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Abstract 

Melanomas are malignant neoplasms developing from melanocytes that have been 

described in human beings and in several animal species, including dogs. Due to its 

clinical aggressiveness and tendency to metastasize, human melanoma (HM) is a 

leading cause of skin cancer mortality in people. In dogs, it accounts for 4% of all 

tumours and, as in humans, it carries a bad prognosis. Both genetic and 

environmental factors are involved in its development. Although most of HMs are 

caused by UV exposure, others can arise from sun-shielded locations such as the eye, 

digits and mucosa. Therefore, based on their location, HMs can be differentiated 

into melanomas of sun-exposed sites and sun-shielded sites. Melanomas of sun-

exposed locations are classed as either chronically sun damaged (CSD) or non-CSD, 

while mucosal and acral melanomas belong to the sun-shielded category.  

A high level of aggressiveness is a common feature of melanomas, particularly 

mucosal and acral melanomas, which generally leads to a poor prognosis. 

Additionally, these cancers frequently resist treatments like radiotherapy and 

chemotherapy. Naturally arising canine melanomas can be used as models for 

human ones since in both species these tumours develop in presence of an intact 

immune system, are characterized by tumour growth over a protracted period and 

include inter-individual and intra-tumoural heterogeneity, metastasis, cancer 

recurrence and therapy resistance. Furthermore, dogs and humans share similar 

environments and, as a consequence, environmental factors that can contribute to 

tumour development. Finally, dogs have shorter lifespan which allows for earlier 

assessments of the impacts of the disease progression and overall survival. 

This thesis project focused on Canine Acral Melanoma (CAM), a malignant tumour 

that arises on the glabrous skin of the palms, soles and nail apparatus (subungual). 

The aim was to investigate its whole genome landscape through the pathway 

enrichment analysis, an important recent new approach to cancer genomic 

investigations. This procedure allows to look at multiple aberrated genes as well as 

pinpoint the regions where it is essential to search for biological processes 
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associated with cancer that are disrupted. As a result, it enables the development of 

new targeted therapies as well as more accurate diagnostic standards. 

To achieve this goal, we used a molecular technique called Array Comparative 

Genomic Hybridization (aCGH) that enabled a genome-wide analysis of large size 

tumour aberrations. Amplifications and deletions of DNA sequences detected by 

aCGH were then analysed through ClueGo plugin for the software Cytoscape 3.9.0 

which allows to gain new insights and perspectives on tumours, discovering enriched 

biological pathways that would otherwise go unnoticed if only single aberrations, 

and associated genes, were characterized.  

Ten samples of CAM underwent this analysis and revealed the disruption of 182 

pathways derived from lost genes and 159 pathways derived from gained genes. The 

pathways were then grouped depending on their main function, revealing numerous 

pathways related to the loss of cell cycle control and DNA damage response, pro-

survival mitogenesis, angiogenesis, ultraviolet radiation response and immune 

system resistance. Interestingly, these groups represent the main features of 

tumours alterations. 

Whitin the loss of cell cycle control and DNA damage response, many disruption 

concerned the p53 pathways, a commonly aberrated pathway in both COM and 

hAM. The most relevant genetic alterations were detected in MDM2, CDK4 (gained), 

MTBP and Tp53BP2 (deleted) in contrast with what is mostly know for COM. Pro-

survival mitogenic pathways were mostly disrupted through the alteration of 

tyrosine kinases receptor that are known to be dysregulated in many cancers. 

Among these, amplifications of PDGFR-α and KIT were detected, consistently with 

canine and human mucosal melanoma. Angiogenetic pathways were highly 

enhanced and relevant amplifications that contributed to it were found in PDGFR-α, 

PTK2, ANGPT1 and ANGPTLs genes, similarly for what is so far known for other 

melanomas. Interestingly, the gain of ultraviolet-response genes suggests a possible 

role of ultraviolet radiation in the development of the tumor, in contrast with the 

hypothesis that CAM and hAM belong to the sun-shielded category of melanomas. 

Moreover, the detected alteration of the immune system response are also 

consistent with what reported in melanomas. Among these it was seen that the 



9 
 

pathways mostly disrupted are the ones of coinhibitory checkpoint molecules of T 

cells and of cytokines as IFN-γ and IL-12.  
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Riassunto  

I melanomi sono tumori maligni che derivano dai melanociti, riportati sia nell’uomo 

e in molte specie animali, incluso il cane. A causa della sua aggressività dal punto di 

vista clinico e la tendenza a sviluppare metastasi, il melanoma umano (HM) è una 

delle principali cause di morte per tumori cutanei nell’uomo. Nei cani rappresenta il 

4% di tutti i tumori e, come nell’uomo, è caratterizzato da una prognosi infausta. Nel 

suo sviluppo sono coinvolti sia fattori genetici che ambientali. Nonostante la maggior 

parte dei HM sia causato dall’esposizione ai raggi UV, vi sono melanomi che possono 

insorgere in posizioni protette dai raggi solari, come l’occhio, le dita e le mucose. 

Pertanto, in base alla loro posizione, gli HM possono essere divisi in melanomi delle 

zone esposte al sole e delle zone protette dal sole. I melanomi delle zone esposte al 

sole sono classificati in base al danno solare che subiscono e si dividono pertanto in 

danneggiati cronicamente dal sole (CSD) e danneggiati non cronicamente dal sole 

(non-CSD).  

L’elevato livello di aggressività è una caratteristica comune dei melanomi, in 

particolar modo per quanto riguarda i melanomi mucosali ed acrali, che 

comunemente comportano una prognosi infausta. In aggiunta, questi tumori sono 

spesso resistenti a trattamenti standard con radioterapia e chemioterapia. I 

melanomi che insorgono naturalmente nei cani possono essere usati come modelli 

per l’uomo poiché in entrambe le specie questi tumori insorgono in presenza di un 

sistema immunitario intatto, sono caratterizzati da una crescita protratta nel tempo, 

una spiccata eterogeneità interindividuale ed intratumorale, metastasi frequenti, 

recidive e resistenza alle terapie. Inoltre, cani e umani condividono ambienti simili 

e, pertanto, fattori ambientali che possono contribuire allo sviluppo del tumore. 

Infine, i cani hanno una durata di vita inferiore all’uomo che permette di valutare 

prima gli impatti dello sviluppo della patologia e la sopravvivenza.  

Questo progetto di tesi si focalizza sul melanoma acrale canino (CAM), un tumore 

maligno che insorge sulla pelle glabra di palmo, suole e apparato ungueale 

(subungueale). L’obiettivo era quello di investigare il suo panorama genomico 

attraverso la pathway enrichment analysis, un importante nuovo approccio allo 
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studio genomico dei tumori. Questa procedura permette di valutare l’alterazione di 

molteplici geni e di individuare le regioni in cui possono essere alterati processi 

biologici associati al tumore. Questo approccio permette lo sviluppo di nuove terapie 

con target specifici e l’individuazione di nuovi standard diagnostici.  

Per raggiungere l’obiettivo abbiamo applicato una tecnica molecolare che prende il 

nome di Array Comparative Genomic Hybridization (aCGH) che permette l’analisi 

genomica delle aberrazioni del tumore. L’aCGH ha permesso l’individuazione di 

amplificazioni e delezioni di DNA che sono poi state analizzate tramite il ClueGo 

plugin del software Cytoscape 3.9.0; quest’ultimo permette di ottenere nuove 

informazioni e prospettive sui tumori tramite la scoperta di pathway biologici 

arricchiti che passerebbero inosservati con tecniche focalizzate solo su singole 

aberrazioni e i geni associati.  

Dieci campioni di CAM sono stati sottoposti a tale analisi e hanno rivelato 

l’alterazione di 182 pathway derivanti dalla delezione di geni e di 159 pathway 

derivanti dall’amplificazione di geni. I pathway sono stati raggruppati in base alla 

loro funzione principale e, tra essi, sono stati rilevati pathway relativi alla perdita del 

controllo del ciclo cellulare e della risposta a danni al DNA, mitogenesi, angiogenesi, 

risposta ai raggi ultravioletti e resistenza al sistema immunitario. E’ interessante 

rilevare come queste funzioni sono tutte incluse negli hallmarks dei tumori maligni.  

All’interno dei pathway riguardanti la perdita di controllo del ciclo cellulare e della 

risposta ai danni al DNA, molte alterazioni riguardano i pathway associati a p53, 

comunemente riscontrati anche nel melanoma orale del cane (COM) e nel 

melanoma acrale dell’uomo (hAM). All’interno di questo gruppo e in contrasto con 

quanto riportato nel COM, i principali geni alterati sono MDM2, CDK4 (amplificati), 

MTBP and Tp53BP2 (deleti). I pathway mitogenetici interessano principalmente i  

recettori tirosin-chinasici, noti per essere alterati in molti tumori. Tra questi sono 

state individuate amplificazioni di PDGFR-α e KIT, in modo analogo a quello che è 

stato riscontrato anche nei melanomi mucosali di cane e uomo. Analogamente 

anche i pathway angiogenici sono risultati fortemente potenziati, in particolare con 

amplificazioni genetiche di PDGFR-α, PTK2, ANGPT1 e ANGPTLs. Ancora, alcuni 

risultati sembrano suggerire che anche i raggi ultravioletti possano giocare un ruolo 
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nello sviluppo del tumore, in contrasto con l’ipotesi che CAM e hAM appartengano 

alla categoria dei melanomi delle zone protette dal sole. Infine, alterazioni della 

risposta del sistema immunitario sono state riscontrate, coerentemente con ciò che 

è noto nei melanomi. Tra queste, i pathway principalmente alterati sono quelli 

riguardanti le molecole co-inibitorie dei checkpoint delle cellule T e le citochine quali 

IFN-γ e IL-12.  
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1. Introduction 

1.1 Human and canine melanoma 

Melanomas are malignant neoplasms that develop from melanocytes, skin pigment 

cells located in the epidermal and dermal layers of the skin that generate and store 

melanin. These tumours have been described in human beings and in several animal 

species, including dogs, cats, horses, and also in wild terrestrial and marine animals 

(Nishiya et al., 2016).   

Melanocytes are dendritic cells that originate from the neuroectoderm and 

melanoblasts of the neural crest that during embryogenesis migrate to dermis and 

epidermis, mucous membranes and eyes. In adults, they are located in the basal 

layer of keratinocytes and are anchored to the basal membrane of the epidermis. A 

healthy melanocyte is an unpigmented cell that does not interact with other cells of 

its kind. Melanin is actually packaged in melanosomes and is transferred to 

keratinocytes through the dendritic processes of melanocytes. In addition, Epithelial 

cadherin (E-cadherin) molecules allow each melanocyte to attach to five to eight 

keratinocytes without being connected to other melanocytes (Smith et al., 2002). 

During their cancerous development, melanocytic cells tend to lose their non-

pigmented and isolated characteristics and become pigmented and clustered 

neoplastic melanocytes through a multistep process consisting of initiation, 

promotion, transformation and metastasis (Smith et al., 2002). Throughout this 

process, there are variations in the expression of cell-to-cell adhesion molecules 

such as a decreased expression of E-cadherin and V-CAM 1 (vascular cell adhesion 

molecule-1), as well as increased expression of N-cadherin, Mel-CAM 1, ICAM 1, and 

integrins (Li et al., 2002). The interaction between melanocytes and keratinocytes 

provided by the E-cadherin is required for the growth and phenotypic control of 

melanocytes by keratinocytes. During the developmental process of melanoma, 

shown in Figure 1, there is a shift in the cadherin profile from E- to N- which rids cells 

of epidermal keratinocytes and imparts new adhesive properties. Furthermore, N-

cadherin-expressing melanoma cells are able to form an N-cadherin-mediated 

adherent junction and a connexin-mediated gap junction with vascular endothelial 
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cells and with fibroblasts. In addition two other adhesion complexes, implicated in 

the progression of melanoma, can be found: Mel-CAM and its ligand, L1- CAM and 

integrin avb3 (Li et al., 2002).  

According to Curtin et al.(2005), HM can be classified into four types based on their 

development region, localisation on either sun-shielded or sun-exposed sites, and 

genomic characterization, as shown in Figure 2. Melanomas on skin with chronic sun-

induced damage (CSD), melanomas on skin without chronic sun-induced damage 

(non-CSD), mucosal melanomas, and acral melanomas (palms, soles, and subungual 

sites) are the tumours that can be encountered (Curtin et al., 2005).  

  

Figure 1: cell interaction and communication during melanoma development. 

(A) The physiological interaction between a keratinocyte and a melanocyte.  
(B) Cadherin shift from E to N that allows the cell to move from the epidermal keratinocytes.  
(C) Communication between melanoma cells through a variety of adhesion junctional receptors.  
(D) New adhesive properties conferred by the cadherin switch that allows adhesion to endothelial cells 
and fibroblasts (E) (Li et al., 2002)  



 

17 
 

Among human cancers, melanoma is the one that has been increasing in incidence 

the most (Bergman et al., 2020). Malignant melanoma is also found in dogs and is 

responsible for nearly 4% of all tumours (Manley et al., 2011). While relatively 

prevalent in dogs, particularly those with considerable degrees of skin pigmentation, 

melanoma is rather uncommon in cats. The hairy skin is the most frequent location 

for canine melanoma, where they grossly present as little brown to black masses, 

but can also look like big, flat, and/or wrinkled masses. Other areas where primary 

melanoma can develop are the oral cavity, nailbed, footpad, eye, gastrointestinal 

tract, nasal cavity, anal sac, and mucocutaneous junction. Furthermore locations 

were metastases arise mostly are lymphnodes (LNs), lungs, liver, meninges, and 

adrenal glands (Bergman et al., 2020).   

Recent studies on the etiology of human melanoma have found numerous separate 

mechanisms in addition to the UV-associated mutagenesis. UV-associated 

melanoma is less likely to be the primary cause of the disease in dogs because the 

majority of canine breeds have a thick coat of hair that presumably provides them 

with protection from the sun. Canine melanoma risk factors, however, are not well 

understood (Bergman et al., 2020). Up to know it has been shown that the 

pathogenesis of this tumour in the canine population is connected to the site where 

it arises and the coat colour. Furthermore, the tumour malignancy, prognosis, 

Human 
melanoma

Melanoma on 
sun-shielded 

sites

Mucosal 
melanoma 

Acral melanoma 
(hAM)

Melanoma on 
sun-expoed 

sites

Chronically sun 
damaged (CSD)

Non-Chronically 
sun damaged 
(non - CSD)

Figure 2: Classification of the melanoma types according to Curtin et al. (2005) genetic 
characterization (Curtin et al., 2005)  
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occurrence, and breed propensity are all influenced by the tumour development 

location (Conrad et al., 2022). The mortality incidence is in fact related to the site of 

development and can be split into three levels, according to Spangler & Kass (2006): 

oral melanomas have the highest mortality rate and their benign counterpart is 

rarely found. Digital and labial melanomas have instead an intermediate value of 

mortality, while the ones affecting the eye and all other cutaneous body sites have 

the least amount and usually affect the head, ventral abdomen, scrotum or the eye 

(Conrad et al., 2022). Although, localization is not a perfect predictor of local 

invasiveness and predisposition for metastatic disease (Bergman et al., 2020).  

1.2 Human acral melanoma (hAM) 

Acral melanoma (AM) is an uncommon form of melanoma that develops from the 

glabrous skin of the palms, soles and nail apparatus (subungual). In humans the 

etiological role of ultraviolet (UV) radiation induced mutations appears less 

significant when compared to other non-acral cutaneous melanomas. Its annual 

incidence is the same among all racial groups in the human population (1 case per 

100.000 individuals), but it seems to be more prevalent in Asian, African, and 

Hispanic populations than in the European-derived ones. Human Acral Melanoma 

(hAM) has a quite poor prognosis, with a five-year overall survival (OS) rate that 

ranges from 59% to 70%. This is largely due to the rare location, which delays 

detection, as well as the effects of the various histotypes and molecular 

backgrounds. The four histological subtypes of acral melanoma (AM) that can be 

identified from a pathological point of view are acral lentiginous melanoma (ALM), 

the most common and aggressive form, superficial spreading melanoma (SSM), 

nodular melanoma (NM) and nevoid melanoma (Elefanti et al., 2021) 
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1.3 Canine acral melanoma (CAM)  

1.3.1 Incidence, localization and clinical aspects 

CAM accounts for 5-8% of canine melanomas, in fact the most common sites of 

melanoma development are the oral cavity and mucous membranes of the lips, 

which together with cutaneous neoplasms account for about 90% of melanomas 

(Gillard et al., 2014; Hardwick, 2021). Although, it is the second most common 

tumour of the digit in the canine population (Manley et al., 2011) accounting for a 

24% incidence among tumours of this area (Bergman et al., 2020). A number of 

studies examining various digital lesions in dogs, including Grassingers' (2021), 

discovered that they were tumoural in more than half of the cases, with melanoma 

being the second most prevalent one after subungual squamous cell carcinoma (SCC) 

(Grassinger et al., 2021; Wobeser et al., 2007; Henry et al., 2005). This tumour has a 

reported prevalence of approximately 16% and most of them appear to have an 

aggressive behaviour, often related to bone invasion (Grassinger et al., 2021; Henry 

et al., 2005). However, the incidence of this tumour remains uncertain because the 

veterinary literature on the subject is still scarce, as it is generally for neoplasms 

affecting the digit of various histogenesis, with the exception of squamous cell 

carcinoma (Wobeser et al., 2007).  

The occurrence likelihood is based on breed and coat colour (Conrad et al., 2022; 

Grassinger et al., 2021; Smith et al., 2002). In fact, Rottweilers and Labrador 

Retrievers have been found to be at a higher risk of developing acral melanoma, 

especially when compared to mixed breeds (Grassinger et al., 2021). A general 

predisposition of these two breeds to develop melanomas has already been noted 

by authors such as Gillard et al. (2014), implying that, given to the high amount of 

DNA sequence shared and their close relationship, there could be a common genetic 

component causing the same vulnerability (Grassinger et al., 2021). A higher 

predisposition has also been found in Schnauzers, Irish Setters, Golden Retrievers 

and Poodles (Conrad et al., 2022; Grassinger et al., 2021; Henry et al., 2005; Nishiya 

et al., 2016) and, despite of their breed, black-coated dogs seem overrepresented 

(Conrad et al., 2022; Grassinger et al., 2021). In contrast, Grassinger et al. (2021) 

found that Dachshunds and Rhodesian ridgebacks were rarely affected, although 
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Dachshunds are at higher risk for oral and dermal melanoma and Rhodesian 

Ridgebacks have a proclivity for cutaneous melanocytoma. This prompted the 

author to state the need for further investigations regarding the possibility of the 

existence of a breed-related tumour resistance to specific digital neoplasms. The 

distribution of the nature of digital lesions for each breed found by Grassinger et al. 

(2021)  is shown in Figure 3.  

Additionally, melanoma is more common in older dogs, with an average age of over 

10 years (Smith et al., 2002). Although, the incidence of melanocytic tumours in male 

dogs is higher, as in humans (Smith et al., 2002). Wobeser et al. (2007) were the 

firsts, and only, to identify a higher incidence of acral melanoma in females. 

Malignant tumours affecting the digits, such as melanoma, tend to occur more often 

on the forelimbs than on the hindlimbs (Henry et al., 2005). One hypothesis to justify 

melanoma tendency to primarily affect the forelimbs could be related to the greater 

weight they carry and possible exposure to trauma and carcinogens during activities 

such as digging (Wobeser et al., 2007). Aside from being less likely to have the 

dewclaw (first finger) affected by neoplasms, there has not been any evidence of a 

higher involvement of other digits (Wobeser et al., 2007) while in humans the great 

toe and thumb are more commonly affected (Elefanti et al., 2021).  

Figure 3: Analysis of the distribution of digital lesions, including non-neoplastic lesions, tumor-like 
lesions, and neoplasms divided by the most common breeds that included at least 50 dogs 

(Grassinger et al., 2021) 
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Regardless of the underlying cause, whether neoplastic or inflammatory, dogs with 

finger lesions share common clinical signs (Henry et al., 2005). The presence of a 

digital mass, typically accompanied with lameness, is usually the presenting 

complaint of owners. Ulceration of the toe and breaking or splitting of the toenail 

are also usually associated clinical signs (Grassinger et al., 2021; Henry et al., 2005).  

1.3.2 Macroscopical and microscopical aspects  

Gross pathology of melanoma can vary considerably, regardless of the site where it 

occurs (Smith et al., 2002) which can be the skin of the digits, the footpad or the nail 

bed (Prouteau & André, 2019). Pigmentation can range from grey to brown to black, 

red, or even dark blue, and does not represent a discriminating trait since other 

lesions, whether cancerous or not, might have a similar appearance. Melanomas 

vary in size, but most are between one and three centimetres in diameter (Smith et 

al., 2002).  

Melanomas of the digits frequently result in nail deformity, as in the case in Figure 

4, and the mass usually grows from the nailbed or paronychia (Smith et al., 2002). 

Phalangeal bone destruction can be detected in 5% to 58% of dogs affected by this 

disease and is related to the tumour ability of invading bones and causing bony lysis 

(Nishiya et al., 2016; Smith et al., 2002). The third phalanx is usually the most 

involved in the lytic phenomena and is often detected via radiographic examination 

(Goldschmidt & Goldschmidt, 2016).  

Figure 4: Finger section of an 11-year-old Labrador retriever affected by 
acral malignant melanoma (diameter 1,6 cm) (Grassinger et al., 2021) 
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Moreover, regional and distant metastases are frequently observed (Nishiya et al., 

2016). Around 58% of digital melanoma exhibits radiographic evidence of metastatic 

processes in various visceral organs, and it can reach them through vessels of the 

lymphatic or blood system. The regional lymph node appears to be the first to be 

targeted by metastatic processes, and, while any visceral organ might be impacted, 

the lungs (Figure 5) are more commonly afflicted (Nishiya et al., 2016; Smith et al., 

2002). Serosal surfaces, such as pericardium, pleura and peritoneum, are rarely 

involved (Smith et al., 2002).  

Gross pathology cannot distinguish malignant melanoma from its benign 

counterpart. In both circumstances, the tumour can appear pigmented or 

unpigmented, and pigmentation is not a reliable predictor of the neoplasm 

malignancy degree. However, malignancy should be diagnosed and further 

histological examination performed anytime the neoplasm invades the 

subcutaneous tissue and deeps along the fascial planes (Goldschmidt & 

Goldschmidt, 2016).   

Figure 5: metastasis of melanoma in the lungs of a dog. The distribution of 
the tumor nodules is  multifocal (embolic), characteristic of metastasis that 

derive from hematogenous spread (Newkirk et al., 2017) 

.  
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When observing melanomas histologically (Figure 6), neoplastic melanocytes in the 

epidermal component, within the basal portion of the epidermis or its upper layers, 

appear isolated or in small groups. The presence of melanocytes in the upper layer 

of the epidermis, also known as pagetoid infiltration,  is a feature that distinguishes 

melanomas from melanocytomas and can be highly helpful in diagnosing melanoma, 

especially when it is unpigmented (Goldschmidt & Goldschmidt, 2016).  

Melanoma cells in this area have bigger nuclei, prominent and often multiple 

nucleoli, and more frequent mitosis than cells in melanocytomas. Nucleoli can be 

irregularly shaped and situated eccentrically inside the nucleus. The key trait utilized 

by pathologists to distinguish a benign neoplasm from a malignant one is nuclear 

atypia, although this feature can be highly subjective. Tumoural cells in the dermal 

component can have a polygonal/epithelioid or fusiform (spindle or fibrous) shape, 

and the tumour can be formed by a single or mixed kind of cells. Melanoma cells are 

typically more anaplastic and pleomorphic than in melanocytoma and have a varying 

concentrations of melanin. Nests of epithelioid cells can be surrounded by a fine, 

fibrovascular stroma, while fusiform cells have patterns that often can resemble 

those of fibrosarcoma, malignant nerve sheath neoplasms and 

hemangiopericytomas. Subungual melanoma presents all of these general 

Figure 6: Subgross appearance of a canine digital melanoma. Malignant 
melanocytes are forming and exophytic protrusion that meanwhile invades the 

underlying phalangeal bone (Smith et al., 2002). 
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characters that can be found in melanomas, but cells morphology is mostly 

epithelioid (Goldschmidt & Goldschmidt, 2016).  

1.3.3 Diagnosis and staging  

The diagnostic and clinical staging in dogs with melanoma is rather straightforward. 

A thorough physical examination, a full blood count, a biochemical profile, and a 

urinalysis should all be part of the minimum database. Gross melanoma 

characteristics, such as pigmentation of the tumour, should prompt a melanoma 

diagnosis. Fine-needle aspiration (FNA) and cytology are quick and simple methods 

for confirming pigmented melanomas. Evaluation of the regional LNs and of the 

thoracic cavity, using either three-view thoracic radiography or a thoracic CT 

scan, are typical clinical staging investigations. Whether lymphadenomegaly is 

present or not, regional LNS should be evaluated because metastases at this level 

are found in about 70% of dogs with lymphadenomegaly and in 40% of dogs with 

normal sized LNs. Despite their rare descriptions, abdominal ultrasonography or CT 

scans should be utilized to evaluate dogs with melanomas, particularly non-

cutaneous ones, by looking for any signs of potential metastasese to the abdominal 

LNs, liver, adrenal glands, and other intraabdominal locations (Bergman et al., 2020). 

Simpson et al. (2014) recommend determining the tumour stage initially using 

imaging devices such as ultrasound of lymph nodes to detect metastases and CT or 

MRI with particular attention to the lungs, lymph nodes, abdomen and brain 

(Bergman et al., 2020). Moreover biopsy of the lymph nodes or of the palpable mass 

is recommended, both for staging and understanding the tumour development and 

response to therapy (Simpson et al., 2014). The TNM staging system elaborated by 

the World Health Organization (WHO) can be used for staging the oral melanoma. It 

takes in account the size of the tumour, lymph node involvement and presence of 

metastases, even though none of these aspects is considered to be a prognostic 

factor (Nishiya et al., 2016).  

Making a diagnosis of melanoma via histopathology can be complicated, especially 

if it is amelanotic, as in a third of all cases. Moreover its histology can mirror other 

tumours as carcinomas, sarcomas, lymphomas and osteogenic tumours (Nishiya et 

al., 2016). These challenges to diagnose melanoma through histopathology, 
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combined with the fact that despite all of the characteristics that can be identified 

none of them has a prognostic significance, immunohistochemistry is necessary to 

obtain a broader view on the tumour nature (Goldschmidt & Goldschmidt, 2016; 

Nishiya et al., 2016). Immunohistochemistry is a very useful tool especially when 

there is an amelanotic tumour or the melanoma is mainly composed by spindle cells. 

These tumours may require histochemical stains as Fontana-Masson or a single or 

combined immunohistochemical stain as Melan-A, PNL2, TRP – 1 and TRP – 2  

(Goldschmidt & Goldschmidt, 2016). Melan-A is a monoclonal antibody (mAb) used 

in human and veterinary pathology. It is a melanocyte-differentiating protein 

targeted by the human cytotoxic T lymphocytes when they are infiltrating a tumour. 

Its staining intensity is interestingly linked to biological behaviour and it appears 

stronger in more differentiated neoplasms than in amelanotic and undifferentiated 

ones. PNL2 reacts with normal and neoplastic human melanocytes in both benign 

and malignant lesions. Even if its targeted protein is yet unknown, it represent a 

useful marker for the immunohistochemical diagnosis of melanocytic lesions. These 

two stains are more effective for epithelioid cell melanomas than for spindle cell 

ones, and this makes it difficult to distinguish spindle cell amelanotic melanomas 

from other spindle cell cancers such as sarcomas (Giudice et al., 2010). TRP-1 and 

TRP-2, on the other hand, are novel tyrosinase antibodies still under investigation 

(Ohsie et al., 2008). When these four stains are used together, they provide the 

highest sensitivity for detecting amelanotic melanomas while also preserving 100% 

specificity (Smedley et al., 2011).  

Finding histological traits that are directly related to the tumour aggressiveness is 

challenging and debated.  Spangler and Kass (2006) created a tumour scoring system 

that included mitotic index, nuclear atypia, deep inflammation, intralesional necrosis 

of tumour cells and tumour size/volume as factors that directly contribute to death. 

Other attributes such as cell types, nuclear diameter, intraepithelial melanocyte 

proliferation, junctional activity, giant cells that do not contribute to mortality were 

not included in the scoring system.  This method appears to be capable of predicting 

mortality within a year with a 66% accuracy while also predicting survival for at least 

one year with a 90% accuracy (Spangler & Kass, 2006). 
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1.3.4 Therapy 

For all melanomas, surgery is the most common local therapy option: wide surgical 

excision, as the one showed in Figure 7, is the treatment of choice (Henry et al., 

2005; Morris & Dobson, 2001; Wobeser et al., 2007). This treatment is 

recommended for both benign and malignant tumours, with a good prognosis for 

melanocytomas and a guarded to poor one for melanomas (Morris & Dobson, 2001). 

Amputation of the digit is the first line of treatment when acral melanoma is 

discovered with no evidence of metastases (Henry et al., 2005; Wobeser et al., 

2007). When one toe is afflicted, excision at the level of the proximal phalanx or 

disarticulation through the phalangeal-metacarpal/tarsal joint should be 

undertaken. Nonetheless, tumour site, clinical stage, owner requirements, and the 

surgeon's ability to do a wide excision in challenging area, should all be taken into 

consideration when evaluating the surgical option. Unplanned or limited attempts 

of excision frequently result in residuals of macroscopic or microscopic tumoural 

tissue, hence these procedures should be avoided (Bergman et al., 2020). The 

possibility of local fast recurrence is higher when a more conservative resection is 

performed; alternatively, operating on intact anatomy usually results in the best 

chance of obtaining margins (Bergman et al., 2020; Dobson et al., 2003).  

Figure 7: CAM located between third and fourth digit. The blue line 
shows the surgical margins that were between 1 and 2 cm. In this case 

partial foot amputation was performed achieving a complete 
histologic excision (Bergman et al., 2020) 
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Unfortunately, the Mean Survival Time (MST) following surgery remains low: 12 

months, with 42-57 % of dogs alive after a year and 11-13 % after two years 

(Prouteau & André, 2019). These values indicate that the tumour is highly 

aggressive, and systemic therapy should be investigated, particularly to minimize the 

tumour metastatic rate (Nishiya et al., 2016). The application of therapies like 

radiation (RT) or other adjuvant therapies should be taken into consideration, 

particularly if a wide resection is cannot be accomplished during surgery and as a 

result histologic margins are incomplete. Although historically surgery has not been 

advised if a metastatic process is discovered during staging, the combination of 

adjuvant therapy (chemotherapy or immunotherapy) with cytoreductive surgery is 

currently being explored for metastatic melanoma (Bergman et al., 2020). 

Chemotherapy and radiation therapy are often ineffective against both human and 

canine melanomas. There is no standard treatment for this condition in dogs; 

nevertheless, surgery is frequently used in association with hypofractionated or 

definitive radiotherapy and platinum chemotherapy (Hernandez et al., 2018). With 

some debate, melanoma is thought to be a relatively radioresistant tumour form, 

and it is therefore assumed that, in order to obtain local control, a higher dose in 

each fraction must be used. Although the optimal dose per fraction in 

hypofractionated protocols, as well as the relative radiosensitivity of melanoma in 

domestic animal species, has not been established, most procedures tend to adopt 

higher dose per fraction protocols. The most important benefits of hypofractionated 

protocols are less treatments with a consequent decrease in the number of 

anaesthesia, reduced costs, lower obligation for the owners, and less severe acute 

effects. These protocols, on the other hand, have a lower overall and biologic 

equivalent dose, which in theory leads to lower possibilities of local control and a 

higher risk for late adverse effects. Lower dose per fraction methods can be utilized 

for dogs who have a better prognosis to reduce the chance of late effects. However, 

when treating gross illness, responses are typically quick, and within a few weeks of 

initiating therapy, substantial reductions in the tumour volume can be observed 

(Bergman et al., 2020). However, even with that being said, it is important to 

remember that the majority of trials and retrospective studies focus on COM. 
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In dogs with a moderate to high risk of metastasis, such as those with oral, digit, or 

pad melanomas, systemic therapy is advised (Bergman et al., 2020). Among these, 

chemotherapy does not appear to be an effective treatment (Bergman et al., 2020; 

Brockley et al., 2013), in particular when using single agents like dacarbazine, 

melphalan, vinorelbine, or doxorubicin (Bergman et al., 2020). Patients who received 

cisplating and piroxicam or carboplatin treatments are instead the ones that 

reported the best therapeutic outcomes (Bergman et al., 2020). However, even 

when responding to chemotherapy, the survival rate does not appear to be 

significantly increased (Bergman et al., 2020; Brockley et al., 2013).  

Other potential systemic therapies strategies for the adjuvant treatment of 

melanoma are represented by immunotherapy, cyclooxygenase inhibitors and 

xenogenetic DNA vaccine. A variety of immunotherapy strategies and targets have 

been used for canine melanoma. Although immunotherapies have produced some 

clinical antitumour responses, the processes for developing these products are 

typically costly and time-consuming, as well as difficult to replicate consistently. 

Currently, none of these methods is commercially accessible (Bergman et al., 2020). 

The use of cyclooxygenase (COX)-2 inhibitors is also a potential clinical therapy 

strategy that has not gotten much attention yet for canine melanoma. However, the 

results so far indicate the need for additional research (Bergman et al., 2020). Even 

the use of xenogenic DNA vaccination as an adjuvant therapy is a promising area for 

further research and evaluation (Bergman et al., 2020). It has so far been 

demonstrated to be safe and potentially therapeutic (Bergman et al., 2020; Manley 

et al., 2011), but its limitations, as its inability to prevent the formation of metastases 

in half of the cohort examined by Manley et al. (2011), must be considered.  

1.3.5 Prognostic factors 

At the time of presentation, around 40% of dogs with a digital lesion, later diagnosed 

as melanoma, already have developed metastases (Henry et al., 2005). When 

compared to other tumours of the digital region or melanomas in other cutaneous 

sites such as hairy skin, digital melanoma has a higher likelihood of detecting 

metastases at the time of diagnosis (Henry et al., 2005; Wobeser et al., 2007). 

Therefore, due to their aggressive nature and proclivity to disseminate, canine 
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digital melanomas frequently necessitate digital amputation. Even subjects who 

have no metastases and are treated with amputation have a one-year survival rate: 

roughly half of the individuals affected by this malignancy live for one year, and 

about a 13% live for two. Unfortunately, even when amputation is performed, 30 to 

40% of dogs with this condition develop metastases following the excision (Henry et 

al., 2005; Nishiya et al., 2016; Wobeser et al., 2007). Despite the use of surgical 

treatment, the tumour mortality rate suggests a poor prognosis at the time of 

diagnosis. Even in humans the prognosis is poor, with an overall survival rate ranging 

from 59 to 70 % after five years. These rates are primarily due to delayed diagnosis 

(the average is about 60 years), to the atypical localisation and the effect of the 

various histotypes and molecular background (Elefanti et al., 2021; van der Weyden 

et al., 2020). 

1.4  The dog as a potential model for human melanoma   

Melanoma represents a significant threat to human health since it is one of the most 

lethal forms of skin cancer and because its prevalence is steadily rising. Its 

development is influenced by both genetic and environmental elements. Although 

UV exposure is the primary cause of the great majority of HM, other types can 

develop on sun-protected areas such the eye, digit, and mucosa (Gillard et al., 2014). 

Animal models are typically employed in studies to better understand melanoma, 

and the laboratory mouse is the most widely used one. It is used to investigate basic 

mechanisms and test novel therapeutics in a pre-clinical setting. However, because 

no animal model is flawless, even mice with induced tumours have limitations 

(Gillard et al., 2014; van Der Weyden et al., 2016). In fact, when employing 

laboratory mouse models, a few considerations must be made. Human melanoma 

has a high heterogeneity that cannot be recreated in inbred laboratory mice, and 

melanoma natural occurrence cannot be developed in a laboratory setting. 

Furthermore, because melanocytes in humans are found in the epidermis, whereas 

in mice they are found in the dermis, there is a different melanocyte 

microenvironment, which may account for differences in melanoma development 

and progression between the two species (van der Weyden et al., 2020). As a result, 

new models that are more human-like and allow for more information on diagnosis, 
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prognostic factors, and novel treatment options are being researched. Domestic 

animals, particularly dogs with naturally occurring tumors, are the primary species 

studied for this purpose because the anatomical locations and physiopathology of 

their tumors are similar to that of humans. (Gillard et al., 2014). They are a helpful 

tool because they produce positive outcomes in terms of genetical, practical, clinical 

and histological factors that can be useful both as a comparative and preclinical 

model (Gillard et al., 2014; van der Weyden et al., 2020).  

The spontaneous insurgence in dogs is similar to what occurs in humans: it takes 

place in the presence of an intact immune system and is characterized by 

tumour growth over a protracted period. As in humans, canine cancer features 

include inter-individual and intra-tumoural heterogeneity, metastasis, cancer 

recurrence, and therapy resistance. Further consistency is given by the fact that dogs 

and humans share similar environments and, as a consequence, environmental 

factors that can contribute to tumour development. (Hernandez et al., 2018). Dog 

trials have the added benefit of allowing for an earlier assessment of the effects on 

illness progression and overall survival. This is due to the fact that dogs have a 

shorter lifespan, melanoma advances faster, and hence the illness timeline is 

shortened. Furthermore, preliminary safety and, in some cases, pharmacodynamics 

and pharmacokinetics of therapies have been already examined in laboratory 

testing on dogs (van Der Weyden et al., 2016). Moreover, because canine DNA and 

protein sequences are more comparable to human DNA than those 

of mouse, molecular tools for researching canine disorders are fairly advanced, 

especially since many antibodies generated against human antigens also act against 

canine proteins.  

The differences between CSD and non-CSD tumours suggest that additional 

pathogenetic factors, such as phototypes, may exist. The fact that these subtypes 

are distributed differently in various populations backs this up: non-CSD melanoma 

is more common in Asian and dark-skinned African people, while cutaneous 

melanoma (CSD) is more common in Caucasians. Similarly, in dogs, a considerable 

breed predisposition to melanoma subtypes has been discovered. This genetic 

tendency is the outcome of years of breed selection that resulted, as a side effect, 
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in an increased breed-related vulnerability to melanoma. However, research into the 

genetic variables that predispose to the development of melanoma can aid the 

discovery of new driver mutations in human melanomas. The occurrence of a varied 

risk associated with specific breeds represents the opportunity of using different 

breeds for a more specific identification of melanoma subtypes and their distinctive 

drivers implicated in homologous subtypes in humans (Gillard et al., 2014).  

Prouteau & André (2019) compared also human and canine histopathology. A good 

amount of homologies for melanocytic tumours from oral, cutaneous, and ocular 

locations were found and 4 categories resembling human histological subtypes were 

identified: animal-type melanoma, melanoma simulating nevus, melanoma with 

epithelioid cells, and melanoma with composite cells. Unfortunately nothing is yet 

been identified for acral melanoma. 

Even though literature (Prouteau & André, 2019; Simpson et al., 2014; van Der 

Weyden et al., 2016) strongly supports the existence of a broad range of similarities 

between human and dog it focuses mainly on cutaneous, mucosal and uveal 

melanoma. Less is known for acral melanoma apart for some significant mutations 

have been identified as for BRAF, NRAS and NF1 (Prouteau & André, 2019) 

1.5 Pathway and genes  

The molecular basis of carcinogenesis has been the main focus of pathological 

studies on tumours for many years. Four types of normal regulatory genes, that are 

the main targets of genetic damage, have received particular attention: the growth-

promoting protooncogenes, the growth-inhibiting tumour suppressor genes, the 

genes that control programmed cell death (apoptosis) and the genes involved in DNA 

repair (Kumar et al., 2004). Figure 8 shows the different steps that lead to the tumour 

occurrence and development, while Figure 9 shows localisation and functions of the 

genes involved. 
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Figure 8: the scheme describes and summarizes the multistep 
development of cancer (Kumar et al., 2004). 
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Protooncogenes are physiologic regulators of cell proliferations and differentiation 

that find their oncologic counterpart in oncogenes that are instead genes that 

promote autonomous cell growth in cancer cells without the need of conventional 

mitogenic signals (Kumar et al., 2004). Therefore, although proto-oncogenes can be 

altered to cause malignancy, they do not have the transforming potential to create 

tumours in their natural condition. Their sites and mechanisms of activity in the 

normal cell can be divided into 5 groups:  growth factors, growth factor receptors, 

protein kinases, signal transducers and nuclear proteins and transcription factors 

(Argyle et al., 2020). Among these groups, the genes that are mostly affected by 

abnormalities in human tumours are the RAS family genes that, due to point 

mutations, become oncogenes that cause a pathologic activation of the mitogenic 

signalling pathway since they are related to G-protein signal transduction (Argyle et 

al., 2020; Kumar et al., 2004). More than 60% of melanomas and more than 80% of 

benign nevi have been shown to have BRAF mutations, part of the RAS family. This 

shows that although it is insufficient to produce carcinogenesis on its own, 

disruption of the RAS/RAF/MAP kinase pathway may be one of the initial steps in 

the development of melanomas (Kumar et al., 2004).  

Figure 9: Locations and functions of the main types of cancer-associated genes. Protooncogenes are 
coloured  in red, while cancer suppressor genes are in blue, DNA repair ones in green and the genes 

responsible for apoptosis regulation in purple (Kumar et al., 2004). 
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Moreover, uncontrolled growth can be caused both by stimulatory effects caused by 

proto-oncogenes and loss of inhibitory functions associated with another class of 

cellular genes called the Tumour Suppressor (TS) genes (Argyle et al., 2020). The p53 

TS gene is a key TS gene, contributing to the progression of the cell cycle, regulation 

of gene expression, and cellular response mechanism against to DNA damage. 

Tumour suppression is mediated by p53-mediated processes, which also limit the 

build-up of potentially cancer-causing mutations and genomic instability. Under 

normal circumstances, the p53 protein can bind to precise DNA sequences and 

control the transcription of many genes implicated in the cell cycle and apoptotic 

pathways as p21 /cip1 and Bax. These biological functions might not be activated as 

a result of p53 disruption, which could lead to abnormal uncontrolled cell growth 

that eventually results in tumoural transformation. P53 can be both altered by gene 

mutational events and nonmutational mechanisms, as the overexpression of the 

cellular oncogene MDM2. Both p53 and MDM2 homologs have been found in 

domestic animal species, and numerous studies suggest that this gene is also crucial 

for the development of veterinary cancers (Argyle et al., 2020).  

Studies of tumours have traditionally focused on the study of single genes, such as 

those previously mentioned, but they have recently undergone a revolution thanks 

to the advent of novel techniques that can concurrently detect the expression of 

many genes. The DNA microarray technology is one of them that is most frequently 

employed for large-scale analyses of gene expression. This technology allows to 

group genes together, based on how similar their gene expression patterns are, by 

using a method called hierarchical clustering (Kumar et al., 2004). Comparative 

genomic hybridization (CGH) is a microarray-based technique that, rapidly and with 

highly reproducible results, identifies gains and losses in chromosome number in 

tumour specimens. It makes it possible to identify the areas where it is crucial to 

look for cancer-related genes, allowing for the creation of precise diagnostics, 

therapies, and management techniques (Argyle et al., 2020).  
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1.5.1 Array Comparative Genomic Hybridization and Pathway enrichment analysis 

The Array Comparative Genomic Hybridization (aCGH) procedure consists 

in labelling genomic DNA fragments from tumour and healthy tissue with two 

fluorescently coloured probes. The labelled DNA is then hybridized to a spotted array 

that consists of short oligonucleotide probes that together span the entire genome. 

The level of hybridization is then determined by measuring the fluorescence with a 

laser scanner. A chromosomal duplication in the region of the genome covered by 

the probe is indicated if there is a higher level of hybridization of the tumoural DNA, 

which indicates a higher binding of the tumoural DNA to the probe. Similarly, a 

stronger binding of normal individual DNA implies chromosomal loss in the region, 

instead an equal degree of hybridization between pathological and healthy DNA 

reflects a normal copy number (Argyle et al., 2020). Each location on the array will 

specifically be coloured red or green based on whether a particular gene is expressed 

more or less in the tumour, or black or yellow (depending on the type of fluorescent 

scanning) if there is no difference in gene expression between the tumour and 

control sample (Kumar et al., 2004).  

The long gene list obtained by aCGH can then be condensed into a shorter list of 

more understandable pathways using pathway enrichment analysis. A pathway is a 

group of genes that cooperate to carry out a biological function whereas pathway 

enrichment analysis is a statistical technique to find pathways that are significantly 

represented in a gene list. The pathways can be found in a variety of substantial, 

easily accessible, open-access pathway databases that provide the greatest benefit 

for pathway enrichment analysis (Reimand et al., 2019). Pathway analysis gives 

complementary insights to gene-focused driver discovery since it enables to find 

pathways and processes that stand out when the data are combined but are not 

obvious in any single studied dataset (Paczkowska et al., 2020). 
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2. Aim of the study 

Acral and mucosal melanomas have shown considerable genetic differences from 

cutaneous melanoma and are more similar to one another than other melanomas 

(Furney et al., 2014; Hayward et al., 2017). First off, the primary mutation processes 

in these tumours do not involve UV radiation, raising the possibility of other 

carcinogenic exposures that are shared with tumours other than those of the skin 

(Hayward et al., 2017). In addition to point mutations, larger-scale genomic 

rearrangements may also activate acral melanoma drivers, according to the pattern 

of somatic alterations between acral and mucosal melanoma drivers (Furney et al., 

2014). In order to identify and understand the major cellular pathways and functions 

that are crucially dysregulated during oncogenesis, a wider perspective on the 

tumoural behaviour is needed.  

This can be achieved through pathway enrichment analysis, which enables a 

description of the behaviour of the tumour while highlighting how genes interact 

with one another and thereby provides a better understanding of what single gene 

mutation analysis could accomplish (Paczkowska et al., 2020). Additionally, pathway 

analysis aids the development of novel therapeutic approaches, which can be 

particularly beneficial for tumours like melanomas that frequently fail to respond to 

currently available treatments (Hernandez et al., 2018). The most successful 

targeted therapies will be those that interfere with the processes and pathways that 

cancer cells exploit, in order to interrupt pathways that are specific to cancer cell 

biology. This has the additional benefit of reducing systemic adverse effects 

(Hardwick, 2021). Additionally, by comparing CAM with the molecular pathogenesis 

of human acral melanoma and canine oral melanoma, a greater understanding of 

melanoma biology can be achieved, leading to the development of additional 

targeted therapy (Hardwick, 2021). 

The aim of the study is to deepen the whole-genome landscape to better understand 

pathogenetic pathways underlying acral melanoma, consequently helping to 

achieve all of the benefits that this type of analysis may offer. To achieve this goal, 

we used aCGH (Array Comparative Genomic Hybridization) molecular techniques 
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that enable a genome-wide analysis of large size tumour aberrations (amplifications 

and deletion of DNA sequences). The identification of enriched tumour pathways 

was then performed by a specific, commercially available software (ClueGo plugin 

for the software Cytoscape 3.9.0) which allows to gain new insights and perspectives 

on tumour biology by identifying tumour characteristics that would otherwise go 

unnoticed if only single aberrations, and associated genes, were characterized. The 

last goal was to compare the most recent findings from studies on hAM and COM, 

similarly to what has already been done in COM studies, in order to have a more 

comprehensive understanding of AM behaviour and peculiarities. 
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3. Materials and methods  

3.1 Sample collection and selection 

The research was conducted with formalin-fixed, paraffin-embedded (FFPE) samples 

obtained from the archives of the Department of Comparative Biomedicine and 

Food Science of the University of Padua and the Department of Veterinary Medicine 

of the University of Perugia.  

FFPE samples were selected in order to perform a genomic extraction of healthy and 

tumoural DNA to be further analysed through aCGH. To be included in the study, the 

pathological samples had to be diagnosed histologically as CAM. The diagnoses were 

made through the evaluation of slides stained with routine Hematoxylin and Eosin 

protocol, and evaluated by ECVP Diplomates from the Universities of Padova and 

Perugia. Further inclusion criteria were the presence of sufficient material for the 

extraction procedure. In the case of amelanotic melanomas, the samples were 

subjected to an immunohistochemical evaluation with the antibodies anti Melan-A, 

TRP-1, TRP-2, and PNL-2, to assess the melanocytic origin of the neoplasm. The 

presence of healthy tissue, adjacent to the neoplastic mass, was also assessed during 

the recruiting phase. When possible, all the additional clinical information about the 

dogs were also collected.  

Ideally, for aCGH analysis, healthy and pathological tissue, and therefore DNA, 

should derive from the same individual. Since the same individual whose 

pathological tissue was selected could not be used, a healthy pool was made. Ideally, 

the pool must be composed of a number of samples equal to or greater than that of 

the pathological group and be balanced between males and females. When 

available, the DNA was extracted from the healthy tissue adjacent to the acral 

melanomas selected. More samples were then enrolled and healthy DNA was 

extracted from archival FFPE samples containing healthy lymph nodes and liver. 

Finally, healthy DNA already available from previous studies, originating from the 

healthy mucosal tissue adjacent to mucosal melanomas, was also included in the 

selection. The selected FFPE samples were cut in 5 sections 10 µm-thick from the 
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blocks using a microtome with disposable blades. The sections obtained by each 

sample were put into 1,5 ml Eppendorf to be extracted.  

3.2 Nucleic acid extraction and purification from FFPE tissue 

The All-Prep DNA-RNA FFPE KIT (Qiagen R®) was used to extract genomic DNA 

according to the manufacturer’s instructions, with the use of a heptane solution for 

deparaffinization steps. This kit is the best choice for FFPE tissue due to its yield and 

quality (Patel et al., 2017). The whole protocol can be found in paragraph 8.1 named 

as “Protocol A”. 

The tissue obtained by trimming underwent a process of deparaffination trough 

different steps of exposure to heptane, methanol and ethanol solutions mixed by 

vortexing and then centrifugated. Supernatant was then removed by pipetting and 

the tubes were incubated with the lid open to allow ethanol excess vaporisation. 

Afterwards a digestion buffer (Buffer PKD) and proteinase K were added to complete 

the process. Deparaffination is an essential step since paraffin can inactivate 

proteinase K. This proteinase allows the digestion of contaminating proteins and the 

inactivation of nuclease (DNAse and RNAase), and therefore is a key enzyme since it 

prevents the destruction of nucleic acids. All these steps allowed the separation of 

tissue pellets then used as input for DNA extraction. The supernatant can be utilized 

instead for RNA extraction, but this was not necessary for the purpose of the study. 

Afterwards, purified DNA was obtained through additional steps as the addition of 

various buffers and enzymes, centrifugation, and isolation, all conducted according 

to the protocol (steps 10 to 20 in “Protocol A”). 

3.3 Assessment of extracted DNA quality, quantity and integrity  

The extracted DNA quality and quantity were determined using a Nanodrop ND-

1000 (Life Technologies®) spectrophotometer, and its integrity was verified using an 

agarose gel electrophoresis. 

3.3.1 Quantification 

The spectrophotometer absorbance measurement is used to evaluate quality and 

quantity of the extracted DNA. Nucleic acids have in fact intrinsic absorptivity 
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properties represented in Figure 10. The purity of DNA can be therefore evaluated 

through ratios that consider its absorbance properties together with the buffer ones. 

Since they have a distinctive peak at 260 nm, proteins of 280 nm, and solvents of 

230 nm the purity of DNA can be determined by the 260/280 and 260/230 ratios. 

Moreover, this technique allows to evaluate concentration values that are 

determined automatically by the computer connected to the system. The data 

obtained by spectrophotometry was elaborated using a specialized software, which 

provided results and charts for each sample (ThermoFisher Scientific, 2022c).   

The 260 nm to 280 nm ratio, with a value equal or greater of 1,8, is an good level of 

DNA purity. If the ratio is much lower, proteins, phenol, or other components that 

absorb strongly at or near 280 nm may be present. The second measure of nucleic 

acid purity given by 260 nm and 230 nm ratio has usually greater values than the 

260/280. Expected 260/230 values normally fall between 2,0 and 2,2. Contaminants 

that absorb at 230 nm may be dominant if the ratio is much lower than expected. 

Purity ratios that, in general, are much lower than projected values, might require 

further improvement of the isolation method (Desjardins & Conklin, 2010). Only 

samples (both pathological and healthy sections) having a yield of DNA of at least 

450ng and an A260/A230 ratio of at least 1,5 underwent the following steps.  

Figure 10: typical RNA/DNA absorbance 
spectrum (Desjardins & Conklin, 2010) 
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3.3.2 Electrophoresis  

To evaluate their DNA integrity, samples were analysed with an agarose gel 

electrophoresis. The gel was prepared using an 1% agarose gel matrix. Agarose 

comes in a form of white powder that is purified from agar, a carbohydrate 

structural component of the cell wall of marine reg algae. 0,5 g of it was combined 

with 50ml of TAE buffer (Tris-acetate-EDTA). The mixture was heated to help the 

agarose particles melt, then 5 μl of SYBER Safe (Invitrogen), a phosphorescent dye, 

were added. This stain is a DNA–intercalator that produces fluorescence when 

exposed to UV light, and it has a detection sensitivity similar to ethidium bromide, 

but with far lower toxicity and mutagenicity.  

The compound was then cooled and hardened in an electrophoresis tank with a 

removable comb to create wells. Only when the gel was totally solidified, the gel 

comb was lifted upward, smoothly and steadily, to avoid damaging the gel and 

altering the wells. After that, the gel was placed in an horizontal electrophoresis gel 

box with a running buffer (TAE 1x). After adding the buffer and removing the comb, 

extra care was taken to eliminate any trapped air bubbles in the wells.  

The samples were made by combining 5 μl of each of them with 5 μl of loading dye. 

This dye, which combines bromophenol blue and xylene cyanol, provides colour for 

an easier sample loading and electrophoretic run progress monitoring. In each well 

10 μl of dyed DNA were located, while a DNA ladder (molecular weight size marker) 

was placed in the two lateral wells. Samples were placed in agarose wells and 

exposed to an electric field (80-100V), which caused the negatively charged nucleic 

acids to migrate toward the positive electrode. Shorter DNA fragments run faster, 

while the longest fragments stay closer to the gel origin, resulting in size separation.  

Electrophoresis was completed in 50 minutes after which the gel was positioned 

under a trans illuminator (BioRad®) to visualise stained DNA. DNA cannot be seen 

under normal light but the UV light emitted by this illuminator was reflected by DNA 

linked to SYBER Safe dye, which absorbs light with a wavelength of 280-520 nm and 

emits it at 522 nm. The intensity of fluorescence correlates to the amount of nucleic 

acid bound, which is the basis for detection and quantitation of nucleic acids in 
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electrophoresis. The two controls in the lateral wells, thanks to their pre-determined 

molecular weight, provided size and concentration indications (ThermoFisher 

Scientific, 2022a, 2022b).  

Gel electrophoresis determined if the fragments and their sizes were appropriate for 

aCGH analysis. Typically, fragmented DNA is extracted from FFPE samples, although 

restriction digestion might be used when the integrity is too much preserved (van 

Beers et al., 2006). 

3.4  Array Comparative Genomic Hybridization  

The SureTag DNA Labeling Kit (Agilent)  was used to cyanine label the samples. Prior 

to labelling, samples that had a higher integrity underwent Restriction Digestion, 

according to the SureTag DNA protocol. Cyanine are synthetic dyes widely used in 

biotechnology and that can be applied for nucleic acid labelling in order to visualise 

and quantify them. Cyanine 5-deoxyuridine triphosphate (Cy5) and cyanine 3-

deoxyuridine triphosphate (Cy3) were used to stain pathological and healthy DNA, 

respectively. The final cyanine incorporation and concentration, along with the 

sample specific activity, were assessed via spectrophotometry using a Nanodrop ND-

1000. Samples with a suitably matched ratio of healthy and malignant Cy3 and 

Cy5 were selected for further investigation and therefore co-hybridized to a 

180,000-feature SurePrint G3 Canine CGH Microarray (4–180 K, Agilent 

Technologies).  

Sample hybridization was made by pairing pathological and healthy labelled DNA 

samples. The volume of DNA paired with the pathological sample was withdrawn 

from the healthy pool and was calculated in order to obtain the same amount (in 

nanograms) of pathological and healthy DNA. 

The microarray is composed of repeat-masked 60-mer oligonucleotides 

distributed at ~2,7 Kb intervals throughout the dog CanFam3 genome assembly. 

After 24 hours of incubation at 65° and 20 rpm, arrays were washed and scanned at 

3μm using an Agilent G2565CA scanner, following manufacturer's instructions. All of 

the steps are summarized in Figure 11. The obtained images and data were 
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processed using specific Feature Extraction (FE) version 11.5 and Genomic 

Workbench version 7.0. 

 

 

 

 

 

 

Figure 11: aCGH process overview (Kumar et al., 2004) 
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3.5 Copy Number Aberrations (CNAs) Analysis 

The data obtained by the laser scanner were analysed using the Agilent Genomic 

Workbench. All sample florescence data were normalized using the centralization 

algorithm with a threshold of eight and fuzzy ON in order to remove probes that 

exhibited non-uniform hybridization or signal saturation. Sexual chromosomes were 

not included in our study and only the outcomes related to autosomes were 

examined.  

The Aberration Detection Method 2 (ADM- 2 or “adam- two”) algorithm was used to 

define Copy Number Aberrations (CNAs) for each sample with the "three probes 

minimum" filter. Based on a statistical score, this algorithm finds all aberrant 

intervals in a sample that have consistently high or low log ratios. It searches for 

intervals where a statistical score, derived from the average quality weighted log 

ratio of the sample and reference channels, exceeds a user-specified threshold and 

then identifies contiguous genomic regions of any size as aberrant regions. To define 

the user specified threshold the Cy5/Cy3 intensity ratio of each spot was translated 

into a log2 ratio. Therefore, the threshold applied allowed to identify the aberrant 

regions in the chromosomes and determined whether a copy number gain or loss 

was assigned to those regions where the log2 ratio was either more than 0.25 (>0.25) 

or less than -0.25 (<-0.25). Megabase (Mb) positions were used to designate 

chromosomal locations. The aberrant regions identified by the ADM-2 analysis then 

underwent the Fuzzy zero correction which applies a “Global error model” to each 

of them.  This is a more realistic error model that allows to identify erroneous 

aberrations when the errors are correlated.  

Instead, the entire samples subset underwent the Context corrected common 

Aberration Analysis (CAA), which identifies significant CNAs by detecting the regions 

of the genome noticeably gained or lost across samples. To maximize the score of 

the CNAs it in fact finds the common aberrations in a selection of samples that for 

this study are represented by the results of all the arrays. It takes into consideration 

all of the aberrations found in the genome together with the likelihood of 

discovering a common aberration. In the end the report displays statistically 

significant common aberrant regions among the samples subset.  
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3.6 Pathway Enrichment Analysis 

The procedure generated five distinct lists of aberration: lost regions in more than 

40% of samples, lost regions in more than 70% of samples, gained regions in more 

than 40% of samples, statistically significant lost regions and statistically significant 

gained regions. The statistically significant lost and gained regions were the ones 

obtained through CAA.  

The Ensemble Genome Browser (http://www.ensembl.org/index.html) allowed to find 

all of the genes corresponding to the aberrated regions. The applied tool was 

BioMart with Ensembl genes 104 as the chosen database. CanFam 3.1 served as the 

dataset and the selected attributes were gene stable ID and gene name. The 

obtained stable ID was then used to identify the orthologous human genes. The 

Ensemble Genome Browser's BioMart tool was also used for this. Human Gene 

stable ID and Human Gene name were the attributes for orthologous genes that 

were chosen to obtain the data. As a result five lists of genes, corresponding to the 

aberrated regions, were produced: lost genes in more than 40% of samples (LG40), 

lost genes in more than 70% of samples (LG70), gained genes in more than 40% of 

samples (GG40), statistically significant lost genes (LGSS), and statistically significant 

gained regions (GRSS). 

The five gene lists were further processed by the ClueGo plugin for Cytoscape 3.9.0, 

an open-source Java application that identifies non-redundant biological data for big 

gene clusters. Genes were entered into the program as Human Gene name and were 

therefore analysed with homo sapiens as the control species. Each gene was 

assigned to a specific pathway based on the information of five different databases: 

KEGG, GO Biological process, GO Immuno, REACTOME, and WIKIPATHWAYS. The 

standard hyergeometric two-sided test was employed to assess each term 

significance and each network was created using a kappa score threshold of 0,5 and 

a minimum of three genes that made up at least 10% of all the related genes in that 

specific network. In ClueGO, the kappa score is used to define term-term 

interrelations (edges), and functional groups based on shared genes between terms. 

Additionally, the "fusion" option was implemented to minimize redundancy, and the 

Benjamini-Hochberg adjustment was performed on each pathway P-value.  

http://www.ensembl.org/index.html
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4. Results 

4.1 Sample extraction and selection  

The healthy and pathological samples selected for our study are listed in Table 1, 

Table 2 and Table 3, where also the results of the quality and quantity of DNA 

extracted are shown. The absorption ratios (260/280 and 260/230) and the 

concentration of DNA, measured in nanograms per microliter (ng/ul), are listed in 

the columns. 

 

Table 1: The 12 CAM samples selected with their DNA concentration and absorption ratios 
(260/280 and 260/230) 

SAMPLE ID ng/ul 260/280 260/230 

D01 54,11 1,76 2,1 
D02 124,03 1,76 3,05 
D03 100,04 1,9 1,71 
D04 144,83 1,68 2,16 
D07 121,32 1,86 2,51 
D08 59,25 1,72 1,71 
D09 42,85 1,63 1,67 
D10 94,87 1,87 2,16 
D11 103,2 1,93 1,79 
D12 63,74 1,76 2 
D13 169,44 1,83 2,13 
D15 149,19 1,7 1,99 

 

 

 

Table 2: The 8 healthy male samples selected with their DNA concentration and absorption 
ratios (260/280 and 260/230) 

SAMPLE ID ng/ul 260/280 260/230 

A3_S 126,24 1,94 2,2 
C12_S 898,98 1,84 2,32 
A34_S 182,41 1,80 1,86 
D11_S 92,05 1,95 2,36 
D13_S 104,91 1,77 1,99 
D10_S 84,77 1,59 1,90 

M1 196,33 1,86 2,09 
C11_S 92,78 1,83 2,45 
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Table 3: The 8 healthy female samples selected with their DNA concentration and absorption 
ratios (260/280 and 260/230) 

SAMPLE ID ng/ul 260/280 260/230 

A24_S 98,11 1,92 2,11 
A35_S 91,08 1,90 2,92 
A1_S 129,89 1,80 1,52 

D16_S 86,4 1,64 1,77 
F1_II 143,46 1,90 1,99 

F4 93,83 1,86 2,40 
F7 44,99 1,90 1,62 

D7_S 48,2 1,86 2,43 
 

For aCGH high molecular weight genomic DNA must be fragmented into suitable-

sized fragments (van Beers et al., 2006). Gel electrophoresis was used on the 

samples to assess fragmentation as shown in the example in Figure 12. In most cases, 

DNA extracted from FFPE samples is sufficiently fragmented as a result of the 

archiving process, therefore extra steps like sonication or restriction digestion are 

not required (van Beers et al., 2006).  

 

However, electrophoresis revealed that fragmentation was insufficient for the 

healthy samples and for pathological samples D7, D11, D13 and D10. Therefore 

these samples underwent an extra step of restriction digestion.  

Figure 12: Example of gel electrophoresis results for healthy samples. The first and last well are DNA 
ladder (100 bp), lane 2,3, 4 and 8 show partially degraded DNA (> 500bp) that furtherly underwent 

digestion, while lane 5, 6 and 7 show severely degraded DNA.  
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Quality and quantity evaluations allowed the selection of 16 healthy DNA samples 

and 12 pathological DNA samples that underwent cyanine labelling. Nanodrop ND-

1000 (Life Technologies®) spectrophotometer analysis allowed to identify cyanine 

yield and specific activity. Specific activity was calculated through the ratio of 

cyanine yield with the DNA concentration and then multiplied by 1000. The samples 

demonstrated sufficient yield and specific activity to be further processed through 

aCGH analysis. The healthy sample pool was created, by equimolarly pooling 

samples listed in Table 2 and Table 3, and once again evaluated through nanodrop. 

The pool had a total volume of 170 uL, an amount of DNA of 44676 ng and Nanodrop 

revealed a cyanine yield of 7,6 and a specific activity of 28,92. Cyanine yield and 

specific activity were measured through the average values obtained by two 

Nanodrop measurements, visible in Table 4. 

Table 4: Healthy sample DNA pool parameters. Ng/ul indicates concentration of DNA, Cyanine indicates 
the cyanine yield, Spec Act. indicates cyanine specific activity, ul indicates the  volume obtained by mixing 
all the healthy samples and ng tot indicates the total amount of labelled DNA.  

Sample ID ng/ul Mean ng/ul Cyanine Mean 
cyanine 

Spec Act. ul ng tot 

Healthy pool 262,3 262,8 7,6 7,6 28,91933 170 44676 

Healthy pool 263,3 
 

7,6 
    

 

4.2 Array Comparative Genomic Hybridization (aCGH) 

Two DNA samples are needed for each array: one from the pathological tissue and 

one from the healthy tissue. The amount of healthy and pathological DNA (measured 

in nanograms) must be equal. Based on the extracted amount of available extracted 

pathological DNA, the maximum amount that could be used for array was estimated.  

This amount is listed on the “ng” column in Table 5, Table 6 and Table 7. After that, 

calculations were made to determine the volume needed to produce the same 

amount of healthy DNA as pathological DNA. The concentration of healthy DNA pool 

was equal to 262,8 ng/ul. As a result, the volume (ul) required was determined by 

dividing the DNA quantity (ng) and its concentration (ng/ul).  

The healthy and pathological samples are shown in Table 5, Table 6 and Table 7. The 

“Pool_S” sample ID indicates a sample obtained by the healthy pool. Each 
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pathological sample is associated with the “Pool_S” sample listed above them. 

Samples are separated into three tables that each correspond to an array slide (listed 

in the column “array code”) where hybridization took place. Each slide had four 

arrays on it and the position of each sample is listed in the “Position” column. 

After that, calculations were made to determine the volume needed to produce the 

same amount of healthy DNA as pathological DNA. The concentration of healthy 

DNA pool was equal to 262,8 ng/ul. As a result, the volume (ul) required was 

determined by dividing the DNA quantity (ng) and its concentration (ng/ul). 

 

Table 5: Array slide 1 (code 706) 

Sample 
ID 

Mean 
Conc 

(ng/ul) 
Spec Act. ng vol sample Vol TE 

Array 
code 

Position Res 

Pool_S 262,8 28,92 4500 17,12 10 
706 1 1 

D7_P 272,4  4500 16,52  
Pool_S 262,8 28,92 4000 15,22 3 

706 2 2 
D9_P 155,5  4000 25,72  
Pool_S 262,8 28,92 3500 13,32 1 

706 3 3 
D15_P 118,7  3500 29,49  
Pool_S 262,8 28,92 3000 11,42 9 

706 4 4 
D4_P 128  3000 23,44  

 

 

 

Table 6: Array slide 2 (code 707) 

Sample 
ID 

Mean 
Conc 

(ng/ul) 
Spec Act. ng vol sample Vol TE 

Array 
code 

Position Res 

Pool_S 262,8 28,92 4000 15,22 15 
707 1 1 

D11_P 284,95 30,00 4000 14,04  
Pool_S 262,8 28,92 3300 12,56 5 

707 2 2 
D8_P 122,65 19,50 3300 26,91  
Pool_S 262,8 28,92 3000 11,42 8 

707 3 3 
D10_P 120,3 15,00 3000 24,94  
Pool_S 262,8 28,92 2000 7,61 13 

707 4 4 
D1_P 85 21,80 2000 23,53  
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Table 7: Array slide 3 (code 708) 

Sample 
ID 

Mean 
Conc 
(ng/ul) 

Spec 
Act. 

ng 
vol 
sample 

Vol TE 
Array 
code 

Position Res 

Pool_S 262,8 28,92 2400 9,13 7 
708 1 1 

D2_P 85,45 24,50 2400 28,09  
Pool_S 262,8 28,92 2100 7,99 11 

708 2 2 
D3_P 84,5 26,00 2100 24,85  
Pool_S 262,8 28,92 3500 13,32 8 

708 3 3 
D13_P 155,35 18,90 3500 22,53  
Pool_S 262,8 28,92 3500 13,32 8 

708 4 4 
D12_P 152,1 17,00 3500 23,01  

 

A total of 12 healthy-pathological pairs of samples were therefore obtained. They 

were placed onto three slides, each containing 4 arrays, and submitted for aCGH 

analysis.  

After the laser scanning, hybridisation quality was assessed through Agilent Feature 

Extraction 11.5 and Agilent Genomic Workbench 7.0.  

A quality report (QC report) was developed by Agilent Feature Extraction (FE) and 

reported quality metrics important for CGH applications. Agilent has identified the 

FE Stats that make up the best metrics for monitoring the processing of Agilent 

arrays. Additionally, it determines whether these measures fall within certain limits 

by giving them three different grades: "Excellent," "Good," or "Evaluate". QC reports 

were obtained from all of the samples and allowed to identify which samples could 

undergo further analysis. It was in fact seen that D2 and D3 had a poor quality of 

hybridization and were therefore excluded by the study.  

The sample that had the highest levels of the metrics was D11 and they are reported 

in Figure 13, while the worst metrics were found in sample D2 (Figure 14) 
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Figure 13: evaluation metrics for sample D11 

Figure 14: evaluation metrics for sample D2 
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The QC report includes two histograms (as in Figure 15) that display the distribution 

of measured colour intensity of red and green. The distribution should be gaussian 

in both channels (red and green) and, preferentially, with comparable intensity 

between the two channels.  

 

 

  

Figure 15: Histogram of red and green signal for sample D11 (on the left) and sample D2 (on the right) 
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QC report also shows a plot of the log of the red background-corrected signal versus 

the log of the green background-corrected signal for all non-control inlier features. 

The plot should be linear, and the linearity or curvature of the plot reflects the 

suitability of the background method selections. The location of the median signal is 

indicated by the point where the red vertical and horizontal lines connect. Figure 16 

shows two examples: sample D11 (on the left), which was the best did, in fact, show 

a linear relationship between the two channels, whereas sample D2 (on the right) 

did not and was therefore discarded.  

 

 

 

 

 

 

 

 

Figure 16: Sample D11 (left) and D2 (right) plot of the log of the red background-corrected signal versus 
the green background corrected signal 
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Agilent Genomic Workbench 7.0 enables the evaluation of several array parameters 

to determine the quality of the microarray data. Some of these parameters come 

from the CGH module itself, while others come via the Agilent Feature Extraction 

program. There are four possible ratings for each parameter: Excellent (yellow), 

Good (turquoise), Evaluate (pink), or NA (white). The graphs obtained are shown in 

Figure 17 and represent, for each parameter, its rating for each sample. The samples 

that are represented are, according to the graphs ordered from left to right: D1, D4, 

D7, D8 ,D9, D10, D11, D12, D13 and D15. The first graph shows signal to noise green, 

which is considered good for all samples except D1 where it is termed as “evaluate”; 

the second graph shows signal to noise red, which is termed as evaluate for all 

samples except D11 where it is good. Green signal intensity, in the third graph, is for 

9 samples excellent. Instead, the red signal intensity ranges from evaluate to 

excellent, with the mean (seen as a black dot in the boxplot) falling somewhere 

between poor and good. The background noise values for green and red (fifth and 

sixth graphs) are mostly around excellent and each plot background colour is 

determined by quality standards created by Agilent based on typical ranges seen 

during analysis of well-established cell lines carried out using standard Agilent 

protocols. It should be noted that the standards derive from excellent quality DNA 

samples and therefore obtaining good and excellent results when using FFPE 

samples is challenging. The repeatability values (seventh and eight graph) for green 

and red are all good.  

On the right of each graph there is a boxplot were the 25th and 75th percentiles are 

shown by the box lower and upper margins, respectively. The median is depicted in 

the box as the black horizontal line and the mean is represented by the black dot. 

The range of values that are not outliers is represented by the "whiskers." Values 

that are more than 150% beyond the 25th to 75th percentile range are considered 

outliers, and if they plot out of the available space on the graph they are represented 

as open triangles, as for the second and fourth graph. This report confirms that D11 

is the best quality sample available.  

Eventually the 10 total samples obtained by aCGH underwent further analysis and 

were comprised of 10 tumoural samples matched with the healthy tissue pool.  
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Figure 17: Agilent Genomic Workbench 7.0 quality results. The samples represented are 
from left to right D1, D4, D7, D8, D9, D10, D11, D12, D13 and D15. The graphs are 

referred to, from the top, as Graph 1, 2, 3, 4, 5, 6, 7, 8 
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4.3 Genomic Pattern of Aberration  

CNA analysis revealed both focal and broad chromosomal aberrations (reaching a 55 

Mb length in chr14), which were characterized by gains and losses. All of the samples 

had aberrations, with a mean of 25,1 aberrations each, ranging from 5 to 88, with 

sample D11 having the highest number. Only regions with a penetrance ≥ 20% were 

chosen from a total of 333 genomic alterations (autosomes only). The selected ones 

consisted of 65 gained regions and 60 lost regions, with size ranging from 2bp to 

55Mb (with a mean length of 5,2 Mb) for gains and from 6,3Kb to 31,1 Mb (mean 

length of 3,3 Mb) for losses. Chromosomes (CFA) 5, 9, 13 and 20 were the ones with 

more gained regions (penetrance ≥20%), while lost regions involved most frequently 

chromosomes CFA 10 and 30 (penetrance ≥20%).  

Among the gained regions, 8 showed a penetrance ≥40% in chromosomes 13, 20 and 

36 and had a size ranging from 0,9 Mb to 27Mb (mean length of 11,9Mb). On 

chromosome 20 the region chr20: 21823094-22727104 showed 50% penetrance 

and therefore represents the region with the highest penetrance within the gained 

ones.  

Among regions with losses, 18 had a penetrance ≥40% in chromosomes 8,10 and 30 

with a size ranging from 8 kb to 0,7 Mb (mean length = 0,18 kb). 12 regions reached 

penetrance over 70% in chromosomes 10 and 30, with a size ranging from 8 kb to 

0,7 Mb (mean length = 0,19 kb). In both of these chromosomes there were 

aberrations of 100% of the samples affecting regions chr10:49340369-49840587 

(500218 bp) and chr30:16663301-17417119 (753818 bp). 

Chromosomes that appeared to be more affected by gains and losses were CFA 9, 

10 and 30, all presenting 15 or more aberration sites. CFA 9 has a total of 19 

aberrations (each with a prevalence of 20 or 30%), comprising of 18 gained regions 

and one lost region. CFA 10 and 30 have respectively 16 and 15 aberrations, all 

derived by the loss of regions. In CFA 10 of the lost regions, two of them 

(chr10:49332254:49340369 and chr10:49840587:49887075) are detected in 90% of 

the samples and one (chr10:49340369-49840587) in 100% of them. CFA 30 showed 

instead 9 lost regions with a prevalence of 70% or higher and within them two 
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regions (chr30:16117390-16663301 and chr30:17417119-17473667) can be found 

in 90% of the samples and one (chr30:16663301-17417119) in 100% of them.  

The CAA was then used to determine CNAs that have a statistically significant 

frequency (pvalue < 0.05). A total of 26 significant aberrated regions were identified. 

Of the identified regions 21 were lost regions and 5 gained ones.  

The chromosomes affected by losses were CFA 5, 8, 10, 18, 19, 26, 29 and 30 and 

had lost regions of a size ranging from 0,1kb to 55Mb (average 4,2 Mb). Each of the 

cited chromosomes had one lost region while CFA 10 and CFA 30 had respectively 7 

and 8. CFA 10 presented 3 regions (chr10: 10933922 – 11037045, chr10:49268194- 

49840587 and chr10:49332254-49911945) that were significantly lost in at least 50% 

of  samples. The aberrated regions in CFA 30 were instead all present in 50% or more 

samples with 2 regions (chr30: 15916428- 16633792 and chr30: 16117390 – 

17417119) detected in 90% of them and one (chr30:16663301- 17417119) in all of 

the samples. 

CFA 6, 7, 13, 14 and 20 were the chromosomes that the algorithm identified as 

significantly affected by gained regions. Each chromosome had one gained region 

with a size ranging from 1,6 Mb to 80Mb (average size 52Mb). Every alteration was 

found in 20% of the samples, apart for the one in CFA 13 that was detected in 40% 

of samples. 

4.4 Pathway Enrichment Analysis 

Five different lists  were submitted to the ClueGO program to find significantly 

enriched pathways in order to create a summary of the pathways that are most likely 

involved in the carcinogenesis of AMs. Any pathway that had an adjusted Benjamini-

Hochberg P < 0.05 was deemed significant. 

The list that underwent analysis were composed by five groups of orthologous 

human genes: lost genes in ≥ 40% of samples (LG40), lost genes in ≥ 70% of samples 

(LG70), gained genes in ≥ 40% of samples (GG40), statistically significant lost genes 

(LGSS) and statistically significant gained genes (GGSS). The amount of orthologous 

human gene names in LG40 was 289, in LG70 25, in GG40 1131, in LGSS was 1192 

and in GGSS 2351.   
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The enrichment analysis identified three significant pathways from the LG40 group, 

no significant pathway for the LG70 group, 186 significant pathways from GG40, 182 

significant pathways for LGSS and 159 significant pathways for GGSS. Since the latter 

two lists (LGSS and GGSS) were created from data that underwent a statistical 

significance evaluation, only those pathways were taken into consideration for 

further study. Table 15 and Table 16 (in paragraph 9) contain all of the pathways 

discovered using respectively GGSS and LGSS, whereas the tables discussed in 

paragraph 5 list the ones involved in melanoma processes and thus the most 

relevant for the aim of this study. The results are all grouped according to ClueGo 

criteria. However, some of the clusters of pathways were manually associated when 

they had the same biological function.  

Results were compared with the most recent published data on COM and hAM. 
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5 Discussion 

The pathways discovered in our study that are more representative and descriptive 

of cancer behaviour and, as a result, are more interesting from a therapeutical 

perspective were grouped into five main functions. The main altered functions 

discovered are the loss of cell cycle control and response to DNA damage, the ability 

to promote mitogenesis and angiogenesis, the response to UV radiation, and the 

ability to evade the immune system. The majority of them reflects cancer hallmarks.  

5.1 Loss of Cell Cycle Control and DNA Damage Response  

Cells have a large number of defence systems to protect themselves from damage. 

These mechanisms are activated in response to stress signals, such as DNA damage, 

and have the ability to stop the cell cycle or trigger apoptosis. The different 

surveillance checkpoints occur at various times during the cell cycle, including the 

G1 phase in response to DNA damage, the S phase to monitor DNA replication 

efficiency and DNA damage occurrence, and the G2/M phase to assess the spindle 

condition. When DNA is damaged, two significant protein kinases, ATM and ATR, are 

activated. They activate several signalling pathways that interrupt cell cycle 

progression and promote the activation of genes involved in DNA repair.  One of the 

primary genes whose expression is increased by these pathways is p53, a negative 

cell cycle regulator that helps cells to react to stress or DNA damage. P53 acts as a 

transcriptional regulator when activated: it binds to DNA regulatory regions and 

transactivates various genes, leading the cell to arrest its cycle in G1. This stops 

damaged DNA from being replicated, allowing the cell to repair the DNA before 

restarting the cell cycle (Argyle et al., 2020).  If the entire repair process is successful, 

the cell continues with its cycle; if not, p53 activates the BAX gene, which induces 

cell apoptosis. In situations where p53 is either lost or altered there is no DNA repair 

or cell-cycle arrest brought on by DNA damage. Thus, DNA-damaged cells continue 

to multiply and give rise to malignant neoplasms (Argyle et al., 2020; Kumar et al., 

2004; Newkirk et al., 2017). This process is summarized in Figure 18.  
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In our study five pathways, shown in Table 8, were found to be related to the loss of 

cell cycle control and DNA damage: three pathways related to the p53 mechanism 

(R-HSA:5633008, R-HSA:6803211, KEGG:04115), one pathway related to the control 

of the G1 to S cell cycle (WP:45), and one pathway related to DNA damage response 

(WP:707). This suggests that the CAM samples had a disruption of the DNA repairing 

system that, as a consequence, allows it to maintain chronic proliferation. This trait 

is a hallmark of the pathophysiology of cancer.  An aberration of the p53 pathway 

can be caused by a variety of mutations as focal amplification of p53 inhibitor 

MDM2, increases in p53 binding protein, truncating mutations in the p53 protein or 

mislocation of wild-type p53 protein with nuclear exclusion. In oral and cutaneous 

melanomas, in both dogs and humans, it was seen that this pathway is compromised 

(Hardwick, 2021).  

 

Figure 18: p53 and Maintenance of Genome Integrity. Normal p53 is activated by DNA damage, 
causing G1 arrest through transcription-dependent and transcription-independent mechanisms. 
This is accomplished through the activation of p21, growth arrest, and DNA damage-inducible 45. 
(GADD45). Successful DNA repair enables cells to continue their cycle. However, BCL2-associated 
X protein (BAX) induces apoptosis if DNA repair fails. Cell cycle arrest or DNA repair, on the other 
hand, are not brought on by DNA damage in cells that have lost or mutated p53. These cells that 
have a damaged DNA therefore proliferate and accumulate mutations that can eventually give 
rise to tumors (Newkirk et al., 2017). 
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Table 8: pathways related to cell damage response 

Pathway ID Pathway term 

R-HSA:5633008 TP53 Regulates Transcription of Cell Death Genes 

R-HSA:6803211 TP53 Regulates Transcription of Death Receptors and Ligands 

KEGG:04115 p53 signaling pathway 

WP:707 DNA damage response 

WP:45 G1 to S cell cycle control 

 

MDM2 amplifications are frequently observed in COMs and are frequently related 

with CDK4 and mutually exclusive with Tp53 inactivating mutations (Hardwick, 

2021). Because MDM2 functions primarily as a negative regulator of p53 activity, it 

has become a target for new treatments. However, MDM2 and CDK4 regions were 

deleted in our samples, and the TP53 gene had no alterations. Although, copy 

number increases in Mdm2 binding protein (MTBP) and Tp53 binding protein 

(Tp53BP2) can be seen in COM in the absence of MDM2 amplification.  In our study, 

it was discovered that both of them were amplified, consistently for what was 

already seen by Brocca et al. (2019). However, this appears to be different from what 

is so far know in COM (Hardwick, 2021), but even if the reason for this discrepancy 

is not clear, all of these aberrations confirm a disruption in the p53 pathway and, 

therefore, with the cells cycle control and DNA damage response (Brocca et al., 

2019).  

In Elefanti et al. (2021) study on the molecular landscape of hAM, TP53 mutation 

was also discovered. They hypothesized that TP53 mutations might occur early in 

the development of AM, leading to an accumulation of the many structural 

rearrangements and copy number changes that are typically seen in this kind of 

melanoma. In fact, hAM presents a significant percentage of genome modification, 

especially in those cases with poor histologic prognostic factors (thick lesion, 

presence of ulceration, and high mitotic count). 
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5.2 Pro-Survival Mitogenic Pathways 
 

Another distinguishing feature of tumours is their ability to maintain chronic 

proliferation in the absence of external mitogenic stimuli. To become independent 

of exogenous signals, tumour cells severely disrupt normal cell homeostasis and 

become capable of autonomously promoting signals (typically via intracellular kinase 

domains) for cell cycle progression, cell growth, cell survival, and metabolism 

changes. These mechanisms can be acquired through a variety of events, such as 

cancer cells producing growth factor ligands on their own or inducing stromal cells 

to produce ligands. Increased concentrations of cell surface ligands can also cause 

cells to become hyperresponsive to ligands. Otherwise, they can enhance signalling 

pathways, as the PI3K-Akt pathway, by either activating them or by disrupting their 

negative feedback mechanisms, as for Ras and PTEN gene modifications (Argyle et 

al., 2020).  

Tyrosine kinases (TKs), a group of proteins that tightly regulates cell growth and 

differentiation, are important players in normal cell signal transduction. In normal 

cells, tyrosine kinases respond to growth factors or other stimuli by initiating a 

phosphorylation cascade, which results in changes in gene transcription that affect 

cell proliferation and survival. Kit, Met, Axl, and epithelial growth factor receptor 

(EGFR) are examples of tyrosine kinases receptor (RTK) that are known to be 

dysregulated in certain types of cancer. Furthermore, tyrosine kinase receptors play 

an important role in tumour angiogenesis; in fact, their family includes the vascular 

endothelial growth factor receptor (VEGFR), platelet derived growth factor receptor 

(PDGFR), fibroblast growth factor receptor (FGFR), and Tie1/2 (London, 2009). 

Our research led to the discovery of the amplification of the KIT gene, which is 

involved in a variety of pathways leading to cell proliferation, including vascular and 

epithelial proliferation, as well as epithelial and endothelial migration. However, the 

pathways (listed in Table 9) are made up of several amplified genes, ranging in 

number from 36 to 352 (with the average number of genes equal to 134,6). 
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Table 9: pathways related to cell proliferation and migration 

Pathway ID Pathway term 

GO:0032879 regulation of localization 

GO:0040012 regulation of locomotion 

GO:0048870 cell motility 

GO:0090132 epithelium migration 

GO:0016477 cell migration 

GO:0051270 regulation of cellular component movement 

GO:2000145 regulation of cell motility 

GO:0001667 ameboidal-type cell migration 

GO:0010632 regulation of epithelial cell migration 

GO:0030334 regulation of cell migration 

GO:0043542 endothelial cell migration 

GO:0042127 regulation of cell population proliferation 

GO:0008284 positive regulation of cell population proliferation 

GO:0050673 epithelial cell proliferation 

GO:0050679 positive regulation of epithelial cell proliferation 

R-HSA:9006934 Signaling by Receptor Tyrosine Kinases 

 
 

Both in COM and in human melanoma, KIT amplification has been found (Hardwick, 

2021). Older studies claimed that this was the most common molecular mutation in 

hAM, however more current investigations demonstrate that this amplification is 

rare (Elefanti et al., 2021). Furthermore, its role in COM is still unknown, and there 

has not been any evidence of a substantial relationship between KIT expression and 

any histopathologic characteristic, WHO stage, or total patient survival periods 

(Hardwick, 2021). As a result, the efficacy of using Tyrosine Kinase Inhibitors (TKIs) 

as solo-treatments is still unreliable. In a recent study masitinib mesylate, a type of 

TKI, was examined for its efficiency in treating canine advanced malignant 

melanoma, and it was shown to be only moderately effective. However additional 

research with larger cohorts at earlier stages of the disease and in conjunction with 

other treatments may result in a more efficient disease control (Giuliano & Dobson, 

2020; Hardwick, 2021). In addition, we found that the platelet-derived growth 

factors receptor alpha (PDGFR-α) gene was amplified in our samples and involved in 

most of the pathways listed in Table 9, as well as in the ones in Table 10. PDGFRs 

(PDGFR-α and PDGFR-β) are physiologically expressed in a variety of cell types, 

including fibroblasts, vascular smooth muscle cells, and endothelial cells and, by 

activating signal transduction pathways, they stimulate fibroblast and endothelial 
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cell proliferation. This suggests that they might also be involved in the interaction of 

cancerous cells with the stromal compartment during the growth and invasion of 

tumours. PDGFRs have been observed to be commonly altered in human cancers, 

and a copy number gain of PDGFR-α was found in human melanoma. Additionally, it 

was discovered that PDGFRs may contribute to the pathogenesis of canine malignant 

melanoma, and the co-expression of both PDGFRs (PDGFR-α and PDGFR-β) should 

be considered as a negative prognostic marker (Iussich et al., 2017).  

Table 10: angiogenesis pathways 

Pathway ID Pathway term 

GO:0048646 anatomical structure formation involved in morphogenesis 

GO:0022603 regulation of anatomical structure morphogenesis 

GO:0035295 tube development 

GO:0035239 tube morphogenesis 

GO:0072359 circulatory system development 

GO:0001944 vasculature development 

GO:0001568 blood vessel development 

GO:0001525 angiogenesis 

GO:0048514 blood vessel morphogenesis 

GO:0045765 regulation of angiogenesis 

GO:0045766 positive regulation of angiogenesis 

GO:0050793 regulation of developmental process 

GO:0022603 regulation of anatomical structure morphogenesis 

GO:0035239 tube morphogenesis 

GO:0001525 angiogenesis 

GO:0048514 blood vessel morphogenesis 

GO:0045765 regulation of angiogenesis 

 

In both human and canine cutaneous melanomas, epidermal growth factor 

receptors (EGFRs) overexpression is linked to aggressive behaviour. However, in 

COM, it was not discovered to be amplified or prognostic (Hardwick, 2021). In line 

with this, it was discovered that our samples had deleted EGFR.  

The MAPK and phosphoinositide-3-OH kinase (PI3K) signalling pathways, 

represented in Figure 19, are two crucial mitogenic cascades involved in melanoma 

since their disruption increases the tumour capacity to proliferate on its own. Their 

role is in fact the stimulation of cell proliferation and survival as well as the 

promotion of protein synthesis and angiogenesis.  
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The MAPK signalling cascade is made up of many elements such the RAS, RAF, 

MEK1/2, and ERK1/2 signalling cascade, and it causes the transcription of genes like 

CREB and MYC that promote cell division (Hayward et al., 2017). Our research 

revealed that the MYC gene was amplified and implicated in multiple proliferation 

pathways (Table 9 and Table 10). In contrary to what is typically observed in human 

non-acral cutaneous melanoma, no abnormality in the BRAF genes was found, 

although this is consistent with the findings in COM (Elefanti et al., 2021; Hardwick, 

2021). However, compared to other cutaneous melanomas, BRAF mutations are 

typically less frequent in hAM. Furthermore, it has recently been revealed that BRAF 

mutations are more prevalent in European-derived patients and are associated with 

favourable prognostic indicators including low thickness, low mitotic count, and 

patients with early-stages of AM. Since BRAF-mutated tumours can be candidates 

for the addition of anti-BRAF targeted therapy within the treatment, this represents 

a significant benefit for therapy selection in humans (Elefanti et al., 2021; Vanella et 

al., 2019).  

Figure 19: MAPK and PI3K pathway components. The inhibitory effects are represented by the red 
bars, whereas activating effects are represented by green arrows. Critical transcription factors 

driving cell proliferation, growth, and survival are shown in red forms, while key tumour suppressor 
proteins are shown in purple shapes. (Hardwick) 
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The PI3K/mTOR/AKT signalling pathway was discovered to be disrupted, as shown 

in Table 11. In addition to the direct disruption of this route, changes in the insulin 

receptor signalling cascade, which typically stimulates PI3K, were also found. FGFs, 

EIF4G1, HRAS, KRAS, NRAS, and RPTOR are examples of core pathway members 

found in the MAPK and PI3K pathways (Hendricks et al., 2018). Due to the fact that 

several of their constituents, including FGFs (especially FGF3, FGF4, and FGF19), and 

HRAS, were shown to be deleted in the genome landscape, it was discovered in our 

study that the PI3K and the Insulin receptor signalling cascade pathways were 

actually suppressed. None of the other genes cited above had any alteration as well 

as PTEN, a PI3K suppressor that is typically down-regulated in canine and human 

melanoma. 

These findings demonstrate that, in contrast to COM, where MAPK and PI3K 

participation appears to play a significant role in carcinogenesis, this does not appear 

to exist in CAM. 

 
Table 11: PI3K-related pathways 

Pathway ID Pathway term 

KEGG:05218 Melanoma 

R-HSA:2219528 PI3K/AKT Signaling in Cancer 

R-HSA:5674400 Constitutive Signaling by AKT1 E17K in Cancer 

R-HSA:6811558 PI5P, PP2A and IER3 Regulate PI3K/AKT Signaling 

R-HSA:74751 Insulin receptor signalling cascade 

R-HSA:74752 Signaling by Insulin receptor 

WP:3844 
PI3K-AKT-mTOR signaling pathway and therapeutic 
opportunities 

 

5.3 Angiogenesis 
 

Angiogenesis is another hallmark of cancer and is necessary for its proliferation and 

metastasis. Growth factors like VEGF recruit circulating endothelial cells that 

construct new vascular tubes and organize themselves to maintain blood flow.  This 

results in the formation of a new vasculature in the tumour that is usually 

characterised by an abnormal structure with a disorganized, leaky vascular system 

that is poorly structured, has limited adventitial growth, and has an excessive 

amount of branching.  VEGFRs, PDGFRs, FGFRs, and Tie-1 and Tie-2 (receptors for 

angiopoietin) are the RTKs implicated in this process. The vascular endothelium 
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expresses VEGFRs, which are responsible for promoting endothelial migration and 

proliferation and that work along with the FGFR-1 and -2 that increase VEGF 

expression. PDGFR-α and -β are instead on stroma and pericyte and contribute to 

the maintenance of new blood vessels. Tie-1 and Tie-2 are expressed on tumoural 

blood vessels and recruit pericytes and smooth muscle cells for the new vessels 

(Argyle et al., 2020; London, 2020).  

It was discovered that the pathways shown in Table 10 are all involved in the 

development of blood vessels and are enhanced by the amplification of several 

genes. Each pathway has 119 amplified genes on average, with a range of 31 to 311. 

Among these, ANGPT1 was found to be amplified. This gene, which is a member of 

the angiopoietin family, is essential for the regulation of angiogenesis, endothelial 

cell survival, proliferation, migration, adhesion and cell spreading (GeneCards, 2022)  

Additionally, it was discovered that Angiopoietin-Like Proteins (ANGPTL) as 

ANGPTL1, 4 and 6 were increased and implicated in these pathways. ANGPTL are 

engaged in a variety of biological processes and their balance plays a role in 

angiogenesis, inflammation, apoptosis, metabolism, and cancer progression. 

Although their significance in the development of cancer is still not fully understood, 

it appears that they are crucial to the proliferative and invasive characteristics of 

cancer cells. In particular, ANGPTL1, 4 and 6 likely regulate angiogenesis and have 

been seen to be involved in human cancers (Carbone et al., 2018). In addition, the 

Protein Tyrosine Kinase 2 (PTK2), another important gene involved in endothelial 

and vascular cell proliferation, was found to be amplified and involved in these 

pathways as well as in the ones listed in Table 9. PDGFRA amplification and 

involvement was also found, as already seen in paragraph 5.1. 

ANGPT, PDGFRA and PTK2 amplifications are consistent with Brocca et al. (2019) 

while no aberration was found for VEGFRs in contrast with COM (Hayward et al., 

2017).   
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5.4 Ultraviolet radiation response 

Table 12: UV radiation pathways 

Pathway ID Pathway term 

GO:0009416 response to light stimulus 

GO:0009411 response to UV 

GO:0071482 cellular response to light stimulus 

GO:0034644 cellular response to UV 

 

The pathways mentioned in Table 12 refer to any process that, in response to an 

ultraviolet radiation (UV light) stimulation, causes a change in the state or activity of 

a cell in terms of movement, secretion, enzyme production, or gene expression 

(EMBL-EBI, 2022).  

Mutations brought on by frequent and severe exposure to UV light can frequently 

result in the development of human cutaneous melanoma. However, several 

etiological factors have been discovered in addition to UV-associated mutagenesis. 

Dogs are less prone to get UV-associated melanoma because of their thick coats of 

hair, which possibly shield them from the sun (Bergman et al., 2020). However, the 

UV exposure associated risk must be taken in account. UVA (320–400 nm), UVB 

(280–320 nm), and UVC (200 to 280 nm) are the three wavelength ranges that make 

up the UV portion of the sun spectrum. Since UVB stimulates the formation of 

pyrimidinedimers in DNA, as shown in Figure 20 (Cancer Council NSW, 2022), it is 

thought to be the cause of the development of cutaneous tumours. As a result, this 

may have a variety of effects on cells, including cell division inhibition, enzyme 

deactivation, mutation induction, and even direct cell death. The most significant 

mutations that UVB can cause are those involving oncogenes and tumour suppressor 

genes. RAS and p53 gene alterations have been found in both human skin 

malignancies and UVB-induced tumours in animals. Additionally, it was discovered 

that these mutations primarily affect DNA dipyrimidine sequences, confirming the 

role of UVB radiation as the causal agent (Kumar et al., 2004). 
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Our discovery in CAM is in contrast with what has previously been observed in COM 

(Hardwick, 2021), indicating that these tumours may differ in certain ways. When 

compared to mucosal sites, the area where CAM develops may actually justify a 

significant risk of UV-related damage. hAM, compared to other non-acral cutaneous 

melanomas, also exhibits less UV-induced mutations. The TERT gene is often present 

in the majority of melanomas that develop on sun-exposed skin, indicating a 

potential causal role for UV radiation. As hAM exhibits a low incidence of TERT 

mutation, UV-correlated pathophysiology may be discarded. Furthermore, in 

humans, a significant protection against sun damage could be acquired due to the 

tumour position and the substantial amount of stratum corneum that covers it 

(Elefanti et al., 2021).  

 

 

 

 

 

Figure 20: UV induced DNA damage (Cancer Council NSW, 2022) 
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5.5 Alteration of the immune microenvironment 

The first step in the immune response against the development of a tumour is the 

elimination of cancerous cells by immune system cells as cytotoxic CD8+ T cells. After 

the initial reaction of the immune system there is an equilibrium where the 

development of the tumour is held stationary. Tumours like COM also have a final 

stage where they become able to evade the immune response either by suppressing 

it or making it become tolerant to their antigens (Hardwick, 2021; Porcellato et al., 

2020). 

Tumours can evade the immune system through a number of different methods, 

shown in Figure 21. The ones that are currently better understood are those that 

interact with the inhibition of infiltrating cytotoxic T cells or natural killer (NK) cells, 

the recruitment of immunosuppressive inflammatory cells, as regulatory T cells 

(Treg) or myeloid-derived suppressor cells (MDSC), and tumour-promoting 

macrophages, alteration of the antigen presentation, the creation of tolerance 

thanks to the absence of co-stimulatory molecules expressed by cancer and the 

production of molecules, as CTLA-4 or programmed-death-1 ligand/receptor (PD/ 

PDL-1) that interact with immune checkpoints inhibiting the T-cell function (Argyle 

et al., 2020).   

The immune profile induced by the tumour can represent a prognostic factor. This 

has been observed in human cutaneous melanoma tumor infiltrating lymphocytes 

(TLI) that infiltrate the tumor or come into direct contact with its cells, but less is 

known about dogs. As a consequence, the observation of the immune system profile 

induced by the tumour leads to a better understanding of its pathophysiology and 

contributes to the selection of suitable therapies (Hardwick, 2021; Porcellato et al., 

2020). 
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Many discovered pathways reveal a general disturbance of the immune system 

response and are listed in Table 13 and Table 14. Particularly, those in Table 13 

suggest a significant enhancement of the negative regulation of the immune system, 

which supports the idea that CAM, like COM, alters the immunological 

microenvironment. Being aware of the modifications brought on by this tumour 

enables the identification of potential immunotherapeutic treatments. 

Immunotherapy is one of the key foundations for treating cancer in humans since it 

enhances the patient's ability to respond to tumour development. However, its 

application to veterinary medicine has not yet been thoroughly investigated and 

comprehended. Targeting immune checkpoint inhibitors and melanoma vaccination 

have received the majority of attention recently. 

 

 

 

Figure 21: Immune system evasion mechanisms operated by tumor cells. DC: 
Dendritic cell; iDC: immature dendritic cell; MDSC: myeloid-derived suppressor cell; 
TAM: tumor-associated macrophage; Treg: regulatory T-cell (Dow & Guth, 2020) 
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Table 13: immune system pathways disrupted by gained genes 

Pathway ID Pathway term 

GO:0002698 negative regulation of immune effector process 

GO:0002822 
regulation of adaptive immune response based on somatic recombination of immune 
receptors built from immunoglobulin superfamily domains 

GO:0002823 
negative regulation of adaptive immune response based on somatic recombination of 
immune receptors built from immunoglobulin superfamily domains 

GO:0002890 negative regulation of immunoglobulin mediated immune response 

GO:0030368 interleukin-17 receptor activity 
 

Table 14: immune system pathways disrupted by deleted genes 

Pathway ID Pathway term 

GO:0006956 complement activation 

GO:0010324 membrane invagination 

GO:0002455 humoral immune response mediated by circulating immunoglobulin 

GO:0006911 phagocytosis, engulfment 

GO:0016064 immunoglobulin mediated immune response 

GO:0030449 regulation of complement activation 

GO:0050864 regulation of B cell activation 

GO:0050871 positive regulation of B cell activation 

R-HSA:447115 Interleukin-12 family signaling 

R-HSA:8950505 
Gene and protein expression by JAK-STAT signaling after Interleukin-12 
stimulation 

R-HSA:9020591 Interleukin-12 signaling 

GO:0035722 interleukin-12-mediated signaling pathway 

KEGG:05235 PD-L1 expression and PD-1 checkpoint pathway in cancer 

  

 

5.5.1 Evasion of T cell response  

The immune system is regulated by checkpoint molecules that are mostly expressed 

by T cells. These molecules can be grouped into two categories: molecules that 

activate T cells (costimulatory checkpoint molecules) and molecules that inhibit T 

cells (coinhibitory checkpoint molecules). It is possible for the tumour to escape the 

immune system by enhancing coinhibitory immune checkpoint receptors. One of 

these receptors, known as programmed death 1 (PD-1), is essential because it 

regulates T-cell activity in response to its ligand PD-L1, thereby preventing tissue 

damage when the immune system is engaged in response to an infection. Tumours 

like melanoma induce a decreased T cell response by increasing this mechanism. 

Therefore, inhibiting the PD-1 pathway may offer antitumour immunity, particularly 

in cancers that are PD-L1 positive (Dolan & Gupta, 2014; Dow & Guth, 2020; 

Hardwick, 2021). This pathway (KEGG:05235) was shown to be disturbed in our 

investigation, indicating that CAM might be a candidate for these treatments. 
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However, no evidence of PD-1 or PD-L1 gene increase or loss was detected. 

Nevertheless, the possibility of targeting this pathway is unaffected by the absence 

of gene alterations, supporting the idea that pathway analysis can expand 

therapeutic options for melanoma and tumours in general. Numerous new 

monoclonal antibody (mAb) drugs that target PD-1 have been licensed for the 

treatment of human melanoma, like Keytruda (pembrolizumab) and Opdivo 

(nivolumab). Since these human antibodies do not cross-react with canine antigens, 

these therapies are not available for dogs. However, efforts are being made to 

produce analogous canine mAbs as a canine chimeric anti-PD-L1 mAb that has 

shown clinical efficacy on COM (Almela & Ansón, 2019; Dow & Guth, 2020; Maekawa 

et al., 2017).  

5.5.2 Interleukin-12  

Table 14 lists the pathways that we discovered were affected by gene loss, and four 

of them (R-HSA:447115, R-HSA:8950505, R-HSA:9020591 and GO:0035722) are 

connected to Interleukin-12 function (IL-12). In response to the antigen 

presentation, dendritic cells (DCs), macrophages, and B cells release this interleukin, 

which enhances T cell proliferation and function and increases NK cell and T cell 

cytolytic activity that synthesize Interferon-γ (IFN- γ) and tumour necrosis factor-alpha 

(TNF-α). TNF-α induces tumour apoptosis and plays a role as proinflammatory 

cytokine while IFN- γ promotes the differentiation of naïve CD4+ T cells to Th1 

phenotype, activates macrophages and enhances MHC Class I/II expression (Dow & 

Guth, 2020). The IFNG gene, that codes for IFN- γ, was found to be deleted in our 

study and to contribute to the disruption of the IL-12 pathways.  

Therefore IL-12 represents a crucial mediator for tumour suppression and its 

reduction contributes to melanoma ability to evade the immune system, as shown 

in Figure 21. In order to enhance the immune response, IL-12 aid may therefore be 

utilized in the treatment of melanoma. Dog studies on therapies using NHS-IL12, a 

immunocytokine related to IL-12 that targets necrotic tumour regions revealed that, 

when given subcutaneously, it can be a therapeutic alternative for treating 

melanoma (Paoloni et al., 2015).  
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6 Conclusions   

This is the first report on genetic alterations in canine acral melanoma (CAM), aiming 

to gain insight into its whole-genome landscape. This was accomplished through the 

identification of genetic anomalies using array Comparative Genomic Hybridization. 

Furthermore, we examined the amplified and deleted genes using pathway 

enrichment analysis, a novel technique that enables to highlight tumoral disrupted 

biological pathways, providing new insights into the description and comprehension 

of the tumor peculiar behaviour. 

Our findings show that CAM, consistently with pathways alterations in canine oral 

melanoma (COM) and knowledge of human acral melanoma (hAM), induces 

alterations that reflect cancer hallmarks. It impacts cell cycle control and DNA 

damage response, which are primarily related to the p53 pathway, mitosis and 

angiogenesis, and immune system resistance. Interestingly, enhanced ultraviolet 

(UV) radiation response pathways may play a role in the development of this tumor 

and may be associated with the specialised unspecific melanocytes response or, less 

likely, it indicates a potential role of UV exposure.  

The sole analysis of gained or deleted genes would have not been able to underline 

crucial biological alterations. In fact, within CAM, crucial genes that are frequently 

altered in COM and hAM had no aberrations, whereas the pathways in which these 

genes are involved did.  

As a result, both a single gene mutation and a pathway dysregulation have the same 

biological effect. This demonstrated that pathway enrichment analysis, being able 

to capture the complex interaction between several genes, provides a broader view 

of the tumor behaviour and development. This new approach could lead to a more 

effective selection of targeted therapies that, even by still targeting a specific 

protein, would be chosen in order to interrupt a pathway that is strongly related to 

the tumor development and aggressiveness.  

The comparison with hAM, and thus the potential use of CAM as a model for human 

studies, is limited by the fact that hAM studies focus on gene alterations rather than 
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pathway enrichment analysis. Finally, larger sample size studies on CAM, with 

additional clinical information, should be conducted in order to further analyse its 

differences and similarities with the human counterpart and COM. 
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8. Protocols  

8.1 Protocol A, AllPrep® DNA/RNA FFPE Kit 

A. Procedure 

1. Using a scalpel, trim excess paraffin off the sample block. 

2. Cut sections 10–20 μm thick. Do not use more than four 10 μm sections of 150 

mm2 surface area or two 20 μm sections of 150 mm2 surface area. Discard the 

first 2–3 sections. 

3. Immediately place the sections in a 1.5 ml Safe-Lock microcentrifuge tube (not 

supplied), and close the lid. 

4. Deparaffinization using heptane (more compact sample pellets in step 8): 

o Add 500 μl of heptane, vortex vigorously for 10 s, and incubate for 10 min at 

room temperature; 

o Add 25 μl methanol, vortex vigorously for 10 s, and centrifuge for 2 min at 

9000 x g; 

o Carefully remove the supernatant by pipetting without disturbing the pellet.  

Carefully remove any residual heptane/methanol using a fine pipet tip; 

o Add 1 ml ethanol (96-100%) to the pellet, mix by vortexing, and centrifuge at 

full speed for 2 min; 

o Carefully remove the supernatant by pipetting without disturbing the pellet.  

Carefully remove any residual ethanol using a fine pipet tip; 

o Keep the lid open, and incubate at room temperature or at up to 37°C for 10 

min or until all residual ethanol has evaporated. 

o Proceed to step 5. 

5. Resuspend the pellet by adding 150 μl Buffer PKD; Flick the tube to loosen the 

pellet;Add 10 μl proteinase K, and mix by vortexing. 

6. Incubate at 56°C for 15 min. (The sample may not be completely lysed. This does 

not affect the procedure). 

7. Incubate on ice for 3 min. 

8. Centrifuge for 15 min at 14,000 rpm. 

9. Carefully transfer the supernatant, without disturbing the pellet, to a new 1.5 ml 

Safe-Lock microcentrifuge tube for RNA purification in steps 10–24.  
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10.  Keep the pellet for DNA purification in steps 25–35. The DNA-containing pellet 

can be stored for 2 h at room temperature, for up to 1 day at 2–8°C, or for longer 

periods at –15 to –30°C. 

B. DNA purification 

The pellet should be equilibrated to room temperature prior to resuspension.  

11. Resuspend the pellet from step 9 in 180 μl Buffer ATL; Add 40 μl proteinase K; 

Mix by vortexing.  

12. Incubate at 56°C for 1 h.  

13. Incubate at 90°C for 2 h without agitation. Keep the sample at room temperature 

until the heating block has reached 90°C.  

14. Briefly centrifuge the microcentrifuge tube to remove drops from the inside of 

the lid.  

Allow the sample to cool to room temperature; Add 4 μl RNase A (100 mg/ml); 

Incubate for 2 min at room temperature before proceeding.  

15. Add 200 μl Buffer AL; Mix thoroughly by vortexing; Add 200 μl ethanol (96–

100%); Mix thoroughly again by vortexing or pipetting.  

16. Transfer the entire sample to a QIAamp MinElute spin column placed in a 2 ml 

collection tube (supplied); Close the lid gently, and centrifuge for 1 min at 

≥10,000 rpm;  

Discard the collection tube with the flow-through. 

If the sample has not completely passed through the membrane after 

centrifugation, centrifuge again at a higher speed until the QIAamp MinElute spin 

column is empty.  

17. Place the QIAamp MinElute spin column in a new 2 ml collection tube (supplied); 

Add 700 μl Buffer AW1 to the spin column; Close the lid gently, and centrifuge 

for 15 s at ≥10,000 rpm to wash the spin column membrane;  
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Discard the flow-through. 

Reuse the collection tube in next step.  

18. Add 700 μl Buffer AW2 to the QIAamp MinElute spin column; Close the lid gently, 

and centrifuge for 15 s at ≥10,000 rpm to wash the spin column membrane;  

Discard the flow-through.  

Reuse the collection tube in next step.  

19. Add 700 μl ethanol (96–100%) to the QIAamp MinElute spin column;  

Close the lid gently, and centrifuge for 15 s at ≥10,000 rpm;  

Discard the collection tube with the flow-through.  

20. Place the QIAamp MinElute spin column in a new 2 ml collection tube (supplied); 

Open the lid of the spin column, and centrifuge at full speed for 5 min;  

Discard the collection tube with the flow-through.  

21. Place the QIAamp MinElute spin column in a new 1.5 ml collection tube 

(supplied); Add 60 μl Buffer ATE directly to the spin column membrane; Close 

the lid gently, and incubate for 5 min at room temperature; Centrifuge at full 

speed for 1 min to elute the DNA.  

Important: Ensure that Buffer ATE is equilibrated to room temperature. If using 

small elution volumes (<50 μl), pipet Buffer ATE onto the center of the 

membrane to ensure complete elution of bound DNA.  
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8.2 Protocol B, Cy3 and Cy5 labelling and labelled DNA purification 

A. Labelling with Cy3 and Cy5  

 

1. Get Random Primers (green) and the other reagents and let the defrost on ice; 

2. Prepear a stip with 26 µl of sample per tube and spin it 

3. Add 5 µl of Random Primers to each sample (total volume of 31 µl, 26+5) and 

spin; 

4. Set the thermocycler 3: user CGH, run “denat” (10 minutes at 98°C) and spin at 

the end of the denaturation cycle. At the end leave 5 min into ice; 

5. Start thermocycler from step 8 (Thermocycler 3: user CGH, run “label” (37°C for 

2h, 65°C 10 min)); 

6. Prepear labelling mix with volumes listed in table below:  

Reagent 1X 4,5X (Cy3) 4,5X (Cy5) 

5X Reaction Buffer 10.0 45 45 

10X dNTPs 5.0 22,5 22,5 

Cyanine 3 (SANO) o 
Cyanine 5 (PATO) 

3.0 13,5 / 

Cyanine 3 (SANO) o 
Cyanine 5 (PATO) 

Exo Klenow 

3.0 / 13,5 

1.0 4,5 4,5 

Volume finale labeling 19 85,5 85,5 

N.B: when withdrawing cyanines be careful to a) protect them from light the 

whole time; b) withdraw 6.6 µl only from the top and not from the bottom (they 

are very gluey); c) once withdrawn the cyanine release it in one part of the mix 

and clean the tip on the other side only once.  

 

7. Add 19 µl of labelling mix (mixing it up and down with the tip, especially the first 

time) to each sample and remember to add to the healthy one the mix with Cy3 

and to the pathological one the mix with Cy5;   

8. Thermocycler 3: user CGH, run “label” (37°C 2h, 65°C 10’) and at the end place 

the samples into ice. 

B. Purification of labelled DNA  

 

1. After part A, spin the strip; 

2. Add 430 µl of TE buffer in new 1.5ml eppendorf  (non in the kit); 
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3. Move the labelled samples (50 µl) into the Eppendorf with TE 

4. Per each sample prepare a labelled spin column and move the volume of 

labelled DNA and TE (480 µl) into them 

5. Centrifuge at 15°C, 10 min, 14000 rcf and remove  the eluate  

6. Add 480 µl of TE Buffer 

7. Centrifuge at 15°C, 10 min, 14000 rcf and remove  the eluate  

8. Withdrawn spin column and put it in a new Eppendorf (into the kit)  

9. Centrifuge for 1 minute at 1000 rcf and keep the eluate on ice. Trash the spin 

column 

10. Measure with the Nanodrop (1.5 µl) every sample twice. Select from the 

program main window “Microarray” instead of “Nucleic acid” and use TE for 

the white. At the end save the report. 

11. Measure µl of the labelled DNA that remains into the Eppendorf and bring it 

into a new 1.5 ml Eppendorf (not in the kit) 
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8.3 Protocol C  

A. Hybridization  

1. In a fresh 1.5-mL RNase-free Microfuge Tub, combine test and reference sample 

using the appropriate cyanine-5-labeled sample and cyanine-3-labeled sample for a 

total mixture volume of 39 μl 

(1 b. Prepare the 10× Blocking Agent: add 1,350 μL of DNase/RNase-free distilled 

water to the vial containing lyophilized 10× aCGH Blocking Agent and leave at room 

temperature for 60 minutes and mix on a vortex mixer to reconstitute sample before 

use or storage) 

Prepare the labaled DNA for hybridization:  

2. Prepare the hybridization master mix: 

Component Volume (µl) 

Cot-1 DNA 5 

10x aCGH Blocking Agent 11 

2x HI-RPM Hybridization Buffer 55 

Final Volume 71 

 

3. Add 71 µl of the Master Mix to the labeled DNA (total volume 110 µ) 

4. Mix the sample by pipetting up and down, then quickly spin in a centrifuge to drive 

contents to the bottom of the reaction tube. 

5. Transfer sample tubes to a thermal cycler (98°C for 3 minutes + 37°C for 30 

minutes) 

6. Remove sample tubes from the thermal cycler. Spin 1 minute at 6000 × g in a 

centrifuge to collect the sample at the bottom of the tube. 

The samples are ready to be immediately hybridized 
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7. Load a clean gasket slide into the Agilent SureHyb chamber base with the gasket 

label facing up and aligned with the rectangular section of the chamber base. Ensure 

that the gasket slide is flush with the chamber base and is not ajar. 

8. Slowly dispense 110 µl of hybridization sample mixture onto the gasket well. 

9. Put a microarray slide “active side” down onto the gasket slide, so the numeric 

barcode side is facing up and the “Agilent”-labeled barcode is facing down. Assess 

that the sandwich-pair is properly aligned. 

10. Put the SureHyb chamber cover onto the sandwiched slides and slide the clamp 

assembly onto both pieces. 

11. Hand-tighten the clamp firmly onto the chamber. 

12. Vertically rotate the assembled chamber to wet the slides and assess the mobility 

of the bubbles. Tap the assembly on a hard surface if necessary to move stationary 

bubbles. 

13. Load each assembled chamber into the oven rotator rack. Start from the center 

of the rack (position 3 or 4 when counting from the left). Set your hybridization 

rotator to rotate at 20 rpm. 

14. Hybridize at 67°C for 24 hours. 

B. Washing 

1. Prewarm Agilent Oligo aCGH/ChIP-on-Chip Wash Buffer 2 at 37°C overnight. 

2. Completely fill slide-staining dish #1 with Agilent Oligo aCGH/ChIP-on-Chip Wash 

Buffer 1 at room temperature. 

3. Prepare dish #2: 

a. Put a slide rack into slide-staining dish #2. 

b. Add a magnetic stir bar. Fill slide-staining dish #2 with enough Agilent Oligo 

aCGH/ChIP-on-Chip Wash Buffer 1 at room temperature to cover the slide rack. 

c. Put this dish on a magnetic stir plate. 
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4. Prepare dish #3: 

a. Put the prewarmed 1.5 L glass dish on a magnetic stir plate with heating 

element. 

b .Put the slide-staining dish #3 into the 1.5 L glass dish. 

c. Fill the 1.5 L glass dish with pre-warmed Milli-Q ultrapure water. 

d. Fill the slide-staining dish #3 approximately three-fourths full with Agilent 

Oligo aCGH/ChIP-on-Chip Wash Buffer 2 (warmed to 37°C). 

e. Add a magnetic stir bar. 

f. Turn on the heating element and maintain temperature of Agilent Oligo 

aCGH/ChIP-on-Chip Wash Buffer 2 at 37°C.  

5. Remove one hybridization chamber from the incubator and resume rotation of 

the others. Record whether bubbles formed during hybridization and if all bubbles 

are rotating freely. 

6. Prepare the hybridization chamber disassembly: 

a. Put the hybridization chamber assembly on a flat surface and loosen the 

thumbscrew, turning counter-clockwise. 

b. Slide off the clamp assembly and remove the chamber cover. 

c. With gloved fingers, remove the microarray-gasket sandwich from the 

chamber base by lifting one end and then grasping in the middle of the long sides. 

Keep the microarray slide numeric barcode facing up as you quickly transfer the 

sandwich to slide-staining dish #1. 

d. Without letting go of the slides, submerge the microarray-gasket sandwich 

into slide-staining dish #1 containing Agilent Oligo aCGH/ChIP-on-Chip Wash 

Buffer 1. 

7. With the sandwich completely submerged in Agilent Oligo aCGH/ChIP-on-Chip 

Wash Buffer 1, pry the sandwich open from the barcode end only: 

a. Slip one of the blunt ends of the forceps between the slides. 
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b. Gently twist the forceps to separate the slides. 

c. Let the gasket slide drop to the bottom of the staining dish. 

d. Remove the microarray slide, grasp it from the upper corners with thumb and 

forefinger, and quickly put into slide rack in the slide-staining dish #2 containing 

Agilent Oligo aCGH/ChIP-on-Chip Wash Buffer 1 at room temperature. Minimize 

exposure of the slide to air. Touch only the barcode portion of the microarray 

slide or its edges! 

8. Repeat the steps for up to four additional slides in the group. A maximum of five 

disassembly procedures yielding five microarray slides is advised at one time in order 

to facilitate uniform washing. 

9. When all slides in the group are put into the slide rack in slide-staining dish #2, stir 

at 350 rpm for 5 minutes. Adjust the setting to get good but not vigorous mixing. 

10. Wash the slides in Agilent Oligo aCGH/ChIP-on-Chip Wash Buffer 2: 

a. Transfer slide rack to slide-staining dish #3, which contains Agilent Oligo 

aCGH/ChIP-on-Chip Wash Buffer 2 at 37°C: 

b. Activate the magnetic stirrer. 

c. Wash microarray slides for at least 1 minute and no more than 2 minutes. 

Adjust the setting to get thorough mixing without disturbing the microarray slides. 

11. Slowly remove the slide rack trying to minimize droplets on the slides. It should 

take 5 to 10 seconds to remove the slide rack. 

12. Discard used Agilent Oligo aCGH/ChIP-on-Chip Wash Buffer 1 and Agilent Oligo 

aCGH/ChIP-on-Chip Wash Buffer 2. 

13. Repeat step 1 through step 11 for the next group of five slides using fresh Agilent 

Oligo aCGH/ChIP-on-Chip Wash Buffer 1 and Agilent Oligo aCGH/ChIP-on-Chip Wash 

Buffer 2 warmed to 37°C. 
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14. Scan slides immediately to minimize the impact of environmental oxidants on 

signal intensities. If necessary, store slides in orange slide boxes in a N2 purge box, 

in the dark. 

C. Scanning  

1. Switch on the computer 

2. Switch on the Scanner 

3. Start the program 

4. Verify the slide position: Start: 1 End slot: 2 

5. Verify the setting: Agilent G3_CGH (R+G; 61 x 21,6; 3 µm; 16 bit; 100%; 100%) 

6. Verify that the Scanner status in the main window says Scanner Ready. 

7. Put assembled slide holders into the scanner cassette. 

8. Click Start Scan. 

9. Check and save the scan:  

a. D:\ location,  

b. double click on the scanning (ignore the “error” alarm),  

c. copy and paste on the USB key 

10. Close the program Scan Control 

11. Switch off the Scanner 

12. Switch off the computer 
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9. Annex 

The following tables (Table 15 and Table 16) show all the pathways obtained through 

the analysis. The colour division (grey and white) indicates the groups that ClueGO 

created depending on the function of the pathways.  
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Table 15: pathways derived from gained genes (GGSS) 
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Table 16: pathways derived from lost genes (LGSS) 



 

113 
 



 

114 
 



 

115 
 



 

116 
 



 

117 
 

 


