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INTRODUCTION 

1 INTRODUCTION 

 

1.1 Morphology of the canine mammary gland 

The mammary gland of the dog is composed of usually five mammary complexes bilaterally 

parallel to the abdominal midline. A mammary complex is defined as the physically 

circumscribable gland tissue which ends in one teat. Beginning with the most cranial one, the 

mammary complexes are called cranial and caudal thoracic complex, cranial and caudal 

abdominal complex and inguinal complex (Miller, Christensen et al. 1964; Barone 1990). 

Evolutionary the mammary gland is a modified sweat gland with a tubuloalveolar formation. 

Single lobules are supported by interlobular connective tissue. The surrounding stroma also 

contains nerves, vessels and in the juvenile gland abundant adipose tissue (Silver 1966; 

Salomon 2008).  

 

The alveoli represent the parenchyma. The intralobular ducts arise from the alveoli and open 

into the interlobular lactiferous ducts, which in turn lead into the lactiferous sinus. The 

lactiferous sinus passes into the teat sinus, which opens onto the teat surface. In the dog, 

altogether eight to twelve papillary ducts per teat open onto the teat surface.  

 

Depending on the secretory activity the alveolar epithelium is simple cuboidal to columnar. 

Between the alveolar epithelium and its basal lamina the characteristic star-shaped 

myoepithelial cells are present. The myoepithelial cells are contractile and therefore 

fascilitate the milk ejection. The ductal epithelium differs according to the duct size. The 

intralobular and small interlobular ducts are secretory and lined by a simple cuboidal 

epithelium. Larger ducts and the sinuses otherwise are lined by bistratified cuboidal to 

columnar epithelium. The papillary ducts have keratinized stratified squamous epithelium, 

which continues into the skin surface of the teat (Silver 1966; Barone 1990; Salomon 2008).  

 

The blood supply of the mammary gland is made up of different arteries, which also 

anastomose with each other. The thoracic mammary complexes are supplied by the cranial 

superficial epigastric artery and additionally by branches of the lateral thoracic and intercostal 

arteries. The cranial abdominal mammary complexes receive blood by the cranial superficial 

epigastric artery and anastomoses of the caudal superficial epigastric artery. The caudal 

superficial epigastric artery also supplies the caudal abdominal and the inguinal complexes 

(Silver 1966; Salomon 2008). Both caudal mammary glands also receive blood via small 

branches of different other arteries (Silver 1966). Besides the craniocaudal anastomoses of 

the cranial and the caudal superficial epigastric artery, laterolateral anastomoses of few 
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arteries are described (Silver 1966). The venous outflow of the mammary gland is similar to 

the arterial supply. However, the more voluminous veins show more craniocaudal and 

laterolateral anastomoses than the arteries (Silver 1966). The cranial and caudal thoracic 

mammary glands drain into the cranial superficial epigastric vein as well as branches of 

internal thoracic veins and intercostal veins. The venous blood of both abdominal and the 

inguinal mammary glands is drained by the caudal superficial epigastric vein (Silver 1966; 

Salomon 2008).  

 

The literature concerning the lymphatic drainage of the mammary gland is contradictory. Of 

which the relationship of mammary complexes to lymph centres and the existence of 

anastomoses is inconsistently described. Generally, each mammary complex is drained via 

many small lymphatics, which continue together with a similar sub-dermal lymphatic network 

into larger lymph vessels which finally lead to the draining lymph node (Silver 1966). Several 

draining lymph nodes can be summed up to a lymph centre. Thus, both thoracic mammary 

complexes commonly drain to the ipsilateral axillary lymph centre, which consists of the 

proper axillary lymph node and the accessory axillary lymph node if present. The caudal 

abdominal and the inguinal mammary complexes usually drain to the ipsilateral 

inguinofemoral lymph centre, which consists of the superficial inguinal lymph nodes, also 

called mammary lymph nodes. The cranial abdominal mammary complexes drain both to the 

axillary and the inguinofemoral lymph centres (Patsikas and Dessiris 1996a; Patsikas and 

Dessiris 1996b; Pereira, Rahal et al. 2003; Patsikas, Karayannopoulou et al. 2006). Many 

studies reveal different variations of the lymphatic drainage pattern. Similar to the arteries 

and veins, the lymph vessels can anastomose ipsilaterally and contralaterally (Pereira, Rahal 

et al. 2003). However, Patsikas and colleagues even showed a retrograde lymph flow 

through the regional lymph node from one mammary gland to another and besides that a 

contralateral connection between both superficial inguinal lymph nodes (Patsikas and 

Dessiris 1996a; Patsikas and Dessiris 1996b). Figure 1 illustrates both the general lymphatic 

drainage pattern of the canine mammary gland and variations in the lymph flow described by 

Patsikas et al.. 
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Figure 1: Lymphatic drainage of the mammary gland 

 

An interesting finding is that the drainage pattern can be altered in neoplastic mammary 

glands by forming more anastomoses when compared to non-neoplastic glands (Pereira, 

Rahal et al. 2003; Patsikas, Karayannopoulou et al. 2006). Therefore, besides the drainage 

to the classic lymph centres retrograde and contralaterally metastatic spread via lymphatics 

is possible. This finding should be taken into account by the clinician in determining the 

lymph nodes, which have to be evaluated for neoplastic spread. However, lymph nodes of 

the classic ipsilateral lymph centres are still the focus in mammary tumor diagnosis and the 

functional relevance of new drainage channels formed by the mammary tumor remains 

questionable. 

 

 

1.2 Prevalence and occurrence of canine mammary tumors  

Canine mammary tumors (CMT) are the second most common neoplasms in dogs next to 

skin tumors (Moulton 1990) and even the most common neoplasms in the female dog since 

CMT are representing more than 40 % of all tumors in the bitch (Dorn, Taylor et al. 1968). 

The incidence of CMT is regionally variable. In regions where it is an established practice to 

spay female dogs in the early years of age, the incidence of CMT is decreasing whereas it is 

increasing in regions where preventive neutering is uncommon (Moe 2001; Egenvall, Bonnett 

et al. 2005). The most affected mammary complexes are the cranial abdominal and inguinal 
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ones. Fifty to approximately 70 % of the affected dogs show multiple CMT (Benjamin, Lee et 

al. 1999; Misdorp 2002; Sorenmo 2003; Sorenmo, Kristiansen et al. 2009). These multiple 

CMT are often of variable size and histopathology (Sorenmo, Rasotto et al. 2011). About  

50 % of the mammary tumors are histologically diagnosed as malignant (Hampe and 

Misdorp 1974; MacEwen 1996). Lymphogenous and haematogenous metastases are 

common and metastatic disease is the most frequent cause of death in these patients 

(Misdorp 1976; Moulton 1990).  

 

 

1.3 Risk factors 

Several factors may influence the risk of developing CMT. The most important risk factors 

are age, breed, sex, hormones, diet, and pre-malignant lesions.  

 

The age distribution of CMT is very similar to the distribution of most canine tumors (Moulton 

1990). They are rare in dogs under two years of age, whereas the incidence is increasing at 

the age of six years, and decreases again in dogs older than ten years. The onset of CMT 

correlates well with the onset of human breast cancer regarding the age conversion table of 

Lebeau (Lebeau 1953) with a correction for giant and very small breeds (Moulton 1990). 

Mostly affected are middle-aged to old dogs with a median age of occurrence ranging from 

eight to ten years (Schneider 1970; Hellmen, Bergstrom et al. 1993; Chang, Chang et al. 

2005). Interestingly, the tumor onset is different between benign and malignant CMT 

(Moulton 1990). For the occurrence of benign CMT a mean age of 8.5 years is described, 

whereas the mean age of occurrence for malignant CMT is 9.5 years (Sorenmo, Kristiansen 

et al. 2009). 

 

The influence of breed is ambiguous. There are partially contradicting descriptions of breed 

predisposition (MacEwen 1996; Borge, Borresen-Dale et al. 2011). However, these 

associations might be biased by regional breed popularity and the fact, that the age 

conversion between giant and small breeds versus middle sized breeds is not proportional 

(Moulton 1990). CMT appear earlier in life in giant and small breeds than in middle sized 

dogs. Thus, the assumed breed predisposition might rather be a reflection of the age of 

tumor onset (Moulton 1990; Schafer, Kelly et al. 1998).  

 

The development and growth of the healthy mammary gland is controlled by endogenous 

ovarian steroid-hormones, both oestrogen and progesterone. The proliferative effect of these 

hormones may also promote neoplastic growth (Thomas 1984; Queiroga, Perez-Alenza et al. 

2005). While oestrogen stimulates ductal proliferation, progestin is reported to promote 
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lobuloalveolar development and hyperplasia of both secretory and myoepithelial cells 

(Rutteman 1990). It is hypothesized that the tumor-promoting effect of progesterone is 

associated with growth hormone up-regulation, which may stimulate the proliferation of 

mammary stem cells (Mol, van Garderen et al. 1996; van Garderen, van der Poel et al. 

1999).  

 

The effect of both steroid hormones, oestrogen and progesterone, is mediated by receptors. 

Oestrogen and progesterone receptors are expressed both in healthy and neoplastic 

mammary tissues (MacEwen, Patnaik et al. 1982; Rutteman, Misdorp et al. 1988; Chang, 

Tsai et al. 2009). Both receptors are decreased in malignant CMT when compared to benign 

ones (MacEwen, Patnaik et al. 1982; Rutteman, Misdorp et al. 1988; Chang, Tsai et al. 

2009). The serum levels of the steroid hormones are inversely correlated with the presence 

of steroid receptors. Thus the serum levels of bitches with malignant CMT are significant 

higher than in bitches with benign CMT or normal mammary glands (Queiroga, Perez-Alenza 

et al. 2005). High levels of both oestrogen and progestin, e.g. by exogenous administration of 

hormone derivates, are described to increase the mammary tumor risk (Giles, Kwapien et al. 

1978). In turn, diminished levels of ovarian steroid hormones as induced by spaying are 

proposed to decrease this risk. 

 

One of the most citied publication on the effect of ovariohysterectomy by Schneider et al 

(Schneider, Dorn et al. 1969) illustrated that a bitch, which is spayed prior the first oestrus, 

has a 0.5 % risk of developing mammary tumors compared with sexually intact ones. Bitches 

that are spayed between the first and second oestrus have a risk of 8 %. Ovariohysterectomy 

after the second oestrus leads to a 26 % risk in bitches that are younger than two and a half 

years. This study stated that later spaying does not influence the risk for developing CMT, 

whereas other studies even showed a protective effect of later spaying (Taylor, Shabestari et 

al. 1976; Sonnenschein, Glickman et al. 1991). However, a recent study conducted a 

systematic review on the effect of spaying and concluded that both the effect of neutering 

itself and the age at neutering on the risk of developing mammary tumors has to be graded 

only weak. The authors criticized that most literature on this topic is several decades old and 

neither current epidemiological methods nor the impact of potential biases had been 

considered adequately (Beauvais, Cardwell et al. 2012). Other reproductive circumstances 

like oestrus irregularity, pseudo-pregnancy, pregnancy and parity seem to have no effect on 

mammary tumor risk in dogs (Brodey, Fidler et al. 1966; Schneider, Dorn et al. 1969). This is 

in contrast to women, where a late age of first birth and low parity is assumed to be 

associated with an enhanced risk for developing breast cancer (Kvale 1992). 
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The role of body condition and diet as a risk factor for mammary cancer is evaluated in 

several human and veterinary studies. Dogs that were thin at the age between nine and 

twelve months, have a decreased mammary tumor risk (Sonnenschein, Glickman et al. 

1991). However, obesity one year prior to tumor diagnosis or high-fat diet had no influence 

on the mammary tumor risk in this study. In contrast, another retrospective study could show 

that obesity at one year of age and high red meat intake represent independent risk factors 

for developing CMT and mammary gland dysplasia (Alenza, Rutteman et al. 1998). 

Nevertheless, obesity, same as the influence of steroid hormones, seem to have the 

strongest effect on developing CMT in the early lifetime of dogs (Sorenmo, Rasotto et al. 

2011). In postmenopausal women the correlation between obesity and developing breast 

cancer is the same. The effect of obesity may be based on both increased circulating free 

oestrogen and increased local oestrogen production via the enzyme aromatase (Stephenson 

and Rose 2003; Cleary and Grossmann 2009; Cleary, Grossmann et al. 2010). This 

underlines the effect of hormones on tumor development. 

 

Premalignant lesions like atypical hyperplasia or carcinoma-in-situ in women and bitches are 

correlated with an increased risk for developing new primary mammary tumors (Arpino, 

Laucirica et al. 2005; Hartmann, Sellers et al. 2005; Stratmann, Failing et al. 2008; Sorenmo, 

Kristiansen et al. 2009; Mouser, Miller et al. 2010). These new mammary tumors can occur 

on the ipsilateral side and less often on the contralateral side. These findings lead to the 

assumption, that premalignant lesions represent precursors of breast cancer and CMT, 

respectively (Allred, Mohsin et al. 2001; Hartmann, Sellers et al. 2005; Stratmann, Failing et 

al. 2008; Sorenmo, Kristiansen et al. 2009; Mouser, Miller et al. 2010). 

 

 

1.4 Diagnosis of CMT 

The clinical examination of dogs presented with one or more nodules within the mammary 

gland should include a complete clinical history, physical examination of the dog with careful 

palpation of all mammary glands and the draining lymph nodes (MacEwen 1996; Misdorp 

2002; Sorenmo, Rasotto et al. 2011). CMT occur multiple in almost 70 % of the patients, and 

the most commonly affected mammary complexes are the caudal ones (Sorenmo, 

Kristiansen et al. 2009). Synchronous tumors often show a variable size and histopathology. 

Thus, every single nodule should be clinically and histologically examined. Depending on the 

biological behavior and stage of the CMT the nodules can occur in variable size, free 

movable or fixed, ulcerated, and single or multiple (Sorenmo, Rasotto et al. 2011).  

 

6



INTRODUCTION 

 

 

Generally, the patients show no signs of systemic illness, with the exception of advanced 

metastatic disease or the uncommon but extremely aggressive entity of inflammatory 

mammary carcinoma. In these dogs blood chemistry may be altered, including 

coagulopathies. Signs of systemic illness are non-specific and include lethargy, anorexia, 

weight loss, dyspnoea, cough, lymphedema or lameness (MacEwen 1996; Misdorp 2002; 

Marconato, Romanelli et al. 2009). Metastatic dissemination happens most commonly via the 

lymphatics to the draining lymph node and the lung, though haematogenous spread of 

metastatic tumor cells is also evident. Liver, bone and brain are further but less common 

sites of metastases (MacEwen 1996; Chambers, Groom et al. 2002; Misdorp 2002). Careful 

palpation of the draining lymph node is obligatory to ascertain enlargement. Fine needle 

aspiration with subsequent cytological examination or better complete excision of the lymph 

node together with the affected mammary glands and subsequent histopathological 

examination should be conducted as a part of tumor staging (Tuohy, Milgram et al. 2009). 

Additional three-way thoracic radiographs and abdominal ultrasound are recommended to 

exclude lung or abdominal metastases (Otoni, Rahal et al. 2010). Cytological examination of 

CMT is useful to differentiate CMT from other causes of mammary gland swelling and to 

distinguish CMT from other tumors. However, cytology may be impaired by a relative high 

proportion of non-tumor cells due to extensive stromal reaction or infiltration of inflammatory 

cells. Thus, histopathological examination is considered to be the gold standard for diagnosis 

and classification of mammary gland tumors (Sorenmo, Rasotto et al. 2011). 

 

 

1.5 Prognosis of CMT 

CMT is the most common tumor in the female dog, and up to 50 % of the mammary tumors 

are malignant (Hampe and Misdorp 1974; MacEwen 1996). To predict the clinical outcome in 

the years after surgery, many studies have been conducted to reveal prognostic factors for 

CMT. The setup of a valid classification system for a reliable prognosis is hindered by the 

heterogeneous biological behavior of CMT. Several pathological features of CMT are 

identified as consistent prognostic factors including clinical stage, tumor size, lymph node 

status, presence of distant metastasis, histological grade, and microvessel density. Besides 

these gross and histopathological features, the predictive potential of various molecular 

markers such as oncogenes, tumor suppressors, adhesion molecules and proliferation 

markers have been investigated (Klopfleisch, von Euler et al. 2011). 
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 Clinical staging 1.5.1

Clinical staging is a tool to find the adequate therapy for the specific patient in regard to the 

prognosis of the CMT. Two classification systems for CMT have been published. The first 

one is the original World Health Organization (WHO) staging system (Owen 1980) and the 

second one represents a modified WHO staging system (Rutteman, Withrow et al. 2001). In 

both classification systems CMT are staged regarding to tumor size, lymph node status and 

presence of distant metastasis (TNM system). Therefore, it is mandatory to inspect every 

single tumor nodule and the draining lymph node as well as to search for distant metastasis 

as described above. In the following, only the more recent modified WHO staging system will 

be explained. This TNM system implies five stages with increasing malignancy from stage I 

to stage V. Stage I, II and III represent CMT of different size with neither lymph node 

involvement nor distant metastasis. Stage IV is characterized by the presence of lymph node 

metastasis independent of the primary tumor size and without distant metastasis. Stage V is 

defined by distant metastasis regardless the tumor size or lymph node status (Rutteman, 

Withrow et al. 2001).  

 

 

Table 1: Modified WHO staging system (TNM system) 

 

The prognostic value of the TNM staging system, measured as post-operative survival time 

(OS), is supported by several studies. Chang and colleagues could show a significant 

difference in survival time between the stages I, II and III on the one hand and stage IV and 

V on the other hand (Chang, Chang et al. 2005). In another study, dogs with clinical stage I 

had the longest median survival time when compared with stages II, III and IV (Philibert, 

Snyder et al. 2003).  

 

 Tumor size 1.5.2

Tumor size is one of the determinants of the clinical staging system. Furthermore, the 

prognostic significance of tumor size alone is generally assumed. The disease-free survival 

time (DFS), defined as the time from surgery to occurrence of metastasis or recurrence, and 

the post-operative survival time (OS) are reported to be shorter in dogs with larger CMT. 
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More precisely, dogs with CMT larger than 3 cm in diameter have significantly decreased 

DFS and OS than dogs with CMT smaller than 3 cm in diameter (Kurzman and Gilbertson 

1986; Perez Alenza, Pena et al. 1997; Philibert, Snyder et al. 2003). An increasing tumor 

size may also be associated with other factors indicating a poor prognosis. Thus, a tumor 

size larger than 3 cm in diameter is often correlated with an increased proliferation index or 

decreased expression of progesterone receptors (Ferreira, Bertagnolli et al. 2009; Sorenmo, 

Kristiansen et al. 2009). Furthermore, the likelihood of lymph node metastasis is increased in 

CMT larger than 5 cm in diameter (Chang, Chang et al. 2005). The size limits in these 

studies match the size categories of the modified TNM staging system. 

 

 Lymph node status and distant metastasis 1.5.3

Metastasis is the most frequent cancer-related cause of death in both women and dogs 

(Misdorp 1976; Kim, Oh et al. 2011; Ru, Steele et al. 2011). Metastasis to the regional lymph 

node and distant metastasis also confer prognostic relevance. The evidence of metastasis at 

the time of diagnosis is related to a poorer prognosis (Yamagami, Kobayashi et al. 1996; 

Philibert, Snyder et al. 2003; Karayannopoulou, Kaldrymidou et al. 2005). In a two-year 

clinical follow-up study, 85.7 % of the dogs with manifest lymph node metastasis died in 

contrast to 21.1 % of the patients without nodal metastasis (Karayannopoulou, Kaldrymidou 

et al. 2005). Another study correlated the influence of distant metastasis with the survival 

time. It showed that dogs with metastasis had a median post-operative survival time of 5 

months to a survival time of 28 months of dogs without metastasis (Philibert, Snyder et al. 

2003).  

 

The metastatic cascade is a very complex process in which the tumor cells have to complete 

several steps. This includes the entrance and survival in the circulatory system, settling and 

extravasation at a new site, initiation and maintenance of growth (Chambers, Groom et al. 

2002; Jiang, Martin et al. 2002). Within the primary tumor, which is characterized by 

unregulated growth and exhibits various genetic abnormalities, a subset of tumor cells is 

assumed to show metastatic properties like motility and invasiveness during tumor 

development (Bednarz-Knoll, Alix-Panabieres et al. 2011). However, it remains unclear, if the 

ability for forming metastasis is a feature, which the tumor acquires in the course of 

malignant progression or if the capacity for metastatic spread is inherent in a particular tumor 

from the very beginning of tumor development even before metastatic spread actually occur 

(van 't Veer, Dai et al. 2002). 
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 Histological type and grade 1.5.4

The classification of CMT according to the WHO (Misdorp, Else et al. 1999; Goldschmidt, 

Pena et al. 2011) is based on histological criteria. The most significant criteria for malignancy 

are nuclear and cellular pleomorphism, the mitotic index, presence of necrosis within the 

neoplasm, invasive tumor growth and regional lymph node metastasis (Misdorp 2002; 

Goldschmidt, Pena et al. 2011). By means of these criteria CMT can be classified into benign 

and malignant tumors, whereas the correlation between inflammatory cell infiltration and 

malignancy is still ambiguous (Misdorp 2002; Estrela-Lima, Araujo et al. 2010). Another 

aspect for CMT classification is the cell of origin, on this basis CMT can grossly be 

distinguished into epithelial tumors, mesenchymal tumors or tumors with both epithelial and 

mesenchymal differentiation, also called mixed tumors. Malignant mesenchymal tumors, also 

called sarcomas, comprise fibrosarcoma, osteosarcoma, carcinosarcoma, sarcoma in benign 

tumors and other sarcomas. Malignant epithelial tumors, also called carcinomas, include 

carcinoma in situ, complex carcinoma, simple carcinoma and carcinomas of special type like 

squamous cell carcinoma and mucinous carcinoma. Carcinoma in situ is defined as a well-

demarcated malignant epithelial tumor with no extension through the basement membrane. 

Tumors of the complex type have components of both epithelial and myoepithelial cells. 

Simple carcinomas are further sub-divided into tubulopapillary, solid and anaplastic 

carcinoma (Misdorp, Else et al. 1999). A carcinosarcoma is a malignant mixed mammary 

tumor which is composed of cells resembling both epithelial cells and connective tissue 

(Misdorp, Else et al. 1999).  

 

Most of the malignant CMT are carcinomas and less than 5 % are sarcomas (MacEwen 

1996). Sarcomas are reported to be the most malignant tumor type with increasing 

malignancy from complex carcinoma over simple carcinoma to sarcoma. (Misdorp 1976; Else 

and Hannant 1979; Parodi, Misdorp et al. 1983; Hellmen, Bergstrom et al. 1993). Benign 

canine mammary gland tumors are grouped into adenoma, fibroadenoma, benign mixed 

tumors and duct papilloma (Misdorp, Else et al. 1999).  

 

Although the classification of CMT follows a clear scheme, a reliable prognosis remains a 

challenge. This concerns particularly the early differentiation between non-metastasizing 

carcinoma and metastasizing carcinoma prior to histological evident metastasis. The 

limitations of this CMT classification is also underlined by the assumption that approximately 

10 % of CMT are malignant tumors misdiagnosed as benign ones (Hampe and Misdorp 

1974).  

 

The Elston/Ellis grading system (Elston and Ellis 1991) is a tool to assess the level of breast 

cancer differentiation. Its three grading criteria are tubular formation, nuclear pleomorphism 
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and mitotic count. Each feature is given one to three points. Scores for each feature are 

added up and result in a final score, which corresponds to the grade. Grade I is a well-

differentiated tumor with a final score of three to five points. Grade II is a moderately 

differentiated tumor with a final score of six or seven points. Grade III is a poorly 

differentiated tumor with a final score of eight or nine points. 

 

Tumor grading schedules like the Elston/Ellis system are not generally accepted in the 

veterinary medicine. However, a two-year follow-up study by Karayannopoulou and 

colleagues could show that the post-operative survival time of dogs with CMT grade III was 

significant shorter than in patients with CMT grade II or grade I. A decreasing level of 

differentiation was correlated with an increasing risk of death. The authors recommended the 

routine use of the human Elston/Ellis grading system for accurate prognosis of CMT 

(Karayannopoulou, Kaldrymidou et al. 2005).  

 

 Microvessel density 1.5.5

The development of blood vessels from preexisting vessels, called angiogenesis, is a crucial 

process for tumor growth and metastatic dissemination (Folkman 1990). The tumor 

microvasculature is measured by the microvessel density (MVD). MVD is reported to be 

correlated with the likelihood of forming metastasis, tumor recurrence and survival. The 

prognostic impact of MVD could be shown for different human neoplasms including breast 

and prostate cancer (Weidner, Semple et al. 1991; Borre, Offersen et al. 1998; de Jong, van 

Diest et al. 2000). In CMT, a significant higher MVD count was observed in malignant tumors 

with metastatic spread when compared to benign tumors. Furthermore, a correlation of MVD 

with the histological tumor type, tumor grade and survival could also be shown for CMT 

(Graham and Myers 1999; Restucci, De Vico et al. 2000; Millanta, Silvestri et al. 2006). 

 

 Limitation of diagnosis and prognosis 1.5.6

Several tumor features have been investigated to establish an accurate diagnosis and 

reliable prognosis for CMT. The occurrence of metastasis as one of these features has a 

major impact on survival. Therefore, the early differentiation between non-metastasizing 

carcinoma and metastasizing carcinoma prior to evident metastatic spread plays a key role 

for a reliable prognosis of CMT. On this account, histopathological examination should 

include conscientious evaluation of cutting margins, lymphatics and blood vessels as well as 

the draining lymph node.  
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However, due to appreciable variations in the biological behavior of CMT - even within the 

same histological tumor type - the exclusive histopathological diagnosis is often insufficient 

for prognosis and therapy (Sarli, Preziosi et al. 2002). Van’t Veer and colleagues showed 

that actually small, non-metastasizing primary breast tumors exhibit a gene expression 

signature which is associated with poor prognosis (van 't Veer, Dai et al. 2002). Therefore, 

the conclusion can be drawn that the metastatic potential of a particular CMT is already 

programmed before actual metastatic spread. This indicates the increasing need for 

diagnostic strategies besides the classic histopathological features that facilitate a prediction 

of metastatic potential of the tumor before metastases actually occur. In recent years, several 

diagnostic targets on the molecular level have been investigated to elucidate essential 

factors for neoplastic transformation, malignant progression and metastatic potential. The 

molecular carcinogenesis of CMT has been explored on the level of genes, RNA and 

proteins. 

 

 

1.6 Molecular carcinogenesis  

Tumor development is a multistep process, which includes three major stages, called 

initiation, promotion, and progression. During the first step, the initiation, a mutational event 

leads to an irreversibly altered cell. Promotion is the clonally expansion of the initiated cell. 

Further clonal selection and proliferation of the tumor cells is called progression. All of these 

stages are likewise essential for tumor evolution (Barrett 1993). In contrast to the non-

neoplastic tissue, cancer is characterized by an uncontrolled cellular proliferation and 

furthermore depending on the stage of malignancy by the capability for tissue invasion and 

metastatic spread (Mocellin, Pasquali et al. 2009). In non-neoplastic tissue, cell proliferation 

is strictly regulated by several molecular pathways, e.g. the cell cycle checkpoints, apoptosis, 

and DNA repair systems (Sarli, Preziosi et al. 2002).  

 

All the mentioned regulatory circuits are predicated on the expressional “switch on” and 

“switch off” of corresponding genes. However, deregulation of these genes is assumed to be 

accountable for the first step in tumor development (Croce 2008). According to the particular 

effect in carcinogenesis, the involved genes are grouped into oncogenes and tumor 

suppressor genes. More precisely, up-regulation of oncogenes like cyclin A and cyclin D1 or 

down-regulation of tumor suppressors like the phosphatase and tensin homolog (PTEN) can 

promote tumor growth (Murakami, Tateyama et al. 2000; Zhang, Piccini et al. 2012). The 

genetic instability of proliferating tumor cells seems to accumulate in the course of malignant 

progression. This in turn may cause further mutational activation of oncogenes and 

inactivation of tumor suppressors (Callahan and Campbell 1989). Thus, carcinogenesis 
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represents an evolutionary process of repeated rounds of mutation. This is supported by the 

cancer stem cell theory. Corresponding to the cancer stem cell theory a tumor is not a 

homogenous, solid mass, but instead consists of different, indefinitely replicating stem cells 

and their restrictively proliferating daughter cells (Gilbertson and Graham 2012). The tumor 

stem cells have the capability to propagate mutations and thus are drivers of carcinogenesis 

(Greaves and Maley 2012). 

 

Until recently, tumor suppressor genes and oncogenes were thought to be restricted to 

protein coding genes. However, recent studies indicate that also regulatory RNA species are 

involved in tumor development and may function as oncogenes and tumor suppressors, 

respectively (Rossi, Sevignani et al. 2008). Molecules involved in the different steps of 

carcinogenesis can function as mediators of apoptosis and DNA repair, adhesion molecules, 

and mediators of angiogenesis (Klopfleisch, von Euler et al. 2011). These molecules can be 

investigated on the genomic, RNA and protein level. Certain coding genes and key proteins 

are found to be deregulated in cancer. Conspicuously, the messenger RNA (mRNA) 

expression often correlates poorly with the protein level. Therefore, the relevance of mRNA 

expression patterns has to be further investigated (Klopfleisch, von Euler et al. 2011). 

However, besides the protein coding RNA, the transcriptome comprises also the enormous 

group of regulatory RNA, which has become the focus of tumor research in the last years. 

MicroRNA (miRNA) and small nucleolar RNA (snoRNA) are two representatives of non-

coding, but regulatory RNA. Both RNA species are described to be involved in the 

carcinogenesis of several tumors (Dong, Guo et al. 2009; Mocellin, Pasquali et al. 2009; 

Mourtada-Maarabouni, Pickard et al. 2009). 

 

 microRNA 1.6.1

microRNA (miRNA) is an evolutionarily conserved, small, non-coding RNA, which is 

functionally located between mRNA and protein by regulating the gene expression on the 

post transcriptional level. The biogenesis of the only approximately 22 nucleotides (nt) short 

miRNA is biphasic, located both in the nucleus and the cytoplasm (Grosshans and Filipowicz 

2008). First, in the nucleus the primary transcript, called primary miRNA (pri-miRNA), is 

transcribed by the polymerase II (Lee, Kim et al. 2004). The pri-miRNA contains a stemloop 

structure which is recognized by the ribonuclease complex Drosha and its partner DGCR8. 

The Drosha and DGCR8 RNase III complex processes the pri-miRNA into the hairpin 

structured precursor miRNA (pre-miRNA) by cropping (Czech and Hannon 2011). The pre-

miRNA is then exported into the cytoplasm via the nuclear transport receptor exportin 5 and 

further cleaved by the ribonuclease Dicer along with TARBP2 into the double stranded, 

approximately 22 nt short miRNA (Czech and Hannon 2011). At this state the miRNA 
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consists of the guide strand, which represents the future mature miRNA, and the passenger 

strand. The miRNA double strand is separated by Argonaute proteins. The passenger strand 

is generally degraded, whereas the mature miRNA is incorporated into the Argonaute protein 

containing RNA-induced silencing complex (RISC) (Bartel 2009). The RISC-miRNA complex 

then incorporates the target mRNA molecules and facilitates the function of the miRNA. The 

specific miRNA targeting is dependent on the complementarity between the ‘seed’ sequence 

of the miRNA and the ‘seed-match’ sequence of the target mRNA. The ‘seed’ sequence is 

defined as the positions 2 to 8 from the 5’ end of the miRNA, whereas the ‘seed-match’ 

sequence is usually located in the 3’ untranslated region of the target mRNA (Bartel 2009; 

Lujambio and Lowe 2012). Watson-Crick base-pairing enables the first recognition between 

the miRNA and the target mRNA and leads depending on the grade of complementarity to 

degradation of target mRNA (perfect complementarity) or translational repression (imperfect 

complementarity) (Bartel 2009). Both result in a negative expression regulation and therefore 

a decreased level of protein encoded on the target mRNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Biogenesis and function of miRNA (based on Giraldez) 

 

It is assumed that more than 60 % of protein-coding genes are regulated by miRNA (Esteller 

2011). Besides the aforementioned most common mechanisms of miRNA there are also 

descriptions of unexpected functions, e.g. binding to target genes and even enhancing gene 

expression (Stark, Lin et al. 2007; Orom, Nielsen et al. 2008). The regulatory network of 

miRNA is very complex. Single miRNAs can target multiple mRNA species and single mRNA 
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molecules on the other hand can be regulated by several miRNAs (Hon and Zhang 2007). 

Furthermore, miRNA regulation affects not only targets in linear pathways but also joining 

points between different circuits (Rottiers, Najafi-Shoushtari et al. 2011).  

 

miRNA plays a crucial role in physiological processes like cell differentiation, proliferation, 

and apoptosis (Cheng, Byrom et al. 2005; Mendell 2005). Furthermore, miRNA is also 

involved in pathological conditions, since an altered miRNA expression pattern can be 

recognized in neurological, cardiovascular and developmental diseases, metabolic disorders 

and carcinogenesis (van Rooij, Sutherland et al. 2006; Kim, Inoue et al. 2007; Friedman and 

Avraham 2009; Mocellin, Pasquali et al. 2009; Xie, Lim et al. 2009). Its regulatory function in 

cell differentiation, proliferation and apoptosis emphasizes the role of miRNA in 

carcinogenesis, due to the fact that a deregulation of these physiological processes can lead 

to tumor development. Furthermore, an impact on tumor progression by miRNA is indicated 

by the finding that more than 50 % of human miRNA genes map in tumor associated 

genomic regions or within fragile sites of chromosomes (Calin, Sevignani et al. 2004).  

 

Tumor related miRNAs are called oncomirs. Oncomirs are thought to function as oncogenes 

and tumor suppressors, respectively (Esquela-Kerscher and Slack 2006; Zhang, Pan et al. 

2007). The expression of oncogenic oncomirs may therefore increase, and the expression of 

tumor suppressor miRNA may decrease in the course of tumor development. However, 

some oncomirs do not exclusively function as either oncogenes or tumor suppressors, but 

instead exhibit both properties dependent on the stage of tumor development and type of 

tumor (Rossi, Sevignani et al. 2008). Nevertheless, in most cases the specific function of 

particular oncomirs remains elusive. For prognostic and diagnostic use, it is of immense 

interest, if particular oncomirs do function as biomarkers for specific steps in carcinogenesis 

like cell invasion or metastatic spread. 

 

The role of miRNA in tumorigenesis is often investigated by miRNA expression profiling 

comparatively between the non-neoplastic tissue and tumors that are derived from it. The B-

cell chronic lymphocytic leukemia was the first tumor type for which an associated 

deregulated miRNA expression was observed (Calin, Dumitru et al. 2002). To date, an 

altered miRNA expression could be found in various other tumor types. Colorectal, prostate 

and cervical cancer show a down-regulation of miR-143 and miR-145, whereas in 

glioblastomas and breast cancer an up-regulation of miR-21 is observed. In human breast 

cancer, the first study focusing on miRNA expression in human patients and human breast 

cancer cell lines by Iorio and colleagues identified 29 miRNA species to be differentially 

expressed (Iorio, Ferracin et al. 2005). Wang and colleagues investigated the miRNA 

expression comparatively between breast cancer tissue and adjacent non-neoplastic tissue 
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(Wang, Zheng et al. 2010). These and other studies show both an up-regulation and down-

regulation of certain miRNA species in breast cancer tissue compared to non-neoplastic 

tissue.  

 

 snoRNA 1.6.2

Another class of small, non-coding RNA is represented by the small nucleolar RNA 

(snoRNA). This regulatory RNA facilitates the site-specific modification of nucleotides in 

target RNA species (Mattick and Makunin 2005). Two main types of modifications occur, 

which are directed by two large families of snoRNAs: the box C/D snoRNA family guides 2-

O-ribose methylation and the box H/ACA family, whose members direct pseudouridylation 

(Balakin, Smith et al. 1996; Bachellerie and Cavaille 1997; Kiss 2002). In each family, one 

snoRNA guides one or at most two modifications. To facilitate a regulation of target RNA, the 

guide snoRNA forms a specific duplex with the target RNA, whereas the actual catalytic 

process is conducted by a common enzyme, methylase or pseudouridine synthase, which is 

associated with the snoRNA (Bachellerie, Cavaille et al. 2002). The target RNA sequence is 

recognized by antisense interaction through the formation of a guide RNA duplex. Although 

the size of snoRNA ranges between 60 and 300 nt, only a short sequence is accountable for 

target recognition via one or two appropriate antisense elements (Mattick and Makunin 

2005).  

 

Initially, the function of snoRNA was assumed to be restricted to the modification of 

ribosomal RNA (rRNA) in ribosome biogenesis. However, recent studies show that both the 

complexity of the snoRNA families and the diversity of their targets have been 

underestimated. In addition to rRNA, other cellular RNA species are found to be targeted by 

new identified members of the snoRNA families like spliceosomal small nuclear RNA 

(snRNA) in vertebrates, transfer RNA (tRNA) in Archaea and potentially even eukaryotic 

mRNA. Besides snoRNAs with known targets there is a group of so called orphan snoRNA 

with unknown target (Bachellerie, Cavaille et al. 2002; Kiss, Jady et al. 2004).  

 

Until recently, snoRNAs were thought to be suitable endogenous controls for miRNA real 

time RT-PCR, because of both their constitutive expression over diverse tissues and the 

miRNA-like properties like RNA stability and size (Davoren, McNeill et al. 2008; Carlsson, 

Helenius et al. 2010; Chang, Mestdagh et al. 2010; Brattelid, Aarnes et al. 2011). However, 

in the last years it could be shown, that snoRNA expression indeed is tissue-specific and 

furthermore specifically deregulated in pathological conditions like prostate and breast 

cancer (Dong, Rodriguez et al. 2008; Dong, Guo et al. 2009; Mourtada-Maarabouni, Pickard 

et al. 2009). Chang and colleagues provided the first indication for the influence of snoRNA 
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on carcinogenesis. They could show a tissue dependent expression of four human snoRNA 

species (h5sn1, h5sn2, h5sn3, and h5sn4). Furthermore, the expression of h5sn2 was 

drastically decreased in meningiomas relative to normal brain (Chang, Lin et al. 2002). 

Mourtada-Maarabouni and colleagues could draw an association between snoRNA 

expression and breast cancer. The non-coding growth arrest-specific transcript 5 (GAS5) 

gene, which can induce cell cycle arrest and apoptosis in breast cancer cell lines, encodes 

multiple snoRNAs in its introns. The expression level of GAS5 transcripts was significantly 

decreased in breast cancer tissue compared to adjacent normal breast tissue. These findings 

led to the assumption that the related snoRNA U50 may act as a tumor suppressor in the 

carcinogenesis of breast cancer (Mourtada-Maarabouni, Pickard et al. 2009). The study of 

Dong and colleagues emphasized the role of U50 in tumor development and progression 

(Dong, Guo et al. 2009). The emerging evidence for a role of snoRNA in tumor development 

challenges the appropriateness of snoRNAs as reference genes. Furthermore, the question 

is raised, if formerly used reference snoRNAs are actually deregulated in breast cancer or 

other tumor types. 

 

 Quantification methods of small RNA species 1.6.3

One essential step for the investigation of the impact of small non-coding RNA species on 

various pathogenic conditions represents the detection of their expression. In recent years, 

several quantification methods have been developed and adopted successfully in miRNA 

profiling. Most of these assays are based on hybridization between complementary 

nucleotides of the target miRNA and a capture strand of nucleic acid. The hybridization event 

must be translated into a measurable signal like electrochemical detection, fluorescence or 

bioluminescence intensity. Hybridization methods can be classified into solid-phase and 

solution-phase methods. In the solid-phase, the target miRNA hybridizes with a capture 

probe that is bound or absorbed to a surface, whereas in solution phase, the target 

hybridization takes place in solution. The advantages of the solution-phase methods are the 

applicability for in vivo detection, high sensitivity and mostly short analysis times. In contrast, 

the solid-phase methods are adaptable to high-throughput screening, but inappropriate for in 

vivo analysis (Cissell and Deo 2009).  

 

Representatives for solid-phase methods are northern blotting, microarray, electrochemical 

detection via oxidation of miRNA-ligated nanoparticles, and the bioluminescent detection 

method. In contrast, examples for solution-phase methods are bioluminescent protein 

reassembly, bioluminescence resonance energy transfer (BRET)-based detection, 

fluorescence correlation spectroscopy, and reverse transcriptase polymerase chain reaction 

(RT-PCR).  Until recently, northern blotting was assumed to be the gold standard for miRNA 
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quantification. However, drawbacks of this method are time-consume and limited sensitivity 

(Cissell and Deo 2009; Li and Ruan 2009). The sensitivity of northern blotting can be 

improved by the use of locked nucleic acid (LNA)-probes (Varallyay, Burgyan et al. 2008). 

However, for high-throughput analyses cDNA microarrays are more appropriate than 

northern blotting (Li and Ruan 2009). But the high sample numbers are accompanied by high 

costs. The advantages of the electrochemical and bioluminescent detection are their high 

sensitivity. Nevertheless, both methods are holding measuring inaccuracies for signal 

decrease or increase (Cissell and Deo 2009). Similar measuring inaccuracies are held by the 

bioluminescent protein reassembly method and BRET-based detection, both solution phase 

methods with short analyses times and the potential for in vivo measurements (Cissell, 

Campbell et al. 2008; Cissell, Rahimi et al. 2008). In the fluorescence correlation 

spectroscopy method, miRNAs hybridize with their fluorophore-labeled targets. The 

hybridization events are countable by a fluorescent signal. This method is very sensitive and 

rapid and even allows the differentiation between single base mismatches (Neely, Patel et al. 

2006; Cissell and Deo 2009). However, the required use of an external excitation source 

reduces the sensitivity of this technique. 

 

Besides northern blotting and cDNA microarray, both solid phase methods, reverse 

transcriptase polymerase chain reaction (RT-PCR) represents another popular miRNA 

detection method. This solution phase method can be applied for in vivo measurements and 

it facilitates the quantification of small amounts of miRNA (Cissell and Deo 2009). However, 

the small size of mature miRNA and the sequence similarity within the different miRNA 

families pose specific challenges for primer design and overall specificity of the PCR assay. 

Moreover, the heterogeneous GC content of miRNAs leads to variable melting temperatures 

against miRNA specific primers (Benes and Castoldi 2010). In the last years, several 

modifications for RT-PCR have been established. Chen and colleagues developed a stem-

loop RT-PCR (Chen, Ridzon et al. 2005). In this assay, a stem-loop RT-primer is applied for 

the reverse transcriptase reaction. The advantages of the stem-loop RT-primer are first an 

increase in specificity due to discriminating similar miRNA species by annealing a RT priming 

sequence to the 3’ end of the mature miRNA. Furthermore, the double-stranded stem 

structure prevents non-specific hybridization of the RT-primer to miRNA precursors or other 

long RNA species. Second, the base stacking of the stem also increases the stability of 

miRNA-DNA-duplexes and thus enhances the efficacy of the reverse transcriptase reaction. 

Third, cDNA reverse transcribed with use of a stemloop RT-primer is extended in contrast to 

conventional transcribed miRNA. An extension of the RT product in turn eases the PCR 

primer design. The loop structure can comprise the sequence of the reverse PCR primer, 

whereas the forward PCR primer can be designed according to the miRNA sequence itself. 

Furthermore, an extended PCR template actually enables the use of hybridization probe 
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based PCR assays besides fluorescent dye based PCR methods (Schmittgen, Lee et al. 

2008). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Schematic description of the stem-loop RT-PCR          

               (based on Schmittgen, Lee et al. 2008) 

 

Nevertheless, a sensitive and particularly canine specific miRNA quantification method was 

still lacking at the time of this study. The investigation of the malignancy dependent 

expression pattern of miRNAs and snoRNAs in neoplastic canine tissue requires a 

reproducible and robust, canine specific detection method for accurate quantification of both 

miRNA and snoRNA. Several similarities suppose CMT to prove an ideal model for human 

breast cancer: both CMT and human breast cancer occur spontaneously, their biological 

behavior features local invasion, lymph node metastasis as well as distant metastasis, 

furthermore they show similar antigenetic phenotypes (Mottolese, Morelli et al. 1994; 

MacEwen 1996; Vail and MacEwen 2000). These findings lead to the assumption that 

oncomirs involved in the tumorigenesis of mammary cancer may be conserved between 

humans and dog (Boggs, Wright et al. 2008).  
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2 AIMS AND HYPOTHESIS 

 

One of the greatest challenges in the diagnosis of CMT is the differentiation between non-

metastasizing and metastasizing carcinomas prior to evident metastatic spread for reliable 

prognosis. It is still ambiguous, if the ability for forming metastases is a feature, which the 

tumor develops in the course of malignant progression or if the potential for metastatic 

spread is inherent in a particular tumor from the very beginning of tumor development. In 

both cases the classical diagnostic tools reach their limits and it is of immense interest to 

understand, which essential molecular factors are responsible for the neoplastic 

transformation of cells, the malignant progression and metastatic behavior. According to the 

literature summarized in the introduction part of this doctoral thesis, differentially expressed 

miRNA and snoRNA represent potential biomarkers for cancer diagnosis. 

 

 

2.1 Main hypothesis 

Particular miRNA and snoRNA species are specifically expressed in canine mammary 

tumors at different stages of malignancy. Thus, their expression pattern allows a 

differentiation between non-neoplastic mammary gland and neoplastic mammary tissue, 

benign tumors and malignant tumors as well as between non-metastasizing and 

metastasizing carcinomas.  

 

To test this hypothesis the following objectives were set for our project: 

 

 

2.2 First aim 

Establishment of a canine specific real-time PCR assay with suitable endogenous controls 

for accurate quantification of miRNA and snoRNA 

 

 

2.3 Second aim 

Correlation of the expression pattern of 16 miRNAs and 4 snoRNAs with canine mammary 

gland and canine mammary tumors at different stages of malignancy 
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MicroRNA has been suspected to be generally involved in carcinogenesis since their first description. A first study supported this
assumption for canine mammary tumors when miRNA expression was compared to normal gland. The present study extends
these results by comparing the expression of 16microRNA (miRNA) and 4 small nucleolar RNA (snoRNA) in tumors of different
malignancy, for example, adenomas, nonmetastasizing and metastasizing carcinomas as well as lymph node metastases, with each
other and with normal mammary gland. All neoplastic tissues differed in their miR-210 expression levels from normal gland.
While metastatic cells differed in their expression of mir-29b, miR-101, mir-125a, miR-143, and miR-145 from primary tumors,
the comparison of miRNA expression in primary tumors of different malignancy failed to reveal significant differences except for
a significant downregulation of mir-125a in metastasizing carcinomas when compared to adenomas.

1. Introduction

MicroRNA (miRNA) is an evolutionarily conserved, non-
coding, but regulatory RNA species of approximately 22
nucleotides in length. It plays a crucial role in various
physiological and pathological processes by regulating gene
expression posttranscriptionally. miRNA binds to messenger
RNA (mRNA) and thereby induces a sequence-depending
mRNA degradation or translational repression [1–3]. A
deregulation of miRNA is associated with a wide variety of
pathologic states including carcinogenesis [4]. Nevertheless,
in many cases the specific function of individual miRNA
species is still unknown. For instance, miR-10b has been
identified as a tumor suppressor which prevents human
breast cancer development but also as an oncogene which
initiates breast cancer invasion and metastasis [5]. Several
miRNA species have been identified to be involved in human
breast cancer development including miR-21, miR-145, and
miR-210 [6–8]. In veterinary medicine, only a single study is
available on miRNA expression in canine mammary tumors.

Boggs et al. [7] compared the expression levels of ten miRNA
species in malignant mammary tumors and normal canine
mammary gland and found a significant deregulation ofmiR-
21, miR-29b, let-7f, miR-15a, and miR-16 in the tumors.

In the present study, we expand these recent findings
on the impact of miRNA deregulation on canine mammary
tumors by asking for differences in expression levels of four
small nucleolar RNA (snoRNA) and 16 canine miRNA with
known relevance for human and canine mammary tumor
development in tissue samples of normal mammary gland,
adenomas, metastasizing, and nonmetastasizing canine
mammary carcinomas as well as lymph node metastases.

2. Materials and Methods

Mammary gland tissues including regional lymph nodes
from 30 dogs submitted to the Department of Veterinary
Pathology of the Freie Universität Berlin were included in
the study. Clinical data of the dogs included breed, age, and
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location of tumors. All tissue samples were freshly frozen
not later than 30min after surgical excision and stored at−80∘C until further use. Directly adjacent tissue samples
were also fixed in 4% neutral buffered formalin, routinely
processed stained with haematoxylin and eosin (HE) for
histologic examination. Ten simple mammary adenomas,
ten simple carcinomas without evidence of tumor cells in
the regional lymph node, and ten simple carcinomas with
regional lymph node metastases as well as normal mammary
gland tissues of ten dogs were selected and macrodissected
for this study to assure a tumor content of more than 80%.
The fifth sample group contained laser microdissected lymph
node metastases from five dogs with simple, metastasizing
mammary carcinoma.

The study was approved by the local animal welfare
officer. Surgical resection of the tumors was part of the
therapy according to the welfare of the animals and to the
state of the art of medical science under full anesthesia. The
study therefore had no influence on the common diagnostic
or therapeutic measures usually applied on animals with
mammary gland tumors and inclusion into the study did
not induce any additional treatments, pain, or discomfort-
inducing manipulations during the entire study.

Total RNA was extracted as previously described [9,
10]. The lymph node metastases were microdissected from
cryostat sections by laser capture microdissection as previ-
ously described [11]. All miRNA and snoRNA species were
elongated prior to cDNA synthesis by universal poly-A-
tailing and amplified by quantitative reverse transcription
PCR as previously described [9]. Housekeeping genes were
selected from the complete set of genes analyzed using
both geNorm (version 3.4) and NormFinder (version 20)
algorithms [12, 13]. The most stably expressed RNA species
were determined by calculating the gene expression stability
measure value (") using the geNorm tool as previously
described [12]. Stepwise exclusion of the least stable genes
identified miR-155, let-7f, and miR-181b as the three most
stably expressed genes. In a second approach NormFinder
analysis was performed [13] and identified miR-181b, U44,
andU48 as the threemost stable reference genes. Considering
both the results of the geNorm analysis and the NormFinder
algorithm miR-181b, miR-155, and U44 were used for data
normalization. Consequently, relative expression levels of the
miRNA and snoRNA species were determined using the2−ΔΔCt method [14]. Due to the different efficiencies of the
PCR assays, the actual efficiencies were used as the base of the
exponential amplification function for calculation. Statistical
significance of differences inmiRNA and snoRNA expression
levels was evaluated using the IBM SPSS Statistic 20 software.
The results in the different tissue groups were statistically
compared using the parametric ANOVA analysis. A # ≤ 0.05
was considered statistically significant.

3. Results

Comparison of the expression levels of 16 miRNA and four
snoRNA leads to the identification of statistically different
expression levels of ninemiRNAand one snoRNA in 27 of the
400 comparisons. Of these, microdissected tumormetastases

differed most often from other tissue types. miR-101, miR-
143, and miR-145 were differently expressed in metastases
when compared to all other tissues. miR-29b differed in its
expression level between metastases and all tumor tissue
samples except normal mammary gland. miR-125a expres-
sion only differed between metastases and metastasizing
carcinomas primary sites (Table 1, Figure 1).The comparison
of the primary tumors of different malignancies identified
a difference in miR-125a expression between metastasizing
carcinoma and adenoma as the only significant difference
(Table 1, Figure 1). All other differences in expression were
restricted to comparisons between normal mammary gland
and neoplastic tissues. miR-21, miR-143, miR-194, miR-203,
miR-210, and the snoRNA U24 differed in their expression
levels between normal gland and neoplastic tissues (Table 1,
Figure 1). Of note, only miR-125a and the snoRNA U24
showed a decreased expression in the primary tumors when
compared to normal gland or adenomas while all other
significantly regulatedmiRNAhad an upregulation in benign
andmalignant primary tumors (Table 1).This was in contrast
to the observation in metastases which, except for miR-125a
and miR-210, had a general downregulation of miRNA when
compared to all other tissues (Table 1).

miR-210 was the only miRNA which allowed the dif-
ferentiation of normal mammary gland from all neoplastic
tissues. In addition, miR-210 was the only miRNA with a
continuous significant increase in expression levels between
normal mammary gland and all tumor groups and the
metastases with expression differences of 7.01-fold between
adenomas and normal gland, 10.41-fold between nonmetas-
tasizing carcinomas and normal gland, 10.72-fold between
metastasizing carcinomas and normal gland, and 19.63-fold
between metastases and normal gland (Table 1).

U24was the only snoRNA with a significant difference in
expression. The expression difference was 0.38-fold between
themetastasizing carcinoma and the normalmammary gland
but was not significantly altered in any other comparison.
miR-9, miR-10b, miR-15a, miR-16, miR-125b, miR-136, and
let-7f as well as the snoRNA U66, Z30, and U48 had no
significant difference in expression between any of the tissues
analyzed.

4. Discussion

The aim of the present study was the identification of malig-
nancy associated miRNA expression to discover potential
malignancy marker and to further elucidate aspects of the
molecular carcinogenesis and gene expression associated
with metastatic behavior of canine mammary tumors [15].
To this end, the expression of 16 miRNA and four snoRNA
was compared between normal mammary gland, adeno-
mas, carcinomas, and metastases. Only nine of the miRNA
species and one snoRNA tested were significantly differently
expressed between the diverse tissues analyzed.

Interestingly, miR-210 was significantly overexpressed in
all neoplastic tissues when compared to normal mammary
gland. Previous work described miR-210 as a “hypoxamir”
which is upregulated in hypoxic tissues by HIF-1 action and
mediates ametabolic adaptation to anaerobic conditions [16].
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Table 1: miRNA and snoRNA expression differences between mammary tissues at different stages of malignancy and normal gland.

Normal Adenoma Nonmetastasizing
carcinoma

Metastasizing
carcinoma Metastasis Regulation

Normal

miR-203 (4.37)
miR-210 (7.01)

miR-143 (2.70)
miR-21 (3.18)
miR-210 (10.41)
miR-194 (4.44)

miR-21 (5.05)
miR-210 (10.72) miR-210 (19.63) Up

U24 (0.38)
miR-143 (0.04),
miR-145 (0.02),
miR-101 (0.12)

Down

Adenoma

Up

miR-125a (0.40)
miR-143 (0.02),
miR-145 (0.02),
miR-101 (0.05),
miR-29b (0.14)

Down

Nonmetastasizing carcinoma

Up
miR-143 (0.02),
miR-145 (0.01),
miR-101 (0.08),
miR-29b (0.18)

Down

Metastasizing carcinoma

miR-125a (4.91) Up
miR-143 (0.06),
miR-145 (0.04),
miR-101 (0.13),
miR-29b (0.18)

Down

Metastasis Up
Down

In brackets (): fold change in expression difference.

miRNA and snoRNA expression in canine mammary tumors
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Figure 1: miRNA and snoRNA expression levels in normal gland, adenoma, nonmetastasizing carcinoma, metastasizing carcinoma, and
lymph node metastasis. Ct-values are average values of expression levels of the tissue groups normalized to three housekeeping genes.
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The continuous upregulation of miR-210 over the course
of malignant progression may therefore be caused by an
increasing hypoxia in the developing tumor mass. miR-210
overexpression has also been associated with the formation
of capillary-like structures [17]. It can thus be hypothesized
that miR-210may indirectly promotemetastasis by triggering
angiogenesis in neighboring cells [18]. Another four miRNA,
miR-21, miR-143, miR-194, and miR-203, were significantly
increased in at least one mammary tumor group compared
to normalmammary gland and thereforematched the defini-
tion of an oncogenic miRNA. While this disease association
is new formiR-143 andmiR-194, a similar oncogenic function
has been suggested for miR-203 [19] in mammary cancer and
for miR-21 in several other tumors including human breast
cancer but has to be determined yet [20].

The general lack of differences in miRNA expression
between primary tumors at different stages of malignancy
was intriguing. Only miR-125a was significantly differently
expressed between metastasizing carcinoma and adenoma.
This was in contrast to the numerous miRNA differentially
expressed in metastatic tumor cells in the lymph nodes.This
difference may be caused by the different preparation of
metastatic tumor cells by laser microdissection technology
due to the otherwise high contamination of metastases tissue
samples by lymphatic cells. The macrodissected samples
of normal gland and the primary tumors in contrast also
contained, although at a minimal portion, cells of the tumor
stroma. These cells may have contributed to the recorded
downregulation of the four miRNA inmicrodissectedmetas-
tases when compared to macrodissected primary tumors and
normal mammary gland, respectively.

5. Conclusions

In conclusion, canine mammary tumors at different stages
of malignancy significantly differed from normal gland in
the expression of seven miRNA and one snoRNA species.
miRNA and snoRNA expression however failed in most
cases to discriminate primary tumors at different stages of
malignancy.
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4 CONCLUDING DISCUSSION  

 

To enlighten the role of miRNA and snoRNA in the molecular carcinogenesis of canine 

mammary tumors (CMT) a canine specific real-time PCR protocol for the quantification of a 

set of 16 miRNAs and 4 snoRNAs was developed. While the snoRNA species were formerly 

used as housekeeping genes for PCR data normalization, the selected miRNA species were 

known to be deregulated in neoplastic mammary tissue versus non-neoplastic mammary 

gland in humans and dogs, respectively (Iorio, Ferracin et al. 2005; Boggs, Wright et al. 

2008). We expanded these recent findings and compared the expression patterns of non-

neoplastic mammary gland and CMT at different stages of malignancy. In this chapter, the 

hypothesis and aims of this study are discussed.   

 

 

4.1 First aim:  
Establishment of a canine specific real-time PCR assay with suitable 
endogenous controls for accurate quantification of miRNA and snoRNA 

The establishment of a canine specific real-time PCR assay implicates four steps. First, a 

reverse transcription method that is suitable for both miRNA and snoRNA was developed. 

Second, canine specific PCR primers were designed and several PCR variables were 

optimized for sensitive and specific quantification of miRNA and snoRNA. Third, suitable 

endogenous controls for normalization of the PCR data were compiled. Fourth, PCR 

products were subsequently sequenced to assure the specificity of the real-time PCR assay. 

 

 Reverse transcription 4.1.1
The first step for the establishment of a canine specific real-time PCR assay was the design 

of a reverse transcription method suitable for miRNA and snoRNA. The small size of miRNA 

makes the use of conventional primers for cDNA synthesis impracticable. Thus, prior to 

reverse transcription an elongation step was conducted with total RNA. To this end, two 

different methods were comparatively investigated.  

 

First, total RNA was elongated by adding a poly-(A)-tail to the 3’ end of each RNA. This 

universal approach enables a simultaneous reverse transcription of a set of miRNAs and 

snoRNAs. In the next step, a stemloop structured oligo-(dT)-anchor was annealed to the 3’ 

end of the poly-(A)-tail. The oligo-(dT)-anchor contained the sequence of the universal 

reverse PCR primer in its loop. Finally, the tailed RNA was reverse transcribed.  
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Second, in the individual reverse transcription approach each miRNA and snoRNA species 

was individually elongated and reverse transcribed by using a specific reverse transcription 

primer (RT-primer). The last 5-6 nt of the 3’ end of the RT-primer were complementary to the 

individual miRNA and snoRNA species, respectively. The first 44 nt of the RT-primer 

represent the same stemloop structure as the oligo-(dT)-anchor. 

 

 Quantitative real-time PCR assay 4.1.2

The subsequent SYBRGreen based real-time PCR was conducted with canine specific 

primers. Sequence information for the primer design was obtained from the mirBase data 

base version 17 for miRNA primers and from the Ensemble genome browser release 62 for 

snoRNA primers. The forward primers were designed specifically for each miRNA and 

snoRNA. Thus, the miRNA forward primers were designed with a linear 5′ overlap of 4-6 nt 

and covered all but the last 5-6 nt of the microRNA sequence. The snoRNA forward primers 

were similarly designed, with the exception of U66, for which only the first 5′ third of the 

snoRNA sequence was used due to the larger size of this snoRNA species. The reverse 

primer was universal, because its sequence was contained in the loop of the oligo-(dT)-

anchor and specific RT-primer, respectively. PCR variables like annealing temperature and 

primer concentration were tested to identify the optimal PCR protocol. The comparison of 

specificity and sensitivity in miRNA and snoRNA detection of the universally and individually 

transcribed cDNA did not lead to any significant differences for the two approaches. 

Nevertheless, the advantages of a simultaneous cDNA synthesis were the lower costs, the 

smaller amounts of tissue required and the shorter protocol. On this account, the universal 

transcription approach was applied for malignancy dependent expression analyses of miRNA 

and snoRNA in CMT in the second aim of this thesis. 

 

 Stability of housekeeping gene expression 4.1.3

The normalization to one or more stably expressed endogenous control genes is essential 

for accurate determination of the relative expression levels of target genes. Endogenous 

control genes, also called housekeeping genes, have to be in line with certain criteria like 

similar size and stability as the target genes and constitutive expression over diverse tissues. 

Until recently, snoRNA was often used for the normalization of miRNA real-time PCR data. 

As mentioned before, current studies call the principal suitability of snoRNA as housekeeping 

genes in question (Peltier and Latham 2008; Mortarino, Gioia et al. 2010; Gee, Buffa et al. 

2011). Particularly snoRNAs are described to be differently expressed in pathological 

conditions including breast cancer (Mourtada-Maarabouni, Pickard et al. 2009). For the 

identification of suitable housekeeping genes the expression stability of all miRNA and 
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snoRNA species was analyzed. To this end, raw expression levels obtained from the real- 

time PCR runs were used for both geNorm (version 3.4) and NormFinder (version 20) 

analyses. The results of the geNorm and NormFinder algorithms were the same for the 

separate analysis of all snoRNAs. The separate analysis of all miRNAs led to the same five 

most stably expressed genes with a mild variation in the order of the second most and third 

most stably expressed miRNA. Interestingly, the collective analysis of all miRNAs and 

snoRNAs with the NormFinder algorithm resulted in the same five most stably expressed 

miRNA species. In contrast, the collective analysis with the geNorm algorithm presented two 

miRNAs and three snoRNAs as the five most stably expressed genes. Over all analyses, two 

same genes were always within the five most stably expressed genes. These two genes 

represent miRNAs (miR-181b and miR-155). Considering both the results of geNorm and 

NormFinder analyses, two miRNA species (miR-181b, miR-155) and one snoRNA species 

(U44) were identified as suitable housekeeping genes and were used for PCR data 

normalization. In general, the combined analysis of miRNA and snoRNA expression stability 

identified an unexpected trend towards more stable expressed miRNA compared to snoRNA.  

 

 Sequence analysis of PCR products 4.1.4

The sequence analysis of the PCR products posed another challenge in establishing a real-

time PCR assay for miRNA and snoRNA quantification. Conspicuously, no detailed 

description of a sequencing method could be found in the literature. The standard procedure 

of sequencing the purified approximately 88 base pairs (bp) short miRNA PCR products in 

commercial sequence laboratories was impossible. Sequencing of the snoRNA PCR 

products with an average length of 150 bp also failed in the majority of cases. Thus, not only 

the small size of the miRNA PCR products but also the containing stemloop structure 

seemed to influence the sequence analysis. Therefore, all PCR products were cloned by 

TOPO TA Cloning (TOPO TA Cloning Kit, Invitrogen) prior to sequence analysis. This 

procedure led to stable and specific sequencing results for both miRNA and snoRNA. 

Thereby, our canine specific real-time PCR assay could be assured, since all examined 

miRNA and snoRNA species were specifically amplified. 

 

In conclusion, this study established an accurate and manageable, canine specific 

quantification assay for 21 miRNA and 5 snoRNA species. This SYBRGreen based, 

quantitative real time PCR assay allows a robust relative quantification of miRNA and 

snoRNA in canine tissue.  
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4.2 Second aim:  
Correlation of the expression pattern of 16 miRNAs and 4 snoRNAs with canine 
mammary gland and canine mammary tumors at different stages of malignancy 

The second objective of our study was the investigation of the malignancy dependent 

expression of miRNA and snoRNA in CMT. To this end our canine specific real-time PCR 

assay was conducted for a set of 16 miRNAs and 4 snoRNAs in non-neoplastic mammary 

gland and canine mammary tumors at different stages of malignancy. The CMT were 

histologically diagnosed and grouped into adenomas, non-metastasizing carcinomas, 

metastasizing carcinomas and lymph node metastases. The normalized expression data 

were subsequently compared between the different tissue groups as depicted in figure 4. 

The statistical analysis led to significant different expression levels in nine miRNAs and one 

snoRNA. The following sections will only respond to the significant expression results. 
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Figure 4: Differential regulation of miRNA and snoRNA in adenoma, non-metastasizing and 

metastasizing carcinoma and lymph node metastasis.  

Green box = up-regulated expression. Red box = down-regulated expression. 

 

 Up-regulated expression 4.2.1

Compared to non-neoplastic mammary gland, the expression was increased in the primary 

tumors for five miRNAs (miR-203, miR-143, miR-21, miR-194, miR-210). One of these 

miRNAs (miR-210) showed also a significant up-regulation in the group of metastases versus 

normal mammary gland. Remarkably, only miR-125a showed a significantly increased 

expression in the metastases compared to primary tumors (metastasizing carcinomas). In 

particular, miR-210 was the only miRNA that allows the differentiation of non-neoplastic 

mammary gland to all other primary and metastatic tumor groups. Although the expression 
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increased continuously with the course of malignant progression from the adenoma over the 

carcinoma towards the metastasis, the expression between the tumor groups itself was not 

significantly different. An overexpression of miR-210 was found under hypoxic 

circumstances, a known factor of tumor microenvironment (Kulshreshtha, Ferracin et al. 

2007). Thus, the continuous up-regulation of miR-210 expression over the course of 

malignant progression in our study may be caused by an increased hypoxia in the 

developing tumor mass. Furthermore, an increased expression of miR-210 could be 

associated with the formation of capillary like structures (Fasanaro, D'Alessandra et al. 

2008). Therefore, it was hypothesized, that miR-210 may be involved in tumor growth and 

promotion of metastasis by triggering angiogenesis (Cui, Grosso et al. 2012). miR-21 

showed an up-regulated expression in both malignant primary tumor groups compared to the 

normal mammary gland. An increased expression of miR-21 is described in various solid 

tumors (Garzon, Marcucci et al. 2010; Farazi, Spitzer et al. 2011). Furthermore, in breast 

cancer a correlation between miR-21 overexpression and advanced clinical stage, lymph 

node metastasis and poor prognosis could be found (Yan, Huang et al. 2008). An oncogenic 

function has also been suggested for mir-203 and miR-194 (Ru, Steele et al. 2011; Iizuka, 

Imaoka et al. 2013). All miRNAs that show an overexpression in neoplastic tissue compared 

to non-neoplastic mammary gland are potential oncogenic oncomirs.  

 

 Down-regulated expression 4.2.2

The only RNA species being down-regulated in primary tumors (metastasizing carcinomas) 

when compared with the non-neoplastic mammary tissue was the snoRNA U24. 

Remarkably, in the group of metastases the expression of four miRNAs (miR-143, miR-145, 

miR-101, miR-29b) was decreased compared to all primary tumors. Three of these four 

miRNAs showed also a decreased expression when compared to the non-neoplastic 

mammary tissue. miRNA species showing a decreased expression in neoplastic tissue 

versus non-neoplastic mammary gland are potential tumor suppressors. A current study 

identified miR-143 and miR-145 to repress synergistically the expression of ERBB3 in breast 

cancer leading to suppression of proliferation and invasion of tumor cells. Therefore, the 

miR-143/miR-145 cluster is suggested to function as a tumor suppressor in breast cancer 

(Yan, Chen et al. 2014). Wang and colleagues explored the effect of the down-regulated 

miR-101 in breast cancer cells. Via targeting the Janus kinase 2 miR-101 suppresses tumor 

cell proliferation and promotes apoptosis (Wang, Li et al. 2014).  

 

A differentiation between primary tumors was only enabled by miR-125a. In detail, the 

expression of miR-125a was decreased in metastasizing carcinomas when compared to 

adenomas. miR-125 expression is described to be decreased in human breast cancer as 
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compared to non-neoplastic breast tissue (Iorio, Ferracin et al. 2005). Another study revealed 

that the expression of miR-125 inversely correlates with the HuR protein level in several 

breast carcinoma cell lines. Interestingly, the mRNA encoding the stress-induced RNA 

binding protein HuR is only targeted by miR-125a but not by miR-125b. This leads to 

decreased HuR protein levels and thus inhibition of cell growth and cell migration. These 

findings indicate miR-125a to function as a tumor suppressor in breast cancer (Guo, Wu et 

al. 2009). However, other studies provide conflicting results, since both members of miR-125 

target the tumor suppressor p53 mRNA and thus modulate the apoptotic stress response in 

other mammalian cells (Le, Teh et al. 2009; Zhang, Gao et al. 2009). The expression of miR-

125a seems to depend on the tissue type or developmental stage. This may explain why the 

expression of miR-125a increased again in the metastases when compared to the 

metastasizing carcinomas. 

 

 

4.3 miRNAs as biomarkers for cancer diagnosis 

The prognosis of a breast cancer patient is highly dependent on the stage of malignancy of 

the tumor and is even worse at the very moment when metastases occur. The differentiation 

between benign adenomas and malignant carcinomas can be performed by histologic 

biopsies. However, the histopathological diagnosis of carcinomas is often insufficient for 

prognosis particularly before metastases are histologically evident. The diagnosis of canine 

mammary tumors therefore lacks biomarkers which enable the differentiation of histologically 

defined carcinomas into non-metastasizing and metastasizing carcinomas.  

 

Our study reports different miRNA expression patterns of major stages in malignant 

progression: adenoma, non-metastasizing carcinoma, metastasizing carcinoma and the 

endpoint metastasis. The expression of miR-21 and miR-210 was up-regulated in both 

metastasizing and non-metastasizing carcinomas versus non-neoplastic tissue. Recent 

studies could correlate miR-21 overexpression in human breast cancer with advanced 

clinical stage and lymph node metastasis (Yan, Huang et al. 2008). miR-210 expression 

increased continuously over the course of malignant progression. This hypoxia induced 

miRNA species is suggested to be involved in tumor growth and promotion of metastasis by 

triggering angiogenesis (Fasanaro, D'Alessandra et al. 2008; Cui, Grosso et al. 2012). In 

turn, the expression of U24 and miR-125a was decreased in metastasizing carcinomas but 

not in non-metastasizing carcinomas. To date, an association between U24 and forming 

metastases is not described. miR-125a allowed a differentiation between metastasizing 

carcinomas and adenomas as well as between metastasizing carcinomas and metastases, in 

which miR-125a expression increased again. Guo and colleagues suggested miR-125a to 
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target HuR and thus function as a tumor suppressor in human breast cancer (Guo, Wu et al. 

2009). This supports our finding that miR-125a was overexpressed in metastasizing 

carcinomas. Other studies identified miR-125 to target the tumor suppressor p53 mRNA and 

therefore to function as an oncogenic oncomir (Le, Teh et al. 2009; Zhang, Gao et al. 2009). 

These conflicting results lead to the suggestion that the expression of miR-125a is 

dependent on the tissue type or developmental stage and might explain why the expression 

of miR-125a increased again in the metastases when compared to the metastasizing 

carcinomas.  

 

An unambiguous biomarker for metastatic behavior, which allows the differentiation between 

non-metastasizing and metastasizing carcinomas, could not be identified in the investigated 

set of 16 miRNAs and 4 snoRNAs. However, this finding has to be interpreted in the context 

of malignant progression as a continuous process and the stroma-tumor cell interplay as 

discussed in the next section. 

 

 

4.4 The stroma-tumor cell interplay 

Recent studies have shown that certain features of carcinogenesis as initiation, tumor 

development and homeostasis of mammary tumors are not only influenced by intrinsic tumor 

factors but also by extrinsic factors of the tumor microenvironment (Finak, Bertos et al. 2008; 

Casey, Bond et al. 2009; Trimboli, Cantemir-Stone et al. 2009). Furthermore, the tumor 

stroma is assumed to support the epithelial tumor cell and even modulate the sensitivity to 

chemo-radiotherapy (Farmer, Bonnefoi et al. 2009; Tokes, Szasz et al. 2009). An interplay 

between epithelial tumor cells and tumor associated stromal cells via feedback loop is 

hypothesized (Martinez-Outschoorn, Pavlides et al. 2011). Beside the deregulation of miRNA 

expression in tumor cells, a deregulation is also described in cancer associated fibroblasts 

(Bronisz, Godlewski et al. 2012).  

 

In this study non-neoplastic epithelium and primary tumors were obtained by 

macrodissection and therefore contained both epithelial and stromal cells. Both cell types 

may therefore be accountable for the expression of miRNA and snoRNA. The potential 

differences in the composition of the tissue samples may have contributed to the lack of 

differences in the expression of most miRNA between primary tumors at different stages of 

malignancy. The significant up-regulation of miR-21 in non-metastasizing and metastasizing 

carcinoma compared to normal mammary gland may also be enforced by an expressional 

increase of both tumor and stromal cells. This conclusion is supported by recent studies on 

human breast cancer that revealed an overexpression of miR-21 in tumor cells of increased 
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invasiveness as well as in stromal cells (Rask, Balslev et al. 2011; Niu, Shi et al. 2012). 

Lymph node metastases on the other hand were obtained by microdissection, which makes 

the comparison of both tissue samples difficult. Hence, the stromal cells of the 

macrodissected samples may have contributed to the recorded down-regulation of miRNAs 

in microdissected metastases when compared to non-neoplastic tissue and primary tumors. 

 

 

4.5 Therapeutic approaches based on miRNA expression  

CMT display the most common cancer afflicting the femal dog (Dorn, Taylor et al. 1968). 

Similarly, breast cancer is the most frequent tumor in women around the world. Furthermore, 

its chemoresistance and metastatic behavior makes breast cancer to the second leading 

cause of cancer related death (Kim, Oh et al. 2011; Ru, Steele et al. 2011). Therefore, apart 

from biomarkers facilitating early diagnosis and detection of an ideal starting point for 

intervention novel therapeutic approaches are highly desirable. Advancing elucidation of 

molecular mechanisms of tumorigenesis may help to develop new therapeutic strategies. 

Our study reveals a further step towards understanding the role of miRNAs in mammary 

cancer. In the last years, miRNAs have emerged the focus of cancer therapy. This trend is 

founded on the observation that miRNA expression is deregulated in cancer compared to 

non-neoplastic tissue. Furthermore, recent studies suggested that cancer phenotypes can be 

changed by modulating miRNA expression (Garzon, Marcucci et al. 2010). Two main 

therapeutic strategies have been established in the recent years. First, miRNA function is 

inhibited by antisense oligonucleotides. Four classes of antisense oligonucleotides have 

been developed: locked nucleic acids, anti-miRNA oligonucleotides, antagomirs and miRNA 

sponges. Second, miRNA function is restored by modulating miRNA expression or 

substitution of synthetic miRNA mimics. In the ‘miRNA replacement therapy’, the expression 

of single miRNA species is restored by the use of an adenoviral vector (Kota, Chivukula et al. 

2009). In contrast, the ‘miRNAome based strategy’ is aimed at a global restoration of miRNA 

expression (Melo, Villanueva et al. 2011). The function of particular miRNAs can also be 

substituted by the use of synthetic oligonucleotides, so called miRNA mimics (Garzon, 

Marcucci et al. 2010). One outstanding benefit of miRNA based therapy over other 

therapeutic strategies is the fact that single miRNA species regulate multiple targets and 

therefore have impact on various pathways involved in tumorigenesis. However, there are 

only few miRNAs deregulated in cancer cells compared to the extensive alterations in the 

transcriptome or proteome. Therefore, targeting deregulated cancer related miRNAs might 

be more efficient and successful than targeting genes or proteins (Garzon, Marcucci et al. 

2010). The purpose of any therapy is to maximize its benefit and minimize its off target 
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effects. The use of tissue specific adenoviral vectors might reduce these off target effects 

compared to unspecific, systemic drug administration (Michelfelder and Trepel 2009). 

 

Already in 1976, Misdorp and colleagues recommended a double tracked therapy for 

mammary cancer by treating it both surgically and systemically (Misdorp 1976). The 

introduction of miRNA based therapy in combination with conventional therapeutic methods 

could both increase cure rate and improve disease response. Surgical excision of the 

primary tumor completed with an anti-metastatic miRNA based therapy could be one 

potential application. The restoration of miR-145, which is down-regulated in metastases 

compared to all other tissue groups in our study, represents a supposable complementary 

anti-metastatic therapy. Kim and colleagues found that adenoviral restoration of miR-145 

expression leads to suppression of tumor growth and cell motility in breast cancer (Kim, Oh 

et al. 2011). Beside the direct impact on the tumor, miRNA based therapy can also be aimed 

at improving the response to treatment or prevention of drug resistance. The development of 

chemoresistance is one key problem in conventional cancer treatment. Ru et al. could 

enhance the chemosensitivity of breast cancer cells by inhibition of miR-203 leading to 

increased SOCS3 expression (Ru, Steele et al. 2011). Our study supported the finding that 

miR-203 shows a significant expressional increase in neoplastic mammary tissue (adenoma) 

when compared to non-neoplastic tissue. 

  
Although various promising therapeutic strategies have been successfully developed, miRNA 

based therapy is still in its infancy. Thus, more studies are needed to verify the role of certain 

mirRNAs in particular steps of tumorigenesis and to confirm their therapeutic benefit. 

Furthermore, intrinsic challenges of oligonucleotide base strategies, like bioavailability and 

cellular uptake, have to be overcome (Garzon, Marcucci et al. 2010; Esteller 2011). 

 

 

4.6 Conclusion and outlook 

This study introduced a canine specific SYBRGreen based real-time PCR assay for the 

quantification of both miRNA and snoRNA. The malignancy associated expression of 16 

miRNAs and 4 snoRNAs was evaluated in non-neoplastic mammary gland and CMT at 

different stages of malignancy. From all miRNA and snoRNA species tested nine miRNAs 

and one snoRNA showed a significantly deregulated expression between different tissue 

types. In detail, the expression of five miRNAs (miR-203, mir-143, miR-21, miR-194, miR-

210) was increased in at least one primary tumor group versus non-neoplastic mammary 

gland. In contrast, one snoRNA (U24) was down-regulated in metastasizing carcinomas 

when compared to non-neoplastic mammary gland. In the group of lymph node metastases, 
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the expression of three miRNAs (miR-143, miR-145, miR-101) was decreased when 

compared to non-neoplastic tissue and all primary tumors. One further miRNA (miR-29b) 

was down-regulated in lymph node metastases compared to all other groups but non-

neoplastic tissue. The expression of only two miRNAs (miR-210, miR-125a) was increased in 

the metastases. Interestingly, miR-210 showed a continuous up-regulation over the course of 

malignant progression. In contrast, miR-125a was only up-regulated in metastases when 

compared to metastasizing carcinomas. Intriguingly, discrimination of primary tumors at 

different stages of malignancy was only enabled by miR-125a, which showed a down-

regulation in metastasizing carcinomas versus adenomas. Thus, miR-125a allows the 

differentiation between malignant and benign primary tumors and therefore represents a 

potential predictive biomarker for cancer diagnosis. All miRNA species overexpressed in 

tumor groups versus non-neoplastic tissue display potential oncogenes. Accordingly, all 

miRNA species and the single snoRNA species down-regulated in tumor groups versus non-

neoplastic tissue might function as tumor suppressors. In future studies, knockdown or 

overexpression of the miRNA and snoRNA species with different expression levels at 

different stages of CMT malignancy have to prove their specific role in tumor initiation, 

development and metastatic behavior.  
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5 SUMMARY  

 

Malignancy associated expression of microRNA in canine mammary tumors  
Marie-Charlotte von Deetzen 

 

Canine mammary tumors are the most common neoplasms in the bitch. Approximately 50 % 

of the CMT are histologically diagnosed as malignant. Lymphogenous and haematogenous 

metastatic spread is common and metastatic disease is the most frequent cause of death in 

these patients. On the basis of their histological features according to the World Health 

Organization tumor classification, benign adenomas and malignant carcinomas can easily be 

distinguished in most cases. Despite worldwide research on mammary cancer, molecular 

details of the complex metastatic cascade remain unclear. Moreover, the question if the 

metastatic capacity displays an early inherent feature or a property a tumor acquires in the 

course of malignant progression remains unanswered. Thus the differentiation between 

metastasizing and non-metastasizing carcinomas before metastasis is clinically detectable 

still poses an unresolved challenge. 

 

This study investigated the malignancy associated expression of 16 miRNAs and 4 snoRNAs 

quantitatively in both non-neoplastic mammary gland and mammary tumors at different 

stages of malignancy. The mammary tumors were diagnosed histologically and grouped into 

adenomas, non-metastasizing carcinomas, metastasizing carcinomas and lymph node 

metastases. 

The following main hypothesis was tested: Particular miRNA and snoRNA species are 

specifically expressed in canine mammary tumors at different stages of malignancy. Thus, 

their expression pattern allows a differentiation between non-neoplastic mammary gland and 

neoplastic mammary tissue, benign tumors and malignant tumors as well as between non-

metastasizing and metastasizing carcinomas. Differentially expressed miRNA and snoRNA 

represent potential biomarkers for cancer diagnosis. 

 

In total nine miRNAs and one snoRNA showed a significantly altered expression in different 

tissue types. In detail, the expression of five miRNAs (miR-203, miR-143, miR-21, miR-194, 

miR-210) was increased in at least one primary tumor group versus non-neoplastic 

mammary gland. Thus, these up-regulated miRNA species might function as oncogenic 

oncomirs. In contrast, only one snoRNA (U24) was down-regulated in a primary tumor 

(metastasizing carcinoma) when compared to non-neoplastic mammary gland and therefore 

might function as a tumor suppressor. In the group of lymph node metastases, three miRNAs 

(miR-143, miR-145, miR-101) were down-regulated versus non-neoplastic tissue and all 

primary tumors. One further miRNA (miR-29b) showed a decreased expression in lymph 
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node metastases versus all other groups but non-neoplastic tissue. An increased expression 

in the group of metastases was only identified for two miRNAs (miR-210, miR-125a). 

Intriguingly, discrimination of primary tumors at different stages of malignancy was only 

enabled by miR-125a, which showed a down-regulation in metastasizing carcinomas versus 

adenomas. Thus, miR-125a allows the differentiation between malignant and benign primary 

mammary tumors and therefore exhibits the potential for a predictive biomarker in cancer 

diagnosis. However, the study failed to identify biomarkers for metastatic behavior, which 

would enable the early differentiation between non-metastasizing and metastasizing 

carcinomas. 

 

In conclusion, the main hypothesis was supported since the expression of some miRNA and 

snoRNA was specifically deregulated depending on tumor malignancy. The specific 

oncogenic or tumor suppressive function of the deregulated RNA species has to be validated 

in further studies. Although the identification of a biomarker for metastatic behavior failed, 

this study helps to elucidate the molecular carcinogenesis of canine mammary tumors. 
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6 ZUSAMMENFASSUNG 

 
Malignitäts-abhängige Expression von mikroRNA bei Mammatumoren der Hündin 
Marie-Charlotte von Deetzen 

 
Mammatumoren stellen mit einer Prävalenz von 0,2 % die häufigsten Tumoren der Hündin 

dar. Circa 50 % der kaninen Mammatumoren werden histologisch als bösartig diagnostiziert. 

Eine lymphogene und hämatogene Streuung ist typisch und Metastasen stellen die häufigste 

Todesursache für die Patienten dar. Anhand ihrer histologischen Eigenschaften können 

gutartige Adenoma und bösartige Karzinome gemäß WHO Tumor Klassifizierung in den 

meisten Fällen gut differenziert werden. Trotz intensiver Forschung auf dem Gebiet der 

Mammatumoren sind jedoch noch viele Details der komplexen metastatischen Kaskade 

unklar. So ist bis heute ungeklärt, ob Tumoren bereits sehr früh in ihrer Entwicklung 

bestimmte Malignitäts-assoziierte Genexpressionsmuster aufweisen oder ob die Fähigkeit 

zur Metastasierung erst im Verlauf der malignen Progression entsteht. Weiterhin stellt die 

Prognose zukünftiger bzw. klinisch noch nicht identifizierbarer Metastasierung immer noch 

eine große Herausforderung dar.  

 

Die vorliegende Studie untersuchte deshalb, ob 16 miRNAs und 4 snoRNA eine Malignitäts-

abhängige Expression in histologisch definiertem, nicht-neoplastischem Mammagewebe, 

Adenomen, nicht metastasierenden Karzinomen, metastasierenden Karzinomen und 

Lymphknotenmetastasen zeigen.  

Die folgende Hypothese wurde getestet: Einzelne miRNA und snoRNA Spezies zeigen eine 

spezifische Expression in kaninen Mammatumoren unterschiedlicher Dignität. Ihr 

Expressionsmuster ermöglicht somit die Unterscheidung von nicht-neoplastischem 

Mammagewebe und Mammatumoren, von gutartigen und bösartigen Mammatumoren sowie 

von nicht metastasierenden Karzinomen und metastasierenden Karzinomen. Somit stellen 

diese miRNA und snoRNA Spezies potenzielle Biomarker für die Tumordiagnostik dar. 

 

Neun miRNAs und eine snoRNA zeigten eine signifikant unterschiedliche Expression in 

verschiedenen Gewebetypen. Im Detail war die Expression von fünf miRNA Spezies (miR-

203, miR-143, miR-21, miR-194, miR-210) in mindestens einer Gruppe der Primärtumoren 

im Vergleich zum nicht-neoplastischen Gewebe erhöht, was auf eine onkogene Funktion 

hinweisen könnte. Im Gegensatz dazu zeigte nur eine snoRNA (U24) eine verminderte 

Expression in den Primärtumoren (metastasierende Karzinome) gegenüber dem nicht-

neoplastischen Mammagewebe und könnte demnach die Funktion eines Tumorsuppressors 

aufweisen. In der Gruppe der Lymphknotenmetastasen zeigten drei miRNA Spezies (miR-

48



ZUSAMMENFASSUNG 

 

 

143, miR-145, miR-101) eine verminderte Expression im Vergleich zum nicht-

neoplastischem Gewebe und allen Primärtumoren. Die Expression einer weiteren miRNA 

(miR-29b) war in der Gruppe der Metastasen erniedrigt, allerdings nur im Vergleich zu den 

Primärtumoren. Eine Expressionszunahme in der Gruppe der Metastasen konnte nur für 

zwei miRNAs (miR-210, miR-125a) festgestellt werden. Die unterschiedliche Malignität der 

Primärtumoren wurde nur durch das Expressionsmuster einer einzigen RNA-Spezies, miR-

125a, reflektiert. Diese miRNA zeigte einen Expressionsrückgang in der Gruppe der 

metastasierenden Karzinome im Vergleich zu den Adenomen. Damit ermöglicht miR-125a 

eine Unterscheidung von gutartigen und bösartigen Mammatumoren und hat somit das 

Potential eines prognostischen Biomarkers für die Tumordiagnostik. Ein Biomarker zur 

Differenzierung metastasierender und nicht-metastasierender Tumoren konnte in dieser 

Studie nicht identifiziert werden. 

 

Abschließend kann die Hypothese soweit unterstützt werden, dass zumindest einzelne 

miRNA und snoRNA Spezies abhängig von der Tumor-Dignität spezifisch dereguliert sind. 

Die Identifizierung eines miRNA- oder snoRNA-basierten Biomarkers für metastatisches 

Verhalten von kanine Mammatumoren war jedoch nicht möglich. Dennoch gibt diese Studie 

einen weiteren Einblick in die molekulare Karzinogenese kaniner Mammatumoren. 
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