
 

ABSTRACT 
 
 

POORMAN, KELSEY ANNE. Comparative Cytogenomic Analysis of Canine Melanocytic 
Lesions. (Under the direction of Dr. Matthew Breen). 

 
 
Melanoma arising from the mucosal surface is very rare; yet, is considered a highly 

malignant neoplasm.  In people, malignant mucosal melanoma (MM) of the oral cavity 

accounts for only 0.2% to 2.0% of all reported melanomas, affecting approximately 1,500 

individuals each year in the US.  Due to the rarity of these tumors, extensive molecular and 

cytogenomic analysis has been limited.  In contrast, each year over 50,000 dogs are affected 

by oral malignant melanoma in the US.  Malignant MM in the domestic dog is the most 

common oral neoplasm, accounting for 40% of all canine oral tumors.  These tumors arise 

spontaneously and present with similar histological features and biological outcomes to MM 

of the oral cavity in humans.  However, compared to humans, little is known regarding the 

tumorigenesis of cutaneous or mucosal tumors in dogs. 

Comparative aspects of canine melanocytic neoplasms were investigated using the 

first genome-wide cytogenomic study of canine mucosal melanoma, including genome-wide 

copy number analysis, gene expression profiling, targeted sequencing, and chemotherapeutic 

screening.  Cytogenetic analysis of genome-wide copy number (CN) aberrations was 

completed on canine oral melanomas (n=44), benign melanocytomas (n=18), and cutaneous 

melanomas (n=5).  Distinct sets of CN aberrations were detected between oral lesions and 

both benign and malignant cutaneous lesions.  These CN aberrations were comparable 

between oral mucosal melanomas of human and dog, suggesting the validity of using the dog 



 

as a model of human mucosal melanoma.  Cytogenetic analysis also revealed structural 

chromosome aberrations, including varying translocations and fusions.  As none of the 

canonical melanoma pathways fully explain this phenotype, transcriptome-wide gene 

expression analysis was performed on canine cell lines (n=6) and primary cases (n=7).  

Expression analysis identified 13 differentially expressed, biologically relevant genes, which 

were subsequently evaluated in a larger set of primary oral melanomas (n=17) and benign 

melanoctyoma (n=14).  Numerous dysregulated genes were found to be part of the mitotic 

spindle and mitotic regulation pathways, previously unidentified in canine mucosal 

melanomas.   

Finally, six cell lines of canine MM were evaluated for phenotypic variations in 

chemotherapeutic resistance; an important mechanism leading to poor survival.  Resistance 

to doxorubicin and mitoxantrone was detected in n=4 and n=2 cell lines, respectively.  While, 

the mechanism of resistance for these drugs has not been elucidated in canine melanoma; in 

humans, resistance to doxorubicin and mitoxantrone is mediated through overexpression of 

P-gp and BCRP, respectively.  Expression of the genes that encode these proteins, ABCB1 

and ABCG2, as well as a non-related drug pump, ABCC1, were evaluated in six cells lines.  

Significant association between drug pump expression and resistance phenotype was found 

(p=0.0029 for ABCG2/mitoxantrone and p=0.008 for ABCB1/doxorubicin).  These data 

indicate that cellular chemoresistance to doxorubicin and mitxantrone can be predicted 

through monitoring the expression of ABCB1 and ABCG2, respectively.  These findings 

suggest a direct clinical application in targeting effective treatments to individual patients 



 

most likely to respond, avoiding unnecessary courses of chemotherapy in patients with 

predicted resistance.   

In summary, this body of work established the use of the dog as a valid model for the 

investigation of human mucosal melanomas and that canine mucosal and cutaneous 

melanocytic lesions are different at the cytogenetic level.  Similarities at the genetic level 

suggest an underlying mechanism of genetic instability present in both human and canine 

mucosal melanomas.  Detailed karyotyping and gene expression analysis revealed the 

involvement of both the mitotic DNA damage and the spindle assemble checkpoint 

pathways.  It also revealed the presence of minor clones, which presents a challenge in 

clinical therapeutic treatment.  Investigation into therapeutic resistance also revealed a 

measureable pattern of chemoresistance.  These pathways, previously unidentified in canine 

melanomas, present significant targets for more effective therapeutics.  
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CHAPTER I 
 
 

Introduction and Literature Review 
 
 

Melanoma is a malignant cancer of specialized cells called melanocytes.  Melanoma is less 

common than other skin cancers; however, it is much more malignant causing the majority 

(75%) of skin cancer deaths.  Melanoma is a highly complex disease partly due to various 

environmental exposures, which can induce tumor development, and also in part to the many 

different regions of the body that can be affected.  Since its discovery in 1804 scientist have 

made great strides in understanding the cellular basis of melanoma development, facilitated 

by advances in molecular biology and comparative oncology.  The following review will 

briefly introduce the fields of melanocyte biology, veterinary melanoma research, 

comparative oncology, and the basis of melanoma pathology and molecular development.  

 

1.1 Melanocyte Biology 

Melanocytes’ primary cellular function is to produce a pigment called melanin.  The 

melanin is distributed to neighboring cells and protects against the harmful damage of UV 

radiation.  Melanin is produced and accumulates within melanocytes in cytoplasmic 

organelles called melanosomes. Within melanocytes, the production of melanin is reliant on 

the expression of tyrosinase, a copper-containing enzyme that is responsible for the 

hydroxylation of a monophenol and the conversion of an o-diphenol to the corresponding o-

quinone (Bandarchi et al. 2013).  The pigment is then transferred to neighboring 

keratinocytes by PAR-2 receptors on the surface of cells (Bandarchi et al. 2010).  Transferred 
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melanin forms a cap on the nucleus of mitotically active basal cells to protect DNA from 

damage.  Melanocytes are located most densely amongst the basal layers of the epidermis but 

can be found throughout the body in both epidermal and mucosal tissue layers.   

Melanocyte precursors originate in the neural crest with cell fate specification 

occurring during embryonic development (Uong and Zon 2010). During early 

embryogenesis, neural crest stem cells are induced by BMP signaling and maintained in an 

immotile, undifferentiated state by E-cadherin.  Migration away from the neural plate is 

induced by the snail/slug family of genes that transcriptionally represses E-cadherin 

expression and allow for epithelial-mesenchymal transition (EMT) to occur (Cano et al. 

2000).  Bipotent glial-melanocyte stem cells then undergo gradual lineage restriction toward 

the melanoblast fate by numerous signaling molecules including, MITF, C-KIT, DCT, and 

Notch (White and Zon 2008).   

Notch family members maintain adult melanocyte stem cells, which differentiate into 

committed adult melanoblasts due to inhibition of Notch signaling and up-regulation of C-

KIT expression (Uong and Zon 2010).  MITF, a melanocyte linage-specific marker, is 

activated within melanoblast precursors through β-catenin and sox10 signaling pathways.  

Once active, MITF induces the expression of several pigment-producing genes including, 

DCT and tyrosinase (Uong and Zon 2010).  After melanoblasts have reached their specific 

tissue location, melanocyte proliferation and differentiation are regulated by numerous 

factors within the tissue environment. Mature melanocytes rarely interact with other 

melanocytes or melanocytic precursors, as they are located in a bed of mature epithelial cells.  

Melanocytes remain attached to these surrounding cells through E-cadherin mediated 
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attachment (White and Zon 2008).  Epithelial melanocytes are especially affected by 

keratinocytes.  Each normal melanocyte within the basal layer of the epidermis is associated 

with a number of keratinocytes, which synthesize the following among others: endothelins, 

SCF, HGF, LIF, and GM-CSF (Hirobe 2011).  Melanocyte proliferation within the mature 

epidermal layer is controlled by keratinocytes via excretion of extracellular paracrine growth 

factors, intracellular communication through secondary messengers, and cell-to-cell and cell-

matrix adhesions.   

 

1.2 Clinical perspectives of canine melanocytic lesions 

In dogs, melanomas are the most common tumor of the oral cavity (Smith, 

Goldschmidt, and McManus 2002).  Oral melanomas represent only 1% of all canine cancers 

(Ramos-Vara et al. 2000), yet 90% are malignant, readily invading into normal tissue and 

bone with a high metastatic propensity (Koenig et al. 2002; Spangler and Kass 2006; 

Bergman 2007).  Malignant melanomas of the oral cavity are usually aggressive and respond 

poorly to standard chemotherapeutic treatments (Bergman 2007). These tumors vary widely 

in biologic behavior and histologic presentation.  Oral melanomas are most common in 

Scottish terriers, golden retrievers, poodles, and dachshunds (Smith, Goldschmidt, and 

McManus 2002).  Lesions usually present in older dogs with no gender predisposition 

(Overly, Goldschmidt, and Schofer 2001).  Due to the limited number of studies performed, 

little is known about the molecular pathology of cutaneous melanomas and benign 

melanocytomas. 
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There are two main differential diagnoses of melanocytic lesions in veterinary 

medicine: malignant melanoma and benign melanocytomas.  Most melanomas are diagnosed 

based on the presence of melanin granules within the tumor mass; however, roughly 25% of 

all canine melanomas are amelanotic, i.e. they present without melanin production. The main 

diagnostic criteria for amelanotic melanomas are the presence of junctional activity and nests 

of neoplastic cells within overlying epithelium (Smedley et al. 2011).  Diagnosis of 

amelanotic melanomas can be further impeded due to the fact that they often do not stain 

with melanoma-specific immunohistochemical stains.  Primary immunohistochemical 

markers of melanoma are Melan-A, PNL-2, and tyrosine reactive proteins (TRP-1 and TRP-

2).  One of the first immunohistologic markers to be identified for melanomas was Melan-A, 

also known as MART-1 (Busam et al. 1998; Jungbluth et al. 1998).  In evaluation of Melan-

A as a potential marker for canine oral melanomas, almost all (91.5-100%) lesions of 

melanocytic origin, regardless of percent pigmentation, were positive for Melan-A 

immunohistochemical staining, with positive staining in only 2.45% of neoplasia of non-

melanocytic origin (Ramos-Vara et al. 2000; Koenig et al. 2001).   

TRP-1 and TRP-2 are proteins related to the melanin production pathway.  TRP-1 and 

TRP-2 are involved in maintenance of the melanosome structure, helping to regulate 

melanocyte proliferation and cell death (Shibata et al. 1992). These are only expressed in 

melanocytes, so act as a specific marker for melanocytic cell origin. PNL2 is a recently 

developed melanocyte reactive antibody used as a marker during immunohistochemical 

diagnosis (Rochaix et al. 2003).  However, it has been reported as being highly specific, with 

62% of canine melanocytic neoplasms tested staining positive with PNL2 as compared to 
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59% with Melan-A (Giudice et al. 2010).  In a recent survey of the use of 

immunohistochemical markers for diagnosis of amelanotic melanomas, it was observed that 

Melan-A, PNL2, TRP-1, and TRP-2 were 93.9% sensitive and 100% specific for the 

diagnosis of canine oral amelanotic melanomas (Smedley et al. 2011).   

For both melanotic and amelanotic melanomas, prognosis is primarily determined 

with clinical staging.  Parameters evaluated in staging include size, site of primary disease, 

and histological characteristics (Spangler and Kass 2006).  However, there is large debate 

among pathologists on the accuracy of diagnostic and prognostic criteria for canine 

malignant melanomas (Bergman 2007; Smedley et al. 2011; Withrow 2013). One of the most 

common prognostic factors is location of the primary tumor.  Primary melanomas develop in 

four distinct locations in the dog: the oral mucosa, nail bed, cutaneous epithelium, and the 

eye (not discussed here).   

 Oral melanomas are the most common and most well-studied of the melanocytic 

lesions in the dog.  The most common site for oral melanoma development was the labial 

mucosa or the mandibular gingiva (Ramos-Vara et al. 2000).  Oral lesions tend to be the 

most aggressive of melanomas, with a high frequency of malignancy (Bergman 2007).  Up to 

48% percent of cases will develop a local recurrence of the primary tumor after radical 

surgical resection and 44-58% of primary tumors spread to distant organs (Proulx et al. 

2003).  Digital melanomas, arising from the nail bed, are also considered malignant, with 

40% of cases metastasizing to distant organs (Bergman 2007). Reports vary on the mean 

survival time of these lesions, however two independent retrospective studies determined the 

two-year survival time of canine digital melanomas to be 11% and 13% respectively (Marino 



 

6 

et al. 1995; Henry et al. 2005).  Melanomas of the cutaneous epithelium are the third most 

common malignant skin lesion in dogs (Villamil et al. 2011) representing 5-11% of all 

malignant melanomas (Smith, Goldschmidt, and McManus 2002).  Cutaneous melanomas 

are most common in Vizslas, Miniature Schnauzers, and Chesapeake Bay Retrievers 

(Villamil et al. 2011).  Lesions arising from the cutaneous epithelia are mostly considered 

benign (Smith, Goldschmidt, and McManus 2002); however, prognoses of cutaneous lesions 

are harder to define solely on histologic features (Smedley et al. 2011).  One study reported 

that, after surgical treatment only, 45% of dogs diagnosed with malignant melanomas of the 

cutaneous epithelium died within one year, with 10% of dogs diagnosed with a benign lesion 

dying from disease after two years (Bostock 1979).  

 Melanocytomas are the most common melanocytic lesions of the skin, defined as any 

benign melanocytic tumor arising in the epidermis, dermis, or external root sheath of the hair 

follicles.  They are most commonly found on the head or limbs, presenting as smooth, often 

highly pigmented masses, with infrequent ulceration (Goldschmidt and Shofer 2005).  

Melanoacanthomas are rare benign lesion, with only four reported cases in the literature 

(Sharif et al. 2014).  Defined as tumors with features of a compound melanocytoma and a 

benign epithelial neoplasm.  These lesions present with nodular masses containing polygonal 

melanocytes arranged into numerous nests within the neoplastic follicular epithelium.  A rare 

subtype is the Balloon Cell melanocytoma, which is composed of large, round and 

epithelioid-like cells with finely granular-to-foamy cytoplasm and sparse pigment granules 

(Smith, Goldschmidt, and McManus 2002).  
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1.2.1 Prognostic histological characteristics 

Independent of location, histological characteristics are the primary way in which 

prognosis is determined.  Characteristics examined include: cell size, cell shape, nuclear size 

and shape, chromatin pattern, prominence of nucleoli, pigmentation, nuclear aptypia, 

hyperchromasia, mitotic figure density, junctional activity, and level of invasion into 

surrounding tissues.  One study of 384 cases of melanocytic tumors found significant 

correlation of metastasis, increased mitotic index, nuclear atypia, WHO clinical stage, and 

increased volume with decreased patient survival (Spangler and Kass 2006).  Recent 

evaluations into the accuracy of diagnostic and prognostic histology confirmed these 

characteristics in combination are about 90% accurate in determining patient outcome 

(Smedley et al. 2011).   

One of the most frequent and most accurate prognostic characteristics, with an 

accuracy rate of about 93%, is mitotic index (MI), defined as the number of mitotic figures in 

10 consecutive, non-overlapping, 40X fields (Smedley et al. 2011).  MI has been shown to be 

prognostic in all three locations of primary tumor growth and is the most commonly 

evaluated characteristic, with the average MI for oral melanomas being 31.4.  For proper MI 

evaluation, areas of ulceration must be avoided as they tend to have little proliferation.   

Higher MI is directly correlated to tumor aggression; oral lesions with an MI of greater than 

40 have shown an increased risk of death within one year of diagnosis.  For cutaneous 

lesions, an MI of greater than 30 is considered highly malignant (Smedley et al. 2011).  

Another study found that only 10% of dogs with cutaneous melanomas with MI of two or 

less died within two years, whereas 70% died if the tumor had an MI greater than three 
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(Bostock 1979).  In most circumstances, an MI of three or less is considered diagnostic for 

benign lesions regardless of location.  Other than MI, one of the most critical components for 

determining prognosis is the level of tumor invasion or radial growth.  Characteristics that 

lead to worse prognosis include the radial component invading beyond the dermal mass (also 

known as poor circumscription), evidence of necrosis, and the absence of cellular 

differentiation (Smedley et al. 2011).  

Another characteristic of malignancy is nuclear pleomorphism, defined as a variation 

in nuclear shape, size, and formation. Pleomorphism is found in 62.8% of all oral 

melanomas, with half of those being considered high pleomorphism (Ramos-Vara et al. 

2000).  Due to the subjective nature of such characteristics, evaluation requires highly 

specific and defined criteria.  Most common criteria of nuclear atypia are large diffuse nuclei, 

many large nucleoli, and intensely clumped chromatin.  This pattern is especially common in 

undifferentiated neoplastic cells; however, accurate assessment is based on evaluation of 

approximately 200 cells (Smedley et al. 2011).  For a tumor to be considered malignant, 

atypia must be present in greater than 30% of nuclei.  Determination of nuclear atypia can 

also be difficult in heavily pigmented lesions.   

Degree of pigmentation itself is often considered prognostic, with cases of oral and 

lip melanomas showing pigmentation in greater than 50% of cells having longer survival 

times (Smedley et al. 2011).  However, accurate diagnosis must first be confirmed for tumors 

lacking any pigmentation.  Junctional activity, defined as the proliferation of nests of 

melanocytes along the dermo-epidermal junction (Smith, Goldschmidt, and McManus 2002), 

can be another diagnostic and prognostic characteristic, especially in amelanotic melanomas.  
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Junctional activity is found in 64.5% of all oral melanomas (Ramos-Vara et al. 2000).  

However, the presence of junctional activity differs with location of the primary tumor.  In 

cutaneous lesions, junctional activity correlates with an increased survival rate, where in 

digital and oral lesions it correlates with decreased survival (Smedley et al. 2011).  Other 

characteristics that are often evaluated have been shown to have no correlation to clinical 

prognosis, including cellular pleomorphism and tissue subtype (Smedley et al. 2011).   

Many recent retrospective studies have discussed the subjectivity, and therefore 

inaccuracy, of prognostic histologic evaluation.  In a study of 122 canine melanocytic 

tumors, mitotic index and location, classical markers of malignancy, were not significantly 

correlated with survival time (Ramos-Vara et al. 2000). Another seminal study on the 

accuracy of prognosis found that only 59% of cases determined to be histologically 

malignant exhibited biological malignancy (metastases or recurrence).  The same study also 

determined that 74% of tumors of “ambiguous location” (feet or lips) were reported 

malignant via histology, but only 38% of these demonstrated malignant behavior (Spangler 

and Kass 2006).  Finally, of the 227 melanocytic skin lesions, predominantly thought to be 

benign, 39% were reported as histologically malignant, with 12% exhibiting malignant 

behavior (Spangler and Kass 2006).  Another review of 278 cases of melanocytic lesions 

arising from the oral cavity, lip, haired skin, and nail bed found that individual histologic 

features, when evaluated alone, could not predict the biological outcome (Schultheiss 2006). 

The ambiguity of some histologic evaluation has brought on the evaluation of other 

marker of malignancy to aid in diagnosis and prognosis of ambiguous tumors (Smedley et al. 

2011). One of the most common prognostic markers is Melan-A, which showed a direct 
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correlation between staining and biologically benign tumor behavior (Koenig et al. 2001).  

Other markers include s100, TRP-1, TRP-2, and PNL-2 (Smedley et al. 2011).  Of these only 

PNL-2 has been shown to have significant differences in expression between benign and 

malignant lesions (Giudice et al. 2010; Ramos-Vara and Miller 2011).   

 

1.2.2 Treatment options  

 Unfortunately, treatment options for aggressive oral melanomas are limited.  Most 

cases of canine malignant melanoma will develop metastatic disease resulting in death within 

eight to 24 months after diagnosis (Modiano, Ritt, and Wojcieszyn 1999).  The most 

common treatment option is surgical excision of the mass.  The extent of surgical margins is 

determined by the location of the tumor and size of the mass.  Oral melanomas often require 

partial mandibulectomy or maxillectomy (Bergman 2007).  Surgical excision encompassing 

wide margins of a primary tumor with no detectable metastatic disease results in a median 

survival time of three to 12 months (Modiano, Ritt, and Wojcieszyn 1999).  More recent 

studies support this survival rate, reporting a stage I oral melanoma treated with surgery and 

radiation as having a mean survival time of 12 to 14 months (Bergman 2007).  However, 

most survival rates are based on the level of primary tumor involvement.  A primary stage I 

oral melanoma rostrally located, without bone involvement or microscopic disease, treated 

with radiation and some form of pre-irradiation surgical procedure carries an average 

survival time of 22 months (Proulx et al. 2003).  For all stage III tumors that time drops to 

only three months.   
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 Radiation therapy also plays a role in treatment when full surgical excision cannot be 

achieved or when metastasis has occurred or is likely.  Most radiation therapy courses consist 

of fractions of three to four gray (Gy) given daily or every other day; however, melanomas 

have been observed to be resistant to smaller fractionations (Smith, Goldschmidt, and 

McManus 2002).  To account for such resistance, larger doses of radiation of four to six Gy 

given weekly for a total dose of 24 to 35 Gy have been used.  This schematic has shown 

complete remission rates of 53 to 69% (Proulx et al. 2003) and partial remission of 25 to 

30% (Bergman and Wolchok 2008).  However, even with initial remission, recurrence of the 

primary tumor or metastasis to distant organs was observed in all studies.  Chemotherapy 

treatments are also often used, although numerous studies have shown significant resistance 

to chemotherapeutic agents.  The most common agents used are carboplatin, which showed 

an overall response rate of 28% (Rassnick, Ruslander, and Cotter 2001), and cisplatin in 

conjunction with piroxicam, which showed an 18% response rate and a median survival time 

of five months (Boria, Murry, and Bennett 2004).  Other traditional chemotherapeutics 

including doxorubicin, dacarbazine (DITC), and melphalan show limited response rates 

(Bergman 2007).    

 The fact that traditional chemotherapies and radiation therapies have been shown to 

be ineffective with more advanced disease suggests that the canonical pathways leading to 

regulated apoptosis within melanoma cells is altered in a way to avoid cell death due to these 

agents (Modiano, Ritt, and Wojcieszyn 1999). This is further supported by investigation into 

the functionality of these pathways in canine oral melanomas (described below).  Additional 

types of therapies including immunogene therapy and xenogenic vaccines have been 
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developed to treat canine oral melanoma, but will not be discussed here (Bergman et al. 

2006; Bergman and Wolchok 2008; von Euler et al. 2008; Bergman 2010; Finocchiaro and 

Glikin 2012; Westberg et al. 2013).  

 

1.3 Molecular pathology of canine melanocytic lesions 
 

There is limited knowledge on the initiation, development, or potential adjuvant 

targets of canine oral melanoma given that the molecular mechanisms related to pathogenesis 

have not been fully elucidated.  There is also very limited molecular knowledge of the other 

canine melanocytic lesions, in particular malignant cutaneous melanoma, which is poorly 

understood and rarely studied.  However, some molecular markers have been identified, 

which play a role in the pathogenesis of canine oral melanoma.  Such markers not only act as 

prognostic makers for aggressive behavior, but also help elucidate the underlying mechanism 

of tumor development.  Some of these proteins include: TP53, PTEN, RB-1, CDKN1A, 

CDKN2A, and VEGF (Modiano, Ritt, and Wojcieszyn 1999; Koenig et al. 2001; Koenig et 

al. 2002).  An extensive study to evaluate the role of canonical tumor suppressors (discussed 

in detail in section 1.10.4) in the development of canine malignant melanoma, found that 

although TP53 mRNA expression was unaltered, TP53 protein expression was decreased in 

30% (n=9/30) of primary cases.  When subcellular location could be determined, it was seen 

that in 78% (n=25/32) of cases TP53 was located in the cytoplasm and not the nucleus 

(Koenig et al. 2002).  This suggests TP53 protein is non-functional and unable to monitor 

and inhibit cell cycle progression when DNA is damaged, causing proliferation of cells with 

aberrant DNA.   
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Similarly CDKN1A, which encodes the tumor suppressor p21/waf1, showed no 

decrease in mRNA expression but protein loss and improper subcellular localization in a 

third of cases (n=9/27).  RB-1 protein showed normal expression and accumulation in the 

nucleus, suggesting it is not key in the pathogenesis of canine oral melanoma (Koenig et al. 

2002).  What was also interesting was that there was no difference between the benign and 

malignant lesions in terms of expression of these tumor suppressors.  Of the tumor 

suppressors surveyed, those with the highest level of dysregulation were PTEN and 

CDKN2A.  CDKN2A, mutated in 50% of all human melanomas, encodes the tumor 

suppressor p16/ink4A.  Loss of expression of p16 product was seen in 72% (n=24/33) of 

cases and when present it was not localized to the nucleus.  PTEN, which inhibits cellular 

proliferation, was decreased in 58% (n=20/34) of samples (Koenig et al. 2002).   

Cell growth and dysregulation are also regulated through master transcription factors, 

especially c-MYC.  Overexpression of c-MYC was seen in highly aggressive canine 

melanoma cells that readily metastasized to the lungs; however, the overepxression was not 

detected in non-metastatic cell lines (Ahern et al. 1993).  However, other key cellular 

proliferation pathways such as the MAPK pathway (discussed in detail in section 1.10.3) 

have shown limited involvement.   One such study assessed levels of c-KIT protein, a 

receptor tyrosine kinase which initiates the MAPK signaling cascade, in canine mucosal 

melanomas and showed decreased expression correlated with decreased survival time 

(Newman et al. 2011).  This suggests that c-KIT production is decreased with malignancy; 

however, neither the molecular circumstances of this process, nor how it is directly involved 

in pathogenesis were assessed.  A more recent assessment of c-KIT and its role in canine oral 
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melanoma showed that although 51% (n=20/39) of cases were positive for c-KIT protein, 

there was no significant difference between c-KIT expression and overall survival.  

Moreover, none of the samples surveyed showed any mutations of c-KIT exon 11, the most 

commonly mutated exon in human melanomas (Murakami et al. 2011).  Other frequently 

mutated genes in the MAPK signally cascade are the three members of the RAS gene family.  

A study to assess the mutational frequency of the RAS family of kinases in canine oral 

melanoma found only 2 of 16 cases were positive for mutation in NRAS exon 1 (Mayr et al. 

2003).  An independent follow up study showed none of 11 tumors screened showed the 

characteristic mutations in any of the three RAS hotspot codons (Richter 2005).  These data 

support the lack of molecular involvement in canine oral melanoma development.  

One of the most common mutations affecting growth pattern in human cutaneous 

melanoma is in BRAF, a key member of the MAPK pathway.  One mutational investigation 

assessed for presence of the BRAF V600E mutation in canine oral melanomas and found 

none of 17 cases evaluated showed the mutation.  However, after growth factor starvation, 

the ERK signaling protein, found downstream of BRAF, was still over-phosphorylated. This 

suggests activation of the MAPK pathway, even in the absence of the BRAF V600E 

mutation, possibly by another activation mutation in BRAF (Shelly et al. 2005).  One study 

assessed the expression of the melanin production enzyme tyrosinase (TRY), which is one 

downstream effector of the MAPK signaling cascade, confirmed that both canine oral 

melanomas and canine non-oral melanocytomas had a higher expression of the TYR gene 

(Phillips 2012).  These results, partnered with the phosphorylative activation of ERK in 

canine oral melanomas, described above, suggest the MAPK pathway is being activated and 



 

15 

that the downstream effectors are contributing to the development of the disease; yet 

previous studies have not yet elucidated the mechanism by which activation is occurring.  A 

main reason for this is that none have evaluated a significantly large population or the 

presence of mutations for the entire pathway within one individual. These studies were also 

limited in that they only assessed the most common activating mutations identified in human 

common cutaneous melanomas, which may not be directly biologically comparable to those 

mechanisms in canine melanoma. 

 

1.4 Previous cytogenetic studies of canine oral melanoma  

 Little is known about the cytogenetic aberrations of canine melanomas as few studies 

have been performed specifically investigating the chromosome aberrations.  In a review of 

chromosome aberrations in three canine oral melanomas, all were show to have different 

abnormal karyotypes.  Hyperdiploidy was seen in two of the three cases, along with centric 

fusions, and many bi-armed chromosomes.  The last case showed only one chromosomal 

abnormality, a fusion between chromosome 1 and 25 (Hörsting et al. 1999).  Another study 

of chromosome aberration in a canine cutaneous melanoma showed hyperdiploidy in 50% of 

the cells, one isochromosome i(12), and again many bi-armed chromosomes (Mayr et al. 

1992).   

 

1.5 Canine as a model of human disease 

There is a great deal of information being acquired on canine melanoma in many 

aspects; however, very few are considered comparative.  The majority of veterinary 
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melanoma research is based purely on clinical perspective and only addresses limited 

comparative aspects.  Similarly, a great deal of research goes into comparative oncology in 

general, but a limited amount is specifically aimed at melanoma.   

Comparative medicine is defined as the parallel studies of human and animal 

populations, for the benefit of both (Baba and Câtoi 2007).  It arose from the identification 

that diseases found in many animal species were similar in terms of development and 

symptoms.   These diseases, including cancer, were then compared according to their 

causative factors between the different animal species and humans.  Comparative studies of 

cancer, or comparative oncology, derived from the acknowledgment that there was much to 

gain in bringing together research efforts from both the basic and veterinary aspects of 

medicine.  Comparative oncology has developed to include two branches of activity: 

spontaneous oncology and experimental oncology.  For the purposes of this document, I will 

only focus on the principles of spontaneous comparative oncology.   

Spontaneous comparative oncology studies aspects of carcinogenesis, epidemiology, 

diagnosis, and treatment of cancer in two or more species (Baba and Câtoi 2007).  In-depth 

scientific research of spontaneous tumors has uncovered numerous conditions in which 

cancer development is common to both humans and animals including: nutrition, age, 

environmental factors, genetic predisposition, and tissue specific factors.  Other common 

properties of the tumors themselves include cellular morphology and molecular and genetic 

characteristics.  The most promising aspect of using canine disease as a model for humans is 

that, unlike mice or other laboratory models, dogs spontaneously develop cancer (Simpson et 

al. 2014).  The problem with most mouse models is that to study cancer, one must first either 
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alter the natural genetic state of the animal to induce the disease or inject cultured cells into a 

new host environment.  This can lead to inapplicable molecular changes and inappropriate 

cellular responses to treatments.  Such studies in rodent models can miss underlying 

interactions of complex gene networks that can be responsible for or contribute to the 

development of cancers.  

Another significant advantage canine models have over rodents is the shared genetics 

of dogs and humans.  Dogs and humans share approximately 650Mb of ancestral DNA 

(Lindblad-Toh et al. 2005), which are not shared with mice (Rowell, McCarthy, and Alvarez 

2011).  Protein sequences within canine coding DNA are also more similar to human 

sequences, suggesting many aspects of human biology, disease processes, and the underlying 

genetic changes are more similar between dogs and humans than mice (Lindblad-Toh et al. 

2005) (Lindblad-Toh et al. 2005; Khanna et al. 2006).  Some of these same underlying 

genetics may also explain why dogs and humans share similar amounts of phenotypic 

diversity.   It has been observed that in humans, certain ethic groups are much more likely to 

develop specific kinds of cancer (Network 2009).  Similarly, specific canine breeds are much 

more predisposed to develop certain cancers (Dobson 2013).  It is possible that the genetics 

responsible for such drastic phenotypic plasticity also enable specific disease processes, 

including cancer development, in a certain cell type.  Dogs also share the same environment 

with humans and are therefore exposed to the same chemicals and elements as humans who 

develop cancer.  This shared environment can be exploited for the benefit of epidemiological 

and toxicological investigations into the causation of tumorigenesis.  
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With specific reference to cancers of the skin; in dogs the incidence of tumor types as 

is follows, with highest incidence first: basal cell carcinomas, squamous cell carcinomas, 

perianal gland tumors, and melanomas (Hauck 2013).  This incidence pattern is similar to 

what has been reported in human skin cancers.  For both species, melanoma is not the most 

frequent of skin neoplasms, but is by far the most malignant.  It has also been observed that 

there is significant overlap in the clinical and histopathological features of mucosal 

melanomas between canines and humans (Simpson et al. 2014).  Both species also have both 

malignant and benign subtypes of melanocytic lesions.  However, unlike canine melanomas 

human benign lesions often evolve into malignant lesions.  Both canine and human mucosal 

melanomas (discussed in detail in section 1.10.3) show infrequent BRAF, NRAS, and c-KIT 

mutations (Simpson et al. 2014).  Yet, both species present with molecular activation of the 

MAPK and AKT signaling pathways.   

 

1.6 Melanocytic lesions in humans 

More than one million cases of skin cancer will be diagnosed in the United States 

each year (WHO 2013).  Approximately 80% of new skin cancers are acanthokaryocytomas, 

previously known as basal cell carcinoma, and 16% are squamous cell carcinomas. 

Malignant melanomas only account for approximately 5% of all human skin tumors, but are 

responsible for 60%-77% of skin cancer-related deaths (Abdulla et al. 2005).  Currently, 

between two and three million non-melanoma skin cancers and 132,000 melanomas are 

diagnosed globally each year (WHO 2014).  According to the American Cancer Society, 

roughly 76,690 new melanomas are diagnosed in the United States each year with over 9,480 
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melanoma related deaths (ACS 2013).  Rates of melanomas vary greatly between ethnic 

groups, with an overall lifetime risk of developing melanoma of ~2% (1 in 50) for 

Caucasians, 0.1% (1 in1,000) for African Americans, and 0.5% (1 in 200) for Hispanics 

(SEER 2010). The trunk (chest and back) is the most common site for melanomas to occur in 

men, with legs being the most common site in women. There are two main categories of 

melanoma; familial melanomas that account for 8-12% of malignant melanomas (Hansson 

2010), and spontaneous melanomas that develop in individuals with no family history of 

malignant melanoma. Spontaneous melanomas have numerous risk factors, including UV-

radiation, presence of dysplastic nevi, and fair skin (Slingluff et al. 2011).  

Spontaneous melanomas are further classified into subtypes based on visual growth 

patterns and environmental conditions.  Growth pattern classifications are spitzoid malignant 

melanomas, lentigo maligna melanoma, nodular melanoma, acral lentiginous melanoma, and 

common cutaneous melanomas also called superficial spreading melanoma, which is further 

divided into chronic sun-exposed and non-chronic sun-exposed (Lange JR, Fecher LA, and 

WH 2008).  The most frequent of these subtypes are common cutaneous melanomas (CCM) 

with an incidence of 20.8 per 100,000 (SEER 2010), which can develop on any epithelial 

surface. These lesions often present with variable pigmentation and histological presentation.  

Approximately 75% of primary lesions occur de novo (Bastian et al. 2003); however they 

can arise from a preexisting melanocytic nevus.  Molecular markers have been identified that 

distinguish nevi from melanomas and a timeline of molecular mutations has been established 

for the progression of these lesions  (discussed in detail in section 1.7).   The second most 

common subtype of melanoma is nodular melanoma, which account for 15% of all 
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melanomas (Langley, Sober, and Fitzpatrick 1998).  These tumors grow rapidly, but often do 

not proceed into the radial growth phase making them less likely to metastasize.  Due to this 

tendency, nodular melanomas can be controlled easily with surgical excision (Clark, Elder, 

and Horn 1986).  

Acral melanomas are much less frequent with an incidence of 0.18 per 100,000 

(SEER 2010), representing about 2% to 10% of all melanomas, and are considerably more 

aggressive than CCM (Bradford et al. 2009).  Acral melanomas are most common melanoma 

among Japanese, African Americans, Latin Americans, and Native Americans, accounting 

for ~50% of all melanomas in African Americans and fewer than 10% melanomas in 

Caucasians (Bastian et al. 2003).  The most common location of melanoma in African 

Americans is the acral surfaces of the feet, with 60% of patients having plantar or subungual 

lesions of the toenail, generally arising from the nail matrix (Langley, Sober, and Fitzpatrick 

1998).  Desmoplastic melanomas are a rare subtype of melanoma that is locally aggressive 

and invades quickly into the surrounding dermal tissues.  Due to the depth of invasion, a high 

rate of local recurrence is common.  Approximately 50% of desmoplastic melanomas 

develop in association with a lentigo maligna melanoma, but no causal link has been found 

between the two subtypes (Langley, Sober, and Fitzpatrick 1998).  Lentigo maligna 

melanomas, also known as melanoma in situ, are considered to be the least common subtype 

of melanoma.  Lesions normally occur on chronically sun-damaged atrophic skin in the 

elderly and grow slowly for 5 to 15 years with less than 50% advancing to an invasive 

malignant stage (Albert, Fewkes, and Sober 1990).  The lesions are usually quite large (3-
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6cm or greater), but do not invade into the dermis and are rarely amelanotic (Smalberger, 

Siegel, and Khachemoune 2008). 

 Another uncommon and the least understood variant of melanoma in humans is 

mucosal melanoma.  Lesions can occur on any mucosal surface, but usually develop on the 

mucosal surfaces of the head and neck (sinonasal and oral cavities), genital, or anorectal 

mucosa.  Mucosal melanomas usually show highly aggressive behavior with poor prognosis 

(Hicks and Flaitz 2000), occuring to a greater extent in Asians and less frequently in 

Caucasians (Guo et al. 2011).  Due to the location of these tumors they are often not 

diagnosed until they have progressed to an advanced stage.  A definitive precursor lesion for 

mucosal melanoma has not yet been identified and there is no unified malignancy 

classification scheme currently in place specifically for mucosal melanomas (Pfister et al. 

2012).  Local recurrence occurs in 43.3% of cases, with an overall survival rate of only 17%.  

In a retrospective study of mucosal melanomas, the 1, 2, 3, and 5-year survival rates were 

53.3%, 40%, 15% and 10%, respectively (McLean, Tighiouart, and Muller 2008).   

About 70% of mucosal melanomas of the head and neck occur in the nasal cavity or 

paranasal sinus region, and about 25% develop in the oral cavity (Bachar et al. 2008).  

Mucosal melanomas of the oral cavity (OMM) represent 0.5% of all oral malignancies and 

0.2-8.0% of all melanomas (Meleti et al. 2007).  Most OMMs arise de novo; however, 

approximately 30% arise from areas of pigmentation within the oral cavity, which can persist 

for several months or even years prior to primary tumor development (Rapini et al. 1985).  

Patients often present with oral bleeding, a smooth or ulcerated pigmented mass, pain, and 

increased mobility of teeth (Tanaka et al. 2004).  There are several histological subtypes of 
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benign melanocytic lesions of the oral mucosa, including mucosal melanosis, which results in 

macular hyperpigmentation.  Nevi usually consist of junctional proliferation of melanocytes 

with or without cytological atypia (Rapini et al. 1985).  

Five subtypes of OMM have been identified based on clinical appearance: pigmented 

nodular type, nonpigmented nodular type, pigmented macular type, pigmented mixed type, 

and nonpigmented mixed type (Tanaka et al. 2004).  Like all mucosal melanomas, OMMs 

are usually discovered, and subsequently biopsied, at an advanced stage, which may 

contribute to the level of heterogeneity in microscopic patterns (Meleti et al. 2008).  

Histologic heterogeneity may also suggest differences in the molecular biology of tumor 

cells.  Prognosis is poor, with a 5-year survival rate of approximately 15% (Meleti et al. 

2007).  In a review of clinical outcome with or without surgical excision, the 5-year survival 

rate was 35.3% in the surgery group, 15.4% in the non-surgery group.  Distant metastasis 

was present in 64.7% (11/17) of the non-surgery group and 76.9% (10/13) of the surgery 

group (Tanaka et al. 2004).  This suggests that while surgical excision of the primary lesion 

doubles the probability of a 5-year survival, it does little to inhibit the spread of the disease.   

As with malignant melanomas, benign melanocytic lesions, or melanocytic nevi, have 

various subtypes: acquired melanocytic nevi, congenital melanocytic nevi, blue nevi, 

dysplastic nevi (or Clark’s nevi), and Spitz nevi.  Each of these subtypes has its own 

diagnostic criteria and carry their own prognosis.  Although reports vary on the percentage of 

melanomas that directly develop from preexisting nevi, it is well established that presence of 

a benign nevi of any type is a risk factor for developing melanoma.   
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Acquired melanocytic nevi are benign proliferations of melanocytes that usually 

appear in early childhood or adolescence (Takata and Saida 2006).  These lesions present 

with even pigmentation and smooth borders and are commonly found on sun-exposed sites. 

They are usually small, typically less than 1cm in circumference (often < 6mm) (LeLeux 

2013).  Congenital melanocyti nevi are lesions present at birth and are classified by their size.  

Small congenital nevi are less than 1.5cm in diameter, medium-sized nevi are between 1.5 

and 20cm, and giant nevi are larger than 20cm in diameter (Tannous et al. 2005).  Giant nevi 

are often surrounded by several smaller satellite nevi (Schwartz 2013).  Occasionally, nevi 

called congenital nevus tardive will develop during the first two years of life that are 

histologically identical to congenital nevi (Clemmensen and Kroon 1988).  Four different 

histological patterns of secondary proliferations found within congenital nevi have been 

described: masses resembling superficial spreading melanomas; masses resembling nodular 

melanomas; masses described as “proliferative neurocristic hamartoma,” in which various 

neural or mesenchymal differentiate cells have invaded deep in the dermis or subcutaneous 

epithelium; and true melanomas (Clark, Elder, and Guerry 1990).    

Dysplastic nevi, also known as Clark’s nevi, are benign lesions with clinically 

atypical features (Takata and Saida 2006) that account for up to 30% of all pigmented lesions 

(Torres-Cabala et al. 2010).  These lesions are acquired and can develop at any location and 

at any time during a person’s lifetime; however, they are most prevalent in patients younger 

than 40 years (Naeyaert and Brochez 2003).  Dysplastic melanocytic nevi present with a 

slightly elevated or papular section surrounded by a smooth or macular region with irregular, 

ill-defined borders, variable tan to dark brown pigmentation, and an erythematous base 
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(Friedman et al. 2009).  The final subtype of benign melanocytic lesions is the Spitz nevi. 

Spitz nevi are small lesions usually seen in children or young adults.  Histologically, they can 

resemble their malignant counterpart, Spitzoid melanomas, which can make diagnosis and 

prognosis difficult (Takata and Saida 2006).   

Gene mutations are also found in benign melanocytic lesions.  BRAF point mutations 

were found to be common in acquired nevi, congenital nevi, and dysplastic nevi (Pollock et 

al. 2002).  This is suggestive that the BRAF-activating SNP is in fact a driving mutation that 

is required for melanoma development in these subtypes. However, melanomas cannot 

develop from these benign BRAF-mutated lesions until a second mutation arises that allows 

for melanocytes to proliferate without undergoing cellular contact inhibition and consequent 

cellular senescence (Takata and Saida 2006).  NRAS mutations have also been seen in 

acquired nevi, congenital nevi, and dysplastic nevi, though at a lower frequency.  Few 

chromosome aberrations are present in benign lesions.  The only two subtypes with reported 

chromosome abnormalities are Spitz nevi, with a copy number gain of HSA 11p, and giant 

congenital nevus, which have been observed with various aberrations (Takata and Saida 

2006).  A more in-depth review of cytogenetic changes in both melanoma and melanocytic 

nevi is discussed in section 1.8.  

 

1.7 Histological diagnostic and prognostic characteristics of human melanomas 

Clinical staging of melanomas is critical to determining treatment and estimating 

biological outcome.  The primary means of diagnosis and prognosis of human melanomas is 

based on the American Joint Committee on Cancers (AJCC) standardized criteria (AJCC 
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2010).  Extensive texts have been assembled on the histopathology associated with diagnosis 

and prognosis of melanomas in humans; reviewed in (Massi and LeBoit 2014).  In summary, 

initial melanoma staging was based on size and thickness of the primary tumor and 

metastases to either the lymph nodes or distant organs, also known as the TMN model.  With 

the advancement of melanoma research and clinical technologies, a revised system of staging 

was developed by the AJCC to include not only size and presence of metastases, but also 

histologic and biological markers; reviewed in (Balch et al. 2009).   

Prognostic markers of malignant melanoma now include: Breslow thickness, 

ulceration, mitotic rate, micro- and macro-metastases, blood serum LDH levels, 

angiotropism, and epithelial tropism (Balch et al. 2009; Bandarchi et al. 2010).  Histologic 

factors associated with an improved prognosis include lesions located on the extremities and 

histologically negative lymph nodes.  Histologic factors associated with a worsened 

prognosis include: increased tumor thickness, deeper level of dermal invasion, increased 

mitotic rate, ulceration, diminished lymphoid response in primary tumor, vascular invasion, 

and polygonal tissue morphology (Bandarchi et al. 2010).  A review of the effectiveness of 

these criteria found substantial reproducibility between pathologists suggesting the validity of 

using a histopathology based classification system.  They found the highest reproducibility in 

Breslow thickness (intraclass correlation coefficient (ICC) p=0.984), mitotic rate (ICC 

p=0.833), and ulceration (kappa statistic=0.823) (Niebling et al. 2013).   

Immunohistochemistry is widely utilized during diagnosis of human melanomas.  The 

three most common antibodies in standard use for melanoma diagnosis are s100, Melan-A, 

and HMB-45 (Kucher et al. 2006).  A study on the specificity and sensitivity of these 
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antigens revealed Melan-A to be the most effective for clinical settings (Jing, Michael, and 

Theoharis 2013).  Although numerous histologic criteria are used in diagnosis, no one single 

characteristic is sufficient to establish a differential diagnosis, much like canine malignant 

melanomas.  Therefore, differentiating between benign pigmented lesions and melanoma 

may be difficult and lead to ambiguity in both diagnosis and prognosis (Shoo, Sagebiel, and 

Kashani-Sabet 2010).  

 

1.8 Molecular cytogenetics in diagnostics and prognostics in human melanomas 

Diagnosis by histopathology alone can lead to misdiagnosis in ambiguous cases, such 

as amelanotic melanomas or differentiating between malignant and benign lesions.  As such, 

the use of unique cytogenetic aberrations as diagnostic markers has been developed to 

increase the accuracy and effectiveness of diagnosis of melanomas in human medicine.   One 

of the very first cytogenetics papers to investigate the role of chromosome aberrations in 

melanomas found that tumors bearing structural abnormalities had significantly shorter 

survival times (Trent et al. 1990).  This began the investigation into what role chromosome 

aberrations may play in the pathogenesis of melanomas, but also into use as a diagnostic tool.  

The use of molecular cytogenetics in melanoma has been thoroughly reviewed (Gerami and 

Busam 2012).  One of the primary uses of cytogenetics is in determination of benign from 

malignant melanocytic lesions.  Comparative genomic hybridization (CGH) analysis revealed 

that 96% of all melanomas have on average seven copy number aberrations, which are absent 

the majority of benign nevi (Bastian et al. 2003).  Congenital nevi have been observed with 

few chromosomal aberrations, when present typically appear as an aneuploidy of an entire 



 

27 

chromosome (Bastian et al. 2002). This is unlike most malignant melanomas, which contain 

aberrations of chromosome fragments or targeted loci.  Exclusion of malignancy based on 

unique aberrations found in benign lesions has also been demonstrated.  For example, copy 

number gain of HSA 11p is only seen in Spitz nevi and is not seen in any other melanoma or 

melanocytic subtype (Bauer and Bastian 2006).  This suggests that identification of 

cytogenetic patterns may be useful as a tool in distinguishing benign from malignant 

melanocytic lesions.   

Cytogenetics has also revealed the genetic heterogeneity within different subtypes of 

melanoma.  A seminal paper investigating whole chromosome aberrations in all histological 

subtypes of melanomas observed that melanomas from different locations and environmental 

factors have distinguishing patterns of chromosome aberrations (Curtin et al. 2005).  This 

was true not only for spontaneous melanomas, but also those that developed from preexisting 

benign lesions.  When melanomas did arise from such benign lesions, such as congenital 

nevi, they showed aberrations found in no other subtype (Bastian et al. 2002).  The diversity 

in chromosomal aberrations within subtypes of melanomas indicates that the underlying 

genetic causation of each subtype may differ and therefore therapeutic targets may differ as 

well (Bauer and Bastian 2006).  

Such differences have allowed for diagnostic tests to be developed to distinguish 

melanocytic lesions for clinical benefit.  The first study to do so used an identified set of 

regions on HSA 6p25 (RREB1), 6q23 (MYB), 11q13 (CCDN1), and the centromeric region 

of HSA6.  Using fluorescent in situ hybridization (FISH), they found a high level of 

sensitivity (87%) and specificity (95%) in diagnosis of malignant melanoma (Gerami, Jewell, 
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and Morrison 2009).  A later study of 22 melanocytic lesions, including 12 histologically 

ambiguous cases, used a set of four fluorescent probes at HSA 6p25, 6q23, 11q13, and 

centromeric region of HSA6 to distinguish malignant from benign lesions.  They found only 

60% sensitivity and 50% specificity in correlating FISH results to clinical behavior (Gaiser et 

al. 2010).  A review of studies using the same set of FISH probes showed varying levels of 

sensitivity and specificity, suggesting the need for identification of appropriate tumor 

candidates to be evaluated and rigid standards on marking FISH results (Song et al. 2011).   

Cytogenetics can also help determine amelanotic melanomas from other non-

melanocytic skin cancers, such as clear cell sarcomas (Blokx, van Dijk, and Ruiter 2010).  

This is especially true in cases where an unequivocal diagnosis could not be determined by 

either traditional histology or immunohistochemistry.  Melanocytic lesions in which such 

diagnostic difficulties are common include: Spitz nevi; recurrent melanocytic nevi; lesions of 

acral, genital, or mammary origin; lesions located on highly irritated surfaces of the skin; and 

proliferative nodules of congenital nevi (Bauer and Bastian 2006).  Inappropriate diagnosis 

can impede proper patient care in terms of prognosis and treatment regimes.  A review of two 

cases where CGH was able to provide additional clinically relevant diagnostic information to 

histologically ambiguous cases prove that cytogenetics has a place beyond basic 

epidemiological research (Bauer and Bastian 2006).   

The classic uses of cytogenetic studies are for the identification of target loci for 

understanding the development of tumors and identify novel targetable genes (Bauer and 

Bastian 2006).  Numerous regions and loci of interest have been identified using whole 

genome and targeted copy number studies (Matsuta et al. 1997; Curtin et al. 2005; Bauer and 
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Bastian 2006; Moore et al. 2008).   This can help determine activated oncogenes within 

particular cancer or cancer subtype, which can then be targeted for therapeutic drug 

development.  Finally, cytogenetics can reveal what is different about various subtypes of 

melanocytic lesions, but also what they have in common.  Such similarities may be 

suggestive of an underlying mechanism of tumor development that is essential for 

melanocyte transformation.  One such aberration that has been found in all melanocytic 

lesions is a copy number gain of 11q13 (CCND1) (Bastian et al. 2003).  Such amplifications 

can lead to increased expression of the functional protein (Sauter et al. 2002; Spivey et al. 

2012).  Gene dysregulations, caused by gene amplification, can have important biological 

effects on tumorigenesis and, when inhibited, can lead to tumor reduction or even ablation.   

 

1.9 Molecular and genetic dysregulation in human mucosal melanomas 

 Much of what is known about mucosal melanomas was discovered as part of large 

comparative studies to other more common subtypes of melanomas.  As such, little is known 

about the underlying genetic and cytogenomic changes that occur in human mucosal 

melanomas.  One of the first papers to investigate the genetics changes that accompany 

different subtypes of melanoma found that mucosal melanomas shared few genetic 

aberrations with the most common UV-induced cutaneous melanomas (Curtin et al. 2005).  

Other studies have shown that many of the underlying mutations found in cutaneous 

melanomas, often single point mutations in cellular growth-related genes, such as BRAF and 

NRAS, are not or rarely present in the mucosal subtype (Wong et al. 2005; Buery et al. 2011; 

Furney et al. 2013).  A study investigating protein expression of oncogenes in oral mucosal 
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melanomas found CCND1 expression in greater than 30% of cells in 60% of cases, and no 

overexpression of CDK4 in any oral mucosal melanoma cases (Hsieh et al. 2013).  The same 

study also found a complete loss of p16 protein in 50% of cases and a loss of phosphorylated 

RB-1 in 70% of cases.  However, these alterations within the CDKN2A and MAPK pathway 

were found in disparate points within the tumor population, suggesting no one essential 

mutation within the cohort.  

 Alterations to other canonical pathways have also been studied in mucosal 

melanomas.  An early study into the role of tumor suppressors in mucosal melanomas found 

a correlation of loss of protein expression of p53, RB-1, and p16 with tumor aggression 

(Tanaka et al. 2001).  A later investigation into the expression cell cycle regulators, p16, p27, 

p21, and CCND1 via immunohistochemistry found mucosal nevi had high expression of p16 

and p27, with little to no expression of p21 or CCND1.  Expression in oral melanomas was 

inverse to that of nevi, with moderate expression of p21 and CCND1 and low to no 

expression of p16 and p27 (de Andrade et al. 2012).  Another study further investigated the 

role of tumor suppressors p16, p53, and bcl-2, in mucosal melanomas of the head and neck. 

Expression of p16, p53, and bcl-2 proteins was observed in 25%, 21%, and 74% of tumors, 

respectively.  Expression levels were then correlated with biological aggression; expression 

of bcl-2 was associated with better survival, loss of p16 was seen with tumor progression, 

and aberrant p53 expression was frequent in undifferentiated tumor cells.  However, 

expression of these markers did not correlate with necrosis, vascular, or deep tissue invasion 

(Prasad et al. 2012).  Together, these studies suggest a likely role of loss of expression of 
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tumor suppressors, such as p16, RB-1, and p53, in the initial tumorigenesis of mucosal 

melanomas.   

 One of the most well-characterized set of mutations in mucosal melanomas are point 

mutations found in the c-KIT gene sequence; reviewed by Blokx and colleauges.  They found 

that out of nine studies, c-KIT was mutated in 15-22% of mucosal melanomas.  This 

percentage was higher than in both UV damaged and non-UV damaged cutaneous 

melanomas.  They also found that the c-KIT containing region of HSA chromosomes 4, 

4q12-13, had a copy number amplification in mucosal melanomas (Blokx, van Dijk, and 

Ruiter 2010).  A more recent study found c-KIT mutations in 7-35% of mucosal melanomas 

based on location (Omholt et al. 2011).  They also showed c-KIT transcript amplification in 

19% of cases, which correlated with c-KIT mutation status (p < 0.001).  They also found 

overexpression of p-ERK and p-AKT, markers of activation of the MAPK and PI3K/AKT 

pathways, respectively.  However, pathway activation was not correlated with c-KIT, RAS, or 

BRAF mutation, suggesting an alternate mechanism of activation (Omholt et al. 2011).  An 

investigation into c-KIT protein expression with mutation status found high levels of c-KIT 

expression in most cases and missense mutations in 22% of cases; however, mutations status 

was associated with increased protein expression in only two cases (Rivera et al. 2008).   

 A study of how c-KIT activation in mucosal melanomas compares to those of other 

subtypes found that mucosal melanomas were the second most common subtype to carry a  

c-KIT mutation, with the most common being acral melanomas.  Almost all the c-KIT 

mutations observed were predicted to be sensitive to c-KIT kinase inhibitory drugs.  The 

same study also reviewed NRAS and BRAF mutations and found mutations present in 25% 
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and 0% of mucosal melanomas respectively, and saw there was no overlap with the presence 

of a c-KIT mutation.  Targeted copy number aberrations for the c-KIT loci were investigated 

and saw increased c-KIT copy number in 26.3% of mucosal melanomas.  Interestingly it was 

also found that CD117 expression, the protein encoded by c-KIT, did not correlate with either 

c-KIT mutation status or c-KIT copy number (Beadling et al. 2008). 

 Unique patterns of chromosome aberrations, as well as targeted gene mutations, have 

been observed in different tumor types.  CGH analysis of 14 nasopharyngeal mucosal 

melanomas showed copy number gains of HSA 1q, 6p, and 8q (van Dijk et al. 2003).  A later 

study recapitulated the finding from the earlier study, but also identified other regions of 

recurrent copy number aberrations in mucosal melanomas including amplification of HSA 

11q13, 4q12, and 12q14, which contain CCND1, C-KIT, and CDK4 respectively (Curtin et 

al. 2005).  Such targeted loci amplifications are suggestive that these genes may be involved 

in the pathogenesis of mucosal melanomas.   

 

1.10 Molecular pathways in cancer and melanoma development 

Like the histological classifications, the molecular pathways that are involved in the 

development of melanomas are complex and differ greatly with location and cellular 

phenotype.  The most common form of melanoma, common cutaneous melanoma (CCM), 

has the most well-understood molecular pathway involvement.  Numerous mutations within 

several cellular pathways have been linked to the initiation and progression of melanocytic 

lesions, leading to the development of targeted therapeutics.  Numerous extensive reviews 

have been compiled on the molecular changes during melanoma development (Curtin et al. 
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2005; Curtin et al. 2006; Bandarchi et al. 2010; Blokx, van Dijk, and Ruiter 2010; Bandarchi 

et al. 2013). A brief summary of the involvement of particular cellular pathways is presented 

below.   

 

1.10.1 Cell cycle regulation  

Cell cycle progression is carefully regulated by a group of proteins called cyclin-

dependent kinases (CDK) and their regulatory-binding partners, known as cell cyclins.  Not 

only are these proteins responsible for initiating cell division, but also halting cell cycle in 

response to DNA damage and to allow time for repair of DNA damage or defects in the 

mitotic structure.  There are two groups of catalytic subunits, which are phylogenetically 

distinct from each other (Matsushime et al. 1992).  CDK1 and CDK2, which are responsible 

for the G1 to S phase and S to M phase transitions of the cell cycle, are members of the 

canonical CDK family.  CDK4 and CDK6, which are key in the G0 to G1 transition are 

considered atypical CDKs.  Each group has its own specificity for binding partners, which 

helps tightly regulate activation and cell progression.  In normal cell proliferation, 

extracellular cues, such as growth factors, stimulate expression of cyclins that initiate cellular 

division.  However, when the regulation of cyclin expression or CDK activation is altered, 

cells can spontaneously proliferate or divide with insufficient genomic integrity or stability 

(Musgrove et al. 2011).  

One of the first discovered and most well-studied of the cyclins is Cyclin-D1 

(CCND1).  The primary function of CCND1, as well as all of the D-type cyclins, is to 

promote cell proliferation (Malumbres and Barbacid 2009).  This function is mediated 
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through the binding of CCND1 to its catalytic partners CDK4 and CDK6 that activates the 

catalytic subunit of CDK4 and CDK6, which in turn phosphorylates cell cycle inhibitor RB-1 

(Weinberg 1995).  RB-1 phosphorylation promotes E2F transcription factor to begin the 

DNA replication process of cell division (Chen, Tsai, and Leone 2009).  CCND1-CDK4 

binding has other catalytic cellular functions including proliferation and differentiation of 

specific cell types via transcription factors like SMAD3, GATA4, and members of the 

RUNX and MEF2 gene families (Musgrove et al. 2011).  CCND1-CDK4 activation has also 

been shown to regulate BRCA-1, which helps in DNA damage repair to maintain genomic 

stability (Kehn et al. 2007).  CDK4 and CDK6 have also been shown to have catalytic 

function in cell mobility, cell adhesion, and cytoskeletal remodeling (Zhong et al. 2010).  

Cells with decreased or no expression of CCND1 have shown reduced migration ability; 

however, this is dependent on the ability of CCDN1 to activate CDK4 and CDK6 (Musgrove 

et al. 2011).  Therefore, an overexpression or inappropriate activation of the CCDN1-

CDK4/6 complex can not only lead to increased cell proliferation, replication of cells with 

aberrant DNA, but also increase cellular motility allowing for metastasis of tumor cells 

(Vizkeleti et al. 2012).   

CDK4 and its regulatory substrate, CCND1, have been shown to be dysregulated in 

melanoma cells (Wolfel et al. 1995; Vizkeleti et al. 2012).  One common way in which this 

complex is activated is through targeted gene amplification of the gene regions or gene 

products.  This is most commonly seen in acral melanomas (Curtin et al. 2005).  Such 

amplification are found not only in malignant acral melanomas (Bastian et al. 2000), but also 

in very early lesions (Ishihara et al. 2006).  This, like BRAF mutations found in benign 
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lesions, is suggestive that amplifications might be an initiating mutation in the development 

of this melanoma subtype.   

 

1.10.2 Mitotic regulation 

 After the cell cycle has been initiated and DNA has been replicated, chromosomes 

must be paired and separated.  This task is highly complex and is regulated through a series 

of kinase proteins.  The function of these proteins has been thoroughly; reviewed by both 

Bayliss and colleagues (Bayliss et al. 2012) and Hoi Tang and Poon (Hoi Tang and Poon 

2011).  In summary, the main regulatory event is phosphorylation that peaks at specific times 

and locations during mitosis.  Phosphorylation then alters the cell’s shape, intracellular 

structure, protein interaction, and biochemistry.  These changes allow for duplicated 

chromosomes to be segregated, a function carried out by mitotic spindles regulated through 

microtubules and protein attachments (Bayliss et al. 2012).  The fidelity of chromosome 

segregation is ensured by spindle assembly checkpoints (SACs).  Mitotic events require 

precise coordination, which involves large numbers of proteins and accurate activation of 

each protein through phosphorylation.  Phosphorylation events are regulated through several 

families of protein kinases each with their own unique function including Auroras, cyclin-

dependent kinases (CDKs), polo-like kinases (PLKs), NEKs, and Mps1/TTK as seen in 

Figure 1.1.  Each of these kinases is briefly reviewed below.  

 The cyclin-dependent kinases have been described above for their role in cell cycle 

initiation and DNA replication.  However, a different set of CDKs and their regulators, cell 

cyclins, are involved in mitotic division.  The main CDK involved in mitotic regulation is 
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CDK1, which is at its highest level of activation during mitosis by the binding of CCNB1.  

Levels and location of CCNB1 fluctuate during the cell cycle, with levels of CDK1 

remaining relatively stable within the nucleus (Hoi Tang and Poon 2011).  CCNB1 is 

primarily located within the cytoplasm during interphase and then translocates to the nucleus 

during mitotic entry.  

 

 
Figure 1.1 Kinase pathway involved in mitotic initiation. Schematic of protein 
interactions involved in mitotic initiation.  Adapted from Tang and Poon, 2011.   
 

 CDK1/CCNB1 complex activation initiates cellular mitosis through regulating 

chromosome condensation, nuclear envelope breakdown, and spindle formation and 

assembly (Enserink and Kolodner 2010).  CDK1 is activated though the dephosporylation of 

Thr14 and Tyr15 by phosphatase Cdc25 (Takizawa and Morgan 2000).  CDK1 also activated 

another of the mitotic kinases, PLK1, which will be discussed in more detail later.  PLK1 and 

CKD1 are part of an activation feedback loop involving MYT1 and WEE1, inhibitors of 
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mitosis (Hoi Tang and Poon 2011).  CDK1 is inhibited by the presence of MYT1 and WEE1; 

however, both of these can too be inhibited by expression of PLK1 allowing for the 

activation of CKD1.  During anaphase, CCNB1 is ubiquitinated by the anaphase-promoting 

complex/cyclosome (APC/C) and marked for destruction allowing for mitotic exit (Bayliss et 

al. 2012). 

 PLK1 is a kinase that functions primarily to control centromere maturation, spindle 

attachment, chromosome segregation, and cytokinesis (Hoi Tang and Poon 2011).  Like 

cyclins, PLK1 levels vary during the cell cycle.  Expression of PLK1 is highest in late G2, 

where it functions in the regulation of CDK1/CCNB1 activity (Bayliss et al. 2012) as 

mentioned above.  The localization of PLK1 is also a key regulator of its function.  As it 

phosphorylates its targets directly, PLK1 must be co-localized with both structural and 

protein targets.  During mitosis, PLK1 is located at the centrosome during prophase and 

metaphase and then dissociates during cell separation; however, a fraction does remain at the 

spindle-binding site during anaphase. Phosphorylation of PLK1, and subsequent activity, is 

highest between metaphase and anaphase. PLK1 is activated through phosphorylation by 

upstream kinase Aurora-A (Archambault and Carmena 2012).   

 The Aurora kinases (AURKA and AURKB) each have their own distinct function 

during mitosis.  AURKA associates with the centrosome and function to help regulate entry 

into mitosis, centrosome maturation, mitotic spindle assembly, and activation of microtubule-

associated proteins such as TACC3 (Bayliss et al. 2012).  Activation of AURKA requires the 

binding of several cofactors, which causes autophosphorylation of the proteins (Hoi Tang 

and Poon 2011).  AURKB is part of the chromosome passenger complex and functions in the 
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chromosome-microtubule interaction, sister chromatid cohesion, and cytokinesis (Hoi Tang 

and Poon 2011).  AURKB is also a key member of the spindle assembly checkpoint, which 

helps control irregular chromosome division into daughter cells (Bayliss et al. 2012).   

TTK kinase (also known as monopolar spindle 1, MPS1) is an essential component of 

the spindle assembly checkpoint and is required for normal segregation of chromosomes 

during mitosis (Hoi Tang and Poon 2011).  TTK regulates the duplication of the spindle pole 

body, which is a functional equivalent of the centrosome (Liu and Winey 2012).  TTK is 

required for proper chromosome alignment and segregation (Bayliss et al. 2012).  Due to its 

function in chromosome segregation, it has been shown that high levels of TTK contribute to 

the ability of cells to tolerate aneuploidy and chromosomal structural aberrations (Daniel et 

al. 2011).  This may be due to the fact that TTK also functions to recruit other members of 

the spindle assembly checkpoint complex including MAD1, MAD2, BUB1, BUBR1, and 

BUB3 (Bayliss et al. 2012).    

 The dysregulation of each member of the mitotic kinase pathway can lead to irregular 

cell divisions, as mentioned in the case of TTK.  PLK1 activity can act toward the bypass of 

the DNA damage checkpoint, as it has been shown to regulate p53 protein stability thorough 

its phosphorylation of the TOPORS region, leading to p53 degradation (Hoi Tang and Poon 

2011).  Therefore, an overexpression of PLK1 could lead to a decreased in p53 activity.  

Aurora kinases have been shown to be overexpressed in numerous cancer types (Li and Li 

2006) and correlated with chromosomal instability and clinically aggressive disease 

(Katayama, Brinkley, and Sen 2003). Aurora B has been shown to be highly expressed in 

metastatic melanoma cells, independent of BRAF mutation (Bonet et al. 2012).  As each of 
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these has been shown to be dysregulated in different types of cancer, targeted drugs have 

been developed to be used as therapeutic treatments in the clinic, which is reviewed by 

Schmidt and Bastian (Schmidt and Bastians 2007).   

 

1.10.3 Cellular growth and differentiation 

 The mitogen-activated protein kinase (MAPK) signaling pathways have been shown 

to play a key role in the transduction of extracellular signals to cellular responses including 

proliferation, differentiation, and transformation.  There are three main MAPK pathways; 

extracellular signal-regulated kinase (ERK), Jun kinase (JNK/SAPK) and p38 MAPK (Kim 

and Choi 2010).  Each pathway contains at least three enzymes a MAPK kinase kinase, a 

MAPK kinase, and a MAP kinase.  Here I will focus on the ERK pathway as seen in Figure 

1.2.  

The Raf-MEK-ERK kinase pathway represents one of the most well-characterized 

MAPK signaling pathways.  The pathway starts with the signaling activation of a tyrosine 

kinase receptor (RTK), including EGFR, FGFR, PDGFR, and SCFGR.  The V-kit Hardy-

Zuckerman 4 feline sarcoma viral oncogene homolog (c-KIT), which codes for the RTK 

mast/stem cell growth factor receptor (SCGFR), also known as CD117, has been established 

as essential for proper normal melanocyte development and migration (Giebel and Spritz 

1990; Uong and Zon 2010; Sommer 2011; O’Reilly-Pol and Johnson 2013).  However, the 

role of c-KIT in malignant transformation and melanogenesis is not as clearly understood.  

Early studies in human cutaneous melanoma cell lines expressing c-KIT mRNA showed c-

KIT was not constitutively activated and c-KIT ligand did not induce a cellular response or 
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proliferation (Funasaka et al. 1992).  However, many more recent studies have shown that 

over-activation of c-KIT is essential to development of acral and mucosal melanomas, but is 

less common in UV-induced cutaneous melanomas (Curtin et al. 2005; Curtin et al. 2006) 

(Beadling et al. 2008; Uong and Zon 2010), suggesting the involvement of this gene is 

dependent on the location of the primary tumor development.   

Regardless of which RTK is involved at the initiation of the MAPK pathway, 

phosphorylation of the tyrosine residues leads to binding of an intermediary docking protein, 

such as GRB2, at an SH2 domain.  This docking then binds to a guanine nucleotide exchange 

factor (GEF), such as SOS, by way of the two SH3 domains located on the docking protein 

(Schulze et al, 2005).  Activation of the GEF catalyzes the removal of a GDP from a member 

of the RAS subfamily (most notably N-RAS or K-RAS), allowing the Ras member to bind 

GTP and become activated (Zarich et al. 2006). An activated RAS protein begins the start of 

kinase phosphorylation cascade.  RAS phosphorylates a serine/threonine-selective protein 

kinase from the Raf kinase family (most notably BRAF) (Avruch J 2001).  The Raf kinase 

will then phosphorylate either MEK1 or MEK2, MAPK kinases.  These then phosphorylate 

the final member of the cascade – a MAP kinase, either ERK1 or ERK2.  Finally, 

phosphorylated ERK will translocate to the nucleus and activate different transcription 

factors, including ELK-1, Sap-1a, Ets1, c-MYC, Tal, and FOXO3A (Seger and Krebs 1995; 

Satzger et al. 2008; Kim and Choi 2010; Cargnello and Roux 2011).  By altering the levels 

and activities of transcription factors, MAPK leads to altered transcription of genes that are 

important for proliferation, differentiation, migration, and cell cycle progression (McCubrey 

et al. 2007).  
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Within common cutaneous melanomas (CCM), the most critical mutation is an 

activating mutation to the tyrosine kinase v-Raf murine sarcoma viral oncogene homolog B1 

(BRAF), which affects cellular growth.  This mutation is found in 65% of all CCM and the 

most frequent mutation is a single nucleotide polymorphism (SNP) that causes an amino acid 

shift from a valine to a glutamate at codon 600. This V600E mutation accounts for 95% of all 

BRAF mutations (Davies et al. 2002).  The shift from valine to glutamate transforms the 

conformation of the BRAF protein into one that mimics the phosphorylated active state.  This 

in turn causes constitutive activation of the BRAF kinase and the ERK-MAPK signaling 

cascade.  The BRAF activation has been shown to be an essential early mutation during 

tumorigenesis, often found in benign precursor melanocytic lesions.    

 Other members of this cascade can also be mutated to have constitutive activation of 

their kinase activity, including N-RAS, which is activated in 20% of both CMM and mucosal 

melanomas (Curtin et al. 2005; Wong et al. 2005).  The majority of mutations within the N-

RAS gene are missense mutations that introduce an amino acid substitution at positions 12, 

13, or 61 (Ball et al, 1994).  Activating mutations of both N-RAS and BRAF have been found 

in both precursor melanocytic nevi and malignant melanomas (Bandarchi et al. 2010), 

suggesting their role and initiating mutations.  Upstream mutations within this pathway can 

also occur.  Mutations to c-KIT have been seen in both acral and mucosal subtypes of 

melanoma, 20% and 15% respectively (Beadling et al. 2008), tumor types that usually 

possess wild type sequence for both NRAS and BRAF.  An activating mutation within exon 

11 of the juxtamembrane domain of c-KIT results in an amino acid substitution at position 

559 in c-KIT, from a valine (V) to an alanine (A).  This results in the increased kinase 
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activity of c-KIT via autophosphorylation without ligand binding (Growney et al. 2005).  The 

tumorigenic cellular response caused by such activations have long latency periods due to 

their ability to cause cellular senescence in vivo, which is why alone such mutations are not 

sufficient to cause malignant transformation (Swick and Maize 2012).  The tumors must 

accumulate additional genetic mutations that can overcome cellular senescence for tumor 

progression to occur.  

Figure 1.2 Schematic of the MAP-Kinase pathway. Schematic of the MAP-Kinase 
pathway involved in tumorigenesis and melanoma development, adapted from (Inamdar, 
Madhunapantula, and Robertson 2010).  
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Another way tumors can activate the MAPK pathway is through copy number 

aberrations, leading to increased gene dosage. CMM have been shown to have increased 

copy number of the 7q region, the chromosome region containing the BRAF gene sequence 

(Bastian et al. 2003).  Increased copy number of c-KIT is seen in 30% of acral and 25% of 

mucosal melanomas, but was less common (5%) among cutaneous melanomas.  However, 

this did not correlate with CD117 expression (Beadling et al. 2008).   

An additional mechanism that is dysregulated during melanogenesis is the interaction 

between mature melanocytes and the surrounding keratinocytes.  As mentioned previously, 

normal melanocytes interact with keratinocytes through E-cadherin, normally expressed in 

epithelial cells (Uong and Zon 2010).  Melanoma development is marked by the loss of 

proper E-cadherin function and by the appearance of melanoma cell adhesion molecules.  

Loss of function of E-cadherin is thought to contribute to progression in cancer by increasing 

proliferation, invasion, and/or metastasis (Han et al. 2013).  The loss of the E-cadherin 

attachments in normal melanocytes are then replaced by N-cadherin bridges, expressed in 

neuronally derived cells, between melanoma cells (Uong and Zon 2010).  This marks a 

regression of the melanocyte from a mature differentiated epithelia cell to a state in which it 

regains dedifferentiated neuronal like characteristics of melanocytic precursors.  

 

1.10.4 Tumor suppressors 

 The most common secondary mutations in CMM are a functional loss of TP53, 

PTEN, or CDKN2A, which encodes the tumor suppressor proteins (Swick and Maize 2012). 
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Tumor suppressors are proteins that inhibit or prevent cell cycle progression, proliferation, 

and lead to apoptosis.  TP53 is a small DNA binding protein that helps maintain DNA 

integrity and promotes apoptosis in cells with DNA damage.  TP53 functions by modulating 

cell cycle arrest, apoptosis, senescence, DNA repair, or changes in metabolism by regulating 

the expression of target genes.  TP53 targets include RB-1, BAX, FAS, CCNG1, and 

CDKN1A (Menendez, Inga, and Resnick 2009; Freeman and Espinosa 2012).  Point 

mutations caused by UV-damage often inactivates TP53 activity, leading to unchecked 

replication of mutated DNA.  In cases of human melanoma with mutated DNA, TP53 will 

accumulate in the cytoplasm, unable to enter the nucleus (Stretch et al. 1991; Lassam, From, 

and Kahn 1993; Kanoko et al. 1996).   

 One molecular target of TP53 is CDKN1A, which encodes p21/waf1 protein (Li et al. 

1994).  The protein p21/waf1 is a member of proteins called the cyclin-dependent kinase 

inhibitors (CDKI), and is considered a universal CDKI, as it can inhibit any of the cyclin-

dependent kinases responsible for progression through any stage of the cell cycle (Xiong et 

al. 1993).  Expression of p21/waf1 inhibitor is regulated by TP53 activity.  In cells with 

damaged DNA, TP53 becomes activated, which leads to the expression of p21/waf1 to halt 

the cell cycle until the DNA can be repaired (Macleod et al. 1995).  Another member of this 

family of proteins is p16/ink4a, which is encoded by the gene CDKN2A.  The protein 

p16/ink4a is more specific in that it only inhibits CDK4 and CDK6, proteins essential to the 

G1/S phase transition (Wolfel et al. 1995; Serrano 1997).  Loss of either p21/waf1 or 

p16/ink4a can lead to uncontrolled cellular proliferation due to unchecked cell cycle 

progression.  Germline mutations of CDKN2A are seen in 25% of familial melanomas 
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(Satyamoorthy and Herlyn 2003), but are infrequent in sporadic melanomas (Fujimoto et al. 

1999).  Mutations of this locus are most common in highly aggressive tumors or melanoma 

metastases (Maelandsmo et al. 1996).  

Another key tumor suppressor that is often mutated in melanoma and other cancers is 

phosphatase and tensin homologue deleted in from chromosome ten, PTEN.  PTEN has two 

major biological abilities as a lipid and protein phosphatase.  The lipid phosphatase ability of 

PTEN functions in the cell to inhibit AKT activation via PI3K and stimulating apoptotic 

signals (Wu, Goel, and Haluska 2003).  PI3K is a downstream effector of RAS, independent 

of the canonical MAPK signaling cascade, and triggers a second pathway that also ends in 

cyclin-D activation and cell proliferation (Swick and Maize 2012).  PTEN also functions as a 

protein phosphatase to inhibit focal adhesion, cell spreading and migration, and MAPK 

pathway signaling.  A recent study investigated alternate functions of PTEN and found that 

disruption of normal PTEN function leads to extensive centromere breakage and 

chromosomal translocations (Shen et al. 2007).  They observed that PTEN localized at 

centromeres and co-localized with CENP-C, an integral component of the kinetochore. 

PTEN with mutations of the C-terminal were seen to no longer associate with centromeres 

and cause centromeric instability.  Furthermore, cells lacking any PTEN expression exhibited 

spontaneous DNA double-strand breaks (Shen et al. 2007).   

Mutations of PTEN are observed in 40-50% (Mishra et al. 2010) of melanomas often 

with increased levels of invasion (Takata and Saida 2006), which links to the inhibition of the 

protein phosphatase function leading to increased cell spreading.  PTEN has been shown to 

be mutated via loss of heterozygosity of the PTEN locus in 30-50% of melanomas 
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(Robertson et al. 1999; Stahl et al. 2003), by somatic mutation in 10% of melanomas 

(Guldberg et al. 1997; Birck et al. 2000), and loss of protein expression in 20% of 

melanomas (Goel et al. 2006).  Wu and colleauges (Wu, Goel, and Haluska 2003) review a 

full list of reported mutation of PTEN in melanomas.   

 

1.10.5 Drug resistance 

 The ATP-binding cassette (ABC) family of proteins transport numerous molecules 

across the cell membrane.  ABC pumps are located within the plasma membrane on either 

the apical or basolateral surface of polarized cells and transport of molecules occurs in an 

ATP-dependent manner (Schinkel and Jonker 2003).  There are three major sub-families of 

ABC proteins based on their biochemical structures.  Members of the ABC protein family 

have been indicated in many disease processes as well as being identified as a major 

mechanism of resistance to chemotoxic agents (Bandarchi et al. 2013).  ABC proteins have 

also been indicated in the progression and aggressive nature of human melanoma (Heimerl et 

al. 2007).  While these proteins have been shown to be integral to the chemoresistance 

pathway of many human cancers, their role in canine cancers has yet to be fully elucidated.   

 ABCB1 gene encodes one of the most studied of these proteins,p-glycoprotein (P-gp), 

also known as multi-drug resistance gene 1 (MDR1).  P-gp is located on the apical surface of 

the plasma membrane, with an intracellular ATP binding site and a heavily glycosylated 

extracellular loop (Hipfner, Deeley, and Cole 1999). P-gp can export a diverse range of 

substrates including numerous chemotherapeutic agents such as doxorubicin and 

mitoxantrone.  However, all of P-gp’s substrates tend to be organic, uncharged, hydrophobic, 
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and amphipathic.  For transport to occur, substrates must first insert into the inner “hemi-

leaflet” structure of the cell membrane.  Only substrates that are amphipathic can insert in 

this fashion, explaining why this property is common to most P-gp substrates.   

P-gp is mainly present in epithelial cells; however, high levels of P-gp expression are 

also found in luminal membranes of endothelial cells (Schinkel 1997).  Studies have shown 

high levels of expression on the apical membranes of the lungs and intestines (Thiebaut et al. 

1987). This can cause faster clearance of drugs, limit the bioavailability of orally 

administered drugs, and obstruct delivery of drugs to important sites of metastasis 

(Sparreboom et al. 1997).  Oral bioavailability is an important parameter for the practical use 

of many drugs, and directed inhibition of P-gp might improve oral bioavailability of P-gp 

substrate drugs (Wacher, Wu, and Benet 1995).  Targeted inhibition of P-gp function may 

also improve effectiveness of chemotherapeutic agents in treating cells that have 

metastasized to distant organs.  Inhibition of P-gp has been extensively investigated with 

promising results (Mayer et al. 1997; Hendrikse et al. 1998; Polli et al. 2001).  The main 

focus of most inhibition is the use of competitive inhibitors that allow highly diffusible drugs 

to enter the cells, and slow the rate of export of the desired drug by P-gp.   

 The ABCC1 gene encodes the first member of the multi-drug resistance protein 

family, multi-resistance protein one (MRP1).  MRP1 acts as a transporter or cotransporter 

with P-gp for numerous drugs (Cole et al. 1992).  Located on the basolateral side of epithelial 

cells, MRP1 exports molecules toward the basolateral membrane boundary (Evers et al. 

1996).  It has both hydrophobic and hydrophilic regions and can effectively export organic 

anions, non-anions, and hydrophobic drugs (Cole et al. 1994; Hooijberg et al. 1999).  
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However, the export of non-anions and hydrophobic drugs is dependent on the supply of 

glucuronic acid (GSH), which binds to these drugs and acts as a conjugated export partner 

(Leier et al. 1994).  Although it is located on the basolateral side, MRP1 has been shown to 

have important pharmacological function.  Knockout mice with a complete loss of function 

of MRP1 were more sensitive to the toxicity of intravenously administered etoposide, a 

chemotherapeutic drug used to treat various cancers (Wijnholds et al. 1997).  Importantly for 

oral melanoma, sensitivity was localized to the oropharyngeal mucosal layer of cells 

(Wijnholds et al. 1998).  This can be partially explained by the natural expression of MRP1 

in these cells, which acts to protect the cells from blood-borne toxins by epithelia that have 

the basolateral membrane facing the blood circulation.  

The last of the major ABC pumps to be discovered was breast cancer resistance 

protein (BCRP), which is encoded by the gene ABCG2.  It was first discovered in a breast 

cancer cell line (Doyle et al. 1998), from which it gets its name, but has been shown to be 

overexpressed in numerous other cancer types.  BCRP is a smaller export protein and has 

been shown to act as a homodimer (Schinkel and Jonker 2003).  When murine Bcrp1, a 

homologue of BCRP, was expressed in polarized canine epithelial cell lines, drug export was 

mediated through the apical surface, indicating that Bcrp1 localizes to the apical membrane 

in polarized cells (Jonker et al. 2000). BCRP can cause resistance to various types of 

chemotherapeutic agents via ATP-hydrolysis (Honjo et al. 2001), such as mitoxantrone.  

Cisplatin, a common chemotherapeutic drug used in canine oral melanoma treatment, is not a 

substrate of BCRP.  Another drug that was first thought to be a substrate of BCRP was 

doxorubicin (Doyle et al. 1998).  However, the first description of doxorubicin as being a 
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substrate of BCRP was done using an ABCG2 clone isolated from a cancer cell line.  When 

sequencing of the gene was done it was shown that the clone had an activating point 

mutation, R482T to R482G, which allowed for both mitoxantrone and doxorubicin to be 

exported (Honjo et al. 2001).  Subsequent studies using a wild-type (WT) clone of ABCG2, 

showed that doxorubicin is not a substrate for WT BCRP (Honjo et al. 2001).  Another 

mechanism of over-activation of this gene product in cancers is through targeted 

amplification of the gene loci (Allen et al. 1999). 

 

1.11 Thesis outline  

Canine oral melanoma (COM) represents a significant clinical problem in the 

veterinary medical community due to its aggressive nature and the inefficiency of current 

treatments.  Similarly, mucosal melanoma in human patients, although rare, is highly 

aggressive and carries a high mortality rate.  Currently, there is limited understanding into the 

mechanism of development of mucosal melanomas.  Previous lines of research have 

established that various subtypes of melanomas, based on either location or environmental 

exposure, are different at both the cytogenetic and gene expression levels.   There are also 

limited treatment options, as only the traditional cancer managements are applicable in the 

treatment of mucosal melanomas.  There is also a benefit to using the dog as a model 

organism, in the direct benefits to veterinary patients, but also in translation of research 

finding to human patients as well.   

The first goal of this project was to identify if mucosal melanoma was the same at the 

genetic level in humans and canines, and to identify regions of aberration that may play a 
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role in the development of mucosal melanoma.  Investigation into whole genome cytogenetic 

aberrations present in COM had not been performed previously.  With this data, a profile of 

COM could be established for the purpose of identification of diagnostic loci and molecular 

targets for deeper understanding into the mechanism of disease development.  It would also 

establish the basis of further investigation into mechanisms of dysregulation during mucosal 

melanoma tumorigenesis.  Furthermore, no direct comparison of whole-genome aberrations 

in canine and human mucosal melanomas has been previously performed.  This comparison 

would establish the validity of using the dog as a cytogenetic model for human mucosal 

melanomas.  

The next goal was to investigate functional aspects of mucosal melanoma tumor 

progression.  Previous studies into gene dysregulation in mucosal melanomas have focused 

on genes identified in human cutaneous melanomas.  While many of these genes fall within 

important cancer pathways, there is limited comparative value between mucosal and 

cutaneous melanoma subtypes.  Whole transcriptome analysis of canine oral melanomas, 

which has not been previously performed, was carried out to identify gene expression 

changes that may be involved in tumor development.  Using this approach, we aim to 

identify previously overlooked pathways of tumorigenesis and by better understanding 

mechanism of tumor development, lay the foundation for development of targeted therapies.   

Finally, we wanted to investigate why current therapies are not effective in the 

treatment of canine oral melanoma.  Canine oral melanomas are known to be resistant to 

most chemotherapies.  However, the mechanism of this resistance has yet to be identified.  If 

a particular mechanism of resistance is identified, there is potential for developing protocols 
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to identify patients who will respond to additional therapies.  Identification of specific targets 

also allows for the investigation of directed inhibition therapies to increase the effectiveness 

of treatments in patients.  The aim of this research will be to benefit clinical care of both 

veterinary and human patients from diagnosis to therapeutics.   
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CHAPTER II 

Cytogenetic Characterization of Primary Canine Melanocytic Lesions 
 
This chapter was completed in collaboration with Siddarth Roy under the direction of Dr. 

Alison Motsiger-Reif. Sections 2.3.6, 2.3.7, 2.4.5, and Figure 2.3 were written and completed 

by Siddarth Roy with permission to include here.   

 

2.1 Abstract 

Malignant and benign melanocytic lesions, originating from either the oral mucosa or 

cutaneous epithelium, are common in the general dog population, with approximately 

100,000 diagnoses each year in the US.  Oral melanoma is the most common canine 

neoplasm of the oral cavity and is highly aggressive, while cutaneous melanocytomas occur 

frequently, but rarely develop into a malignant form.  Despite the differential prognosis, it 

has been assumed that melanoma subtypes represent the same disease.  Since little is known 

about the genomic status of these lesions, we used molecular cytogenetic methods to assess 

three subtypes of canine melanocytic lesions. Results of comparative genomic hybridization 

(CGH) analysis indicated highly aberrant copy number status across the tumor genome for 

both of the malignant melanoma subtypes, but with distinct differences between them.  The 

most common aberrations included gain of dog chromosome (CFA) 13 and 17 and loss of 

CFA 22.  Melanocytomas presented with fewer genome wide aberrations and showed a 

recurrent gain of the region CFA 20q15.3-17.  A distinguishing copy number profile, evident 

only in oral melanomas, was a sigmoidal pattern of copy number loss followed immediately 

by a gain around CFA 30q14.  Our results also revealed copy number aberrations of targeted 
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genes when assessed by fluorescence in situ hybridization (FISH).  We propose that canine 

melanomas of the oral mucosa and cutaneous epithelium are discrete, and initiated by 

different molecular pathways.  This finding concurs with the results of studies of human 

melanomas, in which unique CGH profiles associate with environmental factors and 

pathways of tumorigenesis.   
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2.2 Introduction  

Melanocytes are highly motile melanin-producing cells, usually found in the basal 

layer of the epidermis.  The primary function of these cells is to protect the nuclei of 

neighboring epithelial cells from UV damage, yet they can also give rise to both benign 

melanocytomas and malignant melanomas.  In dogs, melanomas are the most common tumor 

of the oral cavity, 90% of which are malignant, readily invading into normal tissue and bone, 

with a high metastatic propensity (Ramos-Vara et al. 2000; Koenig et al. 2002; Spangler and 

Kass 2006; Bergman 2007).  Malignant melanomas of the oral cavity are usually aggressive 

and respond poorly to standard chemotherapeutic treatments (Bergman 2007).  Melanomas of 

the cutaneous epithelium are the third most common malignant skin lesion in dogs (Villamil 

et al. 2011) representing 5-11% of all malignant melanomas (Smith, Goldschmidt, and 

McManus 2002).  There is also large debate among veterinary pathologists on the accuracy 

of prognostic criteria for canine malignant melanomas (Withrow 2013).   

 Numerous retrospective studies have revealed varying results correlating survival 

with physical characteristics of the tumor including anatomical site, sex, volume of tumor, 

and histological parameters such as pigmentation and mitotic index (Ramos-Vara et al. 2000; 

Avruch J 2001; Kudnig, Ehrhart, and Withrow 2003; Spangler and Kass 2006).  In a study of 

122 canine melanocytic tumors, mitotic index and location, classical markers of malignancy, 

were not significantly correlated with survival time (Ramos-Vara et al. 2000).  A later study 

of 384 cases of melanocytic tumors found significant correlation of metastasis, mitotic index, 

nuclear atypia, WHO clinical stage, and volume with decreased patient survival (Spangler 

and Kass 2006).  However, the same study also found that only 59% of cases determined to 
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be histologically malignant exhibited biological malignancy (metastases or recurrence).  It 

was also determined that 74% of tumors of “ambiguous location” (feet or lips) were reported 

malignant via histology, but only 38% of these demonstrated malignant behavior.  Finally, of 

the 227 melanocytic skin lesions, predominantly thought to be benign, 39% were reported as 

histologically malignant, with 12% exhibiting malignant behavior (Spangler and Kass 2006).  

This demonstrates the need for more accurate diagnostic and prognostic markers.  

 Cytogenetic studies of human melanomas have revealed that the underlying genetic 

mutations associated with these lesions differ significantly depending on the location of the 

primary tumor (Curtin et al. 2005; Blokx, van Dijk, and Ruiter 2010; Furney et al. 2012).  It 

is now believed these lesions are initiated from and subsequently develop through 

molecularly different pathways, reflecting the variation in therapeutic response (Bastian et al. 

2003; Bauer and Bastian 2006).  Cytogenetic studies also identified specific DNA copy 

number aberrations correlating with tumor malignancy, which have allowed for sensitive 

diagnostic and prognostic assays to be developed (Bauer and Bastian 2006).  Such 

cytogenetic studies have also allowed for the discovery of novel genes and pathways leading 

to targeted therapeutics (Sevastre et al. 2007).  

 Recent developments in the field of molecular veterinary biotechnology have made it 

possible to characterize tumors through genome-wide cytogenetics (Breen 2009).  Genome-

wide studies expedite the discovery of novel mutations and facilitate the development of both 

molecular markers and targeted therapies to obtain better clinical outcome.  Previous 

investigations have identified important cancer-related proteins in the pathogenesis of canine 

oral melanoma (Ritt, Wojcieszyn, and Modiano 1998; Koenig et al. 2002; Bianco et al. 2003; 
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Newman et al. 2011).  In parallel to observations in human studies, it has been hypothesized 

that dysregulation of comparable genes in dogs may be a function of aberrant gene dosage 

and/or functional translocation (Sevastre et al. 2007).  However, no study has investigated 

the role of copy number aberrations in canine melanocytic lesions.  

 We hypothesize canine oral melanomas will show genome-wide cytogenetic changes 

comparable to those of human mucosal melanomas and different from those found in UV-

induced cutaneous melanomas.  We also hypothesize that benign canine cutaneous 

melanocytic lesions will show different cytogenetic changes to those of malignant oral 

melanomas. Therefore, the goal of this study was to characterize cytogenetic changes evident 

in canine melanocytic lesions, using oligonucleotide array comparative genomic 

hybridization array (oaCGH) and multicolor fluorescence in situ hybridization (FISH), and to 

assess the comparative value of these data by consideration of features shared with subtypes 

of human melanomas.  

 

2.3 Materials and Methods 

2.3.1 Clinical Specimens  

Canine oral melanomas and benign melanocytomas were obtained as biopsy 

specimens from patients as part of their routine diagnostic procedure, with informed owner 

consent.  All cases were diagnosed by pathology evaluation of formalin fixed paraffin 

embedded (FFPE) specimens and any histologic evaluation was recorded from initial 

diagnosis report.  Where the diagnostic Hematoxylin and Eosin (H&E) slide was made 

available (56/67 cases), the initial diagnosis was independently confirmed by three board- 



 

78 

certified veterinary pathologists (SM, PL, and LB) and evaluated for percent pigmentation, 

mitotic index, presence of junctional activity, and tissue morphology as previously described 

(Smedley et al. 2011).   Differences in histologic characteristics between melanomas and 

benign melanocytomas were analyzed for statistical significance with a one-tailed Mann-

Whitney U Test.   

The cohort for DNA isolation comprised specimens from 67 individuals.  Of these 53 

were available to the study only as the fixed tissue specimen, 11 were available only as a 

snap frozen tumor punch biopsies, and three were available as both FFPE and snap frozen 

tumor tissue.  The cases used for DNA isolation were as follows: 44 biopsies of primary oral 

melanomas (FFPE (n=32) or fresh frozen (n=12)), five biopsies of cutaneous melanomas 

(FFPE (n=3) and fresh frozen (n=2)) and 18 biopsies of primary cutaneous melanocytoma 

(all FFPE).  All unfixed tumor specimens (punch biopsies) were snap frozen in liquid 

nitrogen at the time of removal and subsequently stored at -80°C.  It was demonstrated that 

punch biopsies were not infiltrated with normal non-neoplastic tissues as a direct comparison 

of copy number profiles from fresh tissue, and the corresponding tumor-enriched FFPE 

sample showed no difference in aberrations (Fig. 2.6).  Detailed descriptions of the 

specimens used in the study are provided in Table 2.1.   

 

2.3.2 Genomic DNA Extraction  

Genomic DNA was extracted from tumor punch biopsies using a DNeasy© Kit 

(according to manufacturer’s recommendations, Qiagen, Germantown, MD, USA) and 
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assessed for quality and quantity by spectrophotometry.  Genomic DNA integrity, assessed 

by agarose gel electrophoresis, indicated little to no degradation.  

Within the cohort of FFPE samples, several contained margins with bordering non-

neoplastic tissues that would ‘contaminate’ the DNA of the tumor cell population.  Areas of 

tissue enriched for tumor and areas of non-neoplastic margin were thus identified and 

indicated on a representative H&E-stained 5µm slide by three veterinary pathologists (SM, 

PL, and LB).  Three adjacent 25µm sections were then obtained from each FFPE specimen 

and the normal/margin tissue was macro-dissected away.  Genomic DNA was extracted from 

the remaining neoplastic regions using a QIAamp DNA FFPE Tissue Kit (according to 

manufacturer’s recommendations, Qiagen, Germantown, MD, USA), and subsequently 

assessed for quality and quantity by spectrophotometry.  Genomic DNA integrity was 

assessed by agarose gel electrophoresis, indicating that while all exhibited some degree of 

degradation, the majority of the DNA was >10kb.   

 

2.3.3 Fluorescence in situ Hybridization (FISH) of archival specimens. 

 In this study, FISH was performed using 5μm FFPE sections of the cases in the 

cohort to detect and quantify hybridization sites of target genomic regions.  Each 5μm FFPE 

section was mounted onto a charged glass slide and incubated at 56˚C for 18 hours in a 

moisture-free slide chamber. Slides were then de-waxed by soaking in fresh xylene for 15 

minutes, dehydrated through an ethanol series, and air-dried.  Slides were incubated for 1 

hour at 37˚C in 60mg/mL collagenase II (Sigma, Saint Louis, MO) in Hank’s Balanced Salt 

Solution (HBSS) (Mediatech, Corning, NY) and then for 45 minutes at 37˚C in Tris-Buffer 
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Saline (Boston BioProducts, Boston, MA) containing 15000unit/mL of Bovine Testicular 

Hyaluronidase (Sigma, Saint Louis, MO).  Slides were rinsed with ultra pure water for 3 

minutes between treatments.  Sections were then treated with an Abbott Paraffin 

Pretreatment Kit II (according to the manufacturer’s recommendation, Abbott Laboratories, 

Abbott Park, IL, USA).  

Tissue slices were assessed by FISH to evaluate the copy number of canine bacterial 

artificial chromosome (BAC) probes designed to represent ten genes, selected to correspond 

to those identified by previous human studies of melanoma: CDKN2A, CDKN1A, PTEN,     

B-RAF, TP53, CCND1, c-MYC, c-KIT, CDK4, and RB-1. The BACs were selected from the 

CHORI-82 (https://bacpac.chori.org/library.php?id=253) library based on their genome 

position indicated for the canine genome build CanFam2 in the UCSC canine genome 

browser (http://genome.ucsc.edu).  To increase the size of the FISH signal for assessment of 

archival specimens, a probe pool was developed for each locus, comprising three overlapping 

BAC clones: a primary clone containing the gene of interest and at least one overlapping 

BAC clone selected on either side. This approach resulted in probe contigs for each locus 

with DNA sequence extending the final probe size to approximately 500Kb. A summary of 

the BAC clones used is shown in Table 2.8.  To verify that each BAC pool had a unique 

cytogenetic location cytogenetic location, all were first hybridized to metaphase preparations 

from six clinically healthy dogs, generated by conventional mitogen stimulation of peripheral 

lymphocytes (Breen, Bullerdiek, and Langford 1999), using multicolor single locus probe 

(SLP) FISH analysis as described previously (Breen et al. 2004).  
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To establish a baseline of expected mean copy number of each probe when 

hybridized to non-neoplastic FFPE samples, each of the ten probes was first enumerated in 

the nuclei of a series of 5µm sections of FFPE specimens of healthy tissue matched controls. 

A minimum of 50 cells was imaged using a BioView Legato system (BioView, Israel) set to 

acquire multiplane images of 19 adjacent focal planes at 0.5µm increments. The mean copy 

number of each probe in >50 nuclei of 5µm sections of FFPE biopsy specimens was then 

obtained using the same process, and normalized to the mean of the corresponding controls.  

Classification of FISH signals as gains or losses was performed as described previously for 

human diagnostics (Gaiser et al. 2010) where the mean must be based on no fewer than 50 

separate cells.  Additionally, aberrant signals must be found in at least 50% of the cell 

population analyzed. 

 

2.3.4 Comparative Genomic Hybridization (CGH) 

Oligo array-CGH (oa-CGH) was performed by co-hybridization of tumor (test) DNA 

and a common reference DNA sample, where the latter comprised an equimolar pool of 

genomic DNA samples from multiple healthy individuals of various breeds.  DNA extracted 

from FFPE samples was slightly degraded, as expected, but this was shown not to have an 

adverse effect on data quality.  DNA was labeled using a SureTag Labeling Kit (Agilent 

Technologies, Santa Clara, CA) with all test samples labeled with Cyanine-3-dCTP and the 

common reference sample labeled with Cyanine-5-dCTP.  Fluorchrome incorporation and 

final probe concentrations were determined using routine spectrophotometric parameters 

with readings taken from a Nanodrop1000.  Fluorescently labeled test and reference samples 
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were co-hybridized to Canine SurePrint G3 180,000 feature CGH arrays (Agilent, AMADID 

025522) for 40 hours at 65°C and 20 rpm, as described previously (Angstadt et al. 2011).  

Arrays were scanned at 3µm using a high-resolution microarray scanner (Agilent, Model 

G2505C) and data extracted using Feature Extraction (v10.9) software.  Scan data were 

assessed for quality by the Quality Metrics report in Agilent’s Feature extraction software 

(v10.5) (Agilent Technologies, Santa Clara, CA, USA) and aligned to the genome position 

indicated for the canine genome build CanFam2 (http://genome.ucsc.edu/cgi-

bin/hgGateway?db=canFam2).  

Copy number data were analyzed with NEXUS Copy Number v7.0 software 

(Biodiscovery Inc., CA, USA). The Log2 data for each probe provided from Feature 

Extraction were centered using diploid regions.  NEXUS generated copy number aberrations 

using a FASST2 Segmentation algorithm with a significance threshold of 5.05-6.  Aberrations 

were defined as a minimum of three consecutive probes with log2 tumor: reference value of 

0.2 to 1.13 (gain), >1.14 (high gain), -0.23 to -1.1 (loss), < -1.1 (homozygous loss). Recurrent 

copy number aberrations within each subtype were determined within NEXUS using a 

stringent involvement threshold of 50%.  Significance of these regions was then determined 

in NEXUS using the GISTIC algorithm with a G-score cut off of G >1.0 and a significance 

of Q <0.05.  Copy number aberration (CNA) frequency comparisons among sample groups 

were performed in NEXUS using Fisher’s exact test with differential threshold of  >50% and 

significance p <0.05.  Significance of each probe between the two groups was calculated in 

NEXUS using a Mann-Whitney Test for median comparison.  
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2.3.5 Humanization of canine CGH data 

Canine oaCGH data were recoded into “virtual” human genome format to facilitate 

direct visual comparison of cytogenetic profiles of human and canine melanoma, as 

described previously (Thomas et al. 2011).  Briefly, the genome coordinates of each of the 

180,000 60-mer canine oligonucleotides were imported into the Liftover Batch Coordinate 

Conversion Tool (http://genome.ucsc.edu/cgi-bin/hgLiftOver), using default settings to 

establish the orthologous nucleotide sequence coordinates within the human genome 

sequence assembly (February 2009, GRCh37/hg19).  Using these recoded coordinates, the 

tumor:reference signal intensity data for each array were reprocessed to output the oaCGH 

profile according to these “virtual” human chromosome locations.    

 

2.3.6 Clustering of oaCGH Profiles 

Hierarchical clustering was performed to evaluate how genome-wide CGH profiles 

differentiate between the two groups.  Hierarchical clustering using Ward’s method for 

linkage was performed on the genome-wide log2 ratio data for each sample.  Analysis was 

performed using the R statistical software, version 2.13.0 (R Development Core Team, 

Vienna, Austria), using the gplots package.  

 

2.3.7 Statistical Analysis of oaCGH and Histology Profiles 

 Correlation analysis was performed between oaCGH clusters and the corresponding 

histological characteristics to determine if DNA copy number aberrations were significantly 

associated with pathological cellular morphologies.  Initial analysis was based on 
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pathological diagnosis alone.  To test molecular association, two clusters were established 

based on oaCGH copy number profiles as performed above.  These two groups were then 

assessed for statistical differences between histological characteristics.  A Wilcoxon rank-

sum test was performed for pigmentation and log mitotic values and a Fisher's exact test was 

performed for association analysis with group status and nuclear atypia.  

 

2.4 Results  

2.4.1 Clinical Assessment 

A total of 49 canine melanomas and 18 benign melanocytomas were profiled by 

oaCGH during this study.  Melanomas presented from two locations: the oral cavity (n=44) 

and unspecified haired skin (n=5).  Benign melanocytomas presented primarily from haired 

skin (n=13) with rare presentation from the oral cavity (n=5).  Breed was not a consideration 

in case selection and so there were 29 breeds of dog included in this study, with the most 

frequent (21%) being of mixed breed (n=14).  Overall, melanomas presented with a more 

aggressive histologic presentation, including a significantly higher mitotic index (p= 3.810E-

06), lower percent pigmentation (p= 0.000116), and higher percent nuclear atypia (p= 

1.833E-10).  A detailed summary of the histopathologic findings of each case is presented in 

Table 2.1.  

 

2.4.2 Detection of CNA by oaCGH   

Individuals represented within the oral (mucosal) melanoma cohort presented with 

highly complex genome-wide oaCGH profiles (Figure 2.1).  In most cases, the oaCGH 
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profiles showed regions of the genome where the log2 ratios of test:reference signal indicated 

either a unidirectional gain or loss of one copy of a locus within the majority of cells of the 

tumor, or a high level of cellular heterogeneity within the tumor cell population.  This was 

clarified by FISH analysis of copy number within individual cells, which corroborated single 

copy aberrations (described below).  Highly recurrent CNAs (>50% penetrance across the 

cohort) were assessed in detail (Table 2.2) with significance of each region determined as a 

GISIC q-value (Table 2.3).  For the cohort of oral melanomas the most frequent DNA copy 

number gain was a 600Kb region of dog chromosome (CFA) 30 located at CFA 30: 

19,102,383-19,660,901 (q= 4.25E-10), along with whole chromosome gains of CFA 13, 17, 

20, 29, and 36.  The most frequent DNA copy number losses involved the full lengths of 

CFA 22 and 27, as well as 15Kb and 122.5Kb segments located at CFA 10: 20,583,579-

20,598,892 (q= 6.26E-05), and CFA 26: 30,241,704-30,306,343 (q= 1.34E-08 ), respectively.  

Several regions of the genome had oaCGH profiles suggestive of structural changes, 

denoted by a copy number gain followed immediately by a loss, most notably on CFA10 and 

CFA30, both of which were found to be statistically significant using the GISTIC algorithm 

(Table 2.3).  The chromosome break point region on CFA 30, evident in 60% of the oral 

melanomas analyzed, spans 5Mb of sequence located between 14Mb and 19Mb (Figure 2.2).  

The log2 values within this region of CFA 30 were suggestive of a heterozygous loss 

followed by an immediate gain, with 97% of affected cases suggestive of a copy number of 

≥4.  

Cutaneous melanomas, although small in number (n=5), also presented with highly 

aberrant oaCGH profiles (Figure 2.1). The largest and most common aberration was a gain of 



 

86 

CFA 20 that spanned 46.2Mb of the chromosome CFA 20: 10,929,869-57,175,686, present 

in four of the five cases. The most frequent copy number losses were a 131kb region of CFA 

6: 48,260,040-49,569,575, a 385Kb region of CFA 18: 21,439,849-21,824,376, and the full 

length of chromosome 22.  Due to the small number of cases none of these aberrations were 

statistically significant using the GISTIC algorithm (Table 2.3).   

While individuals represented within the cutaneous melanocytoma cohort (n=18) 

presented with relatively stable oaCGH profiles, some recurrent aberrations were evident 

(Figure 2.1).  The most common aberration was gain of a 233Kb region of CFA 20, CFA 20: 

60,767,150-61,000,000 (q= 4.22E-07).  Other common aberrations were gains on CFA 9: 

20,973,038-21,556,711 (q= 4.89E-09), CFA 10: 48,818,794-48,878,597 (q= 3.95E-05), and 

CFA 11: 55,214,228-55,245,594 (q= 4.99E-08).  Melanocytomas had only one significant 

recurrent copy number loss, involving a 200Kb region at CFA 8: 76,368,492-76,582,392 (q= 

7.78E-04). 

 

2.4.3 Comparison of Melanomas to Melanocytomas  

A number of CNAs were either detected in only one subtype, or were shared between 

two of the three subtypes (Table 2.4).  Cutaneous melanomas and melanocytomas shared 

several common recurrent aberrations that were rare or absent in oral melanomas, most 

significantly a 17.5Mb region of gain at CFA 20: 39,655,694- 57,175,686, found in 

approximately 45% of melanocytomas and 80% of cutaneous melanomas (in CM q<0.01).  

Another notable similarity between these two groups was the presence of a 9Mb copy 

number gain between 35Mb and 44Mb on chromosome 30 (Figure 2.2(a) and 2.2(c)).  There 
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were no aberrations shared between cutaneous and oral melanomas at the 50% differential 

level.  However, when the stringency was dropped to 40%, several regions were found in 

common, including a 140Kb loss of CFA 3: 65,280,294-65,432,693 and a 260Kb gain of 

CFA 13: 8,127,632-8,394,801 (data not shown). Aberrations unique to one subtype were also 

evident.  Deletion of a 385Kb segment of CFA18 at CFA 18: 21,439,849- 21,824,376 was 

highly recurrent only in cutaneous melanomas and a complex copy number profile along a 

13Mb region of CFA 30, CFA 30: 8,290,472- 21,411,530, was observed only in oral 

melanomas.  

 

2.4.5 Hierarchical Clustering of All Melanocytic Lesions  

Hierarchical clustering of segmented oaCGH profiles separated samples into three 

well-defined groups (Figure 2.3). The first and third group contained only malignant samples 

while the second group contained an equal mix of benign (n=17) and malignant samples 

(n=21). The clustering of 21 malignant samples with the benign samples is partially 

explained by the reduced level of aberrations within those particular malignant lesions. 

Within this larger group, the malignant samples and benign samples also appear to cluster 

separately.  

Clusters were further evaluated by consideration of their histological characteristics, 

to identify correlation of cellular morphology with genome-wide CGH profiles.  The 

malignant samples that clustered with benign samples (n=21) showed significantly higher 

pigmentation (p= 0.018), lower mitotic index (p= 0.023), and a lower, but not statistically 

significant, nuclear atypia (p= 0.222) than the group of malignant melanomas that clustered 
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together (n=28).  These data demonstrate that molecular aberrations in canine malignant 

melanomas correlate with the cellular phenotype and histology.   

 

2.4.6 Detection of CNA by FISH analysis of FFPE sections 

 All targeted loci (n=10) evaluated by FISH analysis showed aberrant copy number in 

oral melanomas.  The most frequent unidirectional changes were a gain of c-MYC (80% of 

cases) and loss of CDKN2A (68% of cases) and RB-1 (35% of cases). The other seven loci 

evaluated showed bidirectional changes (Figure 2.4(a)). As expected, based on the whole 

genome oaCGH data, benign lesions showed lower percentages of targeted locus aberrations 

(Figure 4b).  The most common of the targeted CNAs evident in the benign lesions were loss 

of TP53 and CDKN2A.  It is important to note that these aberrations were observed only as a 

heterozygous loss, indicating the retention of one allele for production of downstream 

product (if unmutated).  Neither tumor types showed significant copy number amplification 

of regions encompassing BRAF or CCND1, both highly aberrant in human UV-induced 

cutaneous melanomas.  The population of canine oral melanomas showed a combination of 

both copy number gain and loss for these gene regions, suggesting overall chromosome 

instability, but not targeted gene amplification.  

 

2.4.7 Comparison of Canine to Human Melanocytic Lesions  

Humanization of the canine oaCGH data allowed for direct comparison of the canine 

data collected in this study (Table 2.6) to the CNA status of human melanomas accessible 

from previous studies.  When aligned with genome-wide oaCGH profiles of different 
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subtypes of human melanoma, striking similarities were present between canine oral 

melanoma, and both human mucosal melanoma and human acral melanoma (Figure 2.5).  

Human mucosal and acral melanomas have been shown to present with more complex 

genome-wide oaCGH profiles than cutaneous melanomas (Curtin et al. 2005; Furney et al. 

2012), paralleling the data for canine melanomas in the current study.  Many CNAs were 

shared between human and dog, including a characteristically complex oaCGH profile in 

mucosal melanomas of both species, involving the evolutionarily conserved chromosome 

segments represented by human chromosome chr15:38,701,609- 49,824,200 and canine 

chromosome CFA 30: 8,290,472- 21,411,530.  Notably, this distinct aberration was not 

detected in canine cutaneous melanomas, or in human common cutaneous melanomas.  

Human mucosal and acral melanomas showed additional smaller shared aberrations (Table 

2.7).  

 

2.5 Discussion  

2.5.1 Aberrations within Melanomas and Melanocytomas: Tumorigenesis Implications 

The oaCGH analysis of human melanomas established that subgroups of melanocytic 

lesions, based on anatomic location, environmental factors, and malignancy, present with 

distinct copy number aberrations (Curtin et al. 2005).  Aberrations such as amplification of 

CCND1 and BRAF and loss of CDKN2A have been linked to driving factors of tumor 

development and progression (Berger et al. 2012).  Such aberrations are also distinct to 

particular subgroups of melanoma, suggesting the underlying mechanism in malignant 

progression may differ.  This has caused a shift in targeted therapeutics specific to each 
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subtype and the molecular profile of each tumor.  As in humans, it has been suggested that 

subtypes of canine melanoma might also initiate tumorigenesis through different molecular 

pathways (Bergman 2007), which are marked by recurrent CNAs.  Currently, all canine 

malignant melanomas are treated with the same therapeutic regime regardless of anatomic 

location, based on the lack of information separating subtypes at the molecular level and 

specific targeted therapies.   

Our data suggest that, as with human melanomas, canine melanomas present with 

cytogenetically distinct profiles based on malignancy and the anatomic location in which 

they arise.  The most striking evidence of this is the presence of a characteristic aberration of 

CFA 30 in oral melanomas, which is absent in cutaneous lesions.  Melanocytomas, which are 

primarily cutaneous, had noticeably fewer aberrations than both subtypes of melanoma.  

However, approximately 40% of these were shared with cutaneous melanoma, including the 

recurrent copy number gain of CFA 20: 39,655,694-57,175,686, evident in cutaneous but not 

oral lesions (Table 2.3).  These features may represent hallmarks of an epithelial growth 

pattern and targeted investigation into this region may elucidate tumor initiation specific to 

this tissue location.  There are also significant clinical implications of the molecular 

differentiation of the two locations.  The separation of these two diseases provides insight 

into the initiation and development of the different subtypes of melanomas and could lead to 

the development of specific treatment regimes based on the site of primary tumor growth.  

The most recurrent aberration specific to the oral melanoma cohort was the distinctive 

complex copy number profile on CFA 30, present in 60% of cases and indicative of a 

structural rearrangement. Due to the high incidence of this particular complex CNA, it is 
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probable the rearrangement on CFA 30 is also key to the development of canine oral 

melanoma, or progression toward a malignant phenotype. This aberration has potential for 

use as a signature to differentiate between lesions that are likely to progress, requiring 

additional treatments, and those that are likely to remain benign. Further study into the cause 

and biological effect of the breakage may also provide further insight into why oral 

melanomas are behaviorally more aggressive than other melanocytic subtypes. The 5Mb 

region of genome sequence surrounding the breakage (CFA 30: 15Mb-20Mb) is within a 

gene desert, surrounded by gene rich areas. This is reminiscent of unstable chromosome 

regions in the human genome, such as the breakpoint cluster region (BCR) at 22q11.23.   

Within the complex region of CNA on CFA 30 are nine annotated genes, six of which 

were subject to increase in copy number and three to decrease in copy number (Table 4).  

One gene with a copy number loss was SPRED1, a suppressor of Ras/MAPK activation.  

Since deletion of SPRED1 can positively regulate the activation of the RAS/MAPK pathway, 

this aberration in canine melanoma suggests a possible mechanism of tumorigenesis.  The 

involvement of the MAPK pathway is also supported by the presence of the gene TRPM7, 

located within the region of copy number gain on CFA30. Increase in gene dosage may be 

associated with increased expression, and overexpression of TRPM7 has been shown to be 

involved in both melanoma development (Guo, Carlson, and Slominski 2012) and the 

regulation of the MAPK pathway (Meng et al. 2013).  Additionally, targeted FISH analysis 

of canine oral melanomas indicated copy number gain of both C-KIT, which initiates the 

RAS/MAPK pathway, and C-MYC, which is downstream of the MAP-K phosphorylation 

cascade.  Both C-MYC and C-KIT showed copy number gain in canine oral melanomas (80% 
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and 65% of cases respectively).  This further supports the involvement of the MAP-kinase 

signaling pathway in the development of canine oral melanomas.   

Aberrations detected in both malignant forms of canine melanoma, but not in 

melanocytomas, suggest that these specific mutations are essential for the development of 

malignant and aggressive neoplasms.  This was further confirmed by the high degree of 

correlation between patterns of genome-wide CNAs and cellular histology.  Malignant 

melanomas presenting with less complex oaCGH profiles (similar to those of benign lesions) 

had significantly different cellular morphologies to those with complex copy number 

profiles.  This confirms the molecular basis of cellular phenotype and suggests that specific 

CNAs present within these particular malignant lesions give rise to a more malignant 

phenotype.  Regions of shared CNA within the malignant populations contain numerous 

genes (Table 2.5).  Based on the cellular function of each protein, the dysregulation of these 

genes may offer molecular insight into the development of malignant characteristics, 

including complex genome-wide CNAs, dedifferentiated cell morphologies, and presentation 

of histologically ambiguous features.  For example, the most frequent aberration observed in 

both cutaneous and oral melanomas was a copy number loss of the segment CFA 3: 

62,368,641-62,381,281.  Within this region is the coding sequence for TACC3, which acts as 

a stabilizer of mitotic spindles during mitosis and has been proposed to play a role in cell 

differentiation.  The deletion of this gene may help explain the propagation and continued 

growth of cells with large regions of CNA and whole chromosome aberrations due to 

inappropriate spindle formation and a breakdown of proper chromosome segregation 
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checkpoints.  It may also give molecular insight to the frequency of these tumors to 

dedifferentiate and present with histologically ambiguous features.   

All ten loci evaluated by FISH analysis showed aberrant copy number in canine oral 

melanomas.  Seven of the loci evaluated showed a combination of gains and losses, 

suggesting more random genomic instability at these regions than targeted functional 

pathway alterations.  This suggestion is supported by the fact that no homozygous losses and 

few high amplification events were detected involving any of these seven loci.  Three genes 

showed only unidirectional CNA among the cohort, C-MYC, RB-1, and CDKN2A, suggesting 

these are not merely random CNAs due to end stage mitotic instability, but targeted 

alterations advantageous to tumor development. The dysreguation of mRNA expression in 

these genes has been previously established (Ritt, Wojcieszyn, and Modiano 1998; Koenig et 

al. 2002; Bianco et al. 2003).  Presence of these specific CNAs offers a molecular 

mechanism with which tumor cells regulate gene expression leading to tumorigenesis of 

canine oral melanoma.  

 

2.5.2 Comparison of Canine to Human Melanocytic Lesions  

Oral mucosal melanomas in humans are rare and poorly understood, representing 

only 2% of all melanomas (Chu et al. 2013).  Due to the small number of cases, limited 

large-scale genomic research has been performed and so details of the genetics of 

development of mucosal melanomas and the majority of genetic drivers remain unknown. 

Through clinical observations of similar anatomical location and behavior, it has been 

proposed that the mucosal subtype of human melanoma would be analogous to oral canine 
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melanomas, which would support the use of the dog as a model system to study the 

development of these rare tumors.  Curtain and colleagues first assembled cytogenetic 

hallmarks of human acral and mucosal melanoma through BAC-array CGH in 2005 (Curtin 

et al. 2005).  Using those published data as a reference, we were able to directly compare 

CNAs reported in these forms of human melanoma with those identified in canine cases in 

the present study. The comparison revealed mucosal melanomas in both species to have a 

much more complex genome-wide copy number profile.  This is suggestive of decreased 

genome stability and increased susceptibility to karyotype rearrangements, corroborated by 

recent whole-genome sequence data (Furney et al. 2012).  In general, the CNAs most 

common to canine melanoma were shared with those detected in human mucosal melanomas. 

Further, the canine CNAs were different from those evident in UV-induced human cutaneous 

melanomas, which also differ from human mucosal melanomas.  The most remarkable 

similarity between canine melanomas and their human counterparts was a conserved and 

complex copy number profile along the length of CFA 30/HSA 15.  The characteristic copy 

number signature on HSA 15 has been reported only in mucosal and acral melanomas.  We 

propose that this characteristic feature is associated with a key evolutionarily conserved 

mechanism of pathogenesis in the development and/or progression of mucosal melanomas.  

It was also noted that no individual within the canine data set showed the characteristic 

BRAF amplification or associated CCND1 amplification commonly detected in UV-induced 

cutaneous melanomas in humans.  Other notable conserved mutations are seen as a gain on 

CFA 13 (cf HSA 4: 70,508,745-70,808,489), loss of CFA 4 and 11 (cf HSA 5: 50,515,301-

76,556,132), and gain of CFA 10 and 26 (cf HSA 12: 48,133,151- 52,785,962). These data 
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indicate the underlying pathway of development in all mucosal melanomas, regardless of 

species, may be different to that of cutaneous UV-induced melanomas.  They also encourage 

more detailed and statistically powerful studies of the etiology and treatment of mucosal 

melanomas.  

In agreement with other recent proposals (Gillard et al. 2014; Simpson et al. 2014), 

our data further supports the role of the dog model as a valuable aide in the study of disease 

pathogenesis of non-UV-induced mucosal melanomas.  Previous comparative studies of 

melanoma have relied solely on histology and targeted sequencing, highlighting the 

dissimilarity of canine melanoma and human common cutaneous melanoma, and limited 

homology with mucosal melanomas.  The genome-wide molecular cytogenetic analysis in 

this study revealed remarkable similarities shared between human and dog mucosal 

melanomas. These data suggest that pathways specific to melanogenesis of mucosal surfaces 

may be elucidated by a comparative oncology approach, with integrated consideration of 

genomics data from both species.  
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Figure 2.1. Oligo-aCGH analysis of primary canine oral melanoma (OM), primary 
canine cutaneous melanoma (CM), and canine cutaneous melanocytoma (B). Penetrance 
plots of recurrent CNAs, at 26kb intervals, identified within 67 canine melanocytic lesions. 
Genomic locations are plotted along the x-axis, and the y-axis indicates the percentage of the 
three subtypes with copy number gain (shown in blue above the midline) or loss (shown in 
red below the midline) of the corresponding intervals along each chromosome. In oral 
melanomas (OM, n=44) the most frequent gain was located on CFA 30: 18,527,413-
18,592,465, along with whole chromosome gains of CFA 13, 17, 20, 29, and 36.  The most 
frequent losses were found on CFA 10: 20,583,579-20,598, 892, chr26: 30,241,704-
30,306,343, CFA 30: 10,620,776-10,658,526 and all of CFA 2, 22, and 27.  In cutaneous 
melanomas (CM, n=5) the largest and most common aberration was a gain of CFA 20: 
10,929,869-57,175,686.  In melanocytomas (B, n=18), the most frequent aberration was a 
gain of a small region of CFA 27: 9,965,501-10,052,495, as well as less frequent gains on 
CFA 9: 20,973,038-21,556,711, CFA 10: 48,818,794-48,878,597, and CFA 11: 55,214,228-
55,245,594.  
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Figure 2.2. Penetrance plots of DNA copy number aberrations along the length of CFA 
30 in oral melanoma (OM), cutaneous melanoma (CM), and melanocytoma (B). Oral 
melanomas showed a distinct pattern of copy number loss (spanning 3-18Mb) partially 
overlapping a region of copy number gain (spanning 12-25Mb), indicative of a variable 
chromosome breakage event.  This breakage region, centered at 15Mb-18Mb was not present 
in either cutaneous melanomas or benign melanocytomas.  Evaluation revealed 50% (n=9) of 
melanocytomas showed a gain of two small regions at the distal end of chromosome 30 (35-
37Mb and 40-42Mb), also seen in 20% (n=1) of cutaneous melanomas.  
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Figure 2.3. Clustering analysis of 44 cases of primary canine oral melanoma (OM),  
five cases of primary canine cutaneous melanoma (CM), and 18 cases of primary  
canine melanocytoma (B) based on genome-wide oaCGH profiles.  Segmented oaCGH 
profiles were subjected to hierarchical clustering.  Individual cases are plotted along the x-
axis, with chromosomes plotted along the y-axis.  Cases were grouped and a schematic 
depicting a lineage tree of relatedness is drawn above.   Blue, red and white represent CN 
gain, loss, and neutrality.  The CN log2 ratio is represented in the intensity of the coloration 
gradient as per the inset. Colored bars above each sample indicate malignant (red) or benign 
(blue) cases.  In general, cases with more complex copy number profiles clustered together.  
Twenty-one malignant melanomas, each with few copy number aberrations, clustered into 
the same bin as all but one of the benign lesions.  Further analysis showed these 21 cases 
showed histological characteristics significantly different from melanomas that clustered 
together. The one benign lesion that clustered with a group of malignant lesions had two 
whole chromosome gains, CFA 31 and CFA X.  
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Figure 2.4. Penetrance of aberration of 10 specific genomic regions in (A) primary 
canine oral melanoma and (B) canine melanocytoma.  Gains and losses are plotted above 
or below the x-axis respectively.  The length of the bar represents the percentage of the 
sampled population that showed a particular aberration (y-axis).  Full locus identity and 
location are provided in Table 2.8. Canine oral melanomas showed higher percentage of 
cases with targeted genomic aberrations than benign melanocytomas, validating the oaCGH 
data.  It also revealed targeted regions with unidirectional changes, suggesting their 
involvement in downstream pathway dysregulation and tumorigenesis.  

A B 
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Figure 2.5. Canine oral melanoma (OM), cutaneous melanoma (CM), and benign 
melanocytoma (B) oaCGH profile data recoded as human.  Canine oral melanomas 
(n=44), cutaneous melanomas (n=5), and cutaneous melanoctyomas (n=18) were recoded 
and output with human genome coordinates.  This allowed for comparison to known aCGH 
profiles compiled for human melanoma subtypes. Hallmarks of human mucosal melanoma 
are copy number amplification of 1q31, 4q12, 12q14, 11q13, 8q, and 6p as well as copy 
number loss of 3q, 4q, 8p, 10, 11p, and 21q (Curtain et al, 2005).  Similar aberrations were 
found within the canine oral melanoma population. Most notably, the breakage area on CFA 
30 matches a similar pattern of loss followed by gain seen on HSA chromosome 15, the 
orthologous region on the human genome.  
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Figure 2.6. Comparison of oaCGH analysis of fresh frozen tissue (A) and formalin fixed 
paraffin embedded tissue (B) from the same tumor.  DNA from both the fresh frozen 
tissue and the FFPE section (after microdisection for tumor enrichment) were available for 
the same case and analyzed with oaCGH. Visualization of individual cases and overlay was 
completed in Agilent Genomic Workbench with CNAs called using the ADM2 algorithm.  
Chromosomes are presented along the x-axis with log2 ratio of copy number changes 
presented along the y-axis centered at y=0.  (C) Shows a direct overlay of the two cases with 
the fresh tissue in blue and the FFPE tissue in red.  Bars (fresh tissue in blue and FFPE tissue 
in red) above and below the CNAs delineate the length of aberration across each 
chromosome. Length of the bar indicates the length of the bar along the chromosome. 
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Table 2.1. Histological description of primary tumors from formalin fixed paraffin 
embedded (FFPE) and fresh frozen samples. 
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Table 2.2. Genome-wide DNA copy number aberrations with at least 50% penetrance 
for three subtypes of canine melanocytic lesions, oral melanoma (OM), benign 
melanocytoma (B), and cutaneous melanoma (CM).  
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Table 2.3.1 Significant genome-wide DNA copy number aberrations using GISTIC for 
canine oral melanoma (OM).  
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Table 2.3.2 Significant genome-wide DNA copy number aberrations using GISTIC for 
canine cutaneous melanoma (CM). 
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Table 2.3.3 Significant genome-wide DNA copy number aberrations using GISTIC for 
canine benign melanocytoma (B).  
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Table 2.4. Differential chromosome regions with CN aberrations between primary 
canine oral melanoma (OM), primary canine cutaneous melanoma (CM), and canine 
benign melanocytoma (B).  
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Table 2.4 continued 
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Table 2.5. Proposed genes involved in canine oral melanoma pathogenesis. 
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Table 2.6. Aberrations with at least 60% penetrance for three subtypes of canine 
melanocytic lesions, oral melanoma (OM), cutaneous melanoma (CM), and 
melanocytoma (B), after recoding as human (HSA).   
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Table 2.7. Orthologous copy number aberrations, gain (G) or loss (L), between canine 
(CFA) melanocytic lesions, malignant melanoma (Mel) and benign melanocytoma (Ben) 
and two human (HSA) melanoma subtypes, mucosal melanoma (mucosal) and acral 
melanoma (acral).  
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Table 2.8. Targeted regions for FISH analysis with the corresponding BAC clones and 
CanFam2 genome locations chosen from the Chori-82 (CH-82) canine genome library. 
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CHAPTER III 

Comparative Cytogenomic and Pathway Analysis of Canine Oral Melanomas: Proposal 
of a Novel Pathway into the Tumorigenesis of Mucosal Melanomas 

 

3.1 Abstract 

  Canine oral melanoma is a highly aggressive disease affecting 2% of all dogs.  Few 

studies investigating the underlying mechanism responsible for the development of the 

disease have been performed.  While classical cancer pathways, such as the CDKN2A and 

MAPK pathway, have been shown to have some involvement in oral melanoma 

development, these changes cannot explain the entirety of biological observations.  Based on 

previous copy number aberrations and suggested patterns of structural rearrangements, more 

in-depth cytogenetic analysis was performed.  Gene expression analysis was also performed 

to identify new genes involved in the tumorigenesis of canine oral melanoma.  Detailed 

karyotyping was performed on canine oral melanoma cell line (n=6) using SLP and whole 

chromosome FISH analysis.  This revealed numerous structural rearrangements, none of 

which were recurrent within the population.  Whole transcriptome gene expression profiling 

(GEP) was carried out on the same canine oral melanoma cell lines and primary oral 

melanoma samples (n=7).  From these data, 13 genes were identified to evaluate by RT-

qPCR in an additional cohort of primary oral melanomas (n=17) and benign melanocytomas 

(n=14).  Gene expression showed dysregulation in 12 of 13 genes, many of which were part 

of the DNA damage pathway and mitotic spindle assembly complex, including TP53, PLK1, 

and TTK. From this, we conclude that in addition to canonical cancer pathway changes, 

canine oral melanomas contain gene dysregulation in the mitotic spindle assembly complex, 
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which may explains the complex karyotypes, comprising numerical and structural aberrations 

observed by cytogenetic analyses.   
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3.2 Introduction 

Malignant melanoma is the most common tumor of the oral cavity in dogs, with over 

90% of these tumors being malignant (Spangler and Kass 2006; Bergman 2007). Canine oral 

melanoma readily invades into normal tissue and bone and has a high metastatic propensity 

(Ramos-Vara et al. 2000; Koenig et al. 2002).  These tumors are usually aggressive and 

respond poorly to standard treatments (Bergman 2007).  Oral melanoma has been well 

established as the most malignant of the melanocytic tumors found in the dog; however, the 

reason for this has not yet been elucidated.  The dysregulation of many proteins has also been 

indicated in the pathogenesis of canine melanoma.  The role of many well-known tumor 

suppressors (TP53, RB-1, CDKN1A, CDKN2A, and PTEN) has been previously examined in 

canine oral melanoma, using both primary lesions and cell lines (Ritt, Wojcieszyn, and 

Modiano 1998; Koenig et al. 2002; Bianco et al. 2003).  Gene expression analysis by end 

point RT-PCR and immunohistochemistry revealed a loss of expression within the cell cycle 

regulation pathway, primarily CDKN2A (Koenig et al. 2002).  However, dysregulation of the 

cell cycle pathway alone cannot explain the aggressive nature of these tumors.  

 Studies into genetic alterations within subtypes of human melanomas established that 

cutaneous and mucosal melanomas develop with differing mutation loads (Curtin et al. 2005; 

Furney et al. 2013).  Investigation into the molecular dysregulation of human oral mucosal 

melanomas showed no involvement of the classical markers of cutaneous melanoma (Hsieh 

et al. 2013).  The CDKN2A cell cycle regulation pathway was investigated for its potential in 

leading to tumorigenic effects in human mucosal melanomas as well.  Although the members 

of this pathway were shown to be dysregulated in canine mucosal melanoma (Koenig et al. 
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2002), they were not significantly dysregulated in humans (Hsieh et al. 2013). The MAPK 

cascade, an important proliferation pathway in cutaneous melanomas, has not been shown to 

be dysregulated in either species (Richter 2005; Murakami et al. 2011; Hsieh et al. 2013).  

Recently, others have suggested the dog is a good model for comparative analysis of mucosal 

melanomas, a fairly rare tumor in humans.  Our comparative cytogenetic study of human and 

canine mucosal melanomas showed that oral melanomas in both species present with similar 

DNA copy number changes (Chapter II).  Studies have yet to fully elucidate the underlying 

mechanism of development and progression of mucosal melanomas in either species.  

Based on the high level of cytogenetic changes and the characteristic patterns of 

chromosome instability, we reported in canine oral melanomas (Chapter II), we hypothesizes 

that canine oral melanoma cell lines would recapitulate the primary cytogenetic data and that 

detailed karyotype analysis will show structural rearrangements involving in CFA 

chromosomes 10, 26, and 30.   Furthermore, due to the lack of involvement of the classical 

cutaneous melanoma pathways and the variable dysregulation of the CDKN2A cell cycle 

pathway previously reported in other canine melanoma cohorts, we hypothesized that our 

cohort will show similar patterns, and that gene expression analysis would highlight a yet-to-

be identified oncogenic pathway involved in the tumorigenesis of canine mucosal 

melanomas.  The purpose of this study was to investigate the molecular alterations found in 

canine oral melanoma through karyotype, gene expression, and sequence mutation analysis.   
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3.3 Materials and Methods  

This study was done using a representative population of previously established 

melanoma cell lines (n=6), fresh frozen primary oral melanomas (n=10), archival primary 

oral melanomas (n=14), and archival primary benign lesions (n=14).  Individuals within the 

primary tumor cohort were of varied breed, sex, and age, as previously described (Chapter II, 

Table 2.1; OM5-18, OM 33, OM35, OM37-44, B1-3, B5-6, B8-15, and B17).   Cell lines 

were used for karyotype and FISH analyses, and to isolate RNA for gene expression arrays; 

fresh primary tumors (OM 38-44) were used to isolate RNA for gene expression arrays; 

additional primary tumors (OM5-18, OM 33, OM35, OM37, B1-3, B5-6, B8-15, and B17) 

were used for RT-qPCR gene expression analysis.  

 

3.3.1 Cell Lines 

The cell lines used were established from primary tumors of dogs with oral 

melanomas (n=5) and a lung metastasis of an oral melanoma (n=1) (Table 3.1), and have 

been described previously (Koenig et al. 2001; Bianco et al. 2003).  Frozen cells were 

acquired in 90% Fetal Bovine Serum (FBS) and 10% DMSO, then reestablished in closed 

system incubation. 

 

3.3.2 Cell Culture 

 Cells were cultured in Dulbecco’s Modified Eagle Medium (Mediatech Inc., 

Manassas, VA, USA) supplemented with 10% v/v heat-inactivated FBS (Mediatech Inc., 

Manassas, VA, USA) and 100ug/ml Primocin Antibiotic (InvivoGen, San Diego, CA, USA) 
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in a humidified atmosphere containing 5% CO2 at 37°C.  Cells were grown in T75 flasks 

with 0.2µM filtered lids until they reached 95% confluence, then were harvested for 

metaphase cellular spreads, DNA extraction, and RNA extraction.  All cell lines were grown 

as a monolayer and were maintained by passage for no greater than eight passages after 

reestablishment.  It was noted that all cells lines showed little contact inhibition and after 

reaching confluence.  Cells would tend to grow on top of each other in striating patterns, 

often forming small mounds of numerous small, highly attached cells in the apex of cellular 

clusters. 

 

3.3.3 DNA Extraction 

DNA from cell lines was extracted using a DNeasy© kit (according to manufacturer’s 

recommendations, Qiagen, Germantown, MD, USA).  All DNA was assessed for quality and 

quantity by spectrophotometry using a NanoDrop1000 (Thermo Fisher Scientific, 

Wilmington, DE, USA).  Genomic DNA integrity, assessed by agarose gel electrophoresis, 

showed little to no degradation.  

 

3.3.4 Comparative Genomic Hybridization 

Oligo array-CGH (oa-CGH) was performed by co-hybridization of tumor (test) DNA 

and a common reference DNA sample, where the latter comprised an equimolar pool of 

genomic DNA samples from multiple healthy individuals of various breeds.  DNA extracted 

from FFPE samples was slightly degraded, as expected, but this was shown not to have an 

adverse effect on data quality.  DNA was labeled using a SureTag Labeling Kit (Agilent 
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Technologies, Santa Clara, CA) with all test samples labeled with Cyanine-3-dCTP and the 

common reference sample labeled with Cyanine-5-dCTP.  Fluorchrome incorporation and 

final probe concentrations were determined using routine spectrophotometric parameters 

with readings taken from a Nanodrop1000.  Fluorescently labeled test and reference samples 

were co-hybridized to Canine SurePrint G3 180,000 feature CGH arrays (Agilent, AMADID 

025522) for 40 hours at 65°C and 20 rpm, as described previously (Angstadt et al. 2011).  

Arrays were scanned at 3µm using a high-resolution microarray scanner (Agilent, Model 

G2505C) and data extracted using Feature Extraction (v10.9) software.  Scan data were 

assessed for quality by the Quality Metrics report in Agilent’s Feature extraction software 

(v10.5) (Agilent Technologies, Santa Clara, CA, USA) and aligned to the genome position 

indicated for the canine genome build CanFam2 (http://genome.ucsc.edu/cgi-

bin/hgGateway?db=canFam2).  

Copy number data were analyzed with NEXUS Copy Number v7.0 software 

(Biodiscovery Inc., CA, USA). The Log2 data for each probe provided from Feature 

Extraction were centered using diploid regions.  NEXUS generated copy number aberrations 

using a FASST2 segmentation algorithm with a significance threshold of 5.05-6.  Aberrations 

were defined as a minimum of three consecutive probes with log2 tumor: reference value of 

0.2 to 1.13 (gain), >1.14 (high gain), -0.23 to -1.1 (loss), < -1.1 (homozygous loss).  

Recurrent copy number aberrations within each subtype were determined within NEXUS 

using a stringent involvement threshold of 60%.  Significance of these regions was then 

determined in NEXUS using the GISTIC algorithm with a G-score cut off of G >1.0 and a 

significance of Q <0.05.  Copy number aberration (CNA) frequency comparisons among 
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sample groups were performed in NEXUS using Fisher’s exact test with differential 

threshold of  >60% and significance p <0.05.  Significance of each probe between the two 

groups was calculated in NEXUS using a Mann-Whitney Test for median comparison. 

 

3.3.5 Flouresence in situ Hybridization (FISH) of Cell Lines 

Metaphase chromosome preparations and interphase nuclei were produced directly 

from cell lines using conventional techniques of ethidium bromide treatment to elongate 

chromosomes, colcemid arrest, hypotonic treatment, and 3:1 methanol-glacial acetic acid 

fixation (Breen, Bullerdiek, and Langford 1999).  Multicolor single locus probe (SLP) 

fluorescence in situ hybridization (FISH) analysis was done on metaphase spreads as 

described previously (Breen et al. 2004) to evaluate the distribution of selected copy number 

changes identified by genome-wide oaCGH.  Bacterial artificial chromosomes (BACs) that 

contained the coding sequence for the genes of interest were selected based on their genome 

position indicated for the canine genome build CanFam2 in the UCSC canine genome 

browser (http://genome.ucsc.edu).  A summary of the BAC clones has been previously 

described (Chapter Two, Table 2.8).  Metaphase preparations from clinically healthy canine 

primary lymphocytes were used to confirm that all 10 BAC pools showed the expected copy 

number (n=2) for autosomal loci.   

Multicolor FISH analysis was performed to further investigate chromosome 

instability.  Single chromosomes were analyzed using BAC probes located at ~10Mb 

intervals along the lengths of CFA chromosome 10 and 30, as previously described (Thomas 

et al. 2005). Whole chromosomes were analyzed whole chromosome paint probes for CFA 
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10, 26, and 30.  All images were captured using the SmartCapture 3 program (Digital 

Scientific Ltd, Cambridge, UK) for a minimum of 30 cells.  

 

3.3.6 mRNA Extraction 

Total RNA was extracted from frozen tissues and cell lines using the RNeasy Plus Kit 

(according to manufacturer’s recommendations, Qiagen, Germantown, MD, USA) and 

assessed for relative quality and quantity by standard spectrophotometry using a 

NanoDrop1000 (Thermo Fisher Scientific, Wilmington, DE, USA).  Total mRNA was 

extracted from FFPE samples using the E.Z.N.A.® FFPE RNA Kit (according to 

manufacturer’s recommendations, Omega Bio-Tek, Norcross, GA, USA).  RNA integrity 

was assessed for all RNA samples using the BioAnalyzer 2100 and RNA 6000 Nano Kit 

(according to manufacturer’s recommendations, Agilent, Santa Clara, CA, USA).  Only RNA 

samples with a RIN of > 7.0 were included in the cohort for gene expression analysis via 

gene expression profiling (GEP) array.  

 

3.3.7 Gene Expression Arrays 

Transcriptional assessment was performed for six cell lines, seven fresh frozen 

samples (OM38-44), and four normal controls. Total-RNA was labeled using the Agilent 

One-Color Low Input Labeling Kit (according to manufacture’s recommendation, Agilent 

Technologies, Santa Clara, CA, USA).  Fluorochrome incorporation and final probe 

concentrations were determined using routine spectrophotometric parameters using a 

Nanodrop1000.  Fluorescently labeled samples were hybridized to Canine 44,000 feature 
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GEP arrays (Agilent, AMADID 021193) for 16 hours at 65°C and 20 rpm.  Arrays were 

scanned at 3µm, using a high-resolution microarray scanner (Agilent, Model G2505C).  The 

raw signal intensity for each probe was provided from Feature Extraction software (Agilent 

Technologies, Santa Clara, CA, USA).   

Gene expression data were analyzed with Nexus Gene Expression v2.0 software 

(Biodiscovery Inc., Hawthorne, CA, USA).  Normalization of data was performed using a 

Quantile Normalization procedure.  Data were then filtered to remove probe sets with limited 

variation (standard deviation < 2.0) across all arrays.  Differential expression of genes was 

determined by comparing average signal intensity of each probe within normal samples to 

signal intensity of each tumor sample.  Clustering of differentially expressed probes was 

performed using unsupervised hierarchical clustering analysis across all samples. 

 

3.3.8 RT-qPCR 

 From both GEP analysis and canonical cancer pathways, 13 genes were selected 

based on the level of dysregulation, biological function, and availability of approved targeted 

drugs.  Selected genes were then evaluated with RT-qPCR for fold changes in additional 

primary melanomas (n=17) and benign melanocytomas (n=14).  Total RNA was converted to 

cDNA using the VILO SuperScript Reverse Transcriptase (according to manufacturer’s 

recommendation, Invitrogen, Life Technologies Corporation, Carlsbad, CA, USA).  Location 

and sequence of each gene were selected based on their genome position indicated for the 

canine genome build CanFam2 in the UCSC canine genome browser 
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(http://genome.ucsc.edu).  Primers were then selected with the aid of PrimerQuest software 

(Integrated DNA Technologies) and primer sequences are listed in Table 3.2.  

RT-qPCR was performed using SYBR green chemistry with a KAPA SYBR FAST 

qPCR Kit (according to manufacturer’s recommendation, Kapa Biosystems, Wilmington, 

MA, USA), using the AB OneStep Plus (Applied Biosystems, Life Technologies 

Corporation, Carlsbad, CA, USA).  Annealing temperatures were optimized for each specific 

primer set via a temperature gradient of plus or minus 10°C to calculated melting 

temperature.  Cycling conditions were performed as per manufacturer’s recommendations for 

the KAPA SYBR FAST qPCR Kit, with a melt curve performed for each RT-qPCR reaction.  

A reference gene for ΔΔCT calculations was chosen based on the smallest standard deviation 

across all samples.  Relative levels of individual gene expression were then calculated using 

ΔΔCT, where normalization was calculated as the difference in threshold PCR cycle (Ct) 

value of target gene and the corresponding control (RPS5) in each reaction.  These values 

were compared with average Ct value from non-neoplastic oral mucosa from normal canines 

(n=4).   

Normal variation within individuals was determined by calculating the average 

variation in Ct values between the four normal individuals across all target genes.  For tumor 

samples, a fold change threshold of  > 3 or < 0.3 was considered outside normal range and 

therefore dysregulated.  Percent of melanoma and melanocytoma cases differing from normal 

was statistically evaluated using a two-tailed Fisher’s exact test.  Mitotic index was 

correlated against gene expression changes using non-parametric Spearman’s Rank Sum 

analysis to identified genes that are associated with proliferation, one of the best indicators of 
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tumor aggression.   Difference in fold change between benign melanocytomas and malignant 

melanomas was assessed using a non-parametric one-tailed Mann-Whitney U Test.  

 

3.3.9 Targeted Sanger Sequencing 

 Sanger sequencing was performed on PCR amplicons generated from cDNA.  

Briefly, cDNA was produced from total RNA as described above.  Location and sequence of 

each gene were selected based on their genome position indicated for the canine genome 

build CanFam2 in the UCSC canine genome browser (http://genome.ucsc.edu).  Primers 

were then selected with the aid of PrimerQuest software (Integrated DNA Technologies).  

Amplicons were created using a high fidelity polymerase, KAPA HiFi HotStart ReadyMix 

(according to manufacturer’s recommendations, Kapa Biosystems, Wilmington, MA, USA), 

with annealing temperatures optimized for the specific primer set.  Cycling conditions were 

performed as per manufacturer’s recommendations for the KAPA HiFi HotStart ReadyMix.  

Amplicons were then assessed for purity using gel electrophoresis and purified to remove 

non-annealed primers and unamplified cDNA using a GeneJet PCR Clean Up Kit (according 

to manufacture’s recommendations, Thermo Fisher Scientific In, Waltham, MA, USA).  

Primer sequences are listed in Table 3.3.  

 

3.4 Results 

3.4.1 Detection of CNA by oaCGH in Cell Lines 

Individuals represented within the cell line cohort presented with highly complex 

oaCGH profiles (Figure 3.1).  Highly recurrent CNAs (>60% penetrance across the cohort) 
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were assessed in detail (Table 3.4) and given significance level based on the GISTIC 

algorithm (Table 3.5).  The most frequent aberrations comprised of large segmental changes 

with few local amplifications or delections.   The most statistically significant DNA copy 

number gains were located at dog chromosome CFA 10: 13,401,327-15,552,957 (q= 16.27E-

07), CFA 26: 30,235,074-30,241,704 (q= 9.67E-05), and CFA 30: 19,196,241-19,743,852 

(q= 6.79E-07).  The most statistically significant losses were located at CFA 11: 44,241,313-

44,299,261 (q= 4.46-06), CFA 26: 40,924,095-40,940,186 (q= 4.89E-05), and CFA X: 

74,942,593-75,297,878 (q= 5.09E-05).  

Several regions, most notably on CFA 10, CFA 26, and CFA 30, had oaCGH profiles 

suggestive of structural changes.  These changes were denoted by a copy number gain 

followed immediately by a loss, and all were found to be statistically significant (Table 3.5).  

The suggested chromosome break point region on CFA 30, evident in 66% of tumors 

analyzed, spans 5Mb of sequence located between 14Mb and 19Mb.  In all cases where the 

characteristic prolife was detected, the log2 values on either side of the breakage region of 

CFA30 indicated a heterozygous loss followed by an immediate gain with a copy number of 

≥4. 

 

3.4.2 Differential CNA Aberrations between Cell Lines and Primary Oral Melanoma Tumors 

Overall, the cell lines and primary tumors presented with similar genome-wide copy 

number profiles (Figure 3.1).  Statistically different copy number aberrations between 

populations were assessed in detail (Table 3.6).  One notable gene-specific loss only 

observed in cell lines and not present in the majority of primary tumors was the homozygous 
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loss of CFA 11: 44,241,313-44,299,261.  This gene region specific for CDKN2A, was present 

in 86% (n=5 of 6) of cell lines, but only 25% (n=10 of 44) of primary tumors (p= 1.02E-07).  

The largest continuous genomic region with significant difference between the two 

populations was a gain of CFA 13.  Within both populations, CFA 13 was gained in semi-

contiguous blocks.  A large proximal region of CFA 13 gained in 83% (n=5/6) of cell lines 

and only 22% of primary melanomas (n=10/44) and a large distal region of CFA 13 gained in 

100% of cell lines and approximately of 30% of primary melanomas (n=13/44).  

 

3.4.3 Detection of CNA by SLP-FISH of Metaphase Cell Lines 

SLP-FISH validated overall copy number changes for specific genes identified by 

oaCGH (Figure 3.2).  The most frequent aberrations were a gain of C-MYC (n=5/6), a gain of 

C-KIT (n=6/6), and a loss of RB-1 (n=3/6).  The PTEN region was shown to have variable 

CN, demonstrating cases with all three CN status categories CN loss, CN gain, and CN 

neutral (n=2, 2, 2 respectively).  A large degree of intra-case copy number variability was 

also observed in the cells assessed.  The most notable variation in CN between cells within 

the same case was for C-MYC and C-KIT, which showed a range of loss, neutral, and gains in 

83% of cases (n=5/6).   

 

3.4.4 Detection of Chromosome Rearrangements by FISH on Metaphase Cell Lines 

SLP-FISH data demonstrated frequent structural changes (Figure 3.3).  The most 

recurrent chromosome rearrangement was the separation of C-MYC and C-KIT SLPs, 

indicating a breakage of chromosome CFA 13 (n=3).  SLP-FISH also revealed a fusion of 
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chromosomes CFA 15 and 26 (CL5) and a fusion of chromosomes CFA 18 and 26 (CL1), 

but neither fusion was recurrent.  Oligo-aCGH sigmoidal copy number pattern profiles and 

SLP-FISH suggested breakage/fusion events occurring between chromosomes CFA 10, 26, 

and 30.  When chromosomes were further analyzed, FISH validated copy number aberrations 

suggested by oaGCH and revealed numerous additional fusion and rearrangement events 

(Figure 3.4).  Fusions between CFA 10, 26, and 30 were confirmed; however, the type of 

fusion event was not recurrent between cases.  Double minuet chromosomes were present on 

multiple metaphase spreads in numerous cases (n=3).  

 

3.4.5 Gene Expression Analysis 

 Whole-transcriptome gene expression profiling (GEP) revealed a high level of gene 

expression changes (Figure 3.5).  Genes with the highest level of expression changes were 

inspected for biological relevance.  These included PLK1, PLK2, TTK, B-Myb, HAS2, 

BRCA1, Kif4A, IL8, ACVRL1, NEK2, TSCOT, AURKB, CCNA2, CCNB2, and CCNB3.   RT-

qPCR analysis of selected genes confirmed direction of gene expression change as was 

identified by GEP (Figure 3.6).   RT-qPCR analysis of thirteen selected genes, based on 

identification by GEP or involvement in classic cancer pathways, found numerous gene 

expression changes in the cohort of additional primary cases.  Genes with the greatest fold 

changes were PLK1 and TTK (MPS1), both overexpressed with an average fold change of 

83.63 and 912.12, respectively.  For both of these genes, 100% of malignant samples were 

overexpressed (p= 0.0000421).  Of the additional 11 genes analyzed, nine showed 

significantly different expression from normal (RB-1 p= 0.00147, HAS2 p= 0.0002105, 
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BRAF p= 0.002947, c-MYC p= 0.0006315, MYB p= 0.00884, c-KIT p= 0.0208, TP53 p= 

0.02084, FOXP1 p= 0.02084, NME2 p= 0.0301).  Within the cohort of benign lesions, five 

genes showed significantly dysregulated gene expression (c-KIT p= 0.000326, MYB p= 

0.0228, BRAF p= 0.000326, TTK p= 0.000326, ACVRL1 p=0.000326).   All genes but one 

were down-regulated (MYB).   

When gene expression was compared between benign and malignant samples, all but 

two, PTEN and MYB, showed significantly higher expression in malignant samples (TTK p= 

0.000319, PLK1 p= 2.162E-05, RB-1 p= 0.000115, HAS2 p= 0.00169, BRAF p= 4.05E-06, c-

MYC p= 0.000853, c-KIT p= 0.00235, TP53 p= 0.000170, FOXP1 p= 0.000292, NME2 p= 

0.000383, ACVRL1 p= 5.962E-05).  Four genes were shown to positively correlate with 

mitotic index of the malignant samples (TTK p= 0.002308, PLK1 p= 0.0592, c-MYC p= 

0.0487, TP53 p= 0.00496).    

 

3.4.6 Targeted Sanger Sequencing 

 Results showed no sequence mutations.  Mutations were not found in BRAF at the 

V600 codon or at any location in TP53, confirming previously published findings within our 

data set. 

 

3.5 Discussion 

Cell cycle and mitotic control are key to proper cellular function.  Aberrations within 

the mechanisms of regulation of the cell cycle can lead to altered proliferation and decreased 

mutation monitoring.  Aberrations at the mRNA level in such pathways, including the 
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CDKN2A and p53 checkpoints, have been shown in both human and canine mucosal 

melanomas (Koenig et al. 2002; Swick and Maize 2012).  However, alterations to the 

CDK2NA pathway, shown to vary among cases (Hsieh et al. 2013), cannot alone explain 

tumorigenesis of oral malignant melanoma (OMM) or the complex chromosome 

rearrangements observed suggesting a high level of chromosome instability.  Whole genome- 

and exome-sequencing of human mucosal melanomas also showed a significant number of 

chromosomal aberrations (Furney et al. 2013).  Alterations to only the canonical molecular 

melanoma pathways, such as MAPK and CDK2NA, cannot lead to chromosome alteration 

and propagation within mucosal melanoma cells.  However, large-scale chromosomal 

aberrations have been linked to several mitotic check point and chromosome separation 

regulation pathways (Hoi Tang and Poon 2011).  

 

3.5.1 Detection of Structural Aberrations 

We first validated the presence of numerous structural aberrations within our cohort 

of canine oral melanoma cell lines.  In contrast to oaCGH, metaphase FISH analysis is key in 

identifying cytogenetic instability in the form of structural aberrations, not just copy number 

imbalances.  Genome reorganization was suggested through oaCGH profiling due to the 

presence of sigmoidal patterns on CFA 10, 26, and 30, and semi-continuous gains of CFA 

13.  Oligo-aCGH indicated a trisomy of CFA 13 with an additional region of amplification 

(n=4) of CFA 13 at ~20-40Mb.  FISH analysis revealed that CL3 had one grossly normal 

CFA 13 and then two aberrant copies with fragments located on separate chromosomes 

(Figure 3.2 (C)).  FISH analysis also detected structural aberrations that oaCGH did not 
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suggest.  Oligo-aCGH analysis of CL5 showed a focal region of amplification on CFA 30 at 

~17-19Mb.  FISH BAC tiling of CFA 30 demonstrated that CL5 had two grossly normal 

copies of CFA 30 and validated the targeted amplification of ~19Mb of CFA 30, however it 

revealed the aberrant locus was located on a large, unknown derivative chromosome.  

Another intriguing finding of FISH analysis of CL5 (undetectable by oaCGH) was that in 

30% of cells, the two grossly normal copies of CFA 30 were fused at the centromere (Figure 

3.4 (E)).  Such structural aberrations would be undetectable via oaCGH, as the copy number 

is balanced, but the arrangement of the loci is altered.  

A semi-continuous amplification of CFA 13, indicative of a chromosome breakage as 

seen in CL3, was suggested by oaCGH profiling of both melanoma cell lines and primary 

tumors.   All six cell lines, showed a copy number gain of the distal half of CFA 13, while 

only five cases showed a gain of the proximal half.  CL2, the one cell line without a gain of 

the proximal half of CFA 13, showed a dramatic oaCGH pattern of chromosome instability 

on CFA 13 from 30-48Mb.  Breakage between the two continuous regions occurred at 

~46Mb (Table 3.6), close to where the orthologous regions of human (HSA) 8 and 4 join at 

CFA 13: 41Mb.  Similar findings were seen in the primary tumors; 22% had a gain of the 

proximal half of CFA 13, and 30% had a gain of the distal portion. This suggests regions of 

fragile chromatin where large syntenic blocks of the genome join (e.g. evolutionarily 

conserved break points).  Fragility in chromosome packaging increases the possibility of 

breakage events at these locations.  Normally, these breakage events would result in 

apoptotic cell death; however, when paired with gene expression changes that permit cells 

with damaged genomes to proliferate, cells with altered karyotypes propagate within the 
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tumor.  This, taken with the gene expression changes in the mitotic spindle assembly 

checkpoint pathways, may explain the frequency of semi-continuous amplifications in oral 

melanomas.  

The presence of intra-tumor copy number variability was suggestive of a lack of 

molecular clonality within canine oral melanoma tumor cells.  Recent studies have also 

shown high levels of cytogenetic heterogeneity within malignant and metastatic melanomas 

in human patients (Anaka et al. 2013).  A loss of genetic stability along with alteration to 

DNA damage checkpoints, can lead to the development and proliferation of multiple clones.  

The presence of variable cellular clones can add to tumor aggression, as persistence of 

multiple clones within a tumor population can make targeted treatments ineffective.  

Research has also linked the degree of chromosomal instability and karyotypic abnormality 

with treatment failure (Hu et al. 2013; Roschke and Rozenblum 2013; Bakhoum and 

Swanton 2014).  Many theories exist on how multi-clonal tumors arise (Teixeira and Heim 

2011); however, all cells with altered karyotypes must maintain cellular viability for the 

altered karyotypes to proliferate within the tumor population. 

 

3.5.2 Identification of Key Genes Dysregulated in Mucosal Melanomas 

Numerous genes were identified by gene expression profiling (GEP) as being 

dysregulated within the cohort of six canine melanoma cell lines and seven primary tumors.  

Thirteen genes, selected based on involvement in classical melanoma pathways (n=7) or 

identification from GEP (n=6), were validated in 17 additional primary oral melanomas via 

RT-qPCR.  Three genes were found either to not recapitulate GEP changes in a significant 
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percentage of additional primary cases (ACVRL1) or were observed to be single genes altered 

within their pathway (FOXP1, MYB).  HAS2 was significantly overexpressed in malignant 

samples (p= 0.00021).  While, 50% of benign cases showed overexpression of HAS2 the 

frequency was not enough to be significant in terms of the entire population.  The level of 

overexpression in the malignant populations was significantly higher when compared to 

benign samples (p= 0.0442).  This suggests the involvement of HAS2 in the development or 

propagation of melanocytic tumors.  These data are in concordance with the observation that 

melanocytic tumors tend to be highly fibrous solid tumors that express large amounts of 

hyaluronan (Hanna et al. 2013).   

Of genes selected based on their involvement in classical melanoma and cancer 

pathways, c-KIT, c-MYC, BRAF, and RB-1 were dysregulated in the cohort of additional 

primary melanomas.  While these genes are essential in several steps in melanoma 

tumorigenesis, the presence of significant genetic instability and complex chromosome 

alterations suggests dysregulation of the mitotic checkpoints, which classic melanoma 

mutations have not been implicated in.  Therefore, additional dysregulated genes were 

interrogated for their involvement in mitotic regulation pathways.  These pathways, such as 

the mitotic spindle assembly, may add to the tumorigenesis of canine oral melanomas.  

Several of the genes identified as dysregulated though GEP and validated by RT-

qPCR are involved in the spindle assembly and mitotic DNA damage checkpoints.  Of the 

four genes that positivity correlated with cellular proliferation, three, TP53, PLK1, and TTK, 

are part of the DNA damage/mitotic spindle assembly pathway, and one, c-MYC, is a 

transcription factor that regulate cellular mitosis.  TP53 was investigated as a mechanism of 
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mitotic dysregulation due to the common loss of TP53 expression or its mutation in 

numerous cancers and its regulatory role in the mitotic checkpoint pathway (Hoi Tang and 

Poon 2011).  However, TP53 was neither down regulated nor mutated in canine oral 

melanoma, suggesting dysregulation of this pathway is facilitated through a mechanism(s) 

other than alteration of TP53.  

Within the mitotic spindle assembly pathway, there are numerous kinases identified 

as having altered expression by GEP, including PLK1, and TTK (also known as MPS1).  

These kinases function in centrosome regulation, maturation, and the mitotic response to 

DNA-damage (Hoi Tang and Poon 2011).  PLK1 and TTK showed the highest level of 

dysregulation within the malignant melanomas.  PLK1 is critical for centrosome maturation 

and separation and plays a key role in centrosome functions and the assembly of bipolar 

spindles.  Essential to the G2/M transition of mitotic cell cycle, PLK1 phosphorylates 

numerous downstream proteins, such as cyclin-B1 (CCNB1) during prophase (Toyoshima-

Morimoto et al. 2001; Hoi Tang and Poon 2011).  It also functions in the regulatory circuit 

that promotes the activation of CDK1 by phosphorylating the positive regulator CDC25C and 

inhibiting the negative regulators TOPORS, WEE1, and MYT1 (van de Weerdt and Medema 

2006).   

PLK1 expression has been shown to be increased in tumors with a poor prognosis, 

suggesting a role in malignant transformation (Hoi Tang and Poon 2011).  In the canonical 

pathway, PLK1 is inactivated by WEE1 after DNA-damage.  However, overexpression of 

PLK1 can allow for the inhibition of normal p53 function and localization of cdc25 to the 

nucleus, ultimately leading to the ability to bypass mitotic inhibition from DNA damage (Hoi 
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Tang and Poon 2011).  PLK1 then acts as a negative regulator of p53 by phosphorylation of 

TOPORS, inhibiting the SUMOylation of p53 and simultaneously enhancing the 

ubiquitination and subsequent degradation of p53 (an Vugt, Bras, and Medema 2004).  In our 

cohort of mucosal melanomas, PLK1 was significantly overexpressed, allowing PLK1 to 

inactivate p53 at the protein level; thus further elucidating why cells with DNA damage are 

propagated in the presence of normal TP53 expression and sequence.  This overexpression of 

PLK1 and subsequent inhibition of p53 would ultimately lead to the complex chromosomal 

rearrangements observed in our canine melanoma cell lines.  

PLK1 also has previously been investigated as a potential therapeutic target for its 

role in melanoma (Jalili et al. 2011).  This study reported an overexpression of PLK1 in 

primary and metastatic melanomas.  Inhibition of PLK1 led to induction of apoptosis, 

independent of p53 function.  This finding further supports the theory that PLK1 

overexpression is responsible for the proliferation of cells with DNA damage in the presence 

of normal TP53.   Jalili and colleagues also found that concurrent inhibition of the MAPK 

signaling cascade and PLK1 had an additive effect on reduced cell viability.  Within our 

cohort of mucosal melanomas, PLK1 overexpression correlated with cellular proliferation.  

Our study also observed an overexpression of the c-MYC transcription factor, which is a 

downstream effector of MAPK activation.  Our data are consistent with previous findings 

that show overexpression of PLK1, mediated through activation of the MAPK pathway, can 

inhibit apoptosis of DNA-damaged cells.  This would lead to a cellular phenotype in which a 

genetically instable cell with a highly altered karyotype would be able to bypass the normal 

DNA damage checkpoints and continue to proliferate.   
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The major checkpoint in mitosis is the spindle assembly checkpoint that ensures 

accurate chromosome segregation by delaying anaphase until all chromosomes are properly 

attached to the mitotic spindle (Aarts, Linardopoulos, and Turner 2013).  TTK (or MPS1) is a 

dual specificity protein kinase with the ability to phosphorylate tyrosine, serine, and 

threonine.  Associated with cell proliferation, this protein is essential for chromosome 

alignment at the centromere during mitosis and enhancing Aurora Kinase B (AURKB) 

activity (van der Waal et al. 2012).  TTK has been found to be a critical mitotic checkpoint 

protein for accurate segregation of chromosomes during mitosis.   In addition to its role in the 

spindle-assembly checkpoint a portion of the TTK protein localizes to centrosomes and helps 

facilitates centrosome duplication (Fisk, Mattison, and Winey 2003).  

Tumorigenesis can also occur when TTK is overexpressed (Yuan et al. 2006; Hoi 

Tang and Poon 2011), as was observed in our cohort of canine melanomas.  Tumor 

development primarily occurs when the TTK protein fails to degrade and produces excess 

centrosomes, resulting in aberrant mitotic spindles (Liu and Winey 2012).  Cells with this 

alteration tolerate aneuploidy, which normal, genetically stable cells cannot.  This may be an 

additional mechanism by which canine oral melanoma cells continue to proliferate in the 

presence of significant aneuploidy, as observed in our cell lines.  Another study investigating 

the role of TTK in tumor cells with high levels of aneuploidy found that the reduction of 

TTK protein levels in cultured human breast cancer cells led to induction of apoptosis and 

decreased ability of cells to grow as xenografts in nude mice (Daniel et al. 2011).  Breast 

cancer cells that survived reduced levels of TTK also had relatively less aneuploidy, 

suggesting the overexpression of TTK is crucial for the propagation of aneuploid cells.  The 
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study performed by Daniel and colleagues, along with several others (Colombo et al. 2010; 

Tardif et al. 2011), found that inhibition of TTK led to increased aberrant mitoses and 

eventual cellular crisis and death.  This suggests that overexpression of TTK allowing the 

bypass of the mitotic checkpoint and regulation of spindle assembly may be required for 

aberrant cells to proliferate and maintain an altered karyotype.  The role of TTK 

overexpression in overcoming apoptosis in the face of chromosomal dysregulation may 

explain why mucosal melanoma cells, shown to carry significant chromosome aberrations in 

both canines and humans, survive.  

Oligo-aCGH analysis of primary oral canine melanomas and whole-genome 

sequencing of primary human mucosal melanomas, suggest patterns of structural aberrations 

in primary tumors.  Our data show both intra- and inter-tumor copy number heterogeneity is 

found in canine oral melanomas.  Furthermore, high levels of structural chromosome 

aberrations were observed within canine oral melanoma cell lines.  When detailed gene 

expression analysis was performed, alterations within the mitotic and spindle assembly 

checkpoint pathways were found in both primary tumors and cell lines.  Therefore, we 

propose the involvement of the mitotic and spindle assembly checkpoint pathways in the 

development and/or propagation of mucosal melanomas (Figure 3.7).   

It is difficult to determine the ultimate cause of abnormal karyotypes in mucosal 

melanomas.  The dysregulation of the mitotic regulation and spindle assembly could be an 

underlying cause, as high expression levels of Cyclin B1 (CCNB1), a key member of the 

mitotic regulatory mechanism that can also contribute to the chromosomal instability and the 

aggressive nature of certain cancers, have been observed in tumor cells before the 



 

141 

development of aneuploidy (Suzuki et al. 2007).  However, genomic instability can occur 

through other means, such as telomere crisis.  Regardless of the initial mechanism(s) of 

dysregulation, cells with disruption to the mitotic checkpoint are able to proliferate, even 

with DNA damage and an altered karyotype, within the cell population.  Inhibitions of such 

checkpoints force the cell through mitosis without repairing the damage.  

The dysregulation of the mitotic DNA damage pathway and the spindle assembly 

complex has considerable clinical implications.  The lack of tumor clonality results in 

phenotypically different cells with variable response to traditional treatments within a single 

tumor.  Intra-tumor heterogeneity emphasizes the need for further investigation into more 

effective and diverse treatment options, such as chemotherapeutics.  Several members of 

these pathways including PLK1 and TTK have been identified as therapeutic targets, which 

has resulted in the development of chemotherapeutic inhibitors.  We suspect that further 

investigation into this pathway will reveal key tumorigenic mechanisms and possible 

therapeutic targets for treatment of mucosal melanomas, in both dogs and humans.  
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Figure 3.1 Oligo-aCGH profiles of canine oral melanoma cell lines (CL) (n=6) and 
primary oral melanomas (OM) (n=44).  aCGH plots for each cohort are represented as a 
penetrance plot, which establishes the percentage of cases with a common aberration within 
each population. Percentages are plotted along the y-axis. Losses and gains are called in 
proportion to a CN of two, set at y=0. Regions of red and blue bars delineate regions of copy 
number loss and gain, respectively.  The x-axis denotes individual chromosomes.  
Cytogenetic analyses of cell lines and primary tumors show numerous similar CNAs, notably 
on chromosomes 2, 10, 13, 26, and 30.  These data indicate that cell lines grossly recapitulate 
the CNAs seen in primary tumors.
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Figure 3.2 Copy number counts of canine oral melanoma cell lines (n=6) based on 
single-locus FISH analysis. The x-axis denotes the copy number status in 30 cells from each 
cell line. The y-axis indicates the percent of cells with each copy number.  The z-axis denotes 
10 individual genes containing BAC contigs enumerated using SLP FISH.  CL3 and CL5 
showed fairly homogenous CN status among all cells.  CL1 and CL4 had the largest amount 
of CN variability between cells.  Of the genes analyzed, c-MYC and c-KIT showed the largest 
amount of variation with CNs of 2, 3, 4, or >4.    
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Figure 3.3 Targeted gene single-locus FISH analysis of canine oral melanoma cell 
lines (n=6). (A) Ideogram of selected chromosomes and base pair location of each single-
locus BAC used for FISH analysis of targeted gene loci.  All FISH images were captured 
at 100X magnification. (B) Image of metaphase spread from CL 1 showing a fusion 
chromosome (arrowed) that contains SLP from CFA 18 and 26. CCND1 is labeled in 
spectrum aqua (blue) and PTEN is labeled in spectrum gold (yellow). (C) Image of 
metaphase spread from CL 3 showing a split of SLPs located on CFA 13 into two 
chromosomes (arrowed), indicating a breakage of one CFA 13 allele.  C-KIT is labeled in 
spectrum gold (yellow) and C-MYC is labeled in Cy-4 (pink).  (D) Image of metaphase 
spread from CL 5 showing a fusion chromosome (arrowed) that contains SLP from CFA 
15 and 26.  CDK4 is labeled in spectrum red (red) and PTEN is labeled in spectrum gold 
(yellow). 
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Figure 3.4 Whole chromosome FISH analysis of CFA 10, 26, and 30 in canine  
oral melanoma cell lines (n=6).  Each illustration contains four images: oaCGH profile 
of each cell line, FISH tiling analysis of CFA10, FISH chromosome painting analysis of 
CFA 10, 26, and 30, and FISH tiling analysis of CFA 30. All FISH images were captured 
at 100X magnification. Oligo-aCGH profiles from each individual were visualized using 
Agilent Genomic Workbench with CNAs called using the ADM2 algorithm.  FISH tiling 
analysis consists of hybridizing individual BACs spaced every 10Mb along one 
chromosome.  For FISH analysis of CFA10, only the first 5 BACs along the proximal half 
of the chromosome are shown.  FISH chromosome painting analysis consists of 
hybridizing BACs along the length of an entire chromosome, all labeled in a single 
fluorescence channel.  Here CFA 10 is represented in blue (spectrum aqua), CFA 26 is 
represented in pink (Cy-5), and CFA 30 is represented in yellow (spectrum gold). (A) CL1 
showed two grossly normal copies of CFA 10 with focal amplification of a single BAC 
loci (~14Mb) on two separate unknown derivative chromosomes.  It also showed one 
grossly normal copy of CFA 30 with focal amplifications of two loci (~3Mb and ~33Mb) 
on two separate unknown derivative chromosomes.  Several translocations events were 
observed involving CFA 10, 26 and 30 including t(10;26), t(26;30), and t(10;30). (B) CL2 
showed one grossly normal copy of CFA10 with numerous focal amplifications of BAC 
loci (~5Mb and ~14Mb) on several unknown derivative chromosome.  Additionally, one 
derivative chromosome contained alternating tandem amplifications of the ~5Mb and 
~14Mb loci (see insert).  CFA 30 showed one grossly normal chromosome and a second 
complete chromosome fused to an unknown derivative chromosome. (C) CL3 showed 
two normal copies of CFA 10.  It also showed one grossly normal copy of CFA 30 with 
an additional a grossly normal CFA 30 fused to an unknown derivative chromosome. CFA 
26 presented with complex rearrangements with loci on several unknown derivative 
chromosomes. (D) CL4 showed one grossly normal copies of CFA 10 with a focal tandem 
amplifications of a single BAC loci (~14Mb) on two to three unknown derivative 
chromosomes (see insert).  CFA 30 presented with one grossly normal copy of CFA30 
with focal tandem amplifications of a single BAC loci (~23Mb) on two or three unknown 
derivative chromosomes (see insert).  Chromosome painting revealed the focal tandem 
amplifications of CFA 10 and CFA 30 that were located on the same derivative 
chromosomes. (E) CL5 showed two grossly normal copies of CFA 10 with focal tandem 
amplification of a single BAC loci (~14Mb) on an unknown derivative chromosome.  A 
second amplification of single BAC loci (~5Mb) was also present on an unknown 
derivative chromosome.  Two grossly normal copy of CFA 30 were fused at the 
centromere (see insert), with additional focal amplifications of two BAC loci (~3Mb and 
~33Mb) on two separate unknown derivative chromosomes.  A large fusion chromosome 
of t(30;26;10) was also present (see insert). (F) CL6 showed two grossly normal copies of 
CFA 10.  One grossly normal copy of CFA 30 was present with focal amplification of two 
single loci on separate unknown derivative chromosomes. 
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Figure 3.5 Whole genome expression profiling analysis of canine oral melanoma cell 
lines (n=6) and primary melanomas (n=7).  Cases are plotted along the bottom x-axis.  
Hierarchical clustering of cell lines, primary cases, and normal samples is denoted along the 
top x-axis.  Single genes are plotted along the y-axis.  Differential expression of a single gene 
is denoted by color intensity with green indicating lower expression, red indicating 
overexpression, and black indication no expression change compared to normal non-
neoplastic canine oral mucosa.  Genes were then hierarchically clustered by their expression 
patterns.  The normal cases clustered away from all melanoma samples. Within the cluster 
containing melanoma cases, the cell lines cluster together and primary cases cluster together. 
Dysregulated genes include PLK1, TTK, B-Myb, HAS2, BRCA1, Kif4A, IL8, ACVRL1, Nek2, 
TSCOT, CCNA2, CCNB2, CCNB3, and Ki-67. 
 

	  CL1	  	  CL2	  	  	  CL3	  	  	  CL4	  	  	  CL5	  	  CL6	  	  OM1	  	  OM2	  OM3	  OM4	  OM5	  OM6	  OM7	  	  	  N1	  	  	  	  N2	  	  	  	  N3	  	  	  	  N4	  	  
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Figure 3.6 Gene expression analyses of canine primary melanomas (n=17) and 
benign melanocytomas (n=14) for thirteen selected genes.  RT-qPCR analysis was 
performed on an additional cohort of malignant melanomas and benign melanocytic 
lesions.  Statistical analysis of gene expression between malignant and benign samples 
performed by a non-parametric Mann Whitney U test. Correlation of gene expression fold 
change to mitotic index was performed on malignant samples with a non-parametric 
Spearman’s Rank Sum test. Percent of cases outside normal gene expression range was 
determined by Fisher’s Exact Test.  Statistical findings are indicated by symbols in the top 
right corner of each graphic, where *indicates, statically significant in expression between 
melanomas and benign lesions; § indicates a significant positive correlation of gene 
expression to mitotic index; windicates a significant percentage of malignant cases with 
dysregulated gene expression; and ✚ indicates significant percentage of benign cases with 
dysregulated gene expression. 
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Figure 3.7 Schematic of altered spindle assembly checkpoint pathway in canine oral 
melanoma.  Schematic of the dysregulated genes and their associated pathways involved in 
tumorigenesis and melanoma development. Genes labeled in red were identified to be 
overexpressed; genes labeled in black showed no gene expression change.  
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Table 3.1 Description of canine oral melanoma cell lines 
 
Cell	  Line	   Source	   Reference	  
CL1	   Lung	  Met	   Koenig	  et	  al,	  Vet	  Pathol.	  2001	  Jul;38(4):427-‐35	  
CL2	   Primary	   Bianco	  et	  al,	  Cancer	  Gene	  Ther.	  2003	  Sep;10(9):726-‐36	  
CL3	   Primary	   Koenig	  et	  al,	  Vet	  Pathol.	  2001	  Jul;38(4):427-‐35	  
CL4	   Primary	   Koenig	  et	  al,	  Vet	  Pathol.	  2001	  Jul;38(4):427-‐35	  
CL5	   Primary	   Koenig	  et	  al,	  Vet	  Pathol.	  2001	  Jul;38(4):427-‐35	  
CL6	   Primary	   Bianco	  et	  al,	  Cancer	  Gene	  Ther.	  2003	  Sep;10(9):726-‐36	  
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Table 3.2 Primer sequences for RT-qPCR of thirteen genes. 
 
Gene	   Forward	   Reverse	  
RPS5	   GGG	  AAA	  TGG	  AGC	  ACT	  GAT	  GA	  	   GGC	  AGG	  TAC	  TTG	  GCA	  TAC	  TT	  
TP53	   ACC	  ATG	  AAC	  GCT	  GCT	  CTG	   TGT	  TTC	  TGT	  CGT	  CCA	  GGT	  ACT	  
TTK	  (MPS1)	   TGT	  GGC	  AGA	  TTC	  CAG	  AGG	  TTT	  CTC	   GTG	  CTG	  ATA	  TTG	  GTG	  GTG	  ACT	  GCT	  
FOXP1	  	   TCA	  AGT	  GGC	  AAG	  ACA	  GCT	  TCT	  CCT	   AAC	  CTG	  AAG	  GGC	  TGG	  TTG	  TTT	  GTC	  
HAS2	   ATT	  CCT	  GGA	  TCT	  CCT	  TCC	  TCA	  GCA	   CAC	  TAA	  TGC	  ACT	  GGA	  CAC	  ACC	  CAA	  
NME2	   AGG	  GAC	  TGA	  ATG	  TGG	  TGA	  AGA	  CAG	   ACG	  AAT	  GGT	  GCC	  TGG	  CTT	  AGA	  ATC	  
C-‐MYC	   AGG	  AGA	  ATG	  ACA	  AGA	  GGC	  GAA	  CAC	   ATC	  TGA	  TCA	  CGC	  AGG	  GCA	  AAG	  AAG	  
MYB	   ACA	  GTG	  CAC	  CTG	  TTT	  CCT	  GTT	  TGG	   TTT	  CTT	  CAG	  GTA	  GGG	  AGC	  CAG	  GAT	  
ACVRL1	   AGG	  ACT	  ACA	  GGC	  CAC	  CCT	  TCT	  ATG	  A	   TCT	  GCT	  GAT	  CAA	  CAC	  ACA	  CCA	  CCT	  
PTEN	   CAA	  TCC	  TCA	  GTT	  TGT	  GGT	  CTG	  CCA	  	   ATG	  AAC	  TTG	  TCT	  TCC	  CGT	  CGT	  GTG	  
PLK1	   TCT	  ACA	  ATG	  ATG	  GTG	  ACA	  GCC	  TGC	   TTC	  ATC	  AGG	  GAG	  TTG	  GGA	  TGG	  GAA	  
KIT	   TTA	  CCA	  GGT	  GGC	  CAA	  GGG	  TAT	  G	   GTG	  ATT	  CGA	  CCA	  TGA	  GTA	  AGG	  AGG	  
BRAF	   GCC	  AAG	  TCA	  ATC	  ATC	  CAC	  AGA	  GAC	  CT	  ATG	  GGA	  CCC	  ACT	  CCA	  TCG	  AGA	  TTT	  
RB-‐1	   GGT	  CTT	  CAT	  GCA	  GAG	  ACT	  GAA	  A	   TTG	  TAA	  GGG	  CTT	  CGA	  GGA	  ATG	  
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Table 3.3 Sequencing primers for targeted regions evaluated in canine oral melanoma.  
 
Gene	   Forward	   Reverse	  
BRAF	   GCC	  AAG	  TCA	  ATC	  ATC	  CAC	  AGA	  GAC	  CT	  ATG	  GGA	  CCC	  ACT	  CCA	  TCG	  AGA	  TTT	  
TP53	  set	  1	   AGG	  AGT	  CGC	  AGT	  CAG	  AGC	  TCA	  ATA	  	   GTA	  CTT	  GGC	  CCG	  CAA	  ATT	  TCC	  TTC	  	  
TP53	  set	  2	   ACC	  ATG	  AAC	  GCT	  GCT	  CTG	  ACA	  GTA	  	   GTC	  TGA	  GTC	  AAG	  CCC	  TTC	  TCT	  CTT	  
 



 

167 

Table 3.4 Aberrations with at least 60% penetrance in canine oral melanoma cell lines 
(n=6).  
 

 



 

168 

Table 3.4 cont. 
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Table 3.5 Significant genome-wide DNA copy number aberrations using GISTIC in 
canine oral melanoma cell lines (n=6).  
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Table 3.6 Chromosome regions with differential CN aberrations between canine oral 
melanoma cell lines (CL) and primary canine oral melanomas (OM). 
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CHAPTER IV 

Investigation into the Mechanism of Chemotherapeutic Resistance in Canine Oral 
Melanomas 

 
4.1 Abstract  

Canine oral melanoma is an almost uniformly fatal disease of dogs and is typically 

resistant to a wide range of chemotherapeutics.  While drug resistance is partially responsible 

for low survival rates, studies suggest that some patients do respond to and benefit from 

chemotherapeutics.  Identifying which patients will respond to treatment is essential for both 

choosing an effective course of treatment and determining an accurate prognosis.  In humans, 

it has been well established that the ATP-binding cassette transporters (ABC protein family) 

are responsible for one mechanism of chemotherapeutic resistance; however, the mechanism 

of chemotherapeutic resistance and the role of ABC proteins has yet to be elucidated in the 

dog.  We hypothesized tumors that demonstrate resistance to chemotherapeutics doxorubicin 

and mitoxantrone, substrates of the ABC transporters, would highly express efflux pumps in 

the ABC protein family, specifically ABCB1 and ABCG2.  

To test our hypothesis, canine oral melanoma cell lines (n=6) were treated with 

doxorubicin and mitoxantrone for 72 hours, and then measured for cell viability and 

metabolic activity via an MTT-like colorimetric metabolic assay.  Gene expression of 

ABCB1 and ABCG2, export pumps specific for doxorubicin and mitoxantrone, respectively, 

was measured using RT-qPCR.  Results showed a direct association between expression of 

cellular drug pumps ABCB1 and ABCG2 and resistance to chemotherapeutic agents (p= 

0.008 and p= 0.0029, respectively).  Expression of ABCC1, a multi-drug resistance efflux 
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pump, demonstrated no significant difference with either doxorubicin or mitoxantrone 

resistant cells (p= 0.34 and p=	  0.27, respectively).  Our results suggest these drugs are being 

regulated through specific drug pumps, and not through a generalized efflux pathway.  These 

data indicate that cellular chemoresistance to doxorubicin and mitoxantrone can be predicted 

through monitoring expression of ABCB1 and ABCG2, respectively.  These findings suggest 

a direct clinical application in targeting effective treatments to individual patients most likely 

to respond, avoiding unnecessary courses of chemotherapy in patients with predicted 

resistance.   
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4.2 Introduction 

Canine oral melanoma is the most common tumor of the oral cavity and is highly 

aggressive, with over 90% of these tumors being malignant.  The average life expectancy 

post-diagnosis is on average 12 months (Bergman 2007).  Treatments include surgical 

excision and radiation, but not chemotherapy, due to the frequency of chemotherapeutic 

resistance (Bergman 2010).  Overall response rate to carboplatin for dogs with malignant 

melanoma was 28% (Rassnick, Ruslander, and Cotter 2001).  A similar response rate of 18% 

was observed for treatment with cisplatin and piroxicam (Boria, Murry, and Bennett 2004).  

Limited responses have also been observed to melphalan, DITC, mitoxantrone, and 

doxorubicin (Bergman 2007).  However, such drugs have shown to be effective in producing 

either total or partial response in other canine neoplasia.   

Mitoxantrone is primarily used to treat canine lymphoma (Lucroy et al. 1998) and 

transitional cell carcinoma (Henry et al. 2003) and also been used in the treatment of 

mammary adenocarcinoma, squamous cell carcinoma, renal adenocarcinoma, fibroid 

sarcoma, thyroid carcinoma, and hemangiopericytoma.   However, the same study showed 

that dogs with malignant melanomas showed limited response (n=1/12) to single-agent 

mitoxantrone treatment  (Ogilvie et al. 1991).  Doxorubicin is used most often in the 

treatment of B- and T-cell lymphoma (Price et al. 1991) and certain types of sarcomas 

(Ogilvie et al. 1989).  Doxorubicin has been shown to provide limited benefit in the 

treatment of canine oral melanoma.  The effectiveness of chemotherapeutic drugs in other 

cancers suggests a mechanism of chemotherapeutic resistance present in canine oral 

melanomas yet to be identified.   
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 The ATP-binding cassette (ABC) family of proteins transports numerous molecules 

across the cell membrane.  Members of the ABC protein family have been indicated in many 

disease processes and have also been identified as providing a major mechanism of resistance 

to chemotoxic agents (Schinkel and Jonker 2003).  Forty-eight ABC transporters have been 

identified in humans, of which at least eight are capable of transporting cytostatic drugs and 

being involved in multi-drug resistances.  ABC proteins can be located on either the 

basolateral or apical surface of polarized cells (Figure 4.1).  The ABCB1 gene encodes one of 

the most studied of these proteins p-glycoprotein (P-gp) also known as multi-drug resistance 

gene 1 (MDR1).  P-gp has broad substrate specificity and has been noted for decreased drug 

accumulation in multidrug-resistant cells and often mediates the development of resistance to 

anticancer drugs, notably doxorubicin (Aller et al. 2009).   

Breast cancer resistance protein (BCRP) is encoded by the gene ABCG2.  Like P-gp, 

BCRP aids in multi-drug resistance to chemotherapeutic agents, especially mitoxantrone and 

camptothecin analogues (Doyle and Ross 2003).  BCRP has been shown to be overexpressed 

in different cancer types (Ejendal and Hrycyna), and cells overexpressing BCRP are more 

resistant to mitoxantrone than cells with P-gp-mediated multidrug resistance (Litman et al. 

2000).  BCRP has also been investigated for its potential role in regulating stem cell 

differentiation.   The ABCC1 gene encodes the first member of the multi-drug resistance 

protein family (MRP1).  MRP1 has a much wider function in mammalian cells including 

multispecific organic anion transporter for conjugates of steroid hormones and bile salts and 

for cell detoxification (Schinkel and Jonker 2003).  MRP1 has also been implicated in 

chemoresistance of a broad range of cytotoxic drugs (Munoz et al. 2007).  While these 
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proteins have been shown to be integral to the chemoresistance pathway of many cancers, 

their role in canine cancers has yet to be fully elucidated.   

We hypothesize that tumors demonstrating resistance to the clinically relevant 

chemotherapeutics doxorubicin and mitoxantrone will overexpress efflux pumps in the ABC 

protein family, encoded by ABCB1, ABCG2, and ABCC1. The goal of this study was to 

characterize the resistance phenotype of seven canine oral melanoma cell lines, determine the 

expression level of ABCB1, ABCG2, and ABCC1, and correlate resistance phenotype to drug 

pump expression.  

 

4.3 Materials and Methods 

4.3.1 Cell Lines and Primary Tumors 

Malignant oral melanomas comprising the tumor cohort of this study have been 

previously described (primary tumor samples in Chapter II and cell lines in Chapter II). Cells 

were cultured in Dulbecco’s Modified Eagle Medium (Mediatech Inc., Manassas, VA, USA) 

supplemented with 10% v/v heat-inactivated FBS (Mediatech Inc., Manassas, VA, USA) and 

100ug/ml Primocin Antibiotic (InvivoGen, San Diego, CA, USA) in a humidified 

atmosphere containing 5% CO2 at 37°C.  Cells were grown in T75 flasks with 0.2µM filtered 

lids until they reached 95% confluence, then harvested for RNA extraction.  All cell lines 

were grown as a monolayer and were maintained by passage for no greater than eight 

passages after reestablishment. 
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4.3.2 Cellular Chemotherapeutic Phenotyping  

Sensitivity to 96 total chemotherapeutic agents was established using Biolog 

Mammalian Chemotherapy Screening Plates (according to manufacturer’s recommendation, 

Biolog Inc., Hayward, CA, USA).  Briefly, cells were washed in Dulbecco's PBS (Mediatech 

Inc., Manassas, VA, USA) and resuspended in 50µl of Biolog IF-M1 RPMI 1640 

supplemented with 1.1mL/100mL penicillin/streptomycin (Life Technologies, Grand Island, 

NY, USA), 0.3mM GlutaMAX (Life Technologies, Grand Island, NY, USA) and 5% v/v 

heat-inactivated FBS (Mediatech Inc., Manassas, VA, USA) at a density of 4X104/mL.  Cells 

were then plated into 96-well culture plates (20,000 cells per well) that contained lyophilized 

chemotherapeutic chemical (Biolog Panel PM-M11-PM-M14) and incubated at 37°C for 72 

hours.  After 72 hours, 10µl of Biolog’s tetrazolium based Redox Dye Mix MA (6X) 

(proprietary formula, Biolog Inc.) was added to each well and plates were incubated in the 

OmniLog Plate Reader (Biolog Inc., Hayward, CA, USA) for 24 hours and 37°C.  The 

measure of cellular activity was determined by the ability of cells to reduce the dye to 

insoluble formazan, producing a purple color.  Color density was measured at 562nm.  Color 

changes were recorded by the Omnilog system at 15-minute intervals. Images of both color 

density and metabolic curve outputs are shown in Figure 4.2.  Sensitivity was determined if  

>2/4 wells showed decreased color intensity.   

 

4.3.3 mRNA Extraction  

Total RNA was extracted from cell lines using the RNeasy Plus Kit (according to 

manufacturer’s recommendations, Qiagen, Germantown, MD, USA) and assessed for quality 
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and quantity by spectrophotometry.  Total mRNA was extracted from FFPE samples using 

the E.Z.N.A.® FFPE RNA Kit (according to manufacturer’s recommendations, Omega Bio-

Tek Norcross, GA, USA).  RNA integrity of all samples was assessed using the BioAnalyzer 

2100 and RNA 6000 Nano Kit (according to manufacturer’s recommendations, Agilent, 

Santa Clara, CA, USA).   

 

4.3.4 Gene Expression Analysis via RT-qPCR  

Total RNA was converted to cDNA using the VILO SuperScript Reverse 

Transcriptase (according to manufacturer’s recommendation, Invitrogen, Life Technologies 

Corporation, Carlsbad, CA, USA).  Location and sequence of each gene were selected based 

on their genome position indicated for the canine genome build CanFam2 in the UCSC 

canine genome browser (http://genome.ucsc.edu).  Primers were then selected with the aid of 

PrimerQuest software (Integrated DNA Technologies).  Primer sequences are listed in     

Table 4.1.  

RT-qPCR was performed using SYBR green chemistry, KAPA SYBR® FAST qPCR 

Kit, with annealing temperatures optimized for the specific primer set (according to 

manufacturer’s recommendation, Kapa Biosystems, Wilmington, MA, USA) using the AB 

OneStep Plus (Applied Biosystems, Life Technologies Corporation, Carlsbad, CA, USA).  

Cycling conditions were performed as per manufacturer’s recommendations for the KAPA 

SYBR® FAST qPCR Kit.  A melt curve as performed for each RT-qPCR reaction.  A 

reference gene for ΔΔCT calculations was chosen based on the smallest standard deviation 

across all samples.  Relative mRNA levels of individual gene expression were then 
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calculated, where ΔCT normalization is difference in the threshold PCR cycle (Ct) value of 

target gene and the corresponding control (RPS5) in each reaction.  These values were 

compared with the average Ct value from non-neoplastic oral mucosa from normal canines 

(n=4).   

Expression changes away from normal were determined by calculating the average 

variation in Ct between the four normal individuals across all target genes.  Fold change 

values outside the normal range, greater than 3 or less than 0.3, were considered not normal.  

Difference in fold change between mitoxantrone and doxorubicin resistant and sensitive cell 

lines for ABCG2, ABCB1, and ABCC1 was analyzed for statistical significance using a one-

tailed non-parametric Mann-Whitney U test.  For primary oral melanomas, expression of 

each gene was correlated to the mitotic index using a non-parametric Spearman’s Rank Sum 

analysis.  

 

4.3.5 Sequencing Analysis  

Mutation screening of ABCG2 was performed using targeted Sanger sequencing of 

total mRNA, converted to cDNA.  Briefly, cDNA was produced from total RNA as described 

above.  Location and sequence of each gene were selected based on their genome position 

indicated for the canine genome build CanFam2 in the UCSC canine genome browser 

(http://genome.ucsc.edu).  Primers were then selected with the aid of PrimerQuest software 

(Integrated DNA Technologies).  Amplicons were created using a high fidelity polymerase, 

KAPA HiFi HotStart ReadyMix, with annealing temperatures optimized for the specific 

primer set (according to manufacturer’s recommendations, Kapa Biosystems, Wilmington, 
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MA, USA).  Cycling conditions were performed as per manufacturer’s recommendations for 

the KAPA HiFi HotStart ReadyMix.  Amplicons were then assessed for purity using gel 

electrophoresis and purified to remove non-annealed primers and unamplified cDNA using a 

GeneJet PCR Clean Up Kit (according to manufacture’s recommendations, Thermo Fisher 

Scientific In, Waltham, MA, USA).  Primer sequences are listed in Table 4.2.  

 

4.4 Results 

4.4.1 Phenotyping of Cell Lines 

 Cell lines were determined to be either resistant or sensitive to mitoxantrone and 

doxorubicin (Figure 4.2).  Two of six cell lines showed resistance only to doxorubicin; two 

cell lines showed resistance to both doxorubicin and mitoxantrone.  The remaining two cell 

lines showed to be sensitive to both mitoxantrone and doxorubicin.  

 

4.4.2 Gene Expression of ABCB1, ABCG2, and ABCC1 

 Gene expression was upregulated for both ABCG2 and ABCB1 (Figure 4.3).  For 

ABCG2, the mean fold change with cells with mitoxantrone resistance was 4.01, where 

sensitive cells had a mean fold change of 0.556.  The mean fold change of ABCG2 with cells 

resistant to doxorubicin was 2.13, where doxorubicin sensitive cells had a mean fold change 

of 0.501.  For ABCB1, the mean fold change with cells with doxorubicin resistance was 

15.72, where sensitive cells had a mean fold change of 1.92.  The mean fold change of 

ABCB1 with cells with mitoxantrone resistance was 20.61, where sensitive cells had a mean 

fold change of 3.84.  No gene expression change was seen for ABCC1.  The mean fold 
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change for mitoxantrone resistant and sensitive cells was 2.01 and 1.66, respectively; 

doxorubicin resistant and sensitive cells had a mean fold change of 2.03 and 2.99, 

respectively.  

 Gene expression of all three drug pumps was also analyzed in primary oral 

melanomas (n=17) using RT-qPCR (Figure 4.4).  ABCB1 had a bimodal distribution; 52.9% 

(9/17) of primary cases had a fold change of greater than three, 35.2% (6/17) had a fold 

change less than 0.3, and only 11.7% (2/17) of cases were within the range of normal 

expression.  ABCG2 had a more normal expression with an average fold change of 3.47.  

Within primary cases, 47.1% (8/17) had a fold change of ABCG2 greater than 3.0; however, 

the average fold change in samples with increased expression was 5.65.  No cases showed a 

loss of expression of ABCG2.  ABCC1 was also mostly normally expressed, with just 17.6% 

(3/17) of primary cases having a fold change greater than 3.0, and 5.88% (1/17) of cases 

having a fold change less than 0.3.  For the primary cases no gene was correlated to mitotic 

index; ABCB1 (p= 0.29), ABCG2 (p= 0.088), ABCC1 (p= 0.056).  Unfortunately, treatment 

or survival data was not available for these cases.  

 

4.4.3 Association of Gene Expression to Drug Resistance Phenotype  

 Resistance to doxorubicin and mitoxantrone was associated with expression of 

specific drug pumps ABCB1 and ABCG2, respectively (p= 0.0081, p= 0.0029) (Figure 4.5).  

Resistance to doxorubicin was not associated with ABCG2 overexpression (p= 0.34). 

Association of ABCB1 to mitoxantrone resistance was significant (p= 0.015), though weaker 

than ABCB1 to doxorubicin resistance.  This is most likely caused by the resistance of two 



 

181 

cell lines to both agents along with corresponding gene overexpression.  Additionally, 

resistance to these drugs is not through a generalized efflux pathway mediated by ABCC1, as 

over expression was not associated to resistance to doxorubicin or mitoxantrone (p= 0.27, p= 

0.32, respectively).  

  

4.4.4 Sequencing of ABCG2  

Previous studies (Honjo et al, 2001) showed wild type (WT) ABCG2 was an effective 

exporter of mitoxantrone, but not doxorubicin.  However, cells with an ABCG2 activating 

mutation were able to exclude both mitoxantrone and doxorubicin.  As our data did not see 

concurrent exclusion of both drugs in our cell lines, we performed sequencing analysis to 

confirm WT status of the gene.  Wild type sequence was detected in all six cell lines (Figure 

4.6).  

 

4.5 Discussion 

Chemotherapy is one of the most effective cancer treatments available. Unfortunately, 

due to molecular defense mechanisms, many cancer cells evade the cytotoxic effects of 

chemotherapeutic agents.  Understanding of the mechanism of resistance can help 

researchers develop more effective treatments.  In this study, we investigated the role of 

specific drug pumps as a mechanism of chemoresistance in canine oral melanoma through 

the use of cell lines representative of the primary disease (Chapter III, Figure 3.1).  When 

screened with various chemotherapeutic agents, canine melanoma cell lines showed variable 

resistance to both doxorubicin and mitoxantrone, traditional intercalating topoisomerase II 
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inhibitors used for cancer treatments.  One of the most studied mechanisms of 

chemoresistance is altered expression of drug transports, such as ABCG2, ABCB1, and 

ABCC1.  

When expression of ABCG2, ABCB1, and ABCC1 was measured by RT-qPCR, 

overexpression was observed within cases for both ABCG2 and ABCB1, not ABCC1.  Based 

on the pattern of chemoresistance and overexpression within our cell lines, we hypothesized 

overexpression of ABCG2 and ABCB1 would be associated with resistances to mitoxantrone 

and doxorubicin.   Statistical analyses confirmed our hypothesis that resistance to 

doxorubicin and mitoxantrone was positively associated with expression of specific drug 

pumps ABCB1 and ABCG2, respectively.  However, these drugs can also be exported 

through other pumps so expression of a third, more generalized pump, ABCC1, was also 

evaluated.  It was determined that resistance to these drugs was not through a generalized 

efflux pathway, mediated by ABCC1, as resistant phenotypes to either drug did not associate 

with ABCC1 overexpression.  All six canine oral melanoma cell lines also have wild type 

sequence for ABCG2.  This suggests that in canine melanomas, mutations to ABCG2 are not 

common, allowing tumors overexpressing ABCG2 to be resistant only to mitoxantrone.  Such 

data further supports that resistance to each therapeutic is mediated specifically through a 

single drug pump.  

There was no correlation of mitotic index of the primary tumor to expression of any 

drug pump, suggesting tumor proliferation is not correlated with drug pump expression and 

therefore treatment resistance.  This may represent two separate mechanisms of tumor 

aggression; those that rapidly divide and metastasize and those that are resistant to treatment.  
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Due to the fact that these two characteristics are not correlated to each other, it provides a 

rationale for screening all oral melanomas, regardless of size, and identifying those most 

likely to respond to chemotherapeutic treatments.  In the clinical setting, this could provide 

options for small tumors, which are identified as resistant to chemotherapeutics, not to 

receive additional chemotherapeutic treatments but to be managed locally with large surgical 

margins and radiation therapy.  Alternately, large tumors, which may not be able to be fully 

excised due to their size, identified as sensitive could be treated with chemotherapeutics to 

manage distant micrometastases in addition to radiation therapy for local tumor control.  

However, an important follow-up critical for validation and further clinical application is 

correlation of in vivo treatment response to gene expression.  

The establishment of a pattern of chemotherapy resistance has direct benefit to 

clinical patients.  This knowledge can lead to the development of assays that can identify 

patients who may respond positively to chemotherapeutics.  Treatment assays could also be 

translated into human medicine, as others have shown the dog to be a suitable preclinical 

model for therapeutics (Fukumoto et al. 2013).  Understanding the mechanism of resistance 

can also lead to the development of better therapeutics that are not substrates for 

overexpressed drug pumps.  While these drugs pumps are among most studied, they are only 

two members of a large family of proteins.  There are several other pumps that can 

effectively export both mitoxantrone and doxorubicin from cells.  Before a functional assay 

could be developed, other members of the ABC family of pumps must also be evaluated and 

directly correlated to chemoresistance.   



 

184 

While mRNA expression is a fast and quantitative way to monitor gene expression, it 

does not validate the actual biological processes responsible for exportation.  For example, 

CL3 was sensitive to mitoxantrone, despite the fact there was a slight overexpression of 

ABCG2.  This suggests that BCRP protein in this cell line may not be expressed, properly 

located within the cell membrane, or fully functional.  To assess the functionality of these 

pumps within canine melanomas cell lines, small molecule inhibitors can be utilized.  

Numerous small molecules have already been developed, such as GF120918, which inhibit 

both MDR1 and BCRP (Hyafil et al. 1993).  GF120918, also known as Elacridar, is a potent 

inhibitor and has been tested in vitro and in vivo in mouse, rat, dog, and monkey (Ward and 

Azzarano 2004).  A measure of the ability of such an inhibitor to rescue susceptibility within 

these lines could have a direct impact on the treatment of veterinary patients resistant to 

chemotherapeutics.  Studies evaluating the increased bio-availability of numerous agents 

with concurrent administration of Elacridar have been performed and showed significantly 

higher levels of target drug when MDR1 and BCRP have been inhibited (Durmus et al. 2012; 

Chuan Tang et al. 2014).  

While several studies have used MDCK (immortalized canine kidney) cells as a tool 

for in vitro models of inhibition efficacy, few directed studies had been performed into the 

inhibition of ABC proteins specifically in veterinary medicine (Mealey, Northrup, and 

Bentjen 2003; Griffin et al. 2005).  One study observed a tyrosine kinase inhibitor (masitinib) 

prevented P-gp function and was able to reverse doxorubicin resistance in an in vitro model 

of canine lymphoma (Zandvliet et al. 2013).  Use of ABC inhibitors to increase 

chemotherapeutic efficacy has a potential for rapid translation to a clinical setting, as 
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masitinib is conditionally licensed for veterinary use in the treatment of canine mast cell 

tumors.  However, as veterinary oncology has not yet developed a commonly accepted 

chemotherapy regime for the treatment of canine oral melanoma, it is difficult to fully 

suggest the role of MDR1 and BCRP in multi-drug resistance in canine melanoma patients.   

These findings also have a much broader impact to veterinary medicine beyond the 

treatment of oral melanoma.  While there is extensive investigation into inhibition of MDR1 

and BCRP human medicine, little had been performed in veterinary medicine.  However, 

these drug pumps are expressed in numerous canine cancers and limit the activity on both 

generalized and targeted therapeutics.  There is also no known assay to screen individuals for 

resistance to current chemotherapeutic agents.  A simple screening assay could provide 

crucial information to clinicians when deciding how best to treat a particular patient.  Such an 

assay could also be used in validation of the efficacy of new drugs that may be a substrate for 

these pumps, by limited trials to patients who do not overexpress them.  This information 

could provide treatments to patients who would benefit the most, while sparing patients who 

would not receive any clinical benefit the cytotoxic effects of such agents.  
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Figure 4.1. Schematic of ABC protein locations in polarized cells.  P-gp, encoded by 
ABCB1, and BCRP, encoded by ABCG2, are both located on the apical surface of polarized 
cells.  MRP1, encoded by ABCC1, is located on the basolateral surface.  
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Figure 4.2. Chemoresistant phenotyping of canine oral melanoma cell lines (n=6). (A) 
Image of 96-well chemoresistance plate with plated cells 24 hours after MTT dye was added. 
(B) Schematic of colorimetric conversion of the MTT dye over 24 hours. (C) Representation 
of chemoresistance phenotyping of canine oral melanoma cell lines. For each drug, four 
concentrations of drug were represented. Resistance was determined if two or more wells 
showed decreased color intensity. (D) Determination of chemoresistance phenotype for each 
of the six canine oral melanoma cell lines screened.  Resistance to doxorubicin was found in 
n=4 cell lines, while resistance to mitoxantrone was found in n=2 cell lines.  
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Figure 4.3. Gene expression changes of ABC genes in canine oral melanoma cell lines 
(n=6). Gene expression changes were plotted with cases on the x-axis and fold change on the 
y-axis.  Chemoresistance phenotype was then coded in each graph with resistance colored in 
red and sensitivity colored in green. (A) Fold change of ABCB1, overexpression was seen in 
n=4.  (B) Fold change of ABCG2, overexpression was seen in n=2. (C and D) Fold change of 
ABCC1, overexpression was seen in n=1. 
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Figure 4.4. Gene expression changes of ABC genes in primary lesions of canine oral 
melanoma (n=17). Gene expression of ABCG2, ABCB1, and ABCC1 was measured in 17 
primary oral melanoma tumors (O1-17) by RT-qPCR.  Expression was normalized using a 
ΔΔCT method using an average of four non-neoplastic oral mucosal tissues as a base line 
(N).  Overexpression cutoff value is demarcated with a red line at y=3.0.  Expression of all 
three genes was variable in primary tumors.  
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	  	   ABCG2	  Fold	  Change	  	  ABCB1	  Fold	  Change	   ABCC1	  Fold	  Change	  

Mito	  RvS	   p=0.0029*	   p=0.015*	   p=0.32	  
Doxo	  RvS	   p=0.34	   p=0.008*	   p=0.27	  

  
 
Figure 4.5 Correlation of chemoresistance to fold change of ABC genes.  Mann-Whitney 
U test was performed to determine the significance of gene expression changes of ABCG2, 
ABCB1, and ABCC1 between drug resistance phenotypes. Associations were found between 
overexpression of ABCG2 and mitoxantrone resistance, and between overexpression of 
ABCB1 and resistance to both mitoxantrone and doxorubicin and overexpression of ABCB1.  
However, there was a much stronger correlation of overexpression to doxorubicin resistance.  
Boxes indicated in red are those we hypothesized to be associated.  
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Figure 4.6. Sequence of ABCG2 in canine oral melanoma cell lines (n=6).  Canine 
ABCG2 was sequenced using targeted Sanger sequencing.  Wild type sequence was detected 
in all six cell lines at the base orthologous to the human mutation R482T.  CFA control used 
is the dog genome reference (CanFam2).   
  

CFA Control 
CL1 
CL2 
CL3 
CL4 
CL5 
CL6 



 

195 

 
Table 4.1 Sequence of RT-qPCR primers for ABC genes. 
  
Gene	  	   Forward	   Reverse	  
ABCG2	   ACC	  CTG	  CAG	  ACT	  TCT	  TCT	  TG	   AAG	  GCT	  CTT	  CAG	  TCA	  CCT	  TG	  
ABCC1	   CGG	  ACA	  GAG	  ATT	  GGT	  GAG	  AA	   GAG	  GTA	  GAT	  GTC	  AGA	  GTC	  ACA	  G	  
ABCB1	   GCT	  GTT	  AAG	  GAA	  GCC	  AAT	  GC	   CTG	  TTT	  CTG	  TCC	  ACC	  ACT	  CA	  
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Table 4.2 Sequencing primers for ABCG2. 
 
Gene	  	   Forward	   Reverse	  
ABCG2	   GTC	  ATC	  CTG	  GGA	  TTG	  GTT	  T	   GGT	  AGG	  CAA	  TTG	  TAA	  GGA	  AG	  
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SUMMARY AND FUTURE DIRECTIONS 

Canine oral melanoma is a common and highly metastatic disease.  There are limited 

treatment options, with a predicted survival time of only 12 months after diagnosis.  Even 

though this disease affects nearly 50,000 dogs every year in the US, little was known about 

the cytogenomoics of canine oral melanomas prior to the completion of this study.  Early 

cytogenetics studies observed irregular karyotypes, but no information has been added to the 

literature since that time.  Similarly, little is known about the molecular changes that occur 

during tumorigenesis of mucosal melanomas in human patients.  This is primarily due to the 

fact that mucosal melanoma is one of the least common subtypes of melanoma.  With this 

type of melanoma only affecting 1,500 patients each year in the US, few efforts have been 

made to investigate the mechanisms underlying tumor development.  

For both species, the main focus of previous studies was to establish if mucosal 

melanomas were similar at the molecular level to common cutaneous melanomas in humans.  

This is the most common type of melanoma, with 76,000 new diagnoses every year in the 

US, and significant research has been done to understand the causative changes that occur 

during tumor development and progression.  While many of the genes identified are part of 

classic cancer pathways, few similarities have been found between cutaneous and mucosal 

melanomas.  This is especially true in terms of activation mutations of cutaneous melanomas, 

such as the BRAF V600E point mutation.  Along this line, a hallmark paper established 

differential copy number (CN) profiles between different subtypes of melanoma.  This was 

the first time that melanomas were considered different diseases at the molecular level.   
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No such analysis had been performed on canine melanocytic lesions.  Melanocytic 

lesions can arise from numerous locations in canines.  Oral lesions are primarily considered 

to be malignant; however, histology of the mass can be ambiguous as melanomas of the oral 

cavity have a propensity to dedifferentiate and present with no pigmentation.  Cutaneous 

lesions in the dog are almost always considered benign.  Unlike with human cutaneous 

melanomas, benign melanocytomas in dogs rarely progress to a malignant phenotype.  

However, these two lesions were considered to be molecularly similar and to develop with 

the same underlying genetic changes.  Analysis of the incidence of individual mutations 

could be key to quantifying the level of heterogeneity within melanocytic tumors and 

identifying those alterations with the greatest impact toward tumor development and 

ultimately biological behavior.  Matching mutations with physical and histopathologic 

characteristics would also allow for development of targeted therapies and refinement of 

diagnostic capabilities.   

To establish a baseline molecular genome-wide copy number profile of malignant 

oral melanomas, benign cutaneous melanocytomas, and malignant cutaneous melanomas, we 

performed oaCGH on a cohort of individuals.  Targeted genes were also evaluated with FISH 

analysis.  From this, we observed different genome-wide and targeted copy number changes 

present in canine oral and cutaneous melanocytic lesions.  We found unique copy number 

aberrations only present in canine oral melanomas, which were not present in either 

cutaneous cohort or in any other tumor type previously analyzed.  We also established a 

similarity in copy number profiles between canine cutaneous melanomas and benign 
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melanocytomas.  This is suggestive that benign cutaneous lesions may develop into 

malignant melanomas, contrary to previous assumptions.  

Comparison to published aCGH and targeted CN profiles of human melanomas was 

performed, demonstrating canine and human mucosal melanomas present with similar whole 

genome and targeted CN profiles.  Additionally, mucosal melanomas in humans had a higher 

level of similarity to canine mucosal melanomas than to human cutaneous melanomas.  This 

suggests that mucosal melanomas develop with a distinctive set of copy number alterations, 

possibly related to a common mechanism of disease.  

We noted a suggestive pattern of chromosomal structural aberrations in our primary 

canine oral melanoma population via oaCGH.  We then confirmed similar patterns of 

aberrations within an established population of canine oral melanoma cell lines.  To validate 

chromosome aberrations, we assessed metaphase spreads from cell lines using FISH based 

analyses.  Cell lines showed significant levels of structural chromosome aberrations; 

however, few were recurrent.  This suggested a high level of chromosome instability, as was 

reported elsewhere in whole genome sequencing of human mucosal melanomas.  To 

investigate and identify dysregulated genes involved in the mechanism of genomic 

instability, we performed whole transcriptome gene expression profiling (GEP) analysis on a 

population of canine cell lines (n=6) and primary tumors (n=7).   

The GEP highlighted genes were identified from the mitotic check-point pathway, 

including AURKB, TTK (or MPS1), PLK1, and NEK2.  This pathway has previously not been 

indicated in the pathogenesis of mucosal melanomas.  We then selected an extended set of 13 

candidate genes, comprising those highlighted by GEP analysis, supplemented with genes 
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involved in classical melanoma pathways.  To evaluate if these gene expression changes 

were consistent across additional primary tumors, this set of 13 genes was analyzed by RT-

qPCR to determine gene expression changes in a group of 31 canine melanocytic lesions 

(primary melanoma (n=17) and benign (n=14) tumors).  Gene expression changes were 

consistent across the entire cohort of malignant tumors.  The absence of involvement of 

classical cutaneous melanoma pathways, as previously demonstrated in other studies, was 

confirmed by mutational sequencing analysis in our subset of canine mucosal melanomas.  

Mutations were not found in BRAF and TP53, confirming the cases in our study were 

consistent with previous findings.  

From these data, we identified an alternate pathway of tumorigenesis in mucosal 

melanomas.  Unlike cutaneous melanomas, which rely on UV-induced point mutations to 

activate growth pathways and deactivated tumor suppressor genes, mucosal melanomas must 

rely on other mechanisms to activate and propagate tumorigenesis.  We hypothesized a 

mechanism of tumor development initiated by mutations within cell cycle control that then 

lead to aberrations within the chromosome stability pathways.  Chromosome instability then 

allows for additional structural aberrations that further alter cellular regulations and allows 

for uncontrolled proliferation of transformed cells.  The proposed mechanism involves the 

abnormal cell cycle regulation, the dysregulation of mitotic division of chromosomes leading 

to atypical karyotypes, and the inhibition of apoptosis monitoring.  By overexpression of key 

genes involved in mitotic progress, mucosal melanomas are able to bypass the DNA 

checkpoints that inhibit cellular proliferation.  The ability of cells to proliferate with DNA 
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damage also allows for multiple minor clones to develop, leading to an increased possibility 

of resistance to traditional therapies.  

 One reason canine melanoma can be highly aggressive is that most tumors develop 

resistance to numerous chemotherapeutic agents.  However, the mechanism(s) of resistance 

has/have yet to be fully elucidated.  If an underlying mechanism could be identified, more 

effective therapeutics could be developed, as well as an assay to identify patients most likely 

to respond.  To evaluate patterns of chemotherapeutic resistance in canine oral melanomas, 

six canine melanoma cell lines were screened for resistance to two common therapeutics, 

mitoxantrone and doxorubicin.  Variable resistance was observed, which led to the 

investigation of the main mechanism of chemotherapeutic resistance, overexpression of 

efflux pumps.  Three main members of the ATP-binding cassette drug pump family were 

evaluated for differential expression within the cell lines.  Analysis of resistance compared to 

gene expression found a positive association of overexpression to cellular resistance.   

 It was observed that this association was specific to which drug pump was 

overexpressed in the cell lines.  Mitoxantrone resistance was associated with ABCG2 

overexpression, while doxorubicin resistance was associated with overexpression of ABCB1.  

To ensure the resistance was not being mediated through an alternate mechanism, such as 

expression of a generalized efflux pump, expression of another ABC gene, ABCC1, was 

evaluated.  Normal expression of ABCC1 was observed in all cell lines and no association 

was found to either doxorubicin or mitoxantrone resistance.  Previous studies showed a 

mutated form of ABCG2 would be responsible for exportation of both mitoxantrone and 

doxorubicin.  However, Sanger sequencing of the ABCG2 genes in the six cell lines revealed 
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wild type ABCG2, suggesting a single mechanism of mitoxantrone and doxorubicin 

resistance.  Based on these data, we propose a mechanism of chemotherapeutic resistance in 

canine oral melanoma using ABC drug pumps, such as ABCG2 and ABCB1.  Such 

information has direct clinical benefit that can be translated to evaluate patients most likely to 

respond to treatments and to develop more effective therapeutics.   

 While many of these conclusions have the potential for significant clinical 

applications, several steps must first be taken.  One key follow-up to any gene expression 

study is the assessment of biological functionality of the changes observed. Several 

experimental methods evaluate gene functionality, including quantitative protein assessment, 

measurement of enzymatic activity, and, as previously mentioned, in vitro RNAi knockout or 

knockdown experiments.  The need for functional validation spurs from the fact that an 

increased gene dosage may be representative of non-functional alleles or that heterozygous 

deletions do not directly affect the level of mRNA or protein being expressed.  A 

dysregulation of gene function may also be caused downstream of gene expression, so 

normal copy number at the genetic level or mRNA at the gene expression level may 

inevitably show down-regulation of the protein.  Validation of protein expression 

dysregulation would further support the involvement of a particular gene in formation of the 

malignant phenotype.   

 Another key factor needed before any clinical translation can be made is validation in 

a larger cohort, in terms of both additional primary cases and evaluation of more genes 

within identified pathways.  For any assay, either copy number or gene expression, a 

significant number of cases must be evaluated with detailed clinical follow-up.  Such clinical 
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follow-up allows for molecular changes to be correlated with epidemiological factors, 

outcome, and response to various treatments.  With this information, the predictive nature of 

specific changes can be determined.  Further investigation into additional genes within 

identified pathways, such as the spindle assembly complex, supports the contribution of these 

pathways and further elucidates the mechanism of tumorigenesis.  Finally, investigation into 

potential drug targets identified by both CN and gene expression analysis, such as TTK, 

PLK1 and TRPM7, must be tested using in vitro and in vivo methods.  Testing of the 

effectiveness of targeted drug inhibitors not only evaluates the biological effect of inhibition 

on tumor cells as possible in vivo treatments, but act also as validation of the involvement of 

the genes in tumor viability. 

 There must also be investigation into other cellular mechanisms that may be involved 

in developing the observed phenotypes.  There are several mechanisms, in addition to those 

discussed previously, which may be responsible for both genetic instability and 

chemotherapeutic resistance.  Another mechanism that leads to genetic instability is 

telomeric crisis, which occurs in aging and damaged cells.  Telomere crisis has also been 

shown to be key in the survival of DNA-damaged cell in several cancer types, but has not 

been investigated in canine oral melanoma.  Chemoresistance to doxorubicin and 

mitoxantrone in canine oral melanoma may also be due to the mechanism of action of these 

agents and the cellular response to such action.  Doxorubicin and mitoxantrone are 

intercalating agents, which act to inhibit topoisomerase II, causing double stranded breaks 

and eventually stalling mitosis.  Overexpression of the genes that regulate mitotic DNA 
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damage repair, shown in our canine oral melanoma cases, may allow canine mucosal 

melanomas cells to bypass the DNA damage caused by topoisomerase II inhibition.   

The onset of molecular medicine can increase knowledge into the underlying 

mechanism of disease and give insights into the specific changes that mark the development 

and progression of cancers.  The applications of such knowledge are vast.  Understanding 

early changes can increase the efficacy of diagnostic markers used in early detection screens.  

Discovery of mutations unique to malignant melanomas could help expedite diagnostic 

processes.  Correlation of malignancy to alterations of key genes can be used as predictive 

markers for more accurate prognosis and allows for local invasiveness and metastatic 

propensity to be quantitatively assessed.  Understanding key pathways involved can also lead 

to the development of therapeutics beyond merely palliative care to curative treatments.   

Comparative genomic studies, such as the one described here that incorporates the full range 

of traditional cytogenetics, gene expression changes, and correlation of dysregulation to 

treatment response, can aid predictive, targeted, and personalized medicine for the benefit of 

both man and dog. 



 

205 

APPENDICES



 

206 

APPENDIX I 

 
Evaluation of Expression of TRPM7 Located Within a Region of Significant  

Copy Number Gain 
 

AI.1 Abstract 

 The gene TRPM7 has been indicated in the proliferation and migration of 

melanocytes and melanoma cells.  The genome region encoding for TRPM7 was highly 

amplified in canine oral melanomas.  To investigate if this amplification had an effect on 

gene expression, RT-qPCR of the TRPM7 gene was performed.  Non-parametric correlation 

analysis was then performed to assess gene expression association to DNA amplification and 

tumor proliferation.  Overexpression of TRPM7 was observed in 73% of cases with an 

average fold change of 33.12.  DNA copy number of TRPM7 was not correlated with mitotic 

index (p= 0.157).  However, TRPM7 expression was correlated with both copy number and 

mitotic index (p= 0.000109 and p= 0.0437, respectively), suggesting that copy number can 

affect the overall expression of TRPM7 in canine oral melanomas.  This also suggests a role 

of TRPM7 in melanoma development or propagation, as TRPM7 has previously been shown 

to have two major roles in the cell: detoxifying melanin production intermediaries and aiding 

in cell migration.  In conclusion, we suggest TRPM7 may be a novel gene involved in canine 

oral melanoma and may be a target for gene inhibition therapy.   
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AI.2 Introduction 

 There is much discussion on the role of chromosomal aneuploidy in tumorigenesis 

and progression (Weaver and Cleveland 2009).  The ability of chromosomal copy number 

changes to affect gene expression primarily relies on access to gene regions on which 

transcription can occur (Spivey et al. 2012).  Previous investigations into correlation of copy 

number changes and gene expression in melanoma suggest a limited relationship, with 

genomic imbalances detectable by aCGH contributing to only 25% of the transcriptional 

changes observed (Sabatino et al. 2008).  However, the direct relationship between 

alterations in gene copy number and respective gene expression remains unclear. 

 Members of the transient receptor potential cation channel, subfamily M (TRPM) are 

non-selective cation channels involved in numerous cellular processes, including control of 

Mg2+ homoeostasis, cell proliferation, and cell death (Fleig and Penner 2004).  TRPM, 

member 7 (TRPM7), is a fusion protein with an ion transport domain and an enzymatically 

active COOH-terminal alpha-kinase, which acts as an atypical serine/threonine kinase 

(Drennan and Ryazanov 2004).  TRPM7 functions primarily as an ion channel that mediates 

calcium entry into the cell; however, it has also been observed that TRPM7 regulates cell 

migration, which is reliant on the activity of the regulatory kinase domain (Guilbert et al. 

2013).  TRPM7 has recently emerged as a key player in embryonic development, global 

ischemia, cardiovascular disease, and cancer (Fleig and Chubanov 2014).  New experimental 

evidence indicates that altered expression of TRPM7 is frequently observed in cancer cells, 

adenocarcinomas and breast cancer, and correlates with cell proliferation and migration 

(Rybarczyk et al. 2012; Guilbert et al. 2013; Meng et al. 2013; Trapani et al. 2013).  It has 
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also recently emerged as a key regulator of melanocytes and melanoma development, 

specifically as a detoxifier of melanin synthesis intermediates in both normal melanocytes 

and melanoma cells (Guo, Carlson, and Slominski 2012).   

 TRPM7 is found on canine chromosome CFA 30:19465566 to 19579841 (CanFam2, 

UCSC, http://genome.ucsc.edu).   Previous studies (Chapter II) found this region of CFA 30 

to be highly amplified; therefore, we hypothesized that TRPM7, located within this region of 

DNA amplification, will show a correlated level of gene amplification.  The goal of this 

study was to evaluate the impact of DNA amplification of CFA 30: 19465566 to 19579841 

on tumor proliferation and gene expression of TRPM7, and if gene expression had an impact 

on either tumor proliferation or pigmentation status.   

 

AI.3 Materials and Methods 

AI.3.1 Tumor Population and Proliferation Status 

Malignant oral melanoma tumor cohorts have been previously described: primary 

tumor samples (Chapter II) and cell lines (Chapter III).  DNA and RNA extraction have been 

previously described: Chapter II, section 2.3.2 and Chapter III, section 3.3.6.  Proliferation 

status was determined by evaluation of mitotic index, which was taken by counting total 

mitotic figures present in 10 consecutive, non-overlapping, 40X fields.  Pigmentation was 

calculated as a percent of tumor with visible melanin granules present.  
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AI.3.2 Copy Number of CFA 30: 19465566-19579841 

 Copy number for the genomic region of CFA 30 at basepair location 19465566 to 

19579841 was determined via Agilent 4X180K oligo-CGH array as previously described 

(Chapter II, section 2.3.4).  Log2 ratios were extracted using Agilent Feature Extraction 

software and then reverse-calculated to determine the predicted copy number for the region 

in each case.  Mitotic index was then correlated to copy number using a non-parametric 

Spearman’s Rank Sum to assess association of amplification of this gene region with tumor 

proliferation. 

 

AI.3.3 Gene Expression of TRPM7 via RT-qPCR 

Total RNA was converted to cDNA using the VILO SuperScript Reverse 

Transcriptase according to manufacturer’s recommendation (Invitrogen, Life Technologies 

Corporation, Carlsbad, CA, USA).  Location and sequence of TRPM7 were selected based on 

their genome position indicated for the canine genome build CanFam2 in the UCSC canine 

genome browser (http://genome.ucsc.edu).  Primers were then selected using the aid of the 

PrimerQuest software (Integrated DNA Technologies).  Primer sequences are listed in Table 

AI.1.  RT-qPCR was performed using SYBR green chemistry (KAPA SYBR FAST qPCR 

Kit, Kapa Biosystems, Wilmington, MA, USA) on cDNA using the AB OneStep Plus 

(Applied Biosystems, Life Technologies Corporation, Carlsbad, CA, USA).  Reference gene 

for ΔΔCT calculations was chosen based on the smallest standard deviation across all 

samples.  Relative mRNA levels of individual gene expression were then calculated, where 

ΔCT normalization is the difference in the threshold PCR cycle (Ct) value of target gene and 
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the corresponding control (RPS5) in each reaction.  These values were compared with mRNA 

from non-neoplastic oral mucosa from normal canines (n=4).  Normal variation within 

individuals was determined by calculating the average variation in Ct values between the 

four normal individuals across all target genes.  For tumor samples, a fold change threshold 

of  > 3 or < 0.3 was considered outside normal range and therefore dysregulated.   

 Copy number was first correlated against gene expression changes using linear 

regression; however, due to the non-normal distribution of data points, a linear regression 

was inconclusive.  Copy number was then correlated against gene expression using a non-

parametric Spearman’s Rank Sum analysis.  Mitotic index was also correlated with gene 

expression using a non-parametric Spearman’s Rank Sum analysis to assess if expression of 

this gene was associated with proliferation, one of the best indicators of tumor aggression.   

Percent pigmentation was also correlated with gene expression using a non-parametric 

Spearman’s Rank Sum analysis.  

 

AI.4 Results 

AI.4.1 Copy Number of CFA 30: 16465566-16579841 

 Copy number within the region of CFA 30 at 19.5Mb was variable across cases.  The 

average copy number across the cohort was 6.8, with the maximum being 28.5.  When copy 

number of this region was correlated to mitotic index, no significant correlation was found 

(p= 0.157). 
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AI.4.2 Gene Expression Changes of TRPM7 in Canine Oral Melanomas  

 Gene expression changes were variable across the cohort.  Overall, cases presented 

with an overexpression of TRPM7 in 73% of cases (n=17/23).  The average fold change was 

33.12 with a maximum fold change of 120.41.  However, the tumor with the highest fold 

change did not have the highest amplification of this region.  Linear regression modeling 

(Figure AI.1) found no direct correlation of fold change to DNA amplification (R2= 0.26).  

This was most likely to do the fact the data were not normally distributed.  However, when a 

non-parametric analysis was performed via Spearman’s Rank Sum, significant correlation 

was observed (p= 0.000109).  Gene expression was then correlated with proliferation status 

via mitotic index, which was also significantly correlated (p= 0.0437).  Gene expression was 

not correlated with pigmentation (p= 0.322). 

 

AI.5 Discussion 

Previous studies have shown the power of copy number aberration as a method of 

dysregulation of gene-loci expression (Ortiz-Estevez et al. 2011).  Expression of TRPM7 

showed a strong positive correlation to copy number data, suggesting that copy number may 

have an affect on the overall expression of TRPM7 in canine oral melanomas.  However, 

amplification of this gene region alone may not necessarily be a causative effect on canine 

melanoma tumor growth, as DNA copy number gain was not correlated with tumor 

proliferation.   One study that investigated the role of TRMP7 expression in adenocarcinomas 

found overexpression had a more dramatic effect on cell migration and not cell proliferation 

(Rybarczyk et al. 2012).  This is in concordance with our data that suggests that while 
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TRPM7 is overexpressed in aggressive melanoma cells, it is only weakly correlated with 

proliferation.  This suggests that TRPM7 overexpression may play a role in tumor growth; 

however, only partially regulated through amplification of the loci-encoding region.  

However, overexpression of TRPM7 can lead to many other positive effects on melanoma 

tumor aggression, without effecting cell proliferation.  

Studies in cultured cells implicate TRPM7 in regulation of cell growth, spreading, and 

survival.  In a study investigating double knockouts of TRPM7, it was observed that 

melanophores experienced cell death via necrosis (McNeill et al. 2007), possibly through the 

inability of these cells to excrete the toxic byproducts of melanin synthesis.  This suggests 

TRPM7 may be critical in the propagation of melanoma cells that produce large amounts of 

melanin pigment.  The same study also saw an inhibition of melanin synthesis largely 

prevented melanophore cell death in cells with no TRPM7 expression.  Therefore, 

melanomas without TRPM7 expression may develop amelanotic histology as a way to 

prevent cell death due to build up of toxins during melanin synthesis.  Therefore we 

hypothesized that tumors with low or no pigmentation would also be lacking TRPM7.  

However, we saw no correlation of gene expression to percent pigmentation.  This suggests 

the toxic effects of large levels of melanin production may have little effect on aggressive 

melanomas, or that melanomas may find another mechanism(s) of detoxification, not 

mediated through TRPM7.  

There is also evidence that TRPM7 plays a significant role in cell differentiation, 

proliferation, and migration especially through the MAPK signaling pathway, a cascade 

shown to be key in melanoma development (Guo, Carlson, and Slominski 2012).  In a study 
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investigating the concurrent action of TRPM7 with MAPK, silencing of TRPM7 in breast 

cancer cells resulted in a significant decrease in migration and invasion capability.  The same 

study also observed that gene silencing resulted in decreased phosphorylation levels of Src 

protein and members of the MAPK cascade, suggesting TRMP7 regulates migration and 

invasion of tumor cells (Meng et al. 2013), however this has not been investigated directly in 

melanoma cells that show an activation of the MAPK pathway.  In conclusion, we suggest 

TRPM7 may have a potential role in canine oral melanoma proliferation, acting in 

concordance with MAPK, and as a result may be a target for gene inhibition therapy.  



 

214 

REFERENCES 
 
 

Drennan, D. and Ryazanov, A. G. (2004). "Alpha-kinases: analysis of the family and 
comparison with conventional protein kinases." Progress in Biophysics and Molecular 
Biology 85(1): 1-32. 
 
 
Fleig, A. and Penner, R. (2004). "The TRPM ion channel subfamily: molecular, biophysical 
and functional features." Trends Pharmacol Sci 25(12): 633-639. 
 
 
Fleig, A. and Chubanov, V. (2014). TRPM7. Mammalian Transient Receptor Potential (TRP) 
Cation Channels. B. Nilius and V. Flockerzi, Springer Berlin Heidelberg. 222: 521-546. 
 
 
Guilbert, A., Gautier, M., Dhennin-Duthille, I., et al. (2013). "Transient receptor potential 
melastatin 7 is involved in oestrogen receptor-negative metastatic breast cancer cells 
migration through its kinase domain." Eur J Cancer 49(17): 3694-3707. 
 
 
Guo, H., Carlson, J. A. and Slominski, A. (2012). "Role of TRPM in melanocytes and 
melanoma." Experimental Dermatology 21(9): 650-654. 
 
 
McNeill, M. S., Paulsen, J., Bonde, G., et al. (2007). "Cell death of melanophores in 
zebrafish trpm7 mutant embryos depends on melanin synthesis." J Invest Dermatol 127(8): 
2020-2030. 
 
 
Meng, X., Cai, C., Wu, J., et al. (2013). "TRPM7 mediates breast cancer cell migration and 
invasion through the MAPK pathway." Cancer Letters 333(1): 96-102. 
 
 
Ortiz-Estevez, M., De Las Rivas, J., Fontanillo, C., et al. (2011). "Segmentation of genomic 
and transcriptomic microarrays data reveals major correlation between DNA copy number 
aberrations and gene-loci expression." Genomics 97(2): 86-93. 
 
 
Rybarczyk, P., Gautier, M., Hague, F., et al. (2012). "Transient receptor potential melastatin-
related 7 channel is overexpressed in human pancreatic ductal adenocarcinomas and 
regulates human pancreatic cancer cell migration." Int J Cancer 131(6): E851-861. 



 

215 

Sabatino, M., Zhao, Y., Voiculescu, S., et al. (2008). "Conservation of genetic alterations in 
recurrent melanoma supports the melanoma stem cell hypothesis." Cancer Res 68(1): 122-
131. 
 
 
Spivey, T. L., De Giorgi, V., Zhao, Y., et al. (2012). "The stable traits of melanoma genetics: 
an alternate approach to target discovery." BMC Genomics 13(1): 156. 
 
 
Trapani, V., Arduini, D., Cittadini, A., et al. (2013). "From magnesium to magnesium 
transporters in cancer: TRPM7, a novel signature in tumour development." Magnes Res 
26(4): 149-155. 
 
 
Weaver, B. and Cleveland, D. (2009). "The role of aneuploidy in promoting and suppressing 
tumors." J. Cell Biol. 185(6): 935-937. 
 
 



 

216 

 

 

Figure AI.1 Linear correlation of copy number to gene expression of TRPM7.   Copy 
number for the region containing TRPM7 was derived from oaCGH data for primary canine 
oral melanomas (n=17) and canine oral melanoma cell lines (n=6).   This was then correlated 
with RT-qPCR fold change expression of TRPM7.  There was no linear correlation, r2= 
0.216.  
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Table AI.1 Primer sequences for TRPM7 gene expression analysis. 
 
Gene	   Forward	   Reverse	  
TRPM7	   CGA	  AAT	  ACC	  TCT	  AGC	  AGC	  ACT	  C	   CGA	  TAG	  GGC	  TGT	  GCT	  GTT	  T	  
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APPENDIX II 

Clinical and Cytogenetic Analysis of a Biologically Ambiguous Amelanotic Malignant 
Oral Melanoma in a Flat-Coated Retriever 

 
 

AII.1 Abstract 

A 10-year-old neutered Flat-Coated Retriever presented with a biologically and 

histologically ambiguous primary gingival neoplasm and corresponding distant metastases to 

the dorsal skin.  Both primary neoplasm and metastases were diagnosed as amelanotic 

melanoma on cytology; however, histology and immunohistochemistry was inconclusive for 

melanoma. Cytogenetic analysis was performed to assist in tumor typing.  Copy number 

analysis revealed oaCGH genome-wide aberration patterns similar to what has been 

established for canine oral malignant melanomas in both the primary and metastatic lesion. 

Our findings support a diagnosis of oral malignant melanoma and demonstrate the utility of 

molecular diagnostics for histologically ambiguous lesions in a clinical setting.   
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AII.2 Introduction 

Melanoma is the most common tumor of the oral cavity in dogs (Bergman 2007), 

with over 80% of these tumors being malignant (Spangler and Kass 2006). Canine oral 

melanoma readily invades into normal tissue and bone and has a high metastatic propensity 

(Ramos-Vara et al. 2000; Koenig et al. 2002).  These tumors are usually aggressive and 

respond poorly to standard treatments, with the average life-span post-diagnosis of a stage I 

tumor being only 12 months (Bergman 2007).  Biological behavior of these tumors is highly 

variable.  Diagnosis is confirmed using histopathology; however, melanoma tumor 

morphology can be variable and overlaps considerably with several other common tumors 

(Withrow, Vail, and Page 2013).  Recent literature reviews highlight the difficulties 

surrounding the diagnosis and prognosis of melanoma (Spangler and Kass 2006; Smedley et 

al. 2011).  Currently, the principal means of determining biological outcome of a 

melanocytic growth is by assessing a combination of physical characteristics like anatomical 

site, size, stage at time of diagnosis, and histological parameters, including nuclear atypia and 

mitotic figures among others (Bergman 2007).  This leaves a great deal of variation in 

determination of differentiation and prognosis, leading to unreliable characteristics by which 

these tumors are assessed.  Multiple authors (Bergman, Modiano, and Smedley) have 

commented on the need for alternate methods for determining deferential diagnosis of 

histologically ambiguous cases.   

Genetic testing for novel chromosomal copy number aberrations has been used to 

improve the diagnostic and prognostic accuracy in human oncology (Bastian et al. 2003; 

Bauer and Bastian 2006; Bastian and Bauer 2007; Greshock et al. 2009; Lazar et al. 2009; 
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Vergier et al. 2011).  Recent developments in molecular veterinary oncology have made it 

possible to characterize tumors based on copy number variations within genomic tumor DNA 

(Thomas et al. 2008).  This allows researchers to analyze mutations across the entire genome 

of an individual and compare aberrations to those of a known population.  In this report we 

apply oligo-array comparative genomic hybridization (oaCGH) to assist in the diagnosis of a 

primary and metastatic tumor with ambiguous morphology. 

 

AII.3 Case History  

A 10-year-old neutered Flat-Coated Retriever was presented to the University of 

Pennsylvania Ryan Veterinary Hospital (UPenn) for evaluation of a gingival mass.  The 3cm 

in diameter mass was detected by the referring veterinarian on routine dental examination 

and was located on the right side of the hard palate (Figure AII.1).  Patient history included a 

removal of a squamous cell carcinoma of the fifth right rear digit five months before 

presentation, and several subcutaneous small masses, which had persisted for six or seven 

months prior to initial presentation, but no history of melanoma.  Thoracic radiographs were 

within normal limits.  The gingival tumor was excised and submitted for histopathology and 

the tumor was diagnosed as an amelanotic melanoma.   The animal was then scheduled to 

receive radiation treatment.   

At the time of the pre-radiation examination, one-week post initial visit, it was noted 

the animal had a prominent right submandibular lymph node (RSMLN) and CT revealed a 

moderately enlarged and irregular right retropharyngeal lymph node.  Ultrasound-guided 

aspirates were of low cellularity and cytology was consistent with a reactive lymph node, 
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with no malignant cells seen.  However, given the size and appearance of the CT scan, a 

tentative diagnosis of metastatic disease was made for the right retropharyngeal lymph node.  

Palliative radiation of six treatments to the primary oral mass was started at UPenn.  

During return visits for radiation therapy, multiple new cutaneous masses were 

observed.  The first two cutaneous mass was identified a month after primary diagnosis, one 

at the right lateral thorax and one on the sternum.  Both superficial cutaneous masses were 

firm, pale tan and 1.4cm in diameter.  Five days after the third radiation treatment, a third 

mass was noted on the left prescapular area.  This mass was also superficial cutaneous, firm, 

pale tan and was 0.8cm in diameter.  Throughout this period the thoracic radiographs were 

within normal limits.  Fine-needle aspirates of all cutaneous masses were performed.   

Cytology showed similar cell morphologies for all masses however; due, to the location of 

the masses, the anaplastic cellular morphology and the absence of melanin granules a 

definitive diagnosis could not be made.  Major differentials included histiocytic disease 

including histiocytosic scarcoma due to the location and breed predisposition.  By the fourth 

radiation visit, a new dermal mass was noted over his left hip measuring 0.6 cm in diameter, 

firm, superficial, and mildly inflamed.  It was again noted the right mandibular lymph node 

(RMLN) was enlarged (1.3cm) and firm.  Additional aspirates of all masses and the RMLN 

were taken and showed malignant, highly dedifferentiated neoplasia.  One week later, a new 

firm 0.4cm mass at the left inguinal area was noted. A punch biopsy was taken of the dermal 

mass at this left hip.  At the final radiation treatment, no new masses had presented and 

thoracic radiographs were unchanged from initial radiographs.  
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Four months post-radiation, the primary tumor and lymph node metastases were well-

controlled with the radiation therapy; however, the subcutaneous metastases were 

progressing slowly with the largest 1cm in diameter.  Further radiation treatments were 

declined.  Radiation therapy was discontinued. A month later, chest rads revealed multiple 

nodules and additional ulcerated dermal masses were identified over the next three months 

when re-growth of the gingival mass was noted.  Nine months after initial diagnosis, the 

decision was made to euthanize.  Post-mortem necropsy was performed and tissue sections of 

six lesions were taken for histological and molecular analysis.  

 

AII. 4 Materials and Methods 

AII.4.1 Tissue Collection 

En bloc resections and punch biopsies of tumor tissue were performed at UPenn.  

Tissues were stored on ice and submitted to NCSU Breen Lab for further evaluation.  At 

NCSU, tissues were divided into three equal sections for histology, nucleic acid removal, and 

cell culture.  Specimens for histology were fixed in neutral buffered formalin for 24 hours 

then blocked in paraffin.  Sections for nucleic acid removal were snap frozen in liquid 

nitrogen.  

 

AII.4.2 Immunohistochemistry  

 Histology and pathological assessment of all tumor sections was performed at NCSU 

College of Veterinary Medicine Anatomic Pathology Laboratory.   
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AII.4.3 Cell Culture 

 Tissue sections for cell culture were subjected to enzymatic disaggregation using 

collagenase IV (Invitrogen, Life Technologies Inc., Grand Island, NY, USA) at a final 

concentration of 1X in Hank’s Balanced Salt Solution (HBSS) (Mediatech Inc., Manassas, 

VA, USA) at 37°C overnight.  Cells were cultured in Dulbecco’s Modified Eagle Medium 

(Mediatech Inc., Manassas, VA, USA) supplemented with 10% v/v heat-inactivated FBS 

(Mediatech Inc., Manassas, VA, USA) and 100ug/ml Primocin Antibiotic (InvivoGen, San 

Diego, CA, USA) in a humidified atmosphere containing 5% CO2 at 37°C.  Cells were 

grown in T75 flasks with 0.2µM filtered lids until they reached 95% confluence, then 

harvested for metaphase cellular spreads and DNA extraction.  All cell lines were grown as a 

monolayer and were maintained by passage for no greater than eight passages after 

reestablishment. 

 

AII.4.4 Genomic DNA Extraction  

Genomic DNA was extracted from frozen tissues using the DNeasy Kit (according to 

manufacturer’s recommendations, Qiagen, Germantown, MD, USA) and assessed for quality 

and quantity by spectrophotometry.  Genomic DNA integrity was assessed by agarose gel 

electrophoresis and showed little to no degradation.  

For DNA extraction from FFPE samples, areas of tissue enriched for tumor were 

identified and indicated on a representative Hematoxylin and Eosin (H&E)-stained 5µm 

slides by a veterinary pathologist (LB).  Three adjacent 25µm sections were obtained from 

each FFPE specimen and tumor regions were macro-dissected away from any normal tissue.  
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Genomic DNA was extracted from the remainder of the 25µm sections using a QIAamp 

DNA FFPE Tissue Kit (according to manufacturer’s recommendations, Qiagen, 

Germantown, MD, USA) and assessed for quality and quantity by spectrophotometry.  

Genomic DNA integrity was assessed by agarose gel electrophoresis.  All FFPE derived 

samples had DNA exhibiting some degree of degradation, but the majority of the DNA was 

>10kb.   

 

AII.4.5 Fluorescence in situ Hybridization 

Metaphase chromosome preparations and interphase nuclei were produced directly 

from cultured cells using conventional techniques of ethidium bromide treatment to elongate 

chromosomes, colcemid arrest, hypotonic treatment, and 3:1 methanol-glacial acetic acid 

fixation (Breen, Bullerdiek, and Langford 1999).  Multicolor single locus probe (SLP) 

fluorescence in situ hybridization (FISH) analysis was done on metaphase spreads as 

described previously (Breen et al. 2004) to evaluate the distribution of selected copy number 

changes identified by genome-wide oaCGH.  Bacterial artificial chromosomes (BACs) that 

contained the coding sequence for the genes of interest were selected based on their genome 

position indicated for the canine genome build CanFam2 in the UCSC canine genome 

browser (http://genome.ucsc.edu).  Metaphase preparations from clinically healthy canine 

primary lymphocytes were used to confirm that all 10 BAC pools showed the expected copy 

number (n=2) for autosomal loci.   
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AII.4.6 DNA Array Comparative Genomic Hybridization 

Oligo-aCGH was performed by cohybridization of tumor (test) DNA and a common 

reference DNA sample comprising of an equimolar pool of high molecular weight (HMW) 

DNA from multiple healthy individuals of various breeds.  DNA was labeled using an 

Agilent SureTag Labeling Kit (Agilent Technologies, Santa Clara, CA) with all tumor (test) 

samples labeled with Cyanine-3-dCTP and the common reference sample labeled with 

Cyanine-5-dCTP.  Fluorochrome incorporation and final probe concentrations were 

determined using routine spectrophotometric parameters with reading taken from a 

Nanodrop1000.  Fluorescently labeled test and reference samples were co-hybridized to 

Canine G3 SurePrint 180,000 feature CGH arrays (Agilent, AMADID 025522) for 40 hours 

at 65°C and 20 rpm, as described previously (Angstadt et al. 2011).  Arrays were scanned at 

3µm, using a high-resolution microarray scanner (Agilent, Model G2505C).  

Copy number data were analyzed with NEXUS Copy Number v6.0 software 

(Biodiscovery Inc., CA, USA). The raw copy number data for each probe provided from 

Feature Extraction were centered using diploid regions. NEXUS generated copy number 

aberrations using a FASST2 Segmentation method with a significance threshold of 5.05-6.  

Aberrations were defined as a minimum of three consecutive probes with log2 tumor: 

reference value of 0.2 to 1.13 (gain), >1.14 (high gain), -0.23 to -1.1 (loss), < -1.1 

(homozygous loss).  Recurrent copy number aberrations were determined within NEXUS 

using an involvement threshold of 60%.  Significance of these regions was then determined 

in NEXUS using the GISTIC algorithm with a G-score cut off of G>1.0 and a significance of 

Q<0.05.  CNA frequency comparisons amongst sample groups were performed in NEXUS 
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using Fisher’s exact test with differential threshold of >50% and significance p<0.05.  

Significance of each probe between the two groups was calculated in NEXUS using a Mann-

Whitney U Test for median comparison. 

 

AII.5 Results 

AII.5.1 Histologic and Immunohistochemical Findings of Primary Tumor 

Histologically, the initial tumor biopsy showed the submucosa to be infiltrated by a 

dense cellular neoplasm of polygonal cells with a fine fibrovacscular stroma.  Pigment-laden 

macrophages were observed in the superficial stroma.  The neoplastic tissue had moderate 

anisocytosis and anisokaryosis.  However, no vascular or lymphatic invasion was observed.  

Neoplastic cells presented with moderately pale amphophilic cytoplasm with round to oval 

nuclei.  Nuclei had prominent atypia with finely stippled chromatin and one to two nucleoli.  

Proliferating cells were associated with or embedded in the overlying mucosal epithelium 

(junctional activity).  Thirty-eight mitotic figures were found in 10 consecutive, non-

overlapping, 40X fields.  The diagnosis was determined as amelanotic malignant oral 

melanoma.   

After tissue was submitted to NCSU, secondary histopathological analysis (Figure 

AII.2a) showed the submitted tumor section had almost identical tissue morphologies; 

however, this sectioned showed fewer mitotic figures, 15 in 10 consecutive, non-overlapping, 

40X fields, and two areas were suspicious for intravascular invasion.  This was suggestive of 

heterogeneity within the tumor substructure.  Due to a lack of sufficient differentiation, 
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pathology could not confirm a final diagnosis, but it was suggested as either a carcinoma or 

neuroendocrine tumor. 

Neoplastic cells did not label with Melan-A.  Negative results do not rule out 

melanoma as amelanotic melanomas do not always stain with Melan-A (Figure AII.2b).      

S-100 stain was then applied to the same section.  There was moderate staining of all 

neoplastic cells exhibiting cytoplasmic reactivity.  However, S-100 has a low specificity and 

other spindle cell neoplasms have also been reported as positive for S-100 (Figure AII.2c).  

Finally, a PNL-2 stain, melanoma specific marker, was applied to the tissue section.  The 

neoplastic cells did not label with PNL-2 (Figure AII.2d).   

 

AII.5.2 Histologic Findings of Metastatic Tumor from Left Hip 

 Cytology of fine-needle aspirates from the left hip mass showed neoplastic cells in 

sheets and cohesive aggregates.  The majority of neoplastic cells were round with few 

showing fusiform shape and with all showing marked anisocytosis, anisokaryosis, 

binucleation, micronuclei, coarsely stippled chromatin, many nucleoli, anisonucleoliosis, and 

moderate basophilic to blue-grey cytoplasm.  Frequent mitotic figures were observed.  

H&E analysis of the dermal metastatic tumor (Figure AII.2e) revealed the dermis 

contained an unencapsulated, poorly demarcated neoplasm arranged in anastomosing islands, 

trabeculae, cords, and rare packets separated by a thin fibrovascular stroma.  Neoplastic cells 

were oval to polygonal, had indistinct cell borders, moderate amounts of pale, eosinophilic 

foamy cytoplasm, round to oval nuclei with finely-stippled chromatin and one to two 

nucleoli.  There was moderate anisocytosis and marked anisokaryosis.  Thirty-five mitotic 
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figures were observed in 10 consecutive, non-overlapping, 40X fields.  In the center of the 

tissue, there was an area of necrosis and small amounts of hemorrhage.  There were few hair 

follicles observed on the periphery of the tissue; however, neoplastic cells were not observed 

within the follicular epithelium.  

For this tissue section, epithelium/epidermis was not included in the biopsy sample, 

which hinders interpretation of histologic findings, as certain tumors, such as melanoma, will 

exhibit junctional activity. Histological findings were similar to the primary neoplastic tissue, 

with more pleomorphism and a higher mitotic rate observed in the metastatic tissue.  The 

diagnosis was a malignant neoplasia, but due to the advanced dedifferentiation of the tissue, 

no further definitive diagnosis could be made.  However, taken with the previous diagnosis, 

it was concluded that this could be a metastasis from an amelanotic malignant melanoma.    

S-100 stain was then applied to the same section.  There was moderate staining of all 

neoplastic cells exhibiting cytoplasmic reactivity (Figure AII.2f).  Finally, a PNL-2 stain, 

melanoma specific marker, was applied to the tissue section.  The neoplastic cells did not 

label with PNL-2 (Figure AII.2g).   

 

AII.5.3 Histologic Findings of Distant Metastatic Tumors 

Similar histologic findings are present in oral mass (Figure AII.2h), lung (Figure 

AII.2j), and haired skin tissues (Figure AII.2k-m) and are reported together.  Normal 

parenchyma is expanded and replaced by a poorly demarcated, unencapsulated, moderately 

cellular neoplasm arranged in sheets to anastomosing islands and trabeculae and supported 

by a scant fibrous stroma.  Neoplastic cells are oval to polygonal with indistinct cell borders, 
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and a moderate amount of finely vacuolated amphophilic cytoplasm.  Nuclei are oval with a 

moderate amount of finely stippled to vesiculated chromatin and an indistinct to 1 nucleolus. 

Anisocytosis and anisokaryosis are moderate and there are 32 mitotic figures in 10 

consecutive, non-overlapping, 40X fields.  Scattered individual cells are rounded, with 

hypereosinophilic cytoplasm and pyknotic nuclei.  Multifocally, the pericardium (Figure 

AII.2n) is expanded by small clusters and anastamosing trabeculae of hypertrophied 

mesothelial cells with variably sized aggregates of lymphocytes with admixed areas of 

hemorrhage and hemosiderin-laden macrophages.  

CD18 staining of the local recurrence from the primary oral mass was diagnostically 

negative (Figure AII.2i) as over 95% of neoplastic cells failed to positively label.  Scattered 

cells at the periphery of the neoplasm display strong, granular, cytoplasmic labeling with 

CD18, suggesting a high level of inflammation at the periphery of the tumor.   

 

AII.5.4 Molecular Findings 

 Our molecular analysis of both the primary tumor and the metastatic lesions are 

supportive of a diagnosis of amelanotic malignant oral melanoma.  The genetic profile 

determined from the primary and all metastatic tumors closely resembles that of previously 

characterized canine oral melanomas (Chapter II).   

 

AII.5.4.1 oaCGH Data  

Whole-genome oligo-array comparative genomic hybridization (oaCGH) further 

supported a diagnosis of amelanotic oral melanoma.   The oaCGH prolife of the primary and 
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all metastatic lesions (Figure AII.3) presented with characteristic genetic markers found only 

in malignant oral melanoma, a gain of CFA 17 and a sigmoidal pattern of CFA 10 and 30 

(Chapter II).  The only principal difference to copy number aberrations of the established 

population of canine oral melanomas was a loss of CFA 13.  The left hip metastatic lesion 

showed some copy number differences to those present in the primary tumor, the largest of 

which was a gain of CFA 33 from 9.2-17.8Mb.  Oligo-aCGH profiles of the later metastatic 

lesions showed remarkable similarity to both the primary tumor and the metastatic lesion 

from the left hip (Figure AII.3).  When aberrations present in the population of all metastatic 

lesions were compared to those in the primary tumor, no significant differences were found.  

 

AII.5.4.2 FISH Data 

Analysis of cultured cells from the primary tumor showed atypical nuclear 

morphology in both shape and chromatin consistency.  The copy number status for individual 

genes showed high levels of variability (Figure AII.4), suggestive of tissue heterogeneity.  

However, the overall trend of targeted-gene copy number aberrations was suggestive of oral 

malignant melanoma.   

 

AII.6 Case Outcome and Discussion 

In this study we have demonstrated the ability of molecular analysis to aid in the 

diagnosis of histologically ambiguous neoplasia.  The initial diagnosis of amelanotic 

melanoma was questioned by the biological presentation, the lack of histologic 

differentiation, and the location of metastatic lesions.  Further immunohistochemistry 
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analysis was unable to confirm differential diagnosis, as clinical marker staining was 

unremarkable (Figure AII.2a-g).  At this point, due to the prevalence in Flat-Coated 

Retrievers, a possibility of histyocitic scarcoma was discussed.  This diagnosis would also fit 

the biological spread of the disease to the cutaneous epithelium, an unusual occurrence in 

oral melanomas.   However, CD18 immunostaining was negative as seen in Figure 1i.  

Molecular analysis, however, was able to show similar genome-wide copy number profiles to 

that of canine oral melanoma (Chapter II).  Similarly, these tumors did not present with 

genetic aberrations similar to other canine tumors (Angstadt et al. 2011; Hedan et al. 2011; 

Thomas et al. 2011; Frantz et al. 2013; Seiser et al. 2013).  With this detailed genetic 

analysis, we were able to confirm the initial diagnosis of oral melanoma (Figure AII.5).   

Detailed copy number analysis of the primary tumor and the corresponding metastatic 

lesion can reveal aberrations that are advantageous to the advancement of this disease.  

Regions of differences between the primary tumor and the first dermal metastatic lesion were 

few.  When the most significant region of difference (CFA 33: 9.2-17.8Mb) present in the 

metastatic lesions was analyzed for gene involvement, it was found that s100a10, an isoform 

of the s100a protein, was found within this region of high amplification.  S100a10, the 

specific isoform found in this region, induces the dimerization of ANXA2/p36 and may 

function as a regulator of protein phosphorylation.  However, there is much debate on the 

role of s100a10 gene in melanogenesis (Leclerc, Heizmann, and Vetter 2009; Petersson et al. 

2009).   

Another finding was that although the various metastatic lesions had very different 

histologic phenotypes, they all had essentially identical genetic profiles.  This suggests clonal 
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origin of disseminating cells.  The variation in phenotype of the metastatic lesions may arise 

from the dedifferentiated status of the primary tumor and the cellular changes that 

accompany metastasis.  When circulating metastatic cells embed in a distant tissue, 

neighboring somatic cells then regulate changes in gene expression.  The presence of non-

uniform morphologies of the different metastatic lesions, with identical genetic background, 

suggests the importance of the tissue microenvironment to tumor differentiation and 

phenotypic appearance.  This could have a large impact on diagnosis as genetically similar 

tumors arising from various locations may present with distinct histological profiles.  In 

summary, we have shown that genetic analysis can aid in diagnosis of tumors that present 

with histologically ambiguous characteristics. 

It is apparent that, in the advent of affordable biotechnological tools, molecular based 

medicine will take a forefront in patient care in terms of both diagnosis and treatment.  It is 

clear from this individual that traditional methodologies may lack the ability to assess non-

traditional tumors.  Currently, few methods allow for differential diagnosis and prognosis to 

be made for tumors that present with ambiguous histology.  Such ambiguous tumors 

represent situations where accurate information is needed, as they tend to be highly 

aggressive and act biologically irregular.  As we have shown here, genetic-based assays can 

give fast and accurate diagnoses where traditional immunohistochemical methods fail.  

Molecular diagnostics give clinicians a way to assess biologically irregular tumors, 

conserving the time of pathologists and ultimately benefiting patient care.  
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Figure AII.1 Image of an amelanotic mass from a 10 year-old Flat-Coated Retriever 
located on the right dorsal hard palate.  A 10 year-old neutered Flat-Coated Retriever 
presented with 3cm in diameter gingival mass located on the right side of the hard palate 
(arrowed) detected by the referring veterinarian on routine dental examination. 
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Figure AII.2 Histological images of eight tumors from a Flat-Coated Retriever. (A) 
Section displaying amelanotyic neoplastic cells from primary oral mass. H&E. Bar, 20 µm. 
(B) Section displaying a Melan-A IHC stain on primary oral mass. Melan-A. Bar, 20 µm. (C) 
Section displaying an s100 IHC stain on primary oral mass. S100. Bar, 20 µm. (D) Section 
displaying a PNL-2 IHC stain on primary oral mass. PNL-2. Bar, 20 µm.  (E) Section 
displaying amelanotyic neoplastic cells from metastatic left hip subcutaneous mass. H&E. 
Bar, 20 µm. (F) Section displaying a Melan-A ICH stain from metastatic left hip 
subcutaneous mass. Melan-A. Bar, 20 µm. (G) Section displaying a s100 IHC stain from 
metastatic left hip subcutaneous mass. s100. Bar, 20 µm. (H) Section displaying a PNL-2 
IHC stain from metastatic left hip subcutaneous mass. PNL-2. Bar, 20 µm. (I) Section 
displaying amelanotyic neoplastic cells from recurrent mass from the oral cavity. H&E. Bar, 
20 µm. (J) Section displaying CD18 IHC stain from recurrent mass from the oral cavity. 
CD18. Bar, 20 µm. (K) Section displaying amelanotyic neoplastic cells from metastatic lung 
mass. H&E. Bar, 20 µm. (L) Section displaying amelanotyic neoplastic cells from metastatic 
pericardial mass. H&E. Bar, 20 µm. (M-O) Section displaying amelanotyic neoplastic cells 
from metastatic skin masses. H&E. Bar, 20 µm. 
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Figure AII.3 (A) Oligo-aCGH profiles of eight tumors from a Flat-Coated Retriever 
(FCR) and (B) combined oaCGH profile of the eight tumors compared to established 
oaCGH profile of canine oral melanoma (OM).  Oligo-aCGH plots for each cohort are 
represented as a penetrance plot, which establishes the percentage of cases with a common 
aberration within each population plotted along the y-axis. Losses and gains are called in 
proportion to a CN of two set at y=0. Regions of red delineate a copy number loss, where 
regions of blue show a gain.  Each chromosome is plotted along the x-axis. (A) Cytogenetic 
analysis showed similar copy number aberrations present in all masses removed from the 
animal.  (B) Comparison of masses from the FCR showed similarity to the established copy 
number profiles of primary canine oral melanomas.  The only notable difference was a loss 
of CFA 13 within the FCR lesions, which is found to have copy number gain in 50% of 
primary oral melanomas. 
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Figure AII.4 Copy number counts of 10 targeted genes in a Flat-Coated Retriever with 
oral melanoma. FISH analysis of ten targeted genes was performed on cultured cells from 
the primary oral mass. Genes are plotted along the x-axis with percent of cells showing a 
particular copy number status plotted along the y-axis.  Bars indicate percent of cells counted 
with a particular copy number. All genes showed intra-tumor heterogeneity in terms of copy 
number status.  Most genes showed 50% normal copy number with a both copy number loss 
and gain present.  TP53 was the only gene that showed copy number imbalance in greater 
than 50% of cells.   
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Figure AII.5 Summary of tumor development, histologic, and molecular data from a 
Flat-Coated Retriever with an ambiguous neoplastic lesion.  Illustration of the location, 
histology, oaCGH cytogenetic profile, and diagnosis of each tumor sampled.  These were 
then plotted along a timeline with the time from diagnosis to death presented in days.   
 
 


