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Resumo 

Os tumores mamários são a neoplasia mais frequentemente diagnosticada à população 

canina feminina. Apesar da sua elevada incidência, importância clínica e semelhança com o 

cancro de mama da mulher, os estudos direcionados para a sua caracterização são insuficientes, 

especialmente em relação ao Recetor do Fator de Crescimento Epidérmico (EGFR). O EGFR 

é um recetor transmembranar para membros da família de ligandos extracelulares do Fator de 

Crescimento Epidérmico e está envolvido na regulação de várias funções celulares, tais como 

proliferação, diferenciação, motilidade e sobrevivência celulares. Alterações no gene EGFR 

têm sido associadas à progressão neoplásica, levando à sobre-expressão da proteína EGFR. De 

acordo com a literatura recente, observa-se sobre-expressão desta proteína em 34 a 56% das 

neoplasias mamárias malignas caninas. A regulação positiva do gene EGFR pode ser causada 

por amplificações génicas e mutações na sequência de nucleótidos, como substituições 

“missense”, que originam proteínas aberrantes capazes de ativação independente do ligando.  

Neste estudo, a expressão do EGFR foi avaliada por imunohistoquímica em 111 tumores 

mamários malignos caninos (40 tumores primários não-metastáticos e 71 metastáticos), 68 

metástases ganglionares e 12 metástases pulmonares. A sobre-expressão do EGFR foi 

observada em 53,2% (n=59) dos carcinomas, 47,1% (n=32) das metástases ganglionares e 25% 

(n=3) das metástases pulmonares. Verificou-se que a expressão do EGFR em tumores primários 

e metástases ganglionares estava significativamente associada (P<0,0001), com concordância 

em 79,4% (n=54) das amostras. Para além da expressão epitelial, 37,8% (n=42) dos tumores 

primários exibiram uma intensa coloração no estroma justa-neoplásico. 

Também foi realizada uma análise molecular; 30 amostras de tecido mamário canino 

congelado (20 carcinomas e 10 tecidos não-neoplásicos adjacentes) foram selecionadas para 

extração de DNA, PCR e sequenciação, e rastreadas quanto à presença de variantes da 

sequência do exão 19 do gene EGFR. Foram detetados quatro polimorfismos intrónicos em 6 

amostras (4 carcinomas e 2 tecidos não-neoplásicos adjacentes). Todas as variantes já tinham 

sido reportadas, embora não sejam referidas em nenhuma publicação. Embora três destes quatro 

carcinomas também tenham demonstrado sobre-expressão do EGFR por imunohistoquímica, 

as restantes amostras EGFR-positivas não revelaram alterações genéticas.  

Foram ainda selecionadas para análise molecular sete amostras de tecido de metástases 

ganglionares, fixadas em formalina e embebidas em parafina (FFPE). Foram testados três 



viii 

 

métodos de extração de DNA e foi realizada uma avaliação da eficiência de cada um e da 

qualidade do DNA extraído. Embora exista um extenso acervo de amostras mamárias caninas 

FFPE, com enorme potencial para a investigação científica, é necessário otimizar as 

metodologias de extração de DNA. 

São necessários mais estudos com maior número de amostras para confirmar que as 

variações do gene EGFR são eventos raros no cancro de mama canino, bem como investigar a 

presença de variações do número de cópias (CNV) do EGFR em tumores mamários malignos 

caninos e verificar se existe alguma associação entre a CNV do gene EGFR e a sobre-expressão 

da sua proteína. Tanto quanto sabemos, este é o primeiro estudo a estabelecer uma comparação 

entre a imunoexpressão da proteína EGFR e as alterações genéticas do EGFR no cancro de 

mama canino. 

Palavras-chave: Cancro de mama canino; expressão da proteína EGFR; imunohistoquímica; 

mutações do exão 19 do gene EGFR. 
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Abstract 

Mammary tumours are the most frequent neoplasm diagnosed among the female canine 

population. Despite their high incidence, clinical importance and similarity with human breast 

cancer, studies targeting the characterization of canine mammary cancer are insufficient, 

especially with respect to Epidermal Growth Factor Receptor (EGFR). EGFR is a 

transmembrane receptor for members of the Epidermal Growth Factor family of extracellular 

ligands and it is involved in regulating various cellular functions, such as cell proliferation, 

differentiation, motility and survival. Alterations in the EGFR gene favour neoplastic 

progression, usually leading to overexpression of the EGFR protein. According to the recent 

literature, EGFR overexpression is observed in 34 to 56% of canine mammary malignant 

tumours. Upregulation of EGFR gene is commonly caused by gene amplifications and 

mutations in the nucleotide sequence, such as missense substitutions, that originate aberrant 

proteins capable of ligand-independent activation.  

In this study, EGFR expression was evaluated by immunohistochemical analysis in 111 

canine malignant mammary tumours (40 non-metastatic and 71 metastatic primary tumours), 

68 lymph node metastases and 12 lung metastases. EGFR overexpression was observed in 

53.2% (n=59) of carcinomas, 47.1% (n=32) of node metastases and 25% (n=3) of lung 

metastases. EGFR expression in primary tumours and lymph node metastases was significantly 

associated (P<0.0001), with a concordance in 79.4% (n=54) samples. Besides epithelial 

expression, 37.8% (n=42) of primary tumours exhibited an intense staining in the 

juxtaneoplastic stroma.  

A molecular analysis was also carried out; 30 frozen canine mammary tissue samples 

(20 carcinomas and 10 adjacent non-neoplastic tissues) were selected for DNA extraction, PCR 

and sequencing, and screened for the presence of sequence variants of EGFR gene exon 19. 

Four intronic polymorphisms were detected in 6 samples (4 carcinomas and 2 adjacent non-

neoplastic tissues). All variants have been reported, although no publication refers to them. 

Although three of these four carcinomas also showed EGFR overexpression by 

immunohistochemistry, the remaining positive EGFR samples fail to reveal gene alterations.  

Additionally, seven formalin-fixed paraffin-embedded (FFPE) tissues from lymph node 

metastases were also selected for molecular analysis. Three different methods were tested for 

DNA extraction and an evaluation of the efficiency and quality of the extracted DNA was 
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performed. Although there is an extensive archive of FFPE canine mammary samples, with 

enormous potential for scientific research, it is mandatory to optimize DNA extraction 

methodologies. 

Additional studies with a larger series are necessary in order to confirm that EGFR gene 

variations are rare events in canine mammary cancer, as well as to investigate the presence of 

EGFR Copy Number Variations (CNV) in canine mammary malignant tumours and to verify 

if there is any association between CNV of EGFR gene and the overexpression of its protein. 

To the best of our knowledge, this is the first study that established a comparison between 

EGFR protein immunoexpression and EGFR genetic alterations in canine mammary cancer. 

Keywords: Canine mammary cancer; EGFR protein expression; immunohistochemistry; 

EGFR gene exon 19 mutations. 
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1.1. Cancer  

Cancer comprises a group of diseases characterized by the formation of a mass of 

abnormal cells due to the occurrence of significant genetic/epigenetic changes that have led to 

loss of control of cell growth and division (Pecorino, 2012; National Cancer Institute, 2017). 

Genetic changes are normal and arise many times during an individual lifetime as a 

result of errors in cell division. These mutations can happen randomly by mere chance or due 

to certain environmental exposures that promote DNA damage; for example, chemical 

substances, like those present in tobacco smoke, or radiation, such as ultraviolet rays from the 

sun. Normally, these alterations are harmless because they do not involve important genes and 

the majority of these errors are immediately repaired or, when the repair is not possible, cells 

are eliminated by apoptosis. However, genetic mutations may occur in specific genes that 

control the way cells function, especially their growth and division, and this change may affect 

the cell ability to detect and/or correct the error that has happened, and no repair or apoptosis 

occurs (Pecorino, 2012; National Cancer Institute, 2017). 

Several theories have been proposed to explain the origin and evolution of cancer. 

According to clonal evolution model, neoplastic transformation usually follows the succeeding 

stages: (1) one or more cells, with one or several genetic mutations associated with the ability 

to proliferate, divide numerous times (clonal expansion) to form a homogeneous mass of 

mutated cells; (2) these cells continue to divide and suffer additional mutations (dysplasia); (3) 

the mass becomes larger and more heterogeneous, exhibiting severe cytogenetic abnormalities 

and serious failures in the cell cycle checkpoints, transforming the hyperplasia into a benign 

tumour (adenoma); (4) the benign mass turns into a malignant tumour, also called cancer, when 

cells acquire the ability to break of from the origin tissue and spread into the bloodstream and/or 

the lymphatic system, which is a phenomenon known by invasion; (5) after vascular invasion, 

cancer cells can settle in the nearby tissues and/or travel to distant places in the body and form 

new tumours, named metastases (Figure 1) (Pecorino, 2012; National Cancer Institute, 2017). 

Cancer stem cell model suggests that a single stem-like cell is the precursor of the whole 

tumour population, having a rigid and immutable hierarchy within the tumour, with a few 

cancer stem cells placed on top of the pyramid and more differentiated cells at the bottom. A 

third theory, that combines the previous two, proposes that cancer stem cells may undergo 

clonal expansion, generating multiple clones that coexist within the tumour (Maugeri-Saccà et 

al., 2013). 
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Figure 1. Neoplastic transformation and tumour 

heterogeneity. Proliferation of genetically unstable cells 

leads to the accumulation of mutations and to the emergence 

of several cellular variants. Some cells have abnormalities so 

severe that they eventually enter into apoptosis; others 

continue to divide until they form a malignant heterogeneous 

cell population (Cullen et al., 2017). 

It has been shown that certain genes are frequently mutated in tumour cells, being 

involved in the development of cancer. Depending on the type of change that occurs and the 

subsequent effect in the cellular dynamics, these genes are classified into three main types:  

 Proto-oncogenes – genes involved in normal cell growth and division; their mutation 

usually lead to overexpression, with overstimulation of cell division, growth and survival. 

Mutated genes are called oncogenes; 
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 Tumour suppressor genes – genes involved in the inhibition of cell proliferation and 

tumour development; alterations in these genes are usually associated with their loss or 

inactivation, leading to uncontrolled cell proliferation; and 

 DNA repair genes – these genes are involved in the repair of damaged DNA. When 

these genes are altered, cells tend to acquire additional mutations in other genes because errors 

are not detected or repaired (National Cancer Institute, 2017). 

Cancer cells exhibit different types of gene mutations, which are associated with the 

acquisition of specific histological, cellular, biochemical and metabolic characteristics that 

allow the distinction between cancerous cells and normal cells. A number of cancer hallmarks 

have been recognized to help in the identification of abnormal cell characteristics and establish 

specific therapeutic targets (Figure 2) (Hanahan et al., 2011; National Cancer Institute, 2017). 

 

Figure 2. Hallmarks of cancer (Hanahan et al., 2011). 
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1.2. Canine mammary cancer 

Female dogs have five pairs of mammary glands, arranged along the so-called milk line, 

parallel to the midline in the abdominal wall; however, both four and six pairs have also been 

found. Mammary glands are named as two thoracic (M1 and M2), two abdominal (M3 and M4), 

and one inguinal (M5) (Figure 3). These are modified sweat glands, defined as compound 

tubuloalveolar glands divided into lobules by interlobular connective tissue. Mammary glands 

are constituted by parenchyma (alveoli), stroma (connective tissue), ducts, vessels and nerves 

(Sleeckx et al., 2011; Goldschmidt et al., 2017).  

 

Figure 3. Positioning of female dog mammary glands and lymphatic drainage (adapted from Evans et al., 1993). 

Secretory alveoli are composed of simple cuboidal to columnar secretory epithelium, 

depending on the secretory activity. The secretory epithelium is outlined by myoepithelial cells, 

which in turn are covered by a basal lamina. Myoepithelial cells are responsible for milk let-

down, due to their contractile phenotype. Interlobular ducts converge into lactiferous ducts, 

which open into a lactiferous sinus. The lactiferous sinus continues in the teat sinus, which 

opens onto the teat surface via the papillary duct (Figure 4). Ducts are rich in myoepithelial 

cells, while interalveolar tissue is relatively sparse and well vascularized, and anchors an 

abundant amount of plasma cells (Sleeckx et al., 2011).  
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Figure 4. Canine mammary gland anatomy (Eighmy et al., 2015). 

Mammary gland tumours are the second most frequent neoplasms diagnosed among the 

canine population worldwide, after skin tumours. Focusing only on sexually intact female dogs, 

studies indicate that mammary tumours are the most common type of neoplasm. Approximately 

50% of these tumours are malignant and 95% of these malignant mammary tumours are 

carcinomas, with an estimated annual incidence of 182 cases per 100,000 female dogs (Gama 

et al., 2009; Kabir et al., 2016). 

TNM system is the method used for the clinical staging of canine mammary tumours, 

stated by the World Health Organization (WHO) (T – size of the primary tumour; N – 

presence/absence of lymph node metastasis; M – presence/absence of distant metastases (Table 

1) (Gundim et al., 2016).  

Table 1. Staging system for canine mammary tumours (Gundim et al., 2016). 

Stage Size Regional metastases Distant metastases 

Stage I T1 N0 M0 

Stage II T2 N0  M0 

Stage III T3 N0 M0 

Stage IV Any size N1 M0 

Stage V Any size N0 or N1 M1 

 
T1 – < 3 cm; 

T2 – 3 to 5 cm; 

T1 – > 5 cm. 

N0 – absence of lymph node 

metastasis; 

N1 – presence of lymph node 

metastasis. 

M0 – absence of distant 

metastasis; 

M1 – presence of distant 

metastasis. 
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The histological diagnosis of canine mammary tumours is complex (Table 2) and 

usually follows the criteria recently published (Goldschmidt et al., 2017).  

Table 2. Canine mammary tumour histological classification (Goldschmidt et al., 2017). 

Hyperplasia/dysplasia 

Duct ectasia 

Lobular hyperplasia 

(adenosis) 

Regular 

With secretory activity 

With fibrosis 

With atypia 

Epitheliosis 

Papillomatosis  

Fibroadenomatous change 

Gynecomastia 

Benign neoplasms 

Adenoma – simple  

Intraductal papillary adenoma 

Ductal adenoma 
Ductal adenoma with squamous 

differentiation  

Fibroadenoma 

Myoepithelioma 

Complex adenoma (adenomyoepithelioma) 

Benign mixed tumour 

Malignant epithelial 

neoplasms 

Carcinomas 

Carcinoma in situ 

Simple carcinoma  

Tubular  

Tubulopapillary 

Cystic-papillary 

Cribriform  

Micropapillary invasive carcinoma 

Solid carcinoma 

Comedocarcinoma  

Anaplastic carcinoma  

Carcinoma arising in a complex adenoma/mixed tumour 

Complex carcinoma 

Carcinoma and malignant myoepithelioma 

Mixed carcinoma  

Ductal carcinoma 

Intraductal papillary carcinoma 

Special types 

Squamous cell carcinoma 

Adenosquamous carcinoma 

Mucinous carcinoma 

Lipid-rich (secretory) carcinoma 

Spindle-cell carcinoma 

Malignant myoepithelioma 

Squamous cell carcinoma-spindle 

cell variant 

Carcinoma-spindle cell variant 

Inflammatory carcinoma 
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Table 2 (cont.). Canine mammary tumour histological classification (Goldschmidt et al., 2017). 

Malignant mesenchymal neoplasms – 

sarcomas 

Osteosarcoma 

Chondrosarcoma 

Fibrosarcoma 

Hemangiosarcoma  

Other sarcomas 

Carcinosarcoma – malignant mixed mammary tumour 

Neoplasms of the nipple 

Adenoma 

Carcinoma 

Carcinoma with epidermal infiltration (Paget-like disease) 

Hyperplasia/dysplasia of the nipple Melanosis of the skin of the nipple 

The histological grading system used in canine mammary carcinomas is based on the 

evaluation of tubule formation, nuclear pleomorphism and number of mitosis (Table 3). Both 

the histological diagnosis and grade of the tumour are important parameters to predict the 

biological behaviour of mammary carcinomas (Goldschmidt et al., 2017). 

Table 3. Histological grading system of canine mammary neoplasms (Goldschmidt et al., 2017). 

 Points 

Tubule formation (A) 1 Formation of tubules in >75%. 

2 
Formation of tubules in 10–75% (moderate formation of tubular 

arrangements admixed with areas of solid growth). 

3 Formation of tubules in <10% (minimal or no tubule formation). 

   

Nuclear pleomorphism (B) 1 Uniform or regular small nucleus, and occasional nucleoli. 

2 
Moderate degree of variation in nuclear size and shape, hyperchromatic 

nucleus, presence of nucleoli (some of which can be prominent). 

3 
Marked variation in nuclear size, hyperchromatic nucleus, often with 

one or more prominent nucleoli. 

   

Mitoses per 10 HPF (C) 1 0–9 mitoses/10 HPF 

2 10–19 mitoses/10 HPF 

3 20 mitoses/10 HPF 

Total score (A+B+C) Grade of malignancy 

3-5 I (low) 

6-7 II (intermediate) 

8-9 III (high) 
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Human and dog cancers share many features, including spontaneous development, 

clinical presentation, tumour heterogeneity and disease progression. Furthermore, human and 

dog genomes present highly conserved similarities, which leads to the proposal of dog as an 

excellent comparative model for the study of human cancer, especially breast cancer, as an 

alternative to mice. Thus, canine mammary tumours demonstrate a strong genetic similarity 

with their human counterparts, particularly with regard to cell cycle regulatory genes, tumour 

suppressor and proto-oncogenes, and also a large group of non-coding RNAs and microRNAs 

(Kabir et al., 2016). 

Despite their high incidence, clinical importance and similarity with human breast 

cancer, treatment options are very limited and studies targeting the characterization of canine 

mammary cancer are scarce and insufficient (Gama et al., 2009). 
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1.3. The Epidermal Growth Factor Receptor  

The Epidermal Growth Factor Receptor (EGFR), also known as HER-1 or c-erbB-1, is 

a transmembrane receptor for members of the Epidermal Growth Factor family of extracellular 

protein ligands, which includes Transforming Growth Factor-α, heparin-binding EGF, 

amphiregulin, betacellulin, epiregulin and epigen. EGFR belongs to a family of tyrosine kinases 

receptors that comprises three other members (c-erbB-2/HER-2, c-erbB-3/HER-3 and c-erbB-

4/HER-4) and it is involved in regulating various cellular functions, such as cell proliferation, 

differentiation, motility and survival (Herbst, 2004; Scaltriti et al., 2006; Guo et al., 2015; Zeng 

et al., 2014). 

EGFR protein is composed by three regions: an extracellular ligand-binding region, a 

short hydrophobic transmembrane region and an intracytoplasmic region. EGFR extracellular 

ligand-binding region contain four domains (I-IV). Domains I and III are each, approximately, 

133 amino acids in length and both bind to activating ligands. Domains II and IV are cysteine-

rich domains comprising, respectively, 179 and 176 amino acids. The intracytoplasmic region 

comprises the protein tyrosine kinase domain plus an additional carboxyl terminal tail. EGFR 

protein is synthesized as a 1210 residue precursor and, after cleavage of the N-terminal, it 

results in the mature 1186 residue protein (Wee et al., 2017). 

1.3.1. Ligand-dependent activation of EGFR 

The EGFR ligand is bivalent, contacting two distinct sites of the receptor: domains I and 

III. This binding promotes substantial conformational changes in the extracellular region of 

EGFR, which unmask a dimerization arm in domain II. In the absence of ligand binding, this 

arm is completely hidden by intramolecular interactions with domain IV. Ligand binding allows 

the dimerization arm of domain II to interact with a second ligand-bound EGFR molecule. 

Domain IV also appears to make contacts across the dimer interface, which may orient them to 

the configuration required for maximal activation (Figure 5A) (Garrett et al., 2002; Ogiso et 

al., 2002; Burgess et al., 2003; Lemmon et al., 2010). Dimerization is followed by 

autophosphorylation of several tyrosine residues within the COOH-terminal tail (Figure 5B). 

This phosphorylation provides specific docking sites for cytoplasmic proteins containing Src 

homology 2 and specific phosphotyrosine residues, leading to the initiation of intracellular 

signalling via several pathways (Scaltriti et al., 2006). 
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Figure 5. Ligand-dependent activation of EGFR. A – Conformational changes of the extracellular region (domains 

I-IV) during EGFR dimerization (adapted from Lemmon et al., 2010); B1 – EGFR structure; B2 – Ligand binding 

to EGFR; B3 – Dimerization and autophosphorylation of the tyrosine residues. 

1.3.1.1. EGFR signalling pathways 

EGFR activation triggers several intracellular signalling pathways (Figure 6): 

 Ras/Raf/MAPK pathway – This pathway regulates cell proliferation and survival. 

After EGFR phosphorylation, the complex formed by the adaptor proteins GRB2 (growth factor 

receptor-bound protein 2) and SOS (Son of Sevenless) protein binds directly to specific docking 

sites on the receptor, or through association with the adaptor molecule SHC (Src homology 2 

domain-containing). Then, SOS protein suffers a conformational modification and become able 

to recruit Ras-GDP, leading to Ras activation (Ras-GTP). Ras-GTP activates Raf-1, which 

phosphorylates the mitogen-activated protein (MAPK) extracellular signal-regulated kinases 1 

and 2 (ERK1 and ERK2). Finally, the activated MAPKs are imported into the nucleus where 

they phosphorylate specific transcription factors involved in cell proliferation;  

 Phospholipase Cγ pathway – Phospholipase Cγ (PCγ) interacts directly with 

activated EGFR and hydrolyses phosphatidylinositol 4,5-diphosphate (PIP2), forming inositol 

1,3,5-triphosphate (IP3), which is important for intracellular calcium release and 1,2-

diacylglycerol (DAG), cofactor in protein kinase C (PKC) activation. PKC activation can lead 

to MAPK activation;  

 STAT pathway – Signal transducers and activators of transcription (STAT) proteins 

interact with phosphotyrosine residues through their Src homology 2 domains. Then, STAT 

proteins translocate to the nucleus and activate the expression of specific target genes, related 

with cell proliferation and survival; 

 PI3K/AKT pathway – This route is involved in cell growth, apoptosis resistance, 

invasion and migration. However, the main mechanism that drives phosphatidylinositol 3-
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kinase (PI3K) activation is the dimerization of the EGFR with HER-3, forming a heterodimer. 

This happens because the docking sites for p85 are absent on EGFR, whereas, on the contrary, 

docking sites for p85 are abundant on HER-3. PI3K is a dimeric enzyme composed of a 

regulatory p85 subunit, which is responsible for the anchorage to EGFR-specific docking sites, 

and a catalytic p110 subunit that generates the second messenger phosphatidylinositol 3,4,5-

triphosphate (PIP3), which phosphorylates and activates the protein serine/threonine kinase 

AKT (protein kinase B, also known as PKB). Activated AKT proteins are imported into the 

nucleus where they activate specific transcription factors (Scaltriti et al., 2006). 

 

Figure 6. Intracellular signalling pathways triggered by ligand-dependent activation of EGFR: Ras/Raf/MAPK, 

Phospholipase Cγ, STAT and PI3K/AKT pathway. 

 

 



1.  Introduction 

14 
 

1.3.2. Ligand-independent activation of EGFR 

As mentioned above, EGFR is usually only activated in the presence of specific proteins, 

called ligands. However, certain conditions can lead to its activation without the ligand binding 

to the receptor. This phenomenon has been approached in several scientific studies, and a 

number of causes have been identified for this ligand-independent activation: 

 EGFR overexpression (Scaltriti et al., 2006); 

 Deletions in the EGFR extracellular region, which result in a shorter receptor and 

constitutive activation (Schlessinger, 2002; Scaltriti et al., 2006); 

 Exposure to some cholesterol-depleting agents, like methyl-β-cyclodextrin, cause 

disruption of lipid rafts in plasma membrane, leading to EGFR autophosphorylation without 

ligand-binding (Lambert et al., 2006); 

 Exposure to low electric fields and pH decrease (Wolf-Goldberg et al., 2013); 

 Exposure to cellular stresses, such as radiation, which silence phosphatases that 

antagonize the kinase receptor activity, thereby shifting the equilibrium of basal 

phosphorylation toward the activated state (Scaltriti et al., 2006);  

 Overexpression of the urokinase plasminogen activator receptor (uPAR), which 

causes an association between the EGFR and α5β1 integrin, leading to its activation (Liu et al., 

2002; Scaltriti et al., 2006). 

Ligand-independent activation of EGFR is widely common in cancer cells, mainly 

caused by EGFR gene amplification, DNA rearrangements, overexpression and alterations in 

the receptor that cause its constitutive activation (Guo et al., 2015). 

1.3.2.1. Non-canonical EGFR signalling pathways 

EGFR ligand-independent activation triggers non-canonical signalling pathways 

(Figure 7):  

 EGFRvIII pathway – A specific EGFR mutant, known by EGFRvIII, is generated 

from a deletion of exons 2-7 of the EGFR gene, which results in a frame deletion of 267 amino 

acids from the domain II of the extracellular portion of the receptor. Consequently, EGFRvIII 

is incapable of binding any known ligand and signals constitutively. EGFRvIII recruits 

ubiquitin ligases to receptor-interacting serine/threonine-protein kinase 1 (RIPK1), resulting in 

ubiquitination of RIPK1. RIPK1 binds to transforming growth factor β-activated kinase 1 
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(TAK1) and NF-κB essential modulator (NEMO) forming a complex that activates NF-κB 

(nuclear factor κ-light-chain-enhancer of activated B cells). Several studies have suggested that 

NF-κB activation is required for EGFRvIII-mediated oncogenicity. EGFRvIII is also associated 

with higher expression levels of the pro-angiogenic factor interleukin IL-8 (Gan et al., 2013; 

Puliyappadamba et al., 2013; Guo et al., 2015); 

 IRF3 pathway – When EGFR is overexpressed and the ligand is absent, the EGFR 

forms a ternary complex with interferon regulatory factor 3 (IRF3) and TANK-binding kinase 

1 (TBK1). This association leads to phosphorylation and activation of IRF3. Then, activated 

IRF3 is imported into the nucleus where it exerts its function as transcription factor of several 

genes, including IFIT1 (interferon-induced protein with tetratricopeptide repeats 1), IFI27 

(interferon alpha inducible protein 27) and TRAIL (TNF-related apoptosis-inducing ligand). 

This pathway provides more resistance to virus induced cell death, which may confer a survival 

advantage during tumour clonal evolution, and more resistance to chemotherapy (Guo et al., 

2015). 

 

Figure 7. Non-canonical intracellular signalling pathways triggered by ligand-independent activation of EGFR: 

EGFRvIII and IRF3 pathway. 
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It is not properly clarified whether this type of activation also initiates canonical cellular 

signalling. However, some studies suggest that the pathways triggered by ligand-free activation 

are distinct from ligand-activated EGFR signalling and that ligand-independent and ligand-

activated signals are mutually exclusive (Guo et al., 2015). 

1.4. The EGFR gene 

In humans, EGFR gene is located in the chromosome 7 short arm q22, spanning 110 kb 

of DNA divided into twenty-eight exons and twenty-eight introns (Figures 8 and 9) (Wee et al., 

2017).  

 

Figure 8. Human EGFR gene. The yellow boxes represent the exons (to scale). The number beneath 

the yellow boxes corresponds to the length in amino acids. The introns are represented between the 

exons, with their length in amino acids (not to scale). 

The expression of this proto-oncogene is regulated by EGFR ligands, as it increases 

EGFR RNA expression by stimulating the expression of ETF (EGFR-specific transcription 

factor). EGFR gene expression is also modulated by other proteins, including E1A, Sp1 

(specificity protein 1) and AP2 (adaptor protein 2), and the interaction between DNA 

topoisomerase I and c-JUN. In normal cells, EGFR expression is estimated to be from 40,000-

100,000 receptors per cell. In cancer cells, when EGFR is overexpressed, more than 1,000,000 

receptors per cell can be counted (Wee et al., 2017). 
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Figure 9. Scheme of the EGFR domains and their codifying exons (adapted from 

Ferguson, 2008; Wee et al., 2017). 

 

According to Ensembl (EMBL-EBI – European Molecular Biology Laboratory-

European Bioinformatics Institute, United Kingdom [UK]), eleven transcripts of the human 

EGFR gene have been reported to date. To be distinguished, transcripts were named with a 

suffix: the wild-type transcript is called EGFR-201 and the others are named EGFR-202, 

EGFR-203, ... until EGFR-211 (Figure 10) (Ensembl release 92, April 2018 [1]). 
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Figure 10. Comparison between the eleven EGFR transcripts from Homo sapiens. The yellow boxes represent the exons (to scale). The number beneath the yellow boxes 

corresponds to the length in amino acids. All transcripts are aligned with wild-type transcript, EGFR-201, according to their similarity. The yellow colour represents the exons 

with high similarity with EGFR-201. Boxes filled with various colours represent the exons with low similarity to the wild-type transcript. The dashed line in some exons, means 

that this transcript does not encode any protein. In some exons, the UTR region is not to scale (when it is above 600 amino acids).
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In dogs, EGFR gene is located in chromosome 18 and has twenty-seven exons. There is 

only one reported transcript in Canis familiaris, the wild-type EGFR-201. Compared to 

humans, exon 1 is lacking, but the rest of the sequence shows an irrefutable similarity (Figure 

11; Appendix A). The differences in the DNA sequence generate differences in the encoded 

protein. Thus, the dog EGFR protein will be slightly smaller, having 1180 amino acids, rather 

than 1210 amino acids as the human protein (Ensembl release 92, April 2018 [2]). 
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Figure 11. Comparison between EGFR-201 transcript from Homo sapiens and Canis familiaris. The yellow boxes represent the exons (to scale). The number beneath the yellow 

boxes corresponds to the length in amino acids. Between the exons are represented the introns, with their length in amino acids (not to scale).
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1.5. EGFR in human cancer 

EGFR gene is a proto-oncogene whose alterations are advantageous for cancer 

progression; therefore, this gene and its protein, as well as all cellular pathways in which they 

are involved, are a focus of interest for cancer research (Wee et al., 2017). 

EGFR overexpression was first observed in basal cell carcinomas and squamous cell 

carcinomas (Gusterson et al., 1984); subsequently, it was also described in sarcomas (Gusterson 

et al., 1985), non-small cell lung cancer (Veale et al., 1987) and malignant gliomas (Wong et 

al., 1987). In the literature, values are controversial but it is estimated that 40-80% of non-small 

cell lung cancers (Fujino et al., 1996) and 14-91% of breast cancers overexpress EGFR, 

depending on the methodology used (radioligand binding assay, autoradiography, 

immunocytochemistry, immunohistochemistry, immunoenzymetric assay, EGFR transcripts or 

EGFR associated phosphotyrosine kinase activity) (Klijn et al., 1992). Levels of EGFR were 

also evaluated to predict tumour grade, patient prognosis and relapse in human breast cancer 

(Slamon et al., 1987; Richard et al., 1987). 

EGFR was found upregulated in a large number of cancers, including non-small cell 

lung cancer, metastatic colorectal cancer, glioblastoma, head and neck cancer, pancreatic cancer 

and breast cancer. There are several mechanisms that may be responsible for EGFR 

upregulation, but there are two that stand out:  

1) EGFR gene amplification – several studies confirm the existence of extra copies of 

EGFR in tumour cells of various types of cancer. For example, about 50% of colorectal cancers 

present a three- to five-fold increase in the copy number of EGFR gene; 

2) Mutations in the EGFR gene – deletion of a significant portion of the nucleotide 

sequence, as in the mutant variant EGFRvIII mentioned above, or smaller alterations, such as 

missense substitutions and truncations, that originate aberrant proteins capable of ligand-

independent activation. This leads to over-activation of the downstream pro-oncogenic 

signalling pathways, which lead to cancer cell proliferation (Wee et al., 2017). 

These two mechanisms may occur simultaneously. In human glioblastomas, EGFR gene 

amplification was detected in 40% of the cases. Initially, it was thought that the increase of the 

number of copies was the sole responsible for the large amount of wild-type EGFR protein in 

tumour cells. However, further studies have shown that 75% of cancers with gene amplification 

also present EGFR mutations and about one-third of the cases where EGFR is amplified exhibit 
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multiple transcript alterations, leading to an overexpression of multiple aberrant forms of EGFR 

protein, each of these with distinct properties (Frederick et al., 2000). 

1.5.1. EGFR targeted therapies 

EGFR-targeted therapies can be divided into two major classes:  

(1) humanized monoclonal antibodies against the EGFR extracellular domain, capable 

of blocking ligand binding or mediating its downregulation; and  

(2) tyrosine kinase inhibitors (TKIs), that mimic ATP, binding to the receptor’s kinase 

pocket and preventing signal transduction, typically used as monotherapy or combined with 

cytotoxic chemotherapy or high-dose radiation (Wee et al., 2017).  

Cetuximab and panitumumab are examples of pharmacological treatments based on 

EGFR monoclonal antibodies and gefitinib, erlotinib and lapatinib are examples of TKIs (Table 

4) (Wee et al., 2017).  

Table 4. EGFR targeted therapies for several types of cancer (Wee et al., 2017). 

Type of cancer Pharmacological treatment 

Non-small cell lung cancer gefitinib and erlotinib 

Metastatic colorectal cancer cetuximab and panitumumab 

Head and neck cancer cetuximab 

Pancreatic cancer erlotinib 

Breast cancer lapatinib 

Antibody therapy generally improves survival in EGFR-positive cancer patients but 

EGFR inhibitors still present some challenges that prevent its effective use. For example, 

EGFR-positive tumours may be resistant to EGFR inhibitors, emphasizing the importance of 

screening for biomarkers that negatively predict response to anti-EGFR therapy. Another 

challenge is the limited duration of the treatment efficacy, since in many cases, the patient 

begins with a positive response to the therapy but rapidly acquires resistance to the TKI used, 

often due to secondary EGFR mutations such as the well-known T790M, the most common 

form of acquired resistance to TKIs, which will be discussed later. A new generation of EGFR 

TKIs are already being developed with the aim of overcoming the challenge of acquired 

resistance. Brigatinib, HM61713, osimertinib and rociletinib are examples of pharmacological 

treatments that target T790M and its side effects (Pao et al., 2005; Wee et al., 2017). 
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1.5.2. EGFR gene mutations 

Many authors searched for specific mutations in EGFR gene in various types of cancer, 

which could clarify why EGFR protein is often overexpressed and/or constitutively activated 

in cancer cells, as well as provide significant information about progression, aggressiveness and 

treatment of the disease. 

At the moment, several EGFR gene mutations have been identified and associated with 

abnormal amounts of receptors per cell (active or inactive), presence of variants of the wild-

type receptor, structural and conformational changes in the protein that trigger its ligand-

independent activation, and response/sensitivity to cancer treatments (chemotherapy), 

especially based on TKIs, such as gefitinib, erlotinib or lapatinib (Figure 12). These mutations 

are usually found in exons 18, 19, 20 and 21 in Homo sapiens, which correspond to 17, 18, 19 

and 20 in Canis familiaris, as previously discussed (Zhang et al., 2010; Teng et al., 2011). 

 

Figure 12. EGFR mutations/sequence variants and respective 

domains where the repercussions are observed (Zhang et al., 2010). 

In the kinase domain, the most common mutations are deletions in exon 19 (about 45% 

of all EGFR mutations) and the missense substitutions L858R and L861Q in exon 21 

(corresponding to 40% and 2% of EGFR mutations, respectively). The presence of these 

mutations predicts favourable responses to chemotherapy treatment based on TKIs of several 

types of cancers, including non-small cell lung cancer and breast cancer. However, insertion 

mutations in exon 20, which represent 4-10% of all EGFR mutations, are generally associated 

with insensitivity to available TKIs (Teng et al., 2011; Yasuda et al., 2013). 

One of the known mutations in exon 20 that has been associated with notorious 

resistance to pharmacological TKIs and significant increase of the EGFR phosphorylation 

levels is T790M (rs121434569). It is a missense substitution of a cytosine with a thymine, which 
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results in a switch of the original amino acid threonine for a methionine at codon 790 (Wee et 

al., 2017). Threonine is often referred as the “gatekeeper residue” because it is an important 

determinant of TKI specificity to the ATP-binding pocket. The mechanism of resistance of 

T790M mutants are poorly understood. Some authors argue that the bulkier methionine side 

chain may provide steric hindrance to TKI binding, since threonine is a small polar amino acid 

whereas methionine is a larger nonpolar amino acid; however, this does not explain why it 

remains sensitive to structurally similar irreversible inhibitors (Yun et al., 2008; Wee et al., 

2017). Other studies state that the alteration in the gatekeeper residue causes a modification on 

the topology of the ATP-binding pocket that, not only interrupt the physicochemical binding of 

TKIs, but also leads to a dramatically increase of the EGFR protein affinity to the ATP molecule 

(Yun et al., 2008; Zhang et al., 2010; Bemanian et al., 2015). Nevertheless, the biological 

implications on intracellular signalling pathways and tumour growth in general remains 

unknown (Wee et al., 2017). 

In non-small cell lung cancer, T790M appears to be a “secondary mutation” joined to 

pre-existing mutations (usually L858R or deletions in exon 19) and arise during treatment with 

gefitinib or erlotinib (Pao et al., 2005). In human breast cancer, T790M has been found in 

patients who had not been treated with TKIs, contrary to the idea that this mutation is secondary 

and only appears as a consequence of therapeutic pressure during ongoing TKI-based treatment. 

In addition, this mutation is rarely found in breast cancer, but it seems to present a higher 

prevalence in some subgroups of patients, especially in cases of triple-negative breast cancer 

(TNBC). TNBC is a subgroup of breast cancer that does not overexpress any of the most 

common therapy-targets, namely estrogen receptors, progesterone receptors and c-erbB-

2/HER-2. Since 10% of the patients present a triple-negative diagnosis, T790M and similar 

alterations may play an important role in the selection of the most appropriate treatment for 

these cases, when other predictive markers are lacking (Bemanian et al., 2015).  

Although T790M has already been observed and vaguely studied in human breast 

cancer, there are no studies in canine mammary cancer describing the equivalent mutation. 

Therefore, it would be interesting to search for this or other mutations in exon 19 of dog EGFR 

gene (equipollent to exon 20 of human EGFR gene). 
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1.6. EGFR in canine mammary cancer 

Whereas EGFR has been extensively studied in human cancer, and more specifically in 

human breast cancer, the same does not occur in canine mammary tumours. A limited number 

of reports are available concerning EGFR status in canine mammary cancer tissues and the 

results are controversial (Table 5). Considering that EGFR inhibitors might be used as 

therapeutic agents, additional studies are mandatory to unravel the mechanisms associated with 

EGFR overexpression and its importance in canine mammary cancer progression.  

Table 5. Previous reports directed to the study of EGFR in canine mammary cancer. 

Publication Objectives Methodology Results and Conclusions 

Gama et al.  

2009 

Evaluation of EGFR 

expression in canine 

mammary tumours 

Immunohistochemical 

analysis of 46 benign 

tumours and 90 

malignant tumours. 

42.2% of malignant tumours 

overexpress EGFR. 

Bertagnolli et al. 

2011 

Evaluation of EGFR 

expression in canine 

mammary mixed 

tumours 

Immunohistochemical 

analysis of 24 benign 

mixed tumours and 46 

carcinomas in benign 

mixed tumours. 

34.3% of all tumours studied 

overexpress EGFR. 

Borge et al.  

2011 

Identification of 

genetic variations of 

EGFR which may be 

related on breed 

predisposition to 

canine mammary 

tumours 

PCR and sequencing of 

EGFR using DNA from 

blood samples of 32 

individuals from eight 

different breeds. 

2 Single Nucleotide 

Polymorphisms (SNPs) found in 

the coding region (exon 2) and 4 

SNPs found in the adjacent non-

coding region. No associations 

were established between the 

sequence variants and breed 

predisposition to canine mammary 

tumours. 

Carvalho et al. 

2013 

Evaluation of EGFR 

expression in canine 

malignant mammary 

tumours 

Immunohistochemical 

analysis of 61 

carcinomas. 

55.7% of carcinomas show high 

expression of EGFR. 

Queiroga et al. 

2015 

Quantification of 

EGFR in canine 

mammary tumours 

ELISA assay of 75 

canine mammary 

tumours (9 dysplasias, 21 

benign tumours and 45 

malignant tumours) and 

30 normal mammary 

glands. 

EGFR levels were increased in 

individuals with benign and 

malignant tumours compared with 

the animals with normal mammary 

tissues. High amounts of EGFR in 

malignant tumours were 

significantly associated with 

clinicopathological features and 

poor prognosis. 
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Table 5 (cont.). Previous reports directed to the study of EGFR in canine mammary cancer. 

Publication Objectives Methodology Results and Conclusions 

Araújo et al. 

2016 
Evaluation of EGFR 

expression in canine 

mammary 

carcinomas and 

lymph node 

metastases 

Immunohistochemical 

analysis in 26 non-

metastatic carcinomas, 

48 metastatic primary 

carcinomas and 25 

lymph node metastases. 

15.4% of non-metastatic 

carcinomas, 12.5% of metastatic 

primary carcinomas and 12% of 

lymph node metastases overexpress 

EGFR. 

Damasceno et al. 

2016 

 

Evaluation of EGFR 

expression in canine 

malignant mammary 

tumours 

Immunohistochemical 

analysis and RNA in situ 

hybridization in 15 

carcinomas in mixed 

tumours and 8 

carcinosarcomas.  

EGFR mRNA and EGFR protein 

are significantly higher in in situ 

carcinoma than in invasive areas, 

suggesting that EGFR plays a role 

during the early stages of tumour 

progression. 

Nguyen et al. 

2017 
Evaluation of EGFR 

expression in canine 

invasive mammary 

carcinomas 

Immunohistochemical 

analysis of 350 invasive 

mammary carcinomas. 

53.1% of invasive mammary 

carcinomas overexpress EGFR. 
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1.6.1. Mutations in canine EGFR gene 

The alignment of the nucleotide and amino acid sequences revealed that there are few 

significant differences between the two species, except for the absence of exon 1 (Ensembl 

release 92, April 2018 [1 and 2]). Focusing on the mutagenic hotspot located between exon 18 

to 21 (in human), the similarity was even more evident, with only a nucleotide alteration with 

the consequent alteration of the amino acid (Appendix A). None of the human known mutations 

of the mutagenic hotspot, referred to above, was found in dog gene. Moreover, to the best of 

our knowledge, no studies have been carried out with this purpose. However, according to 

Ensembl (EMBL-EBI, UK), a SNP in exon 19 of canine EGFR gene has already been reported. 

It is a missense substitution of a cytosine with a thymine, which results in a switch of the original 

amino acid threonine for a methionine at codon 754, known by rs851560790 (Ensembl release 

92, April 2018 [3]). Although this variant is very similar to the human T790M, it is not the same 

but rather of another mutation, which is not addressed in the literature (Figure 13). In addition 

to this SNP, other sequence variants were found in the intronic regions of exon 19, but 

information on them is scarce (Appendix B). 

Exon20 2284 GAAGCCTACGTGATGGCCAGCGTGGACAACCCCCACGTGTGCCGCCTGCTGGGCATCTGC 2343 

Exon19 2197 GAAGCCTACGTGATGGCCAGTGTGGACAATCCCCACGTGTGCCGCCTCCTGGGCATCTGC 2256 

        733 -E--A--Y--V--M--A--S--V--D--N--P--H--V--C--R--L--L--G--I--C- 752 

        762 -E--A--Y--V--M--A--S--V--D--N--P--H--V--C--R--L--L--G--I--C- 781 

 

                 

       2344 CTCACCTCCACCGTGCAGCTCATCACGCAGCTCATGCCCTTCGGCTGCCTCCTGGACTAT 2403 

       2257 CTGACGTCCACGGTGCAGCTCATCACGCAGCTCATGCCCTTTGGCTGCCTCCTGGACTAT 2316 

        753 -L--T--S--T--V--Q--L--I--T--Q--L--M--P--F--G--C--L--L--D--Y- 772 

        782 -L--T--S--T--V--Q--L--I--T--Q--L--M--P--F--G--C--L--L--D--Y- 801 

 

               

       2404 GTCCGGGAACACAAAGACAATATTGGCTCCCAGTACCTGCTCAACTGGTGTGTGCAGATC 2463 

       2317 GTCCGCGAGCACAAGGACAACATCGGCTCCCAGCACCTGCTCAACTGGTGTGTGCAGATT 2376 

        773 -V--R--E--H--K--D--N--I--G--S--Q--H--L--L--N--W--C--V--Q--I- 792 

        802 -V--R--E--H--K--D--N--I--G--S--Q--Y--L--L--N--W--C--V--Q--I- 821 

 

       2464 GCAAAG 2469 

       2377 GCAAAG 2382 

         793 -A--K- 794    

         822 -A--K- 823                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

Figure 13. Alignment of the exon 20 of human EGFR-201 cDNA sequence and the exon 19 of the dog EGFR-201 

cDNA sequence provided by Ensembl. The cDNA and amino acid sequences shown in bold belong to the human 

(H. sapiens), the other sequences belong to the dog (C. familiaris). On the sides of the sequences are the position 

numbers of the first and last nucleotide and the first and last amino acid of the line. Codons are highlighted in light 

yellow alternately, to facilitate their delimitation. The most significant difference between the human and dog 

sequences (a change in cDNA sequence altering the amino acid sequence) are highlighted in red in the dog 

sequences. Other differences that do not alter the amino acid are highlighted in green in dog nucleotide sequence. 

Red boxes mark the position of mutations T790M and rs851560790. 

 

 

 

 T790M (H. sapiens) 

 rs851560790 (C. familiaris) 
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1.7. Objectives 

This study aimed to investigate the immunoexpression of EGFR and the presence of 

mutations in the EGFR gene in canine mammary cancer (metastatic and non-metastatic 

carcinomas) and encompassed the following objectives: 

 To evaluate the EGFR expression in canine samples of primary mammary tumours, 

lymph node metastases and lung metastases, by immunohistochemical analysis; 

 To compare the EGFR expression between canine mammary primary tumours and 

their metastases; 

 To extract DNA from frozen (mammary primary tumours and non-neoplastic 

adjacent mammary gland) and formalin-fixed paraffin-embedded (lymph node metastases) 

canine tissue samples; 

 To amplify specific fragments of EGFR gene by polymerase chain reaction (PCR), 

sequence the fragments and screen the sequencing results for the presence of variants of canine 

wild-type EGFR. 
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2.1. Material 

Canine tissue samples were selected from the archives of Histopathology Laboratory of 

the University of Trás-os-Montes and Alto Douro, Vila Real, Portugal, including formalin-fixed 

paraffin-embedded (FFPE) tissues (mammary primary tumours, lymph node metastases and 

lung metastases) and frozen tissues (mammary primary tumours and non-neoplastic adjacent 

mammary gland), received between 2004 and 2018 (Table 6).  

Table 6. Canine tissue samples analysed in the present study. 

  Total 

Immunohistochemistry FFPE tissues 

Primary tumours 
Non-metastatic 33 

Metastatic 71 

Lymph node metastases 71 

Lung metastases 12 

Molecular analysis 
Frozen tissues 

Adjacent non-neoplastic tissues 10 

Primary tumours 20 

FFPE tissues Lymph node metastases 7 

FFPE tissues had been fixed in 10% neutral buffered formalin, routinely processed and 

embedded in paraffin wax. Sections (3 μm) were cut for histological examination and for 

immunohistochemistry. 

2.2. Methods 

2.2.1. Clinicopathological data 

Clinical data included animal age, breed, tumour size and location. Tumor size was 

defined as the maximum diameter, with tumors grouped according to the TNM WHO staging 

of canine mammary tumors in: tumors with less than 3 cm; tumors with 3-5 cm and tumors 

larger than 5 cm (Gundim et al., 2016). All tumor samples were revised in haematoxylin and 

eosin (HE) stained sections, according to the new proposed classification for canine mammary 

neoplasms (Goldschmidt et al., 2017). Other histopathological parameters evaluated included: 

histological grade, lymphovascular invasion (presence vs. absence) and lymph node metastases 

(presence vs. absence). Histological grade was evaluated according to the method for canine 



2. Materials and Methods 

32 
 

mammary tumors (Goldschmidt et al., 2017), considering the assessment of three 

morphological features: tubule formation, nuclear pleomorphism and mitotic counts, in Grade I 

(well differentiated), Grade II (moderately differentiated) and Grade III (poorly differentiated). Grade 

I/II were grouped together for the survival analysis, given the small number of cases. 

2.2.2. Immunohistochemistry 

Formalin-fixed paraffin-embedded tissue samples were cut in 3 µm-sections on 

signalized slides, and used to perform an immunohistochemical analysis, by using an anti-

EGFR mouse monoclonal antibody (Clone 31G7, 1:50, Zymed Laboratories, United States of 

America [USA]). Antigen retrieval was performed by enzymatic digestion, through incubation 

with pepsin, and the detection system applied was a polymeric labelling methodology 

(Novolink Polymer Detection System, Novocastra, UK), following the manufacturer’s 

instructions.  

The immunohistochemical protocol consisted in the following steps: 

1. Deparaffinization. Remove the paraffin from the tissue by slide immersion in xylene 

for 30 minutes; 

2. Hydration. Hydrate the slides in alcohols with decreasing percentages of 

concentration (100%, 95%, 80% and 70%) for 5 minutes each. Wash the slides with distilled 

water, then with running tap water and finally with Phosphate Buffered Saline (PBS) (pH = 7.4) 

for 5 minutes each; 

3. Place the slides in a horizontal humid chamber and delineate the histological sections 

with a hydrophobic pen; 

4. Enzymatic digestion. Add approximately 2.5 mL of a solution of 0.4% pepsin 

(Dako, Denmark) in HCl 0.01 N (pH = 2) to each slide and incubate for 30 minutes at 37 ºC; 

5. Disruption of enzymatic digestion. Emerge the slides in PBS for 3 minutes at -4 ºC. 

Then, wash the slides with PBS for 5 minutes at RT; 

6. Inactivation of the endogenous peroxidase activity. Emerge the slides in 3% H2O2 

for 30 minutes. Wash with PBS for 5 minutes; 

7. Blocking of non-specific binding. Add 100 μL of polyvalent normal serum, Protein 

Block, for 5 minutes; 

8. Binding of the primary antibody. Add the primary antibody, diluted in PBS, to the 

slides and incubate overnight at 4 ºC, in a humid chamber; 
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9. Wash the slides with PBS for 5 minutes at RT; 

10. Binding of the secondary antibody. Add 80 µL of the secondary antibody, Post 

Primary Block, to each slide and incubate for 30 minutes at RT. Wash the slides with PBS for 

5 minutes; 

11. Binding of the detection polymer. Add 80 μL of the Polymer on each slide and 

incubate for 30 minutes at RT. Wash the slides with PBS for 5 minutes; 

12. Prepare the chromogenic agent DAB by mixing DAB Chromogen with DAB 

Substrate Buffer in a dilution of 1:50. The chromogenic agent DAB is carcinogenic; therefore, 

precautions must be taken (use of gloves and appropriate liquid waste/materials disposal); 

13. Revelation. Add 100 μL of the previously prepared dilution of the chromogenic 

agent DAB on each slide and incubate for 7 minutes. Drain excess liquid from each slide into 

an appropriate disposal container, wash the slides with running tap water for 10 minutes and 

rinse with distilled water; 

14. Contrast with Gill's Hematoxylin. Wash the slides with running tap water for 10 

minutes and rinse with distilled water; 

15. Dehydration. Emerge the slides in alcohols with increasing percentages of 

concentration (twice in 95% alcohol and twice in 100% alcohol) for 5 minutes each; 

16. Diaphanization. Emerge the slides in xylene for 10 minutes;  

17. Mounting. Mount the slides with Entellan mounting medium (Merck Group, 

Germany). 

The slides were observed under the light microscope for the evaluation of EGFR 

expression. EGFR epithelial expression was evaluated and scored according to the Herceptest 

scoring system: 0 = no membrane staining or < 10% of cells stained; 1+ = incomplete membrane 

staining in > 10% of cells; 2+ = > 10% of cells with weak to moderate complete membrane 

staining; and 3+ = strong and complete membrane staining in > 10% of cells. The 2+ and 3+ 

cases were considered EGFR positive (Gama et al., 2009). Stromal expression was evaluated 

in: negative, weak or strong expression, with strong expression considered positive. 
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2.2.3. DNA extraction from frozen tissue 

DNA extraction from frozen tissue samples was performed with the commercial kit 

ISOLATE II FFPE RNA/DNA Kit (Phenol free) (Bioline, UK), following an adapted protocol 

to frozen samples: 

1. Weigh 20-30 mg of frozen tissue and cut into pieces as small as possible. Transfer 

all the pieces to a 1.5 mL microcentrifuge tube; 

2. Lysis and digestion of the tissue. Add 300 μL of the kit Digestion Buffer DX and 

10 μL of the kit reconstituted Proteinase K solution. Vortex for 10 seconds; 

3. Incubate overnight at 55 °C; 

4. Cool the sample on ice for 3 minutes; 

5. Add 300 μL of the kit Lysis Buffer RX. Vortex for 3 seconds to mix; 

6. Add 250 μL of ethanol (96-100%). Vortex for 3 seconds to mix; 

7. Binding DNA to the column. Assemble a DNA Micro Column to a Collection Tube, 

apply 600 μL of ethanolic lysate into the column and centrifuge for 1 minute at 12300 g. Discard 

the contents of the Collection Tube and reuse; 

8. Repeat step 8 until all the lysate has passed through the column; 

9. Column washing. Apply 600 μL of the kit Wash Buffer W1 to the column and 

centrifuge for 1 minute at 12300 g. Discard the contents of the Collection Tube and reuse; 

10. Repeat step 9 twice; 

11. Column drying. Centrifuge for 2 minutes at 12300 g to dry the column. Discard 

the Collection Tube and place the column in a 1.5 mL microcentrifuge tube; 

12. DNA elution. Add 50 μL of DNA Elution Buffer to the column, incubate for 5 

minutes at RT and centrifuge for 1 minute at 12300 g; 

13. Repeat step 12 for a second elution and maximum DNA recovery; 

14. Store DNA at 4 °C for a few days or at -20 °C or -80 °C for long periods of time. 

Notes:  

(1) In every centrifugation, if the flow does not pass completely through the column, 

centrifugation should be repeated as many times as necessary until that happens.  

(2) The storage conditions described above were used for all the DNA samples, including those 

extracted from FFPE tissues. 
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2.2.4. DNA extraction from FFPE tissue 

DNA extraction from FFPE tissue samples was performed with two commercial kits 

designed for acid nucleic extraction from FFPE tissue samples: ISOLATE II FFPE RNA/DNA 

Kit (Phenol free) (Bioline, UK), hereinafter referred to as ISOLATE Kit, and GeneJET FFPE 

DNA Purification Kit (Thermo Fisher Scientific, USA), from now on designated by GeneJET 

Kit, with specific protocol adaptations to optimize DNA extraction (the original protocols 

proposed by the manufacturers yield low quantity/quality DNA). Three distinct protocols were 

tested, with one characterized by the use of mineral oil for deparaffinization as an alternative to 

xylene (Table 7). 

Table 7. Number of samples extracted with each method. 

 Total  

ISOLATE Kit  7 

GeneJET Kit 

Incubation: 2 h, 65 ºC; 40 min, 90 ºC 

(manufacturer’s recommendation) 
2 

Incubation: overnight, 65 ºC; 40 min, 90 ºC 2 

Incubation: 1 h, 65 ºC; 30 min, 90 ºC 2 

Deparaffinization with mineral oil (extraction with ISOLATE Kit) 1 
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2.2.4.1. ISOLATE Kit Protocol 

 Starting material 

The choice of the paraffin block was very important because the larger the tissue sample, 

the higher the yield of DNA. The area of the microtome that contacts with the block was 

disinfected with ethanol (96-100%) before cutting and between each sample. Also, a new blade 

was used for each block. Four 20 µm thick sections were cut of the paraffin block, discarding 

the first sections (which may have undergone oxidation). Whenever possible, the excess of 

paraffin was removed manually. Sections were transferred to a 1.5 mL microcentrifuge tube. 

 Part 1: Deparaffinization 

1. Add 1 mL of xylene and vortex for 5 seconds. Incubate for 5 minutes at 50 ºC; 

2. Centrifuge for 2 minutes at 12300 g. Remove and discard the supernatant without 

interfering with the pellet; 

3. Repeat steps 1 and 2; 

4. Add 1 mL of ethanol (96-100%) and vortex for 5 seconds; 

5. Centrifuge for 2 minutes at 12300 g. Remove and discard the supernatant without 

interfering with the pellet; 

6. Repeat steps 4 and 5; 

7. Allow to air dry for 10 minutes at RT (it is important for the pellet to dry completely). 

 Part 2: DNA extraction 

1. Digestion of the tissue. Add 300 μL of the kit Digestion Buffer DX and 10 μL of 

reconstituted Proteinase K solution. Vortex for 10 seconds; 

2. Incubate overnight at 65 ºC; 

3. Incubate 2 hours at 90 ºC; 

4. Cool the sample on ice for 3 minutes; 

5. Centrifuge for 35 minutes at 15000 g (or 12000 rpm), at 4 ºC (the pellet contains the 

tissue, supernatant contains the DNA and paraffin residues are placed in the top of the 

supernatant near the walls of the tube); 

6. Remove the supernatant without disturbing the pellet or touch the paraffin residues 

and transfer to a 1.5 mL microcentrifuge tube; 

7. Lysate preparation. Add 300 μL of Lysis Buffer RX, vortex for 3 seconds to mix 

and add 250 μL of ethanol (96-100%). Vortex for 3 seconds to mix; 
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8. Binding DNA to the column. Assemble a DNA Micro Column to a Collection Tube, 

apply 600 μL of ethanolic lysate into the column and centrifuge for 1 minute at 12300 g. Discard 

the contents of the Collection Tube and reuse; 

9. Repeat step 8 until all the lysate has passed through the column; 

10. Column washing. Apply 600 μL of Wash Buffer W1 to the column and centrifuge 

for 1 minute at 12300 g. Discard the contents of the Collection Tube and reuse; 

11. Repeat step 10 twice; 

12. Column drying. Centrifuge for 2 minutes at 12300 g to dry the column. Discard 

the Collection Tube and place the column in a 1.5 mL microcentrifuge tube; 

13. DNA elution. Add 40 μL of the kit DNA Elution Buffer to the column, incubate 

for 5 minutes at RT and centrifuge for 1 minute at 12300 g; 

14. Repeat step 13 for a second elution and store DNA (Figure 14).   

 

Figure 14. Deparaffinization and DNA extraction with the ISOLATE Kit from FFPE tissues. (A) Step 2 of 

deparaffinization – After centrifugation; (B) Step 5 of deparaffinization – After centrifugation; (C) Step 2 of 

DNA extraction – After incubation; (D) Step 5 of DNA extraction – Before centrifugation; (E) Step 5 of DNA 

extraction – After centrifugation.  
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2.2.4.2. GeneJET Kit Protocol 

This protocol does not have a specific deparaffinization step nor does it utilize xylene, 

as usual. Instead, it has a digestion buffer that has the ability to separate the paraffin from the 

tissue (Figure 15). Three incubation times for digestion buffer with proteinase K were tested to 

determine which would be most efficient in deparaffinization and digestion of the tissue. 

 Starting material 

As in the previous protocol, similar procedures should be undertaken with regard to the 

microtome. Sections were cut of the paraffin block with 10 µm of thickness each, discarding 

the first sections. The number of sections ranged from 4 to 8, depending on the amount of tissue 

in the block (large tissues required fewer sections, and vice versa). Whenever possible, the 

excess of paraffin was removed manually and, then, sections were transferred to a 1.5 mL 

microcentrifuge tube. 

 DNA extraction 

1. Deparaffinization and digestion of the tissue. Add 200 µL of the kit Digestion 

Buffer and vortex for 10 seconds; 

2. Incubate 6 minutes at 90 ºC. Vortex for 10 seconds at 3 minutes of incubation and at 

the end. Cool the sample at RT; 

3. Add 20 µL of Proteinase K solution and vortex for 10 seconds; 

4. Incubate for 2 hours at 65 ºC (two more incubation times were tested: 1 hour and 

overnight); 

5. Incubate for 40 minutes at 90 ºC (sample should never be heated above this 

temperature; one more incubation time was tested: 30 minutes); 

6. Centrifuge for 2 minutes at 6000 g, while the sample is still warm (the pellet contains 

the tissue, supernatant contains the DNA and paraffin are placed in a layer on the top of the 

supernatant); 

7. Remove a portion of the paraffin on the top using a micropipette tip, so as to dig an 

aperture in the layer large enough to pass the micropipette tip, without ever transferring paraffin 

residues to the supernatant or disturbing the pellet; 

8. Remove the supernatant through the opening, without disturbing the pellet or touch 

the paraffin residues, and transfer to a 1.5 mL microcentrifuge tube; 
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9. Add 10 µL of the kit RNase A solution and vortex for 10 seconds. Incubate for 10 

minutes at RT; 

10. Lysate preparation. Add 200 µL of Binding Buffer and vortex for 10 seconds; 

11. Add 400 µL of ethanol (96-100%) and vortex for 10 seconds; 

12. Binding DNA to the column. Transfer the lysate to a DNA Purification Column 

inserted into a Collection Tube and centrifuge for 1 minute at 6000 g. Discard the Collection 

Tube with the contents and place the column in a new Collection Tube; 

13. Column washing. Add 500 µL of Wash Buffer 1 to the column and centrifuge for 

1 minute at 8000 g. Discard the contents of the Collection Tube and reuse; 

14. Add 500 µL of Wash Buffer 2 and centrifuge for 3 minutes at 12300 g. Discard the 

contents of the Collection Tube and reuse; 

15. Column drying. Centrifuge for 2 minutes at 12300 g to dry the column. Discard 

the Collection Tube and place the column in a 1.5 mL microcentrifuge tube; 

16. DNA elution. Add 60 µL of Elution Buffer to the column. Incubate for 5 minutes 

at RT. Centrifuge for 1 minute at 8000 g; 

17. Repeat step 16 for a second elution and store DNA. 

 

Figure 15. DNA extraction with the GeneJET Kit from FFPE tissues. (A) Step 2 – After incubation; (B) Step 4 – 

After incubation; (C) Step 5 – After incubation; (D) Step 6 – After centrifugation; (E) Step 8 – Lysate (supernatant 

transferred to a new microcentrifuge tube); (F) Step 8 – Microcentrifuge tube after remove the supernatant (paraffin 

layer and tissue residues visible); (G) Step 8 – Aperture on the paraffin layer (top view).  
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2.2.4.3. Deparaffinization with mineral oil 

The use of mineral oil is easily adaptable to any protocol for tissue DNA extraction, 

with the replacement of the deparaffinization steps of the original protocol by the 

deparaffinization procedure with the oil. Given that in the GeneJET Kit protocol the 

deparaffinization occurs along with digestion, deparaffinization with mineral oil was tested 

with the ISOLATE Kit (Figure 16). 

 Starting material 

The same as that used in the ISOLATE Kit protocol (see page 36). 

 Part 1: Deparaffinization 

1. Add 300 µL of mineral oil (Sigma, USA) and vortex for 5 seconds; 

2. Incubate for 20 minutes at 90 ºC. 

 Part 2: DNA extraction 

1. Execute the steps 1 to 5 of “Part 2: DNA extraction” from ISOLATE Kit protocol 

(See page 36); 

2. After centrifugation, the pellet contains the tissue, supernatant contains the DNA and 

paraffin are placed in a thick layer on the top of the supernatant; 

3. Remove a portion of the paraffin on the top using a glass Pasteur pipette closed in 

the tip, so as to dig an aperture in the thick layer large enough to pass a micropipette tip, without 

ever transferring paraffin residues to the supernatant or disturbing the pellet; 

4. Remove the supernatant through the opening, without disturbing the pellet or touch 

the paraffin residues, and transfer to a 1.5 mL microcentrifuge tube; 

5. Proceed with the steps 7 to 14 of “Part 2: DNA extraction” from ISOLATE Kit 

protocol (See page 36). 

 
Figure 16. Deparaffinization with mineral oil. (A) Step 1 of deparaffinization – After vortex; (B) Step 1 of 

“Part 2: DNA extraction” from ISOLATE Kit protocol – After vortex; (C) Step 5 of “Part 2: DNA 

extraction” from ISOLATE Kit protocol – After centrifugation; (D) Step 4 of DNA extraction – Lysate. 
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2.2.4.4. Evaluation of the quality of the DNA extracted from FFPE tissues 

The evaluation of the quality of the DNA extracted from FFPE tissues was based in four 

parameters: concentration, purity, integrity and amplifiability. DNA concentration (measured 

in ng/µL) and purity (obtained by absorbance 260/280 ratio) were estimated using Nanodrop 

ND-1000 Spectrophotometer (Thermo Fisher Scientific, USA); DNA integrity was ascertained 

by agarose gel electrophoresis of genomic DNA and amplifiability was tested by PCR (Table 

8). 

Table 8. Methods used for evaluation of the quality of the DNA extracted from FFPE tissues. 

Parameter Method Evaluation 

Concentration Spectrophotometry ng/µL  

Purity 

Absorbance  

260/280 ratio 

(Spectrophotometry) 

< 1.8 Contaminated with proteins 

1.8 – 2 Pure 

> 2 Contaminated with RNA 

Integrity 

Agarose gel 

electrophoresis of 

genomic DNA 

Intact 
Appearance of a single large band immediately 

following the well (without smear). 

Fragmented 
Appearance of any traces of smear between the 

well and the bottom of the gel. 

Amplifiability 

PCR followed by 

agarose gel 

electrophoresis 

Amplifiable 
Amplification of the intended fragment without 

nonspecific bands and/or smear. 

Non 

amplifiable 

Absence of amplification of the intended fragment, 

appearance of nonspecific bands and/or smear. 

2.2.5. Amplification and sequencing of exon 19 

2.2.5.1. Primers prediction 

In order to perform the PCR, a prediction of the primers was performed in silico. The 

objective was to amplify the exon 19, so the primers had to flank this region. The flanking 

sequence of the rs851560790 SNP (located in this exon) provided by Ensembl (Ensembl release 

92, April 2018 [4]) has been downloaded and inserted into the primer prediction program 

Primer3Plus, from Bioinformatics, Netherlands (Table 9). PCR products were predicted to have 

773 bp. 
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Table 9. Primers for PCR reaction. 

Primer Sequence Tm 

EGFR_Exon19_Cf_Forward 5’- CCTGTTTTCATTCCGTGTGTT - 3’ 60 ºC 

EGFR_Exon19_Cf_Reverse 5’- TTTGATGCAGAAGGCAATCA - 3’ 56 ºC 

2.2.5.2. PCR  

The amplification reaction was performed using the commercial mastermix MyTaq 

HS Red Mix 2x (Bioline, UK), following the manufacturer’s recommendations. Several 

annealing temperatures were tested in order to increase the efficiency and specificity of the 

reaction, as well as the quantity and quality of the products. The number of cycles has also been 

optimized (Table 10). After each PCR, an agarose gel electrophoresis was performed to verify 

the success of the amplification (Appendix C).  

In order to avoid cross-contamination, all components of the reaction (except DNA) 

were mixed in a 1.5 mL microcentrifuge tube and only then distributed through 0.2 mL thermal 

cycler tubes. Finally, DNA was added. A negative control was performed for each PCR, in 

order to confirm the absence of previous contamination of the reagents with foreign DNA. In 

this negative control, DNA was replaced by distilled water. 

Table 10A. Reaction components for DNA amplification. 

Reagents  Volume 

Distilled water 7.4 µL (6.4 µL)* 

Primer EGFR_Exon19_Cf_Forward (100 ng/µL) 0.8 µL 

Primer EGFR_Exon19_Cf_Reverse (100 ng/µL) 0.8 µL 

MyTaq HS Red Mix 10 µL 

DNA 1 µL (2 µL)* 

Final volume 20 µL 

* For FFPE tissue DNA.  
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Table 10B. Thermal cycler conditions for DNA amplification. 

Step Temperature Time 

Initialization 95 ºC 1 min 

 x 40 cycles  

(x 42 cycles)*     

Denaturation 95 ºC 15 secs 

Annealing 55 ºC (57 ºC)* 15 secs 

Extension 72 ºC 10 secs 

Final elongation 72 ºC 5 min 

Final hold 4 ºC ─ 

* For FFPE tissue DNA.   

2.2.6. Purification of PCR products 

Prior to sequencing, samples were purified by using an enzymatic PCR clean-up 

technology, containing exonuclease I and alkaline phosphatase, illustra ExoProStar 1-Step (GE 

Healthcare Life Sciences, UK), in order to remove unincorporated primers and nucleotides 

remaining from the amplification reaction, which may interfere with the sequencing.  

The purification procedure followed the following steps: 

1. Transfer 10 µL of the PCR product into a 0.2 µL thermal cycler tube, add 3 µL of the 

enzymatic solution and incubate for 15 minutes at 37 ºC; 

2. Incubate for 15 minutes at 80 ºC, to inactivate the enzymes. 

2.2.7. Sequencing of PCR products 

PCR products were sequenced by the method of Sanger (Table 11) by STAB VIDA 

company (Portugal). The sequencing results (electropherograms) were posteriorly analysed and 

edited with the program Chromas version 2.6.6 (Technelysium – DNA Sequencing Software, 

Australia). The edited sequences were converted to FASTA format and aligned with the wild-

type sequence through the multiple sequence alignment program Clustal Omega from EMBL-

EBI (UK). Then, the alignment results were analysed using the program GeneDoc version 2.6 

(NRBSC – National Resource for Biomedical Supercomputing, USA). The reference wild-type 

sequence used for data processing was provided by Ensembl (EMBL-EBI, UK) (Figure 17). 

Through this platform it was possible to identify the exact location of the expected mutations 
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(such as T790M and rs851560790 from the exonic region) and the sequence variants located in 

the intronic region, previously identified in Canis familiaris (Appendix B). 

Table 11. Primers for Sanger sequencing. 

Primer Sequence Tm 

EGFR_Exon19_Cf_SeqForward 5’- ACCAAACGACTGGTCACTCC - 3’ 62 ºC 

EGFR_Exon19_Cf_Reverse 5’- TTTGATGCAGAAGGCAATCA - 3’ 56 ºC 

 

  1  CCTGTTTTCATTCCGTGTGTTGCCGCAGACAGATGCTGCCTGGGTGTCTCTGTGAAGGGA   

 61  AATCCTTGCACCGCACTGGGTGGGGGGGGGGGGGGGCTGTCTTCCACCAAACGACTGGTC   

121  ACTCCACAGCCTCCTACGTGTGTCACAGGCCCTGCAGAAATGTCTGTGCACCAGATGTTT   

181  CACGGGCGACCCCGTCCTCCACGAGGCACGGTTGGGGATTCAGAATCACAGTTGTGCTTT   

241  GCTGTTTTCAGCYTGGAGGTCCGCCTGCCTGTCCCTTGAGCCACGGCGGGGGGGCTTCTC   

301  TGAAGCTTTCCTCTCCCCTTCTTCTTCCCACAGGAAGCCTACGTGATGGCCAGTGTGGAC   

361  AATCCCCACGTGTGCCGCCTCCTGGGCATCTGCCTGAYGTCCACGGTGCAGCTCATCAYG   

421  CAGCTCATGCCCTTTGGCTGCCTCCTGGACTATGTCCGCGAGCACAAGGACAACATCGGC   

481  TCCCAGCACCTGCTCAACTGGTGTGTGCAGATTGCAAAGGTAAGTGGAGAGGCGCGGGRG   

541  CCCTGAAAGTAGGGCAGGTACTTCGCTCGCTGCTCCCCTGCCCCCTCCCCCGGGGTGATG   

601  CGGTCGTGCGGGCGCCCCAATGCAAGGCAGCAAGGGGGAGAAATAAAGACAGCCGGAAAG   

661  TGGACAGGTGGGGCTCCRTCCTGGGAGAGCTACACTTGTGCGCGCGTGGGGCCCGTACAC   

721  ACAATGTGTGTTTTATTTTGGATCCAGTTGAATTGATTGCCTTCTGCATCAAA          

Figure 17. Reference wild-type sequence used for data processing. Nucleotides in black 

and bold belong to the exon; nucleotides in blue belong to the adjacent introns. Primer 

forward used for PCR is highlighted in brown; primer forward used for sequencing is 

highlighted in yellow; primer reverse is highlighted in light green. Positions in the exon 

sequence where it is expected to find mutations: rs851560790 is highlighted in pink; and 

T790M is highlighted in purple. Positions in the intron sequence where it is possible to 

find mutations: rs852801086 is highlighted in light blue; rs852516669 (deletion) is 

highlighted in orange; rs850919879 is highlighted in dark green; and rs851961223 is 

highlighted in dark blue.  

2.2.8. Follow up study 

After surgery, follow up was performed by the referring surgeons and it was possible in 

fifty tumour cases (range 5-48 months). The remaining cases were excluded from follow-up 

due to several reasons: dogs died immediately after surgery, others failed clinical examinations 

and in some old cases, medical records were lost. Overall survival (OS) was defined as the 

period (in months) between surgery and animal natural death or euthanasia due to cancer. 
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2.2.9. Statistical analysis 

For statistical analysis, categorical variable studies were performed by using the chi-

square test and Fisher’s exact test (two-sided). In order to determine the effect of studied 

variables (clinicopathological and EGFR immunoexpression) on prognosis, survival curves 

were generated by the Kaplan-Meier method and the survival rates compared using the log-

rank test. All statistical analyses were performed using IBM SPSS® software (Statistical 

Package for the Social Sciences, Chicago, USA), 24 version. P < 0.05 was considered 

statistically significant. 
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In the present study, EGFR expression was evaluated by immunohistochemistry in 111 

primary carcinomas, 68 lymph node metastases and 12 lung metastases. EGFR epithelial 

immunoexpression in primary tumours, lymph node and lung metastases were compared with 

each other as well as with clinicopathological characteristics. EGFR expression was also 

evaluated in the stroma of primary tumours and the results were crossed with 

clinicopathological parameters and EGFR epithelial immunoexpression in primary tumours and 

metastases. In addition, a survival analysis was performed considering the clinicopathological 

features and EGFR immunoexpression. 

For molecular analysis, twenty-seven cases of this cohort were selected. Thirty samples 

of frozen canine mammary tissue (20 tumour tissues and 10 adjacent non-neoplastic tissues) 

were used for DNA extraction, amplification of EGFR exon 19 by PCR, Sanger’s sequencing 

and screening for sequence variants of EGFR gene. Seven samples of FFPE tissue from lymph 

node metastases were also selected for DNA extraction. Three methods were tested for this task 

a comparative analysis of their efficiency was performed.  
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3.1. Clinicopathological characterization 

Animal age was known in 101 of the 111 cases and ranged between 5 and 18 years 

(mean = 10.41 ± 2.78; median = 10). There was information on the breed in 104 cases; the 

majority were mongrel (n = 42, 40.4%), with Poodle (n = 14, 13.5%) and Cocker Spaniel (n = 

6, 5.8%) being the most represented pure breeds. Tumour size (n = 101) varied between 0.50 

and 20 cm (mean = 4.7 ± 3.74; median = 3.5). Location was known in only 84 cases, with the 

majority of tumours located on the most caudal mammary glands (M4 and/or M5) (n = 53, 

63.1%) (Table 12). 

Table 12. Frequency of the clinical characteristics. 

Clinical characteristics  Frequency [n (%)] 

Age (n = 101)   

 ≤ 10 years 51 (50.5) 

> 10 years 50 (49.5) 
   

Breed (n = 104)   

 Mongrel  42 (40.4) 

Poodle 14 (13.5%) 

Cocker Spaniel 6 (5.8) 

Others 42 (40.4) 
   

Tumour size (n = 101)   

 < 3 cm 39 (38.6) 

 3-5 cm 26 (25.7) 

> 5 cm 36 (35.6) 
   

Location (n = 84)   

 M1 and/or M2 10 (11.9) 

M3 9 (10.7) 

M4 and/or M5 53 (63.1) 

Multiple  12 (14.3) 
   

With regard to the histopathological parameters, the most frequent histological type was 

tubulopapillary carcinoma (n = 35, 31.5%), followed by complex (n = 18, 16.2%) and solid 

carcinoma (n = 17, 15.3%). Almost half of the cases were classified as grade III (n = 54, 48.6%); 

lymphovascular invasion was present in 59.5% of cases (n = 66) and 64.0% of cases (n = 71) 

had lymph node metastasis at the time of surgical excision (Table 13). The histological types 

less represented (n < 5) were excluded from the statistical analysis.  
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Table 13. Frequency of the histopathological characteristics. 

Histopathological characteristics  Frequency [n (%)] 

Histological type (n = 111)  

 Tubulopapillary carcinoma 35 (31.5) 

Complex carcinoma 18 (16.2) 

Solid carcinoma 17 (15.3) 

Carcinosarcoma 10 (9) 

Carcinoma and malignant myoepithelioma 9 (8.1) 

Micropapillary carcinoma 7 (6.3) 

Comedocarcinoma 5 (4.5) 

Carcinoma in benign mixed tumour 4 (3.6) 

Anaplastic carcinoma 3 (2.7) 

Carcinoma in complex adenoma 1 (0.9) 

Epidermoid carcinoma 1 (0.9) 

Spindle cell carcinoma  1 (0.9) 
   

Histological grade (n = 111)   

 Grade I 9 (8.1) 

Grade II 48 (43.2) 

Grade III 54 (48.6) 
   

Lymphovascular invasion (n = 111)  

 Absent 45 (40.5) 

Present 66 (59.5) 
   

Lymph node metastasis (n = 111)   

 Absent  40 (36) 

Present  71 (64) 
   

3.2. EGFR immunohistochemical epithelial expression analysis 

EGFR epithelial immunoexpression was evaluated by Herceptest scoring system and 

cases scored with 2+ and 3+ considered positive. EGFR expression in primary tumours and 

lymph node metastases were associated with clinicopathological characteristics of the 

individuals, EGFR expression in lung metastases and each other.  
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3.2.1. EGFR immunoexpression in primary tumours, lymph node and lung metastases 

The EGFR immunohistochemical expression is presented in Table 14A and 14B. Of the 

111 cases, 71 were metastatic and 40 were non-metastatic tumours. It was possible to evaluate 

the immunohistochemical expression in all primary tumours, with most samples showing weak 

to moderate complete membrane staining in more than 10% of neoplastic cells, and thus being 

scored with 2+ (n = 40, 36%). The second most attributed score was 1+ (n = 35, 31.5%), 

exhibiting incomplete membrane staining in less than 10% of neoplastic cells. Seventeen cases 

(15.3%) were scored as 0, being characterized by no membrane staining or by the presence of 

less than 10% of stained cells and 19 cases (17.1%) were classified as 3+, with strong complete 

membrane staining in more than 10% of neoplastic cells. Thus, 53.2% of the primary tumours 

(n = 59) were classified as 2+ and 3+ and considered EGFR positive.  

Table 14A. Immunohistochemical expression of EGFR (Herceptest scoring system, 4 groups). 

Score 
Frequency [n (%)] 

Primary tumours Lymph node metastases Lung metastases 
    

0 17 (15.3) 12 (17.6) 0 (0) 

1+ 35 (31.5) 24 (35.3) 9 (75) 

2+ 40 (36) 26 (38.2) 2 (16.7) 

3+ 19 (17.1) 6 (8.8) 1 (8.3) 
    

Total 111 (100) 68 (100) 12 (100) 
    

 

Table 14B. Immunohistochemical expression of EGFR (Herceptest scoring system, 2 groups). 

Score 
Frequency [n (%)] 

Primary tumours Lymph node metastases Lung metastases 

    

Negative 52 (46.8) 36 (52.9) 9 (75) 

Positive 59 (53.2) 32 (47.1) 3 (25) 
    

Total 111 (100) 68 (100) 12 (100) 
    

Of the 71 lymph node metastases, the immunohistochemical evaluation was possible in 

68 cases (the remaining three cases, corresponding to micrometastases, had lost the metastatic 

deposits due to the abrasion of the paraffin block). In lymph node metastases, the 

immunohistochemical results were similar to the primary tumours, with the majority of samples 
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scored 1+ (n = 24, 35.3%) and 2+ (n = 26, 38.2%). EGFR overexpression (score 2+ and 3+) 

was observed in 47.1% of the cases (n = 32). With regard to the lung metastases (n = 12), most 

cases were classified as 1+ (n = 9, 75%), being the majority considered negative for EGFR 

overexpression; only three cases (25%) were considered positive, two scored as 2+ (16.7%) and 

one as 3+ (8.3%) (Figure 18). 

   
Figure 18. Immunohistochemical expression of EGFR in canine mammary carcinomas (A-C), lymph node 

metastases (D-F) and lung metastases (G-I). A – Tubulopapillary carcinoma EGFR positive (3+); B – 

Tubulopapillary carcinoma EGFR negative (1+); C – Tubulopapillary carcinoma EGFR negative (1+); D – Lymph 

node metastasis EGFR positive (3+); E – Lymph node metastasis EGFR negative (1+); F – Lymph node metastasis 

EGFR negative (0); G – Lung metastasis EGFR positive (3+); H – Lung metastasis EGFR negative (1+); I – Lung 

metastasis EGFR negative (1+). 
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3.2.2. Association between clinicopathological characteristics and EGFR expression 

The association of clinicopathological characteristics and EGFR expression in primary 

tumours is presented in Table 15. No association was found between clinicopathological 

parameters and EGFR expression in primary tumours. The majority of tubulopapillary 

carcinomas (n = 22, 62.9%), carcinoma and malignant myoepitheliomas (n = 6, 66.7%) and 

comedocarcinomas (n = 3, 60%) were considered EGFR-positive. In contrast, the majority of 

solid carcinomas (n = 12, 70.6%) and micropapillary carcinomas (n = 5, 71.4%) were found 

negative to EGFR.  

Table 15. Association of clinicopathological characteristics and EGFR expression in primary tumours.  

Variable n 

EGFR overexpression in 

primary tumours [n (%)] P 

Negative Positive 

Histological type      

 Tubulopapillary carcinoma 35 13 (37.1) 22 (62.9) 

0.278 

Solid carcinoma 17 12 (70.6) 5 (29.4) 

Carcinosarcoma 10 5 (50) 5 (50) 

Complex carcinoma 18 9 (50) 9 (50) 

Carcinoma and malignant myoepithelioma 9 3 (33.3) 6 (66.7) 

Micropapillary carcinoma 7 5 (71.4) 2 (28.6) 

Comedocarcinoma 5 2 (40) 3 (60) 
      

Tumour size      

 < 3 cm 39 19 (48.7) 20 (51.3) 

0.358 3-5 cm 26 14 (53.8) 12 (46.2) 

> 5 cm 36 13 (36.1) 23 (63.9) 
     

Lymphovascular invasion      

 Absent  45 19 (42.2) 26 (57.8) 
0.445 

Present 66 33 (50) 33 (50) 
      

Histological grade      

 Grade I 9 3 (33.3) 6 (66.7) 

0.341 Grade II 48 20 (41.7) 28 (58.3) 

Grade III 54 29 (53.7) 25 (46.3) 
      

Lymph node metastasis     

 Absent  40 17 (42.5) 23 (57.5) 
0.555 

Present  71 35 (49.3) 36 (50.7) 
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The association of clinicopathological characteristics and EGFR expression in lymph 

node metastases is presented in Table 16. No association was found between 

clinicopathological characteristics and EGFR overexpression in node metastases. With regard 

to histological type, the majority of cases were found negative, with the exception of complex 

carcinomas, carcinoma and malignant myoepitheliomas and comedocarcinomas. Although 

histological grade was not significantly associated with EGFR expression in node metastases, 

there was a tendency to association between EGFR negative expression in node metastases and 

poorly differentiated tumours (Grade III). 

Table 16. Association of clinicopathological characteristics and EGFR expression in lymph node metastases. 

 
Variable  n 

EGFR overexpression in lymph 

node metastases [n (%)] P 

 Negative Positive 

Histological type      

 Tubulopapillary carcinoma 21 11 (52.4) 10 (47.6) 

0.375 

 Solid carcinoma 11 7 (63.6) 4 (36.4) 

 Carcinosarcoma 9 6 (66.7) 3 (33.3) 

 Complex carcinoma 3 0 (0) 3 (100) 

 Carcinoma and malignant myoepithelioma 8 3 (37.5) 5 (62.5) 

 Micropapillary carcinoma 7 5 (71.4) 2 (28.6) 

 Comedocarcinoma 5 2 (40) 3 (60) 
      

Tumour size      

 < 3 cm 11 6 (54.5) 5 (45.5) 

0.403  3-5 cm 19 12 (63.2) 7 (36.8) 

 > 5 cm 30 13 (43.3) 17 (56.7) 
      

Histological grade      

 Grade I 3 0 (0) 3 (100) 

0.084  Grade II 22 10 (45.5) 12 (54.5) 

 Grade III 43 26 (60.5) 17 (39.5) 
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3.2.3. Association between EGFR expression in primary tumours and metastases  

EGFR expression in primary tumours and node metastases was significantly associated 

(P < 0.0001), with a concordance observed in 79.4% of the samples: out of 68 metastatic 

carcinomas, 28 (41.2%) were found EGFR-negative and 26 (38.2%) were found positive in 

both primary tumour and lymph node metastasis (Table 17A, 17B and 17C). Concordance 

between EGFR expression in primary tumours and lung metastases was observed in 66.7% of 

the samples (n = 8), but no significant statistical association was established. With regard to 

EGFR expression in lymph node metastases and lung metastases, a tendency towards 

significance was observed, with a concordance in 90.9% of the samples (n = 10). Considering 

the classification of EGFR expression in 4 groups (Appendix D), the concordance was 

statistically significant (P = 0.048). 

Table 17A. Association between EGFR expression in primary tumours and lymph node metastases.  

 n 

EGFR overexpression in lymph 

node metastases [n (%)] P 

Negative Positive 

EGFR overexpression in primary tumours     

 
Negative 34 28 (82.4) 6 (17.6) 

<0.0001 
Positive 34 8 (23.5) 26 (76.5) 

      

 

Table 17B. Association between EGFR expression in primary tumours and lung metastases. 

 n 

EGFR overexpression in lung  

metastases [n (%)] P 

Negative Positive 

EGFR overexpression in primary tumours     

 Negative 7 6 (85.7) 1 (14.3) 
0.523 

Positive 5 3 (60) 2 (40) 
      

 

Table 17C. Association between EGFR expression in lymph node metastases and lung metastases. 

 n 

EGFR overexpression in lung  

metastases [n (%)] P 

Negative Positive 

EGFR overexpression in lymph node metastases     

 Negative 9 8 (88.9) 1 (11.1) 
0.055 

Positive 2 0 (0) 2 (100) 
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3.3.  EGFR immunohistochemical stromal expression analysis 

Besides epithelial expression, EGFR was also evaluated in the stroma of primary 

tumours: 42 primary tumours (37.8%) exhibited an intense stromal staining, frequently in the 

invasive front (Figure 18). 

Association between clinicopathological characteristics and the presence of EGFR 

expression in primary tumour stroma is presented in Table 18. A significant association was 

observed between vascular invasion and stromal EGFR (P = 0.018), with most EGFR positive 

cases (31 out of 42 cases) associated with the presence of vascular invasion. 

No significant association was found between histological type, tumour size or presence 

of lymph node metastasis and the EGFR stromal expression. 

Table 18. Association of clinicopathological characteristics with EGFR expression in primary tumour stroma. 

Variable n 

EGFR overexpression in stroma 

(n [%]) P 

Negative Positive 

Histological type      

 Tubulopapillary carcinoma 35 21 (60) 14 (40) 

0.705 

Solid carcinoma 17 9 (52.9) 8 (47.1) 

Carcinosarcoma 10 5 (50) 5 (50) 

Complex carcinoma 18 13 (72.2) 5 (27.8) 

Carcinoma and malignant myoepithelioma 9 7 (77.8) 2 (22.2) 

Micropapillary carcinoma 7 3 (42.9) 4 (57.1) 

Comedocarcinoma 5 3 (60) 2 (40) 
      

Tumour size      

 < 3 cm 39 26 (66.7) 13 (33.3) 

0.867 3-5 cm 26 17 (65.4) 9 (34.6) 

> 5 cm 36 22 (61.1) 14 (38.9) 
      

Lymphovascular invasion      

 Absent  45 34 (75.6) 11 (24.4) 
0.018 

Present 66 35 (53) 31 (47) 
      

Histological grade      

 Grade I 9 7 (77.8) 2 (22.2) 

0.084 Grade II 48 34 (70.8) 14 (29.2) 

Grade III 54 28 (51.9) 26 (48.1) 
      

Lymph node metastasis      

 Absent  40 28 (70) 12 (30) 
0.227 

Present  71 41 (57.7) 30 (42.3) 
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Solid carcinomas (n = 8, 47.1%), carcinosarcomas (n = 5, 50%) and micropapillary 

carcinomas (n = 4, 57.1%) registered the highest percentages of stromal positivity for EGFR. 

Stromal expression was similar in tumours of different sizes, with positive cases ranging 33.3% 

to 38.9%. In addition, stromal EGFR was higher in moderate to poorly differentiated 

histological grade, with carcinomas classified as grade III presenting the highest percentage of 

positive cases (26/42, 61.9%). With regard to lymph node metastases, the majority of tumours 

with (n = 41, 57.7%) or without node metastases (n = 28, 70%) exhibited stromal negativity; 

however, most EGFR positive cases presented node metastases (30 out of 42 cases, 71.4%). 

EGFR epithelial expression was found significantly associated with EGFR stroma in 

primary tumours (P = 0.011), with a concordance in 61.3% of the samples (n = 68/111). No 

associations were found between EGFR stromal expression and epithelial EGFR in lymph node 

or lung metastasis (Table 19). 

Table 19. Association between stromal EGFR expression in primary tumours and epithelial EGFR in primary 

tumours, lymph node metastases and lung metastases. 

Epithelial EGFR expression n 

EGFR expression in tumour  

stroma [n (%)] P 

Negative Positive 

Primary tumours     

 Negative 52 39 (75) 13 (25) 
0.011 

Positive 59 30 (50.8) 29 (49.2) 
      

Lymph node metastases     

 Negative 36 23 (63.9) 13 (36.1) 
0.327 

Positive 32 16 (50) 16 (50) 
      

Lung metastases    

 Negative 9 3 (33.3) 6 (66.7) 
0.509 

Positive 3 0 (0) 3 (100) 
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3.4. Survival analysis 

Follow-up data concerning overall survival (OS) was available in 50 female dogs. 

During the follow-up period, according to the referring surgeons, 22 animals died or were 

euthanized due to metastatic disease and/or local recurrence. At 12 months after mastectomy, 

19 (59.6%) animals have died; the median overall survival was 30 months. Statistically 

significant associations were achieved between OS and histological type (P = 0.001), 

histological grade (P = 0.001), lymphovascular invasion (P < 0.0001) and lymph node status 

(P = 0.001).  Survival was significantly worse in grade III cases (P = 0.001), compared to grade 

I/II (Table 20). 

Table 20. Association of histopathological factors with overall survival. 

Variable n 

Overall survival 

P Mean survival 

(months) 

Average 1-year 

survival rate [n (%)] 

Histological type     

 Tubulopapillary carcinoma 17 38.9 2 (58.8) 

0.001 

 Solid carcinoma 9 14.1 4 (61) 

 Carcinosarcoma 3 7.7 2 (33.3) 

 Complex carcinoma 11 21.6 6 (62.3) 

 
Carcinoma and malignant 

myoepithelioma 
1 5 0 (0) 

 Micropapillary carcinoma 2 3 0 (0) 

 Comedocarcinoma 4 6.3 0 (0) 

      
Histological grade     

 Grade I/II 27 33.9 19 (83.2) 
0.001 

 Grade III 23 11.3 6 (32.3) 

      
Lymphovascular invasion     

 Absent 24 37.5 16 (85.9) 
<0.0001 

 Present 26 9.3 4 (24.9) 

      
Lymph node metastasis     

 Absent 22 35.3 18 (81.8) 
0.001 

 Present 28 11.2 7 (39.0) 
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Animals with EGFR overexpression in primary tumours usually presented shorter mean 

survival times. However, despite the differences observed, these associations failed to reach 

statistically significant levels (P = 0.448). With regard to EGFR expression in lymph node 

metastases, similar survival times were observed (P = 0.373) (Table 21). 

Table 21. Association of EGFR expression with overall survival. 

Variable n 

Overall survival 

P Mean survival 

(months) 

Average 1-year 

survival rate [n (%)] 

EGFR primary tumour     

Negative 24 30.6 12 (59.6) 
0.448 

Positive 26 20.2 12 (59.5) 
     

EGFR lymph node metastasis     

Negative 12 9.5 2 (25) 
0.373 

Positive 16 11.0 5 (50.2) 
     

With regard to stromal immunoexpression, female dogs with EGFR stromal positivity 

showed lower mean overall survival times, although with no statistical significance (P = 0.075) 

(Table 22; Figure 19). 

Table 22. Association of EGFR expression in tumour stroma with overall survival. 

Variable n 

Overall survival 

P Mean survival 

(months) 

Average 1-year 

survival rate [n (%)] 

EGFR in tumour stroma     

Negative 32 31.6 16 (65) 
0.075 

Positive 18 17.7 9 (50) 
     

 

 

 

 

 

 

 



3. Results 

61 
 

 

 

 

Figure 19. Overall Kaplan-Meier survival curves. A – Histological grade (Grade I/II vs. Grade III), 

P = 0.001; B – Lymphovascular invasion (absent vs. present), P < 0.0001; C – Lymph node 

metastasis (absent vs. present), P = 0.001; D – EGFR expression in primary tumours (positive vs. 

negative), P = 0.448; E – EGFR expression in lymph node metastases (positive vs. negative), P = 

0.373; F – EGFR expression in tumour stroma (positive vs. negative), P = 0.075.  
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3.5. Practical issues of molecular procedures 

During molecular analysis several practical challenges emerged, for which strategies 

were outlined to overcome them. The extraction of DNA from FFPE tissues was performed 

with three different methods and their efficiency was compared. After recognizing the best 

method, PCR optimization was the next step but also revealed some difficulties, contrary to 

optimization of the amplification of frozen tissue DNA. In addition, a sequencing phenomenon 

called slippage occurred, which prevented the interpretation of the results. 

3.5.1. Quality of the DNA extracted from FFPE tissues 

ISOLATE Kit obtained the lowest DNA concentrations (medium = 43.9 ng/µL), ranging 

between 5.5 ng/µL and 130.4 ng/µL. In addition, the average absorbance 260/280 ratio was 

1.83, which corresponds to pure DNA, but the majority of the samples (57.1%, n = 4) were 

contaminated with proteins or RNA, presenting absorbance 260/280 ratio values below 1.8 or 

above 2. GeneJET Kit was shown to extract high concentrations of DNA, ranging between 

212.1 ng/µL and 1549.4 ng/µL, and all the extracted DNA samples were found to be pure, with 

absorbance 260/280 ratios between 1.8 and 2. Only one sample was extracted using mineral oil 

deparaffinization technique. Although this method obtained the highest concentration of DNA 

(1695.4 ng/µL), the sample was contaminated with RNA (Figure 20).  

 
Figure 20. Graphical illustrations comparing the quantity and quality of the DNA obtained by the 

three extraction methods. Average DNA concentration (ng/µL) and average absorbance 260/280 

ratio obtained from DNA samples extracted with ISOLATE Kit is coloured in blue, GeneJET Kit is 

coloured in red and mineral oil deparaffinization (with ISOLATE Kit) is coloured in green (more 

details in Appendix E). 
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It was not possible to determine the integrity of the DNA extracted by ISOLATE Kit, 

since it was not in sufficient quantity to be visible on the agarose gel (Figure 21, well 1). DNA 

extracted by the two other methods was highly fragmented, presenting smear from the well to 

the bottom of the gel (Figure 21, wells 2 and 3). 

 

Figure 21. Comparison of the integrity of genomic DNA extracted by the three methods. M – DNA size ladder, 

100 bp (Bioron, Germany); P – Positive control: gDNA from a frozen tissue sample (3N); 1 – ISOLATE Kit; 2 – 

GeneJET Kit; 3 – Mineral oil deparaffinization (with ISOLATE Kit). All DNA samples were extracted from the 

same paraffin block. 

To compare the amplifiability of the three extraction procedures, three DNA samples, 

each extracted with one of the methods from the same paraffin block, were used for PCR under 

the exact same conditions. In contrast to frozen tissue DNA, where PCR optimization was easy 

and all samples were successfully amplified (Figure 22, wells 1 to 4), amplification of FFPE 

tissue DNA was much more challenging. Only the sample extracted with ISOLATE Kit allowed 

the amplification of the intended amplicon of 773 bp, and the samples extracted with the other 

methods exhibited smear across the gel (Figure 22, wells 6 to 8). The same experiment was 

performed with three DNA samples extracted with GeneJET Kit comparing the effect of the 

variation of the incubation time during tissue digestion, but the amplification was not 

successful. 
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Figure 22. PCR optimization of frozen tissue DNA and amplifiability of FFPE tissue DNA extracted by the three 

methods. Target fragment = 773 bp. Negative controls were not represented, but were confirmed separately. M – 

DNA size ladder, 100 bp (Bioron, Germany). Wells 1 to 4 – PCR optimization of frozen tissue DNA. 1 – Ta = 53 

ºC, 35 cycles; 2 – Ta = 55 ºC, 35 cycles; 3 – Ta = 57 ºC, 35 cycles; 4 – Ta = 55 ºC, 40 cycles (best result). Wells 

5 to 8 – Comparison of the ability to amplify of FFPE tissue DNA obtained by each method. PCR conditions: 2 

µL of DNA, Ta = 57 ºC, 42 cycles. 5, 6 – ISOLATE Kit; 7 – GeneJET Kit; 8 – Mineral oil deparaffinization (with 

ISOLATE Kit).  

3.5.2. PCR optimization of FFPE tissue DNA 

It was possible to optimize the PCR of two of the seven samples extracted with 

ISOLATE Kit (Figure 22, wells 5 and 6); however, the conditions that amplified 26/16M and 

27/18M did not work with the other five samples. The amount of DNA in the reaction mixture 

was increased and some of the samples (25/15M and 22/11M) were able to amplify the target 

fragment (773 bp), however some nonspecific bands also appeared (Figure 23, wells 1 to 5). 

A few months after the first attempts of PCR optimization, two more amplifications 

were performed with the DNA of the samples 27/18M and 26/16M. A new enzyme was tested 

(details of reaction in Appendix F), the Supreme NZY Taq II 2x Green Master Mix (NZY Tech, 

Portugal). However, instead of an intense band at 773 bp, several non-specific bands were 

observed (Figure 23, wells 6 and 7). Then, the successful conditions were repeated with the 

original enzyme, MyTaq HS Red Mix 2x (Bioline, UK). This time, only sample 26/16M 

amplified at the intended site, sample 27/18M did not present any band (Figure 23, wells 8 and 

9). A new PCR was performed with universal primers designed to amplify the histone H4 gene, 

generating a smaller fragment measuring 211 bp (details of reaction in Appendix G). None of 

the DNA samples presented amplification at the intended site, even with larger amounts of DNA 

(Figure 23, well 10). 
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Figure 23. PCR optimization of FFPE tissue DNA. Wells 1 to 9 – target fragment = 773 bp; wells P and 10 – target 

fragment = 211 bp; target fragments are evidenced with red arrows. Non-specific amplifications are evidenced 

with yellow arrows. Negative controls were not represented, but were confirmed separately. M – DNA size ladder, 

100 bp (Bioron, Germany). Wells 1 to 5 – PCR with increased amount of DNA from 2 µL to 5 µL. Wells 6 and 7 

– PCR performed with Supreme NZY Taq II 2x Green Master Mix (NZY Tech, Portugal). Wells 8 and 9 – PCR 

performed with MyTaq HS Red Mix 2x (Bioline, UK). Wells P and 10 – PCR performed with primers designed 

to amplify histone H4. P – Positive control: amplification of a frozen tissue DNA. Note: wells 6 to 10 – PCRs were 

performed four months after DNA extraction. 

3.5.3. Sequencing slippage: an unexpected practical issue 

The first set of DNA samples extracted from frozen tissue sent for sequencing presented 

unexpected results. The sequence had a problematic region, a long repetition of guanines 

(highlighted in red in Figure 17 in Materials and Methods “Sequencing of PCR products”) that 

triggered a phenomenon called slippage, which is when the sequencing DNA polymerase skips 

over one or more bases on the template. In the electropherograms, it appears as mixed signals 

downstream of the mononucleotide repeated region (Figure 24).  

 

Figure 24. Electropherogram from a sequencing reaction with slippage. 

In order to avoid slippage phenomenon, a new forward primer was elected 

(EGFR_Exon19_Cf_SeqForward) using Primer3Plus, from Bioinformatics, Netherlands. After 

several attempts of PCR optimization (for which a frozen tissue DNA previously amplified was 
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used), testing several annealing temperatures and two different enzymes, it was concluded that 

the primer was non-specific, hybridizing in various regions of the dog genome. Thus, a new 

forward primer (EGFR_Exon19_Cf_SeqForward_2) was selected; but this one also evidenced 

to be non-specific (sequence and position of these primers in Appendix H). Since it was not 

possible to amplify the samples with the new primers, PCR products amplified with the first 

primer forward (that triggered slippage) were sequenced with the primer 

EGFR_Exon19_Cf_SeqForward (Figure 25).  

 

Figure 25. Electropherogram from a sequencing reaction with the primer EGFR_Exon19_Cf_SeqForward. 
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3.6. Variants of canine EGFR gene  

Six of the thirty frozen tissue DNA samples presented sequence variants. Samples 

belonged to four different individuals; no differences were found between the normal and 

primary tumour tissue sequences of the same individual (Table 23). 

Samples 1N and 1T (which were adjacent non-neoplastic tissue and tumoral tissue from 

the same female dog) and sample 19T (from tumour tissue) presented three sequence variants 

in heterozygosity: rs852801086, rs850919879 and rs851961223. Sample 12T (from mammary 

tumour tissue too) had one variant in homozygosity: rs852801086. Samples 3N and 3T 

(adjacent non-neoplastic and tumoral tissues from the same bitch) presented an atypical 

electropherogram, which initially resembled a sequencing error; however, it was found to be a 

deletion in heterozygosity: rs852516669.  

 

 

 

 

Table 23. Sequence variants found in this cohort. 

Variant rs852801086 rs852516669 rs850919879 rs851961223 

Type of variant 
SNP, intron 

variant (C/T) 
Deletion (Del/G) 

SNP, intron 

variant (G/A) 

SNP, intron 

variant (G/A) 

Location* nt 253 nt 255 nt 539 nt 678 

Sample    

 1N CT GG GA GA 

 1T CT GG GA GA 

 3N CC G/- GG GG 

 3T CC G/- GG GG 

 12T TT GG GG GG 

 19T CT GG GA GA 

      

*Numbering according to the first nucleotide of the sequence presented in Figure 17. 
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Figure 26 contains portions of the electropherograms of samples 1N, 1T, 12T and 19T, 

where variant rs852801086 was observed. Forward direction sequencing results are represented 

on the left side of the figure, reverse direction sequencing results are placed on the right side 

and the polymorphic site is evidenced with a red arrow. This sequence variant occurs at 

nucleotide 253, according to the first nucleotide of the sequence presented in Figure 17. 

 

Figure 26. Electropherograms of the samples with the sequence variant rs852801086 (polymorphic 

site evidenced with a red arrow). 
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Figure 27 illustrates portions of the electropherograms of samples 1N, 1T and 19T, 

where variant rs850919879 was detected. As in the previous figure, forward direction 

sequencing results are represented on the left side of the figure, reverse direction sequencing 

results are placed on the right side and the polymorphic site occurs at nucleotide 539 (according 

to the first nucleotide of the sequence presented in Figure 17) and is evidenced with a red arrow.  

 

Figure 27. Electropherograms of the samples with the sequence variant rs850919879 

(polymorphic site evidenced with a red arrow). 
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Figure 28 comprises electropherograms portions of the samples 1N, 1T and 19T, 

indicating the presence of the sequence variant rs851961223. This variant was observed at 

nucleotide 678, according to the first nucleotide of the sequence presented in Figure 17. 

 

Figure 28. Electropherograms of the samples with the sequence variant rs851961223 (polymorphic 

site evidenced with a red arrow). 
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Figure 29 contains portions of the electropherograms of samples 3N and 3T, showing 

the site where the sequence variant rs852516669 occurs. In forward direction sequencing 

results, the electropherograms presented a mixed signal from nucleotide 255 (according to the 

first nucleotide of the sequence presented in Figure 17). On the contrary, in reverse sequencing 

results, the chromatograms presented a confused signal up to nucleotide 255 and after this site, 

it becomes readable.  

 

Figure 29. Electropherograms of the samples with the sequence variant rs852516669 (nucleotide that is 

deleted is evidenced with a red circle). 

As referred above, these mixed signals led us to confuse rs852516669 variant with a 

sequencing error. Figure 30 illustrates the effects of the deletion on the electropherograms and 

how it was possible to detect its presence. Part I explains what happened after reaching the 

deleted nucleotide in forward direction sequencing and part II concerns the reverse direction 

sequencing and why the mixed signals appeared upstream of the deleted nucleotide. 
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Figure 30 – Part I. Explanation of the effects of the deletion on the electropherograms. The wild-type sequence 

(contained on one of chromosomes 18 of the female dog 3) is coloured in blue and the variant sequence (contained 

on the other chromosome 18) is in yellow. The nucleotide that suffers deletion is surrounded in red in the wild-

type sequence and evidenced with a red asterisk in the electropherogram of the wild-type sequence. The site where 

guanine is absent is evidenced with a red arrow. In the electropherograms of forward direction sequencing, after 

the deletion, the two transcripts overlapped, generating two peaks simultaneously. The portion of the sequence 

that is not affected and coincides perfectly is coloured in green (representing the union of the two colours, blue 

and yellow). The portion affected by the deletion is slightly overlapped representing what happens on the 

electropherograms. The dashed green arrow indicates the direction of the sequencing. 

 

 

 

 

 

 

 

Figure 30 – Part II. Explanation of the effects of the deletion on the electropherograms. The wild-type sequence is 

coloured in blue and the variant sequence is in yellow. The nucleotide that suffers deletion is surrounded in red in 

the wild-type sequence and evidenced with a red asterisk in the electropherogram of the wild-type sequence. The 

site where guanine is absent is evidenced with a red arrow. In the reverse direction sequencing, DNA polymerase 

“reads” the template backwards (sequence coloured in dark orange). Therefore, the overlap of the sequences of 

the two different PCR products occurs before the deletion site. For the reverse reading sequence to match the 

sequence obtained in the forward direction, it is necessary to obtain the complementary sequence (coloured in light 

orange) and place it in the reverse direction (sequence coloured in blue). The portion of the sequence that is not 

affected and coincides perfectly is coloured in green (representing the union of the two colours, blue and yellow). 

The portion affected by the deletion is slightly overlapped representing what happens on the electropherograms. 

The dashed green arrow indicates the direction of the sequencing. 
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Allelic and genotypic frequencies of each variant are presented in Table 24. 

 

 

 

 

 

 

 

 

Table 24. Allelic and genotypic frequencies of the sequence variants. 

Variant Allele [frequency (n)] Genotype [frequency (n)] 

rs852801086 
C T CC CT TT 

0.9 (36) 0.1 (4) 0.85 (17) 0.1 (2) 0.05 (1) 
      

rs852516669 
G Del GG G/- 

0.975 (39) 0.025 (1) 0.95 (19) 0.05 (1) 
     

rs850919879 
G A GG GA 

0.95 (38) 0.05 (2) 0.9 (18) 0.1 (2) 
     

rs851961223 
G A GG GA 

0.95 (38) 0.05 (2) 0.9 (18) 0.1 (2) 
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3.6.1. EGFR sequence variants and EGFR expression 

Clinicopathological characteristics (histological type and grade, and presence of lymph 

node metastasis), EGFR immunoexpression and presence of EGFR gene variants of the 20 cases 

that were included in the molecular analysis are described in Table 25.  

Three of the 4 individuals who presented sequence variants of EGFR gene, also 

exhibited EGFR overexpression.  

Table 25. Clinicopathological characteristics, EGFR expression and variants of EGFR gene.  

Case 

number 
Histological type 

Histological 

grade 

Lymph node 

metastasis 

EGFR 

expression 

Variants of 

EGFR gene 

      

1 Solid carcinoma III Present Negative (1+) Present 

2 Complex carcinoma I Absent Positive (3+) Absent 

3 Tubulopapillary carcinoma III Absent Positive (3+) Present 

4 Tubulopapillary carcinoma II Absent Positive (3+) Absent 

5 Solid carcinoma III Present Negative (0) Absent 

6 Carcinoma in benign mixed tumour I Absent Positive (2+) Absent 

7 Carcinoma in benign mixed tumour I Absent Positive (2+) Absent 

8 Complex carcinoma  II Present  Positive (2+) Absent 

9 Tubulopapillary carcinoma II Present  Positive (2+) Absent 

10 Comedocarcinoma III Present Positive (3+) Absent 

11 Complex carcinoma III Absent Positive (2+) Absent 

12 Tubulopapillary carcinoma II Absent Positive (2+) Present 

13 Tubulopapillary carcinoma III Present Negative (1+) Absent 

14 Complex carcinoma I Absent Negative (1+) Absent 

15 Complex carcinoma II Present Positive (2+) Absent 

16 Complex carcinoma II Absent Positive (3+) Absent 

17 
Carcinoma and malignant 

myoepithelioma 
II Absent Positive (3+) Absent 

18 Carcinoma in complex adenoma II Absent Positive (2+) Absent 

19 Micropapillary carcinoma III Present Positive (3+) Present 

20 Tubulopapillary carcinoma I Absent Positive (2+) Absent 
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Mammary tumours are the most common type of neoplasm diagnosed in female dogs 

and the majority of malignant tumours are carcinomas. Unlike what happens with human breast 

cancer, studies targeting the characterization of canine mammary carcinomas were considered 

insufficient, especially with respect to EGFR (Gama et al., 2009), and this reality is still valid. 

In this study, EGFR immunoexpression was evaluated in 111 canine mammary 

malignant tumours, 68 lymph node metastases and 12 lung metastases. Clinicopathological 

characteristics of the individuals were compared with the EGFR expression observed in the 

neoplastic epithelium and in the stroma of the neoplastic tissues. In addition, a survival analysis 

was performed, considering the clinicopathological characteristics and the immunoexpression 

results. 

DNA from 30 frozen canine mammary tissue samples (20 tumour tissues and 10 

adjacent non-neoplastic tissues) was extracted and exon 19 of EGFR gene was amplified, 

sequenced and screened for the presence of variants. Seven samples of FFPE tissue from lymph 

node metastases were also selected for molecular analysis and three DNA extraction methods 

were tested. In the course of the molecular procedures, some practical issues were found and it 

was necessary to create new strategies to overcome these obstacles. 

4.1. EGFR epithelial expression in canine mammary malignant tumours and 

their metastases 

The samples evaluated were collected from female dogs with a mean age of 10.4 years 

old, with Poodle and Cocker Spaniel as the more representative breeds. These findings are in 

accordance to available studies (Sorenmo et al., 2009; Sleeckx et al., 2011; Araújo et al., 2016). 

The most frequent tumours corresponded to tubulopapillary, complex and solid carcinomas, 

mostly histological grade II/III and characterized by lymphovascular invasion and lymph node 

metastases. Given that our aim was the evaluation of EGFR both in primary tumours and their 

metastases, a selection of a large number of metastatic tumours was performed, which resulted 

in a high number of cases with aggressive histopathological features. 

According to recent literature, 34.4% to 55.7% of canine mammary carcinomas 

overexpress EGFR (Gama et al., 2009; Bertagnolli et al., 2011; Carvalho et al., 2013; 

Guimarães et al., 2014; Nguyen et al., 2018). Our results are in accordance with these values: 
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53.2% of the mammary malignant tumours in the present cohort overexpressed EGFR in the 

neoplastic epithelial cells. In contrast to other studies (Gama et al., 2009; Bertagnolli et al., 

2011; Araújo et al., 2016), no association was found between the clinicopathological 

parameters and EGFR expression in primary tumours. Gama et al. (2009) found a correlation 

between EGFR overexpression and old animal age and larger tumour size. The association of 

EGFR overexpression with animal age was also observed by Bertagnolli et al. (2011). Araújo 

and collaborators (2016) found associations between EGFR overexpression and 

lymphovascular invasion and larger tumour size, but only in primary carcinomas without 

metastasis. 

 To the best of our knowledge, there is only one published study targeting the status of 

EGFR in metastatic primary tumours and paired lymph node metastases (Araújo et al., 2016). 

These authors performed immunohistochemistry in 48 metastatic primary mammary 

carcinomas and 25 lymph node metastases and observed that only a small percentage of cases 

overexpressed EGFR (12.5% [n = 6] of primary tumours and 12% [n = 3] of lymph node 

metastases). Our results are in disagreement with Araújo et al. (2016) findings with respect to 

the percentage of EGFR-positive tumours; however, this inconsistency can be explained by 

methodological differences, since these authors only considered as positive those cases scored 

as 3+, that is, the tumours with strong complete membrane expression in more than 10% of 

neoplastic epithelial cells, whereas we followed the criteria of Herceptest scoring, considering 

as positive the cases with moderate to strong complete membrane expression in more than 10% 

of neoplastic epithelial cells. Regarding human breast carcinomas, Aboushousha and co-

workers (2018) reported that only 11.67% of primary tumours (n = 7/60) and 10.42% of lymph 

node metastases (n = 5/48) presented EGFR-positivity, but again the methodology used was 

divergent from ours, so the results are not comparable.  

The significant association between EGFR expression in primary carcinomas and lymph 

node metastases found in the present study is supported by the scarce existing bibliography. 

Araújo and co-workers (2016) also observed a concordance between EGFR expression in 

primary tumours and node metastases in 66.7% of the samples (although it was not considered 

significant). In human breast carcinomas, Aboushousha et al. (2018) found no significant 

differences between EGFR expression in primary tumours and lymph node metastases. With 

respect to lung metastases, the majority of cases presented concordance with the primary 

tumour (n = 8, 66.7%) and node metastases (n = 10, 90.9%), but the low number of samples (n 

= 12) did not allowed statistically significant conclusions. Although canine mammary tumours 
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are frequent, the post mortem exam is unfrequently performed in cases of animal death due to 

mammary cancer, which hampers the availability of metastatic tissue samples. For future 

studies, it will be mandatory to increase the number of samples of distant metastases, in order 

to verify if there is a consistent EGFR expression along the metastatic process. 

4.2. EGFR stromal expression in canine mammary malignant tumours 

Alterations in the expression of some proteins in the stroma cells of mammary tumours 

are not uncommon in early stages of tumour development and are associated with the creation 

of a cellular microenvironment that promotes invasion and metastasis (Conklin et al., 2012). 

Some authors argue that activation of the stromal environment plays a fundamental role in the 

malignant transformation of human breast epithelium, even existing a strong oncogenic 

signalling in the epithelial cells (Arendt et al., 2010). The presence of high levels of EGFR 

protein in the perineoplastic stroma cells has already been discussed in the literature. Ma et al. 

(2001) performed immunohistochemistry in human invasive ductal breast carcinomas (n = 84) 

and observed that 30.9% of the cases overexpressed EGFR in stroma cells, in addition to 17.8% 

overexpressing EGFR in invasive epithelial tumour cells. Other studies, directed to lung and 

ovarian cancer, demonstrated that high levels of stromal EGFR expression were associated with 

aggressive clinical features, promoting cell growth and migration abilities (Pang et al., 2016; 

Wang et al., 2016). No references were found regarding EGFR status in the stroma of canine 

mammary tumours. 

 In the present cohort, the percentage of stromal EGFR overexpression in primary 

tumours (37.8%) was slightly higher when compared to that observed in human breast cancer 

(30.9%) (Ma et al., 2001). A significant association between epithelial and stromal expression 

of EGFR in primary carcinomas was found, which may indicate that EGFR expression is 

identical in epithelium and stroma of canine mammary primary tumours. However, no 

association was found between stromal expression of EGFR in primary tumours vs. EGFR 

epithelial expression in node and lung metastases. As there are few studies related to this 

subject, it was not possible to find an explanation for these results. Further studies with a larger 

number of samples of primary tumours and paired lymph node metastases are necessary in order 

to confirm the veracity of these findings, understand the significance of stromal EGFR 

expression and the underlying biological mechanisms. 
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An association between the absence of lymphovascular invasion and stroma EGFR-

negativity was found. The role of EGFR in vascular and lymphatic invasion has been a focus 

of interest for researchers, since this relationship has been observed in several types of cancer, 

including human breast carcinoma. It is known that the activation of EGFR-mediated 

intracellular signalling pathways induces the transcription of genes involved in tumour 

development. As previously described, the PI3K/AKT pathway leads to the activation of AKT 

proteins, more specifically AKT2. This protein migrates to the cell nucleus and activates Twist, 

a transcription factor responsible for regulating the vascular endothelial growth factor (VEGF) 

gene. Increased levels of VEGF protein contribute to cancer invasion and angiogenesis, and 

also promote cell survival. The STAT3 (from STAT pathway) has also the ability to activate 

VEGF promoter. Both pathways have already been observed in breast cancer (Bachelder et al., 

2002; Rivat et al., 2005; Cheng et al., 2007; Yu et al., 2017). Thus, EGFR seems to act as an 

intermediate in the activation of essential proteins to cell migration and angiogenesis and 

increased EGFR levels could lead to lymphovascular invasion. The association between the 

absence of lymphovascular invasion and negative EGFR overexpression in stroma was not 

surprising, given the importance of EGFR for tumour cell invasion, contributing to a favourable 

cellular microenvironment for tumour progression. 

4.3. Survival analysis 

In the present study, lower overall survival (OS) rates were found significantly 

associated with histological type (carcinosarcoma, carcinoma and malignant myoepithelioma, 

comedocarcinoma and micropapillary carcinoma subtypes showed the lowest mean survival), 

high histological grade, presence of lymphovascular invasion and presence of lymph node 

metastases, characteristics that are classically associated with poor prognosis. Nguyen et al. 

(2018) described similar results with regard to histological type, grade and presence of vascular 

invasion, although the histological type and grade classification used was slightly different. 

Araújo et al. (2016) also associated shorter survival times with higher histological grade and 

the presence of vascular invasion.  

No association was found between epithelial EGFR overexpression and OS of female 

dogs with malignant mammary tumours, which was in agreement with the majority of the 

available literature. Gama et al. (2009) observed a tendency for shorter survival times in bitches 
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with EGFR-positive malignant tumours; however, the association did not reach statistical 

significance. Araújo et al. (2016) also did not find any significant difference between the OS of 

dogs with positivity or negativity for EGFR overexpression in either primary carcinomas or 

lymph nodes metastases. However, Nguyen and co-workers (2018) observed a significant 

correlation between EGFR expression and lower survival rates, probably due to the higher 

number of individuals included in their study (n = 350).  

EGFR expression in stroma also appeared not to be associated to OS. There are few 

studies directed to tumour stroma; however, Wang et al. (2016) found an association between 

lower survival rates and EGFR overexpression in tumour stroma in human ovarian cancer. To 

the best of our knowledge, no survival study has been performed with regard to stromal EGFR 

in human breast cancer or canine mammary cancer. 

4.4. Practical issues of molecular analysis 

4.4.1. DNA extraction from FFPE tissues 

Many parameters can influence the integrity of the FFPE tissues DNA, including pre-

fixation factors (type and amount of tissue, degree of autolysis), fixation related factors (pH, 

temperature and duration of fixation) and post-fixation factors (temperature, humidity and 

duration of storage) (Gilbert et al., 2007). Unfortunately, when the paraffin blocks arrive to the 

laboratory for nucleic acids extraction, the fixation has already occurred and the degradation 

from it can no longer be controlled. However, there are other factors that can influence DNA 

integrity and that can still be reversed. Formaldehyde, the principal ingredient of formalin, does 

not physically degrade nucleic acids itself, but it generates DNA-protein and RNA-protein 

cross-linkages. These cross-linkages reduce the yield and quality of extracted DNA, giving rise 

to highly fragmented and non-amplifiable DNA. The key for a successful DNA extraction from 

FFPE tissues lies in the removal of these cross-linkages, therefore the critical steps of the 

extraction procedure are deparaffinization and digestion of the tissue. Composition of the 

digestion buffer, time and temperature of the digestion step are determining factors too (Gilbert 

et al., 2007; Santos et al., 2009). Furthermore, doing extra and cold centrifugations to separate 

the DNA-containing supernatant from paraffin residues that were not removed during 
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deparaffinization appears to be beneficial as it prevents these paraffin residues from clogging 

the flow in the microcolumn (Santos et al., 2009). 

Usually, deparaffinization is performed with xylene. However, there are other methods; 

one of the most interesting techniques involves the use of mineral oil as a paraffin remover. To 

the best of our knowledge, there are only three references to this technique in the bibliography. 

Lin et al. (2009) was the first author to report its use, based on two assumptions: (1) mineral oil 

and paraffin have been used in PCR for many years and neither affect the efficiency of the 

reaction; (2) paraffin can be completely dissolved in mineral oil. Moreover, the procedure is 

simple and easily adaptable to any DNA extraction protocol and mineral oil is a lowcost reagent. 

In Lin et al. (2009) study, 140 FFPE tissue samples from rhesus monkeys (Macaca mulata, 

kidney and liver) were used to test DNA extraction using mineral oil as deparaffinization agent 

adapted to a commercial kit designed to extract DNA from blood or fresh/frozen tissues. The 

results demonstrated that the oil allows the extraction of DNA in large quantities and that it can 

be successfully amplified by PCR since the fragments do not exceed 300 bp, even in older 

samples (at least until 27 years). In more recent samples (< 5 years) it was possible to amplify 

fragments above 600 bp. Lin and co-workers (2009) concluded that mineral oil could improve 

the efficiency of DNA recovery from FFPE tissue samples. 

In 2011, Rodríguez-Rigueiro et al. used mineral oil for deparaffinization of FFPE tissues 

before protein extraction. Generally, deparaffinization of paraffin-embedded tissues for 

subsequent protein extraction is usually performed with xylene, as for DNA extraction; 

however, Rodríguez-Rigueiro and collaborators (2011) opted to use mineral oil for being less 

toxic and time consuming than the classic xylene. This study included samples of various 

tissues (normal colon, colon carcinoma, myoma, kidney, lymph node and cerebellum) but all 

the samples were less than five years old. They concluded that mineral oil method is short time-

consuming, cost-effective and an important tool for the analysis of protein expression using 

tissues conserved in paraffin.  

Heikal and co-workers (2014) conducted an experiment to compare three 

deparaffinization methods for DNA extraction from FFPE samples: xylene, mineral oil and 

Hemo-D, a solvent agent that conceived to replace toxic reagents used in tissue processing, 

such as xylene. All these deparaffinization techniques were adapted to a commercial DNA 

extraction kit designed for blood and tissue samples. Samples used in this study were from bone 

marrow biopsies and had been preserved for 5-19 years. DNA quality was tested by ultraviolet 

spectroscopy and real-time PCR combined with high-resolution melting (HRM) analysis. 
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Heikal et al. (2014) concluded that xylene and mineral oil extract similar amounts of DNA with 

the same level of fragmentation. Hemo-D extracts lowest DNA amounts with higher 

fragmentation comparing to the other two methods. All DNA samples extracted with mineral 

oil and xylene were amplifiable (for an amplicon with 100 bp); however, xylene 

deparaffinization generated heterogeneous HRM profiles. Besides obtaining high-yield and 

high-quality DNA, mineral oil technique has shown other advantages: no toxic reagents 

involved, decreased extraction time and reduction of “hands-on” labour (1 step versus multiple 

centrifugation and decanting steps). 

In the present study, DNA extraction from FFPE samples was performed by three 

methods: ISOLATE Kit, GeneJET Kit and deparaffinization with mineral oil (followed by 

DNA extraction with ISOLATE Kit). According to the values of DNA concentration and purity, 

GeneJET Kit appears to be the most efficient method for DNA extraction from FFPE tissues, 

obtaining the highest concentration of pure DNA. However, concentration and purity are not 

the only important factors to verify DNA quality; there are two other essential elements: 

integrity and ability to amplify. Agarose gel electrophoresis is a good indicator of genomic DNA 

integrity. If the DNA was intact and in reasonable quantity, a large band should appear 

immediately near the well, as happened with frozen tissue DNA. DNA extracted with ISOLATE 

Kit did not appear on the agarose gel. This result confirmed the concentration values obtained 

by spectrophotometry quantification; DNA was in too low quantity to appear on the gel. In the 

meantime, it was not possible to verify its integrity. GeneJET Kit and deparaffinization using 

mineral oil were the extraction methods that obtained the highest concentrations of DNA. 

However, the DNA was completely fragmented, presenting smear from the well to the bottom 

of the gel. Furthermore, both the prolongation and the shortening of the incubation time during 

tissue digestion using GeneJET Kit were found to be irrelevant to increase the integrity of the 

extracted DNA. The amplifiability was evaluated through the amplification of EGFR exon 19. 

It was possible to optimize the amplification of two samples extracted with ISOLATE Kit which 

proves that this method can extract amplifiable DNA. With the other two methods, no 

successful amplification was obtained; the fragmentation of the DNA may be a deterrent to the 

PCR success. In addition, the prolongation and the shortening of the incubation time during 

tissue digestion in GeneJET Kit protocol were irrelevant for the amplification success.  

Although it was possible to optimize the PCR of two of the seven samples extracted 

with ISOLATE Kit, the conditions that amplified those two DNA samples were not efficient to 

the other five. The increase of the DNA amount in the reaction mixture allowed the 
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amplification of the target fragment (773 bp) in some of the samples (25/15M and 22/11M); 

however, the excess of DNA originated several nonspecific bands corresponding to fragments 

of lower length. The difficulty in obtaining good results from these five samples may be due to 

the age of the paraffin blocks (3 to 9 years old), while successful samples were less than 2 years 

old. So, as stated by other authors, our results seem to confirm that the prolonged storage of the 

paraffin blocks, even under suitable conditions, increase DNA tissue fragmentation (Gilbert et 

al., 2007).  

Mineral oil appeared not to be an alternative to the classic xylene for tissue 

deparaffinization. The use of mineral oil as a deparaffinization agent allowed to obtain larger 

amounts of DNA, but it was fragmented and was not amplifiable. It should be noted that 

previous studies that used mineral oil to deparaffinate tissue had only been able to optimize the 

amplification of fragments with ≤ 300 bp. Lin et al. (2009) was able to amplify fragments with 

600 bp but only in the most recent samples of his cohort. In our study, only one extraction was 

performed using this method and more attempts are needed to better conclude on the usefulness 

of mineral oil in the deparaffinization of canine FFPE tissues. 

In summary, ISOLATE Kit extracts small amounts of DNA, sometimes contaminated 

with proteins or RNA. Integrity is not guaranteed, since it is not in sufficient concentration to 

be seen on agarose gel, and PCR may or may not be successful. Nevertheless, of the three 

methods evaluated in this study, ISOLATE Kit proved to be the most efficient for the DNA 

extraction from FFPE canine tissue samples. 

4.4.2. Does FFPE tissue DNA have an expiration date? 

The first amplification reactions of the FFPE tissue DNA samples were performed in a 

few hours or days after extraction. However, given the persistent failure to amplify some DNAs, 

the optimization process was delayed for some time and resumed about four months after the 

initial attempts. Two more amplification reactions were tried with the two samples that obtained 

better results (26/16M and 27/18M). Since DNA extracted from FFPE tissues was in less 

quantity and less quality than the DNA of the frozen tissues, a slower and more robust enzyme 

was used, the Supreme NZY Taq II 2x Green Master Mix (NZY Tech, Portugal), maintaining 

the annealing temperature. The idea was to optimize the reaction with the new enzyme using 

the samples that we already knew were amplifiable and, then, try to optimize the amplification 
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of the more challenging samples. Instead of a better result, a worse result was obtained with the 

appearance of several nonspecific bands and no amplification at the intended site (773 bp). 

Therefore, the conditions that were previously successful were repeated with the previous 

enzyme MyTaq HS Red Mix 2x (Bioline, UK). This time, only the sample 26/16M amplified 

correctly; DNA from sample 27/18M, which previously amplified very well, no longer 

amplified. These results had raised questions about the stability of the DNA extracted from 

FFPE tissues. Four months had passed and the DNA had been frozen and thawed a few times, 

which can increase fragmentation. So, a question arises: does the FFPE tissue DNA have an 

expiration date?  

To solve this question, a PCR was performed with universal primers designed to amplify 

histone H4 gene by Pineau et al. (2005), using the conditions optimized in a previous project 

from our laboratory. The amplicon was much smaller (211 bp) and if the DNA did not amplify 

with these primers, it would be unlikely to amplify with the primers of EGFR exon 19. None 

of the samples amplified, even increasing the amount of DNA in the reaction mixture and the 

number of cycles; the DNA was too fragmented and unstable to be used in PCR. The loss of the 

ability to amplify may have been due to several factors: (1) repeated freezing and thawing of 

the DNA aggravated pre-existing fragmentation; (2) contamination with proteins increased 

DNA instability (sample 27/18M was contaminated with proteins); and (3) although the 

samples are recent (up to 2 years old), the fixation may have caused irreversible damage in the 

DNA (Gilbert et al., 2007). This experiment allowed us to conclude that the DNA extracted 

from the FFPE tissues were no longer amplifiable. Therefore, it was not possible to amplify 

EGFR gene exon 19 of these samples and, consequently, they were not sequenced and screened 

for sequence variants. 

4.4.3. Sequencing slippage: how did we overcome this issue? 

A first set of DNA samples (19 out of 30) extracted from frozen tissue was sent for 

sequencing and the results were not as expected: all the electropherograms from the forward 

sequencing presented slippage, a phenomenon triggered by the low processivity of the DNA 

polymerases and mononucleotide repeated regions. In the presence of long runs of the same 

nucleotide base, the enzyme can separate from the replication fork, causing the unbound of the 

template and the extension strand; when the strands rebound, they can form a loop that causes 
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the slip of some bases, changing the lengths of some of the DNA products (products turn out to 

be one or more bases shorter or longer), which appears as a mixed signal in the sequencing 

results (Nucleics Pty Ltd [AU], 2019). As the problematic region lied at the beginning of the 

sequence, all the sequencing results in the forward direction were compromised, making their 

interpretation impossible. On the contrary, the results of the reverse strand sequencing were in 

perfect conditions at almost all their extension. Although it was possible to analyse one of the 

strands, both has to be examined to be sure of the veracity of the findings.  

The first strategy to overcome this practical issue was to use a new forward primer 

designed to hybridize after the mononucleotide repeated region. Then, this new primer would 

be used to re-sequence all samples with slippage, but only in the forward direction; and to 

perform the PCR and the sequencing of samples that had not yet been amplified. However, the 

two new primers conceived for this purpose proved to be non-specific.  

Thus, a new approach was followed: to amplify the samples with the first primer (which, 

although triggering sequencing slippage, was specific to exon 19 of canine EGFR) and to 

sequence with one of the other primers that hybridize after the G-rich region. When a sample 

is sequenced, only the PCR products are present in the tube, not the whole DNA, so the primer 

has only one zone where it can hybridize and the lack of specificity is no longer a problem. One 

sample was sequenced, separately with both forward primers to test which presented the best 

results. The quality of the electropherograms was identical and, thus, the 

EGFR_Exon19_Cf_SeqForward primer was selected to perform the forward sequencing of all 

samples. 

4.5. Sequence variants of EGFR gene  

Genetic alterations may lead to the inactivation of tumour suppressor genes or activation 

of oncogenes, being a major contribute to uncontrolled growth and metastasis of tumour cells. 

Sequence variants located in the exons of a gene can alter the structure and/or the function of 

the protein and play important roles in cancer disease, whereas polymorphisms located in the 

non-coding regions may have high influence on tumoral gene expression (Borge et al., 2011; 

Surdyka et al., 2019). For example, the polymorphic CA repeat in EGFR intron 1 (rs72554020) 

was associated with variations in the gene expression, having influence on the prognosis of 

human breast cancer and non-small cell lung cancer patients. The alleles are designated 
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according to the number of repeats and the length of this dinucleotide repeat polymorphism is 

inversely related to the transcriptional activity. Eight alleles with 14-21 (CA)n repeats were 

identified in non-small cell lung cancer, with the longer allele demonstrating an 80% reduction 

in the gene expression compared to the shorter allele. Some authors argue that this 

polymorphism may serve to identify populations more susceptible to lung cancer, especially 

those with a lower number of repeats (Araújo et al., 2007; Jou et al., 2009). In breast cancer, 

11 alleles were found, with (CA)n lengths ranging from 14 to 24 repeats, but there is no 

consensus regarding the influence of the number of repeats on the EGFR expression. Some 

authors found a non-significant tendency for lower EGFR protein expression in Japanese 

patients with high frequencies of (CA)20 allele than German patients with a predominance of 

(CA)16 allele. Others researchers found no correlation between the number of CA repeats and 

the transcriptional activity (Buerger et al., 2004; Leite et al., 2014). Another example of the 

importance of intronic sequence variants is the 8227G/A SNP, also located in intron 1, 6.9 kb 

downstream the polymorphic CA repeat site. In non-small cell lung cancer, the GA and AA 

genotypes appear to be associated with higher overall survival in gefitinib-treated patients, 

although the underlying mechanisms remain unclear (Shitara et al., 2012). No studies were 

found directed to the detection of SNPs in the intronic regions of the EGFR gene in human 

breast cancer. 

In this study, 30 frozen tissue samples from female dogs with mammary cancer were 

selected for DNA extraction, amplification of EGFR exon 19 by PCR, sequencing and 

screening for sequence variants. Samples had been collected from 20 individuals and included 

20 primary tumour tissues and 10 adjacent non-neoplastic tissues. No differences were found 

between the normal and tumour tissue sequences of the same individual. 

Six samples presented sequence variants, belonging to four different individuals. All 

four variants found had been previously reported in Ensembl (EMBL-EBI, UK); two of them 

are positioned in the intronic region before exon 19 (rs852801086 and rs852516669) and the 

other two are located after the exon (rs850919879 and rs851961223). While nucleotide 

substitutions were easy to detect both in homozygous and in heterozygosity, deletion in sample 

3 was more challenging due to the generated mixed signal which appeared to be a sequencing 

error. Sequencing process was performed in two directions: forward and reverse. The reverse 

direction provides a sequence theoretically equal to the forward direction but as DNA 

polymerase “reads” the template backwards, it is necessary to obtain the complementary reverse 

sequence to be able to align the sequences of both directions and verify if they match. This 
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process is essential to confirm the presence of sequence variants, as they must be present in 

both directions. The deletion in sample 3 was in heterozygosity, which means that the PCR 

products sent for sequencing had two different sequences: the wild-type and the variant 

sequence. Thus, when the sequencing polymerase "read" the PCR products in the forward 

direction, generated a confusing signal based on the overlap of the two sequences, starting 

exactly after the deletion site. In the reverse direction, as the "reading" is performed backwards, 

the electropherograms presented the overlap of the two sequences before the deletion site. 

The information about the dog genome is scarce compared to the human, so counterpart 

authors often use the human data to discuss the obtained results. In our case, the results obtained 

are not comparable because these sequence variants do not exist in the human genome. In fact, 

while the exons of the human EGFR gene show high similarity with the canine (92.47%), the 

introns are completely different, presenting only 54% of similarity in the adjacent regions 

covered by the amplicon (Ensembl release 92, April 2018 [1 and 2]). 

To the best of our knowledge, there is only one study directed to the dog whole genome 

sequencing that obtained information on the sequence variants of the canine EGFR gene, 

including exon 19 (“High quality variant calls from multiple dog genome project – Run1”, from 

PRJEB24066 project). This project involved the sequencing of 238 samples of dogs of various 

breeds and of both sexes; however, there is no information about the samples used or the health 

status of the individuals analysed. There are no publications associated with this study, but the 

allelic and genotypic frequencies obtained are available on the Ensembl platform (EMBL-EBI, 

UK). The frequencies obtained in the present study were very similar to those available in 

Ensembl with respect to all four sequence variants found and no differences were detected 

between the adjacent non-neoplastic and tumoral tissues of the same individual; therefore, there 

appears to be no relationship between the presence of these sequence variants and the 

development of mammary tumours. Further studies are necessary to confirm these findings, 

including a high number of neoplastic and non-neoplastic tissues. 

There are several reported cases of human breast cancer with aberrant genetic alterations 

in adjacent non-neoplastic tissues (reviewed in Heaphy et al. 2009). Heaphy et al. (2006) 

compared the extent of allelic imbalance (AI, alteration of the normal 1:1 ratio of alleles) 

between histological normal breast tissues obtained from reduction mammoplasties (used as a 

control) and matched carcinoma adjacent non-neoplastic tissues excised at 1 and 5cm from the 

tumour margins, through a set of 16 genome-wide and unlinked microsatellite markers. They 

observed that the presence of AI was rare in tissues collected at reduction mammoplasties and 

https://www.ebi.ac.uk/ena/data/view/PRJEB24066
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tissues from adjacent histological normal tissues excised at 5cm from the tumour margin. On 

the contrary, histologically normal tissues excised at 1cm from the tumour margin demonstrated 

a fivefold elevated incidence of AI. Heaphy et al. (2006) concluded that non-neoplastic 

epithelial cells surrounding the tumour, up to at least 1cm, contain genetic alterations. 

Furthermore, more than a third of the unbalanced alleles present in the adjacent histological 

normal tissues were also observed in the matched carcinomas, suggesting that genomic 

instability and occurrence of genetic alterations were prior to tumour transformation. 

In canine mammary tumours, Surdyka et al. (2019) conducted a pioneer study with the 

aim of characterizing genome-wide structural aberrations, using a canine-specific whole-

genome SNP genotyping assay to analyse mammary tumour and healthy tissues from 24 

individuals, searching for loss of heterozygosity (LOH, complete loss of an allele) events. The 

assay included more than 170,000 SNPs with known positions in the canine reference genome, 

with an average density of approximately 70 SNPs per Mb. The data was analysed with a 

cancer-specific software that uses the healthy tissue as reference and only identifies aberrations 

that are tumour-exclusive. About 3385 LOHs were identified, with some of these found in 

regions of genes related to neoplastic transformation. However, EGFR was not one of them and 

the authors do not refer the differences and/or similarities between normal and tumour tissues. 

Three of the four individuals with sequence variants exhibited EGFR overexpression, 

evaluated by immunohistochemistry. However, the remaining cases that were positive to EGFR 

overexpression fail to reveal gene alterations, which suggests that the intronic variants found in 

this study are not related to the increased levels of EGFR protein in canine mammary malignant 

tumours. Nevertheless, the present study included a rather small number of samples, which 

hampers a definitive conclusion. Another hypothesis would be the investigation of the presence 

of EGFR gene amplification associated with its overexpression, by the evaluation of the gene 

copy number variation (CNV). 
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EGFR has been extensively studied in human breast cancer, but the same does not occur 

in canine mammary tumours, especially with respect to EGFR expression status in the 

metastases of canine malignant mammary tumours. Furthermore, there are few studies targeting 

the genetic variation of the canine EGFR gene. Thus, in the present study, an 

immunohistochemical and molecular approach was performed in order to strengthen the 

scientific knowledge on EGFR in canine mammary cancer, with the following conclusions: 

 A high EGFR immunohistochemical expression was observed in neoplastic epithelial 

cells of primary malignant mammary tumours, with more than half cases overexpressing the 

EGFR protein; 

 A significant association was observed between the expression of epithelial EGFR 

in primary tumours and lymph node metastases, with a concordance in the majority of both 

negative and positive cases. Yet, this concordance did not occur with respect to distant 

metastases, probably due to the low number of available samples. No significant association 

was observed between epithelial EGFR expression and classic clinicopathological parameters. 

 More than one-third of the primary tumours overexpressed EGFR in the 

perineoplastic stroma, and a significant association was present between the expression of 

EGFR in epithelial neoplastic cells and in stromal cells, with a concordance in most cases. 

 An association was also detected between the low expression of stromal EGFR and 

the absence of lymphovascular invasion, which might be explained by the decreased activation 

of the PI3K/AKT and STAT signalling pathways, responsible for promoting invasion and 

angiogenesis. 

 In the survival study, lower survival rates were significant associated with the classic 

parameters of biological aggressiveness (histological type and grade, vascular invasion and 

presence of metastases), but no association was observed with EGFR expression. Yet, female 

dogs with high stromal EGFR expression presented lower survival rates. Additional studies 

with a larger series, especially including more distant metastases, are necessary to confirm the 

present findings. 

 Four EGFR sequence variants adjacent to exon 19 were detected in six canine 

mammary samples (four tumoral tissues and two paired adjacent non-neoplastic tissue). All 

polymorphisms were intronic and have been reported in the bioinformatics platforms, but there 

were no associated publications. 

 None of the sequence variants found in this study appeared to be associated with the 

development of mammary tumours, since the allelic and genotypic frequencies obtained were 
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similar to those available in the Ensembl platform (EMBL-EBI, UK) and no differences were 

detected in the EGFR sequences of normal and tumoral mammary tissues of the same 

individual. These variants also did not appear to be related to EGFR overexpression.  

 In future studies, it would be interesting to investigate the presence of EGFR Copy 

Number Variations (CNV) in canine mammary malignant tumours, through fluorescence in situ 

hybridization (FISH), chromogenic in situ hybridization (CISH), real time quantitative PCR 

(qPCR) or quantification of EGFR mRNA expression, and to verify if there is any association 

between CNV of EGFR gene and the overexpression of its protein. 
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Appendix A – Alignment of the human (Homo sapiens) and dog (Canis familiaris) EGFR-201 

cDNA sequences and the respective amino acid sequences.  

The cDNA and amino acid sequences shown in bold belong to the human, the others sequences 

belong to the dog. On the sides of the sequences are the position numbers of the first and last 

nucleotide and the first and last amino acid of the line. Codons are highlighted in light yellow 

alternately, to facilitate their delimitation. Sequence alignment was performed by exons 

individually. Exon numbers highlighted in yellow belong to the human, exon numbers 

highlighted in green belong to the dog. The most significant differences between the human 

and dog sequences (changes in cDNA sequence altering the amino acid sequence) are 

highlighted in red in the dog sequences. Black dots represent spots where nucleotides and/or 

amino acids of the human sequence are missing in the sequence of the dog, and vice versa. The 

asterisk represents a stop codon. This comparative analysis was performed using the sequences 

provided by Ensembl (Ensembl release 92, April 2018 [1 and 2]), the multiple sequence 

alignment program Clustal Omega (EMBL-EBI, UK) and the BLAST – Basic Local Alignment 

Search Tool (NCBI – National Center for Biotechnology Information, USA). 

      

Exon1  1 ATGCGACCCTCCGGGACGGCCGGGGCAGCGCTCCTGGCGCTGCTGGCTGCGCTCTGCCCG 60 

       1 -M--R--P--S--G--T--A--G--A--A--L--L--A--L--L--A--A--L--C--P- 20 

      61 GCGAGTCGGGCTCTGGAGGAAAAGAAAG 88  

      21 -A--S--R--A--L--E--E--K--K-- 29     

 

Exon2 89 •TTTGCCAAGGCACGAGTAACAAGCTCACGCAGTTGGGCACTTTTGAAGATCATTTTCTC 147 

Exon1  1 GTCTGCCAAGGCACGAGTAACCGGCTCACCCAGTTGGGCACTTTTGAAGACCACTTTCTG 60 

       1 -V--C--Q--G--T--S--N--R--L--T--Q--L--G--T--F--E--D--H--F--L- 20 

      30 •V--C--Q--G--T--S--N--K--L--T--Q--L--G--T--F--E--D--H--F--L- 49 

 

     148 AGCCTCCAGAGGATGTTCAATAACTGTGAGGTGGTCCTTGGGAATTTGGAAATTACCTAT 207 

      61 AGCCTTCAGAGGATGTTCAATAACTGTGAGGTGGTCCTGGGGAATTTGGAAATTACCTAC 120 

      21 -S--L--Q--R--M--F--N--N--C--E--V--V--L--G--N--L--E--I--T--Y- 40 

      50 -S--L--Q--R--M--F--N--N--C--E--V--V--L--G--N--L--E--I--T--Y- 69 

 

     208 GTGCAGAGGAATTATGATCTTTCCTTCTTAAAG 240 

     121 ATGCAAAGGAATTATGACCTTTCCTTCTTAAAG 153 

      41 -M--Q--R--N--Y--D--L--S--F--L--K- 51 

      70 -V--Q--R--N--Y--D--L--S--F--L--K- 80 

 

Exon3 241 ACCATCCAGGAGGTGGCTGGTTATGTCCTCATTGCCCTCAACACAGTGGAGCGAATTCCT 300 

Exon2 154 ACCATCCAGGAAGTTGCCGGGTATGTATTGATTGCCCTCAACACGGTGGAGAAGATTCCT 213 

       52 -T--I--Q--E--V--A--G--Y--V--L--I--A--L--N--T--V--E--K--I--P- 71 

       81 -T--I--Q--E--V--A--G--Y--V--L--I--A--L--N--T--V--E--R--I--P- 100 

 

      301 TTGGAAAACCTGCAGATCATCAGAGGAAATATGTACTACGAAAATTCCTATGCCTTAGCA 360 

      214 TTGGAAAACCTGCAGATCATCCGAGGAAATGTGCTCTATGAAAACACCCATGCCTTATCC 273 

       72 -L--E--N--L--Q--I--I--R--G--N--V--L--Y--E--N--T--H--A--L--S- 91 

      101 -L--E--N--L--Q--I--I--R--G--N--M--Y--Y--E--N--S--Y--A--L--A- 120 

 

      361 GTCTTATCTAACTATGATGCAAATAAAACCGGACTGAAGGAGCTGCCCATGAGAAATTTA 420 

      274 GTCCTCTCCAACTATGGCTCAAATAAAACTGGACTGCAGGAGCTTCCCCTGAGAAACTTG 333 

       92 -V--L--S--N--Y--G--S--N--K--T--G--L--Q--E--L--P--L--R--N--L- 111 

      121 -V--L--S--N--Y--D--A--N--K--T--G--L--K--E--L--P--M--R--N--L- 140 

 

      421 CAGG 424 

      334 CATG 337 

      112 -H-- 112 

      141 -Q-- 141 
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Exon4 425 AAATCCTGCATGGCGCCGTGCGGTTCAGCAACAACCCTGCCCTGTGCAACGTGGAGAGCA 484 

Exon3 338 AAATACTACAAGGCGCTGTGCGCTTCAGCAATAACCCTGTCCTCTGCAACGTGGAAACCA 397 

      113 E--I--L--Q--G--A--V--R--F--S--N--N--P--V--L--C--N--V--E--T-- 132 

      142 E--I--L--H--G--A--V--R--F--S--N--N--P--A--L--C--N--V--E--S—161 

 

      485 TCCAGTGGCGGGACATAGTCAGCAGTGACTTTCTCAGCAACATGTCGATGGACTTCCAGA 544 

      398 TCCAGTGGCGGGACATCGTTGACAACGATTTTATAAGCAACATGTCGATGGACATCCAGA 457 

      133 I--Q--W--R--D--I--V--D--N--D--F--I--S--N--M--S--M--D--I--Q-- 152 

      162 I--Q--W--R--D--I--V--S--S--D--F--L--S--N--M--S--M--D--F--Q—181 

 

      545 ACCACCTGGGCAGCT 559 

      458 ACCAAGCGGGCAGGT 472 

      153 N--Q--A--G--R-- 157 

      182 N--H--L--G--S-- 186 

 

Exon5 560 GCCAAAAGTGTGATCCAAGCTGTCCCAATGGGAGCTGCTGGGGTGCAGGAGAGGAGAACT 619 

Exon4 473 GCCAAAAGTGTGATCCAAGCTGTCCCAATGGAAGTTGCTGGGGTCCGGGAAAGGAGAATT 532 

      158 C--Q--K--C--D--P--S--C--P--N--G--S--C--W--G--P--G--K--E--N-- 177 

      187 C--Q--K--C--D--P--S--C--P--N--G--S--C--W--G--A--G--E--E--N-- 206 

 

      620 GCCAGAAAC 628  

      533 GCCAGAAAC 541  

      178 C--Q--K-- 180     

      207 C--Q--K-- 209  

 

Exon6 629 TGACCAAAATCATCTGTGCCCAGCAGTGCTCCGGGCGCTGCCGTGGCAAGTCCCCCAGTG 688 

Exon5 542 TGACCAAAATCATCTGTGCCCAGCAGTGTTCGGGGCGCTGCCGCGGCAGGTCCCCCAGCG 601 

      181 L--T--K--I--I--C--A--Q--Q--C--S--G--R--C--R--G--R--S--P--S-- 200 

      210 L--T--K--I--I--C--A--Q--Q--C--S--G--R--C--R--G--K--S--P--S-- 229 

 

      689 ACTGCTGCCACAACCAGTGTGCTGCAGGCTGCACAGGCCCCCGGGAGAGCGACTGCCTG 747 

      602 ACTGCTGCCACAACCAGTGTGCCGCCGGCTGCACGGGGCCCCGCGAGAGCGACTGCCTG 660 

      201 D--C--C--H--N--Q--C--A--A--G--C--T--G--P--R--E--S--D--C--L- 220 

      230 D--C--C--H--N--Q--C--A--A--G--C--T--G--P--R--E--S--D--C--L- 249 

 

Exon7 748 GTCTGCCGCAAATTCCGAGACGAAGCCACGTGCAAGGACACCTGCCCCCCACTCATGCTC 807 

Exon6 661 GTCTGCCGCAAGTTCCGGGATGAAGCCACGTGCAAGGACACCTGCCCGCCCCTCATGCTC 720 

      221 -V--C--R--K--F--R--D--E--A--T--C--K--D--T--C--P--P--L--M--L- 240 

      250 -V--C--R--K--F--R--D--E--A--T--C--K--D--T--C--P--P--L--M--L- 269 

  

      808 TACAACCCCACCACGTACCAGATGGATGTGAACCCCGAGGGCAAATACAGCTTTGGTGCC 867 

      721 TACAACCCCACCACCTACCAAATGGACGTCAACCCAGAGGGAAAATACAGCTTTGGTGCC 780 

      241 -Y--N--P--T--T--Y--Q--M--D--V--N--P--E--G--K--Y--S--F--G--A- 260 

      270 -Y--N--P--T--T--Y--Q--M--D--V--N--P--E--G--K--Y--S--F--G--A- 289 

 

      868 ACCTGCGTGAAGAAGTGTCCCC 889 

      781 ACCTGCGTGAAGAAATGCCCCC 802 

      261 -T--C--V--K--K--C--P-- 267 

      290 -T--C--V--K--K--C--P-- 296 

 

Exon8 890 GTAATTATGTGGTGACAGATCACGGCTCGTGCGTCCGAGCCTGTGGGGCCGACAGCTATG 949 

Exon7 803 GCAACTACGTGGTGACAGACCACGGTTCATGTGTCCGCGCCTGCAGCTCTGACAGCTACG 862 

      268 R--N--Y--V--V--T--D--H--G--S--C--V--R--A--C--S--S--D--S--Y-- 287 
      297 R--N--Y--V--V--T--D--H--G--S--C--V--R--A--C--G--A--D--S--Y-- 316 
 

      950 AGATGGAGGAAGACGGCGTCCGCAAGTGTAAGAAGTGCGAAGGGCCTTGCCGCAAAG 1006 

      863 AGGTGGAGGAGGATGGTGTCCGCAAGTGTAAGAAGTGTGAGGGGCCTTGTCGCAAAG 919 

      288 E--V--E--E--D--G--V--R--K--C--K--K--C--E--G--P--C--R--K-- 306 

      317 E--M--E--E--D--G--V--R--K--C--K--K--C--E--G--P--C--R--K-- 335 

 

Exon9 1007 TGTGTAACGGAATAGGTATTGGTGAATTTAAAGACTCACTCTCCATAAATGCTACGAATA 1066 

Exon8  920 TTTGTAATGGAATAGGGATTGGAGAGTTCAAAGACACACTTTCCATAAATGCTACAAACA 979 

       307 V--C--N--G--I--G--I--G--E--F--K--D--T--L--S--I--N--A--T--N-- 326 

       336 V--C--N--G--I--G--I--G--E--F--K--D--S--L--S--I--N--A--T--N-- 355 
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      1067 TTAAACACTTCAAAAACTGCACCTCCATCAGTGGCGATCTCCACATCCTGCCGGTGGCAT 1126 

       980 TTAAACACTTCAAAAACTGCACGTCGATCAGTGGAGACCTTCATATCTTGCCAGTCGCAT 1039 

       327 I--K--H--F--K--N--C--T--S--I--S--G--D--L--H--I--L--P--V--A-- 346 

       356 I--K--H--F--K--N--C--T--S--I--S--G--D--L--H--I--L--P--V--A—375 

 

      1127 TTAGGGG 1133 

      1040 TTAGAGG 1046 

       347 F--R--G 349 

       376 F--R--G 378 

 

Exon10 1134 TGACTCCTTCACACATACTCCTCCTCTGGATCCACAGGAACTGGATATTCTGAAAACCGT 1193 

Exon9  1047 TGACTCCTTCACGCATACCCTACCTCTAGATCCGAAGGAGCTGGATATCCTGAAAACTGT 1106 

        350 --D--S--F--T--H--T--L--P--L--D--P--K--E--L--D--I--L--K--T--V 369 

        379 --D--S--F--T--H--T--P--P--L--D--P--Q--E--L--D--I--L--K--T--V 398 

 

       1194 AAAGGAAATCACAG 1207 

       1107 CAAGGAAATAACAG 1120 

        370 --K--E--I--T-- 373 

        399 --K--E--I--T-- 402 

 

Exon11 1208 GGTTTTTGCTGATTCAGGCTTGGCCTGAAAACAGGACGGACCTCCATGCCTTTGAGAACC 1267 

Exon10 1121 GGTTTTTGCTGATTCAGGCCTGGCCCGAAAATAGGACTGACCTCCATGCTTTCGAGAACC 1180 

        374 G--F--L--L--I--Q--A--W--P--E--N--R--T--D--L--H--A--F--E--N-- 393 

        403 G--F--L--L--I--Q--A--W--P--E--N--R--T--D--L--H--A--F--E--N-- 422 

 

       1268 TAGAAATCATACGCGGCAGGACCAAGCAACA 1298 

       1181 TAGAAATCATACGTGGAAGAACAAAGCAACA 1211 

        394 L--E--I--I--R--G--R--T--K--Q--H 404 

        423 L--E--I--I--R--G--R--T--K--Q--H 433 

 

Exon12 1299 TGGTCAGTTTTCTCTTGCAGTCGTCAGCCTGAACATAACATCCTTGGGATTACGCTCCCT 1358 

Exon11 1212 TGGCCAGTTTTCTCTGGCGGTCGTCGGCCTGAACATAACGTCCTTGGGATTACGCTCCCT 1271 

        405 --G--Q--F--S--L--A--V--V--G--L--N--I--T--S--L--G--L--R--S--L 424 

        434 --G--Q--F--S--L--A--V--V--S--L--N--I--T--S--L--G--L--R--S--L 453 

 

       1359 CAAGGAGATAAGTGATGGAGATGTGATAATTTCAGGAAACAAAAATTTGTGCTATGCAAA 1418 

       1272 CAAGGAGATAAGCGATGGAGATGTGATCATCTCTGGAAACCGAAAATTGTGCTATGCAAA 1331 

        425 --K--E--I--S--D--G--D--V--I--I--S--G--N--R--K--L--C--Y--A--N 444 

        454 --K--E--I--S--D--G--D--V--I--I--S--G--N--K--N--L--C--Y--A--N 473 

    

       1419 TACAATAAACTGGAAAAAACTGTTTGGGACCTCCGGTCAGAAAACCAAAATTATAAGCAA 1478 

       1332 TACAATAAACTGGAAGAAACTCTTTGGGACTTCAAGTCAGAAAACCAAAATTATAAACAA 1391 

        445 --T--I--N--W--K--K--L--F--G--T--S--S--Q--K--T--K--I--I--N--N 464 

        474 --T--I--N--W--K--K--L--F--G--T--S--G--Q--K--T--K--I--I--S--N 493 

 

       1479 CAGAGGTGAAAACAGCTGCA 1498 

       1392 CAAAGATGAAAAAGCCTGCA 1411 

        465 --K--D--E--K--A--C-- 470 

        494 --R--G--E--N--S--C-- 499 

 

Exon13 1499 AGGCCACAGGCCAGGTCTGCCATGCCTTGTGCTCCCCCGAGGGCTGCTGGGGCCCGGAGC 1558 

Exon12 1412 AGGCCATAGGCCACGTCTGCCATCCATTGTGCTCCTCAGAAGGCTGCTGGGGCCCAGGGC 1471 

        471 K--A--I--G--H--V--C--H--P--L--C--S--S--E--G--C--W--G--P--G-- 490 

        500 K--A--T--G--Q--V--C--H--A--L--C--S--P--E--G--C--W--G--P--E-- 519 

 

       1559 CCAGGGACTGCGTCTCTTGCCGGAATGTCAGCCGAGGCAGGGAATGCGTGGACAAGTGCA 1618 

       1472 CGAGAGACTGCGTGTCCTGCCGAAACGTCAGCCGTGGCAAGGAATGTGTGGAAAAGTGCA 1531 

        491 P--R--D--C--V--S--C--R--N--V--S--R--G--K--E--C--V--E--K--C-- 510 

        520 P--R--D--C--V--S--C--R--N--V--S--R--G--R--E--C--V--D--K--C-- 539 

   

       1619 ACCTTCTGGAGGG 1631 

       1532 ACATTCTGGAGGG 1544 

        511 N--I--L--E--G 515 

        540 N--L--L--E--G 544 
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Exon14 1632 TGAGCCAAGGGAGTTTGTGGAGAACTCTGAGTGCATACAGTGCCACCCAGAGTGCCTGCC 1691 

Exon13 1545 GGAGCCAAGGGAGTTTGTGGAGAATTCGGAGTGCATACAGTGCCATCCGGAATGCCTGCC 1604 

        516 --E--P--R--E--F--V--E--N--S--E--C--I--Q--C--H--P--E--C--L--P 535 

        545 --E--P--R--E--F--V--E--N--S--E--C--I--Q--C--H--P--E--C--L--P 564 

 

       1692 TCAGGCCATGAACATCACCTGCACAGGACGG 1722 

       1605 CCAGGCCATGAACATAACCTGCACAGGACGG 1635 

        536 --Q--A--M--N--I--T--C--T--G--R- 545 

        565 --Q--A--M--N--I--T--C--T--G--R- 574 

 

Exon15 1723 GGACCAGACAACTGTATCCAGTGTGCCCACTACATTGACGGCCCCCACTGCGTCAAGACC 1782 

Exon14 1636 GGGCCGGACAGCTGCATCAAGTGCGCCCACTACATCGATGGCCCTCACTGCGTCAAGACC 1695 

        546 -G--P--D--S--C--I--K--C--A--H--Y--I--D--G--P--H--C--V--K--T- 565 

        575 -G--P--D--N--C--I--Q--C--A--H--Y--I--D--G--P--H--C--V--K--T- 594 

 

       1783 TGCCCGGCAGGAGTCATGGGAGAAAACAACACCCTGGTCTGGAAGTACGCAGACGCCGGC 1842 

       1696 TGCCCGGCTGGCATCATGGGAGAAAACAACACCCTGGTCTGGAAGTTTTCGGATGGCAGC 1755 

        566 -C--P--A--G--I--M--G--E--N--N--T--L--V--W--K--F--S--D--G--S- 585 

        595 -C--P--A--G--V--M--G--E--N--N--T--L--V--W--K--Y--A--D--A--G- 614 

 

       1843 CATGTGTGCCACCTGTGCCATCCAAACTGCACCTACGG 1880 

       1756 CGCATGTGCCACCTGTGCCATCCAAACTGCACCTATGG 1793 

        586 -R--M--C--H--L--C--H--P--N--C--T--Y--G 598 

        615 -H--V--C--H--L--C--H--P--N--C--T--Y--G 627 

 

Exon16 1881 ATGCACTGGGCCAGGTCTTGAAGGCTGTCCAACGAATGG 1919 

Exon15 1794 CTGTGAGGGACCAGGTCTTGAAGGCTGTGCAAAACCTGG 1832 

        599 --C--E--G--P--G--L--E--G--C--A--K--P--G 611 

        628 --C--T--G--P--G--L--E--G--C--P--T--N--G 640 

 

Exon17 1920 GCCTAAGATCCCGTCCATCGCCACTGGGATGGTGGGGGCCCTCCTCTTGCTGCTGGTGGT 1979 

Exon16 1833 GCCCAAGATCCCATCCATTGCTACCGGGATTGTCGGCGGCCTCCTCTTGGTGGTGGTGGT 1892 

        612 --P--K--I--P--S--I--A--T--G--I--V--G--G--L--L--L--V--V--V--V 631 

        641 --P--K--I--P--S--I--A--T--G--M--V--G--A--L--L--L--L--L--V--V 660 

 

       1980 GGCCCTGGGGATCGGCCTCTTCATGCGAAGGCGCCACATCGTTCGGAAGCGCACGCTGCG 2039 

       1893 GGCCCTTGGAGTGGGCCTCTTTTTGCGCCGGCGCCACATTGTCCGGAAGCGCACGCTTCG 1952 

        632 --A--L--G--V--G--L--F--L--R--R--R--H--I--V--R--K--R--T--L--R 651 

        661 --A--L--G--I--G--L--F--M--R--R--R--H--I--V--R--K--R--T--L--R 680 

 

       2040 GAGGCTGCTGCAGGAGAGGGAG 2061 

       1953 CAGACTGCTGCAAGAAAGAGAG 1974 

        652 --R--L--L--Q--E--R--E- 658 

        681 --R--L--L--Q--E--R--E- 687 

 

Exon18 2062 CTTGTGGAGCCTCTTACACCCAGTGGAGAAGCTCCCAACCAAGCTCTCTTGAGGATCTTG 2121 

Exon17 1975 CTTGTCGAGCCTCTTACACCCAGCGGAGAAGCTCCCAACCAGGCTCTCTTGAGGATCTTA 2034 

        659 -L--V--E--P--L--T--P--S--G--E--A--P--N--Q--A--L--L--R--I--L- 678 

        688 -L--V--E--P--L--T--P--S--G--E--A--P--N--Q--A--L--L--R--I--L- 707 

 

       2122 AAGGAAACTGAATTCAAAAAGATCAAAGTGCTGGGCTCCGGTGCGTTCGGCACGGTGTAT 2181 

       2035 AAGGAGACGGAGTTCAAAAAGATCAAGGTGCTGGGCTCTGGAGCATTCGGCACAGTGTAC 2094 

        679 -K--E--T--E--F--K--K--I--K--V--L--G--S--G--A--F--G--T--V--Y- 698 

        708 -K--E--T--E--F--K--K--I--K--V--L--G--S--G--A--F--G--T--V--Y- 727 

 

       2182 AAG 2184 

       2095 AAG 2097 

        699 -K- 699 

        728 -K- 728 

 

Exon19 2185 GGACTCTGGATCCCAGAAGGTGAGAAAGTTAAAATTCCCGTCGCTATCAAGGAATTAAGA 2244 

Exon18 2098 GGACTCTGGATCCCAGAAGGCGAGAAGGTTAAAATTCCCGTGGCCATCAAGGAATTGAGA 2157 

        700 -G--L--W--I--P--E--G--E--K--V--K--I--P--V--A--I--K--E--L--R- 719 

        729 -G--L--W--I--P--E--G--E--K--V--K--I--P--V--A--I--K--E--L--R- 748 
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       2245 GAAGCAACATCTCCGAAAGCCAACAAGGAAATCCTCGAT 2283 

       2158 GAAGCCACGTCTCCCAAAGCCAACAAGGAAATTCTTGAT 2196 

        720 -E--A--T--S--P--K--A--N--K--E--I--L--D- 732 

        749 -E--A--T--S--P--K--A--N--K--E--I--L--D- 761 

 

Exon20 2284 GAAGCCTACGTGATGGCCAGCGTGGACAACCCCCACGTGTGCCGCCTGCTGGGCATCTGC 2343 

Exon19 2197 GAAGCCTACGTGATGGCCAGTGTGGACAATCCCCACGTGTGCCGCCTCCTGGGCATCTGC 2256 

        733 -E--A--Y--V--M--A--S--V--D--N--P--H--V--C--R--L--L--G--I--C- 752 

        762 -E--A--Y--V--M--A--S--V--D--N--P--H--V--C--R--L--L--G--I--C- 781 

             

       2344 CTCACCTCCACCGTGCAGCTCATCACGCAGCTCATGCCCTTCGGCTGCCTCCTGGACTAT 2403 

       2257 CTGACGTCCACGGTGCAGCTCATCACGCAGCTCATGCCCTTTGGCTGCCTCCTGGACTAT 2316 

        753 -L--T--S--T--V--Q--L--I--T--Q--L--M--P--F--G--C--L--L--D--Y- 772 

        782 -L--T--S--T--V--Q--L--I--T--Q--L--M--P--F--G--C--L--L--D--Y- 801 

               

       2404 GTCCGGGAACACAAAGACAATATTGGCTCCCAGTACCTGCTCAACTGGTGTGTGCAGATC 2463 

       2317 GTCCGCGAGCACAAGGACAACATCGGCTCCCAGCACCTGCTCAACTGGTGTGTGCAGATT 2376 

        773 -V--R--E--H--K--D--N--I--G--S--Q--H--L--L--N--W--C--V--Q--I- 792 

        802 -V--R--E--H--K--D--N--I--G--S--Q--Y--L--L--N--W--C--V--Q--I- 821 

 

       2464 GCAAAG 2469 

       2377 GCAAAG 2382 

         793 -A--K- 794    

         822 -A--K- 823                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

 

Exon21 2470 GGCATGAACTACTTGGAGGACCGTCGCTTGGTGCACCGCGACCTGGCAGCCAGGAACGTA 2529 

Exon20 2383 GGCATGAACTACCTGGAAGACCGGCGCTTGGTGCACCGCGACCTGGCGGCCAGGAACGTC 2442 

795 -G--M--N--Y--L--E--D--R--R--L--V--H--R--D--L--A--A--R--N--V- 814                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

824 -G--M--N--Y--L--E--D--R--R--L--V--H--R--D--L--A--A--R--N--V- 843 

 

       2521 CTGGTGAAAACACCGCAGCATGTCAAGATCACAGATTTTGGGCTGGCCAAACTGCTGGGT 2589 

       2434 CTGGTGAAGACCCCGCAGCACGTCAAGATCACAGATTTTGGGCTGGCCAAACTGCTGGGT 2502 

        812 -L--V--K--T--P--Q--H--V--K--I--T--D--F--G--L--A--K--L--L--G- 834 

        841 -L--V--K--T--P--Q--H--V--K--I--T--D--F--G--L--A--K--L--L--G- 863 

 

       2581 GCGGAAGAGAAAGAATACCATGCAGAAGGAGGCAAA 2625 

       2494 GCCGAGGAGAAAGAGTACCACGCGGAAGGAGGCAAA 2538 

        832 -A--E--E--K--E--Y--H--A--E--G--G--K- 846 

        861 -A--E--E--K--E--Y--H--A--E--G--G--K- 875 

 

Exon22 2626 GTGCCTATCAAGTGGATGGCATTGGAATCAATTTTACACAGAATCTATACCCACCAGAGT 2685 

Exon21 2539 GTGCCTATCAAGTGGATGGCTTTAGAATCGATTTTACACCGAATTTATACCCACCAAAGC 2598 

        847 -V--P--I--K--W--M--A--L--E--S--I--L--H--R--I--Y--T--H--Q--S- 866 

        876 -V--P--I--K--W--M--A--L--E--S--I--L--H--R--I--Y--T--H--Q--S- 895 

 

       2686 GATGTCTGGAGCTACG 2701 

       2599 GATGTGTGGAGCTACG 2614 

        867 -D--V--W--S--Y-- 871 

        896 -D--V--W--S--Y-- 900 

 

Exon23 2702 GGGTGACTGTTTGGGAGTTGATGACCTTTGGATCCAAGCCATATGACGGAATCCCTGCCA 2761 

Exon22 2615 GCGTCACCGTGTGGGAGCTGATGACCTTCGGGTCCAAGCCTTACGACGGTATCCCTGCAA 2674 

        873 G--V--T--V--W--E--L--M--T--F--G--S--K--P--Y--D--G--I--P--A-- 892 

        902 G--V--T--V--W--E--L--M--T--F--G--S--K--P--Y--D--G--I--P--A-- 920 

 

       2762 GCGAGATCTCCTCCATCCTGGAGAAAGGAGAACGCCTCCCTCAGCCACCCATATGTACCA 2821 

       2675 GTGAGATCTCCACCATCCTGGAGAAGGGAGAGCGCCTCCCGCAGCCGCCCATATGCACCA 2734 

        893 S--E--I--S--T--I--L--E--K--G--E--R--L--P--Q--P--P--I--C--T-- 912 

        922 S--E--I--S--S--I--L--E--K--G--E--R--L--P--Q--P--P--I--C--T-- 940 

 

       2822 TCGATGTCTACATGATCATGGTCAAGT 2848 

       2735 TCGATGTCTACATGATCATGGTCAAGT 2761 

        913 I--D--V--Y--M--I--M--V--K-- 921 

        942 I--D--V--Y--M--I--M--V--K-- 949 
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Exon24 2849 GCTGGATGATAGACGCAGATAGTCGCCCAAAGTTCCGTGAGTTGATCATCGAATTCTCCA 2908 

Exon23 2762 GCTGGATGATAGATGCAGACAGTCGCCCAAAATTCCGTGAGTTGATCATCGAATTCTCCA 2821 

        922 C--W--M--I--D--A--D--S--R--P--K--F--R--E--L--I--I--E--F--S-- 941 

        951 C--W--M--I--D--A--D--S--R--P--K--F--R--E--L--I--I--E--F--S-- 969 

 

       2909 AAATGGCCCGAGACCCCCAGCGCTACCTTGTCATTCAG 2946 

       2822 AAATGGCCCGAGACCCGCAGCGCTACCTTGTCATCCAG 2859 

        942 K--M--A--R--D--P--Q--R--Y--L--V--I--Q- 954 

        971 K--M--A--R--D--P--Q--R--Y--L--V--I--Q- 982 

 

Exon25 2947 GGGGATGAAAGAATGCATTTGCCAAGTCCTACAGACTCCAACTTCTACCGTGCCCTGATG 3006 

Exon24 2860 GGAGATGAGAGGATGCATTTGCCAAGCCCTACAGACTCCAATTTTTACCGCGCCCTGATG 2919 

        955 -G--D--E--R--M--H--L--P--S--P--T--D--S--N--F--Y--R--A--L--M- 974 

        984 -G--D--E--R--M--H--L--P--S--P--T--D--S--N--F--Y--R--A--L--M- 1002 

 

       3007 GATGAAGAAGACATGGACGACGTGGTGGATGCCGACGAGTACCTCATCCCACAGCAGGGC 3066 

       2920 GACGAGGAGGACATGGAGGATGTTGTGGATGCTGACGAGTACCTCATCCCCCAGCAGGGC 2979 

        975 -D--E--E--D--M--E--D--V--V--D--A--D--E--Y--L--I--P--Q--Q--G- 994 

       1004 -D--E--E--D--M--D--D--V--V--D--A--D--E--Y--L--I--P--Q--Q--G- 1022 

 

       3067 TTCTTCAGCAGCCCCTCCACGTCACGGACTCCCCTCCTGAGCTCTCTG 3114 

       2980 TTCTTCCACAGCCCCTCCACTTCCCGGACCCCCCTCCTAAGTTCTCTG 3027 

        995 -F--F--H--S--P--S--T--S--R--T--P--L--L--S--S--L- 1010 

       1024 -F--F--S--S--P--S--T--S--R--T--P--L--L--S--S--L- 1038 

 

Exon26 3115 AGTGCAACCAGCAACAATTCCACCGTGGCTTGCATTGATAGAAATGGG 3162 

Exon25 3028 AGCGCCACCAGCAACAGTTCCAACGTGGCTTGCATCGACCGAAATGGG 3075 

       1011 -S--A--T--S--N--S--S--N--V--A--C--I--D--R--N--G- 1026 

       1040 -S--A--T--S--N--N--S--T--V--A--C--I--D--R--N--G- 1054 

 

Exon27 3163 CTGCAAAGCTGTCCCATCAAGGAAGACAGCTTCTTGCAGCGATACAGCTCAGACCCCACA 3222 

Exon26 3076 CCTCAGACCTGTCCCCTCAAAGAAGACAGCTTCTTGCAGCGGTACAGCTCAGACCCCACT 3135 

       1027 -P--Q--T--C--P--L--K--E--D--S--F--L--Q--R--Y--S--S--D--P--T- 1046 

       1056 -L--Q--S--C--P--I--K--E--D--S--F--L--Q--R--Y--S--S--D--P--T- 1074 

 

       3181 GGCGCCTTGACTGAGGACAGCATAGACGACACCTTCCTCCCAGTGCCTG 3271 

       3094 GGCACCTTGACGGAGGACAACATAGATGACACTTTCCTCCCAGCACCCG 3184 

       1032 -G--T--L--T--E--D--N--I--D--D--T--F--L--P--A--P-- 1062 

       1061 -G--A--L--T--E--D--S--I--D--D--T--F--L--P--V--P-- 1090 

 

Exon28 3272 AATACATAAACCAGTCCGTTCCCAAAAGGCCCGCTGGCTCTGTGCAGAATCCTGTCTATC 3331 

Exon27 3185 AATACATAAACCAGTCTGTTCCCAAAAGGCCTGCGGGTTCTGTCCAGAATCCCGTCTATC 3244 

       1052 E--Y--I--N--Q--S--V--P--K--R--P--A--G--S--V--Q--N--P--V--Y-- 1082 

       1092 E--Y--I--N--Q--S--V--P--K--R--P--A--G--S--V--Q--N--P--V--Y-- 1110 

 

       3332 ACAATCAGCCTCTGAACCCCGCGCCCAGCAGAGACCCACACTACCAGGACCCCCACAGCA 3391 

       3245 ACAATCAGCCTCTAAATCCAGCTCCTGCCAGAGACCCTCACTACCAAAATCCCCACAGCA 3304 

       1083 H--N--Q--P--L--N--P--A--P--A--R--D--P--H--Y--Q--N--P--H--S-- 1102 

       1111 H--N--Q--P--L--N--P--A--P--S--R--D--P--H--Y--Q--D--P--H--S—1130 

 

       3392 CTGCAGTGGGCAACCCCGAGTATCTCAACACTGTCCAGCCCACCTGTGTCAACAGCACAT 3451 

       3305 ACGCAGTGGACAACCCTGAGTATCTCAACACC•••CACCCCACCTGCGTCAACAGTGTCC 3361 

       1103 N--A--V--D--N--P--E--Y--L--N--T-•••-H--P--T--C--V--N--S--V-- 1120 

       1131 T--A--V--G--N--P--E--Y--L--N--T--V--Q--P--T--C--V--N--S--T-- 1150 

 

       3452 TCGACAGCCCTGCCCACTGGGCCCAGAAAGGCAGCCACCAAATTAGCCTGGACAACCCTG 3511 

       3362 TCGACAGGCCCAGCCTCTGGACCCAGGAGGCCAACCACCAAATCAGCCTGGACAACCCTG 3421 

       1121 L--D--R--P--S--L--W--T--Q--E--A--N--H--Q--I--S--L--D--N--P-- 1140 

       1151 F--D--S--P--A--H--W--A--Q--K--G--S--H--Q--I--S--L--D--N--P-- 1170 

 

       3512 ACTACCAGCAGGACTTCTTTCCCAAGGAAGCCAAGCCAAATGGCATCTTTAAGGGCTCCA 3571 

       3422 ACTACCAGCAGGACTTCTTTCCCAAGGAAGCCAAGTCCAATGGCATTTTTAAGGGCCCTG 3481 

       1141 D--Y--Q--Q--D--F--F--P--K--E--A--K--S--N--G--I--F--K--G--P-- 1160 

       1171 D--Y--Q--Q--D--F--F--P--K--E--A--K--P--N--G--I--F--K--G--S-- 1190 
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       3572 CAGCTGAAAATGCAGAATACCTAAGGGTCGCGCCACAAAGCAGTGAATTTATTGGAGCAT 3631 

       3482 CAGCTGAAAATGCAGACTACCTGAGGGTAGCGCCACCAAGCAGTGAGTTTATTGGAGCG• 3540 

       1161 A--A--E--N--A--D--Y--L--R--V--A--P--P--S--S--E--F--I--G--A-• 1180 

       1191 T--A--E--N--A--E--Y--L--R--V--A--P--Q--S--S--E--F--I--G--A-- 1210 

 

       3632 GA 3633 

       3540 •• 3540 

       1180 •• 1180 

       1210 *- 1210 
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Appendix B – Variants previously reported in Canis familiaris and their respective allelic and genotypic frequencies. 

Table 26. Variants previously reported in exon 19 and adjacent region of EGFR gene of Canis familiaris and their respective allelic and genotypic frequencies (Ensembl 

release 95, January 2019 [2, 3 and 4]). 

Variant  Type of variant Location Allele [frequency (n)] Genotype [frequency (n)] 

rs851560790* 
SNP, missense 

variant (C/T) 
exonic Information not found                                                   Information not found 

rs852801086 
SNP, intron 

variant (C/T) 
intronic 

C T CC CT TT 

0.881 (377) 0.119 (51) 0.808 (173) 0.145 (31) 0.047 (10) 

rs852516669 
Deletion 

(Del/G) 
intronic 

G Del GG Del/G 

0.998 (427) 0.002 (1) 0.995 (213) 0.005 (1) 

rs850919879 
SNP, intron 

variant (G/A) 
intronic 

G A GG GA AA 

0.938 (396) 0.062 (26) 0.905 (191) 0.066 (6) 0.028 (14) 

rs851961223 
SNP, intron 

variant (G/A) 
intronic 

G A GG GA AA 

0.940 (404) 0.060 (26) 0.902 (194) 0.074 (5) 0.023 (16) 

 

These data were obtained through a whole genome sequencing project titled “High quality variant calls from multiple dog genome project – Run1” 

(PRJEB24066). This study is part of a bigger research project (PRJNA10726) from NCBI (USA) that encompasses more than 300 studies dedicated 

to the dog (Canis lupus familiaris) all over the world. This project was developed by Unibe – Institute of Genetics, from University of Bern 

(Switzerland) and included the analysis of 238 individuals. There are no publications related to this study. 

* It was not possible to associate this sequence variant with any study or publication; it is only indicated in Ensembl (EMBL-EBI, UK) and has no 

information about its allelic and genotypic frequencies in the canine population.

https://www.ebi.ac.uk/ena/data/view/PRJEB24066
https://www.ebi.ac.uk/ena/data/view/PRJNA10726
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Appendix C – Conditions used for agarose gel electrophoresis. 

Table 27. Conditions of agarose gel electrophoresis. 

Gel (1.5%) Agarose = 0.6 g 

TBE = 40 mL 

GreenSafe Premium, NZY Tech, Portugal = 1.5 µL 

Deposition of samples DNA size ladder: 100 bp plus DNA Ladder ready-to-use, Bioron, Germany = 

2 µL; 100 bp DNA Ladder Ready to Load, Solis BioDyne, Germany = 2 µL 

PCR products = 5 µL 

gDNA = 2 µL of DNA + 3 µL of deposition solution (bromophenol blue + 

glycerol)  

Run Voltage = 90 volts 

Time = 45 min, approximately  

Results analysis 

and imaging 

Molecular Imager Gel DocTM XR, Bio-Rad, USA 

Image Lab Software version 3.0, Bio-Rad, USA 
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Appendix D – Association between EGFR expression in primary tumours, lymph node 

metastases and lung metastases according to score. 

Table 28A. Association between EGFR expression in primary tumours and lymph node metastases (4 groups). 

Score 

Lymph node metastases [n (%)] 
P 

0 1+ 2+ 3+ 

       

Primary tumours 

(n = 68) 

0 4 (5.9) 3 (4.4) 2 (2.9) 0 (0) 

<0.0001 
1+ 4 (5.9) 17 (25) 4 (5.9) 0 (0) 

2+ 4 (5.9) 2 (2.9) 14 (20.6) 2 (2.9) 

3+ 0 (0) 2 (2.9) 6 (8.8) 4 (5.9) 
       

 

 

Table 28C. Association between EGFR expression in lymph node metastases and lung metastases (4 groups). 

Score 

Lung metastases [n (%)] 
P 

1+ 2+ 3+ 
      

Lymph node 

metastases 

(n = 11) 

0 3 (27.3) 0 (0) 0 (0) 

0.048 
1+ 5 (45.5) 1 (9.1) 0 (0) 

2+ 0 (0) 1 (9.1) 0 (0) 

3+ 0 (0) 0 (0) 1 (9.1) 
      

 

 

 

 

 

 

Table 28B.  Association between EGFR expression in primary tumours and lung metastases (4 groups). 

Score 

Lung metastases [n (%)] 
P 

1+ 2+ 3+ 

      

Primary tumours 

(n = 11) 

0 1 (8.3) 0 (0) 0 (0) 

0.182 
1+ 5 (41.7) 1 (8.3) 0 (0) 

2+ 3 (25) 1 (8.3) 0 (0) 

3+ 0 (0) 0 (0) 1 (8.3) 
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Appendix E – Comparison of the efficiency of different DNA extraction methods from FFPE 

tissue samples. 

Table 29. Comparing the quantity and quality of the DNA obtained through the different extraction methods. 

Sample  Extraction Method 
Concentration 

(ng/µL) 

Absorb 260 

Absorb 280
 DNA Purity 

3N*1 ISOLATE Kit  557.0 1.88 Pure 

21/09M ISOLATE Kit  13.8 1.86 Pure 

22/11M ISOLATE Kit  6.3 1.90 Pure 

23/11M ISOLATE Kit  5.5 1.53 
Contaminated 

with proteins 

23/11M 
GeneJET Kit 

(Incubation: 2 h, 65 ºC; 40 min, 90 ºC) 
843.1 1.82 Pure 

23/11M 
GeneJET Kit 

(Incubation: 1 h, 65 ºC; 30 min, 90 ºC) 
981.8 1.81 Pure 

24/14M ISOLATE Kit  6.8 2.07 
Contaminated 

with RNA 

24/14M 
GeneJET Kit 

(Incubation: 2 h, 65 ºC; 40 min, 90 ºC) 
1446.2 1.82 Pure 

24/14M 
GeneJET Kit 

(Incubation: overnight, 65 ºC; 40 min, 90 ºC) 
1017.9 1.81 Pure 

24/14M 
GeneJET Kit 

(Incubation: 1 h, 65 ºC; 30 min, 90 ºC) 
212.1 1.83 Pure 

25/15M ISOLATE Kit  130.4 2.02 
Contaminated 

with RNA 

26/16M ISOLATE Kit  100.6 1.98 Pure 

27/18M ISOLATE Kit  1.6*2 1.46 
Contaminated 

with proteins 

27/18M 
GeneJET Kit  

(Incubation: overnight, 65 ºC; 40 min, 90 ºC) 
1549.4 1.83 Pure 

27/18M Deparaffinization with mineral oil 1695.4 2.03 
Contaminated 

with RNA 

DNA quantification was performed with Nanodrop ND-1000 Spectrophotometer, Thermo Fisher Scientific, USA. 

*1 All samples are from FFPE tissues except this. This sample was extracted from frozen tissue and used as a 

positive control. 

*2 This sample amplified very well when the PCR was performed, presenting an intense band in the electrophoresis 

gel, which leads us to suspect that this reading is not correct. Sometimes when DNA is heavily contaminated with 

proteins, the concentration detected by Nanodrop is not true. Therefore, this sample was not included in the 

graphics presented in Figure 20. 
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Appendix F – Reaction components and thermal cycler conditions used for PCRs illustrated in 

Figure 23 (samples in wells 6 and 7). 

Table 30A. Reaction components of PCRs illustrated in Figure 23 (samples in wells 6 and 7). 

Reagents  Volume 

Distilled water  6 µL 

Primer EGFR_Exon19_Cf_Forward (100 ng/µL) 1 µL 

Primer EGFR_Exon19_Cf_Reverse (100 ng/µL) 1 µL 

Supreme NZY Taq II 2x Green Master Mix (NZY Tech, Portugal) 10 µL 

DNA 2 µL 

Final volume 20 µL 

 

Table 30B. Thermal cycler conditions of PCRs illustrated in Figure 23 (samples in wells 6 and 7). 

Step Temperature Time 

Initialization 95 ºC 1 min 

x 42 cycles 

Denaturation 95 ºC 15 secs 

Annealing 57 ºC 30 secs 

Extension 72 ºC 30 secs 

Final elongation 72 ºC 5 min 

Final hold 4 ºC ─ 
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Appendix G – Conditions used for amplification of histone H4 with the primers designed by 

Pineau et al. (2005) and PCR optimization performed in a previous work form our laboratory. 

Table 31A. Universal primers designed to amplify histone H4. 

Primers Sequence 

Histone_H4_Forward 5’- TSCGIGAYAACATYCAGGGIATCAC - 3’ 

Histone_H4_Reverse 5’- CKYTTIAGIGCRTAIACCACRTCCAT - 3’ 

 

Table 31B. Reaction components to amplify histone H4. 

Reagents  Volume  

Distilled water  3.8 µL (or 2.8 µL) *2 

Primer Histone_H4_Forward (100 ng/µL) 0.6 µL 

Primer Histone_H4_Reverse (100 ng/µL) 0.6 µL 

MyTaq HS Red Mix 2x (Bioline, UK) 7 µL 

DNA 2 µL (or 3 µL) *2 

Final volume 14 µL 

 

Table 31C. Thermal cycler conditions to amplify histone H4. 

Step Temperature Time 

Initialization 95 ºC 1 min 

x 30 cycles 

(or x 35 cycles) *1, 2 

Denaturation 95 ºC 15 secs 

Annealing 55 ºC 15 secs 

Extension 72 ºC 10 secs 

Final elongation 72 ºC 5 min 

Final hold 4 ºC ─ 

*1 Sample in well P, Figure 23.  

*2 Sample in well 10, Figure 23. 
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Appendix H – Sequence and position of primers EGFR_Exon19_Cf_SeqForward and 

EGFR_Exon19_Cf_SeqForward_2.  

Table 32A. Sequences of the new primers forward. 

Primers Sequence Tm 

EGFR_Exon19_Cf_SeqForward* 5’- ACCAAACGACTGGTCACTCC - 3’ 62 ºC 

EGFR_Exon19_Cf_SeqForward_2* 5’- GGTCACTCCACAGCCTCCTA - 3’ 64 ºC 

* (100 ng/µL)   

 

  1  CCTGTTTTCATTCCGTGTGTTGCCGCAGACAGATGCTGCCTGGGTGTCTCTGTGAAGGGA   

 61  AATCCTTGCACCGCACTGGGTGGGGGGGGGGGGGGGCTGTCTTCCACCAAACGACTGGTC   

121  ACTCCACAGCCTCCTACGTGTGTCACAGGCCCTGCAGAAATGTCTGTGCACCAGATGTTT   

181  CACGGGCGACCCCGTCCTCCACGAGGCACGGTTGGGGATTCAGAATCACAGTTGTGCTTT   

241  GCTGTTTTCAGCYTGGAGGTCCGCCTGCCTGTCCCTTGAGCCACGGCGGGGGGGCTTCTC   

301  TGAAGCTTTCCTCTCCCCTTCTTCTTCCCACAGGAAGCCTACGTGATGGCCAGTGTGGAC   

361  AATCCCCACGTGTGCCGCCTCCTGGGCATCTGCCTGAYGTCCACGGTGCAGCTCATCAYG   

421  CAGCTCATGCCCTTTGGCTGCCTCCTGGACTATGTCCGCGAGCACAAGGACAACATCGGC   

481  TCCCAGCACCTGCTCAACTGGTGTGTGCAGATTGCAAAGGTAAGTGGAGAGGCGCGGGRG   

541  CCCTGAAAGTAGGGCAGGTACTTCGCTCGCTGCTCCCCTGCCCCCTCCCCCGGGGTGATG   

601  CGGTCGTGCGGGCGCCCCAATGCAAGGCAGCAAGGGGGAGAAATAAAGACAGCCGGAAAG   

661  TGGACAGGTGGGGCTCCRTCCTGGGAGAGCTACACTTGTGCGCGCGTGGGGCCCGTACAC 

721  ACAATGTGTGTTTTATTTTGGATCCAGTTGAATTGATTGCCTTCTGCATCAAA          

Figure 31. Position of primers EGFR_Exon19_Cf_SeqForward and 

EGFR_Exon19_Cf_SeqForward_2. Nucleotides in black and bold belong to the exon; 

nucleotides in blue belong to the adjacent introns. Primer forward used for PCR is 

highlighted in brown; primer EGFR_Exon19_Cf_SeqForward (used for sequencing) is 

highlighted in yellow; primer reverse (used for PCR and sequencing) is highlighted in 

green; primer EGFR_Exon19_Cf_SeqForward_2 is evidenced with the blue box. 

Mononucleotide repeated region is highlighted in red.  

 

Table 32B. Reaction components of PCR with the new primers.  

Reagents  Volume  

Distilled water 7 µL  

Primer Forward 1 µL  

Primer Reverse 1 µL  

Master Mix  10 µL  

DNA 1 µL  

Final volume 20 µL  
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Table 32C. Thermal cycler conditions tested for PCR with the new primers forward, performed with 

Supreme NZY Taq II 2x Green Master Mix (NZY Tech, Portugal).  

Step Temperature Time 

Initialization 95 ºC 1 min 

x 35 cycles and  

x 40 cycles 

Denaturation 95 ºC 15 secs 

Annealing 55 ºC, 57 ºC, 58 ºC, 60 ºC and 62 ºC 30 secs 

Extension 72 ºC 30 secs 

Final elongation 72 ºC 5 min 

Final hold 4 ºC ─ 

 

Table 32D. Thermal cycler conditions tested for PCR with the new primers forward, performed with 

MyTaq HS Red Mix 2x (Bioline, UK). 

Step Temperature Time 

Initialization 95 ºC 1 min 

x 40 cycles 

Denaturation 95 ºC 15 secs 

Annealing 60 ºC and 64 ºC 15 secs 

Extension 72 ºC 10 secs 

Final elongation 72 ºC 5 min 

Final hold 4 ºC ─ 

 

 

 

 

 

 

 

 

 

 

 

 

 


