6 cm in 

diameter, incompletely excised, grade III dermal MCT). However, the vast majority of dermal 

MCTs are Patnaik grade II MCTs whose behaviour is difficult to predict. In addition, there are 

many subcutaneous MCTs whose mitotic count is very close to the cutoff of 4, therefore 

complicating the decision on whether to pursue additional treatment. Along with other factors that 

will always play a role in the decision, such as surgical margins, MCT location, owner finances, 

comorbidities, and anticipated side-effects, knowing the beclin-1 status and therefore whether the 

MCT has a good or poor chance of responding to treatment may help guide many clinicians and 

owners in making a choice that is right for them and their dog.  

 Beclin-1 plays a key role in autophagy, a process that is increasingly being recognized as 

being dysregulated in neoplasia. Although the upregulation of autophagy is thought to protect 

some cancer cells and promote cancer growth in times of metabolic, hypoxic, or cytotoxic stress, 

the role of autophagy in cancer is not straightforward, and likely dependent on the particular 

microenvironment, stage of development, and neoplastic cell of origin. Monoallelic deletion of the 

BECN1 gene has also been found in several human cancers, and its loss is actually thought to 

contribute to tumourigenesis (Gao et al., 1995; Russell et al., 1990; Saito et al., 1993). In human 

gastrointestinal stromal tumour cell lines, a mutant KIT-driven cancer, knockdown of BECN1 

leads to accumulation of mutant KIT (Hsueh et al., 2013). In our study, beclin-1 appears to be 

playing a protective role and allowing neoplastic cells to survive in the face of treatment.  

 Beclin-1 staining level has been investigated as a prognostic and predictive marker in 

multiple human cancers. The role of beclin-1 as a prognostic marker appears to be dependent on 
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the type of cancer. One meta-analysis found that high beclin-1 staining level indicates a more 

favourable prognosis in gastric cancer and lymphoma, whereas it had no prognostic value in 

colorectal, breast, and lung cancers (He et al., 2014). In oral cancers, low beclin-1 staining was 

associated with a better prognosis (Liu et al., 2015), whereas in high-grade gliomas (Pirtoli et al., 

2009) and cholangiocellular carcinomas (Dong et al., 2011), the inverse was true. Two interesting 

studies in the investigation of beclin-1 staining as a predictive marker found similar results to our 

study. One study of human colorectal cancer found that high (versus low) beclin-1 staining in 

neoplastic rectal carcinoma cells was significantly associated with tumour downstaging following 

neoadjunctive chemoradiation treatment (Zaanan et al., 2015). Another study in esophageal 

squamous cell cancer showed that patients with tumours that were negative for staining of beclin-1 

and another autophagy marker microtubule-associated protein light chain 3 (LC3), had better 

overall survival, and that LC3 staining level was an independent predictive factor in patients 

receiving definitive chemoradiation (Chen et al., 2013). 

 The role of autophagy in canine tumours has not been studied extensively and is not well 

understood. In one study of canine osteosarcoma cell lines, treatment with a heat shock protein 90 

inhibitor induced autophagy (Massimini et al., 2017). Another study examining the protein 

P62/sequestosome-1 has suggested that autophagy may be important in MCT biology. This protein 

is a “hub” protein that acts as an adaptor molecule to influence the uptake by autophagosomes of 

cargo targeted for autophagic degradation. This study showed P62 nuclear and cytoplasmic 

immunoreactivity was significantly associated with Kiupel low- and high-grade tumours, 

respectively (Rich et al., 2015). Although no outcome data was available for this study, these 

results raised the possibility that the cytosolic P62 may be an indicator of increased autophagy in 

high-grade MCTs. In malignant canine mammary tumours, cytoplasmic beclin-1 staining was 

reported to be lower in neoplastic cells than in surrounding non-neoplastic mammary epithelial 
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cells, and low beclin-1 staining was associated with higher histologic grade and increased mitotic 

activity. Furthermore, decreased cytoplasmic beclin-1 staining was significantly associated with 

poorer overall survival (Liu et al., 2013). In this present study, in contrast to the results in canine 

mammary carcinoma, beclin-1 staining level was a purely predictive factor and had no prognostic 

value. 

 Although beclin-1 proved to be a statistically significant predictive maker for response to 

adjunctive treatment (regardless of modality) in our dataset, the limited numbers of treated dogs in 

each of the seven different categories (each type of treatment alone, and in different combinations) 

hindered our ability to tease out exactly to which treatment(s) the responses were being predicted. 

It is certainly plausible that beclin-1 can be cytoprotective for all three modalities employed in the 

adjunctive treatment of canine MCTs. Conventional cytotoxic drugs are now well known to induce 

autophagy (Yang et al., 2011), but autophagy has also been shown to help protect cancer cells 

against radiation therapy (Paglin et al., 2001), as well as treatment with RTK inhibitors (Han et al., 

2011). Clinical trials are currently underway to investigate the effect of autophagy inhibitors, such 

as chloroquine and hydroxychloroquine, alone or in combination with chemotherapies in various 

human cancers (Ozpolat and Benbrook, 2015; Yang et al., 2011). Phase I clinical trials for 

combined hydroxychloroquine and doxorubicin in dogs with lymphoma have also been completed 

(Barnard et al., 2014). Future studies will hopefully show that canine MCTs with high beclin-1 

expression may yet respond to current therapies if delivered in combination with autophagy 

inhibitors.  

 The limited numbers of adjunctive treated dogs with tissue spots that met the inclusion 

criteria to derive an H-score for beclin-1 is a limitation in this study. However, given the fact that 

the results remained statistically significant in a multivariable analysis, in combination with the 

fact that the results are reasonable in a biological sense, these data are extremely promising. 
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Another limitation of this study is the retrospective design, and inclusion of the MCTs in the TMA 

was based on what was available. On one hand, a combination of non-adjunctive treated and 

adjunctive treated samples from primary and tertiary clinics resulted in lower overall numbers for 

each studied subgroup; on the other hand, this combination allowed us to investigate the role of 

beclin-1 as both a predictive and prognostic marker. Although only cutaneous MCTs removed 

with excisional biopsies were included in the analysis, incompletely excised MCTs were not 

excluded. Exclusion of incompletely excised MCTs would eliminate all the radiation treated 

MCTs from our analysis. Additionally, many MCTs do not recur even when incompletely excised, 

especially those MCTs that are expected to have better prognoses (Smith et al., 2017; Thompson et 

al., 2011a; Vincenti and Findji, 2017). 

Although many of the tumours included in the TMA were removed at a tertiary clinic, 

much of the follow-up data was obtained from the primary care referral veterinary clinics. A 

postmortem examination was not always performed, and the presence of local recurrence and 

metastasis was, in a small number of cases, based on physical rather than histological examination. 

Future investigation of the role of autophagy as a prognostic marker in canine MCTs should 

include a prospective analysis with higher numbers of adjunctive treated dogs. Additionally, the 

staining levels of LC3B, a common autophagy-related marker that has been used to monitor 

autophagy (Klionsky et al., 2012) could be investigated to lend further weight to the idea that 

increased autophagy results in poor response to treatment. 

 In conclusion, this study found that the level of beclin-1 staining in canine cutaneous 

MCTs was significantly associated with response to adjunctive treatment, particularly in the set of 

tumours with negative prognostic indicators. This study will hopefully prove useful in not only 

directing individualized treatment plans in dogs with MCTs, but also in helping to develop 
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effective treatments for those dogs with non-responsive tumours by combining current therapies 

with autophagy inhibitors. 
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Chapter 5: General Discussion 

Canine MCTs represent up to 21% of all canine cutaneous cancer (Bostock, 1986; Cohen 

et al., 1974; Graf et al., 2018; London and Seguin, 2003; Welle et al., 2008). Cutaneous MCTs 

typically occur as a solitary mass, either in the dermis (dermal MCTs) or in the subcutaneous 

tissue (subcutaneous MCTs). One extremely important feature of canine MCT biology is that the 

behaviour of MCTs can range from completely benign to fatal, with aggressive local recurrences 

and/or widespread metastases within multiple internal organs. Therefore, after surgical excision 

and histopathologic confirmation of an MCT, many different factors come into play in order for 

the clinician to recommend, and for the owner to decide, whether adjunctive treatment should be 

pursued. The more accurate the prognosis for the MCT, the better equipped we are to avoid 

unnecessary treatments, and negative side-effects in those dogs whose MCT were not going to 

progress. Additionally, the choice to pursue adjunctive treatments to prevent disease progression in 

those dogs with aggressive MCTs is made clearer. 

Many different factors have been shown to correlate with cutaneous MCT prognosis and 

clinical outcome (see Chapter 1, Table 1.3). However, the practical factors that are considered the 

most reliable and clinically useful for prognostication and in directing treatment options, are the 

Patnaik (grades I, II, and III) and Kiupel (low-grade and high-grade) grading schemes (Kiupel et 

al., 2011; Patnaik et al., 1984). Although the Patnaik grading scheme only included dermal (and 

not subcutaneous) MCTs, pathologists unaware of this difference, could give a subcutaneous MCT 

a poor prognosis using this Patnaik grading scheme, based on perceived ‘invasion’ into the 

subcutaneous tissue. In recent years, the awareness of these two subsets of MCTs has grown, and 

efforts are being made, to use mitotic count (as per (Thompson et al., 2011a)) as a prognostic 

indicator for subcutaneous MCTs.  
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Although widely used, there are still limitations with both the Patnaik and Kiupel grading 

schemes. The Patnaik grading scheme is not precisely defined, which can lead to large 

interobserver variation in grading (Kiupel et al., 2011; Northrup et al., 2005b). The prognostic 

information for a grade II tumour is also limited; and unfortunately, a large percentage of MCTs 

are classified as grade II (Patnaik et al., 1984; Sabattini et al., 2015). The Kiupel grading scheme 

(which included both dermal and subcutaneous MCT in its development) showed improvement 

over the Patnaik scheme in terms of interobserver variation, however, up to 15% of tumours 

classified as low-grade by this scheme will go on to recur and/or metastasize (Kiupel et al., 2011; 

Stefanello et al., 2015). Additionally, the inclusion of subcutaneous MCTs likely hinders the 

accuracy of the grading scheme, given that subcutaneous MCTs tend to have a better prognosis 

than dermal MCTs (Sabattini et al., 2015; Thompson et al., 2011a). 

The limitations of the Kiupel grading scheme have clearly been recognized, as since its 

publication, there have been continued efforts to identify novel prognostic biomarkers for canine 

MCTs. One study examining multiple known prognostic indicators, such as clinical stage, history 

of tumour recurrence, Patnaik and Kiupel grades, organization of neoplastic cells, mitotic count, 

Ki-67 index, KIT IHC staining pattern, and c-KIT mutational status, found that only clinical stage 

and history of tumour recurrence were independent predictors of overall survival (Horta et al., 

2018). While it may be true that evidence of recurrence and/or metastases are better predictors of 

outcome compared to a simple grading scheme alone, the clinical utility of these findings is 

questionable. The decision to recommend adjunctive treatment in those cases that present with 

recurrence and/or metastasis is likely straightforward; what is needed, is an accurate prediction of 

MCT behaviour prior to recurrence and/or metastasis.  

My study has overcome a common limitation by gathering clinical outcome data from the 

dogs whose MCTs I am investigating, enabling us to identify novel and improved prognostic 
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factors compared to the ones in use. Several publications in the last couple of years have attempted 

to identify novel prognostic factors for canine MCTs. Although these studies all contribute to our 

knowledge of MCTs, they all share a significant limitation: they have all attempted to identify 

novel prognostic factors by making correlations with known prognostic factors, such as mitotic 

count and histologic grade. This limitation hinders their ability to identify a factor with improved 

prognostication compared to the ones currently in use.  One of the studies includes a genomic 

profiling investigation of genome-wide DNA copy numbers, that found that DNA copy number 

aberrations were positively correlated with KIT mutations and grade III Patnaik, and high-grade 

Kiupel MCTs (Mochizuki et al., 2017). Another study looking at fibroblast activating protein 

(FAP), expressed by tumour associated fibroblasts, found that high stromal FAP expression also 

correlated with Patnaik and Kiupel grades, as well as Ki67 index and mitotic count (Giuliano et 

al., 2017). Another recent study showed that increased glucose uptake (as measured by positron 

emission tomography/computed tomography) correlated with MCT grade (Griffin et al., 2018). 

However, the expression of NANOG, a pluripotency factor, in canine neoplastic mast cells, 

showed no correlation with histological grade, mitotic count, Ki67 index, or KIT pattern 

(Joselevitch et al., 2018). Yet another recent study examining expression of heat shock proteins 

(Hsp) found that expression of Hsp32 and Hsp90 did not significantly correlate with KIT staining 

pattern, histologic grade, or mitotic count (Romanucci et al., 2017).  

Mast cell tumour tissue microarray and image analysis 

The canine MCT TMA constructed and analyzed in this study has many advantages over 

previous studies. The TMA included a large number of canine MCTs, and to date, is the largest 

MCT TMA constructed (with the only other published MCT TMA composed of 42 MCTs 

(Webster et al., 2006)). It also included both MCTs of dogs with and without adjunctive therapy 

enabling us to ask whether biomarker staining holds both prognostic and/or predictive ability. 
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Perhaps most importantly, clinical outcome for many of the MCTs was known, which enabled us 

to immediately compare whether our newly identified biomarkers have improved prognostic 

information compared to known prognostic factors, such as mitotic count, KIT IHC staining 

pattern, and histologic grade.  

The use of the high-throughput TMA method allows for simultaneous IHC analysis on 

large numbers of samples, thereby subjecting the samples to identical experimental conditions and 

decreasing the cost and time for experiments. There are no set standards for the number of cores to 

be taken for a TMA, and for the single published MCT TMA, it appears that a single 1 mm core 

was used for each MCT (area of 0.79 mm2) (Webster et al., 2006). For this study, I included three 

0.6 mm cores for each MCT (total area of 0.85 mm2), unless the size of the MCT was a limiting 

factor, and therefore to avoid coring the entire tumour, only one or two 0.6 mm cores were taken. 

For three of the biomarkers analyzed in this study by IHC (mast cell tryptase, c-CBL, beclin-1), 

there was little variability between the cells within a tumour in the staining intensity of the proteins 

(as shown in Figure 2.8). Therefore, three cores are likely sufficient to analyze canine MCTs, at 

least for the proteins analyzed here. Future studies examining protein staining that is strongly 

positive in only a few cells within the tissue spot (for example, Ki-67 or stromal cell 

immunopositivity) will likely require larger minimum tissue areas and/or different optimization of 

the digital analysis parameters.  

One unforeseen confounding factor in the digital analysis was the tendency of the software 

to identify non-cellular areas (such as collagen) as neoplastic cells, resulting in extra numbers of 

falsely identified cells that would be measured as having negative immunopositivity. As some 

MCTs induce fibroplasia, this was an issue in some of the tissue cores. This limitation was 

addressed through manual annotation of non-cellular areas to exclude them from the analysis. 

Excluding large non-cellular areas was relatively straightforward, however, excluding non-cellular 
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areas in which neoplastic mast cells were widely and evenly dispersed (e.g. cells that are separated 

by edematous collagen) was more challenging. However, as the proteins evaluated in this study 

were all relatively homogeneously expressed, and the fact that I divided the MCTs into low versus 

high staining groups, the chance of having a small number of falsely identified (negative 

immunostaining) cells influencing the final grouping of low- versus high-expressing groups is low.  

This was a retrospective analysis, which meant that certain limitations existed, such as 

limited choice in which MCTs to include in the TMA, differences in tissue processing between the 

blocks from Yager-Best versus AHL, variability in our success to acquire follow-up data from the 

dogs whose MCTs were included, and differences in adjunctive treatments after surgical excision, 

if pursued at all. In addition, there were low numbers of dogs included within certain subsets that 

were examined. However, this was a screening analysis to identify potential novel prognostic 

and/or predictive markers, and, like all high throughput analyses, promising biomarkers will need 

further confirmation by targeted, independent experiments.  

Comparison of known prognostic markers for canine mast cell tumours 

I initially evaluated grading and mitotic count in the full sections of the tumours and 

compared survival and disease-free times by these known prognostic factors. Overall, our results 

fit very well with the previously published reports. The MST and DFI outcome of those dogs with 

untreated dermal MCTs showed an overall significant difference when stratified by the three 

Patnaik grades, the set of untreated cutaneous MCTs showed significant differences between low- 

and high-grade Kiupel MCTs, and the non-adjunctive treated subcutaneous MCTs showed 

significant differences between low (less than or equal to 4) and high (greater than 4) mitotic 

count. However, it is important to reiterate that some of subcutaneous MCTs included in the TMA 

were also included in the Thompson et al. study. One slight difference in our data compared to 

published reports (Kiupel et al., 2011; Thompson et al., 2011a), is that our group of dogs, 
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especially low-grade cutaneous and low mitotic count subcutaneous MCTs tended to have higher 

rates of MCT-related death or disease compared to those groups of dogs (i.e. low-grade and low 

mitotic count) in the published literature. This could be explained by the fact that many of the 

tumours in our TMA were sourced from a tertiary clinic, which may have resulted in a bias toward 

more aggressively acting tumours clinically, despite a histopathological diagnosis of low-grade or 

low-mitotic count, or ones that were in an area that were difficult to resect and were thus referred 

to board-certified surgeons. 

Although the overall survival functions were significantly different between KIT IHC 

staining patterns I, II, and III, unlike previously published reports (Kiupel et al., 2004; Webster et 

al., 2007), I found no significant difference between patterns I and II. One possible reason was that 

although in many tumours the neoplastic mast cells all showed the same staining pattern, some of 

tumours had a mixture of two, or even all three staining patterns. Since there are as yet no 

published guidelines on how to evaluate tumours with a mixture of patterns (e.g. choose the 

predominant pattern versus choose the pattern with the poorest prognosis), it is possible that 

differences in evaluating the staining pattern may have led to differences in stratification by 

outcome. 

New prognostic and predictive factors for canine cutaneous mast cell tumours 

Our next step in the analysis of the TMA was to identify novel prognostic markers for 

canine MCTs. I found that tryptase staining levels was prognostic in primary, untreated, low-grade 

cutaneous MCTs and low mitotic count subcutaneous MCTs. In both cases, lower tryptase levels 

were significantly associated with decreased time to recurrence and/or metastasis. In the case of c-

CBL, I found a trend toward high c-CBL expressing MCTs having decreased MST in adjunctive 

treated subcutaneous MCTs. It is interesting to note that in both these cases, there were differences 

in either MST (c-CBL) or in DFI (tryptase), but not both MST and DFI for either factor.  
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One would typically expect recurrence and metastasis to follow along with MCT-related 

survival, resulting in similar results from both these analyses. Perhaps in the case of tryptase, the 

recurrences or metastases that occurred in the low-tryptase group of MCTs were not so aggressive 

as to cause the death of the dog. Alternatively, it is possible that these recurrences or metastases 

occurred in older dogs, or those with co-morbidities, and were thus euthanized or died due to non-

MCT related disease. In the case of decreased MST (but not decreased DFI) in high c-CBL 

expressing adjunctive treated subcutaneous MCTs, perhaps this discrepancy can be explained by 

the fact that there were dogs with MCTs (both low and high c-CBL expressing ones) that had 

MCT-related disease at or soon after surgical removal (as evidenced by the sharp drop at the 

beginning of the curves). Future analyses including more dogs with MCTs that do not already have 

MCT-related disease at or soon after surgical removal, may show a difference in DFI based on c-

CBL staining intensity.  

The staining of c-CBL appears to be predictive of response to treatment in subcutaneous, 

but not dermal, MCTs. Although many previous studies have grouped them together, the fact that 

two distinct groups of cutaneous MCTs exist is becoming more appreciated in recent years. It has 

been shown that subcutaneous MCTs are generally less aggressive than their dermal counterparts, 

and it was hypothesized that this may relate to the influence of the surrounding adipose tissue 

(Thompson et al., 2011a). Adipose tissue does not merely provide lipid storage but is an active 

endocrine organ that produces metabolites and bioactive peptides (so-called ‘adipokines’) that play 

important roles in health and disease (Fasshauer and Bluher, 2015). Another possibility to explain 

the difference in outcome, is perhaps that subcutaneous MCTs actually develop from mast cell 

precursors arising from adipose tissue, as has been shown to occur in mice (Poglio et al., 2010), 

rather than from bone marrow. It is also possible that the different predictive ability of c-CBL 
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between dermal and subcutaneous MCTs relates to the differences in development and the 

microenvironment of the mast cells between these two sites.  

The staining level of beclin-1 was found to not have prognostic ability but did show very 

promising predictive ability in both dermal and subcutaneous treated MCTs, particularly in the 

subsets of tumours with poorer prognoses (e.g. high-grade or high mitotic count). Although there 

was no significant correlation between c-CBL and beclin-1 H scores in our cutaneous MCTs (data 

not shown), it is perhaps not surprising that both high c-CBL and high beclin-1 levels predict poor 

response to treatment. Both beclin-1 and c-CBL function in protein degradation pathways. Beclin-

1 is a key player in the autophagy-lysosome pathway, while c-CBL is a ubiquitin protein ligase 

that ubiquitinates and targets many proteins for degradation via the ubiquitin proteasome system.  

There is also overlap between the autophagy-lysosome and the ubiquitin proteasome 

pathways. Not only does c-CBL act as an E3 ubiquitin ligase, it also functions as an adaptor 

protein (independent of its ligase function) and regulates diverse signaling pathways, including the 

focal adhesion kinase (FAK)-Src pathway which mediates signal transduction by integrins, a 

family of cell surface receptors (Kuang et al., 2013). One way that neoplastic cells exploit 

autophagy to enhance survival when the FAK-Src pathway is perturbed, is through the autophagic 

destruction of active Src, a tyrosine kinase. c-CBL acts as a cargo receptor for Src (together with 

the autophagosome protein LC3B) to help recruit Src to autophagosomes (Sandilands et al., 2012). 

Interestingly, depletion of c-CBL, which blocked Src recruitment to autophagosomes, resulted in 

cell death in a squamous carcinoma cell line deficient in FAK. This recruitment function of c-CBL 

was found to be independent of its E3 ligase domain. At the time of publication of the study by 

Sandilands et al., it was hypothesized that c-CBL may act as a cargo receptor for other autophagy 

substrates, and perhaps its ubiquitin ligase activity may also be involved in autophagic destruction 

of other proteins (Cecconi, 2011). Indeed, c-CBL was recently found to act as a cargo receptor to 
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recruit another protein, paxillin (a cell scaffold and cell signaling protein that can form a complex 

to FAK), to autophagosomes (Chang et al., 2017). This autophagic targeting plays an important 

role in regulating cell-matrix adhesion and cell locomotion in human breast cancer cells (Chang et 

al., 2017). Taken together, these results suggest that c-CBL may be a potential target in future 

therapies for both human and canine cancers. 

Arguably the most clinically relevant discovery from this analysis is that high beclin-1 

levels are predictive of poor response to treatment. This is because clinical trials are already 

underway to investigate whether administration of autophagy inhibitors, such as chloroquine and 

hydroxychloroquine, can improve outcome in various human cancers (Ozpolat and Benbrook, 

2015; Yang et al., 2011). Moreover, a phase I clinical trial for hydroxychloroquine has been 

completed in dogs with lymphoma (Barnard et al., 2014). It is tempting to hypothesize that the 

administration of autophagy inhibitors together with current adjunctive treatments will help 

improve response to treatment in high-grade (or high mitotic count), high beclin-1 expressing 

MCTs.  

Beclin-1 appears to be a strong predictive factor in canine MCTs, with low beclin-1 

expressing MCTs responding well to adjunctive treatment, as evidenced by longer MCT-related 

survival and disease-free times. However, it would still be interesting to investigate whether 

treatment can actually induce increased beclin-1 levels in some tumours, leading to resistance to 

vinblastine or toceranib. Resistance to RTK inhibitors in canine MCTs can occur during long-term 

treatment, and proposed mechanisms include the development of secondary c-KIT mutations, 

increased expression of KIT, and upregulation of alternative pro-proliferative pathways (Halsey et 

al., 2014; Klopfleisch et al., 2012; Kobayashi et al., 2015; London and Thamm, 2013; Nakano et 

al., 2017). A recent report has found that resistance in a canine MCT cell line to the RTK inhibitor 

imatinib is related to decreased ubiquitination and subsequent increased half-life of KIT 
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(Kobayashi et al., 2017). The authors concluded that the decreased ubiquitination was not related 

to downregulation of an ubiquitin ligase such as c-CBL, as a deubiquitinating enzyme inhibitor 

was enough to inhibit KIT overexpression. They therefore inferred that the decreased 

ubiquitination was instead associated with activation of a deubiquitinating enzyme. It would be 

interesting and worthwhile to investigate whether beclin-1 upregulation could be implicated for 

those MCTs that acquire resistance when treated with RTK inhibitors (London et al., 2009).  

Summary and conclusions 

This TMA was successfully used as a high-throughput screening tool to identify tryptase, a 

novel prognostic maker for low mitotic count subcutaneous MCTs, and two predictive protein 

biomarkers in canine MCTs, c-CBL and beclin-1. Based on the promising results shown here, 

future experiments are warranted. Prospective analyses to investigate the role of tryptase as a 

prognostic marker in subcutaneous MCTs, and the roles of c-CBL and beclin-1 as predictive 

markers for response to adjunctive treatment should be conducted to confirm our results. 

Particularly to confirm predictive markers, the advantage of a prospective analysis is that the 

treatment protocols can be standardized, reducing the possibility of confounding variables, and 

hopefully there will also be increased follow-up times. The effect of autophagy inhibitors can also 

be investigated in MCT cell lines, as well as in clinical trials, in combination with therapy that is 

currently in use.  

An advantage of the TMA that was constructed for this study, is that it can still be used to 

identify other prognostic and predictive factors. As with conventional tissue blocks, the cores 

within the TMA will maintain antigenicity, and further sectioning can be done at any time. The 

fact that both primary, untreated tumours, and recurrent and treated tumours, are included in this 

TMA is a strong advantage. The number and different types of adjunctive treatments used 
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clinically is always on the rise, not just for human cancers, but also for canine cancers, and 

considering that millions of dogs in the world are considered part of the family, there will be 

increasing numbers of dogs with MCTs seeking treatment. Having predictive factors to help direct 

treatment, thus advancing personalized medicine in these affected dogs will be of immense value 

to the dogs, their owners, and clinicians. In addition, although aggressive mast cell neoplasms are 

rare in humans, the value of comparative medicine between human and canine mast cell cancer is 

increasingly being recognized (Willmann et al., 2019), and the findings presented here may also 

one day benefit people afflicted with systemic mastocytosis.  

This work is the first to identify two predictive protein biomarkers for canine cutaneous 

MCTs, beclin-1 and c-CBL, and the first to identify a potential prognostic marker specifically for 

low-grade MCTs, mast cell tryptase. It is my hope that this study will help to improve the success 

of therapy and prolong the lives for the large number of dogs who will develop aggressive 

cutaneous mast cell tumours.  

  

 



117 
 

References 

Abadie, J.J., Amardeilh, M.A., and Delverdier, M.E. (1999). Immunohistochemical detection of 

proliferating cell nuclear antigen and Ki-67 in mast cell tumors from dogs. J Am Vet Med Assoc 215, 

1629-1634. 

 

Abdel-Majid, R.M., and Marshall, J.S. (2004). Prostaglandin E2 induces degranulation-independent 

production of vascular endothelial growth factor by human mast cells. J Immunol 172, 1227-1236. 

 

Abedin, M.J., Wang, D., McDonnell, M.A., Lehmann, U., and Kelekar, A. (2007). Autophagy delays 

apoptotic death in breast cancer cells following DNA damage. Cell Death Differ 14, 500-510. 

 

Abraham, S.N., and Malaviya, R. (1997). Mast cells in infection and immunity. Infect Immun 65, 3501-

3508. 

 

Amagai, Y., Tanaka, A., Jung, K., Matsuda, A., Oida, K., Nishikawa, S., Jang, H., Ishizaka, S., and 

Matsuda, H. (2014). Production of stem cell factor in canine mast cell tumors. Res Vet Sci 96, 124-126. 

 

Amaravadi, R.K., Yu, D., Lum, J.J., Bui, T., Christophorou, M.A., Evan, G.I., Thomas-Tikhonenko, A., 

and Thompson, C.B. (2007). Autophagy inhibition enhances therapy-induced apoptosis in a Myc-induced 

model of lymphoma. J Clin Invest 117, 326-336. 

 

Ammendola, M., Leporini, C., Marech, I., Gadaleta, C.D., Scognamillo, G., Sacco, R., Sammarco, G., De 

Sarro, G., Russo, E., and Ranieri, G. (2014). Targeting mast cells tryptase in tumor microenvironment: a 

potential antiangiogenetic strategy. Biomed Res Int 2014, 154702. 

 

Anton, F., Morales, C., Aguilar, R., Bellido, C., Aguilar, E., and Gaytan, F. (1998). A comparative study of 

mast cells and eosinophil leukocytes in the mammalian testis. Zentralbl Veterinarmed A 45, 209-218. 

 

Arinobu, Y., Iwasaki, H., Gurish, M.F., Mizuno, S., Shigematsu, H., Ozawa, H., Tenen, D.G., Austen, K.F., 

and Akashi, K. (2005). Developmental checkpoints of the basophil/mast cell lineages in adult murine 

hematopoiesis. Proc Natl Acad Sci U S A 102, 18105-18110. 

 

Aye, M.T., Hashemi, S., Leclair, B., Zeibdawi, A., Trudel, E., Halpenny, M., Fuller, V., and Cheng, G. 

(1992). Expression of stem cell factor and c-kit mRNA in cultured endothelial cells, monocytes and cloned 

human bone marrow stromal cells (CFU-RF). Exp Hematol 20, 523-527. 

 

Ayl, R.D., Couto, C.G., Hammer, A.S., Weisbrode, S., Ericson, J.G., and Mathes, L. (1992). Correlation of 

DNA ploidy to tumor histologic grade, clinical variables, and survival in dogs with mast cell tumors. Vet 

Pathol 29, 386-390. 

 

Baker-Gabb, M., Hunt, G.B., and France, M.P. (2003). Soft tissue sarcomas and mast cell tumours in dogs; 

clinical behaviour and response to surgery. Aust Vet J 81, 732-738. 

 

Bandi, S.R., Brandts, C., Rensinghoff, M., Grundler, R., Tickenbrock, L., Kohler, G., Duyster, J., Berdel, 

W.E., Muller-Tidow, C., Serve, H., Sargin, B., and Study Alliance, L. (2009). E3 ligase-defective Cbl 

mutants lead to a generalized mastocytosis and myeloproliferative disease. Blood 114, 4197-4208. 

 

Barata, L.T., Ying, S., Meng, Q., Barkans, J., Rajakulasingam, K., Durham, S.R., and Kay, A.B. (1998). IL-

4- and IL-5-positive T lymphocytes, eosinophils, and mast cells in allergen-induced late-phase cutaneous 

reactions in atopic subjects. J Allergy Clin Immunol 101, 222-230. 



118 
 

 

Barnard, R.A., Wittenburg, L.A., Amaravadi, R.K., Gustafson, D.L., Thorburn, A., and Thamm, D.H. 

(2014). Phase I clinical trial and pharmacodynamic evaluation of combination hydroxychloroquine and 

doxorubicin treatment in pet dogs treated for spontaneously occurring lymphoma. Autophagy 10, 1415-

1425. 

 

Batistatou, A., Televantou, D., Bobos, M., Eleftheraki, A.G., Kouvaras, E., Chrisafi, S., Koukoulis, G.K., 

Malamou-Mitsi, V., and Fountzilas, G. (2013). Evaluation of current prognostic and predictive markers in 

breast cancer: a validation study of tissue microarrays. Anticancer Res 33, 2139-2145. 

 

Beaven, M.A. (2009). Our perception of the mast cell from Paul Ehrlich to now. Eur J Immunol 39, 11-25. 

 

Becker, A.B., Chung, K.F., McDonald, D.M., Lazarus, S.C., Frick, O.L., and Gold, W.M. (1985). Mast cell 

heterogeneity in dog skin. Anat Rec 213, 477-480, 530-471. 

 

Berlato, D., Murphy, S., Laberke, S., and Rasotto, R. (2018). Comparison of minichromosome maintenance 

protein 7, Ki67 and mitotic index in the prognosis of intermediate Patnaik grade cutaneous mast cell 

tumours in dogs. Vet Comp Oncol 16, 535-543. 

 

Besmer, P., Murphy, J.E., George, P.C., Qiu, F.H., Bergold, P.J., Lederman, L., Snyder, H.W., Jr., Brodeur, 

D., Zuckerman, E.E., and Hardy, W.D. (1986). A new acute transforming feline retrovirus and relationship 

of its oncogene v-kit with the protein kinase gene family. Nature 320, 415-421. 

 

Bettini, G., Morini, M., and Marcato, P.S. (2003). Gastrointestinal spindle cell tumours of the dog: 

histological and immunohistochemical study. J Comp Pathol 129, 283-293. 

 

Bialik, S., Dasari, S.K., and Kimchi, A. (2018). Autophagy-dependent cell death - where, how and why a 

cell eats itself to death. J Cell Sci 131. 

 

Blackwood, L., Murphy, S., Buracco, P., De Vos, J.P., De Fornel-Thibaud, P., Hirschberger, J., Kessler, 

M., Pastor, J., Ponce, F., Savary-Bataille, K., and Argyle, D.J. (2012). European consensus document on 

mast cell tumours in dogs and cats. Vet Comp Oncol 10, e1-e29. 

 

Blume-Jensen, P., Wernstedt, C., Heldin, C.H., and Ronnstrand, L. (1995). Identification of the major 

phosphorylation sites for protein kinase C in kit/stem cell factor receptor in vitro and in intact cells. J Biol 

Chem 270, 14192-14200. 

 

Bodemer, C., Hermine, O., Palmerini, F., Yang, Y., Grandpeix-Guyodo, C., Leventhal, P.S., Hadj-Rabia, 

S., Nasca, L., Georgin-Lavialle, S., Cohen-Akenine, A., Launay, J.M., Barete, S., Feger, F., Arock, M., 

Catteau, B., Sans, B., Stalder, J.F., Skowron, F., Thomas, L., et al. (2010). Pediatric mastocytosis is a clonal 

disease associated with D816V and other activating c-KIT mutations. J Invest Dermatol 130, 804-815. 

 

Bookbinder, P.F., Butt, M.T., and Harvey, H.J. (1992). Determination of the number of mast cells in lymph 

node, bone marrow, and buffy coat cytologic specimens from dogs. J Am Vet Med Assoc 200, 1648-1650. 

 

Bostock, D.E. (1973). The prognosis following surgical removal of mastocytomas in dogs. J Small Anim 

Pract 14, 27-41. 

 

Bostock, D.E. (1986). Neoplasms of the skin and subcutaneous tissues in dogs and cats. Br Vet J 142, 1-19. 

 

Bostock, D.E., Crocker, J., Harris, K., and Smith, P. (1989). Nucleolar organiser regions as indicators of 

post-surgical prognosis in canine spontaneous mast cell tumours. Br J Cancer 59, 915-918. 



119 
 

 

Bot, I., Shi, G.P., and Kovanen, P.T. (2015). Mast cells as effectors in atherosclerosis. Arterioscler Thromb 

Vasc Biol 35, 265-271. 

 

Braunschweig, T., Chung, J.Y., and Hewitt, S.M. (2004). Perspectives in tissue microarrays. Comb Chem 

High Throughput Screen 7, 575-585. 

 

Brodey, R.S. (1970). Canine and feline neoplasia. Adv Vet Sci Comp Med 14, 309-354. 

 

Broudy, V.C., Lin, N.L., Buhring, H.J., Komatsu, N., and Kavanagh, T.J. (1998). Analysis of c-kit receptor 

dimerization by fluorescence resonance energy transfer. Blood 91, 898-906. 

 

Brown, J.M., Wilson, T.M., and Metcalfe, D.D. (2008). The mast cell and allergic diseases: role in 

pathogenesis and implications for therapy. Clin Exp Allergy 38, 4-18. 

 

Brown, M.A., and Hatfield, J.K. (2012). Mast Cells are Important Modifiers of Autoimmune Disease: With 

so Much Evidence, Why is There Still Controversy? Front Immunol 3, 147. 

 

Buerger, R.G., and Scott, D.W. (1987). Cutaneous mast cell neoplasia in cats: 14 cases (1975-1985). J Am 

Vet Med Assoc 190, 1440-1444. 

 

Bulfone-Paus, S., and Paus, R. (2008). Osteopontin as a new player in mast cell biology. Eur J Immunol 38, 

338-341. 

 

Burke, S.M., Issekutz, T.B., Mohan, K., Lee, P.W., Shmulevitz, M., and Marshall, J.S. (2008). Human mast 

cell activation with virus-associated stimuli leads to the selective chemotaxis of natural killer cells by a 

CXCL8-dependent mechanism. Blood 111, 5467-5476. 

 

Camp, R.L., Charette, L.A., and Rimm, D.L. (2000). Validation of tissue microarray technology in breast 

carcinoma. Lab Invest 80, 1943-1949. 

 

Camp, R.L., Chung, G.G., and Rimm, D.L. (2002). Automated subcellular localization and quantification 

of protein expression in tissue microarrays. Nat Med 8, 1323-1327. 

 

Camp, R.L., Neumeister, V., and Rimm, D.L. (2008). A decade of tissue microarrays: progress in the 

discovery and validation of cancer biomarkers. J Clin Oncol 26, 5630-5637. 

 

Camus, M.S., Priest, H.L., Koehler, J.W., Driskell, E.A., Rakich, P.M., Ilha, M.R., and Krimer, P.M. 

(2016). Cytologic Criteria for Mast Cell Tumor Grading in Dogs With Evaluation of Clinical Outcome. Vet 

Pathol 53, 1117-1123. 

 

Case, A., and Burgess, K. (2018). Safety and efficacy of intralesional triamcinolone administration for 

treatment of mast cell tumors in dogs: 23 cases (2005-2011). J Am Vet Med Assoc 252, 84-91. 

 

Caughey, G.H. (1991). The structure and airway biology of mast cell proteinases. Am J Respir Cell Mol 

Biol 4, 387-394. 

 

Caughey, G.H., Raymond, W.W., and Vanderslice, P. (1990). Dog mast cell chymase: molecular cloning 

and characterization. Biochemistry 29, 5166-5171. 

 

Cecconi, F. (2011). c-Cbl targets active Src for autophagy. Nat Cell Biol 14, 48-49. 

 



120 
 

Cemazar, M., Ambrozic Avgustin, J., Pavlin, D., Sersa, G., Poli, A., Krhac Levacic, A., Tesic, N., 

Lampreht Tratar, U., Rak, M., and Tozon, N. (2017). Efficacy and safety of electrochemotherapy combined 

with peritumoral IL-12 gene electrotransfer of canine mast cell tumours. Vet Comp Oncol 15, 641-654. 

 

Ch'ng, S., Wallis, R.A., Yuan, L., Davis, P.F., and Tan, S.T. (2006). Mast cells and cutaneous malignancies. 

Mod Pathol 19, 149-159. 

 

Chang, C.H., Bijian, K., Qiu, D., Su, J., Saad, A., Dahabieh, M.S., Miller, W.H., Jr., and Alaoui-Jamali, 

M.A. (2017). Endosomal sorting and c-Cbl targeting of paxillin to autophagosomes regulate cell-matrix 

adhesion turnover in human breast cancer cells. Oncotarget 8, 31199-31214. 

 

Chastain, C.B., Turk, M.A., and O'Brien, D. (1988). Benign cutaneous mastocytomas in two litters of 

Siamese kittens. J Am Vet Med Assoc 193, 959-960. 

 

Chen, C.C., Grimbaldeston, M.A., Tsai, M., Weissman, I.L., and Galli, S.J. (2005). Identification of mast 

cell progenitors in adult mice. Proc Natl Acad Sci U S A 102, 11408-11413. 

 

Chen, Y., Li, X., Wu, X., He, C., Guo, L., Zhang, S., Xiao, Y., Guo, W., and Tan, B. (2013). Autophagy-

related proteins LC3 and Beclin-1 impact the efficacy of chemoradiation on esophageal squamous cell 

carcinoma. Pathol Res Pract 209, 562-567. 

 

Cohen-Kaplan, V., Livneh, I., Avni, N., Cohen-Rosenzweig, C., and Ciechanover, A. (2016). The 

ubiquitin-proteasome system and autophagy: Coordinated and independent activities. Int J Biochem Cell 

Biol 79, 403-418. 

 

Cohen, D., Reif, J.S., Brodey, R.S., and Keiser, H. (1974). Epidemiological analysis of the most prevalent 

sites and types of canine neoplasia observed in a veterinary hospital. Cancer Res 34, 2859-2868. 

 

Corbacioglu, S., Kilic, M., Westhoff, M.A., Reinhardt, D., Fulda, S., and Debatin, K.M. (2006). Newly 

identified c-KIT receptor tyrosine kinase ITD in childhood AML induces ligand-independent growth and is 

responsive to a synergistic effect of imatinib and rapamycin. Blood 108, 3504-3513. 

 

Cristobal, I., Manso, R., Rincon, R., Carames, C., Madoz-Gurpide, J., Rojo, F., and Garcia-Foncillas, J. 

(2014). Up-regulation of c-Cbl suggests its potential role as oncogene in primary colorectal cancer. Int J 

Colorectal Dis 29, 641. 

 

Crivellato, E., Beltrami, C., Mallardi, F., and Ribatti, D. (2003). Paul Ehrlich's doctoral thesis: a milestone 

in the study of mast cells. Br J Haematol 123, 19-21. 

 

Crivellato, E., Nico, B., and Ribatti, D. (2011). The history of the controversial relationship between mast 

cells and basophils. Immunol Lett 141, 10-17. 

 

Crivellato, E., Travan, L., and Ribatti, D. (2015). The phylogenetic profile of mast cells. Methods Mol Biol 

1220, 11-27. 

 

da Silva, E.Z., Jamur, M.C., and Oliver, C. (2014). Mast cell function: a new vision of an old cell. J 

Histochem Cytochem 62, 698-738. 

 

Da Silva, L., Fonseca-Alves, C.E., Thompson, J.J., Foster, R.A., Wood, G.A., Amorim, R.L., and Coomber, 

B.L. (2017). Pilot assessment of vascular endothelial growth factor receptors and trafficking pathways in 

recurrent and metastatic canine subcutaneous mast cell tumours. Vet Med Sci 3, 146-155. 

 



121 
 

Dabiri, S., Huntsman, D., Makretsov, N., Cheang, M., Gilks, B., Bajdik, C., Gelmon, K., Chia, S., and 

Hayes, M. (2004). The presence of stromal mast cells identifies a subset of invasive breast cancers with a 

favorable prognosis. Mod Pathol 17, 690-695. 

 

Davis, B.J., Page, R., Sannes, P.L., and Meuten, D.J. (1992). Cutaneous mastocytosis in a dog. Vet Pathol 

29, 363-365. 

 

de Mora, F., Puigdemont, A., and Torres, R. (2006). The role of mast cells in atopy: what can we learn from 

canine models? A thorough review of the biology of mast cells in canine and human systems. Br J 

Dermatol 155, 1109-1123. 

 

de Paulis, A., Minopoli, G., Arbustini, E., de Crescenzo, G., Dal Piaz, F., Pucci, P., Russo, T., and Marone, 

G. (1999). Stem cell factor is localized in, released from, and cleaved by human mast cells. J Immunol 163, 

2799-2808. 

 

de Souza Junior, D.A., Santana, A.C., da Silva, E.Z., Oliver, C., and Jamur, M.C. (2015). The Role of Mast 

Cell Specific Chymases and Tryptases in Tumor Angiogenesis. Biomed Res Int 2015, 142359. 

 

Deho, L., and Monticelli, S. (2010). Human mast cells and mastocytosis: harnessing microRNA expression 

as a new approach to therapy? Arch Immunol Ther Exp (Warsz) 58, 279-286. 

 

Denburg, J.A., Telizyn, S., Messner, H., Lim, B., Jamal, N., Ackerman, S.J., Gleich, G.J., and Bienenstock, 

J. (1985). Heterogeneity of human peripheral blood eosinophil-type colonies: evidence for a common 

basophil-eosinophil progenitor. Blood 66, 312-318. 

 

Di Nardo, A., Vitiello, A., and Gallo, R.L. (2003). Cutting edge: mast cell antimicrobial activity is 

mediated by expression of cathelicidin antimicrobial peptide. J Immunol 170, 2274-2278. 

 

Dikic, I. (2017). Proteasomal and Autophagic Degradation Systems. Annu Rev Biochem 86, 193-224. 

 

Dines, K.C., and Powell, H.C. (1997). Mast cell interactions with the nervous system: relationship to 

mechanisms of disease. J Neuropathol Exp Neurol 56, 627-640. 

 

DiNitto, J.P., Deshmukh, G.D., Zhang, Y., Jacques, S.L., Coli, R., Worrall, J.W., Diehl, W., English, J.M., 

and Wu, J.C. (2010). Function of activation loop tyrosine phosphorylation in the mechanism of c-Kit auto-

activation and its implication in sunitinib resistance. J Biochem 147, 601-609. 

 

Dong, L.W., Hou, Y.J., Tan, Y.X., Tang, L., Pan, Y.F., Wang, M., and Wang, H.Y. (2011). Prognostic 

significance of Beclin 1 in intrahepatic cholangiocellular carcinoma. Autophagy 7, 1222-1229. 

 

Dong, Y., Liang, C., Zhang, B., Ma, J., He, X., Chen, S., Zhang, X., and Chen, W. (2015). Bortezomib 

enhances the therapeutic efficacy of dasatinib by promoting c-KIT internalization-induced apoptosis in 

gastrointestinal stromal tumor cells. Cancer Lett 361, 137-146. 

 

Downing, S., Chien, M.B., Kass, P.H., Moore, P.E., and London, C.A. (2002). Prevalence and importance 

of internal tandem duplications in exons 11 and 12 of c-kit in mast cell tumors of dogs. Am J Vet Res 63, 

1718-1723. 

 

Dvorak, A.M., Mitsui, H., and Ishizaka, T. (1994). Stimulation of partial development of human mast cells 

by supernatant fluid from mouse fibroblast cultures. Clin Exp Allergy 24, 649-659. 

 



122 
 

Dvorak, A.M., Monahan, R.A., Osage, J.E., and Dickersin, G.R. (1980). Crohn's disease: transmission 

electron microscopic studies. II. Immunologic inflammatory response. Alterations of mast cells, basophils, 

eosinophils, and the microvasculature. Hum Pathol 11, 606-619. 

 

Dyduch, G., Kaczmarczyk, K., and Okon, K. (2012). Mast cells and cancer: enemies or allies? Pol J Pathol 

63, 1-7. 

 

Elston, L.B., Sueiro, F.A., Cavalcanti, J.N., and Metze, K. (2009). The importance of the mitotic index as a 

prognostic factor for survival of canine cutaneous mast cell tumors: a validation study. Vet Pathol 46, 362-

364, author reply 364-365. 

 

Enerback, L. (1966a). Mast cells in rat gastrointestinal mucosa. 2. Dye-binding and metachromatic 

properties. Acta Pathol Microbiol Scand 66, 303-312. 

 

Enerback, L. (1966b). Mast cells in rat gastrointestinal mucosa. I. Effects of fixation. Acta Pathol Microbiol 

Scand 66, 289-302. 

 

Enerback, L., Kolset, S.O., Kusche, M., Hjerpe, A., and Lindahl, U. (1985). Glycosaminoglycans in rat 

mucosal mast cells. Biochem J 227, 661-668. 

 

Fantl, W.J., Johnson, D.E., and Williams, L.T. (1993). Signalling by receptor tyrosine kinases. Annu Rev 

Biochem 62, 453-481. 

 

Fasshauer, M., and Bluher, M. (2015). Adipokines in health and disease. Trends Pharmacol Sci 36, 461-

470. 

 

Fenger, J.M., Bear, M.D., Volinia, S., Lin, T.Y., Harrington, B.K., London, C.A., and Kisseberth, W.C. 

(2014). Overexpression of miR-9 in mast cells is associated with invasive behavior and spontaneous 

metastasis. BMC Cancer 14, 84. 

 

Flanagan, J.G., and Leder, P. (1990). The kit ligand: a cell surface molecule altered in steel mutant 

fibroblasts. Cell 63, 185-194. 

 

Fonseca-Alves, C.E., Rodrigues, M.M., de Moura, V.M., Rogatto, S.R., and Laufer-Amorim, R. (2013). 

Alterations of C-MYC, NKX3.1, and E-cadherin expression in canine prostate carcinogenesis. Microsc Res 

Tech 76, 1250-1256. 

 

Fournier, T.M., Lamorte, L., Maroun, C.R., Lupher, M., Band, H., Langdon, W., and Park, M. (2000). Cbl-

transforming variants trigger a cascade of molecular alterations that lead to epithelial mesenchymal 

conversion. Mol Biol Cell 11, 3397-3410. 

 

Franco, C.B., Chen, C.C., Drukker, M., Weissman, I.L., and Galli, S.J. (2010). Distinguishing mast cell and 

granulocyte differentiation at the single-cell level. Cell Stem Cell 6, 361-368. 

 

Frangogiannis, N.G., Lindsey, M.L., Michael, L.H., Youker, K.A., Bressler, R.B., Mendoza, L.H., 

Spengler, R.N., Smith, C.W., and Entman, M.L. (1998). Resident cardiac mast cells degranulate and release 

preformed TNF-alpha, initiating the cytokine cascade in experimental canine myocardial 

ischemia/reperfusion. Circulation 98, 699-710. 

 

Fulcher, R.P., Ludwig, L.L., Bergman, P.J., Newman, S.J., Simpson, A.M., and Patnaik, A.K. (2006). 

Evaluation of a two-centimeter lateral surgical margin for excision of grade I and grade II cutaneous mast 

cell tumors in dogs. J Am Vet Med Assoc 228, 210-215. 



123 
 

 

Gaca, M.D., Pickering, J.A., Arthur, M.J., and Benyon, R.C. (1999). Human and rat hepatic stellate cells 

produce stem cell factor: a possible mechanism for mast cell recruitment in liver fibrosis. J Hepatol 30, 

850-858. 

 

Galli, S.J., Borregaard, N., and Wynn, T.A. (2011). Phenotypic and functional plasticity of cells of innate 

immunity: macrophages, mast cells and neutrophils. Nat Immunol 12, 1035-1044. 

 

Galli, S.J., Kalesnikoff, J., Grimbaldeston, M.A., Piliponsky, A.M., Williams, C.M., and Tsai, M. (2005). 

Mast cells as "tunable" effector and immunoregulatory cells: recent advances. Annu Rev Immunol 23, 749-

786. 

 

Galli, S.J., and Tsai, M. (2012). IgE and mast cells in allergic disease. Nat Med 18, 693-704. 

 

Galli, S.J., Tsai, M., Gordon, J.R., Geissler, E.N., and Wershil, B.K. (1992). Analyzing mast cell 

development and function using mice carrying mutations at W/c-kit or Sl/MGF (SCF) loci. Ann N Y Acad 

Sci 664, 69-88. 

 

Gao, X., Zacharek, A., Salkowski, A., Grignon, D.J., Sakr, W., Porter, A.T., and Honn, K.V. (1995). Loss 

of heterozygosity of the BRCA1 and other loci on chromosome 17q in human prostate cancer. Cancer Res 

55, 1002-1005. 

 

Garcia, J.F., Camacho, F.I., Morente, M., Fraga, M., Montalban, C., Alvaro, T., Bellas, C., Castano, A., 

Diez, A., Flores, T., Martin, C., Martinez, M.A., Mazorra, F., Menarguez, J., Mestre, M.J., Mollejo, M., 

Saez, A.I., Sanchez, L., Piris, M.A., et al. (2003). Hodgkin and Reed-Sternberg cells harbor alterations in 

the major tumor suppressor pathways and cell-cycle checkpoints: analyses using tissue microarrays. Blood 

101, 681-689. 

 

Gelbmann, C.M., Mestermann, S., Gross, V., Kollinger, M., Scholmerich, J., and Falk, W. (1999). 

Strictures in Crohn's disease are characterised by an accumulation of mast cells colocalised with laminin 

but not with fibronectin or vitronectin. Gut 45, 210-217. 

 

Geoffrey, R., Jia, S., Kwitek, A.E., Woodliff, J., Ghosh, S., Lernmark, A., Wang, X., and Hessner, M.J. 

(2006). Evidence of a functional role for mast cells in the development of type 1 diabetes mellitus in the 

BioBreeding rat. J Immunol 177, 7275-7286. 

 

Gerdes, J., Lemke, H., Baisch, H., Wacker, H.H., Schwab, U., and Stein, H. (1984). Cell cycle analysis of a 

cell proliferation-associated human nuclear antigen defined by the monoclonal antibody Ki-67. J Immunol 

133, 1710-1715. 

 

German, A.J., Hall, E.J., and Day, M.J. (1999). Analysis of leucocyte subsets in the canine intestine. J 

Comp Pathol 120, 129-145. 

 

Ghinassi, B., Zingariello, M., Martelli, F., Lorenzini, R., Vannucchi, A.M., Rana, R.A., Nishikawa, M., 

Migliaccio, G., Mascarenhas, J., and Migliaccio, A.R. (2009). Increased differentiation of dermal mast cells 

in mice lacking the Mpl gene. Stem Cells Dev 18, 1081-1092. 

 

Giantin, M., Aresu, L., Benali, S., Arico, A., Morello, E.M., Martano, M., Vascellari, M., Castagnaro, M., 

Lopparelli, R.M., Zancanella, V., Granato, A., Mutinelli, F., and Dacasto, M. (2012a). Expression of matrix 

metalloproteinases, tissue inhibitors of metalloproteinases and vascular endothelial growth factor in canine 

mast cell tumours. J Comp Pathol 147, 419-429. 

 



124 
 

Giantin, M., Granato, A., Baratto, C., Marconato, L., Vascellari, M., Morello, E.M., Vercelli, A., Mutinelli, 

F., and Dacasto, M. (2014). Global gene expression analysis of canine cutaneous mast cell tumor: could 

molecular profiling be useful for subtype classification and prognostication? PLoS One 9, e95481. 

 

Giantin, M., Vascellari, M., Morello, E.M., Capello, K., Vercelli, A., Granato, A., Lopparelli, R.M., 

Nassuato, C., Carminato, A., Martano, M., Mutinelli, F., and Dacasto, M. (2012b). c-KIT messenger RNA 

and protein expression and mutations in canine cutaneous mast cell tumors: correlations with post-surgical 

prognosis. J Vet Diagn Invest 24, 116-126. 

 

Gil da Costa, R.M. (2015). C-kit as a prognostic and therapeutic marker in canine cutaneous mast cell 

tumours: From laboratory to clinic. Vet J 205, 5-10. 

 

Gil da Costa, R.M., Matos, E., Rema, A., Lopes, C., Pires, M.A., and Gartner, F. (2007). CD117 

immunoexpression in canine mast cell tumours: correlations with pathological variables and proliferation 

markers. BMC Vet Res 3, 19. 

 

Gil da Costa, R.M., Oliveira, J.P., Saraiva, A.L., Seixas, F., Faria, F., Gartner, F., Pires, M.A., and Lopes, 

C. (2011). Immunohistochemical characterization of 13 canine renal cell carcinomas. Vet Pathol 48, 427-

432. 

 

Gil da Costa, R.M., Rema, A., Pires, M.A., and Gartner, F. (2010). Two canine Merkel cell tumours: 

immunoexpression of c-KIT, E-cadherin, beta-catenin and S100 protein. Vet Dermatol 21, 198-201. 

 

Giltnane, J.M., and Rimm, D.L. (2004). Technology insight: Identification of biomarkers with tissue 

microarray technology. Nat Clin Pract Oncol 1, 104-111. 

 

Ginn, P.E., Fox, L.E., Brower, J.C., Gaskin, A., Kurzman, I.D., and Kubilis, P.S. (2000). 

Immunohistochemical detection of p53 tumor-suppressor protein is a poor indicator of prognosis for canine 

cutaneous mast cell tumors. Vet Pathol 37, 33-39. 

 

Giuliano, A., Dos Santos Horta, R., Constantino-Casas, F., Hoather, T., and Dobson, J. (2017). Expression 

of Fibroblast Activating Protein and Correlation with Histological Grade, Mitotic Index and Ki67 

Expression in Canine Mast Cell Tumours. J Comp Pathol 156, 14-20. 

 

Gleixner, K.V., Rebuzzi, L., Mayerhofer, M., Gruze, A., Hadzijusufovic, E., Sonneck, K., Vales, A., 

Kneidinger, M., Samorapoompichit, P., Thaiwong, T., Pickl, W.F., Yuzbasiyan-Gurkan, V., Sillaber, C., 

Willmann, M., and Valent, P. (2007). Synergistic antiproliferative effects of KIT tyrosine kinase inhibitors 

on neoplastic canine mast cells. Exp Hematol 35, 1510-1521. 

 

Gomes, J., Queiroga, F.L., Prada, J., and Pires, I. (2012). Study of c-kit immunoexpression in canine 

cutaneous melanocytic tumors. Melanoma Res 22, 195-201. 

 

Graf, R., Pospischil, A., Guscetti, F., Meier, D., Welle, M., and Dettwiler, M. (2018). Cutaneous Tumors in 

Swiss Dogs: Retrospective Data From the Swiss Canine Cancer Registry, 2008-2013. Vet Pathol 55, 809-

820. 

 

Gregory, G.D., and Brown, M.A. (2006). Mast cells in allergy and autoimmunity: implications for adaptive 

immunity. Methods Mol Biol 315, 35-50. 

 

Griffin, L.R., Thamm, D.H., Selmic, L.E., Ehrhart, E.J., and Randall, E. (2018). Pilot study utilizing 

Fluorine-18 fluorodeoxyglucose-positron emission tomography/computed tomography for glycolytic 

phenotyping of canine mast cell tumors. Vet Radiol Ultrasound 59, 461-468. 



125 
 

 

Grimbaldeston, M.A., Metz, M., Yu, M., Tsai, M., and Galli, S.J. (2006). Effector and potential 

immunoregulatory roles of mast cells in IgE-associated acquired immune responses. Curr Opin Immunol 

18, 751-760. 

 

Gurish, M.F., and Austen, K.F. (2012). Developmental origin and functional specialization of mast cell 

subsets. Immunity 37, 25-33. 

 

Gurish, M.F., Tao, H., Abonia, J.P., Arya, A., Friend, D.S., Parker, C.M., and Austen, K.F. (2001). 

Intestinal mast cell progenitors require CD49dbeta7 (alpha4beta7 integrin) for tissue-specific homing. J 

Exp Med 194, 1243-1252. 

 

Hahn, K.A., Legendre, A.M., Shaw, N.G., Phillips, B., Ogilvie, G.K., Prescott, D.M., Atwater, S.W., 

Carreras, J.K., Lana, S.E., Ladue, T., Rusk, A., Kinet, J.P., Dubreuil, P., Moussy, A., and Hermine, O. 

(2010). Evaluation of 12- and 24-month survival rates after treatment with masitinib in dogs with 

nonresectable mast cell tumors. Am J Vet Res 71, 1354-1361. 

 

Hallgren, J., and Gurish, M.F. (2007). Pathways of murine mast cell development and trafficking: tracking 

the roots and routes of the mast cell. Immunol Rev 217, 8-18. 

 

Hallgren, J., and Gurish, M.F. (2011). Mast cell progenitor trafficking and maturation. Adv Exp Med Biol 

716, 14-28. 

 

Halsey, C.H., Gustafson, D.L., Rose, B.J., Wolf-Ringwall, A., Burnett, R.C., Duval, D.L., Avery, A.C., and 

Thamm, D.H. (2014). Development of an in vitro model of acquired resistance to toceranib phosphate 

(Palladia(R)) in canine mast cell tumor. BMC Vet Res 10, 105. 

 

Hamann, K., Haas, N., Grabbe, J., and Czarnetzki, B.M. (1995). Expression of stem cell factor in cutaneous 

mastocytosis. Br J Dermatol 133, 203-208. 

 

Han, W., Pan, H., Chen, Y., Sun, J., Wang, Y., Li, J., Ge, W., Feng, L., Lin, X., Wang, X., Wang, X., and 

Jin, H. (2011). EGFR tyrosine kinase inhibitors activate autophagy as a cytoprotective response in human 

lung cancer cells. PLoS One 6, e18691. 

 

Hanssens, K., Brenet, F., Agopian, J., Georgin-Lavialle, S., Damaj, G., Cabaret, L., Chandesris, M.O., de 

Sepulveda, P., Hermine, O., Dubreuil, P., and Soucie, E. (2014). SRSF2-p95 hotspot mutation is highly 

associated with advanced forms of mastocytosis and mutations in epigenetic regulator genes. 

Haematologica 99, 830-835. 

 

Harvima, I.T., Viinamaki, H., Naukkarinen, A., Paukkonen, K., Neittaanmaki, H., Harvima, R.J., and 

Horsmanheimo, M. (1993). Association of cutaneous mast cells and sensory nerves with psychic stress in 

psoriasis. Psychother Psychosom 60, 168-176. 

 

Hatanaka, K., Kitamura, Y., and Nishimune, Y. (1979). Local development of mast cells from bone 

marrow-derived precursors in the skin of mice. Blood 53, 142-147. 

 

He, Y., Zhao, X., Subahan, N.R., Fan, L., Gao, J., and Chen, H. (2014). The prognostic value of autophagy-

related markers beclin-1 and microtubule-associated protein light chain 3B in cancers: a systematic review 

and meta-analysis. Tumour Biol 35, 7317-7326. 

 

Hewitt, S.M. (2004). Design, construction, and use of tissue microarrays. Methods Mol Biol 264, 61-72. 

 



126 
 

Higgins, R.J., Dickinson, P.J., LeCouteur, R.A., Bollen, A.W., Wang, H., Wang, H., Corely, L.J., Moore, 

L.M., Zang, W., and Fuller, G.N. (2010). Spontaneous canine gliomas: overexpression of EGFR, 

PDGFRalpha and IGFBP2 demonstrated by tissue microarray immunophenotyping. J Neurooncol 98, 49-

55. 

 

Hill, J.E., Langheinrich, K.A., and Kelley, L.C. (1991). Prevalence and location of mast cell tumors in 

slaughter cattle. Vet Pathol 28, 449-450. 

 

Hirota, S., Isozaki, K., Moriyama, Y., Hashimoto, K., Nishida, T., Ishiguro, S., Kawano, K., Hanada, M., 

Kurata, A., Takeda, M., Muhammad Tunio, G., Matsuzawa, Y., Kanakura, Y., Shinomura, Y., and 

Kitamura, Y. (1998). Gain-of-function mutations of c-kit in human gastrointestinal stromal tumors. Science 

279, 577-580. 

 

Hofmann, A.M., and Abraham, S.N. (2009). New roles for mast cells in modulating allergic reactions and 

immunity against pathogens. Curr Opin Immunol 21, 679-686. 

 

Hoos, A., Urist, M.J., Stojadinovic, A., Mastorides, S., Dudas, M.E., Leung, D.H., Kuo, D., Brennan, M.F., 

Lewis, J.J., and Cordon-Cardo, C. (2001). Validation of tissue microarrays for immunohistochemical 

profiling of cancer specimens using the example of human fibroblastic tumors. Am J Pathol 158, 1245-

1251. 

 

Horta, R.S., Lavalle, G.E., Monteiro, L.N., Souza, M.C.C., Cassali, G.D., and Araujo, R.B. (2018). 

Assessment of Canine Mast Cell Tumor Mortality Risk Based on Clinical, Histologic, 

Immunohistochemical, and Molecular Features. Vet Pathol 55, 212-223. 

 

Hottendorf, G.H., and Nielsen, S.W. (1967). Pathologic survey of 300 extirpated canine mastocytomas. 

Zentralbl Veterinarmed A 14, 272-281. 

 

Howard, E.B., Sawa, T.R., Nielsen, S.W., and Kenyon, A.J. (1969). Mastocytoma and gastroduodenal 

ulceration. Gastric and duodenal ulcers in dogs with mastocytoma. Pathol Vet 6, 146-158. 

 

Hsueh, Y.S., Yen, C.C., Shih, N.Y., Chiang, N.J., Li, C.F., and Chen, L.T. (2013). Autophagy is involved 

in endogenous and NVP-AUY922-induced KIT degradation in gastrointestinal stromal tumors. Autophagy 

9, 220-233. 

 

Huang, C., Friend, D.S., Qiu, W.T., Wong, G.W., Morales, G., Hunt, J., and Stevens, R.L. (1998). 

Induction of a selective and persistent extravasation of neutrophils into the peritoneal cavity by tryptase 

mouse mast cell protease 6. J Immunol 160, 1910-1919. 

 

Huang, E.J., Nocka, K.H., Buck, J., and Besmer, P. (1992). Differential expression and processing of two 

cell associated forms of the kit-ligand: KL-1 and KL-2. Mol Biol Cell 3, 349-362. 

 

Hurley, J.H., and Young, L.N. (2017). Mechanisms of Autophagy Initiation. Annu Rev Biochem 86, 225-

244. 

 

Ibrahim, M.Z., Reder, A.T., Lawand, R., Takash, W., and Sallouh-Khatib, S. (1996). The mast cells of the 

multiple sclerosis brain. J Neuroimmunol 70, 131-138. 

 

Ilyinskaya, G.V., Mukhina, E.V., Soboleva, A.V., Matveeva, O.V., and Chumakov, P.M. (2018). Oncolytic 

Sendai Virus Therapy of Canine Mast Cell Tumors (A Pilot Study). Front Vet Sci 5, 116. 

 



127 
 

Irani, A.A., Schechter, N.M., Craig, S.S., DeBlois, G., and Schwartz, L.B. (1986). Two types of human 

mast cells that have distinct neutral protease compositions. Proc Natl Acad Sci U S A 83, 4464-4468. 

 

Ito, R., Nakayama, H., Yoshida, K., Matsumura, S., Oda, N., and Yasui, W. (2004). Expression of Cbl 

linking with the epidermal growth factor receptor system is associated with tumor progression and poor 

prognosis of human gastric carcinoma. Virchows Arch 444, 324-331. 

 

Iwata, N., Ochiai, K., Kadosawa, T., Takiguchi, M., and Umemura, T. (2000). Canine extracutaneous mast-

cell tumours consisting of connective tissue mast cells. J Comp Pathol 123, 306-310. 

 

Jacoby, W., Cammarata, P.V., Findlay, S., and Pincus, S.H. (1984). Anaphylaxis in mast cell-deficient 

mice. J Invest Dermatol 83, 302-304. 

 

Jaffe, M.H., Hosgood, G., Taylor, H.W., Kerwin, S.C., Hedlund, C.S., Lopez, M.K., Davidson, J.R., Miller, 

D.M., and Paranjpe, M. (2000). Immunohistochemical and clinical evaluation of p53 in canine cutaneous 

mast cell tumors. Vet Pathol 37, 40-46. 

 

Jamur, M.C., Grodzki, A.C., Berenstein, E.H., Hamawy, M.M., Siraganian, R.P., and Oliver, C. (2005). 

Identification and characterization of undifferentiated mast cells in mouse bone marrow. Blood 105, 4282-

4289. 

 

Jing, Z., Li, L., Wang, X., Wang, M., Cai, Y., Jin, Z.I., and Zhang, Y.E. (2016). High c-Cbl expression in 

gliomas is associated with tumor progression and poor prognosis. Oncol Lett 11, 2787-2791. 

 

Joselevitch, J.A., Barra, C.N., Vargas, T.H.M., Pulz, L.H., Nishiya, A.T., Kleeb, S.R., Xavier, J.G., Catao-

Dias, J.L., and Strefezzi, R.F. (2018). Nanog Expression and Proliferation Indices in Canine Cutaneous 

Mast Cell Tumors. Vet Pathol 55, 849-852. 

 

Kapur, R., Majumdar, M., Xiao, X., McAndrews-Hill, M., Schindler, K., and Williams, D.A. (1998). 

Signaling through the interaction of membrane-restricted stem cell factor and c-kit receptor tyrosine kinase: 

genetic evidence for a differential role in erythropoiesis. Blood 91, 879-889. 

 

Kassel, O., Schmidlin, F., Duvernelle, C., Gasser, B., Massard, G., and Frossard, N. (1999). Human 

bronchial smooth muscle cells in culture produce stem cell factor. Eur Respir J 13, 951-954. 

 

Katayama, I., Yokozeki, H., and Nishioka, K. (1992). Mast-cell-derived mediators induce epidermal cell 

proliferation: clue for lichenified skin lesion formation in atopic dermatitis. Int Arch Allergy Immunol 98, 

410-414. 

 

Kato, Y., Kashiwagi, E., Masuno, K., Fujisawa, K., Tsuchiya, N., Matsushima, S., Torii, M., and Takasu, 

N. (2016). Cutaneous mastocytosis with a mutation in the juxtamembrane domain of c-kit in a young 

laboratory beagle dog. J Toxicol Pathol 29, 49-52. 

 

Keller, A., Wingelhofer, B., Peter, B., Bauer, K., Berger, D., Gamperl, S., Reifinger, M., Cerny-Reiterer, S., 

Moriggl, R., Willmann, M., Valent, P., and Hadzijusufovic, E. (2018). The JAK2/STAT5 signaling 

pathway as a potential therapeutic target in canine mastocytoma. Vet Comp Oncol 16, 55-68. 

 

Keller, S.M., Keller, B.C., Grest, P., Borger, C.T., and Guscetti, F. (2007). Validation of tissue microarrays 

for immunohistochemical analyses of canine lymphomas. J Vet Diagn Invest 19, 652-659. 

 

Khanna, C., Prehn, J., Hayden, D., Cassaday, R.D., Caylor, J., Jacob, S., Bose, S.M., Hong, S.H., Hewitt, 

S.M., and Helman, L.J. (2002). A randomized controlled trial of octreotide pamoate long-acting release and 



128 
 

carboplatin versus carboplatin alone in dogs with naturally occurring osteosarcoma: evaluation of insulin-

like growth factor suppression and chemotherapy. Clin Cancer Res 8, 2406-2412. 

 

Kirshenbaum, A.S., Kessler, S.W., Goff, J.P., and Metcalfe, D.D. (1991). Demonstration of the origin of 

human mast cells from CD34+ bone marrow progenitor cells. J Immunol 146, 1410-1415. 

 

Kitamura, Y., and Fujita, J. (1989). Regulation of mast cell differentiation. Bioessays 10, 193-196. 

 

Kitamura, Y., and Go, S. (1979). Decreased production of mast cells in S1/S1d anemic mice. Blood 53, 

492-497. 

 

Kitamura, Y., Go, S., and Hatanaka, K. (1978). Decrease of mast cells in W/Wv mice and their increase by 

bone marrow transplantation. Blood 52, 447-452. 

 

Kiupel, M., Webster, J.D., Bailey, K.L., Best, S., DeLay, J., Detrisac, C.J., Fitzgerald, S.D., Gamble, D., 

Ginn, P.E., Goldschmidt, M.H., Hendrick, M.J., Howerth, E.W., Janovitz, E.B., Langohr, I., Lenz, S.D., 

Lipscomb, T.P., Miller, M.A., Misdorp, W., Moroff, S., et al. (2011). Proposal of a 2-tier histologic grading 

system for canine cutaneous mast cell tumors to more accurately predict biological behavior. Vet Pathol 48, 

147-155. 

 

Kiupel, M., Webster, J.D., Kaneene, J.B., Miller, R., and Yuzbasiyan-Gurkan, V. (2004). The use of KIT 

and tryptase expression patterns as prognostic tools for canine cutaneous mast cell tumors. Vet Pathol 41, 

371-377. 

 

Kiupel, M., Webster, J.D., Miller, R.A., and Kaneene, J.B. (2005). Impact of tumour depth, tumour location 

and multiple synchronous masses on the prognosis of canine cutaneous mast cell tumours. J Vet Med A 

Physiol Pathol Clin Med 52, 280-286. 

 

Klionsky, D.J., Abdalla, F.C., Abeliovich, H., Abraham, R.T., Acevedo-Arozena, A., Adeli, K., Agholme, 

L., Agnello, M., Agostinis, P., Aguirre-Ghiso, J.A., Ahn, H.J., Ait-Mohamed, O., Ait-Si-Ali, S., Akematsu, 

T., Akira, S., Al-Younes, H.M., Al-Zeer, M.A., Albert, M.L., Albin, R.L., et al. (2012). Guidelines for the 

use and interpretation of assays for monitoring autophagy. Autophagy 8, 445-544. 

 

Klopfleisch, R., Meyer, A., Schlieben, P., Bondzio, A., Weise, C., Lenze, D., Hummel, M., Einspanier, R., 

and Gruber, A.D. (2012). Transcriptome and proteome analysis of tyrosine kinase inhibitor treated canine 

mast cell tumour cells identifies potentially kit signaling-dependent genes. BMC Vet Res 8, 96. 

 

Knight, J.F., Shepherd, C.J., Rizzo, S., Brewer, D., Jhavar, S., Dodson, A.R., Cooper, C.S., Eeles, R., 

Falconer, A., Kovacs, G., Garrett, M.D., Norman, A.R., Shipley, J., and Hudson, D.L. (2008). TEAD1 and 

c-Cbl are novel prostate basal cell markers that correlate with poor clinical outcome in prostate cancer. Br J 

Cancer 99, 1849-1858. 

 

Kobayashi, M., Kuroki, S., Kurita, S., Miyamoto, R., Tani, H., Tamura, K., and Bonkobara, M. (2017). A 

decrease in ubiquitination and resulting prolonged life-span of KIT underlies the KIT overexpression-

mediated imatinib resistance of KIT mutation-driven canine mast cell tumor cells. Oncol Rep 38, 2543-

2550. 

 

Kobayashi, M., Kuroki, S., Tanaka, Y., Moriya, Y., Kozutumi, Y., Uehara, Y., Ono, K., Tamura, K., 

Washizu, T., and Bonkobara, M. (2015). Molecular changes associated with the development of resistance 

to imatinib in an imatinib-sensitive canine neoplastic mast cell line carrying a KIT c.1523A>T mutation. 

Eur J Haematol 95, 524-531. 

 



129 
 

Komi, D.E.A., Rambasek, T., and Wohrl, S. (2018). Mastocytosis: from a Molecular Point of View. Clin 

Rev Allergy Immunol 54, 397-411. 

 

Kononen, J., Bubendorf, L., Kallioniemi, A., Barlund, M., Schraml, P., Leighton, S., Torhorst, J., Mihatsch, 

M.J., Sauter, G., and Kallioniemi, O.P. (1998). Tissue microarrays for high-throughput molecular profiling 

of tumor specimens. Nat Med 4, 844-847. 

 

Krick, E.L., Billings, A.P., Shofer, F.S., Watanabe, S., and Sorenmo, K.U. (2009). Cytological lymph node 

evaluation in dogs with mast cell tumours: association with grade and survival. Vet Comp Oncol 7, 130-

138. 

 

Krishnaswamy, G., Ajitawi, O., and Chi, D.S. (2005). The human mast cell (New Jersey, USA: Humana 

Press). 

 

Kuang, E., Qi, J., and Ronai, Z. (2013). Emerging roles of E3 ubiquitin ligases in autophagy. Trends 

Biochem Sci 38, 453-460. 

 

Kube, P., Audige, L., Kuther, K., and Welle, M. (1998). Distribution, density and heterogeneity of canine 

mast cells and influence of fixation techniques. Histochem Cell Biol 110, 129-135. 

 

Le, M., Miedzybrodzki, B., Olynych, T., Chapdelaine, H., and Ben-Shoshan, M. (2017). Natural history 

and treatment of cutaneous and systemic mastocytosis. Postgrad Med 129, 896-901. 

 

Lee, D.M., Friend, D.S., Gurish, M.F., Benoist, C., Mathis, D., and Brenner, M.B. (2002). Mast cells: a 

cellular link between autoantibodies and inflammatory arthritis. Science 297, 1689-1692. 

 

Lee, H., and Tsygankov, A.Y. (2010). c-Cbl regulates glioma invasion through matrix metalloproteinase 2. 

J Cell Biochem 111, 1169-1178. 

 

Lemmon, M.A., Pinchasi, D., Zhou, M., Lax, I., and Schlessinger, J. (1997). Kit receptor dimerization is 

driven by bivalent binding of stem cell factor. J Biol Chem 272, 6311-6317. 

 

Lemmon, M.A., and Schlessinger, J. (2010). Cell signaling by receptor tyrosine kinases. Cell 141, 1117-

1134. 

 

Lennartsson, J., Jelacic, T., Linnekin, D., and Shivakrupa, R. (2005). Normal and oncogenic forms of the 

receptor tyrosine kinase kit. Stem Cells 23, 16-43. 

 

Lennartsson, J., and Ronnstrand, L. (2012). Stem cell factor receptor/c-Kit: from basic science to clinical 

implications. Physiol Rev 92, 1619-1649. 

 

Letard, S., Yang, Y., Hanssens, K., Palmerini, F., Leventhal, P.S., Guery, S., Moussy, A., Kinet, J.P., 

Hermine, O., and Dubreuil, P. (2008). Gain-of-function mutations in the extracellular domain of KIT are 

common in canine mast cell tumors. Mol Cancer Res 6, 1137-1145. 

 

Letourneau, R., Pang, X., Sant, G.R., and Theoharides, T.C. (1996). Intragranular activation of bladder 

mast cells and their association with nerve processes in interstitial cystitis. Br J Urol 77, 41-54. 

 

Leversha, M.A., Fielding, P., Watson, S., Gosney, J.R., and Field, J.K. (2003). Expression of p53, pRB, and 

p16 in lung tumours: a validation study on tissue microarrays. J Pathol 200, 610-619. 

 



130 
 

Levi-Schaffer, F., and Kupietzky, A. (1990). Mast cells enhance migration and proliferation of fibroblasts 

into an in vitro wound. Exp Cell Res 188, 42-49. 

 

Li, L., Zepeda-Orozco, D., Black, R., and Lin, F. (2010). Autophagy is a component of epithelial cell fate 

in obstructive uropathy. Am J Pathol 176, 1767-1778. 

 

Liang, X.H., Jackson, S., Seaman, M., Brown, K., Kempkes, B., Hibshoosh, H., and Levine, B. (1999). 

Induction of autophagy and inhibition of tumorigenesis by beclin 1. Nature 402, 672-676. 

 

Lin, T.Y., and London, C.A. (2006). A functional comparison of canine and murine bone marrow derived 

cultured mast cells. Vet Immunol Immunopathol 114, 320-334. 

 

Lin, T.Y., Rush, L.J., and London, C.A. (2006). Generation and characterization of bone marrow-derived 

cultured canine mast cells. Vet Immunol Immunopathol 113, 37-52. 

 

Lin, T.Y., Thomas, R., Tsai, P.C., Breen, M., and London, C.A. (2009). Generation and characterization of 

novel canine malignant mast cell line CL1. Vet Immunol Immunopathol 127, 114-124. 

 

Linenberger, M.L., Jacobson, F.W., Bennett, L.G., Broudy, V.C., Martin, F.H., and Abkowitz, J.L. (1995). 

Stem cell factor production by human marrow stromal fibroblasts. Exp Hematol 23, 1104-1114. 

 

Liu, C., Liu, Z., Li, Z., and Wu, Y. (2010). Molecular regulation of mast cell development and maturation. 

Mol Biol Rep 37, 1993-2001. 

 

Liu, J.L., Chang, K.C., Lo, C.C., Chu, P.Y., and Liu, C.H. (2013). Expression of autophagy-related protein 

Beclin-1 in malignant canine mammary tumors. BMC Vet Res 9, 75. 

 

Liu, J.L., Chen, F.F., Chang, S.F., Chen, C.N., Lung, J., Lo, C.H., Lee, F.H., Lu, Y.C., and Hung, C.H. 

(2015). Expression of Beclin Family Proteins Is Associated with Tumor Progression in Oral Cancer. PLoS 

One 10, e0141308. 

 

Liyasova, M.S., Ma, K., and Lipkowitz, S. (2015). Molecular pathways: cbl proteins in tumorigenesis and 

antitumor immunity-opportunities for cancer treatment. Clin Cancer Res 21, 1789-1794. 

 

Locher, C., Tipold, A., Welle, M., Busato, A., Zurbriggen, A., and Griot-Wenk, M.E. (2001). Quantitative 

assessment of mast cells and expression of IgE protein and mRNA for IgE and interleukin 4 in the 

gastrointestinal tract of healthy dogs and dogs with inflammatory bowel disease. Am J Vet Res 62, 211-

216. 

 

London, C.A., Acquaviva, J., Smith, D.L., Sequeira, M., Ogawa, L.S., Gardner, H.L., Bernabe, L.F., Bear, 

M.D., Bechtel, S.A., and Proia, D.A. (2018). Consecutive Day HSP90 Inhibitor Administration Improves 

Efficacy in Murine Models of KIT-Driven Malignancies and Canine Mast Cell Tumors. Clin Cancer Res 

24, 6396-6407. 

 

London, C.A., Galli, S.J., Yuuki, T., Hu, Z.Q., Helfand, S.C., and Geissler, E.N. (1999). Spontaneous 

canine mast cell tumors express tandem duplications in the proto-oncogene c-kit. Exp Hematol 27, 689-

697. 

 

London, C.A., Gardner, H.L., Rippy, S., Post, G., La Perle, K., Crew, L., Lopresti-Morrow, L., Garton, 

A.J., McMahon, G., LaVallee, T.M., and Gedrich, R. (2017). KTN0158, a Humanized Anti-KIT 

Monoclonal Antibody, Demonstrates Biologic Activity against both Normal and Malignant Canine Mast 

Cells. Clin Cancer Res 23, 2565-2574. 



131 
 

 

London, C.A., Kisseberth, W.C., Galli, S.J., Geissler, E.N., and Helfand, S.C. (1996). Expression of stem 

cell factor receptor (c-kit) by the malignant mast cells from spontaneous canine mast cell tumours. J Comp 

Pathol 115, 399-414. 

 

London, C.A., Malpas, P.B., Wood-Follis, S.L., Boucher, J.F., Rusk, A.W., Rosenberg, M.P., Henry, C.J., 

Mitchener, K.L., Klein, M.K., Hintermeister, J.G., Bergman, P.J., Couto, G.C., Mauldin, G.N., and 

Michels, G.M. (2009). Multi-center, placebo-controlled, double-blind, randomized study of oral toceranib 

phosphate (SU11654), a receptor tyrosine kinase inhibitor, for the treatment of dogs with recurrent (either 

local or distant) mast cell tumor following surgical excision. Clin Cancer Res 15, 3856-3865. 

 

London, C.A., and Seguin, B. (2003). Mast cell tumors in the dog. Vet Clin North Am Small Anim Pract 

33, 473-489, v. 

 

London, C.A., and Thamm, D.H. (2013). Mast cell tumors, 5th edn (Missouri: Elsevier Saunders). 

 

Ma, Y., Longley, B.J., Wang, X., Blount, J.L., Langley, K., and Caughey, G.H. (1999). Clustering of 

activating mutations in c-KIT's juxtamembrane coding region in canine mast cell neoplasms. J Invest 

Dermatol 112, 165-170. 

 

Maiolino, P., Cataldi, M., Paciello, O., Restucci, B., and De Vico, G. (2005). Nucleomorphometric analysis 

of canine cutaneous mast cell tumours. J Comp Pathol 133, 209-211. 

 

Makishima, H., Sugimoto, Y., Szpurka, H., Clemente, M.J., Ng, K.P., Muramatsu, H., O'Keefe, C., 

Saunthararajah, Y., and Maciejewski, J.P. (2012). CBL mutation-related patterns of phosphorylation and 

sensitivity to tyrosine kinase inhibitors. Leukemia 26, 1547-1554. 

 

Malaviya, R., Ross, E.A., MacGregor, J.I., Ikeda, T., Little, J.R., Jakschik, B.A., and Abraham, S.N. 

(1994). Mast cell phagocytosis of FimH-expressing enterobacteria. J Immunol 152, 1907-1914. 

 

Malaviya, R., Twesten, N.J., Ross, E.A., Abraham, S.N., and Pfeifer, J.D. (1996). Mast cells process 

bacterial Ags through a phagocytic route for class I MHC presentation to T cells. J Immunol 156, 1490-

1496. 

 

Marconato, L., Polton, G., Stefanello, D., Morello, E., Ferrari, R., Henriques, J., Tortorella, G., Benali, 

S.L., Bergottini, R., Vasconi, M.E., Annoni, M., and Sabattini, S. (2018). Therapeutic impact of regional 

lymphadenectomy in canine stage II cutaneous mast cell tumours. Vet Comp Oncol 16, 580-589. 

 

Marshall, J.S. (2004). Mast-cell responses to pathogens. Nat Rev Immunol 4, 787-799. 

 

Massimini, M., Palmieri, C., De Maria, R., Romanucci, M., Malatesta, D., De Martinis, M., Maniscalco, L., 

Ciccarelli, A., Ginaldi, L., Buracco, P., Bongiovanni, L., and Della Salda, L. (2017). 17-AAG and 

Apoptosis, Autophagy, and Mitophagy in Canine Osteosarcoma Cell Lines. Vet Pathol 54, 405-412. 

 

Masson, K., Heiss, E., Band, H., and Ronnstrand, L. (2006). Direct binding of Cbl to Tyr568 and Tyr936 of 

the stem cell factor receptor/c-Kit is required for ligand-induced ubiquitination, internalization and 

degradation. Biochem J 399, 59-67. 

 

Matsumoto, I., Inoue, Y., Shimada, T., and Aikawa, T. (2001). Brain mast cells act as an immune gate to 

the hypothalamic-pituitary-adrenal axis in dogs. J Exp Med 194, 71-78. 

 



132 
 

Maurer, M., Paus, R., and Czarnetzki, B.M. (1995). Mast cells as modulators of hair follicle cycling. Exp 

Dermatol 4, 266-271. 

 

Maurer, M., Theoharides, T., Granstein, R.D., Bischoff, S.C., Bienenstock, J., Henz, B., Kovanen, P., 

Piliponsky, A.M., Kambe, N., Vliagoftis, H.M., 2003 #135}, Levi-Schaffer, F., Metz, M., Miyachi, Y., 

Befus, D., Forsythe, P., Kitamura, Y., and Galli, S. (2003). What is the physiological function of mast 

cells? Exp Dermatol 12, 886-910. 

 

McEntee, M.F. (1991). Equine cutaneous mastocytoma: morphology, biological behaviour and evolution of 

the lesion. J Comp Pathol 104, 171-178. 

 

Meininger, C.J., Yano, H., Rottapel, R., Bernstein, A., Zsebo, K.M., and Zetter, B.R. (1992). The c-kit 

receptor ligand functions as a mast cell chemoattractant. Blood 79, 958-963. 

 

Meininger, C.J., and Zetter, B.R. (1992). Mast cells and angiogenesis. Semin Cancer Biol 3, 73-79. 

 

Metcalfe, D.D. (2008). Mast cells and mastocytosis. Blood 112, 946-956. 

 

Metcalfe, D.D., Baram, D., and Mekori, Y.A. (1997). Mast cells. Physiol Rev 77, 1033-1079. 

 

Metz, M., Grimbaldeston, M.A., Nakae, S., Piliponsky, A.M., Tsai, M., and Galli, S.J. (2007). Mast cells in 

the promotion and limitation of chronic inflammation. Immunol Rev 217, 304-328. 

 

Meyer, A., Gruber, A.D., and Klopfleisch, R. (2012). CD25 is expressed by canine cutaneous mast cell 

tumors but not by cutaneous connective tissue mast cells. Vet Pathol 49, 988-997. 

 

Meyer, A., Gruber, A.D., and Klopfleisch, R. (2013). All subunits of the interleukin-2 receptor are 

expressed by canine cutaneous mast cell tumours. J Comp Pathol 149, 19-29. 

 

Migaki, G., and Langheinrich, K.A. (1970). Mastocytoma in a pig. Pathol Vet 7, 353-355. 

 

Miller, M.A., Nelson, S.L., Turk, J.R., Pace, L.W., Brown, T.P., Shaw, D.P., Fischer, J.R., and Gosser, H.S. 

(1991). Cutaneous neoplasia in 340 cats. Vet Pathol 28, 389-395. 

 

Millward, L.M., Hamberg, A., Mathews, J., Machado-Parrula, C., Premanandan, C., Hurcombe, S.D., 

Radin, M.J., and Wellman, M.L. (2010). Multicentric mast cell tumors in a horse. Vet Clin Pathol 39, 365-

370. 

 

Mizushima, N. (2007). Autophagy: process and function. Genes Dev 21, 2861-2873. 

 

Mochizuki, H., Thomas, R., Moroff, S., and Breen, M. (2017). Genomic profiling of canine mast cell 

tumors identifies DNA copy number aberrations associated with KIT mutations and high histological grade. 

Chromosome Res 25, 129-143. 

 

Moirano, S.J., Lima, S.F., Hume, K.R., and Brodsky, E.M. (2017). Association of prognostic features and 

treatment on survival time of dogs with systemic mastocytosis: A retrospective analysis of 40 dogs. Vet 

Comp Oncol. 

 

Mol, C.D., Dougan, D.R., Schneider, T.R., Skene, R.J., Kraus, M.L., Scheibe, D.N., Snell, G.P., Zou, H., 

Sang, B.C., and Wilson, K.P. (2004). Structural basis for the autoinhibition and STI-571 inhibition of c-Kit 

tyrosine kinase. J Biol Chem 279, 31655-31663. 

 



133 
 

Mol, C.D., Lim, K.B., Sridhar, V., Zou, H., Chien, E.Y., Sang, B.C., Nowakowski, J., Kassel, D.B., Cronin, 

C.N., and McRee, D.E. (2003). Structure of a c-kit product complex reveals the basis for kinase 

transactivation. J Biol Chem 278, 31461-31464. 

 

Molin, D., Edstrom, A., Glimelius, I., Glimelius, B., Nilsson, G., Sundstrom, C., and Enblad, G. (2002). 

Mast cell infiltration correlates with poor prognosis in Hodgkin's lymphoma. Br J Haematol 119, 122-124. 

 

Moller, C., Alfredsson, J., Engstrom, M., Wootz, H., Xiang, Z., Lennartsson, J., Jonsson, J.I., and Nilsson, 

G. (2005). Stem cell factor promotes mast cell survival via inactivation of FOXO3a-mediated 

transcriptional induction and MEK-regulated phosphorylation of the proapoptotic protein Bim. Blood 106, 

1330-1336. 

 

Morimoto, M., Tsujimura, T., Kanakura, Y., Kitamura, Y., and Matsuda, H. (1998). Expression of c-kit and 

stem cell factor mRNA in liver specimens from healthy adult dogs. Am J Vet Res 59, 363-366. 

 

Morini, M., Bettini, G., Preziosi, R., and Mandrioli, L. (2004). C-kit gene product (CD117) 

immunoreactivity in canine and feline paraffin sections. J Histochem Cytochem 52, 705-708. 

 

Murphy, S., Sparkes, A.H., Smith, K.C., Blunden, A.S., and Brearley, M.J. (2004). Relationships between 

the histological grade of cutaneous mast cell tumours in dogs, their survival and the efficacy of surgical 

resection. Vet Rec 154, 743-746. 

 

Nakae, S., Suto, H., Iikura, M., Kakurai, M., Sedgwick, J.D., Tsai, M., and Galli, S.J. (2006). Mast cells 

enhance T cell activation: importance of mast cell costimulatory molecules and secreted TNF. J Immunol 

176, 2238-2248. 

 

Nakae, S., Suto, H., Kakurai, M., Sedgwick, J.D., Tsai, M., and Galli, S.J. (2005). Mast cells enhance T cell 

activation: Importance of mast cell-derived TNF. Proc Natl Acad Sci U S A 102, 6467-6472. 

 

Nakano, Y., Kobayashi, M., Bonkobara, M., and Takanosu, M. (2017). Identification of a secondary 

mutation in the KIT kinase domain correlated with imatinib-resistance in a canine mast cell tumor. Vet 

Immunol Immunopathol 188, 84-88. 

 

Nakayama, T., Mutsuga, N., Yao, L., and Tosato, G. (2006). Prostaglandin E2 promotes degranulation-

independent release of MCP-1 from mast cells. J Leukoc Biol 79, 95-104. 

 

Nam, J.M., Onodera, Y., Mazaki, Y., Miyoshi, H., Hashimoto, S., and Sabe, H. (2007). CIN85, a Cbl-

interacting protein, is a component of AMAP1-mediated breast cancer invasion machinery. EMBO J 26, 

647-656. 

 

Newman, S.J., Mrkonjich, L., Walker, K.K., and Rohrbach, B.W. (2007). Canine subcutaneous mast cell 

tumour: diagnosis and prognosis. J Comp Pathol 136, 231-239. 

 

Ng, M.F. (2010). The role of mast cells in wound healing. Int Wound J 7, 55-61. 

 

Nocito, A., Bubendorf, L., Tinner, E.M., Suess, K., Wagner, U., Forster, T., Kononen, J., Fijan, A., 

Bruderer, J., Schmid, U., Ackermann, D., Maurer, R., Alund, G., Knonagel, H., Rist, M., Anabitarte, M., 

Hering, F., Hardmeier, T., Schoenenberger, A.J., et al. (2001). Microarrays of bladder cancer tissue are 

highly representative of proliferation index and histological grade. J Pathol 194, 349-357. 

 

Noli, C., and Miolo, A. (2001). The mast cell in wound healing. Vet Dermatol 12, 303-313. 

 



134 
 

Northrup, N.C., Harmon, B.G., Gieger, T.L., Brown, C.A., Carmichael, K.P., Garcia, A., Latimer, K.S., 

Munday, J.S., Rakich, P.M., Richey, L.J., Stedman, N.L., Cheng, A.L., and Howerth, E.W. (2005a). 

Variation among pathologists in histologic grading of canine cutaneous mast cell tumors. J Vet Diagn 

Invest 17, 245-248. 

 

Northrup, N.C., Howerth, E.W., Harmon, B.G., Brown, C.A., Carmicheal, K.P., Garcia, A.P., Latimer, 

K.S., Munday, J.S., Rakich, P.M., Richey, L.J., Stedman, N.L., and Gieger, T.L. (2005b). Variation among 

pathologists in the histologic grading of canine cutaneous mast cell tumors with uniform use of a single 

grading reference. J Vet Diagn Invest 17, 561-564. 

 

Noviana, D., Mamba, K., Makimura, S., and Horii, Y. (2004). Distribution, histochemical and enzyme 

histochemical characterization of mast cells in dogs. J Mol Histol 35, 123-132. 

 

O'Connell, K., and Thomson, M. (2013). Evaluation of prognostic indicators in dogs with multiple, 

simultaneously occurring cutaneous mast cell tumours: 63 cases. Vet Comp Oncol 11, 51-62. 

 

O'Keefe, D.A., Couto, C.G., Burke-Schwartz, C., and Jacobs, R.M. (1987). Systemic mastocytosis in 16 

dogs. J Vet Intern Med 1, 75-80. 

 

Okayama, Y., and Kawakami, T. (2006). Development, migration, and survival of mast cells. Immunol Res 

34, 97-115. 

 

Ozpolat, B., and Benbrook, D.M. (2015). Targeting autophagy in cancer management - strategies and 

developments. Cancer Manag Res 7, 291-299. 

 

Paglin, S., Hollister, T., Delohery, T., Hackett, N., McMahill, M., Sphicas, E., Domingo, D., and Yahalom, 

J. (2001). A novel response of cancer cells to radiation involves autophagy and formation of acidic vesicles. 

Cancer Res 61, 439-444. 

 

Pariser, M.S., and Gram, D.W. (2015). Urticaria pigmentosa-like disease in a dog. Can Vet J 56, 245-248. 

 

Patnaik, A.K., Ehler, W.J., and MacEwen, E.G. (1984). Canine cutaneous mast cell tumor: morphologic 

grading and survival time in 83 dogs. Vet Pathol 21, 469-474. 

 

Patnaik, A.K., MacEwen, E.G., Black, A.P., and Luckow, S. (1982). Extracutaneous mast-cell tumor in the 

dog. Vet Pathol 19, 608-615. 

 

Patruno, R., Arpaia, N., Gadaleta, C.D., Passantino, L., Zizzo, N., Misino, A., Lucarelli, N.M., Catino, A., 

Valerio, P., Ribatti, D., and Ranieri, G. (2009). VEGF concentration from plasma-activated platelets rich 

correlates with microvascular density and grading in canine mast cell tumour spontaneous model. J Cell 

Mol Med 13, 555-561. 

 

Paulson, R.F., Vesely, S., Siminovitch, K.A., and Bernstein, A. (1996). Signalling by the W/Kit receptor 

tyrosine kinase is negatively regulated in vivo by the protein tyrosine phosphatase Shp1. Nat Genet 13, 

309-315. 

 

Peeters, D., Day, M.J., and Clercx, C. (2005). Distribution of leucocyte subsets in bronchial mucosa from 

dogs with eosinophilic bronchopneumopathy. J Comp Pathol 133, 128-135. 

 

Peschard, P., and Park, M. (2003). Escape from Cbl-mediated downregulation: a recurrent theme for 

oncogenic deregulation of receptor tyrosine kinases. Cancer Cell 3, 519-523. 

 



135 
 

Peters, J.A. (1969). Canine mastocytoma: excess risk as related to ancestry. J Natl Cancer Inst 42, 435-443. 

 

Pirtoli, L., Cevenini, G., Tini, P., Vannini, M., Oliveri, G., Marsili, S., Mourmouras, V., Rubino, G., and 

Miracco, C. (2009). The prognostic role of Beclin 1 protein expression in high-grade gliomas. Autophagy 

5, 930-936. 

 

Pizzoni, S., Sabattini, S., Stefanello, D., Dentini, A., Ferrari, R., Dacasto, M., Giantin, M., Laganga, P., 

Amati, M., Tortorella, G., and Marconato, L. (2018). Features and prognostic impact of distant metastases 

in 45 dogs with de novo stage IV cutaneous mast cell tumours: A prospective study. Vet Comp Oncol 16, 

28-36. 

 

Poglio, S., De Toni-Costes, F., Arnaud, E., Laharrague, P., Espinosa, E., Casteilla, L., and Cousin, B. 

(2010). Adipose tissue as a dedicated reservoir of functional mast cell progenitors. Stem Cells 28, 2065-

2072. 

 

Poonacha, K.B., and Hutto, V.L. (1984). Cutaneous mastocytoma in a ferret. J Am Vet Med Assoc 185, 

442. 

 

Prada, J., Queiroga, F.L., Gregorio, H., and Pires, I. (2012). Evaluation of cyclooxygenase-2 expression in 

canine mast cell tumours. J Comp Pathol 147, 31-36. 

 

Preziosi, R., Sarli, G., and Paltrinieri, M. (2004). Prognostic value of intratumoral vessel density in 

cutaneous mast cell tumors of the dog. J Comp Pathol 130, 143-151. 

 

Pulley, L.T., and Stannard, A.A. (1990). Tumors of the skin and soft tissues, 3rd edn (London: University 

of California Press, Ltd.). 

 

Pulz, L.H., Barra, C.N., Kleeb, S.R., Xavier, J.G., Catao-Dias, J.L., Sobral, R.A., Fukumasu, H., and 

Strefezzi, R.F. (2017). Increased expression of tissue inhibitor of metalloproteinase-1 correlates with 

improved outcome in canine cutaneous mast cell tumours. Vet Comp Oncol 15, 606-614. 

 

Rebuzzi, L., Willmann, M., Sonneck, K., Gleixner, K.V., Florian, S., Kondo, R., Mayerhofer, M., Vales, 

A., Gruze, A., Pickl, W.F., Thalhammer, J.G., and Valent, P. (2007). Detection of vascular endothelial 

growth factor (VEGF) and VEGF receptors Flt-1 and KDR in canine mastocytoma cells. Vet Immunol 

Immunopathol 115, 320-333. 

 

Reed, J.A., McNutt, N.S., Bogdany, J.K., and Albino, A.P. (1996). Expression of the mast cell growth 

factor interleukin-3 in melanocytic lesions correlates with an increased number of mast cells in the 

perilesional stroma: implications for melanoma progression. J Cutan Pathol 23, 495-505. 

 

Reis-Filho, J.S., Ricardo, S., Gartner, F., and Schmitt, F.C. (2004). Bilateral gonadoblastomas in a dog with 

mixed gonadal dysgenesis. J Comp Pathol 130, 229-233. 

 

Ressel, L., Ward, S., and Kipar, A. (2015). Equine Cutaneous Mast Cell Tumours Exhibit Variable 

Differentiation, Proliferation Activity and KIT Expression. J Comp Pathol 153, 236-243. 

 

Reuter, S., Dehzad, N., Martin, H., Heinz, A., Castor, T., Sudowe, S., Reske-Kunz, A.B., Stassen, M., Buhl, 

R., and Taube, C. (2010). Mast cells induce migration of dendritic cells in a murine model of acute allergic 

airway disease. Int Arch Allergy Immunol 151, 214-222. 

 



136 
 

Rich, T., Dean, R.T., Lamm, C.G., Ramiro-Ibanez, F., Stevenson, M.L., and Patterson-Kane, J.C. (2015). 

p62/Sequestosome-1: Mapping Sites of Protein-Handling Stress in Canine Cutaneous Mast Cell Tumors. 

Vet Pathol 52, 621-630. 

 

Riva, F., Brizzola, S., Stefanello, D., Crema, S., and Turin, L. (2005). A study of mutations in the c-kit gene 

of 32 dogs with mastocytoma. J Vet Diagn Invest 17, 385-388. 

 

Rock, M.J., Despot, J., and Lemanske, R.F., Jr. (1990). Mast cell granules modulate alveolar macrophage 

respiratory-burst activity and eicosanoid metabolism. J Allergy Clin Immunol 86, 452-461. 

 

Rodrigues, M.M., Rema, A., Gartner, F., Soares, F.A., Rogatto, S.R., De Mour, V.M., and Laufer-Amorim, 

R. (2011). Overexpression of vimentin in canine prostatic carcinoma. J Comp Pathol 144, 308-311. 

 

Romansik, E.M., Reilly, C.M., Kass, P.H., Moore, P.F., and London, C.A. (2007). Mitotic index is 

predictive for survival for canine cutaneous mast cell tumors. Vet Pathol 44, 335-341. 

 

Romanucci, M., Massimini, M., Ciccarelli, A., Malatesta, D., Bongiovanni, L., Gasbarre, A., and Della 

Salda, L. (2017). HSP32 and HSP90 Immunoexpression, in Relation to Kit Pattern, Grading, and Mitotic 

Count in Canine Cutaneous Mast Cell Tumors. Vet Pathol 54, 222-225. 

 

Ronnstrand, L. (2004). Signal transduction via the stem cell factor receptor/c-Kit. Cell Mol Life Sci 61, 

2535-2548. 

 

Rosen, D.G., Huang, X., Deavers, M.T., Malpica, A., Silva, E.G., and Liu, J. (2004). Validation of tissue 

microarray technology in ovarian carcinoma. Mod Pathol 17, 790-797. 

 

Roskoski, R., Jr. (2005). Signaling by Kit protein-tyrosine kinase--the stem cell factor receptor. Biochem 

Biophys Res Commun 337, 1-13. 

 

Rothwell, T.L., Howlett, C.R., Middleton, D.J., Griffiths, D.A., and Duff, B.C. (1987). Skin neoplasms of 

dogs in Sydney. Aust Vet J 64, 161-164. 

 

Rouschop, K.M., and Wouters, B.G. (2009). Regulation of autophagy through multiple independent 

hypoxic signaling pathways. Curr Mol Med 9, 417-424. 

 

Russell, S.E., Hickey, G.I., Lowry, W.S., White, P., and Atkinson, R.J. (1990). Allele loss from 

chromosome 17 in ovarian cancer. Oncogene 5, 1581-1583. 

 

Ryan, P.E., Davies, G.C., Nau, M.M., and Lipkowitz, S. (2006). Regulating the regulator: negative 

regulation of Cbl ubiquitin ligases. Trends Biochem Sci 31, 79-88. 

 

Sabattini, S., and Bettini, G. (2009). An immunohistochemical analysis of canine haemangioma and 

haemangiosarcoma. J Comp Pathol 140, 158-168. 

 

Sabattini, S., Scarpa, F., Berlato, D., and Bettini, G. (2015). Histologic grading of canine mast cell tumor: is 

2 better than 3? Vet Pathol 52, 70-73. 

 

Saito, H., Inazawa, J., Saito, S., Kasumi, F., Koi, S., Sagae, S., Kudo, R., Saito, J., Noda, K., and 

Nakamura, Y. (1993). Detailed deletion mapping of chromosome 17q in ovarian and breast cancers: 2-cM 

region on 17q21.3 often and commonly deleted in tumors. Cancer Res 53, 3382-3385. 

 



137 
 

Salvadori, C., Svara, T., Rocchigiani, G., Millanta, F., Pavlin, D., Cemazar, M., Lampreht Tratar, U., Sersa, 

G., Tozon, N., and Poli, A. (2017). Effects of Electrochemotherapy with Cisplatin and Peritumoral IL-12 

Gene Electrotransfer on Canine Mast Cell Tumors: a Histopathologic and Immunohistochemical Study. 

Radiol Oncol 51, 286-294. 

 

Sandilands, E., Serrels, B., Wilkinson, S., and Frame, M.C. (2012). Src-dependent autophagic degradation 

of Ret in FAK-signalling-defective cancer cells. EMBO Rep 13, 733-740. 

 

Sawai, N., Koike, K., Mwamtemi, H.H., Kinoshita, T., Kurokawa, Y., Sakashita, K., Higuchi, T., Takeuchi, 

K., Shiohara, M., Kamijo, T., Ito, S., Kato, T., Miyazaki, H., Yamashita, T., and Komiyama, A. (1999). 

Thrombopoietin augments stem cell factor-dependent growth of human mast cells from bone marrow 

multipotential hematopoietic progenitors. Blood 93, 3703-3712. 

 

Scase, T.J., Edwards, D., Miller, J., Henley, W., Smith, K., Blunden, A., and Murphy, S. (2006). Canine 

mast cell tumors: correlation of apoptosis and proliferation markers with prognosis. J Vet Intern Med 20, 

151-158. 

 

Schlieben, P., Meyer, A., Weise, C., Bondzio, A., Gruber, A.D., and Klopfleisch, R. (2013). Tandem 

duplication of KIT exon 11 influences the proteome of canine mast cell tumours. J Comp Pathol 148, 318-

322. 

 

Schott, C.R., Ludwig, L., Mutsaers, A.J., Foster, R.A., and Wood, G.A. (2018). The autophagy inhibitor 

spautin-1, either alone or combined with doxorubicin, decreases cell survival and colony formation in 

canine appendicular osteosarcoma cells. PLoS One 13, e0206427. 

 

Schumann, J., Basiouni, S., Guck, T., and Fuhrmann, H. (2014). Treating canine atopic dermatitis with 

unsaturated fatty acids: the role of mast cells and potential mechanisms of action. J Anim Physiol Anim 

Nutr (Berl) 98, 1013-1020. 

 

Schwartz, L.B. (2006). Analysis of MCT and MCTC mast cells in tissue. In Mast Cells: Methods and 

Protocols, G. Krischnaswamy, and D.S. Chi, eds. (New Jersey, USA: Humana Press Inc.). 

 

Sekis, I., Gerner, W., Willmann, M., Rebuzzi, L., Tichy, A., Patzl, M., Thalhammer, J.G., Saalmuller, A., 

and Kleiter, M.M. (2009). Effect of radiation on vascular endothelial growth factor expression in the C2 

canine mastocytoma cell line. Am J Vet Res 70, 1141-1150. 

 

Shaw, T., Kudnig, S.T., and Firestone, S.M. (2017). Diagnostic accuracy of pre-treatment biopsy for 

grading cutaneous mast cell tumours in dogs. Vet Comp Oncol. 

 

Simoes, J.P., and Schoning, P. (1994). Canine mast cell tumors: a comparison of staining techniques. J Vet 

Diagn Invest 6, 458-465. 

 

Simoes, J.P., Schoning, P., and Butine, M. (1994). Prognosis of canine mast cell tumors: a comparison of 

three methods. Vet Pathol 31, 637-647. 

 

Simpson, A.M., Ludwig, L.L., Newman, S.J., Bergman, P.J., Hottinger, H.A., and Patnaik, A.K. (2004). 

Evaluation of surgical margins required for complete excision of cutaneous mast cell tumors in dogs. J Am 

Vet Med Assoc 224, 236-240. 

 

Simpson, R.M., Bastian, B.C., Michael, H.T., Webster, J.D., Prasad, M.L., Conway, C.M., Prieto, V.M., 

Gary, J.M., Goldschmidt, M.H., Esplin, D.G., Smedley, R.C., Piris, A., Meuten, D.J., Kiupel, M., Lee, 



138 
 

C.C., Ward, J.M., Dwyer, J.E., Davis, B.J., Anver, M.R., et al. (2014). Sporadic naturally occurring 

melanoma in dogs as a preclinical model for human melanoma. Pigment Cell Melanoma Res 27, 37-47. 

 

Smith, J., Kiupel, M., Farrelly, J., Cohen, R., Olmsted, G., Kirpensteijn, J., Brocks, B., and Post, G. (2017). 

Recurrence rates and clinical outcome for dogs with grade II mast cell tumours with a low AgNOR count 

and Ki67 index treated with surgery alone. Vet Comp Oncol 15, 36-45. 

 

Soll, A.H., Toomey, M., Culp, D., Shanahan, F., and Beaven, M.A. (1988). Modulation of histamine 

release from canine fundic mucosal mast cells. Am J Physiol 254, G40-48. 

 

Somasundaram, P., Ren, G., Nagar, H., Kraemer, D., Mendoza, L., Michael, L.H., Caughey, G.H., Entman, 

M.L., and Frangogiannis, N.G. (2005). Mast cell tryptase may modulate endothelial cell phenotype in 

healing myocardial infarcts. J Pathol 205, 102-111. 

 

Stefanello, D., Buracco, P., Sabattini, S., Finotello, R., Giudice, C., Grieco, V., Iussich, S., Tursi, M., Scase, 

T., Di Palma, S., Bettini, G., Ferrari, R., Martano, M., Gattino, F., Marrington, M., Mazzola, M., Elisabetta 

Vasconi, M., Annoni, M., and Marconato, L. (2015). Comparison of 2- and 3-category histologic grading 

systems for predicting the presence of metastasis at the time of initial evaluation in dogs with cutaneous 

mast cell tumors: 386 cases (2009-2014). J Am Vet Med Assoc 246, 765-769. 

 

Stelekati, E., Bahri, R., D'Orlando, O., Orinska, Z., Mittrucker, H.W., Langenhaun, R., Glatzel, M., 

Bollinger, A., Paus, R., and Bulfone-Paus, S. (2009). Mast cell-mediated antigen presentation regulates 

CD8+ T cell effector functions. Immunity 31, 665-676. 

 

Stewart, J.A., Jr., Wei, C.C., Brower, G.L., Rynders, P.E., Hankes, G.H., Dillon, A.R., Lucchesi, P.A., 

Janicki, J.S., and Dell'Italia, L.J. (2003). Cardiac mast cell- and chymase-mediated matrix 

metalloproteinase activity and left ventricular remodeling in mitral regurgitation in the dog. J Mol Cell 

Cardiol 35, 311-319. 

 

Strefezzi Rde, F., Kleeb, S.R., Xavier, J.G., Fukumasu, H., and Catao-Dias, J.L. (2012). The value of 

immunohistochemical expression of BAX in formulating a prognosis for canine cutaneous mast cell 

tumours. J Comp Pathol 146, 314-319. 

 

Strefezzi Rde, F., Xavier, J.G., and Catao-Dias, J.L. (2003). Morphometry of canine cutaneous mast cell 

tumors. Vet Pathol 40, 268-275. 

 

Su, M., Chi, E.Y., Bishop, M.J., and Henderson, W.R., Jr. (1993). Lung mast cells increase in number and 

degranulate during pulmonary artery occlusion/reperfusion injury in dogs. Am Rev Respir Dis 147, 448-

456. 

 

Suzuki, S., Ichikawa, Y., Nakagawa, K., Kumamoto, T., Mori, R., Matsuyama, R., Takeda, K., Ota, M., 

Tanaka, K., Tamura, T., and Endo, I. (2015). High infiltration of mast cells positive to tryptase predicts 

worse outcome following resection of colorectal liver metastases. BMC Cancer 15, 840. 

 

Szabo, A., Boros, M., Kaszaki, J., and Nagy, S. (1997). The role of mast cells in mucosal permeability 

changes during ischemia-reperfusion injury of the small intestine. Shock 8, 284-291. 

 

Takahashi, T., Kadosawa, T., Nagase, M., Matsunaga, S., Mochizuki, M., Nishimura, R., and Sasaki, N. 

(2000). Visceral mast cell tumors in dogs: 10 cases (1982-1997). J Am Vet Med Assoc 216, 222-226. 

 

Takeuchi, Y., Fujino, Y., Watanabe, M., Takahashi, M., Nakagawa, T., Takeuchi, A., Bonkobara, M., 

Kobayashi, T., Ohno, K., Uchida, K., Asano, K., Nishimura, R., Nakayama, H., Sugano, S., Ohashi, Y., and 



139 
 

Tsujimoto, H. (2013). Validation of the prognostic value of histopathological grading or c-kit mutation in 

canine cutaneous mast cell tumours: a retrospective cohort study. Vet J 196, 492-498. 

 

Tan, Y.H., Krishnaswamy, S., Nandi, S., Kanteti, R., Vora, S., Onel, K., Hasina, R., Lo, F.Y., El-Hashani, 

E., Cervantes, G., Robinson, M., Hsu, H.S., Kales, S.C., Lipkowitz, S., Karrison, T., Sattler, M., Vokes, 

E.E., Wang, Y.C., and Salgia, R. (2010). CBL is frequently altered in lung cancers: its relationship to 

mutations in MET and EGFR tyrosine kinases. PLoS One 5, e8972. 

 

Thamm, D.H., Mauldin, E.A., and Vail, D.M. (2003). Mast cell tumors, 3rd edn (Philadelphia: Saunders). 

 

Theoharides, T.C., Alysandratos, K.D., Angelidou, A., Delivanis, D.A., Sismanopoulos, N., Zhang, B., 

Asadi, S., Vasiadi, M., Weng, Z., Miniati, A., and Kalogeromitros, D. (2012). Mast cells and inflammation. 

Biochim Biophys Acta 1822, 21-33. 

 

Theoharides, T.C., Bondy, P.K., Tsakalos, N.D., and Askenase, P.W. (1982). Differential release of 

serotonin and histamine from mast cells. Nature 297, 229-231. 

 

Thompson, J.J., Morrison, J.A., Pearl, D.L., Boston, S.E., Wood, G.A., Foster, R.A., and Coomber, B.L. 

(2015). Receptor Tyrosine Kinase Expression Profiles in Canine Cutaneous and Subcutaneous Mast Cell 

Tumors. Vet Pathol. 

 

Thompson, J.J., Pearl, D.L., Yager, J.A., Best, S.J., Coomber, B.L., and Foster, R.A. (2011a). Canine 

subcutaneous mast cell tumor: characterization and prognostic indices. Vet Pathol 48, 156-168. 

 

Thompson, J.J., Yager, J.A., Best, S.J., Pearl, D.L., Coomber, B.L., Torres, R.N., Kiupel, M., and Foster, 

R.A. (2011b). Canine subcutaneous mast cell tumors: cellular proliferation and KIT expression as 

prognostic indices. Vet Pathol 48, 169-181. 

 

Torhorst, J., Bucher, C., Kononen, J., Haas, P., Zuber, M., Kochli, O.R., Mross, F., Dieterich, H., Moch, H., 

Mihatsch, M., Kallioniemi, O.P., and Sauter, G. (2001). Tissue microarrays for rapid linking of molecular 

changes to clinical endpoints. Am J Pathol 159, 2249-2256. 

 

Turner, A.M., Zsebo, K.M., Martin, F., Jacobsen, F.W., Bennett, L.G., and Broudy, V.C. (1992). 

Nonhematopoietic tumor cell lines express stem cell factor and display c-kit receptors. Blood 80, 374-381. 

 

Turner, H., and Kinet, J.P. (1999). Signalling through the high-affinity IgE receptor Fc epsilonRI. Nature 

402, B24-30. 

 

Uhlen, M., Oksvold, P., Fagerberg, L., Lundberg, E., Jonasson, K., Forsberg, M., Zwahlen, M., Kampf, C., 

Wester, K., Hober, S., Wernerus, H., Bjorling, L., and Ponten, F. (2010). Towards a knowledge-based 

Human Protein Atlas. Nat Biotechnol 28, 1248-1250. 

 

Valent, P., Spanblochl, E., Sperr, W.R., Sillaber, C., Zsebo, K.M., Agis, H., Strobl, H., Geissler, K., 

Bettelheim, P., and Lechner, K. (1992). Induction of differentiation of human mast cells from bone marrow 

and peripheral blood mononuclear cells by recombinant human stem cell factor/kit-ligand in long-term 

culture. Blood 80, 2237-2245. 

 

Van Nassauw, L., Adriaensen, D., and Timmermans, J.P. (2007). The bidirectional communication between 

neurons and mast cells within the gastrointestinal tract. Auton Neurosci 133, 91-103. 

 



140 
 

Vanderslice, P., Craik, C.S., Nadel, J.A., and Caughey, G.H. (1989). Molecular cloning of dog mast cell 

tryptase and a related protease: structural evidence of a unique mode of serine protease activation. 

Biochemistry 28, 4148-4155. 

 

Vascellari, M., Giantin, M., Capello, K., Carminato, A., Morello, E.M., Vercelli, A., Granato, A., Buracco, 

P., Dacasto, M., and Mutinelli, F. (2013). Expression of Ki67, BCL-2, and COX-2 in canine cutaneous 

mast cell tumors: association with grading and prognosis. Vet Pathol 50, 110-121. 

 

Villamil, J.A., Henry, C.J., Bryan, J.N., Ellersieck, M., Schultz, L., Tyler, J.W., and Hahn, A.W. (2011). 

Identification of the most common cutaneous neoplasms in dogs and evaluation of breed and age 

distributions for selected neoplasms. J Am Vet Med Assoc 239, 960-965. 

 

Vincenti, S., and Findji, F. (2017). Influence of treatment on the outcome of dogs with incompletely 

excised grade-2 mast cell tumors. Schweiz Arch Tierheilkd 159, 171-177. 

 

Walder, E.J., and Gross, T.L. (1992). Histiocytic and mast cell tumors, 1st edn (St. Louis, MO: Mosby-

Year Book Inc.). 

 

Wang, R., Shen, Z., Yang, L., Yin, M., Zheng, W., Wu, B., Liu, T., and Song, H. (2017). Protective effects 

of heme oxygenase-1-transduced bone marrow-derived mesenchymal stem cells on reducedsize liver 

transplantation: Role of autophagy regulated by the ERK/mTOR signaling pathway. Int J Mol Med 40, 

1537-1548. 

 

Wang, S., Saboorian, M.H., Frenkel, E.P., Haley, B.B., Siddiqui, M.T., Gokaslan, S., Wians, F.H., Jr., 

Hynan, L., and Ashfaq, R. (2001). Assessment of HER-2/neu status in breast cancer. Automated Cellular 

Imaging System (ACIS)-assisted quantitation of immunohistochemical assay achieves high accuracy in 

comparison with fluorescence in situ hybridization assay as the standard. Am J Clin Pathol 116, 495-503. 

 

Wang, Y.Y., Zhou, G.B., Yin, T., Chen, B., Shi, J.Y., Liang, W.X., Jin, X.L., You, J.H., Yang, G., Shen, 

Z.X., Chen, J., Xiong, S.M., Chen, G.Q., Xu, F., Liu, Y.W., Chen, Z., and Chen, S.J. (2005). AML1-ETO 

and C-KIT mutation/overexpression in t(8;21) leukemia: implication in stepwise leukemogenesis and 

response to Gleevec. Proc Natl Acad Sci U S A 102, 1104-1109. 

 

Webster, J.D., Yuzbasiyan-Gurkan, V., Kaneene, J.B., Miller, R., Resau, J.H., and Kiupel, M. (2006). The 

role of c-KIT in tumorigenesis: evaluation in canine cutaneous mast cell tumors. Neoplasia 8, 104-111. 

 

Webster, J.D., Yuzbasiyan-Gurkan, V., Miller, R.A., Kaneene, J.B., and Kiupel, M. (2007). Cellular 

proliferation in canine cutaneous mast cell tumors: associations with c-KIT and its role in prognostication. 

Vet Pathol 44, 298-308. 

 

Weishaar, K.M., Ehrhart, E.J., Avery, A.C., Charles, J.B., Elmslie, R.E., Vail, D.M., London, C.A., 

Clifford, C.A., Eickhoff, J.C., and Thamm, D.H. (2018). c-Kit Mutation and Localization Status as 

Response Predictors in Mast Cell Tumors in Dogs Treated with Prednisone and Toceranib or Vinblastine. J 

Vet Intern Med 32, 394-405. 

 

Weishaar, K.M., Thamm, D.H., Worley, D.R., and Kamstock, D.A. (2014). Correlation of nodal mast cells 

with clinical outcome in dogs with mast cell tumour and a proposed classification system for the evaluation 

of node metastasis. J Comp Pathol 151, 329-338. 

 

Welle, M.M., Bley, C.R., Howard, J., and Rufenacht, S. (2008). Canine mast cell tumours: a review of the 

pathogenesis, clinical features, pathology and treatment. Vet Dermatol 19, 321-339. 

 



141 
 

Weller, K., Foitzik, K., Paus, R., Syska, W., and Maurer, M. (2006). Mast cells are required for normal 

healing of skin wounds in mice. FASEB J 20, 2366-2368. 

 

Wen, L.P., Fahrni, J.A., Matsui, S., and Rosen, G.D. (1996). Airway epithelial cells produce stem cell 

factor. Biochim Biophys Acta 1314, 183-186. 

 

Wiesner, C., Nabha, S.M., Dos Santos, E.B., Yamamoto, H., Meng, H., Melchior, S.W., Bittinger, F., 

Thuroff, J.W., Vessella, R.L., Cher, M.L., and Bonfil, R.D. (2008). C-kit and its ligand stem cell factor: 

potential contribution to prostate cancer bone metastasis. Neoplasia 10, 996-1003. 

 

Wilcock, B.P., Yager, J.A., and Zink, M.C. (1986). The morphology and behavior of feline cutaneous 

mastocytomas. Vet Pathol 23, 320-324. 

 

Williams, C.M., and Galli, S.J. (2000). The diverse potential effector and immunoregulatory roles of mast 

cells in allergic disease. J Allergy Clin Immunol 105, 847-859. 

 

Willmann, M., Hadzijusufovic, E., Hermine, O., Dacasto, M., Marconato, L., Bauer, K., Peter, B., Gamperl, 

S., Eisenwort, G., Jensen-Jarolim, E., Muller, M., Arock, M., Vail, D.M., and Valent, P. (2019). 

Comparative oncology: The paradigmatic example of canine and human mast cell neoplasms. Vet Comp 

Oncol 17, 1-10. 

 

Wintroub, B.U., Mihm, M.C., Jr., Goetzl, E.J., Soter, N.A., and Austen, K.F. (1978). Morphologic and 

functional evidence for release of mast-cell products in bullous pemphigoid. N Engl J Med 298, 417-421. 

 

Wohlsein, P., Recker, T., Rohn, K., and Baumgartner, W. (2012). Validation of usefulness of tissue 

microarray technology in primary tumours of the canine and feline central nervous system. J Comp Pathol 

146, 320-326. 

 

Woldemeskel, M.W., Saliki, J.T., Blas-Machado, U., and Whittington, L. (2013). Mast cells in Canine 

parvovirus-2-associated enteritis with crypt abscess. Vet Pathol 50, 989-993. 

 

Wu, H., Hayashi, T., and Inoue, M. (2004). Immunohistochemical expression of p27 and p21 in canine 

cutaneous mast cell tumors and histiocytomas. Vet Pathol 41, 296-299. 

 

Yager, J.A., and Wilcock, B.P. (1994). Round cell tumors, 1st edn (London, England: Wolfe Publishing). 

 

Yaksh, T.L., Allen, J.W., Veesart, S.L., Horais, K.A., Malkmus, S.A., Scadeng, M., Steinauer, J.J., and 

Rossi, S.S. (2013). Role of meningeal mast cells in intrathecal morphine-evoked granuloma formation. 

Anesthesiology 118, 664-678. 

 

Yamamoto, K. (2000). Electron microscopy of mast cells in the venous wall of canine liver. J Vet Med Sci 

62, 1183-1188. 

 

Yang, Z.J., Chee, C.E., Huang, S., and Sinicrope, F.A. (2011). The role of autophagy in cancer: therapeutic 

implications. Mol Cancer Ther 10, 1533-1541. 

 

Yarden, Y., Kuang, W.J., Yang-Feng, T., Coussens, L., Munemitsu, S., Dull, T.J., Chen, E., Schlessinger, 

J., Francke, U., and Ullrich, A. (1987). Human proto-oncogene c-kit: a new cell surface receptor tyrosine 

kinase for an unidentified ligand. EMBO J 6, 3341-3351. 

 

Yee, N.S., Paek, I., and Besmer, P. (1994). Role of kit-ligand in proliferation and suppression of apoptosis 

in mast cells: basis for radiosensitivity of white spotting and steel mutant mice. J Exp Med 179, 1777-1787. 



142 
 

 

Yuzawa, S., Opatowsky, Y., Zhang, Z., Mandiyan, V., Lax, I., and Schlessinger, J. (2007). Structural basis 

for activation of the receptor tyrosine kinase KIT by stem cell factor. Cell 130, 323-334. 

 

Zaanan, A., Park, J.M., Tougeron, D., Huang, S., Wu, T.T., Foster, N.R., and Sinicrope, F.A. (2015). 

Association of beclin 1 expression with response to neoadjuvant chemoradiation therapy in patients with 

locally advanced rectal carcinoma. Int J Cancer 137, 1498-1502. 

 

Zemke, D., Yamini, B., and Yuzbasiyan-Gurkan, V. (2002). Mutations in the juxtamembrane domain of c-

KIT are associated with higher grade mast cell tumors in dogs. Vet Pathol 39, 529-535. 

 

Zeng, S., Xu, Z., Lipkowitz, S., and Longley, J.B. (2005). Regulation of stem cell factor receptor signaling 

by Cbl family proteins (Cbl-b/c-Cbl). Blood 105, 226-232. 

 

Zorzan, E., Da Ros, S., Giantin, M., Shahidian, L.Z., Guerra, G., Palumbo, M., Sissi, C., and Dacasto, M. 

(2018). Targeting Canine KIT Promoter by Candidate DNA G-Quadruplex Ligands. J Pharmacol Exp Ther 

367, 461-472. 

 



143 
 

Appendix 

Table A.1 Summary of clinical data of MCTs included in the TMA. The MCTs in the “Other” category 

include deep/intramuscular, mucocutaneous, penis, and nasal planum. 

 

  MCT, mast cell tumour 

Table A.2 Summary of survival function p-values for untreated MCTs stratified by beclin-1 

expression level. The p-values represent the logrank comparison between low and high beclin-1 expressing 

MCTs for survival time and disease-free interval in different subsets of primary, untreated, tumours. 

  

     MCT, mast cell tumour 

 


