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Abstract 

Omics techniques have been widely applied to veterinary science, although mostly on farm animal 

productions and infectious diseases. In canine oncology, on the contrary, the use of omics 

methodologies is still far behind. This thesis aims to fill in the gap in the molecular background of 

canine cancer tumors and to apply this new knowledge for the identification of suitable biomarkers 

mainly based on the identification and quantification of microRNAs. The thesis applied next 

generation sequencing (NGS) to investigate onco-miRNome and skin microbiota of one of the most 

relevant, highly metastatic canine malignant tumor, the mast cell tumor. The results of miRNomic 

have been validated by RT-qPCR to develop molecular tools to enhance the robustness of clinical 

decision-making. To elucidate the host-tumor interaction, the skin and dermis microbiota of MCT-

affected dogs has been investigated as well. This thesis aims also to characterized the proteomic 

profiles of exosomes purified from plasma of MCT-affected dogs. Due to the pandemic situation, 

the protocol for exosome purification has been developed, while the proteomic analysis is still 

ongoing. Finally, a very preliminary evaluation of miRNA dysregulation in canine oral and cutaneous 

melanoma was carried out. 

To characterize the epigenetic modulation of MCT microenvironment and to identify a panel of 

miRNAs dysregulated during the neoplastic process and suitable as biomarkers, the miRNome of 

canine MCT was profiled on FFPE samples using an NGS approach; the result was then investigated 

also in saliva samples of MCT-affected dogs. The NGS findings revealed that 63 miRNAs were 

differentially expressed between MCT and healthy adjacent margins (45 down-regulated and 18 up-

regulated). A panel of nine miRNAs was validated by qPCR, of which five were dysregulated in the 

tumor. Specifically, miR-21 and miR-379 were up-regulated while miR-885, miR-338 and miR-92a 

were down-regulated in the MCT compare to the healthy margins. A further analysis including the 

variable of the lymph node involvement in the tumor, revealing that a panel of three miRNAs, miR-
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21, miR-379, and miR-885, was able to discriminate metastatic from non-metastatic MCTs. The 

diagnostic potential of the panel was also explored in the saliva of MCT-affected dogs, showing that 

miR-21 and miR-885 discriminated tumor-affected from healthy dogs; miR-885 could also 

discriminate the metastatic from the non-metastatic MCTs with good diagnostic potential, make 

this miRNA attractive for a future diagnostic purpose starting form a less-invasive matrix. 

The microbiota of the MCT associated with the skin surface and dermis was characterized for the 

first time investigating alpha diversity which describes the differences of taxa by qualitative and 

quantitative approaches and beta diversity which describes the differences between groups 

generating distance matrices between samples. The data showed that a reduction of taxa was 

present in the tumor skin surface compared with the healthy contralateral part with an increase of 

Firmicutes phylum and Corynebacteriaceae family. A similar reduction of taxa found out in the 

tumor dermis compared with the overlying tumor skin surface. These differences exerted an impact 

also in beta diversity, which highlighted the differences between the samples. The characterization 

of the core microbiota of the tumor and healthy skin surface and the tumor dermis showed that the 

healthy skin was characterized by a higher number of ASVs (27 ASVs) compared to the tumor skin 

surface (12 ASVs) and dermis (16 ASVs) and that 10 ASVs were present only in the tumor site. The 

data proved that the presence of the tumor interfered in some way with the microbial population, 

paving the way for further investigations on host-microbiota interaction. Moreover, the reduction 

of microbiota diversity and taxa was seen to be associated with an unhealthy status.   

A protocol for the purification of plasmatic exosome from dog affected by MCT was developed to 

obtain samples with a good degree of purity and suitable for proteomic analysis, that may elucidate 

the cell-to-cell communication strategy used by MCT to prepare the metastatic niches, and may 

promote the identification of suitable biomarkers for the MCTs diagnosis and prognosis. The Size 

Exclusion Chromatography purification approach was identified as the best approach to obtain 



9 
 

samples depleted from the most abundant plasmatic protein, including albumin, and exosomes in 

the right size range and with concertation feasible for further proteomic analysis.   

Finally, the potential of a target miRNAs panel was also evaluated in canine cutaneous and oral 

malignant melanoma. The data showed that, among six miRNAs selected from the bibliography, 

miR-145, miR-365, miR-146a, and miR-425 were differentially expressed in canine melanoma. In 

detail, miR-145 was down-regulated in cutaneous and oral melanoma and miR-365 was down-

regulated in cutaneous melanoma. On the other hand, miR- 146a and miR-425 were up-regulated 

in cutaneous melanoma. The gene ontology analysis suggested that these miRNAs may have a role 

in tumor progression and cell proliferation. 
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Chapter 1. The multi-omics approaches in cancer research 

 

 

Figure 1 The multi-omics approaches. The integration of the OMICs sciences, including genomics, transcriptomics, proteomics and 
metabolomics, contributes to the identification and prediction of novel pathways, networks, and biomarkers.                                                                                  
From (Misra et al., 2018) 

 

The new frontier of cancer research is the application of an integrative multi-omics approach to 

figure up the molecular changes linked to the neoplasm to characterize the tumor features and 

behavior and at the same time to identify new biomarkers for diagnosis, prognosis, and patient 

follow-up (Figure 1). The carcinogenic process triggers changes at different molecular levels 

affecting genome, epigenome, and transcriptome, and protein expression and metabolites 

production; the modulation of these pathways is exerted by different modulatory players,  including 

non-coding RNAs, such as micro RNAs (miRNAs) (Chakraborty et al., 2018; Lu and Zhan, 2018), and 

host-microbiota community (de Anda-Jáuregui and Hernández-Lemus, 2020). The number of 
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information increases in complexity from genome to metabolome and microbiome (Figure 2) due 

to the increase of output of information.   

 

Figure 2 OMICs science in order of complexity due to the increase out-put of information from genomics to microbiomics. 
          PTMs= post translational modification 

The information presents in the genome, like mutations, are largely static but the complexity 

increases with the gene expression and the introduction of the temporal dynamic and alternative 

splicing accompanied by transcriptomic, and with the spatio-temporal dynamics in proteomics due 

to different posttranslational modification (PTMs) and different subcellular localizations of the 

proteins. The complexity still increases in metabolomics, in which different types of metabolites 

(amino acid, carbohydrates, and lipids) (Chakraborty et al., 2018) are characterized, and in 

microbiomics, where alterations of the microbial population are characterized in relation with the 

tumor (de Anda-Jáuregui and Hernández-Lemus, 2020). The development of new analytical 

techniques such as next generation sequencing (NGS) and new computational tools allows the 

application of an integrative omics approach which provides new findings in scientific research 

(Ohashi et al., 2015; Misra et al., 2018). 
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1.1 miRNomic 

Micro RNA (miRNAs) are small non-coding RNAs (19–25 nucleotides) involved in post-transcriptional 

regulation of different pathways, including cell cycle, differentiation, proliferation, apoptosis, stress 

tolerance, energy metabolism, and immune response (Giovannetti et al., 2012). The first miRNA was 

discovered in Caenorhabditis elegans in 1993 (Lee et al., 1993). MiRNA biogenesis is illustrated in 

Figure 3. In brief, pri-miRNA is transcribed by RNA polymerase II into the nucleus, where the complex 

Drosha/DGCR8 processes pri-miRNA in the intermediate precursor pre-miRNA, which is transported 

into the cytoplasm by Exp5/Ran-GTP complex. In the cytoplasm the complex Dicer/TRBP/PACT 

cleaves the pre-miRNA into double-stranded RNA and is unwound into single strands by the action 

of helicase. At this point, only one of the two single-strand RNA will be integrated into the RNA-

induced silencing complex (RISC) to become a mature miRNA and the other strand will be degraded 

(Si et al., 2019). Then, miRNAs can be released in vesicles such as exosomes or microvesicles or 

associated with proteins such as ribonucleoprotein complex (Cui et al., 2019) to mediate cell-to-cell 

communication and play their role outside of the cell (Wang et al., 2010). 
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Figure 3 miRNA biogenesis and post-transcriptional regulation. The solid and the dotted arrows represent the classical and non-
classical pathways, respectively. The pri-miRNA is transcribed by RNA polymerase II into the nucleus. Drosha/DGCR8 complex 
processes pri-miRNA in the pre-miRNA, transported into the cytoplasm by Exp5/Ran-GTP complex. The complex Dicer/TRBP/PACT 
cleaves the pre-miRNA into double-stranded RNA and is unwound into single strands by the action of helicase. One of the two single-
strand RNA will be integrated into the RNA-induced silencing complex (RISC) to become a mature miRNA and release to mediate 
cell-to-cell communication and play their role outside of the cell. The type of binding of the mature miRNA with the target mRNA will 
define its role.  A full complementary binding in the 3’UTR region will lead to the cleavage of target mRNA and a partial binding will 
lead to repression of translation. On the other hand, a binding in the 5’UTR region will activate the translation. 
From (Si et al., 2019) 

The interaction of miRNAs with the 3’UTR region of the target mRNA leads to the block of its 

translation or the mRNA cleavage (Bartel, 2004; Si et al., 2019). In some cases, the binding of miRISC 

complex with the 5’UTR region of a target mRNA leads to the activation of the translation 

(Vasudevan et al., 2007; da Sacco and Masotti, 2013).  

MiRNAs regulate more than 50% of human genes, among which half are involved in tumorigenesis 

or located in fragile loci (Calin et al., 2004; Krol et al., 2010). During cancer, miRNAs are dysregulated 

(Ortiz-Quintero, 2016), acting as tumor-suppressor- or onco-miRNAs (involved in tumor 

progression), implicated in onset, progression, and metastasis (Di Leva et al., 2014; Sahabi et al., 

2018). The ability of the extracellular miRNAs to reach a recipient cell and affect its metabolism is 

an important strategy in tumorigenesis (Figure 4), especially in the interaction with the immune cells 

(Gong et al., 2012; Lässer, 2012).  
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Figure 4 Role of miRNA and target networks in cancer and in tumor microenvironment 
 (A) miRNAs have a role in normal fibroblasts (NF) to cancer associated fibroblast (CAF) transformation. (B) The inflammatory 
microenvironment is able to alter the miRNAs expression profile involved in a pro-inflammatory signaling; and (C) the immune cells, 
such as macrophages (MAC), T cells, and dendritic cells are able to influence the miRNA expression in a tumor promoting phenotype. 
(D) Nowadays, the new challenge is the developing of miRNA-based cancer therapy finding stable miRNA mimics or anti-miRNAs 
and stable delivery systems. 
From (Rupaimoole et al., 2016) 

The characterization of the miRNomic profile associated with the neoplasia by a NGS approach 

allows to better understand the tumor strategies to reach a diagnosis at the early stage of the 

disorder and a more precise prognosis. Moreover, the identification of new biomarkers can be used 

to develop new therapeutically approaches and to predict the response to treatments (precision 

medicine) (Cui et al., 2019). The role of miRNAs in carcinogenesis has been studied in human and 

canine cancer as well (Wagner et al., 2013). The quantification of miRNAs differentiates different 

cancer subtypes, grades, and stages in humans (Chen et al., 2014; Stückrath et al., 2015), and dogs 

(Bulkowska et al., 2017; Craig et al., 2019) as well. The differences in miRNAs panel were able to 

characterize the tissue of origin of unknown origin cancers (Rosenfeld et al., 2008). Therefore, 

miRNAs can play a prognostic and predictive role in disease monitoring, since their expression 
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change in association with physiological status (Condrat et al., 2020); miRNAs can be also used to 

predict drug and therapy sensitivity (Jacob et al., 2013; Franchina et al., 2014). To conclude, the new 

frontier of miRNAs is their application against the tumor applying a miRNA-based cancer diagnosis, 

prognosis, and therapy monitoring. The therapeutic approach exploits their role as tumor-

suppressor or antisense miRNAs delivered in carriers (Cui et al., 2019).  

1.2 Proteomic 

The characterization of protein profiles and structures demonstrated that different proteoforms are 

present as a result of combinations of genetic variations.  Alternative mRNA splicing and 

posttranslational modifications (PTMs) result in different protein variants or isoforms starting from 

a single gene. 

The proteomic approach has the ultimate goal to disclose the real products resulted from gene 

transcription and translation process and also to quantify the amount of proteins (Pardanani et al., 

2002). Different methods for protein identification are available, but the most accurate and reliable 

is the mass spectrometry approach, which characterizes proteins based on their mass and charge 

(McCormack, 2005). In combination with mass spectrometry, different bioinformatics tools are 

present for protein identification and functional predictions (Villavicencio-Diaz et al., 2014; 

Calderón-González et al., 2016). 

The ability to identify the proteomic profile in a specific pathophysiological status makes it attractive 

in cancer research since carcinogenesis is the result of dysregulation of cellular pathways and 

metabolism (Zhang et al., 2009). A branch of proteomic, the oncoproteomic, explores the proteins 

profile and their interaction in cancer, with the final aim to identify cancer-associated protein 

networks suitable for the discovery of new biomarkers and in early diagnosis and precise prognosis 

(Veenstra et al., 2004; Cho, 2007). Besides this, the proteomic profile could in-depth describe the 
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molecular network of the tumor, from onset to spread, potentially identify candidate pathways for 

therapy (Yarbrough et al., 2006). 

Before mass spectrometry analysis, protein should be digested (bottom-up approach) (Figure 5) or 

used intact (top-down approach). In the first case, different protocols for protein separation after 

digestion, such as liquid chromatography (LC) or gel electrophoresis, are usually applied in 

combination with mass spectrometry to identify high- and low-abundant proteins (Morris, 2016). 

The conventional “bottom-up” proteomics, based on the analysis of small peptides originated from 

protein digestion, gives the entire protein profile but with a limited sequence coverage and 

incomplete information about the PTMs. A new “top-down” proteomics approach, analyzing intact 

proteins, provides information about intact proteoforms and the localization of PTMs and sequence 

variants. Top-down proteomics is nowadays used to discover, characterize and quantify the disease 

associated-proteoforms (Gregorich et al., 2014; Chait, 2006). 

 

Figure 5 Representation of a bottom-up mass spectrometry (MS) analysis  
                                                                    FF, fresh frozen;FFPE, formalin-fixed paraffin-embedded; LC, liquid chromatography  

                                                                   From (Mardamshina and Geiger, 2017) 

The application of proteomic science is becoming relevant also in veterinary oncology for the 

detection of new biomarkers and diagnosis. By now, the proteome in different biological matrices 

was profiled in a limited number of canine tumors, including lymphoma, mammary tumor, prostate 



17 
 

tumor, and mast cell tumor (Gaines et al., 2007; Leroy et al., 2007; McCaw et al., 2007; Wilson et 

al., 2008; Ratcliffe et al., 2009; Klopfleisch et al., 2010; Klose et al., 2011; Schlieben et al., 2012; 

Zamani-Ahmadmahmudi et al., 2014). 

In conclusion, proteomics may elucidate cancer pathogenesis and promote the discovery of new 

tools to support prognosis, diagnosis, and therapeutically application. 

1.3 Microbiomics 

The whole microbial community inhabiting a specific body district defines the microbiota and 

constitutes a complex biosystem able to interact between its members and with the cells of the 

host. 

The most used approach to study the microbiota composition is the sequencing of a region of the 

16S rRNA (~250 bp) even if nowadays the sequencing of the entire gene (~1500 bp) allows to reach 

a higher taxonomic resolution (Johnson et al., 2019).  The 16S rRNA gene is present in all bacteria 

and archea and the sequencing is performed on the nine hypervariable regions (V1 – V9) useful to 

identify different taxa (Figure 6) (Clarridge, 2004). 

 

Figure 6 The 16S rRNA gene with the conserved, variable and hypervariable region. The red bars represent the primers paired design 
in a conserved region used for metagenomics sequencing. From (Shahi et al., 2017) 

The 16S rRNA gene can be sequenced using a second or a third-generation sequencing approach. 

The second-generation sequencing allows to obtain a reads length of 35-700bp with a low error 

rate (from 0.1 to 1%) but the DNA requires a pre-amplification step (PCR) and it is based on a dense 

array of DNA features (Goodwin et al., 2016). The third-generation sequencing instead doesn’t 
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require a pre-amplification step, but consists of the single-molecule real-time sequencing. It allows 

to obtain an output of longer reads length (1Mb for oxford Nanopore technology) but with a higher 

error rate (up to 15%) (Quick and Loman, 2017).  

Besides the use of 16S rRNA to characterize the microbial community, another approach call 

metagenomics, based on a shotgun sequencing approach, is becoming more popular improving the 

taxonomic resolution, the identification of single nucleotide polymorphisms (SNPs) and other 

variants. Moreover, a functional analysis of the microbial community can be performed using the 

online database as KEEG (Morgan and Huttenhower, 2012).  

The role of the microbiota in cancer is still to be well elucidated to disclose its influence on cancer 

progression and treatment response. Microbes can play a harmful or beneficial role, direct or 

indirect interacting with the host (Figure 7). 

 

Figure 7 Microbiome and possible direct and indirect interaction with a tumor 
                                                From (Xavier et al., 2020b) 

Indirect interaction describes the ability of the microbial community to influence cancer by 

metabolite-products (Ma et al., 2018), which can be affected by external agents, like antibiotics 

(Xavier et al., 2020b). Bacteria can promote cancer, or an antitumor immunity like Bifidobacterium 

genus (Sivan et al., 2015). A study performed on a mouse mastocytoma tumor model (P815), 
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demonstrated that the butyrate, an intestinal microbial metabolite, was able to modulate mast 

cells, inhibiting P815 cell proliferation, inducing cell-cycle arrest and apoptosis, and decreasing c-Kit 

activation (Zhang et al., 2016). 

The direct impact is related to the body district colonized by the bacteria which can directly interact 

with the host. Some examples are the effect of gut, lung, and skin microbiome on colorectal cancer 

(Wong and Yu, 2019), lung cancer (Ramírez-Labrada et al., 2020), and melanoma (Mrázek et al., 

2019), respectively.  However, also the presence of bacteria in an unusual site can exert an effect 

on tumor progression; it has been reported that in colorectal cancer Fusobacterium nucleatum is 

carried by cancer cells to metastatic sites; the presence of this bacteria played a crucial role in 

malignancy (Bullman et al., 2017). 

The bacterial population can also interact with the host immune system influencing the response to 

immunotherapy. Changes in microbiota composition, a compromised skin barrier (Prescott et al., 

2017), a local immune response (Abdallah et al., 2017), and a decrease in microbiota diversity 

(Bradley et al., 2016) are associated with skin disorders (Zeeuwen et al., 2013), such as dermatitis 

(Bradley et al., 2016). An example of an antitumor-effect carried out by the microbes is the 

promotion of the memory potential of antigen-activated CD8+ T cells by the production of short-

chain fatty acids (SCFAs) (Bachem et al., 2019). The microbiota of the skin can modulate the 

immunity response (Naik et al., 2012). A study confirmed that the skin microbiota of mice enhances 

the recruitment of mast cells, promoting their maturation in the dermis via stem cell factor 

production in mice (Wang et al., 2017). These studies highlighted that microbiota is an integral part 

of the organism able to communicate and react to several stimuli and to modify the host response. 

This has been already observed in the case of Helicobacter pylori, the etiological agent of the 89% 

of gastric cancer (Plummer et al., 2016), and of Bifidobacterium genus, which has a role in promoting 

an antitumor immunity (Sivan et al., 2015). 
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Chapter 2. Less-invasive biological matrices for biomarkers detection 

and tumor follow up 

 

 

Figure 8 Sources of non-invasive biomarkers for early detection of cancer 
                                                    From (Li et al., 2020)   

To reduce the discomfort of the patient during sample collection and to allow for routine early 

tracking for recurrence or therapy resistance and minimal residual disease, a new frontier of 

medicine is the identification of biomarkers in less-invasive matrices suitable for cancer detection 

over time. Although surgical biopsies are the gold standard for diagnosis and tumor treatment, 

circulating biomarkers identified in biological fluid samples are particularly valuable. Tissue biopsy 

is invasive, sometimes gives only a partial representation of tumor heterogeneity, is not repeatable 

over time after surgery, and it is very difficult to do longitudinal monitoring (Gerlinger et al., 2012; 

Li et al., 2020). 
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NGS techniques arise the use of less/non-invasive matrices for the identification of promising panels 

of biomarkers available for the early diagnosis and prognosis, such as in human breast cancer (Li et 

al., 2020). Figure 8 summarizes the sources of less invasive biomarkers, including blood and blood-

based source, tears, breath, urine, and saliva. The detectable molecules are cell-free DNA/RNA, 

miRNAs, proteins, metabolites, and chemicals in a free form bind to proteins or carried in 

extracellular vesicles (microvesicles, exosomes) (Li et al., 2020). The liquid biopsy (LB) approach is 

becoming more and more used for the detection of tumor-associated biomarkers in different 

biological fluids (Fernández-Lázaro et al., 2020). Among them, the use of saliva is gaining popularity 

because it is a non-invasive, repeatable and economic procedure that does not require trained 

personnel suitable as biomarker source. The high permeability of salivary glands and the proximity 

to the capillaries promote the free exchange of blood-based molecules into the saliva for the 

detection of oral and systemic diseases. Although the saliva may seem a matrix easy to be collected, 

it has some issues related to salivary flow rate, circadian rhythm, type of salivary gland, type of 

salivary stimulus, diet, age, physiological status, and method of collection (Yoshizawa et al., 2013). 

The most promising sources of LB biomarkers are ctDNA and miRNAs (Domínguez-Vigil et al., 2018), 

which are released into the circulation also by tumors and reach up to 1000ng/ml in the blood of 

human patients with cancer and up to 100ng/ml in the blood of healthy subjects (Schwarzenbach 

et al., 2011). Studies pairing plasma and tumor tissue in humans demonstrated a concordance of 

more than 80% in tumor DNA aberrations, suggesting that the blood sample may provide a more 

complete tumor profile than the solid biopsy, targeting the heterogeneity of primary tumors and 

metastasis (Forshew et al., 2012; Reinert et al., 2016).  

The same number of metabolites, 89, was identified in tissue, serum, and urine of tumors of the 

kidney (Ganti et al., 2012). Another study discovered that tumor associated-miRNAs were present 

in primary tumor mass, plasma, and saliva of patients with head and neck cancer (Salazar et al., 
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2014) and oral squamous cell carcinoma (Liu et al., 2012), respectively (Rapado-González et al., 

2018). Mutation of a primary tumor mass can be detected by a liquid biopsy approach as well 

(Schwartzberg et al., 2020). To conclude, the identification of candidate reliable biomarkers in 

less/non-invasive biological matrices is important to improve clinical approaches for early cancer 

detection, classification, and prognosis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23 
 

Chapter 3. Skin tumors in dogs 

Skin tumors arising from the epidermis, dermis and associated structures can be define based on 

their differentiation into specific skin components (Goldschmidt, 1998). The incidence of skin 

tumors in dogs and cats is 25.5% to 43%, among them up to 40% are malignant forms. An overview 

of the most relevant canine neoplasms is reported in Figure 9; the top ten includes mast cell tumor 

(16.8%), lipoma (8.5%), histiocytoma (8.4%), perianal gland adenoma (6.5%), squamous cell 

carcinoma (6.0%), melanoma (5.6%), fibrosarcoma (5.4%), basal cell tumor (5.0%) and malignant 

peripheral nerve sheath tumor (4.3%) (Hauck, 2012). 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

From (Hauck, 2012) 

 

The identification of tumor malignancy is based on two recognized and standardized systems the 

World Health Organization (WHO) grading, completed for the first time in 1975, and the TNM 

staging systems published for the first time in 1980 by Owen (Owen, 1980).  

The WHO grading provides guidelines for tumor classification including diagnostic criteria, 

pathological features, and associated molecular alterations (Hendrick, 1998). The TNM 

Figure 9 Skin tumor incidence in dogs determined from the collection of 10 worldwide studies 
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classification, on the other hand, provides a clinical staging of the tumor by evaluating the primary 

tumor extension (T), by the condition of the regional lymph nodes (N), and by the presence or 

absence of distant metastases (M) (Owen, 1980). Subsequently, several revisions have been carried 

out on specific tumors (Vail, 2019) (e.g. an update of mast cell tumor staging was published in the 

‘European consensus document on mast cell tumours in dogs and cats’ in 2012 (Blackwood, 2012)). 

Nowadays, new molecular technologies should be simultaneously applied to reach a more precise 

characterization of the tumors (Roccabianca, 2018). 
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Chapter 4. Mast cell tumor 

Canine mast cell tumor (MCT) is one of the most common skin neoplasms in dogs with a prevalence 

of 7%–21% (Welle et al., 2008; Grüntzig et al., 2015). It arises from an uncontrolled proliferation of 

neoplastic mast cells in the cutaneous and subcutaneous tissues (Gross et al., 2005; Welle et al., 

2008). It has no gender predilection and the incidents are between 7.5 and 9 years old, even if 

sometimes it can occur also in younger subjects (Dobson and Scase, 2007; Welle et al., 2008; 

O’Connell and Thomson, 2013). Some breeds such as Shar-Peis, Boxers, American Staffordshire 

Terriers, Labrador Retrievers, French Bulldogs, and Golden Retrievers have a higher risk to develop 

the tumor (Śmiech et al., 2019). Some features including breed, tumor anatomical site, volume, 

location, growth rate, and presence of ulcerations must be considered as prognostic factors (Welle 

et al., 2008; Garrett, 2014). The MCT grading is based on Patnaik (grade 1, 2 and 3) and Kiupel (high 

and low grade) systems which allow understanding the tumor malignancy by the observation of cells 

atypia (Patnaik et al., 1984; Kiupel et al., 2011; Kiupel and Camus, 2019). The tumor staging is based 

on evaluation of the draining lymph node with cytology or histology, which is critical to determining 

the appropriate therapy; an additional cytological screening is applied to the liver and spleen of dogs 

with MCT considered as high risk, to assess the presence of metastasis (Garrett, 2014; Weishaar et 

al., 2014). Other prognostic factors to better predict the tumor behavior include DNA aneuploidy, 

c-kit-staining pattern, presence of c-kit mutations, microvessel density (the concentration of small 

blood vessel in the tumor), Ki-67 expression (nuclear protein linked with cellular proliferation), and 

evaluation of the mitotic index (Garrett, 2014). Mutation in the KIT proto-oncogene often occurs in 

dogs with MCT, leading to an alteration of the protein structure and function (Tamlin et al., 2020). 

Some kind of KIT mutations is associated with a more aggressive and lethal form as the mutation 

promotes the ligand-independent KIT activation, leading to an uncontrolled mast cell proliferation 

and tumor development. The most common mutations associated with the KIT gene, including 
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duplication, inter tandem duplication and point mutation, are localized in the exons 8, 9, and 11. 

Other mutations occur in other exons, but with less frequency and do not promote the receptor 

independent activation (London et al., 1999; Ma et al., 1999; Letard et al., 2008; Giantin et al., 2012; 

Takeuchi et al., 2013). 

The therapeutical approaches include tumor mass excision by surgery, radiotherapy, chemotherapy, 

and drug administration, such as tyrosine kinase inhibitors (TKIs).  

Surgery is the strategy of election to remove the tumor mass, but if it is not applicable, radiotherapy 

is exploited to reduce the tumor mass or as post-surgical treatment. Chemotherapy is applied on 

dogs with high-grade or non-surgically resectable tumors to prevent the dissemination of 

metastasis, to reduce the tumor burden and improve the chance of surgical excision, or to treat the 

residual microscopic disease (Davies et al., 2004; Mullins et al., 2006; Stanclift and Gilson, 2008; 

Blackwood et al., 2012). The TKIs drugs inactivate the tyrosine kinase receptor by blocking the ATP 

binding site, and in combination with conventional chemotherapy showed promising results for 

patients unresponsive to existing drugs (Blackwood et al., 2012; Tamlin et al., 2020). Recently, a new 

approach for the treatment of the MCT using the oncolytic Sendai virus was explored (Ilyinskaya et 

al., 2018). 

4.1 Molecular changes in mast cell tumor 

To identify new biomarkers to better predict biological behaviors and prognosis of the mast cell 

tumor, molecular approaches have been applied. Pulz and colleagues discriminated between two 

MCT’s molecular subtypes (high-risk and low-risk) by a genome-wide gene- expression analysis on 

the primary tumor mass, identifying 71 genes differentially expressed between the tumor subtypes. 

The functional analysis revealed that two genes correlated with the high-risk MCTs were associated 

with cell proliferation and extracellular matrix-related terms (Pulz et al., 2019). Genes involved in 

the loss of cell polarity, the reduction of cell-cell and cell-extracellular matrix adhesion, and the 
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increase of cell deformability and motility, altogether correlated with the most aggressive form of 

MCT, were also reported (Blacklock et al., 2018). 

4.2 miRNA and mast cell tumor 

The role of miRNAs in tumor progression is already well known. MiRNAs are modulators at the post-

transcriptional level influencing the activities of the cells by binding the target mRNA. The 

dysregulation of some miRNAs has been reported in canine mast cell tumors. MiR-9 is up-regulated 

in the high-grade canine MCTs and MCT malignant cell lines and is associated with aggressive 

biologic behavior (Fenger et al., 2014). In another study, the potential as biomarkers of two miRNAs, 

miR-214 and -126, dysregulated in 6 human tumors, was assessed in plasma of several canine’s 

neoplasms revealing that the level of miR-126 was higher in some non-epithelial tumors including 

the MCT (Heishima et al., 2017). 

4.3 Canine tumors and microbiota 

The changes in the composition of the microbial population during pato-physiological states were 

studied in association with tumors in dogs. The fecal microbiota was characterized in dogs affected 

by multicentric lymphoma demonstrating that 28 bacterial groups were differentially abundant in 

the tumor compared to the control group; qPCR analysis validated that Faecalibacterium spp., 

Fusobacterium spp. and Turicibacter spp. were significantly lower in the feces of dogs with 

lymphoma. On the other hand, the abundance of Streptococcus spp. was higher in tumor-affected 

dogs (Gavazza et al., 2018). The fecal and mucosa-associated microbiota was investigated in dogs 

with colorectal epithelial tumors as well, showing that the fecal microbiota of dogs with tumors was 

characterized by a higher amount of Enterobacteriaceae, Bacteroides, Helicobacter, 

Porphyromonas, Peptostreptococcus and Streptococcus, and lower abundance of Ruminococcaceae, 

Slackia, Clostridium XI and Faecalibacterium. The mucosal bacterial didn’t show any difference 

between the tumor and healthy groups (Herstad et al., 2018). 
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4.4 Exosomes and their role in tumor and metastasis 

 

Figure 10 Role of exosome in tumor microenvironment 
                                                                     From (Dai et al., 2020)  

Exosomes are extracellular vesicles of 30-120 nm secreted by all cell types in physiological and 

pathological conditions (Yuana et al., 2013; Théry et al., 2018). They carrier biomolecules such as 

DNA, RNA, miRNA, proteins, and lipids and are involved in the cell to cell communication (Maia et 

al., 2018). The tumor cells use exosomes to communicate with other cancer cells, to reprogram a 

recipient cell towards a tumor-promoting phenotype, and to modify the cells which constitute the 

tumor microenvironment to support cancer development and metastasis (Figure 10) (Tominaga et 

al., 2015; Whiteside, 2016; Lobb et al., 2017; Cufaro et al., 2019; Kogure et al., 2019; Lucchetti et al., 

2020; Xavier et al., 2020a). The exosome originates from multivesicular bodies, may spread far from 

the parental cell, and is surrounded by a phospholipid bilayer to protect their cargo and prevent its 

degradation (Boukouris and Mathivanan, 2015). The similarities between the tumor-derived 

exosomes and the cell of origin highlight the potential of these vesicles in early diagnosis, prognosis, 

cancer staging, and follow-up as their cargoes may be defined biomarkers (Soung et al., 2017; Huang 
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and Deng, 2019). Thus, exosomes are reliable candidates for liquid biopsies (Roy et al., 2019; 

Vasconcelos et al., 2019). 

 

Figure 11 Exosome discovery timeline from 1946 to 2018 
                                                                   From (Srivastava et al., 2020) 

The discovery of the extracellular vesicles date backs to 1946 when Chargraff and West supposed 

their existence in the serum. Then, a series of discoveries lead to the awareness of the presence of 

these molecular carriers and their important role in the organism, up to their value in clinic 

application (Figure 11).  

Exosome cargo has been characterized in some canine tumors. The proteome associated with 

circulating exosomes of dogs affected by osteosarcoma was assessed to identify candidate 

biomarkers (Brady et al., 2018). The miRNome of exosomes isolated from the normal canine 

mammary epithelial cell and canine mammary carcinoma malignant cells was profiled, highlighting 

several differences. The gene ontology analysis suggested that these miRNAs could play a role in 

oncogenic networks (Fish et al., 2018). The proteomic and miRNomic profiles were also assessed in 

exosomes derived from canine lymphoid cell lines by sequencing analysis (Asada et al., 2019). 

Although the characterization of exosomes in veterinary oncology is still at the beginning, it seems 
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to have a great potential in improving the knowledge on tumor behavior and disclosing molecules 

for prognosis, diagnosis, and patient follow-up. 

4.4.1 Different approaches for exosomes purification 

Different methods can be applied for the exosome isolation, which depends on the downstream 

analyses.  

The standardization of isolation and purification protocols for EVs is still to be defined, to reduce 

the pre-analytical and analytical variability (Figure 12) (Gandham et al., 2020). 

 

Figure 12 Isolation methods and challenges in extracellular vesicles research 
AF4: asymmetric flow field-flow fractionation; DLS: dynamic light scattering; LC: liquid chromatography; MS: mass spectrometry; nano-FCM: nano-flow cytometry; NTA: 
nanoparticle tracking analysis; TRPS: tunable resistive pulse sensing; UC: ultracentrifugation 

From (Gandham et al., 2020) 

Different factors can affect the amount, purity, and heterogeneity of the EVs, such as sample 

collection, storage, and handling (Gandham et al., 2020). For the purification of the EVs from blood, 

one of the most abundant sources of EVs (Revenfeld et al., 2014; Baranyai et al., 2015; Wu et al., 

2017), it is necessary to standardize as much as possible the procedure in terms of needle used 

(small needle can cause the released of EVs from platelets and red blood cells) (Coumans et al., 

2017), time of the collection (Danielson et al., 2016) and type of anticoagulant (Wisgrill et al., 2016). 

Plasma is a better matrix for EVs isolation than serum, which contains more platelet-derived-vesicles 

(Palviainen et al., 2020). The centrifugation procedure to obtain plasma is a critical step in the 
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sample preparation (Gandham et al., 2020).  Sample storage is another key point, freeze-thaw cycles 

should be minimized and a temperature of -80°C contributes to the preservation of the EVs and 

their content (Jeyaram and Jay, 2017; Kusuma et al., 2018).  

Different methods for the EVs isolation have been explored, including ultracentrifugation, 

separation using density gradients, size exclusion chromatography (SEC), filtration with a specific 

membrane, immunoaffinity, flow-cytometry, precipitation using polymers, asymmetric flow field-

flow fractionation (AF4), or exploit surface chemistry properties applying microfluidic approaches 

(Gandham et al., 2020). The ultracentrifugation is considered the ‘gold standard’ for EVs isolation 

(Van Deun et al., 2017), even if the process of pelleting the EVs can lead to co-precipitation of 

microparticles, lipoproteins, and protein complexes causing damages to the EV membranes or 

aggregation. Moreover, the low throughput and the need for specialized equipment may represent 

additional issues (Liga et al., 2015; Linares et al., 2015; Coumans et al., 2017). SEC, which isolates 

the EVs based on the hydrodynamic volume, is robust and does not require expensive equipment 

(Böing et al., 2014). SEC is a valid method for proteomic downstream analysis (Lane et al., 2019), 

promoting the isolation of active and morphologically intact EVs (Hong et al., 2016; Ludwig et al., 

2019a) within a narrower size range and with a lower content of plasma proteins (Stranska et al., 

2018; Ludwig et al., 2019b). Some limitations include the low resolution, the dilution of the sample, 

the contamination of EVs enriched fraction with serum components or lipoproteins (Sódar et al., 

2016; Pietrowska et al., 2019; Yang et al., 2020). Takov and colleagues proved that SEC isolated EVs 

showed a higher EV concertation, markers signal, EV protein and particle/protein ratio compare 

with the ultracentrifugation, even if non-EV proteins were still present (Takov et al., 2018).  

EVs isolation by filtration is dependent on the kind of filter and often needs a preliminary 

ultrafiltration step (Lobb et al., 2015). Due to the extrusion effects, the structural integrity of the 
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EVs may be altered. Moreover, the filtration approach may lead to a low recovery rate and the 

presence of contaminants (Taylor and Shah, 2015). 

The EVs precipitation using a polymer precipitation-based-kit is another approach to obtain a yield 

comparable with the ultracentrifugation approach, even if the level of the protein contamination is 

very high (Helwa et al., 2017). The immunoaffinity approach has been explored to isolate specific 

subpopulations taking advantage of the antibody's ability to bind specific proteins on EVs (Sharma 

et al., 2018). Some disadvantages are the costs, aspecific binding, competitive inhibition, and cross-

reactivity (Konoshenko et al., 2018; Gandham et al., 2020).  

The most recent emerging techniques are trying to isolate EVs based on different vesicle properties. 

The microfluidic approach is based on physical, mechanical and/or surface chemistry properties 

(Guo et al., 2018); Sitar and coworkers developed a laminar flow-based method (Sitar et al., 2015). 

The flow-cytometry approach is applied for fidelity sorting (Kormelink et al., 2016). Recently, the 

possibility to combine different purification methods (Vaswani et al., 2017) to obtain a higher 

recovery rate of EVs morphologically intact and active and with a higher degree of purity and 

heterogeneity has been explored.  
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Chapter 5. Canine oral malignant melanoma 

Tumors derived from a malignant proliferation of melanocytes are quite commons in dogs. 

Melanomas can occur in haired skin, nail bed, footpad, eye, gastrointestinal tract, central nervous 

system, and mucocutaneous junction, but the oral ones are the most aggressive and malignant 

(Prouteau and André, 2019). Among all the oral lesions, the malignant tumors account for 32.06%, 

of which the most common was the high-grade melanoma (Bonfanti et al., 2015; Mikiewicz et al., 

2019). Gingiva, buccal/labial mucosa, tongue, and hard palate are the most affected sites (Bergman, 

2007). Oral malignant melanoma (OMM) arises from a neoplastic proliferation of melanocytes; 

OMM is considered a malignant tumor with a high degree of local invasiveness and high metastatic 

propensity especially to the regional lymph nodes (58–74%), lungs (14–67%) and tonsils (65%) 

(Ramos-Vara et al., 2000; Bowlt Blacklock et al., 2019). UVB light does not promote the onset of 

canine OMM, as in humans, but is associated with consanguinity, trauma, chemical exposure, 

hormones, and genetic susceptibility (Modiano et al., 1999). OMM has a high growth rate and is 

often ulcerated (Nishiya et al., 2016). The prognosis is based on tumor size (WHO staging system) 

with four stages: stage I < 2 cm-diameter (survival time of 17-18 months), stage II from 2 to < 4 cm-

diameter (survival time of 5-6 months), stage III > 4 cm-diameter tumors and/or lymph node 

metastasis (survival time of 3 months), and stage IV characterized by distant metastasis (survival 

time of fewer than 3 months). In addition to the WHO classification system, other cytological and 

histological examinations are applied on lymph nodes, and clinic-pathological indicators -  degree of 

pigmentation, presence of necrosis, ulceration or inflammation, rate of cell proliferation and p53 

and Ki67 (mitotic index) expression levels - are analyzed for the prognosis. The treatment of the 

tumor using surgery or radiotherapy may be successful (Bergman, 2007; Withrow et al., 2012), but 

the treatment of the disseminated forms using cytotoxic drugs or applying the chemotherapy 
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doesn’t lead to a real extension of the survival time and the response can be described as modest 

(Rassnick et al., 2001; Boria et al., 2004). 

5.1 Molecular changes in melanoma 

In addition to the routine examination, it is fundamental to understand the genetic and epigenetic 

modifications that lead to tumor onset and progression. Although canine melanoma onset is not 

linked with the UVB light exposure, it showed several similarities with the human form at the 

molecular level. Mutation of the receptor tyrosine kinase (Rivera et al., 2008; Murakami et al., 2011; 

Newman et al., 2012) and activation of pathways such as AKT mTOR (Kent et al., 2009; Turri-Zanoni 

et al., 2013) are some of the similarities between the species that promote the application of some 

human therapeutical approaches in dogs, including the plasmid DNA vaccine expressing human 

tyrosinase (Atherton et al., 2016). Therefore, the characterization of molecular modifications of 

melanoma may lead to a better understanding of the tumor behavior, supporting a more precise 

prognosis and the development of new drugs and therapeutical approaches. Transcriptomic analysis 

of canine OMM was performed to find out metastasis-associated targets. Twelve genes were 

dysregulated (>1.5 fold) between metastatic and non-metastatic OMMs. Among them, CXCL12 was 

down-regulated, and APOBEC3A was up-regulated in metastatic OMMs (Bowlt Blacklock et al., 

2019). The proteome of canine OMM was assessed. A different protein profile was found in the 

early-stage compare with the late-stage of OMM and a unique pick marker suitable for early 

detection of the disease was picked up (Pisamai et al., 2018). The proteomic profile of saliva of 

OMM-affected dogs was carried out identifying three proteins (SENP7, TLR4, and NF-κB) as 

candidate salivary biomarkers of canine oral tumors (Ploypetch et al., 2019). Genomic mutation, 

dysregulation in gene and protein expressions, and metabolites can be studied to disclose tumor 

biology. The metabolomic profile was evaluated in the plasma of dogs with OMM. Differential 

expression of twelve plasmatic metabolites was identified in melanoma affected- compare to 
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healthy dogs: citric acid, isocitric acid, glycerol, lactic acid, threonine, proline, serine, margaric acid, 

oleic acid, linoleic acid, palmolitoleic acid, and octadecenoic acid (Kawabe et al., 2015). Together 

these new data will improve the knowledge of cancer and will pave the way for the identification of 

suitable candidate biomarkers. 

5.2 miRNA and melanoma 

The role of oncomiRNAs has been investigated in a study on canine oral melanoma through a NGS 

approach, demonstrating that 8 miRNAs - miR-450b, miR-223, miR-140, miR-542, miR-383, miR-

301a, miR-21, and miR-190 - were up-regulated and 7 miRNAs - miR-429, miR-200b, miR-141, miR-

375, miR-96, miR-183, and miR-143 - were down-regulated in melanoma compared to the control 

group. Three miRNAs -miR-450b, miR-301a, and miR-223- showed a significant negative correlation 

with the expression of their possible targets genes, PAX9, NDRG2, ACVR2A, and BMP4, the down-

regulation of which promotes the up-regulation of MMP9 involved in the extracellular matrix 

degradation and tumor invasion (Rahman et al., 2019). A microarray study revealed that 17 miRNAs 

were differentially expressed between tumor and healthy controls; in detail, miR-383 and miR-204 

were potential oncomiRNAs potentially involved in tumor progression by evading DNA repair and 

apoptosis (Ushio et al., 2019). 
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Chapter 6. Aim of the thesis, experimental design and papers 

The main goal of this thesis was the characterization of the miRNome and the microbiome of canine mast cell tumor using OMICs approaches, to 

profile the molecular changes associated with the tumor. Then, a protocol for the plasmatic exosome isolation from MCT-affected dogs, suitable 

for further proteomic analysis, was set up. Besides, a targeted characterization of melanoma-associated miRNAs was also performed.  

The experimental design of my Ph.D. project is reported in Figure 13.     

 

 

 

 

 

 

 

 

 

 

 

Figure 13 Experimental design of the thesis project. 
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Abstract 

Cutaneous mast cell tumours (MCTs) are common skin neoplasms in dogs. MicroRNAs (miRNAs) are 

post-transcriptional regulators involved in several cellular processes, and they can function as tumour 

promoters or suppressors. However, the role of miRNAs in canine MCTs has not yet been elucidated. 

Thus, the current study aimed to characterize miRNA profiles and to assess their value as biomarkers 

for MCTs. miRNA expression profiles were assessed in formalin-fixed, paraffin-embedded samples by 

next-generation sequencing (NGS). Ten samples were MCT tissues, and 7 were healthy adjacent tissues. 

Nine dysregulated miRNAs (DE-miRNAs) were then validated using RT-qPCR in a larger group of MCT 

samples, allowing the calculation of ROC curves and performance of multiple factor analysis (MFA). 

Pathway enrichment analysis was performed to investigate miRNA biological functions. The results 

showed that the expression of 63 miRNAs (18 up- and 45 downregulated) was significantly affected in 

MCTs. Five DE-miRNAs, namely, miR-21-5p, miR-92a-3p, miR-338, miR-379 and miR-885, were 

validated by RT-qPCR. The diagnostic accuracy of a panel of 3 DE-miRNAs—miR-21, miR-379 and miR-

885—exhibited increased efficiency in discriminating animals with MCTs (AUC= 0.9854) and animals 

with lymph node metastasis (AUC= 0.8923). Multiple factor analysis revealed clusters based on nodal 

metastasis. Gene Ontology and KEGG analyses confirmed that the DE-miRNAs were involved in cell 

proliferation, survival and metastasis pathways. 

In conclusion, the present study demonstrated that the miRNA expression profile is changed in the MCT 

microenvironment, suggesting the involvement of the altered miRNAs in the epigenetic regulation of 

MCTs and identifying miR-21, miR-379 and miR-885 as promising biomarkers. 

 

Keywords: biomarkers, dog, mast cell tumour, metastasis, microRNA   
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Introduction 

Cutaneous mast cell tumours (MCTs) are a common skin neoplasm in dogs, accounting for up to 21% of 

all skin tumours1. Mast cell tumours originate from uncontrolled proliferation of neoplastic mast cells 

in cutaneous and subcutaneous tissues and usually occur as single tumours but sometimes as multiple 

tumours2. The clinical phenotype of MCTs ranges from relatively benign to highly malignant tumours 

that can spread to the local lymph nodes, liver and spleen3,4. Their diagnosis and prognosis are usually 

based on tumour grading as determined by the Patnaik5 and Kiupel4,6 systems, and tumour staging, 

including evaluation of draining lymph nodes7. In addition, the proliferation rate (Ki-67), c-kit proto-

oncogene mutations and KIT expression are significant prognostic factors7,8. The pathogenesis and 

aetiology of MCTs are poorly understood, and the main causes that lead to MCT carcinogenesis remain 

elusive9. 

Canine MCTs have been recently investigated at the molecular level using next-generation RNA 

sequencing10, and two distinct tumour subtypes have been identified with differential expression of 71 

genes involved in cell proliferation processes. However, no information about the epigenetic regulation 

of MCT development, such as regulation mediated by microRNAs, is available. 

MicroRNAs (miRNAs) are small non-coding RNAs that are involved in post-transcriptional regulation and 

thus affect virtually every cellular process. MiRNAs regulate mRNA translation, leading to modulation 

of protein expression. MiRNA dysregulation occurs during the pathogenesis of several diseases, 

including cancer, and leads to disruption of pathways that play a role in cancer initiation and 

progression11. MiRNAs can act as oncomiRs, targeting tumour suppressor genes and promoting tumour 

progression, or as tumour suppressors, although overall miRNA dysregulation is a hallmark of cancer12–

14. The role of miRNAs in canine MCT is still unknown. The present study aims to close this gap by 
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assessing the miRNA expression profile of canine MCTs using next-generation sequencing, investigating 

whether miRNAs are dysregulated in the MCT microenvironment, and identifying links between 

miRNAs and their target genes and relevant biological processes. 

 

Results 

Determination of miRNA profiles and identification of DE-miRNAs in healthy margins versus MCTs 

After RNA extraction, small RNA libraries were generated, pooled, concentrated and size selected on a 

non-denaturing acrylamide gel (≈141 bp bands). After elution from the gel, the size-selected libraries 

were quantified and sequenced on a NextSeq 500 sequencer (Illumina). The resulting number of reads 

per sample varied from 53,000 to 29,000,000. Eight MCT samples with insufficiently high mapping rates 

were excluded from further analysis. For two dogs (numbers 8 and 15 in Table 1), the results for the 

tumours and matched healthy adjacent margins were reported. 

A count table was used to identify differentially expressed miRNAs via DESeq2 analysis15. The DESeq 

threshold was set by discarding low-expression miRNAs having an average count of 2 or less. This 

analysis revealed the expression of 246 and 116 Canis familiaris (cfa) miRNAs in healthy margins and 

MCTs, respectively. 

The expression profiles of sequenced samples were used to carry out cluster analysis. Samples were 

grouped into two clusters: healthy tissues and MCTs (Figure 1A). 

To rank the most differentially expressed miRNAs (DE-miRNAs) between healthy and MCT samples, the 

results of differential expression analysis performed with DESeq2 were further filtered a more stringent 

cut-off criteria of an adjusted P-value of 0.01 and an absolute log2FC of 2.4. This filtering allowed the 

identification of sixty-three miRNAs whose abundance differed significantly between MCT and healthy 



Scientific Reports, 2020, doi: 10.1038/s41598-020-75877-x 

42 
 

samples, demonstrating that 45 miRNAs were downregulated with a log2FC of between -2.4 and -13.4 

and 18 miRNAs were upregulated with a log2FC of between 2.4 and 6.9 (Figure 1B). 

Quantification of DE-miRNAs in healthy versus MCT samples by RT-qPCR 

To validate the NGS results and measure the abundances of DE-miRNAs in MCTs, RT-qPCR was 

performed on both the sequenced samples and a separate group of 11 MCTs and related healthy 

adjacent (normal) tissue samples. To validate the sequencing results, 9 DE-miRNAs—miR-370, miR-379, 

miR-92a, miR-21, miR-26a, miR-342, miR-885, miR-375 and miR-338—were selected based on the fold 

change and read count values. MiR-122, miR-128 and miR-101 were quantified as controls for 

normalization. The artificial spike-in cel-miR-39 was used as the internal control. MiRNAs selected for 

the validation step were detected in almost all samples, except for sample numbers 7, 14, 17 and 18 

(Table 1). The results are presented in Figure 2. The RT-qPCR results confirmed that five miRNAs were 

differentially regulated in healthy adjacent margin tissues versus MCTs. In detail, miR-21 (P=0.004, 

log2FCMCT/Healthy=2.84) and miR-379 (P= 0.0005, log2FC MCT/Healthy = 2.61) were upregulated, while miR-

885 (P= 0.008, log2FC MCT/Healthy = -2.53), miR-338 (P= 0.025, log2FC MCT/Healthy = -0.86) and miR-92a (P= 

0.021, log2FC MCT/Healthy = -0.78) were downregulated in MCT samples compared to healthy margin 

samples. Conversely, miR-26a, miR-342, miR-370 and miR-375 did not exhibit statistically significant 

differences between the groups. 

Diagnostic value of DE-miRNAs in dogs with MCT 

Receiver operating characteristic (ROC) analysis was used to assess the diagnostic value of DE-miRNAs 

as biomarkers to further discriminate between MCT and healthy adjacent tissue. To confirm the 

diagnostic efficacy of each miRNA, the associated area under the curve (AUC) was calculated. Table 2 

shows a summary of the diagnostic performance of each DE-miRNA and shows combinations of three 
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DE-miRNAs. The AUC was fair for miR-92a (AUC= 0.7427) and miR-338 (AUC=0.7339) and excellent for 

miR-21 (AUC=0.9825), miR-379 (AUC=0.9211) and miR-885 (AUC=0.9181) (Figure 3). 

Discriminant analysis was used to further investigate the potential for improving diagnostic 

performance by analysing multiple DE-miRNAs. Statistical analysis was performed to examine the 

weighted average relative quantification (RQ) values of the miRNAs with an AUC of > 0.9 (miR-21, miR-

379 and miR-885) (Figure 4). The median expression levels were 0.0301 (range, 0.0069 to 0.9334) and 

0.99998 (range, 0.3485 to 1) in healthy margin and MCT samples, respectively (Figure 4A). The 

predicted probability of being able to discriminate a sample as positive based on the logit model [logit 

= 1 / (1 + exp (-(-4.92611-1.31822 x expression level of miR-885+0.40746 x expression level of miR-

379+0.86787 expression level of miR-21)))] was used to construct the ROC curve (Figure 4B). The AUC 

for the panel of these three DE-miRNAs was 0.9854 (95% CI, 0.9854-0.9854) with a cut-off value of 

0.1654, and a sensitivity of 100% and a specificity of 94.4%. 

Potential of the miRNA panel for the detection of nodal metastases 

Excised lymph nodes were categorized in accordance with the Weishaar classification system for nodal 

metastases (2014)7, and the potential of the three-miRNA panel to discriminate patients with and 

without lymph node involvement was evaluated. Two groups, namely, HN0/1, including non-metastatic 

and pre-metastatic samples, and HN2, including early metastatic samples, were included for further 

analysis (Table 1). The weighted average relative quantification (RQ) values of the miRNA panel (miR-

21, miR-379 and miR-885) were calculated (Figure 5). The median expression levels were 0.3179 (range, 

0.0071 to 0.8858) and 0.9424 (range, 0.3741 to 1) in the HN0/1 and HN2 groups, respectively (Figure 

5A). The predicted probability of being able to discriminate a sample as metastatic based on the logit 

model [logit = 1 / (1 + exp (-(-1.58980-7.91569 x expression level of miR-885 + 0.13130 x expression 
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level of miR-379 + 0.05084 expression level of miR-21)))] was used to construct the ROC curve (Figure 

5B). The AUC for the panel of these three DE-miRNAs was 0.8923 (95% CI, 0.759-1.000) with a cut-off 

value of 0.5528, a sensitivity of 92.3% and a specificity of 80%. MFA identifies individuals with similar 

profiles who are close to each other on the factor map. Collectively, the components F1 and F2 

explained 68.53% of the total variance in the data (Figure 5C). The first component (F1) explained 

42.76% of the variance and separated the HN0/1 group from the HN2 group according to lymph node 

involvement. The second component (F2) explained 25.77%, discriminating non-metastatic HN0 

samples (samples 4 and 10) in the upper right panel from high-grade early metastatic HN2 samples 

(samples 16 and 9) in the lower-left panel (Supplementary Table S1). 

Gene Ontology and pathway enrichment analysis of miRNAs 

The MiRWalk 3.0 and DAVID databases were searched to retrieve the candidate target genes of DE-

miRNAs and to perform mRNA enrichment analysis, respectively. Of the predicted mRNA targets of 

downregulated miRNAs, 196 were in the 3’UTR, 45 were in the 5’UTR and 171 were in the CDS. Of the 

predicted mRNA targets of upregulated miRNAs, 16 were in the 3’UTR, 3 were in the 5’UTR and 11 were 

in the CDS. The list of candidate target genes is provided in Table 3. 

Gene Ontology (GO) analysis was performed using DAVID for three categories: biological process (BP), 

cellular component (CC) and molecular function (MF). An overview of the top 10 terms significantly 

enriched with target genes for each of the above GO categories is presented in Figure 6. The enriched 

GO BP terms mainly included regulation of transcription from RNA polymerase II promoter and protein 

ubiquitination involved in ubiquitin-dependent protein catabolic process; the CC terms were related to 

the cytoplasm, nucleus and nucleoplasm, while the MF terms focused on transcription factor activity 

and sequence-specific DNA binding. KEGG pathway analysis was performed on candidate targets of DE-
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miRNAs. Figure 7 shows the top 10 significantly enriched KEGG pathways, with PI3K-Akt signalling 

pathway, small cell lung cancer, viral carcinogenesis and microRNAs in cancer at the top of the list. 

 

Discussion 

The role of miRNAs in canine MCT has not yet been elucidated. The current study aimed to characterize 

the miRNA profile of canine MCTs using FFPE samples. A multi-step approach was adopted: the pilot 

part of the study profiled miRNAs in MCTs and healthy adjacent margins via next-generation 

sequencing. In the second step, the DE-miRNAs were validated by performing RT-qPCR on the samples 

selected for sequencing and on a separate independent group of FFPE samples. Our results showed 

that the expression of 63 miRNAs, of which 18 were upregulated and 45 were downregulated, was 

significantly affected in MCTs. Nine DE-miRNAs were then validated in a larger group by RT-qPCR, 

demonstrating that five of these DE-miRNAs, namely, miR-21-5p, miR-92a-3p, miR-338, miR-379 and 

miR-885, were effectively modulated. The diagnostic accuracy of three DE-miRNAs—miR-21, miR-379 

and miR-885—was excellent, and the AUC of their combination increased to 0.9854 with 100% 

sensitivity and 94.4% specificity. Due to their limited nucleotide length, miRNAs have shown higher 

stability than DNA and mRNA in sample types such as FFPE tissues16. However, the preparation of 

miRNA NGS libraries from FFPE samples is particularly challenging because of the intersample 

heterogeneity of the RNA quality17. In the present investigation, the library preparations were 

performed in parallel to avoid the batch effect, but mappable miRNA reads were produced from only 2 

of 10 tumours. Moreover, mast cells, which release their granules into the tumour mass9, may also 

affect library preparation. 
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Mast cells are crucial players in allergies, immune responses, angiogenesis and the maintenance of 

tissue function and integrity18, also promoting tissue repair19. Furthermore, mast cells modulate the 

tumour microenvironment by performing a two-pronged role: they perform a pro-neoplastic role by 

releasing mitogenic and pro-angiogenic factors such as histamine, IL-10, TNF, FGF2, VEGF, IL-18 and 

MMP20, that promote immune suppression, proliferation and angiogenesis; and they perform an anti-

neoplastic role by inhibiting cell growth and motility and promoting antitumour inflammatory reactions 

and apoptosis21. Few studies have investigated the dysregulation of miRNAs in MCTs in dogs. Using real-

time PCR-based TaqMan Low-Density miRNA Arrays, Fenger and colleagues22 demonstrated that the 

expression level of miR-9 was increased in high-grade canine MCTs, promoting an invasive phenotype. 

Furthermore, circulating miRNA-126 resulted in exacerbation of non-epithelial neoplasms, including 

MCT23. 

The DE-miRNAs identified herein have been related to neoplasms in humans and, in some cases, in 

dogs. Of the five miRNAs that were found to be differentially regulated, two, namely, miR-21 and miR-

379 were upregulated, whereas three, namely, miR-92a-3p, miR-338, and miR-885, were 

downregulated. MiR-21, which was found to be upregulated in the present study, has been widely 

investigated in cancer, and its upregulation has been associated with cell proliferation, invasion, 

apoptosis and drug resistance24,25. MiR-21 is frequently overexpressed in human cancers, including 

breast cancer, lung cancer, pancreatic cancer, ovarian cancer, glioma, liver neoplasms, gastric cancer, 

colorectal cancer and kidney cancer26, and in canine oral melanoma27, hepatocellular carcinoma28 and 

malignant mammary tumours29. In humans, overexpression of miR-21 has been related to 

downregulation of tumour suppressor genes, including programmed cell death 4 (PDCD4), matrix 

metalloproteinases (MMPs), phosphatase and tensin homolog (PTEN), reversion inducing cysteine-rich 
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protein (RECK), and phosphoinositide 3-kinase (PI3K)26. MiR-379, which was also upregulated, is an 

onco-suppressor miRNA. MiR-379 negatively regulates cell proliferation, migration and invasion in 

several human cancers, including nasopharyngeal carcinoma30, cervical carcinoma31, gastric cancer32 

and bladder cancer33, by targeting tumor protein D52 (TPD52), V-crk avian sarcoma virus CT10 oncogene 

homolog-like (CRKL), focal adhesion kinase (FAK) and mouse double minute 2 (MDM2). 

Our results demonstrated that miR-92a, miR-338 and miR-885 were downregulated in canine MCTs. 

MiR-92a belongs to the miR-17-92a cluster, which is dysregulated in many different types of human 

tumours34. The mechanisms by which miR-92a promotes tumorigenesis include augmenting tumour 

proliferation, inhibiting tumour apoptosis, and enhancing tumour invasion and metastasis35 by 

targeting PTEN in oesophageal squamous cell cancer36 and Dickkopf-related protein 3 (DKK3) in 

osteosarcoma37. These features identify miR-92a as an onco-miRNA. However, onco-suppressor 

activities of the miR-17-92a cluster have also been reported, including anti-proliferative and senescence 

effects in bladder cancer cells38 and in prostate39 and gastric40 cancers by targeting, among other 

pathways, the NOTCH/EP4 pathway. Similarly, the role of miR-338 is controversial, as it has been 

associated with both pro- and antitumour roles. MiR-338 targets oncogenes such as RAB32 and EYA2, 

and its downregulation in cancer is also linked to overexpression of epidermal growth factor receptor 

(EGFR)41,42 and MET transcriptional regulator (MACC1)43. MiR-338 plays a tumour-promoting role in 

melanoma that is linked to tumour growth and metastasis44. MiR-338 is also involved in hypoxia-

induced epithelial-to-mesenchymal transition by targeting HIF-1α45. MiR-885 is a tumour suppressor 

miRNA that interferes with cell proliferation and migration by targeting SOCS in colorectal cancer46 and 

the Wnt/β-catenin pathway in hepatocellular carcinoma47. 



Scientific Reports, 2020, doi: 10.1038/s41598-020-75877-x 

48 
 

Gene Ontology and KEGG pathway analysis suggested that DE-miRNAs have an impact on transcription 

activities, cell cycle progression and cell survival and, in general, on several pathways involved in cancer 

development. This hypothesis is supported by gene expression analysis of canine cutaneous MCTs10,48. 

Gene expression profiling of metastatic and non-metastatic MCTs using an array approach identified 

differentially expressed genes involved in apoptosis, cell cycle arrest and loss of cell polarity and 

adhesion48. Comparison between these genes and the genes potentially modulated by DE-miRNAs 

identified in the present study showed that seven genes (Fos Proto-Oncogene or FOS, Histone 

Deacetylase or HDAC, Striatin or STRN, Neurofibromin 2 or NF2, Phosphoinositide-3-Kinase Regulatory 

Subunit 3 or PIK3R3, Rho Guanine Nucleotide Exchange Factor or ARHGEF, C-Type Lectin Domain 

Containing or CLEC) are potentially modulated by downregulation of miR-92a, miR-338 and miR-885. 

Conversely, Sprouty RTK Signaling Antagonist or SPRY can be modulated by upregulation of miR-21 and 

miR-379. Transcriptome analysis comparing low- and high-risk canine MCTs using next-generation RNA 

sequencing identified 71 differentially expressed genes associated with cell proliferation and the 

extracellular matrix10. Comparison between these genes and the candidate target genes identified in 

the present study showed that eight genes belonging to the kelch-like (KLHL), collagen (COL), matrix 

metallopeptidase (MMP), multi-domain (WW, PDZ, FERM) containing protein (FRMPD), C-type lectin 

domain (CLEC) and suppressor of cytokine signaling (SOCS) families may be downregulated. Conversely, 

genes belonging to the KLHL and 5-Hydroxytryptamine Receptor (HTR) families may be upregulated DE-

miRNAs. Previous results obtained via two different strategies, an array-based approach and RNA-seq, 

support our hypothesis that the dysregulation of miRNAs identified in this study may influence the 

expression of genes involved in cell proliferation, survival and tumour spread10. 
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Although the prognostic role of both the Patnaik5 and Kiupel4 grading systems in canine MCTs is widely 

accepted, histological grading alone cannot accurately predict the risk of local and distant metastases3–

5,9,49. Nodal metastases have been reported in 20-49% of cutaneous MCTs at first presentation, and 

identification of lymph node involvement is crucial for accurate tumour staging and prognosis3,49,50. 

Recently, a novel classification system for the evaluation of nodal metastasis in canine MCTs has been 

proposed and correlated with the clinical outcome, providing evidence that dogs diagnosed with early 

metastatic/overt metastatic (HN2-HN3) nodes have a shorter life expectancy7. In our study, a three-

miRNA signature (miR-379-miR-21-miR-885) accurately discriminated between healthy adjacent tissue 

and MCT tissue (AUC= 0.9854) and identified patients with early nodal metastases (AUC=0.8923). Since 

the number of enrolled patients did not allow us to perform discriminant analysis of parameters such 

as survival time and progression-free interval, the present results provide a background to investigate 

new biomarkers of MCT outcome in different matrices, including blood, to support clinical decision 

making. 

In conclusion, the present study demonstrated that the expression levels of miR-21, miR-379, miR-92a, 

miR-885 and miR-338 in the tumour microenvironment are changed compared to those in healthy 

adjacent tissues and differ in dogs with early nodal metastases compared to those without nodal 

involvement, suggesting that these miRNAs may epigenetically modulate genes involved in MCT 

progression and metastasis. Our study provides insights into the emerging roles of miRNAs in veterinary 

oncology, although more efforts are required to establish the role and molecular targets of the 

investigated DE-miRNAs. Since the sample size influences the clinical sensitivity and specificity of the 

test, further studies are necessary to confirm the diagnostic value of miRNAs by increasing the number 

of patients. 
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Materials and methods 

Inclusion criteria and sample collection 

Thirty-seven formalin-fixed, paraffin-embedded (FFPE) samples, including 21 MCT samples and 16 

healthy adjacent tissue samples (dermal tissue at the excision margins), were selected from the archives 

of the Department of Veterinary Medicine of the Università degli Studi di Milano. Samples were 

collected from client-owned dogs that underwent veterinary consultation and surgery during routine 

oncological management of canine mast cell tumour. All experimental procedures were reviewed and 

approved by the Ethics Committee of the University of Milano (approval number 118/19). Patients were 

recruited after the owner provided written informed consent. All experiments were performed 

following the relevant guidelines and regulations. Samples were trimmed and processed according to 

currently recommended guidelines51 (Table 1). Cutaneous MCTs at first presentation without distant 

metastasis52 and sentinel/regional lymph nodes were surgically removed and histologically classified53 

and graded4,5. In addition, neoplastic involvement of sentinel lymph nodes was categorized as 

previously described7,52. 

For all samples, after bright field microscopy observation of the haematoxylin-eosin-stained slide, the 

corresponding paraffin block was penetrated using a biopsy punch with a plunger (Miltex) to collect a 

portion of the tumour (21 MCTs) or a portion of the healthy dermal connective tissue (16 margins); the 

latter samples were used as controls. For MCT samples, areas of necrosis, haemorrhage or 

inflammation were avoided, if present. 

miRNA extraction and Next-Generation Sequencing (NGS) 
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MiRNAs were extracted using an miRNeasy FFPE kit (Qiagen, Cat. No. 217504) following the 

manufacturer’s instructions. The RNA quality and quantity were verified according to MIQE 

guidelines54. The RNA concentration was determined in a Qubit 2.0 fluorometer with a Qubit microRNA 

Assay Kit (Invitrogen, Cat. No. Q32880). A pilot NGS study was performed on 10 MCTs and 7 healthy 

adjacent tissue samples (Table 1). Small RNA transcripts were converted into barcoded cDNA libraries. 

Library preparation was performed as previously reported55 using an NEBNext Multiplex Small RNA 

Library Prep Set (Cat. No. NEB#E7560) for Illumina, and sequencing was performed in a NextSeq 500 

sequencer (Illumina Inc., USA). 

Computational analysis 

The output of the NextSeq500 Illumina sequencer was demultiplexed using bcl2fastq Illumina software 

embedded in the docker4seq package56. miRNA expression quantification was performed using the 

workflow and implementation previously described57. In brief, after adapter trimming with cutadapt58, 

sequences were mapped using SHRIMP59 to Canis familiaris precursor miRNAs available in miRBase 

22.0-March 2018 (http://www.mirbase.org/). Using GenomicsRanges60, an R script, was used to identify 

the number of reads on precursor miRNAs mapping to the expected location on mature miRNAs. The 

detected counts were organized in a table including all analysed samples. For visualization purposes, 

only CPM (counts per million reads) values were used. Differential expression analysis was conducted 

using the DESeq2 Bioconductor package15 implemented in the docker4seq package. Differential 

expression analysis was performed using the abovementioned count table comparing the tumour and 

control groups using an adjusted P-value of ≤ 0.05 and an absolute log2 fold change (log2FC) of ≥ 1 as 

the threshold criteria. 

miRNA quantification by RT-qPCR 
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Small RNAs were extracted using an miRNeasy kit for FFPE samples (Qiagen, Cat. No. 217504). The 

Caenorhabditis elegans miRNA cel-miR-39 (25 fmol final concentration) (Qiagen, Cat. No. 219610) was 

used as a synthetic spike-in control due to its lack of sequence homology to canine miRNAs. RNA 

extraction was then carried out according to the manufacturer’s instructions. 

To obtain cDNA, reverse transcription was performed using a TaqMan Advanced miRNA cDNA Synthesis 

Kit (Cat. No. A28007, Applied Biosystems) following the manufacturer’s instructions. 

Quantitative real-time PCR (RT-qPCR) was performed to validate the sequencing results following the 

MIQE guidelines54. The selected DE-miRNAs included miR-370-3p (assay ID 478326_mir), miR-379-5p 

(assay ID 478077_mir), miR-92a-3p (assay ID 477827_mir), miR-21-5p (assay ID rno481342_mir), miR-

26a-5p (assay ID mmu481013_mir), miR-342-3p (assay ID 478043_mir), miR-885-5p (assay ID 

478207_mir), miR-375-3p (assay ID 481141_mir), and miR-338-3p (assay ID rno480884_mir). The 

endogenous controls were selected from sequencing data based on microRNA that did not show 

significant differences, with a log2 fold change equal to zero and the lowest standard error, and 

included miR-122-5p (assay ID rno480899_mir), miR-128-3p (assay ID mmu480912_mir) and miR-101 

(custom probe SO_66039417_6871885). 

Quantitation was performed in a scaled down reaction volume (15 µl) in a CFX Connect Real-Time PCR 

Detection System (Bio-Rad) using 7.5 l of 2X TaqMan Fast Advanced Master Mix (catalogue number 

4444557), 0.75 l of miRNA-specific TaqMan Advance assay reagent (20X), 1 l of cDNA and water to 

make up the remaining volume. The thermal cycling profile was as follows: 50°C for 2 min, 95°C for 3 

min and 40 cycles at 95°C for 15 s and 60°C for 40 s. No-RT controls and no-template controls were 

included. The geometric mean of the reference miRNA abundance was used for normalization. Relative 
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quantification of target miRNAs was carried out after sample normalization using the geometric mean 

of the reference miRNA abundance in Bio-Rad CFX Maestro Software using the 2-Cq method. 

miRNA target prioritization 

The target genes of DE-miRNAs were retrieved using MiRWalk 3.061, which includes 3 miRNA target 

prediction programs (miRDB62, miRTarBase63 and TargetScan64). Analysis was performed on the entire 

gene sequence (including the 5’UTR, CDS, and 3’UTR). The list of target genes predicted by at least two 

of the three tools was included in further analysis, mRNA functional enrichment analysis was performed 

using the DAVID bioinformatic resource65,66, and biological pathways in the KEGG database67 were 

examined for enrichment. 

Statistical analysis 

Statistical analysis was performed using XLStat software for Windows (Addinsoft, New York, USA). 

Data were tested for normality using the Shapiro-Wilk test; as the data were not normally distributed, 

the nonparametric Wilcoxon signed-rank test for paired samples was applied. Quantitative (miRNA 

quantification and tumour size) and qualitative (lymph node HN classification7) variables were used for 

ordination analysis using the ‘Multiple Factor Analysis’ (MFA) function. Receiver operating 

characteristic (ROC) analysis was performed as previously reported to determine the diagnostic 

accuracy68. Statistical significance was accepted at a P-value of ≤ 0.05. 
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†classification system proposed by Weishaar and colleagues (2014). HN= histological node. NGS= next-generation sequencing. 

a= MCT samples sequenced using NGS 

b= healthy margins sequenced using NGS 

c= samples in which miRNAs selected for the RT-qPCR validation step were not detected 

d= samples for which healthy margins were not collected 

Table 1. Summary of clinical and histopathological data 

 

 

 Breed Sex Age (years) Tumor location Size (cm) Grade Lymph node status† 

      Patnaik Kiupel  

1 American Staffordshire Terriera,d Male 6 Trunk 1 II Low HN1 

2 Bernese Female 4 Limb 2.5 II Low HN2 

3 Boxer Male 8 Limb 2.2 II Low HN2 

4 Dachshund Female 9 Trunk 0.8 II Low HN0 

5 Dogoa,b Male 6 Limb 2 II Low HN2 

6 English settera,b Female 6 Trunk 3 II Low HN2 

7 English settera,c,d Female 11 Trunk 5 II Low HN3 

8 Italian pointera,b Male 5.5 Trunk 4 II Low HN1 

9 Jack Russella,b Male 13 Head 5 II High HN2 

10 Labrador Male 1 Head 1 I Low HN0 

11 Labrador d Male 10 Scrotum 2 II Low HN0 

12 Labrador Male 9 Trunk 0.6 II Low HN2 

13 Labrador Female 6 Trunk 3.5 II Low HN2 

14 Mixed breeda,b,c Female 11 Trunk 3 II Low HN0 

15 Mixed breeda,b Female 6 Trunk 4 II Low HN2 

16 Mixed breeda,b Male 11 Limb 3 III High HN2 

17 Mixed breeda,c,d Female 8 Limb 3 III High - 

18 Mixed breedc Male 12 Neck 7 II Low HN3 

19 Pug Male 3.5 Head 1 II Low HN2 

20 Tosa inu Male 4 Trunk 3 II Low HN2 

21 Weimaraner Male 7 trunk 2 II Low HN2 
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*W-AV= weighted average relative quantification of miR-379+miR-21+miR-885 in healthy versus MCT samples 

** W-AV-HN= weighted average relative quantification of miR-379+miR-21+miR-885 in HN0/1 versus HN2 samples 

Table 2. The area under the curve (AUC), sensitivity and specificity values of DE-miRNAs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 miRNA AUC 95% CI P-value Cut-off Sensitivity 1-Specificity 

Downregulated 

miR-885 0.9181 0.8276-1.000 <0.0001 0.0357 0.8889 0.9474 

miR-92a 0.7427 0.5925-0.8929 =0.0015 0.814 0.7222 0.6842 

miR-338 0.7339 0.5827-0.8851 =0.0024 1.7878 0.6111 0.7895 

Upregulated 
miR-21 0.9825 0.9825-0.9825 <0.0001 1.6250 0.9444 0.9474 

miR-379 0.9211 0.8328-1.000 <0.0001 11.5688 1.000 0.7895 

W-AV* miR-379+miR-21+miR-885 0.9854 0.9854-0.9854 <0.0001 0.1654 1.000 0.9444 

W-AV-HN** miR-379+miR-21+miR-885 0.8923 0.759-1.000 <0.0001 0.5528 0.9231 0.8000 
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3’UTR 

FOS, POF1B, TP63, PTGES2, CCDC113, LPIN1, IL6ST, GTF2A1, HDAC2, MED19, TET2, PBLD, ZBTB7B, KIF1B, 

PPP1R3D, CNNM4, MED29, PAFAH1B1, RASAL2, ABL2, PAWR, TMCC3, SMARCA5, KLHL3, CDK5R1, TIA1, 

PDIK1L, FKBP1A, MACROD2, RAB14, ATG9A, SCN1A, FAM168A, NOL4, HEXIM1, C16orf87, SH3PXD2A, TSFM, 

ARPC1B, MSL2, RIC1, NFIA, GNG12, ZZZ3, DUSP16, SERINC5, LAMC1, IPO9, HNF4G, YRDC, RPH3A, PPM1B, 

AAK1, LSM14A, CNOT6, SOX6, ZADH2, NOL4L, NFIB, MAP2K4, NEDD4L, TMEM50B, SLC30A7, LIN54, GNAQ, 

PALM2, SYNDIG1, KIF3B, JPH2, LPP, PCGF3, RGS3, DAB2IP, TSC1, COL5A1, ATXN1, MARCH4, PAX3, TRIP12, 

EPC2, MAP3K20, SESTD1, ITGAV, TPBGL, LDLRAD4, TECPR2, TRAF3, ACTC1, UBE2Z, OTUD3, LUZP1, MTMR9, 

RNF157, SLC9A7, TAF1, ATRX, USP28, GRAMD1B, SRPRA, C21orf91, AFF3, KCNC4, ANP32E, SEC31B, 

CCDC186, PLEKHA1, PITPNM2, LRCH1, AXL, PPP1R37, CDC42BPA, ZBTB18, GRHL1, PHLPP2, ZFHX3, 

RASSF3, DYRK2, STRN3, STYX, PPP1R9A, SMURF1, PIK3CB, TFDP2, DCX, TMEM255A, MBNL3, PCDH11Y, 

DESI1, SHOX, PTPRD, DENND4B, KCNN3, NF2, PLXDC2, GPR158, PIK3R3, EVI5, ERGIC2, RAB3C, AGGF1, 

BTG2, ELK4, ARID1B, FAM20C, SNX13, ATG14, KCNK10, FOXN3, ATXN3, PCMTD1, SGK3, UBE2W, MMP16, 

CCNE2, MTDH, NIPAL1, CXCL5, G3BP2, WDFY3, TCF21, LIN28A, GAS2L3, EFR3B, KCNK3, YIPF4, SOCS5, 

SERTAD2, CEP41, CREB3L2, ELOVL6, SETD7, DCLK2, SH3D19, PPARGC1B, CAMK2A, CPEB4, RNF141, EIF4G2, 

CHST1, ARRDC3, MAN2A1, FNIP1, SLX4, GLYR1, SNN, ATXN7, ZBTB20, SPOCK2, DNAJB12, CCSER2, GID4, 

PIP5K1C, SCUBE3, CD2AP, TRAM2, PHF3 

5’UTR 

MYLIP, PCMTD1, RRBP1, ELOVL6, E2F3, GAA, AURKA, ANP32E, CCDC186, PAX9, DYNLT3, DENND4B, WASL, 

SETD5, FAM135A, XKR7, GAN, CNOT2, RABGAP1L, ZNF287, IDH1, NR4A3, TBC1D19, PLEKHB2, TGIF1, 

ZNF532, CPEB1, KCNA1, SPHK2, CBFA2T3, COL1A2, TBL1XR1, AIFM1, PTPRD, KLF6, RAB3C, KCNK10, 

PAPOLA, NAV3, FOSL2, ATL3, SH3D19, SCRG1, WWC1, SNX2 

CDS 

FOS, DAB2IP, HIPK1, MYLIP, GRAMD1B, MAP2K4, MTF1, PTAR1, RRBP1, NOL4L, TSC1, HIVEP1, ATXN1, 

IKZF2, TRIP12, SSFA2, VPS4B, TECPR2, GOLGA8A, GOLGA8B, NSF, XYLT2, ELOA, ADAM10, GAA, RBL2, 

ARFGEF2, SYNJ1, BCL2L11, MCL1, SH3PXD2A, PDZD8, GOLGA3, IPO5, PHLPP2, ITGA5, ANKIB1, FNDC3B, 

MPP1, RAD21, ZNF17, ZNF776, MYH9, GPBP1L1, CD69, SCAF11, ATP2B4, DSTYK, TULP4, CUX1, CREB3L2, 

KIAA1109, RBM27, SETD5, TRIM36, TMF1, VPS52, ZBTB34, MBD2, UBR1, NPTN, CNOT2, TTLL7, XPR1, FKBP14, 

TMCC3, TCHP, PDCD6IP, LCOR, USP7, FRMD3, GNL1, RAB30, WNK4, SS18L1, CELSR2, MYT1L, COX4I1, TSFM, 

CACNA2D1, PVALB, NFIA, ADGRA2, PPM1B, FBXW7, B4GALT7, RASA1, ZBTB20, SLC35G1, KIAA1024, USF2, 

TAGAP, STX17, SEL1L3, TBC1D19, ANGPTL2, ADAM23, GIGYF2, LRP1B, SLC4A10, MAP3K20, ZNF385B, 

ARHGEF17, EPG5, HERC2, RYR3, EPHA8, CSMD1, ATP6V1B2, CHMP7, CPEB1, NRK, FRMPD3, DOK5, TACC2, 

SBNO1, ITM2B, SPTBN4, HNRNPU, HAS3, WWP2, SCN8A, GDF11, DTX2, PPP1R9A, PIK3CB, PEX5L, VWA5B2, 

TENM1, CSMD3, EFR3A, PTPRD, TTC28, NOTCH1, P3H3, EPS8, PDZD2, NIPBL, RAB3C, DCAF6, SNX13, 

PLEKHG3, BSN, ZC2HC1A, RBM47, REST, WDFY3, PTPRK, TCF21, GAS2L3, ADCY3, SRPK2, CTTNBP2, NRF1, 

NFIX, RHPN2, NPNT, OTUD4, ADAM19, CNTN4, OXSR1, ASB7, CLEC16A, FOXP1, ROBO2, BTLA, FSTL1, 

MYO18A, C2CD4C, PHF3, COL19A1 
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Table 3. Candidate target genes retrieved from the miRWalk 3.0 database. 
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RECK, NCAPG, PAN3, KLHL42, GID4, CCL1, CD59, SLC20A1, PPP1R3B, NEGR1, THRB, PCDH17, FIGN, 

HTR2C, FAM126B, ETNK1 

5’UTR KAT6A, ZBTB26, TNRC6B 

CDS EPHA4, ADNP, TNRC6B, ATF7IP, FBXO11, NR2C2, PTPN14, SPRY4, KLF3, CASKIN1, ROBO2 
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Figures: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. NGS results. (A) Principal component analysis (PCA) of sequenced samples. Two-

dimensional PCA was used to determine whether MCTs (red circle) could be differentiated from 

healthy (green circle) samples. (B) Identification of DE-miRNAs between MCTs and healthy samples. 

Heat map and table displaying the fold change and Padj of DE-miRNAs. 
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Figure 2. Box plots of DE-miRNAs in MCTs compared with healthy margins. Significance was 

accepted at P<0.05 (*), P< 0.01 (**) and P< 0.001 (***). The black lines inside the boxes denote the 

medians. The whiskers indicate variability outside the upper and lower quartiles. 
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Figure 3. Receiver operating characteristic (ROC) curve analysis of DE-miRNAs. (A) AUC of miR-885; 

(B) AUC of miR-92a; (C) AUC of miR-338; (D) AUC of miR-21; (E) AUC of miR-379. AUC, area under 

the curve; CI, confidence interval. 
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Figure 4. The average expression of the DE-miRNAs with AUC>0.9, including miR-379, miR-21 and 

miR-885. (A) The weighted average relative quantification (RQ) values of DE-miRNAs in healthy 

versus MCT samples (A) and ROC curve analysis performed using the logit model, for healthy versus 

MCT samples (B). AUC, area under the curve; CI, confidence interval. The black lines denote the 

medians. ** P< 0.001; *** P< 0.0001. 

 

 

Figure 5. The average expression of the DE-miRNAs with AUC>0.9, including miR-379, miR-21 and 

miR-885. (A) The weighted average relative quantification (RQ) values of DE-miRNAs in HN0/1 versus 

HN2 samples; (B) ROC curve analysis performed using the logit model for HN0/1 versus HN2 

samples; (C) Individual map for Multiple Factor Analysis (MFA): each sample name represents the 

barycentre of the two positions according to the dataset coloured according to lymph node 
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involvement: HN0/1 (blue) and HN2 (green). AUC, area under the curve; CI, confidence interval. The 

black lines denote the medians. ** P< 0.001; *** P< 0.0001. 

 

 

Figure 6. Gene Ontology (GO) enrichment analysis of terms potentially regulated by DE-miRNAs. The 

target genes were annotated by DAVID in three categories: biological process, cellular component 

and molecular function. The top 10 significantly enriched terms are shown. 
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Figure 7. Pathway enrichment analysis for genes potentially regulated by DE-miRNAs. Genes 

regulated by DE-miRNAs were retrieved and analysed for enrichment in KEGG pathways using 

DAVID. The P-value was -log10 transformed. The top 10 enriched KEGG pathways are reported. 
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Abstract 

MicroRNAs (miRNAs) are a class of non-coding RNA molecules of 20-22 nucleotides playing a crucial 

role in tumor modulation targeting mRNA. A panel of three miRNAs - miR-21, miR-379 and miR-885 

- has been previously identified in canine mast cell tumor (MCT) as markers of lymph node 

involvement in terms of histological absence (non-metastatic: HN0; pre-metastatic: HN1) and 

presence (early-metastatic: HN2; overt-metastatic: HN3) of metastasis. This study aimed at 

validating the diagnostic potential of this panel in the saliva of MCT-affected dogs by quantitative 

PCR. Forty-seven saliva samples were analyzed, among which 36 were collected from MCT-affected 

dogs (12 classified as HN0-1 and 24 as HN2-3) and 11 from healthy dogs. 

The results showed that the expressions of miR-21 (p=0.034) and miR-885 (p=0.002) were 

modulated by MCT when compared with the healthy group. MiR-21 (p= 0.029) was up-regulated in 

HN2-3 compared with the healthy group. MiR-885 was up-regulated in HN0-1 (p< 0,0001) and in 

HN2-3 (p= 0.027) when compared with the healthy samples and down-regulated in the HN2-3 group 

compared with HN0-1 (p= 0.011). MiR-379 was not detected in saliva. The diagnostic potential of 

the two miRNAs in discriminating MCT-affected dogs between the healthy group (AUC=0.8369) and 

the tumor classes (AUC=0.7833) was proved by ROC curve analysis. The multi-functional analysis 

(MFA) showed that miR-885 recognized the lymph node involvement, discriminating HN0-1, HN2-3 

and healthy groups. Overall, miR-885 was identified as a promising tool, representing a novel 

approach to detect MCT-associated epigenetic alterations in a minimally invasive manner 

repeatable over time. 

Keywords: mast cell tumor, dog, saliva, miRNA, biomarkers. 
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Introduction 

MicroRNA (miRNAs) are small non-coding RNA acting as molecular orchestrators, in almost all 

cellular pathways, targeting the mRNA to block or destroy its translation9. MiRNAs are present in all 

biological fluids, and their regulation depends on the pathophysiological condition15. miRNA 

expression changes during cancer29. The identification of miRNAs involved in tumor progression 

(oncomiRNAs) and tumor suppression (tumor suppressor miRNAs) has been investigated10 in both 

humans and animals22. The need for minimally invasive and repeatable over time biomarkers for 

early diagnosis and monitoring of the tumor recurrence has driven the research towards the use of 

alternative biological matrices, like saliva16,25,33. Tumor associated-miRNAs dysregulated in both 

primary tumor mass and plasma are differentially expressed in the saliva of patients with head and 

neck cancer23 and oral squamous cell carcinoma12, respectively. The relevance of saliva as an 

important source for biomarker identification was also assessed in tumors arising distantly from the 

oral cavity21,24. Several studies in human oncology compared the expression profile of miRNAs in 

different matrices20, while, at the best of authors’ knowledge, no investigations are reported in 

canine oncology.  

Canine mast cell tumor (MCT)  is one of the most frequent skin neoplasms in dogs with a prevalence 

from 7 to 21%31, and its variable biological behavior makes challenging the diagnosis and complex 

the prognosis2. The standard diagnostic approach includes the evaluation of the tumor staging and 

the histological grading, using both Patnaik17 and Kiupel8 grading systems. In the last decade, the 

literature has shown a growing interest in the early detection of lymph node metastasis to 

accurately stage the disease and suggest appropriate treatment options6,30,32. Previous studies 

detected some MCT-associated miRNAs in plasma and primary tumor mass5,7,34. We profiled the 

miRNome of MCT primary tumor in formalin-fixed paraffin-embedded samples identifying three 

dysregulated miRNAs - miR-21, miR-379 and miR-885- able to distinguish the lymph node 
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involvement and discriminate between non-metastatic (HN0-1) and metastatic (HN2-3) tumors34. 

The present study aimed to demonstrate the potential of saliva as minimally invasive reliable 

biological fluid for detection and quantification of tumor-associated miRNAs suitable for diagnosis 

and lymph node staging of canine MCT. 

 

Material and methods 

Samples collection 

Forthy-seven saliva samples were collected from 36 MCT-affected dogs and 11 healthy dogs, using 

a sterile dryswab™ (Medical Wire & Equipment, UK). Owners signed a written consent to the 

procedure. In the MCT group we included dogs with a cytological diagnosis of MCT that were 

preoperatively staged negative for distant metastases and underwent surgical excision of MCT and 

regional or sentinel lymph node(s). For all dogs, oncological staging consisted of abdominal 

ultrasound with cytological examination on fine-needle aspirates of the spleen and liver26 and CBC 

with peripheral blood smear evaluation was performed. On the day of surgery, after general 

anaesthesia induction, a sample of saliva was collected by rubbing the sterile swab in the maxillary 

vestibular area. Dogs were then moved to the operating theater and wide-margins surgical resection 

of the MCT and regional (n=4) or sentinel (n=32) node extirpation was performed. All excised nodes 

were non-palpable/normal-sized. The excised MCT and lymph node(s) were submitted for 

histopathology, fixed in 10% buffered formalin and routinely trimmed and processed. 

Histopathological evaluation of submitted specimen included: tumor classification (cutaneous or 

subcutaneous), tumor gradings8,17, surgical margins (infiltrated or non-infiltrated), and lymph node 

classification as reported by Weishaar and colleagues (2014). The 36 MCTs samples were grouped 

in 12 with non-metastatic/pre-metastatic lymph nodes (HN0-1) and 24 with early-metastatic/overt-

metastatic lymph nodes (HN2-3). In the healthy group, we included dogs without MCT nor other 



Manuscript submitted to Veterinary Pathology (ID: VET-20-FLM-0334), November 2020 
 

76 
 

oncological or systemic diseases that presented to the University Veterinary Teaching Hospital of 

University of Milan for routine annual clinical examination or vaccination. The saliva was collected 

by rubbing the maxillary vestibular area with a sterile swab, with the dog awake. Data regarding the 

studied population are shown in Supplementary Table S1. The saliva samples were stored at -80°C 

until use. 

MiRNA extraction, retrotranscription and quantitative PCR 

Small RNAs were extracted using the miRNeasy Serum/Plasma Kit (Qiagen, Cat. No. 217184). Briefly, 

the saliva swab was immersed in 2 mL of Qiazol (Qiagen), vortexed, incubated 5 min at room 

temperature and centrifuged at 14100 x g for 5 min. Then 3.75 µl (25 fmol final concentration) of 

the Caenorhabditis elegans miRNA cel-miR-39 (Qiagen, Cat. No. 219610) was added as synthetic 

spike-in control due to the lack of sequence homology to canine miRNAs. The extraction was then 

carried on following the manufacturing procedure, and miRNAs were eluted in 18µl of RNase free 

water. The reverse transcription was performed using the TaqMan Advanced miRNA cDNA Synthesis 

Kit (Applied Biosystems, Cat. No. A28007) following the manufacturer’s instruction. 

The quantitative PCR (qPCR) reaction was performed following the MIQE guidelines3. Target miRNAs 

were selected following what previously reported34 to validate their diagnostic potential in saliva. 

The selected probe assays (Life Technologies) included cel-miR-39-3p (assay ID 478293_mir), miR-

21-5p (assay ID rno481342_mir), miR-379-5p (assay ID 478077_mir) and miR-885-5p (assay ID 

478207_mir). The qPCR was performed on CFX Connect Real-Time PCR Detection System (Biorad). 

The reaction included 7.5 µl of 2X TaqMan Fast Advanced Master Mix (Cat. No. 4444557), 0.75 µl of 

miRNA specific TaqMan Advance assay (20X), 1 µl of cDNA and water to reach the final volume 

(15µl). The thermal profile was 50°C for 2 min, 95 °C for 3 min and 40 cycles of 95°C for 15s and 60 

°C for 40s. Cel-miR-39 expression was used for data normalization. The relative expression was 
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calculated using Bio-Rad CFX Maestro™ Software. MiRNAs expression are presented in terms of fold 

change normalized to cel-miR-39 expression using the 2-ΔΔCq formula.  

Statistical analysis 

The statistical analysis was performed on XLStat software for Windows (Addinsoft, New York, USA). 

The data were tested for normality using the Shapiro-Wilk test, and as the data were not normally 

distributed the Kruskal-Wallis for multiple pairwise comparisons was applied, as a non-parametric 

test. A principal component analysis (PCA) was performed to detect any correlation between 

groups. A receiver operating characteristic (ROC) and a multi-functional analysis (MFA) were 

performed using miRNAs relative expression and lymph node classification (NH) as variables. 

Statistical significance was accepted at p-value≤ 0.05. 

 

Results 

miR-21 and miR-885 were differentially expressed between tumor and healthy samples and 

discriminate lymph nodal involvement   

The qPCR was carried out on all 47 enrolled samples. Two out of three selected miRNAs, miR-21 and 

miR-885, were quantified in all samples, while miR-379 was not detected in saliva. MiR-21 and miR-

885 showed a dysregulation in tumor samples (Figure 1a and b). In detail, miR-21 (p=0.034, 

log2FCTumor/Healthy=2.0) (Figure 1a) and miR-885 (p=0.002, log2FCTumor/Healthy=1.61) (Figure 1b) were 

up-regulated in MCT compared with the healthy group.  

Considering tumor classes based on the lymph nodal involvement, miR-21 (p= 0.029, log2FCHN2-

3/Healthy=1.75) was up-regulated in HN2-3 class compared with the healthy group (Figure 1c). MiR-

885 was up-regulated in both tumor classes, HN0-1 and HN2-3, compared to the healthy samples 

(p< 0,0001, log2FCHN0-1/Healthy=2.49; p=0.027, log2FCHN2-3/Healthy=0.98, respectively) and was down-
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regulated in the early-metastatic/overt-metastatic (HN2-3) group when compared with non-

metastatic/pre-metastatic (HN0-1) (p= 0.011, log2FCHN2-3/HN0-1=-1.51) (Figure 1d). 

Salivary miRNAs distinguish the lymph node involvement 

A PCA analysis was performed to detect any differences between healthy and tumor groups based 

on miRNAs expression levels (Figure 2). Data with a higher correlation had a lower degree of 

separation (< 45°). Comparing MCT and healthy samples, mir-21 and miR-885 were correlated within 

the same group and discriminated tumor from healthy samples, as the degree between the data 

points were higher than 45° Figure 2a. Considering tumor classes (HN0-1 and HN2-3) and healthy 

samples (Figure 2b), miR-21 and miR-885 are positively correlated with each other within the same 

group of healthy and HN0-1 samples, while no correlation was identified in HN2-3 class. Healthy, 

HN0-1 and HN2-3 groups are not correlated, highlighting the significant differences given by the 

miR-21 and miR-885 expression level. MiR-885 discriminates the HN0-1 to HN2-3 MCT groups as the 

X and the Y-axis separate the data points better than the miR-21, in which the HN classes were 

separated only by the X-axis. 

To prove the reliability of the quantified miRNAs in discriminating the MCT-affected dogs from the 

healthy subjects and in predicting the lymph node involvement, ROC analysis was performed. The 

area under the curve (AUC) was calculated to estimate the diagnostic potential of the DE-miRNAs. 

Figure 3 shows all the AUC values calculated by comparing healthy, tumor, HN1-0 and HN2-3 groups 

for miR-21 and miR-885. The AUC of tumors versus healthy samples was fair for miR-21 

(AUC=0.7146; 95% CI 0.5565-0.8728) and good for miR-885 (AUC=0.8182; 95% CI 0.7055-0.9308). 

The AUC of HN0-1 class versus healthy samples was poor for miR-21 (AUC=0.6894; 95% CI 0.4826-

0.8962) and excellent for miR-885 (AUC=0.9636; 95% CI 0.9636-0.9636). The AUC of HN2-3 class 

versus healthy group was fair for both miR-21 (AUC=0.7273; 95% CI 0.5598-0.8947) and miR-885 

(AUC=0.7576; 95% CI 0.6098-0.9054). The AUC of HN0-1 versus HN2-3 was bad for miR-21 



Manuscript submitted to Veterinary Pathology (ID: VET-20-FLM-0334), November 2020 
 

79 
 

(AUC=0.4410; 95% CI 0.2244-0.6576) and good for miR-885 (AUC=0.8042; 95% CI 0.6555-0.9528). 

To improve the diagnostic potential of the test, a statistical analysis considering the weighted 

average relative quantification (RQ) values of miR-21 and miR-885 was performed (Figure 3). The 

predicted probability to be able to discriminate MCT-affected dogs from healthy subjects based on 

the logit model [logit = 1 / (1 + exp(-(-1.13220+3.08391 x expression level of miR-885+0.10992 x 

expression level of miR-21)))] was good with an AUC value of 0.8369 (95% CI 0.7266-0.9472). The 

probability to be able to discriminate healthy from the HN0-1 class based on the logit model [logit 

= 1 / (1 + exp(-(-5.68147+7.59331 x expression level of miR-885+0.02111 x expression level of miR-

21)))] was excellent with an AUC value of 0.9636 (95% CI 0.9636-0.9636). The predicted probability 

to be able to discriminate healthy from HN2-3 class based on the logit model [logit = 1 / (1 + exp(-(-

1.07874+2.50026 x expression level of miR-885+0.13449 x expression level of miR-21)))] was fair 

with an AUC value of 0.7689 (95% CI 0.6192-0.9187). The probability to be able to discriminate HN0-

1 from HN2-3 class based on the logit model [logit = 1 / (1 + exp(-(2.67322-1.30733 x expression 

level of miR-885-0.02818 x expression level of miR-21)))] was fair with an AUC value of 0.7833 (95% 

CI 0.6145-0.9522). All the data on the AUC, the sensitivity and the specificity of the miRNAs are 

reported in the Supplementary Table S2. 

As miR-885 provides a higher diagnostic potential in discriminating between non-metastatic/pre-

metastatic (HN0-1) and the early-metastatic/overt-metastatic (HN2-3) group, a MFA analysis was 

performed (Figure 4). The group of healthy samples was included as a control. The component F1 

explains 49.65% of the variance and discriminates the HN0-1 from the HN2-3 and healthy groups. 

The component F2 explains 33.33% of the variance and discriminates the HN2-3 from HN0-1 and 

healthy groups. The components F1 and F2 together describe 82.99% of the variability of the data. 

  

 



Manuscript submitted to Veterinary Pathology (ID: VET-20-FLM-0334), November 2020 
 

80 
 

Discussion 

In the current study, the potential of saliva as a reliable minimally invasive matrix for the 

quantification of MCT-associated miRNAs in dogs has been investigated for the first time. Three 

MCT-associated miRNAs, namely miR-21, miR-379 and miR-885, previously reported discriminating 

between MCT-affected and healthy dogs in formalin-fixed paraffin-embedded primary tumor 

mass34, have been quantified in saliva samples of healthy and MCT affected dogs to investigate their 

potential as a biomarker in a minimally invasive, repeatable over time matrix. The three miRNAs 

were quantified using a qPCR approach, and the results showed that miR-21 and miR-885 were 

modulated in the presence of the MCT, while miR-379 was not detected in saliva. Despite the 

standard prognostication of MCT based on grading, using Patnaik17 and Kiupel8 systems, the tumors 

with a low histological grading, suggestive of less aggressive behavior, could spread to the local 

lymph nodes, develop further metastasis or de novo masses and promote fatal outcome due to 

MCT-associated disease6,8,27,30. Therefore, the ability to discriminate the non-metastatic/pre-

metastatic (HN0-1 class) from the early-metastatic/overt-metastatic (HN2-3 class) lymph nodes may 

provide a step forward in obtaining a more accurate prognosis. Few studies had investigated the 

epigenetic changes correlated with the MCT using transcriptomic18 and miRNomic34 approaches. 

Fenger and colleagues characterized the role of miR-9, overexpressed in high-grade canine MCT5. 

MiRNA-126 was found up-regulated in some epithelial and non-epithelial neoplasms, like MCT 7 and 

miR-21, miR-379 and miR-885 were able to predict the spread to lymph nodes in MCT affected 

dogs34. The up-regulation of miR-21 was observed in the saliva of several human cancer, suggesting 

its role as an oncomiRNA20 since it promotes the tumor progression4. The present study confirmed 

that miR-21 is up-regulated in the saliva of MCT affected dogs as well, as compared with healthy 

dogs. The comparison between healthy, HN0-1 and the HN2-3 tumor classes showed that the 

expression level of miR-21 increased with tumor progression.  
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On the other hand, the role of  miR-885 as oncomiRNA28 or tumour-suppressor13  is still debated, 

and likely dependent on the tumor type. In the present study, miR-885 was up-regulated in the 

saliva of MCT affected dogs compared to the healthy group. Specifically, the miR-885 expression 

was higher in the HN0-1 tumors than in the HN2-3 class and the healthy group. However, the result 

might be affected by the different number of samples collected from HN0-1 group (12 samples) and 

HN2-3group (24 samples). Moreover, we speculate that miR-885 might play a role as metastasis 

regulator, affecting genes involved in metastasis spread, as previously hypothesized1,11. 

In this study, the relevance of saliva as a suitable matrix to detect miRNAs able to discriminate the 

lymph node involvement in MCT affected dogs was suggested. MiRNAs in saliva are already 

considered as potential candidates for cancer detection in human oncology20; if confirmed in further 

studies in a broader cohort, the finding of the present study may be a reliable support for excluding 

early nodal metastases and avoid unnecessary lymphadenectomy in the HN0-HN1 group. The PCA 

analysis highlighted that miR-21 and miR-885 could discriminate MCT affected dogs from healthy 

ones and identified the lymph node involvement (HN0-1 and HN2-3 classes). Healthy and HN0-1 

groups were more similar to each other than HN2-3 group, as they are both on the right part of the 

plot. This finding implies that the expression level of the two miRNAs considerably changes in 

metastatic tumors (HN2-3). MiR-885 better discriminates between HN0-1 and HN2-3 lymph nodes 

than miR-21, highlighting its diagnostic potential. Several studies in human medicine demonstrated 

the potential of salivary miRNAs in the identification and follow up of cancer patients19,24 and in 

discriminating the metastatic from less aggressive tumors14. 

The ROC curve analysis pointed out that miRNA with the higher diagnostic potential in discriminating 

the MCT from the healthy group and in detecting the non-metastatic/pre-metastatic (HN0-1) from 

the early-metastatic/overt-metastatic (HN2-3) lymph nodes was miR-885. The weighted average 

relative quantification (RQ) values of the two miRNAs didn't significantly increase the reliability of 
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the diagnostic test, highlighting that miR-885 had a considerable impact on the discriminating 

power. The MFA analysis supported the reliability of miR-885 as a salivary biomarker because 

healthy, HN0-1 and HN2-3 clustered in three separated groups.  

Although this study provided new and important insights in the potential of the saliva as an 

alternative minimally invasive matrix for the detection of MCT-associated miRNAs, further 

experiments involving a higher number of patients are required to validate the miRNAs’ potential 

use in veterinary clinical oncology. 
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Figures: 

 

Figure 1. Box Plot of miR-21 (A, C) and miR-885 (B, D) expression level in healthy compared with the 

tumor groups and in healthy samples compared with the tumor classes (non-metastatic/pre-

metastatic HN0-1 and the early metastatic/metastatic HN2-3). Blackline inside the boxes marks the 

median and the rhombus marks the mean. Whiskers indicate variability outside the upper and lower 

quartiles. Significance was declared at P<0.05 (*), P< 0.01 (**) and P< 0.001 (***). 
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Figure 2. Principal component analysis (PCA) of miR-21 and miR-885 in healthy and MCT affected 

dogs. The circles show the correlation between (A) healthy and tumor samples and (B) between 

healthy and non-metastatic/pre-metastatic (HN0-1 class) and the early metastatic/metastatic (HN2-

3 class) tumors. Data with a higher correlation had a lower degree of separation (< 45°). Data points 

on the opposite side of the centerline or orthogonal are respectively negatively correlated and non-

correlated. 
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Figure 3. Receiver-operator characteristic (ROC) curve analysis of DE-miRNA and the weighted 

average relative quantification (RQ) values of the two miRNAs (Logit). AUC= area under the curve. 

CI= confidence interval. 
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Figure 4. Multi-functional analysis (MFA) using miR-885 expression values in healthy, non-

metastatic/pre-metastatic (HN0-1 class) and the early metastatic/metastatic (HN2-3 class) samples. 

Each sample is plotted in the graphic based on the miRNA expression level. Healthy samples (green), 

HN0-1 class (orange) and HN2-3 class (red). 
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Supplementary materials: 

ID Breed Gender Age (years) Tumor location Site Grade 
 

Lymph node*       
Patnaik Kiupel 

 

26 Mixed breed Female 3 - - - - Healthy 

27 Mixed breed Female 2 - - - - Healthy 

28 Mixed breed Male 2 - - - - Healthy 

30 Mixed breed Female 8 - - - - Healthy 

36 Mixed breed Female 7 - - - - Healthy 

34 Mixed breed Male 1 - - - - Healthy 

31 Hound Male 3 - - - - Healthy 

32 Saluki Male 8 - - - - Healthy 

33 Spinone Female 6 - - - - Healthy 

35 Labrador Female 7 - - - - Healthy 

37 Norfolk Terrier Male 4 - - - - Healthy 

2 Mixed breed Male 6 Knee Subcutaneous - - HN0-1 

21 Boxer Male 9 Neck Subcutaneous - - HN0-1 

39 Cocker Spaniel Female 8 Breast Subcutaneous - - HN0-1 

4 Labrador Male 10 Scrotum Cutaneous II Low HN0-1 

14 Labrador Male 1 Head Cutaneous I Low HN0-1 

16 Dachshund Female 9 Tail Cutaneous II Low HN0-1 

38 Golden Retriever Female 4 Hock Cutaneous II Low HN0-1 

41 Pug Male 7 Shoulder Cutaneous II Low HN0-1 

40 American Staffordshire Female 13 Limb Cutaneous II Low HN0-1 

24 Mixed breed Male 5 Trunk Cutaneous II Low HN0-1 

29 Mixed breed Female 10 Shoulder Cutaneous II Low HN0-1 

45 Mixed breed Female 9 Limb Cutaneous II Low HN0-1 

1 English setter Female 9 Neck Subcutaneous - - HN2-3 

19 English setter Male 7 Limb Subcutaneous - - HN2-3 

20 Golden Retriever Female 4 Hock Subcutaneous - - HN2-3 
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22 English setter Female 10 Limb Subcutaneous - - HN2-3 

23 Pit-bull Female 5 Limb Subcutaneous - - HN2-3 

7 Mixed breed Female 14 Breast/Limb Subcutaneous - - HN2-3 

25 Mixed breed Male 12 Limb Subcutaneous - - HN2-3 

44 Mixed breed Male 9 Limb Subcutaneous - - HN2-3 

42 Weimaraner Male 9 Limb Subcutaneous - - HN2-3 

3 Cocker Spaniel Female 10 Knee Cutaneous II Low HN2-3 

8 Swiss mountain dog Female 4 Limb Cutaneous II Low HN2-3 

9 Labrador Male 9 Trunk Cutaneous II Low HN2-3 

13 Labrador Female 6 Breast Cutaneous II Low HN2-3 

17 Labrador Male 7 Foreskin Cutaneous II Low HN2-3 

15 Golden Retriever Female 11 Limb Cutaneous I Low HN2-3 

5 Golden Retriever Female 7 Shoulder Cutaneous II Low HN2-3 

10 Boxer Male 8 Limb Cutaneous II Low HN2-3 

11 Pug Male 3.5 Head/Shoulder Cutaneous I/II Low HN2-3 

12 Weimaraner Male 7 Limb Cutaneous II Low HN2-3 

43 Fox Terrier Female 9 Neck Cutaneous II Low HN2-3 

46 English setter Male 8 Trunk Cutaneous II Low HN2-3 

6 Mixed breed Male 12 Neck Cutaneous II Low HN2-3 

18 Mixed breed Female 7 Breast Cutaneous II Low HN2-3 

47 Mixed breed Male 8 Foreskin Cutaneous II Low HN2-3 

                             *classification system proposed by Weishaar and colleagues (2014). HN= histological node 

Supplemental Table S1. Summary of samples enrolled in the study 
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                                  HN= histological node. Classification system proposed by Weishaar and colleagues (2014). 

                                  CI= confidence interval 

Supplemental Table S2. The area under the curve (AUC), the sensitivity and the specificity of the DE-miRNA 

 

 

 

 

 

Comparison miRNA AUC 95% CI Cut-off Sensitivity (%) Specificity (%) 

Healthy vs Tumor 

miR-21 0.7146 0.5565-0.8728 0.9884 80.6 63.6 

miR-885 0.8182 0.7055-0.9308 0.8028 58.8 100 

Logit (miR-21 + miR885) 0.8369 0.7266-0.9472 0.8606 55.9 100 

Healthy vs HN0-1 

miR-21 0.6894 0.4826-0.8962 0.9884 75.0 63.6 

miR-885 0.9636 0.9636-0.9636 0.8524 90.0 100 

Logit (miR-21 + miR885) 0.9636 0.9636-0.9636 0.6897 90.0 100 

Healthy vs HN2-3 

miR-21 0.7273 0.5598-0.8947 1.0871 83.3 63.6 

miR-885 0.7576 0.6098-0.9054 0.8028 45.8 100 

Logit (miR-21 + miR885) 0.7689 0.6192-0.9187 0.6343 79.2 72.7 

HN0-1 vs HN2-3 

miR-21 0.4410 0.2244-0.6576 16.0307 25.0 87.5 

miR-885 0.8042 0.6555-0.9528 0.8524 90.0 66.7 

Logit (miR-21 + miR885) 0.7833 0.6145-0.9522 0.8087 66.7 80.0 
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Abstract 

The skin microbiota interacts with the host immune response to maintain the homeostasis. Changes 

in the skin microbiota are linked to the onset and the progression of several diseases, including 

tumors. We characterized the skin surface and dermal microbiota of 11 dogs affected by 

spontaneous mast cell tumor (MCT), using skin contralateral sites as intra-animal healthy controls. 

The microbial profile differed between healthy and tumor skin surfaces and dermis, demonstrating 

that the change in microbiota composition is related to the presence of MCT. The number of 

observed taxa between MCT and healthy skin surfaces was detected, showing a decrease in number 

and heterogeneity of taxa over the skin surface of MCT, at both inter- and intra-individual level. 

Preliminary data on bacterial population of MCT dermis, obtained only on three dogs, demonstrated 

an intra-individual reduction of taxa number when compared to the skin surface. Taxonomy reveals 

an increase of Firmicutes phylum and Corynebacteriaceae family in MCT skin surface when 

compared to the healthy contralateral. In conclusion, we demonstrate that microbial population of 

skin surface and dermis is related to mast cell tumor. Our study provides the basis for future 

investigations aiming to better define the interaction between mast cell tumors, microbiota and 

host immune response. 

 

Key words: mast cell tumor, skin microbiota, dermal microbiota, dog, biodiversity. 
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Introduction 

The epidermis, or skin surface, provides the external layer to the three parts of the skin, the inner 

layer being the dermis and hypodermis. The epidermis is regarded as a microenvironment 

containing a rich eukaryotic and prokaryotic population, currently defined as the microbiota1,2, 

which plays a role as protective and immunological barrier3. 

Culture-independent determination of the microbial profile of dog skin surface has been recently 

determined, showing that microbiota largely differs between body sites4. The skin microbiota is 

modulated by extrinsic (e.g. diet, environment) and intrinsic (e.g. genetics) factors5, and is not only 

limited to skin surface but also extends to the dermis6. Remarkably, bacteria detected within the 

human healthy dermis and subcutaneous adipose tissue showed a different microbial population 

profile as compared to the skin surface7. Four major phyla – namely Actinobacteria, Firmicutes, 

Proteobacteria, Bacteroidetes – and four major families – namely Corynebacteriaceae, 

Propionibacteriaceae, Staphylococcaceae, Micrococcaceae – dominate both canine2 and human 

epidermal surfaces1.  

Given the limited number of studies, the definition of canine skin “healthy microbiota” is still 

debated. Changes in microbiota composition are associated with the development of skin disorders 

in both humans and dogs8,9 , as previously reported dermatitis10 in dogs. 

The defensive capability of skin is supported by healthy and balanced microbiota through the 

interaction with the residing immune cells in the cutis9,11,12. Due to their localization within the skin, 

mast cells are in close contact with the bacterial population13. The activities of mast cells may be 

amplified when changes in microbiota composition occur14. The relationship between mast cells and 

skin surface microbiota15 has been poorly investigated, so far.  

Canine Mast Cell Tumor (MCT) arises from an uncontrolled proliferation of neoplastic mast cells in 

cutaneous and subcutaneous tissues and is one of the most common skin neoplasms in dogs, with 
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a prevalence of 21%16. The alterations of the microbiota of epidermal surface and its relationship 

with tumors have been investigated in humans and in experimental animals17,18. The onset of MCT 

and the presence of a high number of mast cells, the degranulation of which triggers a release of 

histamine, heparin and proteases, collectively defined as Darier’s signs19, could lead to changes in 

microbiota at both skin surface and dermis level. This hypothesis is supported by a study performed 

on P815, a mouse mastocytoma tumor model, showing that butyrate, an intestinal microbial 

metabolite, was able to modulate mast cells20.  

To the best of our knowledge, no investigation has been carried out to characterize the skin surface 

microbiota of dogs affected by MCT. The presence of bacteria in the dermis of dogs remains 

unexplored as well. The present investigation aimed to profile the skin surface and dermis 

microbiota of owned-client dogs affected by spontaneous mast cell tumors in order to elucidate if 

and how the microbial community can change as associated with the neoplasm. 

 

Results 

Sequencing results 

After sequencing, a total of 17 samples (8 skin swabs, 6 tumor dermal biopsies and 3 healthy tissue 

biopsies) showed a low reads count that led to their exclusion from subsequent analyses. The 

sequencing data of the remaining 19 samples from 9 dogs, including 14 skin swabs and 5 tumor 

dermal biopsies, produced a total of 1,906,333 reads and 5,869 features were obtained with an 

average of 54,399 (a minimum of 4,542 and a maximum of 459,808 sequences) after filtering. 

Detailed sequencing data for each sample are available in Supplementary Table S1 online. 

Skin surface microbiota  

Taxonomy results at phylum and family level are shown in Figure 1 a and b, respectively. An 

abundance of 2% was arbitrarily selected as the cut-off for the analysis. All taxa found at phylum 
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and family level are provided in Supplementary Table S2 online. At the phylum level, the most 

representative taxa on dog skin surface were Actinobacteria, Bacteroidetes, Firmicutes, 

Fusobacteria and Proteobacteria. Firmicutes showed an increase in their abundance in MCT as 

compared to healthy skin samples (mean of 30% ± 4.8% and 21% ± 9.7% in tumor and healthy, 

respectively; p= 0.030). The most abundant families were Corynebacteriaceae, Staphylococcaceae, 

Moraxellaceae, Mycoplasmataceae. A statistically significant increase of Corynebacteriaceae was 

found on the tumor skin surface as compared to healthy contralateral (mean of 6.5% ±3.4% and 

2.4% ± 0.7% for tumor and healthy, respectively; p= 0.050). 

The alpha diversity was investigated to study the species richness (number of OTU) and their relative 

abundance (Shannon index), whereas the beta diversity was calculated to assess the microbiota 

structure using qualitative (unweighted UniFrac) and quantitative (weighted UniFrac) approaches 

without taking into account the phylogeny (Bray-Curtis). 

The expected mean percentage of observed taxa was 63.06% (confidence interval 59% – 67%) and 

36.94% (confidence interval 33% – 40%) for healthy and tumor skin surface, respectively. Within 

alpha diversity analysis, the observed species decreased over the tumor skin surface (p<0.001) at 

the Chi-square test (Supplementary Table S3 online). In 3 out of 5 samples, a significant reduction 

(p= 0.02) of observed taxa on the tumor skin surface respectively to the healthy skin contralateral 

was observed. Two animals showed a remarkably different pattern; dog D2 presented the same 

number of observed species in the MCT and the contralateral sample, whereas in dog D7 the 

number of observed species increased in MCT. Considering all samples, the mean and standard 

deviation of observed taxa among groups were 599 ±324 and 351 ±324 for healthy and tumor 

samples, respectively. Taking into account the microorganisms’ abundance, the groups did not show 

any variation in the Shannon index. 
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Comparing the beta diversity of microbial structure in tumor and healthy skin surface, the 

dissimilarity was calculated by three distance matrices, namely unweighted UniFrac, weighted 

UniFrac and Bray-Curtis. Regarding the intra-group variation, a change in distances between healthy 

(mean of 0.37 ±0.13) and tumor skin surface (mean of 0.26 ±0.02) groups was observed in weighted 

UniFrac matrix (p= 0.02). Healthy skin samples present more divergent diversities than the more 

homogeneous diversities of MCT samples (Figure 2). 

Comparing the intra-animal distances, statistically significant changes in the microbiota structure 

were found for unweighted UniFrac (healthy vs tumor skin distance mean of 0.69 ±0.08, p< 0.001), 

weighted UniFrac (healthy vs tumor skin distance mean of 0.29 ±0.11, p= 0.004) and Bray-Curtis 

(healthy vs tumor skin distance mean of 0.78 ±0.079, p< 0.001) distance methods (Supplementary 

Table S4 online).  

The multi-dimensional scaling (MDS) analysis based on all distances present between skin samples 

of unweighted and weighted UniFrac distances is reported in Figure 3 a and b, respectively. A shift 

of the healthy and tumor skin surfaces paired samples towards the same direction in the second 

dimension of the plot in both matrices, highlighting a clear separation between tumor and healthy 

skin surface groups by the y-axis, is visible. As previously described in alpha diversity, dog D7 

presented an opposite behavior also in beta diversity. MDS analysis was also shown using Bray-

Curtis distances (Supplementary Figure S1 online). 

The contribution of the taxa with a relative abundance ≥2% that mostly drove the shift from healthy 

to the tumor skin surface is presented in Figure 4.  

Preliminary characterization of the microbiota composition of tumor dermis and comparison 

with its associated skin surface 

After quality control step, the preliminary characterization of the microbiota composition of the 

tumor dermis was carried out on 5 tumor biopsies. An abundance of 2% was arbitrarily selected as 
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the cut-off for the analysis.  Results are presented in Figure 1 a and b for phylum and families, 

respectively. The most representative phyla of dermal microbiota were similar to those of skin 

surface. At family level, Corynebacteriaceae, Staphylococcaceae, Moraxellaceae, 

Peptostreptococcaceae, Porphyromonadaceae and Nocardiaceae were the most abundant.  

Alpha and beta diversities between tumor dermis and the associated epidermal surface were also 

analyzed. A very preliminary statistical analysis was performed on alpha and beta diversity 

comparing the microbiota composition of the tumor dermis with overlying skin microbiota in 3 

paired samples. Intra-animal chi-square test showed a difference in observed taxa between dermis 

and skin surface. The expected percentage of observed ASVs estimated by the test was 63.33% and 

36.67% in skin surfaces and dermis, respectively (tumor skin swab CI: 58% – 67%; tumor dermis CI: 

31% – 41%). A decrease in the number of ASVs detected in the dermis was found as compared to 

the corresponding skin surface (p<0.001). The number of observed OTUs is presented in 

Supplementary Table S3 online. No difference was detected between dermis and skin surface 

microbiota using a quantitative test or analyzing the microbiota structure through the Shannon 

index. Intra-animal beta diversity analysis showed differences between tumor dermis and skin 

surfaces in unweighted (dermis vs tumor skin distance mean of 0.66 ±0.09, p=0.006), weighted 

(dermis vs tumor skin distance mean of 0.35 ±0.14, p= 0.047) UniFrac and Bray-Curtis (dermis vs 

tumor skin distance mean of 0.80 ±0.05, p= 0.001) matrices (Supplementary Table S4 online). No 

variation was found comparing dermis and skin intra- groups (data not shown). The contribution of 

the main taxa which drove the shift between tumor skin surface and dermis is shown in figure 4 and 

it is represented through the MDS plot of unweighted, weighted and the Bray-Curtis matrices, 

shown in Supplementary Figure S1 online. 

Core microbiota in skin surface and dermis of MCT affected dogs 
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The core microbiota, defined as the bacterial taxa shared by all the analyzed samples, was identified 

in the tumor skin surface, contralateral healthy skin surfaces and in tumor dermis (Figure 5). The 

core microbiota of tumor skin surface is composed of 12 ASVs, 6 of this shared with contralateral 

healthy skin surfaces and tumor dermis, belonged to 6 main families, namely Corynebacteriaceae, 

Micrococcaceae, Propinibacteriaceae, Staphylococcaceae, Streptococaceae and Pseudomonadales. 

Ten ASVs are present only in the tumor, 3 only on the tumor skin surface (Moraxellaceae, 

Clostridiaceae, Pasteurellaceae - families) and 6 only in the tumor dermis (Nocardiaceae, 

Shewanellaceae, Enterobacteriaceae, Comamonadaceae, Corynebacteriaceae - families). One ASVs 

is shared by tumor skin and dermis belonged to Moraxallaceae family. 

 

Discussion 

In the present study, the microbial population present over the skin surface and within the dermis 

of dogs affected by spontaneous mast cell tumor was investigated for the first time by determining 

the microbiota after amplification and sequencing of the V4 region of 16S rRNA21. The significant 

changes detected in the microbiota community provided the evidence that it is possible to 

discriminate between healthy and mast cell tumor site, even if with the limited number of samples 

included in this study. 

Our results revealed that the number of observed OTUs decreased on the tumor skin surface 

compared to the healthy contralateral, suggesting a lost in the heterogeneity of microbial 

community on the skin surface over the tumor area. 

Core microbiota of the healthy contralateral skin surface included more bacterial types (27 ASVs) 

than those of tumor skin surface or dermis (12 and 16 ASVs, respectively), confirming that a 

decrease in microbial diversity characterizes the tumor site, as already observed  during an 

unhealthy status22,23.  
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We found that it is possible to discriminate the intra-patient tumor skin surface from healthy 

contralateral, as determined by beta diversity analysis using the weighted UniFrac matrix. 

Several studies were carried out to investigate the relationship between microbiota and the 

development of skin disorders, including tumor and dermatitis. In the present study, an increase of 

Firmicutes phylum was observed, while investigation on human oral and pancreatic cancer24 

reported a reduction of this phylum, highlighting that different cancers exert different selective 

pressures on the microbial population. Our results reported also an increase of Corynebacteriaceae 

family on the tumor skin surface compared to the healthy contralateral.  Studies on dermatitis 

described a decrease in microbiota diversity10 with an increase of Corynebacteriaceae 25, suggesting 

that a compromised skin barrier26 and local immune response11 are associated with changes in 

microbiota composition. All MCT samples included in this study featured an increase of 

Corynebacteriaceae, except dog 7, which had an opposite profile. Given the background that this 

was the only patient with ulcerations, we speculate that the development of a huge inflammatory 

reaction over the skin may potentially hamper the analyses and probably explain the inconsistent 

results, as previously described27. 

Differences detected on the skin surface of MCT affected dogs suggest that tumor could interfere 

with the microbial population. The clonal proliferation of neoplastic mast cells19,28 and the presence 

of other immune cells29 infiltrating the tumor play a role in the host-microbiota interaction30. No 

data are available about the relationship between mast cells and surface microbiota. Skin 

microbiome can influence mast cell migration, localization and maturation in the skin31. A study on 

mouse skin microbiota supported its ability to recruit mast cells, promoting their maturation in 

dermis via stem cell factor production32. Furthermore, the activation of mast cells can be boosted 

by molecules produced by bacteria, such as -toxin released by S.aureus during atopic 

dermatitis33,34. The relationship between mast cells and microbiota is particularly interesting due to 
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the microbiota capability to activate immune cells within the tumor microenvironment, and the 

potential exploiting of bacterial derived molecules to boost tumor immune defense35. 

In the second part of the study, we focused on the presence of bacteria in dermis and on the 

comparison of dermis with the skin surface microbiota. The sequencing data demonstrated that 

bacteria were detectable in 5 out of 11 tumor dermal biopsies. On the contrary, the bacterial DNA 

was unquantifiable in the 3 healthy tissue biopsies, due to the low reads number. The limited 

number of case blocks any speculation about the possible relationship between dermis microbiota 

and the staging/grading of the MCT cases included in the study. In general, the presence of 

microbiota in the dermis has been poorly investigated so far, but having detected bacterial DNA in 

dermal compartment is a relevant finding for future investigation. Bacterial DNA was found in the 

dermal compartment6 and more recently human’s sebaceous and sweat glands were found to be 

inhabited by Propionibacterium spp and Corynebacterium spp, respectively36. 

The comparison of the microbial population of tumor dermis and of tumor skin surface revealed a 

decrease in the number of OTUs in tumor dermis as well as a difference in intra-patient beta-

diversity. Both these findings are corroborated by previously results, which reported that the skin 

surface is characterized by a greater bacterial abundance and community richness than biopsies.7 

Conclusions 

The relationship between skin microbiota and MCT in dogs has yet to be fully elucidated. The next-

generation sequencing approach allowed to demonstrate for the first time that the presence of MCT 

promotes an alteration of the epidermis microbiota structure and composition when compared to 

healthy skin; few differences were detected between tumor dermis and the associated epidermal 

surface microbiota, beside the decrease of ASV. Although the number of clinical case is limited, and 

the different stages and grades were not included in the statistical analysis, these preliminary 

findings pave the way to elucidate the relationship between mast cell tumor and composition of 
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skin microbiota. Further studies on a larger number of patients are needed to support the reported 

results, which, if confirmed, have the potential to increase the knowledge of MCT pathophysiology 

and diagnostic.  

 

Materials and methods 

Ethics Statement 

The samples were collected at the Veterinary Teaching Hospital of the Università degli Studi di 

Milano from client-owned dogs that underwent veterinary consultation and surgery during the 

routine oncological management of canine mast cell tumor. All experimental procedures were 

reviewed and approved by the Ethics Committee of the University of Milano (approval number 

118/19). Patients were recruited after written owner consent. All experiments were performed in 

accordance with the relevant guidelines and regulations. 

Studied population and sample collection 

The experimental group was composed of 14 client-owned dogs, of which 11 were diagnosed with 

spontaneous MCT and three were healthy animals. All patients were companion dogs 

heterogeneous for the breed, age and gender. Detailed information about the enrolled animals is 

provided in Supplementary Table S5 online. Dogs with MCT were staged37 in order to exclude 

metastasis38 and were admitted to MCT wide margins excision and surgical removal of the sentinel 

lymph node. Tumors were histologically classified39 and grading was assessed40,41. In addition, the 

neoplastic involvement of sentinel lymph-node was assessed as previously described42. From each 

MCT affected the dog, skin microbiota was collected using Sterile Dryswab (Medical wire) from the 

hairless area of the tumor and healthy contralateral site in the surgery room as previously 

described4. The surgical field was then scrubbed with an antiseptic solution of 2% chlorhexidine 

acetate as standard surgical preparation. To determine the dermis microbiota content, 4 to 5-mm 
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punch biopsies from the center of the MCT mass, corresponding to dermis, were collected after the 

tumor excision and preserved in RNAlater solution (Sigma). Biopsies of cutaneous tissue derived 

from the margin of the surgical incision were collected from 3 healthy dogs that underwent elective 

sterilization, as healthy controls. Dermal biopsies from contralateral sites from MCT affected 

animals were not carried out for ethical reasons. Skin swabs and biopsies were then stored at -80°C 

until DNA extraction. 

DNA extraction, library preparation and sequencing 

The DNA was extracted from skin swabs and tissue biopsies using DNeasy PowerSoil Kit (Qiagen, 

catalogue number 12888-100) following the manufacture’s general procedures, with some 

differences. Briefly, the skin swabs were cut directly into the PowerBead Tubes with Solution C1, 

vortexed and centrifuged at 10,000 x g for 30 sec; the supernatant was used for extraction. Twenty 

mg of the dermal biopsy were cut, treated with 20µl of Proteinase K (Qiagen) and 60µl of Buffer C1, 

incubated at 65°C for 30 min and then transferred in the PowerBead Tubes to continue the 

procedure. Extraction blanks, processed like the other samples, were included for each extraction 

batch, as a control for contaminants. The DNA obtained from swabs and tissues were eluted in 30µl 

and 60µl of DNase-RNase free water, respectively, and stored at -20°C until use. DNA quantity and 

purity were checked using NanoDrop 1000 Spectrophotometer (Thermo Scientific) at wavelengths 

230, 260 and 280 nm. 

V4 region of 16S rRNA gene was amplified using the following primer pair, the Forward primer - (5′-

CCATCTCATCCCTGCGTGTCTCCGACTCAGNNNNNNNNNNNNNNNNNGATGTGYCAGCMGCCGCGGTA

A-3′) composed of the adapter linker, the key, the sample-specific barcode and the F515 forward 

primer and the Reverse primer (5′-CTCTCTATGGGCAGTCGGTGATGGACTACNVGGGTWTCTAAT-3′) 

composed of the adapter linker and the R806 reverse primer. The Thermo Scientific Phusion Hot 

Start II High-Fidelity DNA polymerase kit (Thermo Fisher Scientific) was used to perform the PCR in 
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25 μl of the final volume. The mix contained RNAse and DNAse free water, 5x Phusion Buffer HF (5 

μl), dNTPs 2mM (2.5 μl), Primer Fw 10µM (1.25 μl), primer Rv 10 µM (1.25 μl) and Phusion High 

Fidelity Taq polymerase 2 U/μl (0.25 μl), and 5 ng of input DNA for dermal biopsy samples and 2.5 

μl for the skin surface samples with an unquantifiable concentration. The thermal profile consisted 

of an initial denaturation of 30 sec at 98°C, followed by 27 cycles of 15 sec at 98°C, 15 sec at 55°C, 

20 sec at 72°C and a final extension of 7 min at 72°C. Quality and quantity of amplification were 

assessed in all samples, including extraction blanks and non-template controls (NTC), through 

Agilent Bioanalyzer 2100 and Qubit fluorometer. The nucleic acid concentration of 12 (7 swabs and 

5 biopsies) out of 33 samples was lower than 1ng/μl after 27 cycles of PCR. Thus, an additional PCR 

was applied to these samples using the same condition increasing the number of cycles to 32. Each 

PCR reaction included an NTC to confirm the absence of contaminants in the reagents. The DNA 

sequencing was performed using an Ion Torrent Personal Genome Machine (PGM) with the Ion 318 

Chip v2 (Thermo Fisher Scientific), following the manufacturer’s instructions. A mock community 

(ZymoBIOMICS Microbial Community DNA Standard, Zymo Research), as a positive control, was also 

sequenced to assess the quality of the run. In addition, 4 extraction blanks (2 from skin swabs DNA 

purification and 2 from tissue biopsy DNA purification) and 2 not template controls from the two 

PCR amplification reactions were sequenced to exclude the presence of contaminants in the 

reagents. Taxa considered as contaminants were excluded from all the samples analyzed 

(Supplementary methods). 

Quality control and sequence demultiplexing  

Raw sequences were submitted to the National Center for Biotechnology Information under 

Bioproject accession number SUB6027391 – Bioproject number: PRJNA555200. Raw data were 

imported into Quantitative Insight Into Microbial Ecology 2 software (QIIME 2; https://qiime2.org)43 

for the analysis. Raw sequencing reads were demultiplexed to remove the Rv primer sequence and 

https://qiime2.org/


Scientific Reports, 2020, doi: 10.1038/s41598-020-69572-0 

108 
 

to associate each barcode to the correspondent sample. DADA244 was used to denoise, dereplicate 

single-end sequences and remove chimaeras. Reads with a length of 253 bp were taken into 

account, considering the quality plot result and the V4 length mean of 250 bases. After that, the 

Amplicon Sequence Variants (ASVs), units of observation composed of unique sequences, were used 

to classify them and assign taxonomy using SILVA45 at 99% of Operational Taxonomic Units (OTUs) 

identity and trimmed to V4 region, as the reference database. The complete workflow is provided 

in Supplementary Methods online.  

Statistical analysis 

Statistical analysis was performed using XLStat software for Windows (Addinsoft, New York, USA) 

on taxonomy and alpha and beta diversities. Data distribution was assessed using the Shapiro-Wilk 

test. From taxonomy results, the relative abundance of taxa present was determined in all samples. 

Alpha diversity describes the differences within samples or groups and indicates how many taxa are 

present by using a qualitative (observed species or observed ASVs) and a quantitative (Shannon 

index) approach. Beta diversity defines the differences between groups and takes into account how 

many taxa are shared between samples, generating distance matrices. We analyzed the beta 

diversity through unweighted and weighted UniFrac methods as a phylogenetic qualitative and 

quantitative approach, respectively and Bray Curtis analysis that does not consider the microbial 

community phylogeny. For both alpha and beta diversity, a sequence depth of 4500 was applied. 

The statistical analysis was performed on paired samples to assess the microbiota variation within 

the same individual. To characterize the core microbiota, we analyzed the shared ASVs between 

groups, considering the cutoff of 80% for the presence of the features within the groups. The 

difference between observed and expected features for healthy and tumor tissues was calculated 

by means of Chi-square test. T-test, Wilcoxon-signed- and Mann-Whitney- tests were applied based 

on the distribution of each dataset. Statistical significance was accepted at p-value ≤ 0.05. 
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For graphical representations, we plotted the shared ASVs using an online Venn tool  

(http://bioinformatics.psb.ugent.be/webtools/Venn/).  

Multi-dimensional scaling (MDS) analysis was generated by means of XLStat software considering 

the distance matrix calculated on unweighted and weighted UniFrac and Bray-Curtis by QIIME2. The 

Kruskal’s stress (from 0 to 1) was taken into account to evaluate the goodness-of-fit of the test, with 

values closer to zero corresponding to a better and more reliable data representation. Box- and bar- 

plots were produced using R software (http://www.R-project.org) by the R package ggplot2 

(https://cran.r-project.org/web/packages/ggplot2/, version 3.2.0) as shown in the Supplementary 

Methods online.  

In addition to the previous multi-dimensional scaling, we produced a second MDS plot using the R 

cmdscale function on the Manhattan distances calculated on the relative abundance matrices for 

both samples and ASVs (both part of the R built-in stats package, R version 3.5.2).  This step was 

carried out for both phyla and families separately, and for the skin and the dermal biopsy separately, 

for a total of four different analyses. Eigenvalues for the ASVs have been plotted as bar charts to 

identify the leading eigenvalues. Finally, a principal component analysis (PCA) using the PCA function 

in FactoMineR package46 (https://cran.r-project.org/web/packages/FactoMineR/, version 1.42), 

allowing for the detection of the percentage of contribution of every ASVs to the different 

components, was carried out. For this study, only the contribution to the first component was 

considered. The detailed bioinformatics workflow is available in Supplementary Methods online. 
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Figures: 

 

Figure 1. Skin surface and dermis taxonomy profile of MCT affected dogs. Taxonomy of seven 

healthy skin surfaces and seven tumor skin surfaces and five dermis is shown at phylum (a) and 

family (b) level, respectively. 
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Figure 2. Boxplots of unweighted, weighted UniFrac and Bray-Curtis distances between tumor skin 

and healthy skin surface groups. Weighted UniFrac matrix shows an intra-group variation in 

distances between healthy and tumor skin surface (p= 0.02). 
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Figure 3. Multidimensional scaling plots of unweighted (a) and weighted (b) UniFrac distances 

comparing healthy (green circle) and tumor skin (red circle) surfaces. The arrows highlight the intra-

animal shift from healthy and tumor skin surfaces. 
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Figure 4. Balloon plot showing the contribution of the taxa (with a relative abundance ≥2%) which 

explain the shift from healthy to the tumor skin surface at phylum and family level. 
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Figure 5. Venn diagram of ASVs, shared by tumor, healthy skin surface and tumor dermis which 

define core microbiota. 
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Supplementary materials: 

 

Supplementary Figure S1. Multidimensional scaling plots (a) of Bray-Curtis distances of the tumor 

and healthy skin surface and (b) of tumor skin surface and tumor dermis biopsy samples using Bray-

Curtis matrix; (c) of unweighted and (d) weighted UniFrac distances comparing tumor dermis biopsy 

(orange circles) and the associated tumor skin surface (red cirles). 

 

Supplementary Methods. Bioinformatics workflow of sequencing and statistical analysis. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7387470/bin/41598_2020_69572_MOESM2_ES

M.pdf 

 

Supplementary Table S1. The number of reads of each sample before and after filtering and 

chloroplasts removal. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7387470/bin/41598_2020_69572_MOESM2_ESM.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7387470/bin/41598_2020_69572_MOESM2_ESM.pdf
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7387470/bin/41598_2020_69572_MOESM3_ES

M.xlsx  

 

Supplementary Table S2. Complete taxonomy at phylum, family and genus level of sequenced 

samples. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7387470/bin/41598_2020_69572_MOESM4_ES

M.xlsx 

 

 

 

Supplementary table S3. The number of observed OTUs detected in tumor and heathy skin surface 
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Supplementary table S4. Beta diversity distances of uweighted, weighted UniFrac and Bray-Curtis 

matrices intra-groups (tumor and healthy skin surface and tumor dermis) and intra-individuals. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7387470/bin/41598_2020_69572_MOESM6_ES

M.xlsx 

 

 

Supplementary Table S5. Data of dogs enrolled in the study. F= female; M= male; += MCT- affected 

dog; -= healthy dog; N/A= not applicable. 
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Abstract 

Cells communicate with each other by a carrier system called extracellular vesicles (EVs). Exosomes 

are a class of EVs (30-120 nm), which are born from the endosomal compartment playing a key role 

in tumor progression and metastasis. Exosome delivers several molecules, including DNA, long and 

small RNA, and proteins, and its cargo is composed of uniquely sorted material carrying it from the 

cytosol of parent cell to the target cell throughout the body. 

Cancer cells use exosomes to communicate with other tumor cells or with cells of the 

microenvironment to promote the tumorigenic process and to predispose distant metastatic niches. 

The study of the exosome cargo is a valid approach to disclose the tumor communication strategy, 

to discover new candidate biomarkers. The isolation method of exosomes with reliable quality and 

substantial concentration is still a major challenge for the feasibility of downstream analyses, 

including proteomics. The present study aims at developing a suitable protocol for the isolation of 

exosomes from plasma of mast cell tumor(MCT)-affected dogs to be able to carry out proteomic 

analysis.  

The size exclusion chromatography (SEC) approach was applied to isolate exosomes from plasma of 

MCT-affected dogs (6 metastatic and 4 non-metastatic tumors) and 4 healthy individuals. The 

presence, concertation, and size of isolated exosomes were assessed by Western blot, Nanoparticle 

tracking analysis (NTA), and transmission electron microscopy (TEM). Total protein concertation was 

quantified as well. 

Results showed that exosomes expressed the specific exosomal marker CD9, and that the 

concentration was min 1.37E+10 (±1.15E+07 SE) and max 3.98E+10 (±2.28E+07 SE) particles/ml in 

the non-metastatic and min 8.95E+09 (±1.18E+07 SE) and max 5.95E+10 (±2.47E+07 SE) particles/ml 

in the metastatic tumors; in the healthy samples the concertation was min 2.07E+10 (±4.42E+06 SE) 

and max 6.13E+10 (±1.12E+07 SE) particles/ml. The size of isolated vesicles was in the exosome 
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expected size range, 99.6nm, 101.7nm, and 124nm in non-metastatic, metastatic, and healthy 

samples, respectively. The protein concertation mean was 381.6 µg/ml; the blue Coomassie staining 

demonstrated that SEC depleted plasmatic proteins with high efficiency. 

In conclusion, the present work demonstrated that a relatively pure population of exosomes can be 

isolated from plasma of MCT-affected dogs using the SEC approach. 

 

Keywords: Mast cell tumor, exosomes, SEC, dog 
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Introduction 

Extracellular vesicles (EVs) are particles released by all cell types in normal and pathological 

conditions1,2. EVs are present in different body fluids, including plasma3, urine4, milk5, and saliva6. 

EVs are classified into three main subtypes identified by the biogenesis pathway: exosomes (30–120 

nm), microvesicles (100–1000 nm), and apoptotic bodies (800 to 5000 nm). The exosome originates 

from the multivesicular bodies coming from the endolysosomal system. The microvesicles are 

directly released by shedding of the plasma membrane and the apoptotic bodies from outward 

blebbing and decomposition of apoptotic cells7,8. Unlike apoptotic bodies, exosomes and 

microvesicles are characterized by a phospholipid bilayer, which promotes stability and resistance 

to degradation and spread far from parental cells15; they are involved in cell-to-cell communication 

by carrying small and long RNAs, proteins, lipids, metabolites, and DNA fragments, which can induce 

phenotypic reprogramming of recipient cells8–10. 

Cancer cells communicate with each other and with surrounding cells (like immune cells, fibroblast, 

and endothelial cells) through EVs11,12, playing a crucial role in all steps of tumor progression and 

especially in the metastatic process13. Tumor EVs can reprogram a recipient cell inducing a tumor-

promoting phenotype and modifying the microenvironment cells to support tumor growth, survival, 

invasion, metastasis, and also to sustain angiogenesis, resistance to cell death, evasion from the 

immune response, reprogramming of cellular metabolism, and the drug resistance8,14. The 

similarities between tumor-derived EVs and parental tumor cells prove the potential of these 

vesicles as targets for liquid biopsies16,17 as they are carriers of biomarkers that could be used for 

early diagnosis, prognosis, cancers staging and monitoring, and patient follow up18,19.  

Canine mats cell tumor (MCT) with a prevalence from 7% to 21% is one of the most frequent skin 

neoplasms in dogs20. It has a variable biological behavior which makes challenging the diagnosis and 

complex the prognosis21. Several studies have been performed in veterinary oncology to investigate 
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the exosome cargo and their role in tumors22–25, but only one study investigated the concentration 

of EVs in the blood of MCT-affected dogs with different histological grade26. To date, several 

approaches for exosome isolation have been developed, but no data on the isolation of plasmatic 

exosomes for proteomic analysis on MCT-affected dogs has been reported so far. 

Exosomes contain specifics markers for their characterization, such as tetraspanins (CD9, CD63, and 

CD81) and TSG10127,28. Different methods can be applied for the exosome isolation and the choice 

is driven by the downstream analysis, since a sample with high purity should be required, as in 

proteomics29. The size exclusion chromatography (SEC) is one of the applied methods for exosome 

isolation for proteome profiling as it allows the co-purification of a low amount of plasma proteins30–

33. The purpose of the present study was to assess the feasibility of SEC to isolate plasma exosomes 

from MCT-affected dogs with a good degree of purity and depleted from the most abundant 

plasmatic proteins for further proteomic analyses. 

 

Material and methods 

Sample collection 

Fourteen plasma samples were collected from healthy (N= 4) and MCT-affected (N= 10) dogs (Table 

1), after written owner consent, from client-owned dogs during the veterinary consultation and 

surgery for the routine oncological management of canine mast cell tumor. 

In detail, blood samples were collected into Monovette EDTA tubes (Sarstedt Company, Nümbrecht, 

Germany) and centrifuged at 800 × g for 15 min. Plasma was stored at ˗80 °C until use. 

MCTs were histologically classified34 and graded35,36 and then grouped base on lymph node 

involvement in two classes, non-metastatic/pre-metastatic (HN0-1 class) and early-

metastatic/overt-metastatic (HN2-3 class) as previously described37,38. 

Isolation of extracellular vesicle from plasma 
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Extracellular vesicles (EVs) were purified from 0.5 ml of plasma by size exclusion chromatography 

(SEC) using the qEV original - 35nm columns (IZON). The column allowed the purification of EVs with 

a size from 35 to 350 nm.  The sample was pre-purified from the cell debris by a series of 

centrifugations at 1000, 2000, 3000 x g for 15 min at 4°C. After each centrifugation step, the 

supernatant was transferred in a new tube for the next step and the pre-purified plasma was loaded 

into the qEV column and the EVs isolation was performed following the manufacturer’s procedure 

with some adjustments. Briefly, after sample loading, the first 3.5 ml were discarded (void volume) 

and the next three fractions (0.5 ml each) containing the EVs were collected and pooled together. 

The column equilibration and the fractions’ elution were carried out using an Ammonium 

Bicarbonate buffer 20mM pH 7.5 sterile filtered (0.2 µm).  

Nanoparticle tracking analysis (NTA) 

Size and concentration of EVs purified from plasma of dogs affected by MCT was assessed 

immediately after isolation in all the samples using the NanoSight NS300 (Malvern Panalytical). The 

purified exosomes were diluted 50 or 100 times using fresh filtered PBS (0.22µm) before loading. 

Particles were visualized and analyzed by the NTA 3.3 Dev Build 3.3.301 software. The instrument 

set up were to operate at 22°C, syringe pump speed 30 AU, and for each sample were recorded 5 

videos of 60 sec each; results were the mean of the 5 measurements. 

Protein quantification, Blue Coomassie staining, and Western blot analysis 

The protein concentration was assessed in all the samples using the PierceTM BCA Protein Assay kit 

(Thermo Fisher Scientific, Cat. No. 23225) following the manufacturer’s procedure. Blue Coomassie 

staining was performed to evaluate the depletion of plasmatic proteins, especially albumin, in the 

collected fraction before sample pooling. Four micrograms of total protein of each fraction and 1 μl 

of whole plasma were loaded on a 12% SDS-polyacrylamide gel and stained with Blue Coomassie. 
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The bands were visualized after a destining step with a solution of 30% methanol and 10% acetic 

acid. 

Western blot analysis was performed to assess the presence of exosomes in the purified samples 

by the detection of the exosome marker (CD9). Samples were run in a 12% SDS-polyacrylamide gel 

electrophoresis. The sample mix included 4 µg or 16 µg of total proteins, for samples and positive 

control respectively, 5 µl of loading buffer 4x, 2 µl of β-mercaptoetanolo (stock solution: 1.114 g/ml) 

and water in a final volume of 20 µl. The positive control consisted of proteins extracted from canine 

whole blood. The proteins into the gel were transferred on a nitrocellulose membrane using Trans-

Blot Turbo Midi 0.2 µm Nitrocellulose Transfer Packs (Biorad, Cat. No. 1704159) on the Trans-Blot 

Turbo Transfer System (Biorad). After that, the membrane was washed for 10 min in PBS 1X and 

then blocked for 1 h in PBS 1X and ROTI®Block 1X (Carlroth, Cat. No. A151.1). The primary antibodies 

(anti-CD9: Biorad, MCA469GT, 1:1500) were diluted in PBS 1X and ROTI®Block 1X and incubated 

with the membrane over night at 4°C. After three washes with 0.1% of Tween 20 in PBS 1X the 

membrane was incubated with the secondary antibody (polyclonal anti-mouse HRP conjugated: 

Dako, P0260) for 1 h at room temperature in a final concertation of 1:2000. The immunodetection 

of the reactive bands was performed after a 5 min incubation with the Immobilion Western 

chemiluminescent HRP substrate (Millipore, Cat. No. WBKLS0050). 

Transmission electron microscopy (TEM) 

To assess the morphology, exosomes were visualized using negative staining by TEM. Few 

microliters of samples were absorbed on glow‐discharged carbon‐coated formvar copper grids 

contrasted with 2% uranyl acetate, air-dried, and observed in an FEI Talos 120kV transmission 

electron microscope (FEI Company, Netherlands). Images of exosomes were acquired by a 4k×4K 

Ceta CMOS camera.  

Statistical analysis 
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XLStat software for Windows (Addinsoft, New York, USA) was used to perform the statistical 

analysis. The non-parametric Kruskal-Wallis test for multiple pairwise comparisons was applied as 

data were not normally distributed by the Shapiro-Wilk test. Statistical significance was accepted at 

p-value≤ 0.05. 

 

Results 

Concentration and size of plasma-derived EVs 

The concentration and size of the EVs were assessed in all samples collected during the isolation 

procedure (Figure 1), data are reported in Table 2.  

In non-metastatic/pre-metastatic (HN0-1) MCT samples the EVs concertation was min 1.37E+10 

(±1.15E+07 SE) and max 3.98E+10 (±2.28E+07 SE) particles/ml, in early-metastatic/overt-metastatic 

(HN2-3) MCT the concentration was min 8.95E+09 (±1.18E+07 SE) and max 5.95E+10 (±2.47E+07 SE) 

particles/ml, and in healthy samples the concertation was min 2.07E+10 (±4.42E+06 SE) and max 

6.13E+10 (±1.12E+07 SE) particles/ml. Most of EVs were in the expected exosomal range, with a size 

mean of 99.6nm (min= 66.6nm; MAX= 124.5nm) in non-metastatic/pre-metastatic (HN0-1) MCTs, 

101.7nm (min= 90nm; MAX= 108.3nm) in early-metastatic/overt-metastatic (HN2-3) and 124nm 

(min= 110.4nm; MAX= 143.8nm) in healthy samples. No significant differences were detected 

between healthy, HN0-1 and HN2-3 classes in terms of vesicles concertation and size. 

Identification of exosomes 

The protein concentration means were assessed and were reported in Supplementary Table 1. 

Comparing the protein profiles of fractions obtained by SEC isolation and whole plasma using blue 

Coomassie staining, the result highlighted that SEC depleted the most abundant plasmatic proteins 

(Figure 2a). The EVs marker protein CD9 was evaluated by immunoblot analysis; the bands with the 

expected MW were visualized in all tested samples and the positive control (Figure 2b). 
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Transmission electron microscopy showed that exosomes derived from the plasma of MCT-affected 

dogs exhibited the expected round vesicular membranes 30–150 nm in diameter and the 

ultrastructure of exosome-like vesicles39 (figure 2c). 

 

Discussion 

A protocol for the isolation, quantification, and characterization of plasmatic exosomes of dogs with 

mast cell tumors, depleted from the most abundant plasmatic proteins and suitable for a proteomic 

characterization, was assessed. The exosome isolation was performed using a size exclusion 

chromatography approach starting from a small amount of plasma (0.5 mL). The results showed that 

the vast majority of the EVs had the exosome expected size with a mean of 107.4 nm and the yield 

was good (2.92E+10 particle/ml). Exosomes are carriers of biological markers suitable for the tumor 

characterization and monitoring the response to therapy, and are continuously release and 

cumulate in biological fluids16,40, they acquired fame as important targets for liquid biopsy. Exosome 

enrichment is a challenging task and many collection methods are currently available. SEC allows 

the isolation of active and morphologically intact exosomes from plasma of cancer patients32,41, 

necessary features for further proteomic profiling42. Unlike ultracentrifugation, SEC is not the 

classical method for exosome isolation and allows the purification of a good yield of exosomes 

without damage to the vesicle structure starting from a very small biofluid volume. SEC is fast, easy 

to perform, reproducible, and does not require specialized equipment; thus, it represents a feasible 

method for clinical monitoring of exosomal biomarkers32,43,44.  

Enough yield of proteins for characterizing the protein cargo of exosomes, which should be around 

0.5-2 µg45,46, has been obtained using SEC. The isolation method is a crucial choice for further 

downstream analyses and SEC proved to be a valid alternative for a proteomic approach47, allowing 

the isolation of EVs within the expected size and with a small content of plasma proteins30,48. 
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However, some issues associated with contamination of EVs enriched fraction with serum 

components or lipoproteins can still persist49,50. 

Takov and colleagues demonstrated that EV concertation, markers signal, EV protein, and 

particle/protein ratio were higher using SEC than ultracentrifugation, even if non-EV proteins were 

still present 51. 

In the present study, the exosomal marker CD927  was identified in all samples and, to confirm the 

nature of isolated MVs,  TEM microscopy confirmed the presence and the morphology of the 

exosomes in the collected fractions. The EVs released by mast cells during systemic mastocytosis 

played a role in the disease influencing different organs52. The development of a good and 

standardized protocol for the isolation of MCT-derived exosomes for further proteomic profiling, 

which could provide a step forward disclosing the molecular strategy of the tumor to communicate 

with cells far from the primary mass and prepare metastatic niches.   

 

 

 

 

 

 

 

 

 

 

 

 



Manuscript submitted to Veterinary Pathology (ID: VET-20-BC-0369), December 2020 

134 
 

Bibliography 

1. Yuana, Y., Sturk, A. & Nieuwland, R. Extracellular vesicles in physiological and pathological 

conditions. Blood Rev. 27, 31–39 (2013). 

2. Théry, C. et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a 

position statement of the International Society for Extracellular Vesicles and update of the 

MISEV2014 guidelines. J. Extracell. Vesicles 7, 1535750 (2018). 

3. Caby, M., Lankar, D., Vincendeau-Scherrer, C., Raposo, G. & Bonnerot, C. Exosomal-like 

vesicles are present in human blood plasma. Int Immunol. 17, 879–887 (2005). 

4. Gonzales, P. A. et al. Isolation and purification of exosomes in urine. Methods Mol. Biol. 641, 

89–99 (2010). 

5. Admyre, C. et al. Exosomes with Immune Modulatory Features Are Present in Human Breast 

Milk. J. Immunol. 179, 1969–1978 (2007). 

6. Palanisamy, V. et al. Nanostructural and transcriptomic analyses of human saliva derived 

exosomes. PLoS One 5, e8577 (2010). 

7. Yáñez-Mó, M. et al. Biological properties of extracellular vesicles and their physiological 

functions. Journal of Extracellular Vesicles 4, 27066 (2015). 

8. Xavier, C. P. R. et al. The Role of Extracellular Vesicles in the Hallmarks of Cancer and Drug 

Resistance. Cells 9, 1141 (2020). 

9. Cufaro, M. C. et al. Extracellular Vesicles and Their Potential Use in Monitoring Cancer 

Progression and Therapy: The Contribution of Proteomics. J. Oncol. 2019, 1639854 (2019). 

10. Whiteside, T. L. Exosomes and tumor-mediated immune suppression. J. Clin. Invest. 126, 

1216–1223 (2016). 

11. Tominaga, N., Katsuda, T. & Ochiya, T. Micromanaging of tumor metastasis by extracellular 

vesicles. Seminars in Cell and Developmental Biology 40, 52–59 (2015). 

12. Kogure, A., Kosaka, N. & Ochiya, T. Cross-talk between cancer cells and their neighbors via 

miRNA in extracellular vesicles: An emerging player in cancer metastasis. Journal of 



Manuscript submitted to Veterinary Pathology (ID: VET-20-BC-0369), December 2020 

135 
 

Biomedical Science 26, (2019). 

13. Lobb, R. J., Lima, L. G. & Möller, A. Exosomes: Key mediators of metastasis and pre-

metastatic niche formation. Seminars in Cell and Developmental Biology 67, 3–10 (2017). 

14. Lucchetti, D., Tenore, C. R., Colella, F. & Sgambato, A. Extracellular vesicles and cancer: A 

focus on metabolism, cytokines, and immunity. Cancers (Basel.) 12, 171 (2020). 

15. Boukouris, S. & Mathivanan, S. Exosomes in bodily fluids are a highly stable resource of 

disease biomarkers. Proteomics - Clinical Applications 9, 358–367 (2015). 

16. Vasconcelos, M. H., Caires, H. R., Ābols, A., Xavier, C. P. R. & Linē, A. Extracellular vesicles as 

a novel source of biomarkers in liquid biopsies for monitoring cancer progression and drug 

resistance. Drug Resist. Updat. 47, 100647 (2019). 

17. Roy, S. et al. Navigating the landscape of tumor extracellular vesicle heterogeneity. 

International Journal of Molecular Sciences 20, 1349 (2019). 

18. Huang, T. & Deng, C. X. Current progresses of exosomes as cancer diagnostic and prognostic 

biomarkers. International Journal of Biological Sciences 15, 1–11 (2019). 

19. Soung, Y. H., Ford, S., Zhang, V. & Chung, J. Exosomes in cancer diagnostics. Cancers (Basel.) 

9, 8 (2017). 

20. Welle, M. M., Bley, C. R., Howard, J. & Rüfenacht, S. Canine mast cell tumours: A review of 

the pathogenesis, clinical features, pathology and treatment. Vet. Dermatol. 19, 321–339 

(2008). 

21. Blackwood, L. et al. European consensus document on mast cell tumours in dogs and cats. 

Vet. Comp. Oncol. 10, e1-e29 (2012). 

22. Żmigrodzka, M. et al. Extracellular vesicles in the blood of dogs with cancer—a preliminary 

study. Animals 9, 575 (2019). 

23. Fish, E. J. et al. Malignant canine mammary epithelial cells shed exosomes containing 

differentially expressed microRNA that regulate oncogenic networks. BMC Cancer 18, 832 

(2018). 



Manuscript submitted to Veterinary Pathology (ID: VET-20-BC-0369), December 2020 

136 
 

24. Brady, J. V et al. A Preliminary Proteomic Investigation of Circulating Exosomes and 

Discovery of Biomarkers Associated with the Progression of Osteosarcoma in a Clinical 

Model of Spontaneous Disease. Transl. Oncol. 11, 1137–1146 (2018). 

25. Asada, H. et al. Comprehensive analysis of miRNA and protein profiles within exosomes 

derived from canine lymphoid tumour cell lines. PLoS One 14, e0208567 (2019). 

26. Šimundić, M. et al. Concentration of extracellular vesicles isolated from blood relative to the 

clinical pathological status of dogs with mast cell tumours. Vet. Comp. Oncol. (2019). 

doi:10.1111/vco.12489 

27. Doyle, L. M. & Wang, M. Z. Overview of Extracellular Vesicles, Their Origin, Composition, 

Purpose, and Methods for Exosome Isolation and Analysis. Cells 8, 727 (2019). 

28. Witwer, K. W. et al. Standardization of sample collection, isolation and analysis methods in 

extracellular vesicle research. J. Extracell. Vesicles 2, (2013). 

29. Hou, R. et al. Advances in exosome isolation methods and their applications in proteomic 

analysis of biological samples. Analytical and Bioanalytical Chemistry 411, 5351–5361 

(2019). 

30. Stranska, R. et al. Comparison of membrane affinity-based method with size-exclusion 

chromatography for isolation of exosome-like vesicles from human plasma. J. Transl. Med. 

16, 1 (2018). 

31. Ramirez, M. I. et al. Technical challenges of working with extracellular vesicles. Nanoscale 

10, 881–906 (2018). 

32. Hong, C. S., Funk, S., Muller, L., Boyiadzis, M. & Whiteside, T. L. Isolation of biologically 

active and morphologically intact exosomes from plasma of patients with cancer. J. 

Extracell. Vesicles 5, 29289 (2016). 

33. Böing, A. N. et al. Single-step isolation of extracellular vesicles by size-exclusion 

chromatography. J. Extracell. Vesicles 3, (2014). 

34. Thompson, J. J. et al. Canine subcutaneous mast cell tumors: cellular proliferation and KIT 

expression as prognostic indices. Vet. Pathol. 48, 169–181 (2011). 



Manuscript submitted to Veterinary Pathology (ID: VET-20-BC-0369), December 2020 

137 
 

35. Kiupel, M. et al. Proposal of a 2-tier histologic grading system for canine cutaneous mast cell 

tumors to more accurately predict biological behavior. Vet. Pathol. 48, 147–155 (2011). 

36. Patnaik, A. K., Ehler, W. J. & MacEwen, E. G. Canine Cutaneous Mast Cell Tumor: 

Morphologic Grading and Survival Time in 83 Dogs. Vet. Pathol. 21, 469–474 (1984). 

37. Weishaar, K. M., Thamm, D. H., Worley, D. R. & Kamstock, D. A. Correlation of nodal mast 

cells with clinical outcome in dogs with mast cell tumour and a proposed classification 

system for the evaluation of node metastasis. J. Comp. Pathol. 151, 329–338 (2014). 

38. Stefanello, D. et al. Ultrasound-guided cytology of spleen and liver: a prognostic tool in 

canine cutaneous mast cell tumor. J. Vet. Intern. Med. 23, 1051–1057 (2009). 

39. Wu, Y., Deng, W. & Klinke, D. J. Exosomes: Improved methods to characterize their 

morphology, RNA content, and surface protein biomarkers. Analyst 140, 6631–6642 (2015). 

40. LeBleu, V. S. & Kalluri, R. Exosomes as a Multicomponent Biomarker Platform in Cancer. 

Trends in Cancer (2020). doi:10.1016/j.trecan.2020.03.007 

41. Ludwig, N. et al. Isolation and Analysis of Tumor-Derived Exosomes. Curr. Protoc. Immunol. 

127, (2019). 

42. Chandran, V. I. et al. Ultrasensitive immunoprofiling of plasma extracellular vesicles 

identifies syndecan-1 as a potential tool for minimally invasive diagnosis of glioma. Clin. 

Cancer Res. 25, 3115–3127 (2019). 

43. Taylor, D. D. & Shah, S. Methods of isolating extracellular vesicles impact down-stream 

analyses of their cargoes. Methods 87, 3–10 (2015). 

44. Sidhom, K., Obi, P. O. & Saleem, A. A review of exosomal isolation methods: is size exclusion 

chromatography the best option? (2020). doi:10.20944/preprints202007.0485.v1 

45. Smolarz, M., Pietrowska, M., Matysiak, N., Mielańczyk, Ł. & Widłak, P. Proteome profiling of 

exosomes purified from a small amount of human serum: The problem of co-purified serum 

components. Proteomes 7, 18 (2019). 

46. Kuang, M. et al. Proteomic analysis of plasma exosomes to differentiate malignant from 



Manuscript submitted to Veterinary Pathology (ID: VET-20-BC-0369), December 2020 

138 
 

benign pulmonary nodules. Clin. Proteomics 16, 5 (2019). 

47. Lane, R. E., Korbie, D., Trau, M. & Hill, M. M. Optimizing Size Exclusion Chromatography for 

Extracellular Vesicle Enrichment and Proteomic Analysis from Clinically Relevant Samples. 

Proteomics 19, e1800156 (2019). 

48. Ludwig, N., Whiteside, T. L. & Reichert, T. E. Challenges in exosome isolation and analysis in 

health and disease. International Journal of Molecular Sciences 20, 4684 (2019). 

49. Pietrowska, M., Wlosowicz, A., Gawin, M. & Widlak, P. MS-Based Proteomic Analysis of 

Serum and Plasma: Problem of High Abundant Components and Lights and Shadows of 

Albumin Removal. Adv. Exp. Med. Biol. 1073, 57–76 (2019). 

50. Yang, D. et al. Progress, opportunity, and perspective on exosome isolation - Efforts for 

efficient exosome-based theranostics. Theranostics 10, 3684–3707 (2020). 

51. Takov, K., Yellon, D. M. & Davidson, S. M. Comparison of small extracellular vesicles isolated 

from plasma by ultracentrifugation or size-exclusion chromatography: yield, purity and 

functional potential. J. Extracell. Vesicles 8, 1560809 (2019). 

52. Kim, D. K. et al. Mastocytosis-derived extracellular vesicles exhibit a mast cell signature, 

transfer KIT to stellate cells, and promote their activation. Proc. Natl. Acad. Sci. U. S. A. 115, 

E10692–E10701 (2018). 

 

 

 

 

 

 

 



Manuscript submitted to Veterinary Pathology (ID: VET-20-BC-0369), December 2020 

139 
 

Figures: 

 

Figure 1. Nanoparticle tracking analysis, size and concentration of EVs purified from plasma of dogs 

with (a) non-metastatic/pre-metastatic (HN0-1) MCT, (b) early-metastatic/overt-metastatic (HN2-

3) MCT and (c) healthy sample by SEC. 

 

 

Figure 2. (a) Blue Coomassie staining of the three SEC fractions and of the whole plasma, (b) 

visualization of the reactive bands of the exosome marker (CD9) by Western Blot analysis and (c) 

transmission electron microscopy of the exosomes purified from plasma of dogs with MCT by SEC 

with a lower (200 nm) and a higher (500 nm) magnification. The number of the wells in the western 

blot are referred to the samples ID reported in Table 1. 
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                                                 *classification system proposed by Weishaar and colleagues (2014). HN= histological node 

Table 1. Clinical and histopathological data of dogs enrolled in the study. 

 

 

 

ID Breed Gender Age (years) Tumor location Site Grade 
 

Lymph node*       
Patnaik Kiupel 

 

1 Labrador Male 10 Scrotum Cutaneous II Low HN0-1 

2 Dachshund Female 9 Tail Cutaneous II Low HN0-1 

3 Mixed breed Female 10 Shoulder Cutaneous II Low HN0-1 

4 Mixed breed Female 9 Limb Cutaneous II Low HN0-1 

5 Golden Retriever Female 7 Shoulder Cutaneous II Low HN2-3 

6 Tosa Inu Male 4 Foreskin Cutaneous II Low HN2-3 

7 Boxer Male 8 Limb Cutaneous II Low HN2-3 

8 Golden Retriever Female 11 Limb Cutaneous I Low HN2-3 

9 Pitbull Female 5 Limb Subcutaneous - - HN2-3 

10 English setter Female 10 Limb Subcutaneous - - HN2-3 

11 Spinone italiano Female 8 - - - - Healthy 

12 Pointer Female 9 - - - - Healthy 

13 Mixed breed Male 8.5 - - - - Healthy 

14 Labrador Female 6 - - - - Healthy 
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ID Particles/mL Size (nm) NH 

1 1.37E+10 +/- 1.15e+07 102.5 +/- 3.7 HN0-1 

2 3.98E+10 +/- 2.28e+07 66.6 +/- 0.4 HN0-1 

3 2.84E+10 +/- 1.06e+07 104.7 +/- 5.5 HN0-1 

4 2.54E+10 +/- 2.29e+07 124.5 +/- 5.3 HN0-1 

5 8.95E+09 +/- 1.18e+07 90 +/- 4.9 HN2-3 

6 1.41E+10 +/- 1.33e+07 99.8 +/- 3.2 HN2-3 

7 1.24E+10 +/- 1.16e+07 105.3 +/- 4.0 HN2-3 

8 5.95E+10 +/- 2.47e+07 98.9 +/- 3.3 HN2-3 

9 2.03E+10 +/- 1.71e+07 107.6 +/- 2.6 HN2-3 

10 5.85E+10 +/- 3.34e+07 108.3 +/- 7.7 HN2-3 

11 2.07E+10 +/- 4.42e+06 110.4 +/- 4.7 Healthy 

12 2.24E+10 +/- 1.15e+07 122.6 +/- 4.3 Healthy 

13 6.13E+10 +/- 1.12e+07 143.8 +/- 8.1 Healthy 

14 2.40E+10 +/- 1.92e+07 119.1 +/- 7.1 Healthy 
                                              Plasma derived EVs from MCT affected dogs (mean +/− standard error) 

                                              * HN= histological node. Classification system proposed by Weishaar and colleagues (2014). 

Table 2. EVs concentration and size in the purified samples by SEC. 
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Supplementary Table 1. Protein concentration in the samples purified by SEC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

ID Protein concetration (ug/mL) Lymph node* 

1 408.3 HN0-1 

2 257.6 HN0-1 

3 295.8 HN0-1 

4 105.0 HN0-1 

5 240.5 HN2-3 

6 302.7 HN2-3 

7 295.8 HN2-3 

8 427.6 HN2-3 

9 347.6 HN2-3 

10 604.0 HN2-3 

11 512.9 Healthy 

12 524.8 Healthy 

13 631.0 Healthy 

14 389.0 Healthy 
* HN= histological node. Classification system proposed by Weishaar and colleagues (2014) 
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Abstract 

MicroRNAs (miRNAs) are a class of small, non-coding RNA that post-transcriptionally regulate 

protein expression. miRNAs are emerging as clinical biomarkers of many diseases including tumors. 

The aim of this study was to investigate whether miRNA expression could vary in melanoma samples 

derived from formalin-fixed-paraffin-embedded (FFPE) tissues.The study included four groups: a) 9 

samples of oral canine malignant melanoma; b) 10 samples of cutaneous malignant melanoma; c) 5 

samples of healthy oral mucosa; d) 7 samples of healthy skin. The expression levels of six miRNAs–

miR-145, miR-146a, miR-425-5p, miR-223, miR-365 and miR-134–were detected and assessed by 

RT-qPCR using TaqMan probes. Cutaneous canine malignant melanoma showed a decrease of the 

expression level of miR-145 and miR-365 and an increase of miR-146a and miR-425-5p compared to 

control samples. MiR-145 was also down-regulated in oral canine malignant melanoma. The miRNAs 

with decreased expression may regulate genes involved in RAS, Rap1 and TGF-beta signaling 

pathways, and up-regulated genes associated with phosphatidylinositol signaling system, adherens 

junction and RAS signalling pathways. In conclusion, miR-145, miR-365, miR-146a and miR-425-5p 

were differentially expressed in canine malignant melanoma and healthy FFPE samples, suggesting 

that they may play a role in canine malignant melanoma pathogenesis. 

Key words: canine, cutaneous melanoma, dog, microRNAs, oral melanoma, RT-qPCR. 
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Melanocytic tumors are relatively common in dogs and can arise at different sites, although they 

mainly affect the oral mucosa and the dermis. 17,28 Among melanocytic neoplasms, malignant 

melanoma prevails in the oral cavity of dogs, accounting also for the most common oral canine 

malignant tumor.42 Oral canine malignant melanoma has often an aggressive biological behavior, 

characterized by rapid invasion of neighboring structures, high propensity for regional and distant 

metastasis, and is therefore associated with a poor long-term prognosis.28,42 Oral canine malignant 

melanoma resembles human malignant mucosal melanomas of the head and neck, which represent 

a fatal malignancy.28 Conventional treatment for oral canine malignant melanoma involves surgical 

resection and/or radiation of the primary tumor often resulting in efficient local tumor control,5,32 

while treatment of metastatic disease has shown little promise.34, 45, 6 

Cutaneous malignant melanoma is the third most common malignant skin tumor in dogs49 

representing 27% of all canine malignant melanomas.15 Cutaneous malignant melanoma is thought 

to have a less aggressive behaviour than those of humans, although metastases are reported in up 

to 30-75% of the cases, potentially resulting in a poor prognosis. 7, 43 Surgical excision with wide 

margins represent the treatment of choice.8  

Previous studies have investigated the correlation between patient survival and the 

clinicopathological variables, and suggested that clinical tumor staging, location, completeness of 

excision, adjunctive treatment, mitotic index, Ki-67 index, level of infiltration and cell pigmentation 

have a prognostic impact; however, results have been sometimes conflicting.37,43,41,9,48,18,40 The 

molecular profile of canine melanoma has been only recently investigated. Comparison of the 

transcriptome profiles of canine cutaneous melanocytoma and melanoma identifyied 60 

differentially expressed genes involved in collagen metabolism and extracellular matrix 

remodelling.10,20  
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MicroRNAs (miRNAs) are a group of small RNAs, with around 19 to 25 nucleotides, resulting from 

cleavage of larger non-coding RNAs. They act as post-transcriptional regulators of gene expression.4 

MiRNAs have been associated with several molecular pathways including modulation of 

proliferation, apoptosis, differentiation, and cell cycle regulation; thus dysregulation of their 

expression may contribute to a variety of diseases, and disrupt pathways of fundamental 

importance in development of neoplasia.11 During tumorigenesis, some miRNAs that negatively 

regulate oncoproteins (i.e. tumor-suppressor miRNAs) are down-regulated, while those negatively 

regulating tumor suppressor genes (i.e. oncogenic miRNAs, or oncomiRNAs) are up-regulated.27,46 

The involvement of miRNAs in melanoma pathogenesis has been demonstrated in both humans 

1,13,19,39 and dogs.30,31,29,44 The identification of miRNAs associated with oral and uveal canine 

malignant melanoma  has been investigated by Noguchi and colleagues29 and Starkey and 

colleagues,44 respectively, using a microarray hybridization approach. To the best of authors’ 

knowledge, few data are available on the expression patterns of miRNA in oral and cutaneous canine 

malignant melanoma when compared to healthy controls. The aims of the present study were 1) to 

screen by RT-qPCR the expression of a panel of miRNAs, previously demonstrated to be related to 

melanoma (miR-425-5p, miR-134, miR-145, miR-146a, miR-223-3p and miR-365),30,39,2,22,51,36,26,35 in 

a cohort of oral and cutaneous malignant melanoma; 2) to carry out functional enrichment analysis 

of target genes and functional interaction network analysis, to identify pathways affected by the 

differentially expressed miRNAs. 

 

Materials and methods 

Study population  

Histopathology samples of cutaneous (non-digital) and oral mucosal malignant melanoma was 

computer searched including records from January 2012 to December 2013. Cases were considered 
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eligible only if blocks were available for review and tumors had positive staining for Melan A and 

PNL-2 antibodies with immunohistochemistry (IHC). Patient data were collected both from the 

pathology submission forms and via telephone calls to the referring veterinarians. The formalin-

fixed paraffin embedded samples (FFPEs) that satisfied these criteria (19; 9 oral, 10 cutaneous) were 

enrolled and were subsequently divided into two groups: Cutaneous malignant melanoma and Oral 

malignant melanoma. Sample details are described in Supplemental Table S1. 

Histology and Immunohistochemistry 

Cases selected were re-examined by a board-certified pathologist (LR) using hematoxylin and eosin 

stained slides under a brightfield microscope. Tumors were examined for quality of fixation and for 

areas of necrosis, inflammation or hemorrhage. The mitotic index (MI) was calculated as the total 

number of mitotic figures in 10, tumor-representative, 400× (Ocular FN: 22; Objective 40x/0.65) 

high-power fields (HPFs). For IHC, sections were dewaxed and subjected to antigen retrieval in Dako 

PT buffer high/low pH (Agilent Technologies Ltd) using a computer controlled antigen retrieval 

workstation (PT Link; Agilent Technologies Ltd) for 20 min at 98°C. Sections were then 

immunolabelled in an automated immunostainer (Link 48; Agilent Technologies Ltd), using primary 

antibodies against Melan A (mouse anti human Melan A, clone A103, Santa Cruz Biotechnology Ltd; 

1:500), and PNL-2 (mouse anti human Melanoma marker PNL-2), Agilent Technologies Ltd (A4502); 

1:400), as previously suggested.38 This was followed by a 30 min incubation at RT with the secondary 

antibody and polymer peroxidase-based detection system (Anti Mouse/Rabbit Envision Flex+, 

Agilent Technologies Ltd). The reaction was visualized with diaminobenzidine (Agilent Technologies 

Ltd). Consecutive sections were incubated with murine subclass-matched unrelated monoclonal 

antibody, which served as a negative control. The positive reaction was represented by a distinct 

brown cytoplasmic reaction. A canine melanoma known to express Melan A and PNL-2 was used as 
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positive control. Only melanomas with more than 10% of positive cells with either Melan A or PNL-

2 were included in the study (Supplemental Figure 1).41  

Control population 

FFPEs of normal skin and oral mucosa originating from post mortem cases were used as negative 

controls representative for oral mucosa. Cases with no oral pathology and with non-tumor related 

cause of death were included. 

MiRNA extraction and real-time quantitative PCR  

Upon observation with a brightfield microscope, a 2mm diameter area representative of neoplastic 

growth, with no areas of necrosis, hemorrhage or inflammation was selected and labelled on the 

histological slide (Supplemental Figure2a). The same area was then identified in the wax block and 

labelled (Supplemental Figure 2b). Using a disposable 2mm diameter biopsy punch with plunger 

(Miltex) the area of interest was sampled and extracted from the block (Supplemental Figure 2c); 

this tissue core specimen was subsequently placed in an Eppendorf tube (Supplemental Figure 2d) 

and used to extract small RNA. 

Small RNAs were extracted from the core tissue specimens using miRNeasy Kit for FFPE blocks 

(Qiagen, catalog number 217504). The Caenorhabditis elegans miRNA cel-miR-39 (25 fmol final 

concentration) (Qiagen, catalog number 219610) was used as synthetic spike-in control due to the 

lack of sequence homology to canine miRNAs. The RNA extraction was then carried out according 

to the manufacturer’s instruction. The reverse transcription was performed using the TaqMan 

MicroRNA Reverse Transcription Kit (Applied Biosystems, catalog number 4366596) using miRNA-

specific stem-loop RT primers, according to the manufacturer’s instructions. Reverse transcription 

reactions were performed in 15 μl volume reactions containing 1.5 µl 10X miRNA RT buffer, 1 µl 

MultiScribe reverse transcriptase (50 U/µl), 0.30 µl 100 mM dNTP mix, 0.19 µl RNase Inhibitor (20 

U/µl), 6 μl of custom RT primer pool and 3.01 µl of nuclease-free water. The custom RT primer pool 
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was prepared combining 10 µl of each individual 5X RT primer to a final volume of 1000 µl; the final 

concentration of each primer in the RT primer pool was 0.05X each. Three μl of RNA were added to 

each RT reaction. Every RT reaction mixture was incubated on ice for 5 min, 16°C for 30 min, 42°C 

for 30 min and then 85°C for 5 min. 

The qPCR experiments were designed following the MIQE guidelines. Small RNA TaqMan assays 

were performed according to manufacturer’s instruction. The selection of miRNAs was based on 

previous publications in which these miRNAs were correlated to melanoma in dogs or humans. The 

selected primer/probe assays (Life Technologies) included cel-miR-39-3p (assay ID000200), hsa-

miR-425-5p (assay ID001516), mmu-miR-134 (assay ID001186), hsa-miR-145 (assay ID002278), hsa-

miR-146a (assay ID000468), hsa-miR-365 (assay ID001020) and hsa-miR-223-3p (assay 

ID002295).30,39,2,22,51,36,26,35 Quantitative reactions were performed in duplicate in scaled-down (12 

µl) reaction volumes using 6 µl TaqMan 2X Universal Master Mix II (Applied Biosystems, catalog 

number 4440044), 0.6 µl miRNA specific TaqMan Assay 20X and 1 µl of the RT product per reaction 

on Eco Real Time PCR detection System (Illumina). The standard cycling program was 50°C for 2 min, 

95°C for 10 min and 40 cycles of 95°C for 15 sec and 60°C for 60 sec. Data were normalized relative 

to the expression of cel-miR-39. MiRNAs expression levels were presented in terms of fold change 

normalized to cel-miR-39 expression using the formula 2-Cq.24 Predicted targets consisting of 

significant up- or down-regulated miRNAs were computationally retrieved from the TargetScan 

(http://www.targetscan.org/vert_71/) and miRWalk (http://mirwalk.umm.uni-heidelberg.de/) 

databases. The predicted targets of either up- or down-regulated miRNAs identified by both 

databases were examined using DAVID bioinformatic tool (https://david.ncifcrf.gov/), in order to 

perform functional annotation and biological pathway enrichment. 

Statistical analysis  

http://www.targetscan.org/vert_71/
http://mirwalk.umm.uni-heidelberg.de/
https://david.ncifcrf.gov/
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Statistical analysis was performed using XLStat (AddinSoft, Inc., NY, USA). Statistical significance was 

accepted at P ≤ 0.05. Data were tested for normality and homogeneity of variance using the 

Kolmogorov-Smirnov test. As data were not normally distributed, non-parametric statistical tests 

were applied. Kruskal-Wallis test was used to assess differences in miRNA concentrations between 

malignant melanoma groups and control groups. P values were adjusted using Bonferroni 

correction. Linear regression was used to investigate any relationship between differentially 

expressed -miRNAs and age. Spearman’s rho test was performed to evaluate possible correlations 

among miRNA expression levels, mitoses, melanophages and melanocytes rates. Principal 

component analysis was performed to evaluate single correlations among miRNAs. 

 

Results 

Study Population and Tumor Histology 

The 9 oral and 10 cutaneous malignant melanoma were from dogs with a median age of 9 years 

(range 6-13), and predominantly of mixed breed (n=4), with Rottweiler (n=2), Cocker Spaniel (n=2) 

overrepresented among other breeds. Median mitotic index was 2.5 (range: 0.8 – 11.4). 

miRNAs Expression  

To characterize the differences between groups, principal components analysis (PCA) on control and 

malignant melanoma groups was performed (Figure 1). Data points with a higher correlation had a 

smaller degree of separation within the chart; a probable correlation was predicted if the factors 

were within 45° of each other. Healthy samples were separated from malignant melanoma groups 

in both skin (figure 1a) and oral (figure 1b) samples and were well correlated to each another. 

Cutaneous malignant melanoma samples were positively correlated; in oral malignant melanoma 

samples, miR365a and miR-145 were negatively correlated and no correlation was observed 

between miR-146a and miR-425. 
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The selected miRNAs were detected in all samples. Among these, miR-145-5p, miR-146a, miR-365 

and miR-425-5p exhibited statistically significant differences among the malignant melanoma and 

control groups (Figure 2). Compared to the corresponding non-neoplastic tissue, miR-145 (figure 2a) 

was down-regulated in both cutaneous (P = 0.0076; ratio of cutaneous malignant 

melanoma/healthy skin = -5.7) and oral malignant melanoma (P < 0.0028; ratio of oral malignant 

melanoma /healthy oral mucosae=-7.6), miR-146a (figure 2b) and miR-425-5p (figure 2d) were up-

regulated and miR-365 (figure 2c) was down-regulated in cutaneous malignant melanoma (miR-

146a: P = 0.02, ratio of malignant melanoma/healthy skin= 9.6; miR-425-5p: P = 0.04, ratio of 

malignant melanoma/healthy skin= 4.9; miR-365: P = 0.0087, ratio of malignant melanoma/healthy= 

-5.9), while there were no differences between oral malignant melanoma and control groups for 

these miRNAs. The expression levels of miR-223-3p and miR-134 were not different in malignant 

melanoma compared to healthy skin (figure 2e and f). The levels of differentially expressed miRNAs 

were not affected by the age of the dog (linear regression, P > 0.05). To test the possible collinearity, 

Spearman correlation analysis of miRNAs was performed, suggesting that there was a positive 

correlation among miR-145, miR-146a, miR-365 and miR-425-5p relative concentration (data not 

shown). No correlation was observed between miRNAs and mitotic count. 

miRNA target prediction and pathway enrichment 

To investigate the relevance to tumor development, predicted targets of either significantly up- or 

down- regulated miRNAs were computationally identified by using TargetScan and miRWalk 

databases. The number of predicted targets shared by both databases included 602 for miR-145, 95 

for miR-365, 103 for miR-146a and 98 for miR-425-5p. The mRNA enrichment was performed using 

the DAVID bioinformatic tool. The Gene Ontology analysis was carried out using DAVID at three 

different levels: molecular function, cellular component and biological process (Figure 3). Most 

Gene Ontology molecular function items mainly included genes involved in the regulation of 
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transcription and serine/threonine kinase activity for both up- and down-regulated miRNAs. The 

enriched Gene Ontology terms in cellular component converged on genes associated with the 

cytosol, nucleus and nucleoplasm for both up- and down-regulated miRNAs. Down-regulated 

miRNAs may modulate ruffle and focal adhesion, which are involved in cell migration, whereas up-

regulated miRNAs may regulate activin responsive complex, which is activated by TGF-beta and acts 

primarily through SMADs. The biological process items focused on the modulation of protein binding 

and transcriptional activator activity for both sets of miRNAs. The down-regulated miRNAs influence 

genes involved in the SMAD binding, RNA polymerase and DNA binding activity; up-regulated 

miRNAs genes are involved in the regulation of transcription. The KEGG pathway analysis was 

separately performed on the targets of the two sets of miRNAs. The most significantly enriched 

pathways were RAS, Rap1 and TGF-beta signaling pathways for downregulated miRNAs and 

phosphatidylinositol signaling system, adherens junction and RAS signaling pathway for upregulated 

miRNAs (Figure 4).  

 

Discussion 

The role of miRNAs in canine malignant melanoma is only beginning to be defined. Using microarray 

and qPCR, Noguchi and colleagues30 analyzed the expression pattern of miRNAs in oral canine 

malignant melanoma and observed that miR-520c-3p was up-regulated and that six other miRNAs 

(miR-126, miR-200a, miR-203, miR-205, miR-527b and miR-713) were down-regulated compared to 

healthy oral mucosa. Moreover, they demonstrated an association between the down-regulation of 

miR-203 and shorter survival times. A recent study by Starkey and colleagues44 identified nine 

miRNAs able to discriminate between metastatic or non- metastatic canine uveal melanomas, 

therefore suggesting their potential in predicting biological behavior. The present study investigated 

the expression of six miRNAs in FFPE-samples of oral and cutaneous canine malignant melanoma, 
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and results suggest that specific miRNAs are differentially expressed in neoplastic versus normal 

tissue samples. Differentially expressed -miRNAs identified herein have previously been implicated 

in human melanoma and other neoplastic conditions, as molecular regulators of tumor 

development and progression; a similar mechanism of action is hypothesized from the result of our 

study. MiR-145 was down-regulated in both oral and cutaneous malignant melanoma, and so was 

miR-365 in cutaneous malignant melanoma. These were considered as potential onco-suppressor 

miRNAs in accordance to the knowledge from the human oncology literature. It has been 

demonstrated that miR-145 and miR-365 modulate tumor cell growth, invasion and metastasis by 

targeting NRAS23 and c-MYC,30,33 and neuropilin1,2 respectively. The Gene Ontology and pathway 

analysis would suggest that miR-145 and miR-365 modulate cell migration and cell growth, 

influencing the RAS and RAP1 signaling pathways, among others.3,23 Liu and co-workers23 

demonstrated that expression level of miR-145 is lower in melanoma tissues than those in the 

matched adjacent normal tissues; conversely, NRAS levels are higher. A previous study also 

demonstrated that miR-365 influences the development of melanoma by targeting BCL2 and Cyclin 

D1, which are respectively involved in apoptosis and cell cycle progression.53 We could speculate 

that the lack of regulatory miR-145 and miR-365 observed in oral and cutaneous malignant 

melanoma samples, may be involved in a different aggressive behavior, which can be influenced by 

other molecular regulators. 

MiR-425 and miR-146a were over-expressed in samples of cutaneous malignant melanoma. The 

Gene Ontology and pathway analysis showed that these miRNAs may target genes associated with 

cell proliferation, cell-cell adherens junction, TGF-beta signaling pathway and protein 

ubiquitination, which can contribute to tumor development and progression. In human medicine, 

miR-425 over-expression is associated with cell migration and invasion by targeting CYLD50 and cell 

proliferation in gastric cancer,52 hepatocellular carcinoma16 and esophageal squamous cell 
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carcinoma.22 The function of miR-425 in melanoma is still debated; Chen and colleagues12 

demonstrated that the over-expression of miR-425/489 plays a pivotal role in the melanoma 

progression by activating the PI3K-Akt pathway. On contrary, Liu and co-workers21 suggested that 

miR-425 inhibits cell proliferation and metastasis, and promotes apoptosis. The role of miR-146a 

has mainly been investigated in the context of immune response47 while its role in human melanoma 

is still controversial. MiR-146a has been proposed as a negative regulator of immune response 

activation in melanoma by targeting STAT1 and IFN-gamma in mice models, affecting melanoma 

migration, proliferation, and mitochondrial function as well as PD-L1 levels.25 A recent study 

reported that miR-146a directly targets SMAD4, promoting cell metastasis and invasion;35 Forloni 

and colleagues14 concluded that miR-146a plays a central role in the initiation and progression of 

melanoma by targeting NUMB, a suppressor of Notch signaling. Nonetheless, Raimo and 

colleagues36 hypothesized that miR-146a has two synchronous but distinctive functions in human 

melanoma, the enhancement of tumor growth and the suppression of cell metastasis. 

Brachelente and colleagues10 characterized the transcriptome profiles of canine cutaneous 

melanocytoma and melanoma using a transcriptomic approach, identifying 60 differentially 

expressed -genes. The comparison between this list and the list of genes potentially modulated by 

differentially expressed -miRNAs identified in the present study, showed that four genes (ADAM 

metallopeptidase with thrombospondin type 1 motif 2 (ADAMTS2), Coiled-Coil Domain Containing 

80 (CCDC80), Lysyl Oxidase (LOX) and Cysteine Rich Secretory Protein LCCL Domain Containing 2 

(CRISPLD2)) may be potentially modulated by miR-145 and miR-365, and one (SH3 Domain GRB2 

Like Endophilin Interacting Protein 1 (SGIP1)) by miR-146a and miR-425-5p. The RNA-seq results10 

showed that ADAMTS2, CCDC80, LOX and CRISPLD2 are up-regulated in cutaneous malignant 

melanoma, while SGIP1 is down-expressed; these results are consistent with the reduced or 
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increased expression of molecular modulators, such as miR-145 and miR-365 and miR-146a and 425-

5p, respectively. 

In conclusion, the present study suggests that miR-145, miR-365, miR-146a and miR-425 are 

abnormally expressed in cutaneous and oral malignant melanoma, potentially modulating pathways 

involved in cell proliferation. Further studies are needed in order to elucidate the real molecular 

targets of these miRNAs and to identify candidate targets for molecular therapies in the treatment 

of canine malignant melanoma 
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Figures: 

 

Figure 1. Principal components analysis of miRNA expression in canine malignant melanoma. The 

correlation circle shows the correlations between the miRNAs in (a) healthy skin and cutaneous 

canine malignant melanoma (MM) samples, and (b) healthy oral mucosa and oral canine malignant 

melanoma samples. Variables with a higher correlation have a smaller degree of separation within 

the chart; a probable correlation can be predicted if the factors are within 45°. If two variables are 

far from the center and close to each other, they are significantly positively correlated; orthogonal 

variables are not correlated; and variables on the opposite side of the center line are negatively 

correlated. 
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Figure 2. Expression of miRNAs in canine malignant melanoma. qPCR results were normalized using 

cel-miR-39 as reference miRNA and the formula 2-Cq. Expression levels of miR-145 (a), miR-146a-

5p (b), miR-365 (c), miR-425-5p (d), miR-223 (e) and miR-134 (f) in healthy skin (HS), cutaneous 

malignant melanoma (cuMM); healthy oral mucosa (HOM), and oral malignant melanoma (OMM). 

The boxes outline the quartiles, the horizontal line shows the median, and the whiskers show the 

range. *= P < 0.05, **= P < 0.01. 
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Figure 3. Gene Ontology annotation of genes predicted to be regulated by miRNAs that were found 

to have significantly lower or higher expression in canine malignant melanoma samples compared 

to the corresponding healthy control tissues. The targeted genes were annotated by DAVID tool at 

three levels, including biological process, cellular component and molecular function. (a) Gene 
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Ontology annotation of genes regulated by down-regulated miR-145 and miR-365. (b) Gene 

Ontology annotation of genes regulated by up-regulated miR-146a-5p and miR-425-5p.   

 

Figure 4. Pathway enrichment for miRNAs that were found to have significantly lower or higher 

expression in canine malignant melanoma samples compared to the corresponding healthy 

control tissues. Genes were retrieved and enriched in KEGG pathway with DAVID tools. (a) 

Pathway enrichment for genes targeted by down-regulated miR-145 and miR-365. (b) Pathway 

enrichment for genes targeted by up-regulated miR-146a-5p and miR-425-5p. The statistical 

significance level shown is the negative of the logarithm (base 10) of the P value. 
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Supplementary materials: 

 

Supplemental Figure S1. Melanoma, oral mucosa, dog. Cytoplasmic granular multifocal 

immunolabeling expression of Melan-A (a) and PNL-2 (b) in neoplastic cells. 
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Supplemental Figure S2. Tissue sampling from formalin-fixed-paraffin-embedded samples (FFPEs) 

schematic drawing. The area of interest (red dotted circle) is identified under the microscope (a) 

and in the corresponding area of the FFPE block (b). A disposable biopsy punch is used to sample 

the area (c) subsequently submitted for microRNA extraction (d). 
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Case number Location Age Breed Site 

1 oral     12 Poodle   gingiva  

2 oral     14 Cocker Spaniel gingiva  

3 oral     12 Teckel   gingiva  

4 skin     7 Rotweiler axila    

5 oral     13 Teckel   lip      

6 oral     13 Cocker Spaniel gingiva  

7 skin     7 Mixed Breed thorax   

8 oral     NG Mixed Breed palate   

9 skin     8 Boxer    scrotum  

10 skin     11 Giant Schnautzer scrotum  

11 skin     5 West Highland White Terrier digit    

12 oral     9 Kerry Blue gingiva  

13 oral     NG Golden  Retriever gingiva  

14 skin     13 Rotweiler digit    

15 skin     9 Mixed Breed abdomen  

16 oral     8 British Bull dog palate   

17 skin     9 Scottish Terrier limb     

18 skin     7 Mixed Breed face     

19 skin     6 Hound    ear      

Control 1 skin     8 Mixed Breed abdomen  

Control 2 skin     10 Mixed Breed face     

Control 3 skin     4 Boxer    neck 

Control 4 skin     6 Scottish Terrier digit    

Control 5 skin     3 Golden  Retriever forelimb 

Control 6 skin     NG Mixed  Breed abdomen  

Control 7 skin     7 Golden  Retriever thorax   

Control 8 oral mucosa 7 Mixed  Breed oral mucosa 

Control 9 oral mucosa 10 boxer    oral mucosa 

Control 10 oral mucosa 5 Mixed Breed oral mucosa 

Control 11 oral mucosa 8 Weimaraner oral mucosa 

Control 12 oral mucosa 4 Mixed Breed oral mucosa 
     

NG=not given 
    

Supplemental Table 1. Clinical data of tumor affected and control dogs. 
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Chapter 7. Discussion and conclusion 

This thesis addressed for the first time the molecular modifications of canine mast cell tumor using 

different omics approaches. Moreover, a targeted approach was applied to quantify miRNAs in oral 

and cutaneous malignant melanoma of dogs. 

Specifically, the miRNomic and the microbiomic profiles were assessed in canine mast cell tumor 

and the deregulation of specifics target miRNAs was evaluated in canine malignant melanoma. In 

addition, a protocol for plasmatic exosome purification from MCT affected dogs reliable for further 

proteomic analysis, that is still ongoing due to the pandemic situation, was set up. 

Skin tumors are very common in dogs. Mast cell tumor, among all skin associated neoplasms, is one 

of the most frequent with a prevalence of 16.8% (Hauck, 2012). Since canine MCT is not a model in 

human oncology, the pathogenesis and etiology are poorly investigated and described. MCT adopts 

variable behavior making the prognosis uncertain (Blackwood et al., 2012). Although some studies 

have recently investigated the deregulation of miRNAs using a targeted approach (Fenger et al., 

2014; Heishima et al., 2017) and the transcriptomic profile (Pulz et al., 2019) associated with the 

neoplasm, no data were available on miRNome of MCT. To cover this gap, we adopted a multistep 

approach, using miRNomics as a first step to identifying differentially expressed miRNAs in MCT 

primary tumor mass, then validated them by a quantitative PCR (qPCR) to identify reliable candidate 

biomarkers in both primary masses and in a non-invasive matrix, the saliva. 

The validation step revealed that five miRNAs -miR-21, miR-379, miR-885, miR-338 and miR-92a- 

were dysregulated in the primary tumor masses. The diagnostic potential of this miRNA panel was 

assessed testing their ability in discriminating the metastatic (draining lymph node involved) from 

the non-metastatic tumors. The data demonstrated that miR-21, miR-379, and miR-885 had a higher 

diagnostic potential since they can discriminate metastasizing from non-metastasizing tumors 

(AUC= 0.8923) with a sensitivity and a specificity of 92.3% and 80.0%, respectively. The results 
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suggest the potential role as biomarkers of the panel to support the clinical decision-making process. 

It has been previously reported that miR-21, recognized as oncomiRNA, was up-regulated in several 

cancers (Javanmardi et al., 2017); the upregulation of miR-379 exerts and onco-suppressor activity 

targeting pathways involved in cells proliferation, migration, and invasion (Zhao and Chu, 2018). The 

role of down-regulated miRNAs is still debated. MiR-92a (cluster miR-17-92) and miR-338 are 

dysregulated in different cancers playing a dual role as onco-miRNA (Long et al., 2018; Li et al., 2019) 

or tumor-suppressor miRNA (Ottman et al., 2016; Wang and Qin, 2018); miR-885 acts as tumor 

suppressor miRNA (Zhang et al., 2016).  

The identification and quantification of the same three miRNAs in the saliva of MC- affected dogs, 

highlighted that two of them, miR-21 and miR-885, were dysregulated. These miRNAs can 

discriminate dogs affected by MCT from the healthy ones. Moreover, miR-885 showed a good 

diagnostic potential in recognizing the lymph node involvement, proving its potential as a reliable 

salivary biomarker. The gene ontology analysis suggested that dysregulated DE-miRNAs may be 

involved in tumor progression and metastasis, by regulating pathways involved in tumor growth, 

cell proliferation, and survival. 

The tumors can interfere also with the host-microbial population. The bacterial population 

inhabiting a specific body district interacts with the host cells and the immune system, i.e by 

producing specific metabolites (Xavier et al., 2020b). The involvement and the changes correlated 

with the microbiota have been studied in some human tumors, including gastric and intestinal 

cancers (Plummer et al., 2016; Wong and Yu, 2019), pancreatic cancer (Zhang et al., 2020), lung 

cancer (Ramírez-Labrada et al., 2020) and skin cancer (Egert and Simmering, 2016; Mrázek et al., 

2019). Studies on microbiota in multicentric lymphoma (Gavazza et al., 2018) and colorectal 

epithelial tumor (Herstad et al., 2018) have been carried out, but this field is moving its first steps in 

veterinary oncology. To partially cover this gap, the skin and dermal microbiota associated with 
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canine MCT were assessed to identify any changes in the bacterial population. First of all, a 

reduction of taxa was observed on the tumor skin surface with an increase of the Firmicutes phylum 

and Corynebacteriaceae family when compared to the healthy contralateral part. These differences 

in microbiota population are reflected in beta diversity, which takes into account the dissimilarities 

between the samples, as shifting from the healthy to the tumor skin surface microbiota. Secondly, 

a microbiota population was found also in the tumor dermis, which presented a reduction of taxa 

compared with the overlying skin surface, reflecting differences also in beta diversity. 

The core microbiota of the tumor and healthy skin surface and dermis revealed that the healthy skin 

microbiota were composed of more bacterial types (27 ASVs) compared to the tumor skin (12 ASVs) 

and dermis (16 ASVs). This study demonstrated that the presence of the tumor induces changes in 

the microbiota composition of skin and dermis due to the presence of mast cells and other immune 

cells (Valent et al., 2001; Kovalszki and Weller, 2014; Mezouar et al., 2018). A reduction of taxa is 

usually linked with an unhealthy status (Sanford and Gallo, 2013; Zeeuwen et al., 2013).  Therefore, 

our data may suggest that there is a relationship between the skin microbiota and the presence of 

the tumor and that its characterization may increase the knowledge about tumor behavior and 

development. The changes in microbial population over the tumor site, highlight as an alteration in 

the host organism trigger changes to the associated bacterial community.  Further analysis involving 

more animals is required to confirm the data on skin microbiota and for further investigate the 

microbiota of the dermis. As future perspective, study the influence that these bacteria can have 

against the immunity cells could be a starting point to better understand the connection between 

the host and the residing microbes. 

A new source of biomarkers is exosomes (Vasconcelos et al., 2019). Exosomes which are present in 

different body fluids carrying a precious cargo suitable for cancer monitoring and characterization 

(Caby et al., 2005; Admyre et al., 2007; Gonzales et al., 2010; Palanisamy et al., 2010). In this thesis, 
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a feasible protocol for exosome purification from the plasma of dogs suitable for proteomic 

downstream analysis was set up. Using the SEC purification approach, which depletes plasmatic 

proteins, an exosome population with the right size range (mean= 107.4 nm), good vesicles (mean= 

2.92E+10 particle/ml) and protein (mean= 381.6 µg/ml) concertation and with a good degree of 

purity was isolated. To profile exosome proteins and identify cancer-associated proteins, proteomic 

analysis, which we would have done in spring 2020, is still running. 

The dysregulation of miRNAs - miR-145, miR-146a, miR-365 and miR-425-5p- in canine cutaneous 

and oral malignant melanoma, which ranked in the top ten of the most common skin tumors in dogs 

(Hauck, 2012), was investigated as well. The results suggested that miR-145 and miR-365 were 

down-regulated and miR-146a and miR-425-5p were up-regulated in cutaneous malignant 

melanoma comparing to the healthy skin, while miR-145 was down-regulated in oral malignant 

melanoma compared to the healthy oral mucosa. Both miR-145 and miR-365 have a potential role 

as onco-suppressors modulating cell growth and invasion in canine cutaneous and oral melanoma 

modulating tumor invasion, metastasis and cell proliferation by targeting c-MYC (Noguchi et al., 

2012; Poorman et al., 2015), neuropilin (Bai et al., 2015; Babapoor et al., 2017) and NRAS (Liu et al., 

2017). Studies in human melanoma demonstrated the involvement of miR-145 (Liu et al., 2017) and 

miR-365 (Zhu et al., 2018) in the tumor progression, targeting NRAS, BCL2, and Cyclin D1 genes. 

The up-regulation of miR-146 and miR-425 in cutaneous melanoma may exert as tumor promoters, 

but their roles are still debated. MiR-146a has been described in different studies and its role 

includes the negative regulation of immune response (Mastroianni et al., 2019), the promotion of 

cell metastasis and invasion (Pu et al., 2018), and the enhancement of tumor progression (Forloni 

et al., 2014). The role of miR-146a has been defined as dual, enhancing tumor growth and 

suppressing cell metastasis (Raimo et al., 2016). MiR-425 can activate the PI3K-Akt pathway, acting 

as an onco-miRNA (Chen et al., 2017), or promote apoptosis and inhibit cell proliferation and 
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metastasis as tumor-suppressor (Liu et al., 2015). Intersecting our results with the transcriptomic 

profile of canine cutaneous melanoma and malanocytoma (Brachelente et al., 2017), four genes -

ADAM metallopeptidase with thrombospondin type 1 motif 2 [ADAMTS2], coiled-coil domain 

containing 80 [CCDC80], lysyl oxidase [LOX], and cysteine rich secretory protein LCCL domain 

containing 2 [CRISPLD2])- are  potentially modulated by miR-145 and miR-365. 

In conclusion, the results suggest that miR-145, miR-365, miR-146 and miR-425 are modulated in 

canine malignant cutaneous and oral melanoma compared to the healthy tissues and the gene 

ontology suggests that these miRNAs are involved in tumor progression modulating pathways 

correlated with cell proliferation.       

This thesis will hopefully provide a step forward in the knowledge of the molecular alteration 

associated with the onset of canine mast cell tumors and malignant melanoma. The findings 

highlight how a neoplastic proliferation can induce changes in miRNomic profile and also affect the 

host-microbiota population. Additionally, these alterations can be monitored in different and less-

invasive and repeatable over time biological matrices. MiRNAs deregulation in the tumor 

microenvironment and other biological fluids is a starting point to better understand the 

tumorigenic strategies, as they are directly linked with the transcripts regulation. This point opens 

the way to the identification of possible target mRNAs which could be crucial kay points in tumor 

progression and therefore potential targets for new therapeutic approaches. 

In conclusion, the results obtained allow to define the molecular changes that occur in canine mast 

cell tumor. The identification of specific tumor-associated miRNAs in tumor tissue and saliva will 

hopefully improve the tumor characterization, and offer a more personalized diagnosis and therapy. 

On the other hand, the characterization of the microbiota that inhabited the tumor site could 

increase the knowledge about the connection existing between host immunity and bacterial and to 
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better understand the tumor behavior. To conclude, the characterization of the exosome proteome 

will provide information about the tumor communication and dissemination strategies. 
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