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RESUMO 

 

Os tumores mamários representam 25 a 50% de todos os tumores da 

cadela. Daqueles, 53 % são malignos. A incidência de tumores mamários na 

cadela é 3 vezes mais elevada do que na mulher. Uma vez corrigidas as 

diferenças de tempo de vida entre as duas espécies e a idade de aparecimento 

da patologia, verifica-se que os factores de prognóstico e a disseminação 

metastática são semelhantes. Nos tumores mamários malignos da cadela 

(TMMC), a metástase é um achado comum. As muitas semelhanças partilhadas, 

fazem com que os TMMC sejam considerados excelentes modelos para o 

estudo do cancro da mama da mulher. A investigação básica e clínica em 

TMMC pode portanto melhorar a eficácia terapêutica nas duas espécies.  

As galectinas são uma família de proteínas que contêm um domínio de 

reconhecimento canónico de hidratos de carbono com afinidade para os beta-

galactosídeos e são amplamente expressas em células epiteliais e imunitárias. 

A galectina-3, além de ser libertada para o espaço extracelular, pode estar 

presente no citoplasma, no núcleo e na superfície celular. Em células tumorais, 

as interacções entre a galectina-3 e os glicanos de certas proteínas da matriz 

extracelular, são consideradas importantes na sub- ou sobre-regulação da 

apoptose, na indução de proliferação endotelial e angiogénese e ainda na 

promoção da adesão entre células tumorais e da invasão tecidular, podendo 

assim promover ou dificultar a metastização. Apesar de haver expressão da 

galectina-3 em vários tipos de neoplasias malignas e desta expressão estar 

correlacionada com eventos conducentes á transformação e ao processo 

metastático, a subexpressão de galectina-3 também tem sido implicada na 

progressão tumoral. A observação de efeitos e acções na biologia tumoral, 

aparentemente contraditórios, demonstram que o papel da galectina-3 na 

carcinogénese não é de todo actualmente compreendido. Neste contexto, 

propusemo-nos investigar o papel da galectina-3 e dos seus ligandos, em 

TMMC. 
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Neste trabalho, demonstrou-se que há uma regulação negativa da 

galectina-3 no TMMC primário acompanhada de uma diminuição concomitante 

dos seus sítios de ligação no estroma destes tumores. A diminuição de sítios 

de ligação da galectina-3 no estroma dos tumores primários foi, por sua vez, 

correlacionada com uma regulação negativa da GLT25D1, β (1-O) 

galactosiltransferase a qual glicosila o colagénio e a um concomitante aumento 

da expressão estromal da galectina-1, outra galectina implicada na 

carcinogénese e metastização da neoplasia da mama. O silenciamento da 

galectina-3 in vitro, resultou numa diminuição ainda mais acentuada dos níveis 

de GLTD25D1. Pelo mesmo processo de silenciamento observou-se um 

aumento significativo da expressão da mucina MUC-1, ligando da galectina-3. 

O grau de expressão da galectina-1 nos TMMC, apresentou correlação positiva 

com o tamanho da lesão primária. Em contraste, esta galectina, estava 

subexpressa nas células tumorais invasoras de vasos. Simultaneamente estas 

células apresentavam sobreexpressão da galectina-3 e dos seus sítios de 

ligação, indicando um papel para a sua interacção na agregação homotípica e 

sobrevivência das células tumorais em circulação. Demonstrou-se também que 

a remoção do ácido siálico dos tecidos expunha sítios de ligação da galectina-3 

nas células localizadas no tumor primários, mas não induzia qualquer 

alteração nas células tumorais intravasculares, as quais aliás já apresentavam 

ab initio expressão daqueles sítios. Mostrou-se também que nas células 

tumorais intravasculares in vivo, a galectina-3 ligava ao antigénio T mas se 

observou esta ligação em células sedentárias do tumor primário.  

Os dados recolhidos justificaram a proposta de um modelo de 

carcinogénese e invasão em TMMC. No tumor primário, a diminuição da 

expressão da galectina-3 e a não acessibilidade dos seus ligandos, tais como a 

MUC1, devida à sialilação, associadas a uma diminuição também dos sítios de 

ligação da galectina no estroma, juntamente com a expressão aumentada de 

galectina-1, permite que as células optimizem o potencial de crescimento local 

do tumor. Esta alteração de fenótipo além de favorecer a perda de adesão no 

tumor primário, favorece a invasão vascular. As células tumorais em circulação, 

apresentam resposta a um microambiente diferente. Com efeito, na maioria 

delas, há expressão aumentada da galectina-3 em localizações sub-celulares 

específicas. Além disso, apresentam níveis de sialilação do antigénio T 

menores, permitindo a agregação das moléculas de MUC1 pela galectina-3 o 

que, por sua vez, facilita a adesão intercelular homotípica e assim a 
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sobrevivência. Paralelamente e ainda nas células tumorais no interior de vasos, 

a diminuição de galectina-1 igualmente observada, vem substanciar ainda mais 

a hipótese de a expressão complementar/alternada das duas galectinas e a 

disponibilização maior ou menor de ligandos, por exemplo, através de 

mecanismos de sialilação, modularem a selecção para um fenótipo anti-

apoptótico e pró adesão celular homotípica e heterotípica. Esta útima, permite 

a adesão ao endotélio, contribuindo para que as células tumorais extravasem 

em órgãos-alvos de metastização. Nestes, a sobrevivência de células 

extravasadas e o estabelecimento de metástases associa-se a uma outra 

selecção fenotípica, na qual a galectina-3 não é expressa pelas células 

tumorais de forma significativa, enquanto a galectina-1 assume novamente a 

liderança, com uma expressão tão elevada no tecido metastático quanto a do 

tumor primário. Claro que, na natureza, estes fenómenos ocorrem 

simultaneamente numa grande parte dos casos, na qual as pacientes têm, em 

simultâneo, um tumor primário, células tumorais circulantes e metástases à 

distância. Isto torna ainda mais interessante o estudo do papel das galectinas 

em TMMC, uma vez que aquelas e os seus ligandos são mais do que prováveis 

candidatos a marcadores de doença e/ou alvos terapêuticos. 
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ABSTRACT 

 

Canine mammary tumours (CMT) account for 25-50% of all intact female 

dog tumours, 53% of which are malignant. The incidence of mammary tumours 

in the female dog is almost three times higher than in woman. After correcting 

for differences in life span and age of onset, known prognostic factors and 

metastatic spread are similar to those of women. In malignant canine 

mammary tumours metastatic spread is a common feature. Malignant CMT 

share many similarities with human breast cancer and make excellent models 

for understanding it. Basic and clinical research on malignant CMT may hence 

benefit therapeutically both dog and woman.  

Galectins are a family of proteins, widely expressed
 

in epithelial and 

immune cells. They contain a canonical carbohydrate recognition domain (CRD) 

with affinity for beta-galactosides. Of the latter, galectin-3 besides being 

released into the extracellular space, is found in
 

the cytoplasm, nucleus and on 

the cell surface. Its interactions with certain glycans and stromal proteins have 

been described to promote and/or antagonize tumour cell apoptosis; to induce 

endothelial proliferation and angiogenesis;
 

and to promote tumour cell
 

adhesion or invasion, thus potentially being able to facilitate or hinder 

metastasis. Moreover, although it is expressed in several types of malignancies 

and its expression has been correlated with transformation and metastasis-

related events, a down-regulation of galectin-3 has also been associated with 

tumour progression. These apparently conflicting results demonstrate that the 

role of galectin-3 in carcinogenesis remains to be fully understood. In this 

context, we proposed to investigate the presence of galectin-3 and its ligands 

in CMT.   

In this work we were able to show that there is down-regulation of 

galectin-3 in primary malignant CMT and a concomitant decrease in its 

binding-sites in the stroma of these tumours. The decrease of galectin-3-

binding sites in the stroma of primary tumours was correlated with down-

regulation of GLT25D1, a β (1-O) galactosyltransferase that modifies collagen, 
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and concomitant up-regulation of stromal galectin-1, another galectin 

implicated in mammary cancer biology. GLTD25D1 was further down-regulated 

upon galectin-3 knock-down in vitro. The same in vitro silencing approach led 

to a significant increase in MUC1 expression. Galectin-1 up-regulation in 

malignant CMT was shown to be related to primary malignant CMT size. In 

contrast, while galectin-1 was down-regulated in vessel-invading cells, galectin-

3 and its binding-sites were up-regulated supporting a role for their interaction 

in homotypic aggregation and survival in the blood stream. We have also 

shown that removal of sialic acid, exposed galectin-3-binding sites in primary 

malignant CMT but had no effect in invading cells which presented galectin-3-

binding sites expression ab initio. Interestingly, we also showed that there was 

interaction between galectin-3 and the Thomsen-Friedenreich antigen (T 

antigen) in vivo in vessel-invading cells, but not in primary tumour cells. 

The gathered data justify the proposal of a model in malignant CMT 

carcinogenesis and invasion.  In the primary tumour  the decreased expression 

of galectin-3 and sialylation-related masking of its ligands, such as over-

expressed Mucin-1 (MUC1), associated with decreased galectin-3-binding sites 

in the stroma, along with galectin-1 increased expression, enables cells to 

optimize local tumour growth potential, in view of the added de-adhesive 

capacity brought upon by these alterations. This phenotype alteration further 

capacitates tumour cells to invade vessels. Blood borne tumour cells again are 

selected for their adaptive weaponry in response to a different 

microenvironment: galectin-3 becomes highly expressed and present in 

specific subcellular locations. Furthermore the decreased sialylation of the T 

antigen enables MUC1 clustering by galectin-3 facilitating homotypic 

aggregation and thus survival. When we see a parallel decrease of the pro 

anoikis galectin-1, in the same cells of tumour emboli, we further substantiate 

that complementary/alternating expression of the two galectins and fine 

tuning of ligand availability, namely through sialylation mechanisms, modulate 

such selection to anti-apoptotic, homotypic and heterotypic adhesion mode, 

the latter permitting adhesion to endothelium and contributing to safe landing 

of tumour cells at distant metastatic sites. At these sites, survival of 

extravasated cells and metastases occurrence was seen to be associated to yet 

another phenotypic selection whereby galectin-3 is not expressed significantly, 

while galectin-1 again takes the lead, with such high expression in malignant 

tissue as that of the primary tumour. Of course in nature, these phenomena 
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are simultaneously occurring in many instances, where the patient has primary 

tumour, blood borne and distant metastatic cells. This makes it all the more 

interesting to further study galectins’ role in malignant CMT, since these and 

their related molecules are more than probable disease marker candidates and 

or therapeutic targets. 
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1.1 THE CANINE MAMMARY GLAND 

 

Female dogs commonly present five pairs of mammary glands (four or 

six having also occasionally been described). These are anatomically classified 

into thoracic (M1 and M2), abdominal (M3 and M4) and inguinal (M5) pairs of 

glands (Silver 1966). As in Man and other mammals, canine mammary glands 

are embriologically modified apocrine sweat glands.  The mammary gland is 

composed of epithelial and mesenchymal components derived from the 

embryological ectoderm and mesoderm respectively. The secretory unit of the 

mammary gland is the acinus. The acinus is composed by an inner layer of 

cuboidal secretory epithelial cells and an outer layer of myoepithelial cells. The 

secretory epithelial cell is polarized with endoplasmic reticulum at the base, 

the nucleus near the center, lipid droplets and protein micelles in the apical 

cytoplasm. These are apically secreted into the lumen. Myoepithelial/basal cells 

are found between the secretory cells and the continuous surrounding basal 

membrane. The basal membrane is mainly composed of type IV collagen, 

laminin, nidogen, and heparin sulfate proteoglycan. Normal luminal epithelial 

and myoepithelial cells secrete the basement membrane, particularly the α3 

and α5 chains of laminin 1, but only myoepithelial cells deposit α1 laminin 

chains (Soremno et al. 2011).  

Several acini open into a common, larger collecting space, or collecting 

acinus. These drain to intralobular then to interlobular ducts that go on to 

lobar lactiferous ducts and finally opening into the lactiferous sinus. Small 

ducts are composed by simple cuboidal epithelium surrounded by 

myoepithelial cells. Larger ducts and sinuses are lined by stratified cuboidal to 

columnar epithelium. The lactiferous sinus is continuous with the teat sinus 

that in turn opens into the teat surface via the papillary duct. The papillary 

duct has a stratified squamous keratinized epithelium. Longitudinal smooth 

muscle fibers are found associated with the lactiferous ducts and larger ducts. 

The teat or nipple contains the terminal openings of the ducts from the 

secretory units. 
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The epithelial components of the gland are supported, divided and 

subdivided into lobes and lobules by the mesenchymal stroma. Fibrous 

connective tissue and adipose tissue are its main components, with 

neurovascular bundles and lymphatics abundantly present. Histicocytes, mast 

cells and lymphoid cells may also be present in the stroma. Plasma cells in 

particular secrete dimeric IgA released into milk. It is noteworthy that the 

intralobular and interlobular fibrous connective tissue stroma composition is 

different, the latter presenting less extracellular matrix and larger collagen 

fibers (Soremno et al. 2011). The neural innervation of the canine mammary 

gland is mainly peptidergic, globally sparse and conveyed with the vasculature. 

It is seemingly related to blood flow and milk ejection control (Pinho et al. 

2007). Mammary and adipose tissue are more abundant in inguinal and 

abdominal glands than in thoracic glands. However, tissue amounts vary in all 

glands depending mainly, on puberty, phases of the eoustrous cycle, lactation 

and involution (Santos et al. 2010).  

Mammary glands are under the physiological influence of multiple 

hormones originated at the anterior (prolactin, gonadotrophins) and posterior 

pituitary gland (oxytocin), gonads (estrogens and progestagens), adrenal 

glands among others. Myoepithelial cells form a network around the acini. 

Their contraction is involved in forcing milk from the secretory acini into the 

ducts. This process is dependent on oxytocin release from the posterior 

pituitary gland. After the lactation period or sudden arrest of suckling, the 

mammary glands undergo involution. The accumulated milk is phagocytized, 

and many epithelial cells die. After involution the few acini left are lined by low 

cuboidal nonsecreting epithelial cells. The myoepithelial cells become quite 

prominent. There is an increase in the amount of connective and adipose 

stromal tissues (Orfanou et al. 2010).  

There is a physiologically close interconnection between the epithelial 

cells and the mammary gland stroma, starting early in embryogenesis, which 

changes during life particularly according to the location and specific elements 

present in the microenvironment at a given time, such as those during 

repeated oestrus cycles. During these, progestagens for instance, play a role in 

epithelial and myoepithelial hyperplasia inducing lobulo-acinar development 

while estradiol is known to stimulate ductal growth. Multiple other molecules 

play crucial roles in stromal-epithelial crosstalk in the normal mammary gland 

(Soremno et al. 2011).  
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1.2 TUMOURS OF THE CANINE MAMMARY GLAND 

 

Canine mammary tumours (CMT) are the second most common type of 

canine neoplasia (25-50%), preceded only by skin tumours (Fiddler and Brodley 

1967, Moulton 1990). CMT are indeed the most frequent type of tumours in 

the intact female Dog accounting for up to 53% of all tumours (Rutteman et al. 

2001). No significant geographically related differences have been observed 

regarding CMT incidence (Ferguson 1985, MacVean et al.1978, Soremno 

2003). CMT affect mainly elderly females, being relatively rare before 2 to 4 

years of age and presenting a higher incidence between 10 and 11 years of age 

(Schneider 1970, Johnston 1993). The practice of ovariohysterectomy has been 

proven to confer a protective effect against the development of these tumours. 

However, there seems to be an age limit up to which this effect of surgery can 

be observed. When the procedure is performed late in life (beyond 4 years of 

age) the incidence resembles that observed for intact animals (Soremno 2003, 

Benjamin et al. 1999, Taylor et al. 1976). On the other hand, the incidence is 

drastically reduced in animals that undergo ovariohisterectomy before the first 

oestrous, with an estimated risk of 0.5%. Risk increases to 8% and 26% when 

the procedure is performed in animals spayed after the first or the second 

oestrous respectively (Benjamin et al. 1999, Schneider 1970).  

Approximately 60% of all CMT develop in the inguinal mammary glands 

(Rutteman et al. 2001). The reason for this preferential location site for CMT 

development is still unknown but may be related to the inguinal glands’ larger 

volume, with higher amounts of mammary and adipose tissue, and possibly 

related proliferative alterations in response to the local hormonal 

microenvironment (Rutteman et al. 2001, Rutteman 1995). It it thus thought 

that continuous cycling predisposes the glands to carcinogenesis.  Other 

studies describe the caudal abdominal and cranial abdominal glands as also 

frequently affected by CMT development. It has been suggested that caudal 

glands maintain the secretory activity longer than cranial ones, hence being 

more prone to tumour development (Soremno 2003). The same animal 

commonly presents more than one nodule, of different histological types in 

distinct mammary glands (Soremno 2003, Benjamin et al. 1999, Misdorp 

2002).   
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Several different systems have been used to classify CMT in an attempt 

to predict their clinical behaviour. The perceived importance of mammary 

tumour classification for domestic animals is abundantly underscored for 

example, by the widespread use of the World Health Organization (WHO)-

proposed classification (Misdorp et al. 1999). However, the histological 

classification of CMT used in Veterinary Medicine, is not completely uniform 

and lacks the molecular basis which would contribute to better assess 

prognosis and treatment options. Finer diagnosis, correct staging and 

consequent treatment proposal for CMT, are thus insufficient. Important 

attempts have been undertaken in order to establish new prognostic markers. 

Molecular studies along with detection of circulating tumour cells as well as 

assessment of micrometastases presence, may be valuable adjuncts when 

associated to classical prognostic features (da Costa et al. 2011, Matos et al. 

2006b). The latter include tumour size, lymph node invasion, ulceration, 

fixation to underlying tissue, tumour number, distant metastases, histological 

grade, high mitotic indexes and DNA ploidy (Peña et al. 1998, Chang et al. 

2005, De las Mulas et al. 2005, Hellmén et al. 1993, Perez Alenza et al. 1997, 

Philibert et al. 2003, Karayannopoulou et al. 2005, Sarli et al. 2002). Molecular 

studies such as the search for genetic mutations (p53), gene polymorphisms 

(COMT), tumour proliferative rates, expression of several proteins (caveolin-1, 

E-cadherin, β-catenin, TIMP-2, UPA) have been undertaken (Lee and Kweon 

2002, Pereira et al. 2009, Nieto et al. 2000, Peña et al. 1998, Sarli et al. 2002, 

Pereira et al. 2010, Gama et al.  2008, de Matos et al. 2006a, Santos et al. 

2011, Santos et al.  2011b). However in CMT, none of the existing or putative 

prognostic markers has been clearly established as such (de Matos et al. 

2012).  

Approximately 50% of the animals already present either micrometastases or 

well-established metastases at the time of surgery. Besides lymphatic 

compromise, the lung is the distant organ most frequently affected (Misdorp 

1999). Despite this, the most commonly used treatment for malignant CMT is 

still isolated resective surgery. Multimodal or other types of initial treatment, 

identification of relapse and specific secondary treatments, let alone third line 

treatment, are all far from being established in the Dog.  The present stage of 

knowledge amounts to a few isolated studies insufficient for negative or 

positive clinical evidence (Marconato 2008; Yamashita 2001; Karayannopoulou 

2001).  
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Taking into consideration the percentage of operated patients, even 

among humans, that are past isolated surgical excision, as single curative 

treatment, the need for better understanding of mammary cancer is self 

evident. 

 

1.3 CARCINOGENESIS: HALLMARK STEPS  

 

Carcinogenesis is a micro-evolutionary process in which, by repeated 

mutations, cells acquire a selective advantage and release themselves from 

their collaborative normal behaviour within a multicellular organism. These 

cells both autonomously proliferate more and die less giving rise to a tumour. 

A benign tumour often presents clustering of the cells and a fibrous 

connective-tissue capsule surrounding them. The association of increased 

proliferation and acquirement of invasive capacity renders the emergence of a 

malignant tumour. Most tumours derive from clonal evolution of a single 

abnormal cell, with both genetic and epigenetic alterations involved in this 

process. A single mutation does not give rise to a malignant tumour. At least 

four steps can be implicated in carcinogenesis: cell transformation, growth of 

transformed cells, local invasion and distant metastasis. Progression through 

these phases requires consecutive rounds of mutations and increased ability of 

tumour cells to flourish in their microenvironment. The tumour 

microenvironment is often a very harsh one, with low levels of oxygen and 

nutrients and surrounding tissues which constitute a stressful barrier towards 

expansion. It is thought that this kind of microenvironment further selects 

adaptative mutations inducing increased aggressiveness. Tumour growth 

depends on both a defective control of cell death and disruption of normal 

differentiation programs. This is promoted by mutations in four classes of 

genes frequently damaged in malignancies: growth-promoting proto-

oncogenes, those in which a gain of function mutation leads towards cancer; 

growth-inhibiting tumour suppressor genes, those in which a loss of function 

mutation leads towards cancer; programmed cell death (apoptosis) regulating 

genes; and DNA-repair genes (Kumar et al. 2005). These genes are mostly 

involved in interdependent pathways which carry signals from the cells’ 

microenvironment; regulate the cell cycle; control cell death and govern cells’ 

motility and neighbouring interactions. Hence, cancer cells present genomic 

instability and a high rate of mutations enabling the emergence of multiple cell 
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subpopulations with different phenotypes. The resulting immense array of 

characteristics is thought to contribute to a rise and selection of the most 

suitable clones throughout carcinogenesis, as well as a deregulated energy 

metabolism (Hanahan and Weinberg 2011). 

Cancer cells are able to sustain proliferative signalling for instance by: 

elevating the levels of cell-surface tyrosine kinase growth factor receptors; 

producing growth factor ligands, stimulating normal stromal cells to produce 

them; presenting structural alterations in growth factor receptors which enable 

ligand-independent activation of the downstream intracellular signalling 

pathways (e.g. mutated Epidermal Growth Factor Receptor (EGFR); presenting 

mutations leading to constitutive activation of components of the downstream 

pathways, such as the Ras signal transducer, the B-raf protein (which signals to 

the mitogen-activated protein (MAP)-kinase pathway and the phosphoinositide 

3-kinase (PI3-kinase), hyperactivating its key signal transducer Akt/PKB. 

Disruption of negative-feedback mechanisms which would otherwise attenuate 

proliferative signalling is commonly found in cancer cells sustaining it. For 

instance ras oncogenic mutations lead to a compromised Ras protein GTPase 

activity, which in a normal context would be responsible for assuring transient 

signalling. Another example, of disrupted negative feedback mechanisms, 

involves the PTEN phosphatase, responsible for degrading the product of the 

PI3-kinase, phosphatidylinositol triphosphate (PIP3), PTEN methylation-related 

loss of function thus amplifies PI3K signalling (Hanahan and Weinberg 2011). 

Cancer cells are also able to evade growth supressors, such as tumour 

suppressor genes. A prominent example of these is the TP53 protein, which in 

normal cells under stress conditions, such as sub-optimal glucose, 

oxygenation, growth promoting signals and levels of nucleotides or genome 

damage may arrest cell-cycle progression. Or even, in face of irreversible 

damage is able to trigger apoptosis. Another growth suppressor which cancer 

cells are able to avoid is contact inhibition (e.g. E-cadherin, essential 

component of epithelial adherens junctions, coupling to EGFR by Merlin, 

product of the classically considered tumour suppressor gene NF2, which 

thereby strengthens cell-cell adhesion and abolishes the EGFR proliferative 

signalling). And finally, growth suppression avoidance is also achieved by 

corruption of the antiproliferative TGF-β pathway (Hanahan and Weinberg 

2011).  
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Furthermore, cancer cells possess replicative immortality, namely due to 

the presence of high telomerase activity, which appears late during 

carcinogenesis but correlates both to senescence and apoptosis resistance. 

The enzyme activity may be telomere-dependent, protecting the chromosome 

ends, or independent, where telomerase serves as a co-factor of the β-catenin-

LEF transcription factor complex of the Wnt pathway (Hanahan and Weinberg 

2011).  

Also of note is the ability of tumour cells to avoid immune-mediated 

destruction, by multiple actions (Hanahan and Weinberg 2011). During their 

selection process, cancer cells aquire the ability to resist cell death by several 

ways such as: loss of the above mentioned TP53, increased expression of 

antiapoptotic regulators, such as Bcl-2, decreased expression of proapototic 

triggering proteins, such as Bax) or by impairing the extrinsic ligand-induced 

death pathway, involving the Fas ligand/Fas receptor, among many others 

(Hanahan and Weinberg 2011). It is noteworthy than when cancer cells do die 

they do so by necrosis, a process which on the opposite to apoptosis, recrutes 

tumour promoting inflamatory cells, further inducing cancer cell proliferation, 

angiogenesis and invasiveness (Kumar et al.  2005). 

Angiogenesis, chronically activated by tumour cell-induced VEGF 

(Vascular Endothelial Growth Factor) signalling through VEGF-receptors 

(VEGFR), produces aberrant often large, distorted and leaky vessels (Nagy et al. 

2010). All of the above mentioned hallmarks allow activation of invasion and 

metastasis mechanisms (Hanahan and Weinberg 2011), which will be 

approached below in further detail. 

 

1.4 CANCER INVASION AND THE METASTATIC PROCESS  

 

Distant metastases occurrence is the most common cause of mammary 

cancer-related death. Metastasis is a complex process engaging many steps, 

about which, much remains unknown, despite its great relevance (Chambers et 

al. 2002). During progression, tumour cells which are able to detach from 

primary tumour masses and travel to distant sites, may succeed in founding 

new colonies through a complex series of coordinated events (Sporn 1996; 

Chambers et al. 2002). A large body of evidence presently suggests that 

tumour cells and their microenvironments profoundly influence each other 

(Hanahan and Weinberg 2011). Several players other than cancer cells are 
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increasingly recognized to be involved in modulating the tumour 

microenvironment during the complex multistep process of cancer invasion. 

Such is the case of endothelial cells, pericytes, immune inflammatory cells, 

cancer-associated fibroblasts, progenitor cells of the tumour stroma, among 

others. All of the complex interactions and communication between tumour 

cells and the stroma seem to orchestrate the mechanisms underlying 

metastasis (Hanahan and Weinberg 2011). On the one hand, the tumour 

microenvironment has a major influence on the progression of the tumour 

cells. Under particular stimulus, such as hypoxia, cells with the ability to cross 

the tissue underlying the malignant growth seem to be selected (Silva and 

Gatenby 2010). Moreover,  de novo vessels formed by hypoxia-induced 

angiogenesis, not only support the primary growth but also provide an escape 

route for invading cells, which may access the circulation through intravasation 

(Nagy et al. 2010). On the other hand, tumour cells produce several cytokines 

and growth factors which reshape the microenvironment surrounding them 

(Hanahan and Weinberg 2011).  

Several initial metastasis steps unfold hand in hand with the 

development of the primary tumour itself and reflect microenvironment 

alterations. Crucial in this process is detachment of tumour cells from primary 

sites, by loss of homotypic, between cancer cells, but also heterotypic 

adhesion, between tumour cells and the extracellular matrix (ECM). Vessel 

invasion requires heterotypic tumour-endothelial cell adhesion and homotypic 

adhesion between tumour cells for survival of tumour emboli in the blood 

stream (Orr and Wang 2001). Arrest in a new organ, extravasation into the 

surrounding tissue, maintenance of growth through new adhesive/de-adhesive 

interactions and angiogenesis in the metastatic tumour, are also vital steps 

which are dependent on an adequate microenvironment in order to be 

successfully completed (Chambers et al. 2002).  

A metastasis favourable microenvironment is, both at primary and 

secondary sites, induced by the active crosstalk signalling between the tumour 

cells themselves, several stromal cell types, and an overwhelming amount of 

ECM components (Kopfstein and Christofori 2006).  
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2.1 GLYCANS: MODULATORS OF CELL MICROENVIRONMENT 

INTERACTIONS 

 

Crucial interactions between cells and their microenvironment are 

mediated by a glycan layer, glycocalyx, which covers the external cell surface. 

Glycans are carbohydrates, attached (glycosylation) to a protein or a lipid solely 

or in multiple attachments in conjunction with other glycans thus forming a 

glycoconjugate that can be designated as a proteoglycan, glycosaminoglycan 

or glycolipid (Rambaruth et al. 2011). Glycosylation is one of the most 

important post-translational modifications of proteins and lipids in cell 

homeostasis. This phenomenon requires a large number of 

glycosyltransferases which constitute the specific enzymatic machinery 

involved in the biosynthesis and in the highly diverse structuring of glycans 

(Varki and Freeze 1994). There are two main types of glycosylation: O-

glycosylation, where the sugar is attached to a serine or threonine residue; and 

N-glycosylation where the sugar is attached to an asparagine residue within a 

consensus sequence (Reis et al. 2010). 

 

2.2 GLYCANS IN CANCER 

 

When compared to the normal glycosylation pattern in a certain type of 

cells, tumour cells with the same tissue origin often express different 

carbohydrate conformations.  Aberrant glycosylation is a common feature of 

malignancy, in which length and branching of polylactosamine chains and the 

quantity and linkage type of terminal sialic acids are the most frequent cancer-

associated modifications (Rambaruth et al. 2011). Sialylation and complex type 

N-glycans are glycosylation types reported in malignant CMT (Pinho et al. 

2009). Sialic acids, usually found in the terminal position or the non-reducing 

terminus of the carbohydrate, affect the conformation of glycoproteins and 

allow recognition or masking of biological sites in molecules and cells 

(Yogeeswaran and Salk 1981, Dennis and Laferte 1987, Schauer 2000).  

Of the glycosylation modifications present in cancer, a group of Tumour 

Associated Antigens (TAA), with de novo or increased expression has long been 

recognized including the Thomsen Friedenreich antigen (T antigen), its 

sialylated form, the Tn antigen and Sialyl-Tn (Baldus et al. 2004). T antigen is 

http://www.biology-online.org/dictionary/Proteoglycan
http://www.biology-online.org/bodict/index.php?title=Glycolipid&action=edit
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an oncofetal glycan antigen and is the so called core-1 structure of O-linked 

mucin type glycans (Galβ1-3GalNAcα1-Ser/Thr). The T antigen is generated by 

the T-synthase, which initiates the synthesis of core 1-derived O-glycans (Seko 

et al. 1996). The core 1 dissacharide is a substrate for a number of 

sialyltransferases, which synthesize different forms of the sialylated T antigen, 

including ST3GalI, ST6GalNacI and ST6GalNacII (Picco et al. 2010, Marcos et al. 

2004).  In normal epithelium, T antigen is concealed by sialic acids, sulphates 

or by addition of other sugar chains to form branched and complex O-glycans. 

Un-sialylated T antigen occurs in about 90% of all human cancers including 

breast and has been associated to disease progression (Springer et al. 1983, 

Hanisch and Baldus 1997, Kumar et al. 2005, Yu et al. 2007). 

In cancer, alterations in the glycosylation pattern are also frequently 

found in the end structures of the carbohydrate chains. Among others, TAA 

Sialyl-Lewis x and Sialyl Lewis a are also frequently over-expressed in breast 

cancer being associated to invasive and metastatic tumours (Orntoft and 

Vestergaard 1999, Yu et al. 2005, Jeschke et al. 2005). These glycosylation 

changes often reflect a deregulation of glycosyltransferase genes expression, 

and several studies have shown that, for instance glycosyltransferase genes 

ST6Gal-I (N-acetyllacosaminide a-2,6 sialyltransferase) and Mgat5 (Alpha-1,6-

mannosylglycoprotein 6-beta-N-acetylglucosaminyltransferase A) (Le Marer et 

al. 1992, Buckhaults et al. 1997) are regulated by oncogenes. Several cellular 

models have been developed with the purpose of studying the mechanisms by 

which carbohydrate antigens might support breast cancer progression and 

aggressiveness, and showed that TAA are implicated in cell adhesion, 

migration, proliferation and tumour growth (Julien et al. 2005, Julien et al. 

2006).   

 

3.1 GLYCAN CARRIERS: CRUCIAL IN TUMOUR-MICROENVIRONMENT 

INTERACTIONS 

 

Several glycoproteins expressed in CMT such as integrins, cadherins, 

caveolins, metalloproteinases, hormone receptors, growth factors, growth 

factor receptors and mucins putatively modulate the interactions between 

mammary cells and their surrounding microenvironment at least in part due to 

their carried glycans, both in normalcy and cancer (Restucci et al. 1995, Gama 

et al.  2002, Reis et al. 2003, Gama et al. 2004, Matos et al. 2006, Pereira et 
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al. 2010, Santos et al. 2011, Geraldes et al. 2000, Santos A et al. 2010, Gama 

et al. 2009, Tavares et al. 2012). 

 Of  particular interest it is to be noted that, in depolarized mammary 

cancer cells, mucins and tyrosine-kinase growth factor receptors, such as EGFR, 

lose their normal, respectively apical and basolateral, localization at the cell 

membrane. This completely alters normal cell function and relation to 

surrounding cells and microenvironment (Kufe 2009).  

 

3.2 MUCIN-1 

 

Mucins, named after their ability to form mucous gels, are large and 

highly glycosylated glycoproteins expressed in and/or secreted by epithelial 

cells (Hollingsworth and Swanson, 2004). Mucin-1(MUC1) is a large, 

polymorphic and heavily glycosylated transmembrane mucin (Gendler et al. 

1990, Imam et al. 1981). This mucin includes an extracellular region made up 

by a variable number (20-100) of 20-amino acid tandem repeat peptides which 

are O-glycosylated, a transmembrane sequence and a small cytoplasmic tail, 

(MUC1-CT) (Gendler et al. 1988, Gendler et al. 1990). Canine MUC1 appears to 

possess a slightly shorter tandem repeat region than that of humans but 

presents a cytoplasmic domain highly homologous to that of humans.  

MUC1 is widely expressed in normal epithelial tissues, namely breast, 

pancreas, uterus, salivary glands, stomach and intestine, and is mainly limited 

to the apical membrane of glandular tissue cells (Zotter et al. 1998). MUC1 

physiological role is not fully established, although several lines of evidence 

show that it is involved in epithelial cell protection and lubrication. (Gendler 

2001, Hollingsworth and Swanson 2004). MUC1 is especially important also for 

maintenance of lumen patency; due to its large size it conceals adhesion 

molecules thereby impairing adhesion between the apical surfaces of gland 

cells.The extracellular domain of the mucin MUC1, extending 300-500 nm 

above the cell surface, far beyond the cellular glycocalyx, is important for its 

protective functions and is involved in cell adhesion, cell-cell and cell-matrix 

interactions (Bramwell et al. 1986, Kondo et al. 1998; Li et al. 1998, Yamamoto 

et al. 1997). 

MUC1 mucin, is one of the molecules most closely associated with 

breast cancer. Many studies suggest that MUC1 is a proto-oncogene, involved 

not only in carcinogenesis but also in tumour progression. The evolutionally 
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highly conserved MUC1-CT contains several binding sites for protein kinases, 

growth factor receptors, and β-catenin (Meerzaman et al. 2001, Schroeder et 

al. 2001, Wen et al. 2003). Interaction of MUC1-CT with β-catenin inhibits the 

formation of the E-cadherin-β-catenin complex thus reducing cell-cell adhesion 

processes (Kondo et al. 1998, Yuan et al. 2007). An increase of nuclear β-

catenin levels can be mediated by MUC1 expression; hence MUC1 participates 

in the activation of the Wnt target gene transcription. These effects on cell 

adhesion and Wnt-signalling pathways partially explain the role of MUC1 in 

carcinogenesis as demonstrated by in vitro and in vivo studies (Carraway et al. 

2003, Li et al. 2001; Schroeder et al. 2003).  

In agreement, MUC1 altered expression has been associated to poor 

prognosis in several types of cancer, including human breast cancer (Hattrup 

and Gendler 2006, Li et al., 2003, Schroeder et al. 2004, Zaretsky et al. 2006, 

Alos et al. 2005, Boonla et al. 2005, Handra-Luca et al. 2005, Schroeder et al. 

2004, Reis et al., 1998, Sipaul et al., 2011, Baldus et al. 2005 Rakha et al. 

2005). In cancer, as well as in its metastases, MUC1 is overexpressed and loses 

its apical localization (Baldus et al. 2005, Hollingsworth and Swanson 2004). In 

fact, in tumour cells, this mucin is aberrantly found all around the plasma cell 

membrane and cytoplasm, due to the loss of cell polarization (Chu and Chang 

1999; de Roos et al. 2007; Diaz et al. 2001). 

Not only MUC1 expression but also its glycosylation is frequently altered 

in epithelial tumours (Orntoft and Vestergaard, 1999; Taylor-Papadimitriou et 

al. 1999; Santos-Silva et al. 2005). An abnormal under-glycosylated form of 

MUC1 is over-expressed in a scattered distribution throughout the membrane 

of cancer cells (Kufe, 2009). In these cells, the mucin carries truncated glycan 

structures with terminal galactose or N-acetylgalactosamine often being 

sialylated, for instance, the above mentioned T antigen (Yu et al., 2007). This 

aberrantly glycosylated MUC1 promotes tumour cell detachment from primary 

sites by inhibiting cell-cell and cell-ECM adhesion, through its large size and 

through negative repulsive charges conferred by the presence of sialic acid 

(Kufe, 2009). MUC1 over-expression at the surface of tumour cells favours 

dissemination due to its interaction with glycan receptors expressed by 

endothelial cells facilitating invasion (Rahn et al. 2001; Taylor-Papadimitriou et 

al., 1999).  

Also, MUC1 aberrant under-glycosylation in tumour cells modifies its 

antigenicity eliciting cellular and humoural immune responses in cancer-
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bearing patients (Orntoft and Vestergaard, 1999; Santos-Silva et al. 2005, 

Springer et al. 1983). This has set the ground for MUC1 use as a target for 

immunodiagnostic tests and immunotherapeutic measures (Bohm et al. 1997; 

Taylor-Papadimitriou et al. 1993). A MUC1 detecting test, CA 15-3, is currently 

used to monitor response to treatment and breast cancer recurrence. 

Furthermore, in human oncology, MUC1 is considered a promising 

pharmacological target to treat several types of tumours  and some 

immunotherapeutic approaches are being studied (Hollingsworth and Swanson 

2004, Li and Cozzi 2007; Taylor-Papadimitriou et al. 1993, Albrecht et al. 

2007, Apostolopoulos et al. 2006, Stepensky et al. 2006). Phase II therapeutic 

anti-MUC1 vaccination studies are currently underway and have demonstrated 

enhanced chemotherapeutic efficacy in small-cell lung cancer (Quoix et al. 

2011). Some efficacy has been shown with MUC1-based vaccines in reducing 

recurrence of mammary tumours, in rodent tumour models (Kohlgraf et al. 

2004, Soares et al. 2001). These have not been tested in humans. One recent 

study in human breast cancer using a MUC1 antibody did not improve 

outcomes (Ibrahim et al. 2011). 

 

3.3 EPIDERMAL GROWTH FACTOR RECEPTOR 

 

EGFR is a member of the growth factor receptor (ErbB) family of tyrosine 

kinase (TK) receptor proteins. In normal epithelial cells it is expressed in the 

basolateral membrane. ErbB receptors’ signalling regulates cell-cycle 

progression, angiogenesis, cell adhesion and apoptosis (Salomon et al. 1995, 

Dawson et al. 2005, Mendelsohn and Baselga 2006). EGFR signalling regulates 

several cellular functions that promote resistance to apoptosis and cell survival 

(Salomon et al., 1995; Burgess et al., 2003). Multiple signal transduction 

pathways such as MAPK and PI3K pathways and also Phospholipase Cγ and 

signal transducers and activators of transcription (STAT) lie downstream to 

activated ErbB receptors (Burgess et al. 2003, Dawson et al. 2005, Klein et al. 

2006). In addition to its canonical ligand Epidermal Growth Factor (EGF), EGFR 

activation can be achieved by other proteins, including mucins, which contain 

EGF-like domains (Press and Lenz 2007, Couto et al. 1996, Jonckheere and 

Seuningen 2008). In fact, a direct interaction has been reported between MUC1 

and EGFR (Kufe 2009).  

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jonckheere%20N%22%5BAuthor%5D
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EGFR aberrant expression, namely loss of its normal basolateral 

localization has been associated to poor prognosis and resistance to 

conventional forms of therapies in a wide range of epithelial cancers, including 

breast cancer (Salomon et al. 1995, Hemming et al. 1992, Klijn et al. 1992, 

Milanezi et al. 2008).  

 

4.1 GLYCAN RECEPTORS: TRANSLATORS OF GLYCAN-CONTAINED 

INFORMATION 

 

Animal lectins are by definition proteins of non-immune origin able to 

bind to carbohydrates, thereby agglutinating or precipitating glycoconjugates 

(Kilpatrick 2000). There are several families of endogenous animal lectins. 

These function either in the intracellular space, such as calnexin and 

calreticulin or in the extracellular space such as selectins and siglecs. Galectins 

are the only family of animal lectins which are present and act intra- and 

extracellularly. 

 

4.2 GALECTINS 

 

Galectin family members share a common affinity for beta-galactosides 

and are implicated in multiple cellular functions such as cell-cell and cell-ECM 

adhesion and apoptosis among many others (Liu and Rabinovich 2005, 

Nakahara et al. 2005). These lectins are abundant in epithelial and immune 

cells and contain at least one carbohydrate recognition domain (CRD) (Mazurek 

et al. 2007, Nakahara et al. 2006). To date, 15 members of the galectin family 

have been identified, cloned and classified into three subgroups, based on 

their structure and number of CRD. These  groups are: 1) prototype galectins, 

which include galectin-1, -2, -5, -7, -10, -11, -13, -14  and -15; 2) chimera type, 

of which galectin-3 is the sole element and; 3) the tandem repeat type, 

including galectin-6, -8, -9 and -12 (Nakahara et al. 2005, Ahmed et al. 2009). 

Most galectins are ubiquitously expressed in various human tissues. In 

malignant tumours, galectins are found to be either silenced or up-regulated 

compared to normal tissues (Satelli et al. 2007). The unique chimeric galectin-3 

and the prototype galectin-1 are the two most extensively studied galectins to 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Milanezi%20F%22%5BAuthor%5D
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date (Zou et al. 2005, Demydenko and Berest 2009, Camby et al. 2006, Elola et 

al. 2005). 

 

4.3 GALECTIN-3 

 

Human galectin-3 is encoded by a single gene, LGALS3, located on 

chromosome 14, locus q21–q22 (Nakahara et al. 2005). This unique galectin 

consists of three structural domains: an NH2 terminal domain containing a 

serine phosphorylation site, which is important in regulating its cellular 

signalling; a collagen-α-like sequence rich in glycine, tyrosine and proline 

cleavable by matrix metalloproteinases; and a COOH terminal domain with a 

globular structure containing a single CRD which recognizes beta-galactosides 

(Davidson  et al. 2006, Li et al. 2006, Davidson et al. 2002). Galectin-3, is a 

monomer in solution. However, upon binding to its saccharide ligands, it forms 

pentamers via the flexible N-terminal domains. Human galectin-3 is a 31 kDa 

chimeric protein while canine galectin-3 presents a slightly higher molecular 

weight, being a 37 kDa protein. Galectin-3 is secreted from the cell via a non-

classic secretion pathway into the extracellular space (Hughes 1999, Nickel 

2005). Therefore, besides being present in the cell cytoplasm and nucleus it 

can also be found at the cell surface and in the extracellular matrix (Califice et 

al. 2004).  

Galectin-3 is expressed in normal epithelial cells, activated T cells and 

fibroblasts (Dumic et al. 2006). Galectin-3 present at the cell surface and in the 

extracellular space binds to its numerous extracellular binding-sites present in 

several ligands such as integrins, mucins and growth factor receptors. By 

cross-linking glycosylated membrane receptors, galectin-3 plays distinct cell-

type specific functions (Inohara et al. 1996 and Morris et al. 2004). These 

cross-links not only delay glycoprotein receptors’ removal from the cell surface 

by constitutive endocytosis but also promote crosstalk between them, thus 

modulating several signalling pathways (Saravanan et al. 2009). Consequently, 

galectin-3 is involved in carbohydrate-mediated processes such as cell 

adhesion, cell-cell interaction, cell migration and cell signalling and curiously, 

is a pro-apoptotic stimulus to T cells (Stillman et al. 2005). Cell surface 

galectin-3 mediates homotypic cell adhesion (Inohara et al. 1995). 

Interestingly, the lectin was also found to be determinant in the epithelial 

http://en.wikipedia.org/wiki/LGALS3
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Davidson%20PJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Stillman%20BN%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
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polarity program by functioning in the formation and/or stability of the 

centrosomes (Koch et al. 2010). 

Specific sub-cellular localization of galectin-3 has been shown to be 

crucial to its functions in several models. The most studied function of 

galectin-3 is its control of cell apoptosis. Remarkably, this is also the function 

which may be most interfered with by galectin-3’s subcellular distribution. 

Cytoplasmic galectin-3 protects breast cancer cells from apoptosis by: inducing 

cyclin D1 thereby promoting cell cycle arrest at an anoikis insensitive point 

(late G1), improving cell adhesion properties, inducing free radical-resistant 

cell survival, protecting against iNOS-induced cytotoxicity, impairing genistein-

mediated apoptosis, binding and activating anti-apoptotic K-Ras (Kim et al. 

1999, Matarrese et al. 2000, Moon et al. 2001, Song et al. 2002, Lin et al. 

2000, Shalom-Feuerstein et al. 2005 ). Phosphorylation at Ser6 is crucial for 

galectin-3 anti-apoptotic function (Yoshii et al. 2002). It is also needed for the 

export of the lectin from the nucleus upon an apoptotic stimulus. Moreover, 

phosphorylated galectin-3 up-regulates the MAPK pathway involved in 

regulating apoptosis (Takenaka et al. 2004). In fact, galectin-3 has great 

sequence similarity to the apoptosis suppressor BCL2, specifically it contains 

an anti-death motif which, if mutated, abrogates its anti-apoptotic function 

(Akahani et al. 1997). 

Paradoxically, expression of galectin-3 in breast cancer cells inactivates 

Akt and sensitizes the cells to TRAIL-induced apoptosis by up-regulating PTEN 

(Lee et al.  2003, Mazurek et al. 2007). These contradictory functions are likely 

be related to galectin-3 cellular localization and whether or not it is 

phosphorylated. in fact, cytoplasmic galectin-3 protects the cell from apoptosis 

while nuclear galectin-3 has the opposite effect (Califice et al. 2004). 

Subcellular localization of galectin-3 also seems to be important for its cell 

growth effects. 

Restriction as well as enhancement of epithelial of growth, has long 

been proposed to occur due to stabilization and /or modulation of basal 

interactions between cells and the ECM by galectin-3, and can be reversed by 

anti-galectin antibodies (Bao and Hughes 1995). Extracellular galectin-3 

negatively regulates attachment and spreading of retinal pigmental epithelial 

cells through its cross-linking glycans ability (Alge-Priglinger et al. 2011). 

However, galectin-3 silenced Madin-Darby Canine Kidney (MDCK) cells adhered 

less to laminin-111, collagen I and Matrigel and presented reduced 
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proliferation (Friedrichs et al. 2007). Given that integrin antibodies inhibited 

the adhesion of MDCK cells to all substrates, this points to an indirect role of 

galectin-3 in cell-ECM adhesion probably by interacting with integrins, 

modifying their avidity for their ligands (Friedrichs et al. 2008). As an 

illustration of the outside-in signalling which regulates integrin activation and 

cell adhesion, focal adhesions turnover is interdependent both on extracellular 

galectin-3 and intracellular pY14Cav1, where galectin-3 binding was proposed 

to promote integrin clustering and formation of focal contacts in mammary 

cells (Goetz et al. 2008). 

Moreover, in a model of immortalized corneal epithelial cells, galectin-3 

activated focal adhesion kinase (FAK), key regulator of integrin-dependent cell 

signalling, and a member of RhoGTPases (subfamily of the Ras superfamily), 

Rac1 GTPase, which is known to play an important role in reorganizing the 

actin skeleton and the formation of lamellipodial extensions. The role of 

galectin-3 in promoting lamellipodia formation in these models was dependent 

on the N-glycosylation of α3β1 integrin (Saravan et al. 2009). 

Interestingly, specific glycan alterations such as α2,6 sialylation on β1 

integrins have been shown to decrease galectin-3 binding which is restored 

upon neuraminidase treatment in a colonocyte cell line (Zhuo et al. 2008). An 

elegant work by Kariya showed that cell migration through the ECM is 

dependent both on a low concentration of the lectin and on the glycosylation 

of its ECM putative ligands such as laminin. Notably, a high concentration of 

galectin-3 completely inhibited cell adhesion to the ECM due to induced 

homotypic aggregation (Kariya et al. 2010). In the process of cornea 

regeneration, galectin-3 is coordinately up-regulated with glycosyltransferases 

responsible for the assembly of its glycan ligands, GnTIVb, β3GalT5, T-

synthase and ST3GalI whereas glycogenes inhibiting glycan recognition by 

galectin-3 such as GnT-III, ST6galI and ST8SialIV are down-regulated (Saravan et 

al. 2010). 

In cancer then, galectin-3 also binds and interacts with a large number 

of glycoconjugates both intra- and extracellulary, regulating many biological 

functions and signalling pathways (dumic et al. 2006, califice and castronovo 

2004). among these: cell proliferation, and apoptosis resistance, cell-ECM 

adhesion, cell-cell adhesion/de-adhesion and angiogenesis (Ruebel et al. 2005, 

Yoshii et al. 2002, Yoshii et al. 2002, Zou et al. 2005, Liu and Rabinovich 

2005, Ochieng et al. 2004).  

http://en.wikipedia.org/wiki/Ras_superfamily
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Galectin-3 mediates cell-ECM heterotypic adhesion processes which may 

modulate tumour cells’ capability to detach from the primary site and 

therefore, invade (Savino  et al.  2004). However, contradictory results in the 

literature show that modulating galectin-3 functions, with different approaches 

can both increase and decrease adhesion of cells to its ECM protein ligands, 

laminin, collagen type IV, fibronectin, and vitronectin, with subsequent 

divergent effects on growth (Matarrese et al.  2000, Sato and Hughes 1992, 

Ochieng et al. 1998, Le Marer and Hughes 1996, Ochieng et al. 1999). 

Extracellular galectin-3 was found to increase adhesion to elastin and enhance 

cellular proliferation (Ochieng et al.  1999). Remarkably, breast cancer cells 

were found not to constitutively secrete galectin-3 but rather to respond to 

stress by triggering a mechano-sensitive mechanism and other external stimuli 

inducing the rapid externalization of the lectin with subsequent faster 

migration (Baptiste et al. 2007; Zhu and Ochieng 2001).  

MMP9 was found to be aberrantly sialylated in breast cancer cells, thus 

presenting reduced binding to galectin-3, this aberrant glycosylation of MMP9 

was suggested to bypass the hold back of its activity by the lectin, which along 

with the down-regulation of galectin-3 might lead to more widespread matrix 

degradation, thus facilitating tumour cell invasion and angiogenic growth (Fry 

et al. 2006). Galectin-3 is itself a substrate for MMP2 and MMP9 and breast 

cancer cells harbouring non-cleavable galectin-3 presented reduced tumour 

growth and angiogenesis (Nangia-Makker et al. 2007). Galectin-3 is known to 

be chemoattractant to endothelial cells and to stimulate neovascularization in 

vivo, therefore contributing to tumour angiogenesis, an essential step for 

metastatic spreading (Nangia-Makker et al. 2000). 

Galectin-3 mediates both heterotypic tumour cell adhesion to 

endothelial cells and homotypic aggregation of cells invading vessels, thereby 

preserving them in the blood stream and enabling their arrival at distant sites 

(Inohara et al. 1996).  In this regard, the work of Glinsky’s group showing that 

the microvascular endothelium of metastasis-prone tissues undergoes 

activation as a response to un-sialylated T antigen present in circulating 

tumour cells, and that this activation resulted in an increased expression of 

galectin-3, which by interacting with the glycan caused a gradual decrease in 

tumour cell velocity leading to arrest of breast cancer cells and retention in the 

microvasculature, is very interesting (Glinsky et al. 2003). The same group was 

also able to show that anti-T antigen and anti-galectin-3 antibodies as well as 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Savino%20W%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
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galectin-3 inhibitors (MCP and lactosyl-L-leucine) inhibited > 90% of breast 

cancer cell metastases occurring in vivo in lungs and bones of mice, further 

pointing to a crucial role of β-galactoside – mediated tumour-endothelial cell 

adhesion contrary to James Ewing’s mechanical entrapment model (Glinskii et 

al. 2005, Chambers et al. 2002). Mechanical entrapment nevertheless seems to 

play a supportive role in mediating metastatic cell arrest in the 

microvasculature of target organs (Glinskii et al. 2005). In a melanoma model, 

galectin-3 was also found to promote adhesion of tumour cells and mediate 

lung colonization although through poly N-acetyllactosamine N-glycan 

interactions and not the T antigen (Srinivasan et al. 2009). 

In tumour-endothelial cells in vitro adhesion assays, among other 

possibly contributing mechanisms, galectin-3 induces MUC1 clustering on the 

tumour cell surface by binding the T antigen. This exposes adhesion molecules 

such as inter-cellular adhesion molecule 1 (ICAM-1) that facilitates the 

interaction between tumour and endothelial cells – heterotypic adhesion (Zhao 

et al. 2009). Also in vitro, regarding homotypic adhesion between tumour 

cells, galectin-3 induced clustering of MUC1 enables E-cadherin-mediated 

aggregation hence promoting survival to anoikis (Zhao et al. 2010). Ramasamy 

and colleagues showed, in a human breast cancer cell line, that MUC1 

inhibition led to a down-regulation of galectin-3. This work demonstrated that 

MUC1 regulates galectin-3 expression through a post-transcriptional 

mechanism by suppressing a galectin-3 transcript de-stabilizing micro-RNA and 

that more importantly this is an N-glycosylation-dependent mechanism 

(Ramasamy et al. 2007). Moreover, the group of Bresalier showed that the 

transfection and consequent increase of galectin-3 in a human epithelial breast 

cell line led to a down-regulation of MUC1 (Mazurek et al. 2005). Besides a 

reported direct interaction between MUC1 and EGFR (Kufe 2009), MUC1-EGFR 

bridging by galectin-3 has been demonstrated in vitro using breast cancer cell 

lines (Ramasamy et al. 2007). In a pancreatic cancer model the opposite seems 

to occur, galectin-3 inhibition led to decreased levels of both MUC1 and EGFR 

and the lectin seems to decrease MUC1-EGFR interactions as well as their 

expression at the cell surface (Merlin et al. 2011). Recruitment of EGFR by 

galectin-3 restricts its diffusion limiting the receptor interaction with negative 

Cav1 microdomains thereby promoting EGFR signalling and tumour growth, 

dependent on GnT-V glycosylation (Lajoie et al. 2007). Conversely, GnT-III 

catalysed N-glycans inhibit galectin-3 cross-linking of EGFR (Kariya et al. 2010). 
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Notably, despite MUC1-EGFR direct protein-protein interactions having been 

described, galectin-3 was found to be essential for EGF-mediated interactions 

between MUC1 and EGFR, supporting the importance of galectin-3 binding to 

MUC1 also through an N-glycan present at its C-terminal subunit (Ramasamy et 

al. 2007). 

To summarize, increases or decreases in the expression and subcellular 

location of galectin-3, as well as glycosylation status of its ligands have been 

associated to malignant progression of several cancers. The expression of 

galectin-3 is found up-regulated in gastric, liver and thyroid cancer, while it is 

down-regulated in prostate, head and neck cancer and uterine sarcoma 

compared to normal tissues (Ahmed et al. 2007, Ahmed et al. 2009, van den 

Brule et al. 1996). Decreased expression of galectin-3 is found and has been 

associated to a poorer prognosis in human breast cancer (Castronovo et al. 

1996). 

 

4.4 GALECTIN-1 

 

With an approximate mass of 14 kDa, galectin-1 it is known to be a 

potent cross linker by non covalent association of its two binding sites (Ashraf 

et al. 2010). This protein can be found intra- and/or extracellularly. It is 

ubiquitous, being expressed by various normal and pathological tissues 

located in a variety of cell types: epithelial, thymic, endothelial, dendritic, bone 

marrow cells, fibroblasts and macrophages (Lahm et al. 2004).  

Galectin-1 is able to bind components of the stroma such as laminin, 

fibronectin and integrin as well as membrane glycoproteins and glycolipids 

present in adjacent cells, thereby modulating cell-ECM and cell-cell adhesion 

(Hughes 2001, Ozeki et al. 1995). Galectin-1 is involved in cell proliferation, 

apoptosis, and even mRNA splicing (Scott and Weinberg, 2004, Perillo et al. 

1995, Park et al. 2001). And finally, galectin-1 is able to induce apoptosis of 

activated T-cell and T-leukaemia cell lines (Perillo et al. 1995).  

Galectin-1 functions are believed to have a major impact on the 

development of the malignant tumour. Galectin-1 participates in a variety of 

oncogenic processes including transformation, proliferation and cell cycle 

regulation, cell adhesion and invasion, metastasis, and apoptosis in activated T 

cells, which constitutes an important mechanism of tumour-immune escape 

(Paz et al., 2001, He and Baum 2006, Lotan et al. 1994, Thijsseen et al. 2006, 
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Perillo et al. 1995). Moreover, galectin-1 facilitates tumour progression since it 

is essential for tumour angiogenesis (Thijssen et al. 2006). Unlike galectin-3, 

galectin-1 was found to promote intracellular accumulation of β1-integrin with 

concomitant decrease of its cell surface expression (Fortin et al. 2010). 

Galectin-1 was found to be a better inhibitor of tumour cell adhesion to ECM 

components than galectin-3 (André et al. 1999). Finally, in a human 

neuroblastoma cell line, cleaved galectin-3, which has impaired ability to self-

aggregate upon glycan interaction, due to loss of its N-terminal domain, 

presented weaker binding properties and decreased capacity of competing with 

galectin-1 for the substrate (Kopitz et al. 2001). Although these galectins 

present similar glycan affinities there are slight differences, such as the more 

extensive CRD of galectin-1 for a complex glycan than for simple saccharides, 

which may account for important implications for galectin-glycan interactions 

at the cell surface (Miller et al.  2009). The degree of branching in N-glycans 

and clustering of core 1 O-glycans are positive modulators of galectin-3 avidity 

to its ligands (Krzeminski et al. 2011). Gabius’ group found a correlation 

between decreased galectin-3 expression and increased binding potential for 

galectin-1 in lymph node metastases of breast cancer (André et al. 1999).  

Despite its described relationship with aggressiveness, galectin-1 is a 

pro-anoikis effector, in pancreatic cancer, under the control of the tumour 

suppressor p16INK4a (André et al. 2007). In salivary gland tumours, when 

present, staining for the p16INK4a coincided with galectin-1 expression 

(Remmelink et al. 2011). Galectin-3 on the other hand competes with galectin-

1 for ligands at the cell surface, and is down-regulated by p16INK4a. An 

interesting, coordinated expression between the lectins and their N- and O-

glycosylated ligands was also observed to be under the control of p16INK4a 

and to tune this anoikis effector system (Sanchez-Ruderisch et al., 2010). 

Moreover, unlike high levels of galectin-1, which prolong H-Ras and K-Ras 

activation of ERK while PI3-K activation is diminished, galectin-3 inhibits N-Ras 

and H-Ras activation (Shalom-Feuerstein et al. 2008) being crucial however for 

EGF-stimulated increase in K-Ras-GTP, promoting specifically strong K-Ras 

activation of PI3-K and Raf-1 while attenuating ERK activation. This suggests 

that levels of galectin-1 and -3 varying among different subpopulations of 

tumour cells may define the outputs of oncogenic K-Ras (Elad-Sfadia et al. 

2004).  
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Galectin-1 can be synthesized and secreted into the stroma by 

carcinoma cells or it can be synthesized by stromal cells, especially stromal 

fibroblasts, as they get stimulated by oncologic signals from carcinoma cells or 

from ECM during ECM remodelling (Cooper and Barondes 1990). Galectin-1 is 

expressed in several tumour cell types including oral squamous carcinoma 

cells, colon carcinoma, uterine adenocarcinoma, and in human breast 

carcinoma among others (Chiang et al. 2008, Ohannesian et al. 1994, van den 

Brule et al. 1996, Glinsky et al. 2000). Ellerhorst, showed increased expression 

of galectin-1 in the stroma of primary prostate carcinoma samples in 

comparison to the stroma of normal prostate tissues, moreover, increased 

galectin-1 expression positively correlated with poor prognosis (Ellerhorst et al. 

1999). Furthermore, a correlation between increases in expression of galectin-

1 in cancer-associated stromal cells and tumour invasiveness and tumour 

progression in breast cancer was shown by Jung (Jung et al. 2007). Recently, a 

study aiming to determine up-regulated proteins, in the fluid bathing the 

tumour cell microenvironment, as potential serological markers for early 

detection of breast cancer, identified galectin-1 as one of the 26 breast cancer 

potential markers (Gromov et al. 2010). Galectin-1 was identified as a 

metastasis-associated protein by several studies which demonstrated its up-

regulation in metastatic human breast carcinoma cell lines (Kreunin et al. 

2007). Galectin-1 expression, particularly in the tumour stroma, has been 

consistently associated to a poor differentiation and progression in several 

types of cancer such as cholangiocarcinoma, hepatocellular carcinoma, 

colorectal, head and neck squamous cell carcinoma, and breast cancer 

(Shimonishi et al. 2001, Spano et al. 2010, Sanjuán et al. 1997, Le et al. 2005, 

Jung et al. 2007).  

 

4.5 GALECTINS: CANCER TREATMENT 

 

Despite the multiple contradictory findings in experimental and even in 

the few reported studies on human cancer specimens, galectin-3 is considered 

a promising potential therapeutic target in many different cancer types (Liu 

and Rabinovich 2005, Ochieng et al. 2004). Galectin-3 has been shown to play 

a crucial role in cancer drug resistance (reviewed in Turner 2012). Inhibition of 

galectin-3/T antigen interaction was shown to reduce experimental metastatic 

disease (Glinskii et al. 2012). However, other galectins seem to be able to step 
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up and perform its functions. Galectin-1, for instance, which is also  considered 

a potential therapeutic cancer target (Salatino et al. 2008). Novel potential 

specific galectin inhibitors and galectin-targeted therapy are increasingly being 

studied (Collins et al.2012, Yang et al. 2012, Kopansky et al. 2011). 
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During the last years pet animals life expectancy has been increasingly 

expanding, especially in what concerns the Dog and Cat. As the population of 

aged animals increases so does the incidence of several types of tumours. 

Canine mammary tumours account for approximately 25-50% of all intact 

female dog tumours, 53% of which are malignant. Treatment in the female Dog 

continues to rely on isolated surgery. This status makes the better 

understanding of the pathophysiological mechanisms underlying the 

aggressive capacity of CMT crucial to improve diagnosis, prognosis and 

treatment. Moreover, the study of canine CMT oncobiology is of great interest 

to the scientific community in general due to the great deal of similarities 

shared with human breast cancer. In fact, malignant CMT is considered an 

excellent, very close, spontaneous model of mammary carcinogenesis, with the 

advantage of presenting high numbers of affected individuals and a much 

faster time course. Hence, comparative studies are imperative in order to 

better assist both Dog and Woman. 

Galectin-3 is one of fifteen known members of the beta-galactoside-

binding animal lectins. However, at the present time, the precise biological role 

played by galectin-3 in the carcinogenesis and metastization of malignant CMT 

is yet to be determined. The general aim of this work is to unravel the 

regulating mechanisms underlying galectin-3 functions in malignant CMT and 

to relate them to tumour progression and metastasis.  

 

Specific Objectives  

 

1- To characterize the relationship between galectin-3 and galectin-3 binding 

sites expression and malignant CMT aggressive behaviour  

 

Galectin-3 is over-expressed in a wide range of tumours and has been 

involved in functions which may either promote or impair tumour growth and 

metastasis. We thus hypothesized that depending on its subcellular 

localization, which cell type expressed this lectin within tumour 
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microenvironment (tumoural or stromal) and availability of its ligands, it may 

exert distinct functions. In Paper 1, in order to verify alterations of galectin-3 

and their dependent potential effects, using in vitro and in vivo study models 

we verified galectin-3 and galectin-3-binding sites expression in a CMT and 

respective metastasis series as well as in CMT cell lines and tumour 

xenografts, established in nude mice.  

 

2- To study the relationship between MUC1 mucin expression and malignant 

CMT 

 

MUC1, a highly glycosylated galectin-3 ligand, is over-expressed in human 

breast carcinomas and is linked to a poorer prognosis, at least in part, due to 

its anti-adhesive functions which promote tumour cell detachment. We 

hypothesized that the mucin could have a similar association to aggressiveness 

in malignant CMT. In accordance, in Paper 2, we used an immunohistochemical 

approach to characterize the expression of MUC1, in malignant CMT. 

 

3- To determine the mechanisms underlying the role of galectin-3 in 

adhesion/de-adhesion processes during the progression and metastasis of 

malignant CMT 

 

Galectin-3 functions mainly by binding to its glycosylated ligands through 

its CRD. We hypothesized that changes in the glycosylation pattern in different 

cell subpopulations could account for differences in galectin-3 functions and 

behaviour. In Paper 3 we assess the relationship between the lectin and the 

levels and patterns of expression of its ligands MUC1 and EGFR, using two 

experimental settings: in the CMT series histochemistry, co-expression and 

Proximity ligation assay (PLA) interaction studies; in a CMT metastatic cell line 

galectin-3 co-precipitation with MUC1 and EGFR and a short hairpin RNA 

(shRNA) strategy to knock-down galectin-3 and MUC1.  

 

4- To evaluate galectin-1/galectin-3 interplay through galectin-1 expression 

analysis compared with that of galectin-3, in different phases of malignant 

CMT progression and metastasis. 
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Higher levels of stromal galectin-1 might negatively modulate cell–cell and 

cell–ECM adhesion by antagonizing galectin-3-mediated adhesive interactions 

in the primary tumours, favouring the separation of individual cancer cells and 

therefore metastatic dissemination. However, were CMT malignant cells to 

maintain a set galectin-1 overexpression pattern throughout tumour 

progression phases, survival of blood-borne cancer cells could be impaired, in 

view of its pro-anoikis function. We hypothesized that these apparently 

irreconcilable actions of galectin-1 could in fact be used to the tumour cells’ 

survival advantage, during mammary tumour progression through distinct 

expression patterns in the known phases of cancer systemic dissemination in a 

close interrelation with galectin-3’s own expression. In Paper 4 we verify their 

respective contribution to this possible interrelation, in the metastatic 

mammary cancer phenotype, using the spontaneous model of malignant CMT. 

  

In Paper 5 we present an overview of the current knowledge on malignant 

CMT clinical management and the possible usefulness of galectin-3 targeted 

therapies taking into account the pathophysiology of these tumours.  
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PAPER I 

 

 

Coordinated expression of galectin-3 and galectin-3-binding sites in 

malignant mammary tumors: implications for tumor metastasis.
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Galectin-3 is a glycan-binding protein that mediates cell–
cell and/or cell–extracellular matrix (ECM) interactions.
Although galectin-3 is implicated in the progression of
various types of cancers, the mechanisms by which galectin-
3 enhances metastasis remain unclear. In order to elucidate
the role of galectin-3 in the complex multistage process of
cancer metastasis, we examined galectin-3 and galectin-
3-binding site expression in a series of 82 spontaneous canine
mammary tumors (CMT) and two CMT cell lines. Benign
CMT tumors exhibited strong nuclear/cytoplasmic galectin-
3 immunostaining, whereas malignant CMT tumors and
metastases exhibited dramatically decreased galectin-3 ex-
pression with the majority of the immunostaining confined
to the cytoplasm. Interestingly, intravascular tumor cells
overexpressed galectin-3 regardless of their location. CMT-
U27 xenografts displayed the same pattern of galectin-3 ex-
pression found in spontaneous malignant CMT. In parallel
with the downregulation of galectin-3, malignant CMT dis-
played an overall loss of galectin-3-binding sites in the ECM
and focal expression of galectin-3-binding sites mainly de-
tected in intravascular tumor cells and endothelium.
Furthermore, loss of galectin-3-binding sites was correlated
with the downregulation of GLT25D1, a β (1-O) galactosyl-
transferase that modifies collagen, and upregulation of stro-
mal galectin-1. Finally, GLT25D1 mRNA expression was
strikingly downregulated in malignant CMT-U27 compared
with the benign cell line, and its expression was further de-

creased in a galectin-3 knockdown CMT-U27 cell line. We
therefore hypothesized that the loss of galectin-3-binding
sites in the ECM in conjunction with the overexpression
of galectin-3 in specific tumor cell subpopulations are cru-
cial events for the development of mammary tumor
metastases.

Keywords: extracellular matrix /galectin-3/galectin-3-binding
sites /metastasis / tumor stroma

Introduction

Metastasis is a major event associated with malignancies. This
complex process initiates when cancer cells lose the expression
of receptors responsible for homotypic and heterotypic cell ad-
hesion and cell–extracellular matrix (ECM) interaction, escape
from the primary tumor, and enter the vasculature (Chambers
et al. 2002). Once inside the vessels, however, the ability of
invading tumor cells to engage into new heterotypic and homo-
typic adhesive interactions is a crucial step for their arrest
within microcirculation, extravasation, and establishment in
distant organs or tissues (Orr and Wang 2001). Therefore,
the balance between these contradictory pro- and anti-adhesive
forces dictates the malignant potential of the neoplastic cell and
constitutes a key for understanding the mechanisms underlying
the metastatic process. It is well known that these reversible
steps of homotypic and heterotypic cell–cell and cell–ECM
adhesion are mediated in part by specific interactions between
tumor cell-surface glycan-binding proteins and their ligands
presented on other cells and/or within the tumor microenviron-
ment (Nangia-Makker et al. 2008).
Galectin-3 is one of the most studied members of the galectin

family of glycan-binding proteins, which has been implicated in
tumor progression and metastasis by promoting cell–cell
(Inohara et al. 1996) and cell–ECM adhesion (Ochieng et al.
1999), angiogenesis (Nangia-Makker et al. 2000), cell prolifer-
ation (Honjo et al. 2001), and by antagonizing tumor cell
apoptosis (Yoshii et al. 2002). Galectin-3 and its glycosylated
ligands have been shown to play several roles closely associated
to the early steps of the metastatic process. Firstly, galectin-3
is a chemoattractant to endothelial cells and stimulates neo-
vascularization in vivo, therefore contributing to tumor
angiogenesis and providing an escape route by which cells
can leave the primary tumor and enter into vessels (Nangia-
Makker et al. 2000; Chambers et al. 2002). Moreover, galec-

© The Author 2010. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oxfordjournals.org 1341

1To whom correspondence should be addressed: Tel.: +351225570700; Fax:
+351225570799; e-mail: ebernardes@ipatimup.pt

 at U
niversidade do Porto on February 2, 2012

http://glycob.oxfordjournals.org/
D

ow
nloaded from

 

http://glycob.oxfordjournals.org/


tin-3 mediates homotypic (between tumor cells) and heterotyp-
ic (between tumor cells and endothelium) tumor cell adhesion
(Inohara et al. 1996). Also, by inducing homotypic aggrega-
tion and protecting circulating cells from anoikis, galectin-3
plays a role in the survival of tumor cells until arrival and es-
tablishment at distant metastatic sites (Kim et al. 1999).
Consistent with its role in tumor progression, the levels of
galectin-3 expression are elevated in a variety of primary tu-
mors (Liu and Rabinovich 2005). However, it does not seem
to be an unequivocal observation since galectin-3 increases
and decreases have been reported during malignant prog-
ression of several cancers. Downregulation of galectin-3 is
observed in prostate (Ellerhorst et al. 1999; Pacis et al. 2000),
ovarian (van den Brûle et al. 1994), colon (Lotz et al. 1993),
head and neck squamous cell carcinoma (Choufani et al.
1999), and breast cancers (Castronovo et al. 1996). On the
one hand, higher levels of galectin-3 could favor metastasis
by inducing tumor cell aggregation inside tumor vasculature;
on the other hand, it could increase cell–cell and cell–ECM ad-
hesive interactions at the primary tumors, thus disfavoring the
separation of individual cancer cells and metastatic dissemina-
tion. Although the ability of galectin-3 in promoting cell–
ECM interactions has been used to reinforce its role in the
establishment of distant metastasis in a target organ stroma
(Nangia-Makker et al. 2008), there is a lack of information
on how such galectin-3-enhanced cell–ECM adhesion corre-
lates with the escape of tumor cells from the primary
tumors. These contradictory observations indicate that the pre-
cise role of galectin-3 in tumor progression and metastasis
remains to be further explained.

In this study, we report that the progression of malignant
canine mammary tumors (CMT) is associated with downregu-
lation of galectin-3 and galectin-binding sites in the tumor
stroma. Interestingly, in malignant CMT, galectin-3 and
galectin-3-binding sites are more prominent in invading intra-
vascular tumor cells at both the primary tumors and their
respective metastases. Based on our results, we propose a model
to reconcile the apparent conflicting adhesive and anti-adhesive
properties of galectin-3 and suggest that altered stroma glyco-
sylation and the occupancy of galectin-3-binding sites by en-
dogenous galectins are critical players in the process of tumor
metastasis.

Results
Galectin-3 is downregulated during the process of malignant
transformation of canine mammary glands
Galectin-3 downregulation has been associated with progres-
sion of various human cancers including breast (Castronovo
et al. 1996). In order to better understand how the acquisition
of an invasive and metastatic phenotype is related to galectin-3
expression, we examined the expression of this protein in 82
spontaneous CMT samples. Malignant CMT (41 cases) and
benign CMT (41 cases) were classified according to the hist-
ological types, grades, and mode of growth (Table 1) and to the
histological types (Table 2), respectively. The majority of be-
nign CMT (approximately 55%) presented galectin-3 staining
in more than 75% of tumor cells. In striking contrast, there
were no malignant CMT with more than 75% stained cells,
and most malignant tumors presented galectin-3 expression
in less than 50% of tumor cells (90.2%) (Figure 1). Therefore,
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Table I. Clinicopathological features of the malignant canine mammary tumors

Clinical features Number of cases (%)

Histological type (n = 41)
In situ carcinoma 2 (4.8%)
Complex carcinoma 5 (12.2%)
Tubulopapillary carcinoma 9 (23.0%)
Solid carcinoma 9 (23.0%)
Mucinous carcinoma 2 (4.8%)
Carcinosarcoma 4 (9.8%)
Carcinoma in benign tumor 3 (7.0%)
Micropapillary carcinoma 2 (4.8%)
Anaplasic carcinoma 1 (2.4%)
Papillary carcinoma 2 (4.8%)
Tubular carcinoma 1 (2.4%)
Spindle cells carcinoma 1 (2.4%)

Mode of growth (n = 41)
Expansive 14 (34.2%)
Invasive 6 (14.6%)
Infiltrative 21 (51.2%)

Lymph node metastases (n = 33)
No 23 (69.7%)
Yes 10 (30.3%)

Histologic grade (n = 41)
I 11 (26.9%)
II 20 (48.8%)
III 10 (24.3%)

Distant metastases (n = 41)
No 32 (78.0%)
Yes 9 (22.0%)

Table 2. Pathological features of the benign canine mammary tumors

Clinical features Number of cases (%)

Histological type (n = 41)
Simple adenoma 5 (12.2%)
Complex adenoma 19 (46.4%)
Benign mixed tumor 15 (36.6%)
Intraductal papiloma 2 (48.8%)

Fig. 1. Galectin-3 is downregulated in malignant CMT. Galectin-3
immunohistochemical staining was analyzed in a series of 41 benign CMT and
41 malignant CMT, and tumors were classified according to the percentage of
galectin-3-expressing tumor cells. Most benign tumors presented galectin-3
staining in more than 75% of tumor cells, while the majority of malignant
tumors presented galectin-3 expression in less than 50% of tumor cells.
*Asterisks indicate significant differences (P < 0.05) by Pearson chi-square test.
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we found a significant (P < 0.05) downregulation of galectin-3
expression in malignant when compared with benign CMT.

Galectin-3 is highly expressed by invasive tumor cell
subpopulations in both primary and metastatic CMT
Even though there was a dramatic decrease in galectin-3 ex-
pression in the primary malignant CMT, it was still expressed
in a few cells at specific locations. Interestingly, galectin-3 was
always strongly expressed in tumor cell emboli (Figure 2A
and B) and in the vicinity of necrotic areas (Figure 2C). Sur-
prisingly, in all well-established metastatic lesions, there was
galectin-3 staining only in tumor cells surrounding necrotic
areas, a pattern resembling that observed in the primary malig-
nant CMT (Figure 2D). Nevertheless, whenever intravascular
tumor cells were available for observation in metastatic lesions,
it was possible to verify an intense galectin-3 staining (Figure 2E
and F). In order to check the differentiation status of galectin-
3-positive tumor cells, we verified the expression of E-cadherin
and beta-catenin, which are two crucial molecules for inter-
cellular adhesion and maintenance of epithelial architecture
(Nollet et al. 1999). Interestingly, overexpression of galectin-
3 was not associated with loss of membrane expression of E-
cadherin since it was possible to find both E-cadherin-negative
(Figure 2G) and E-cadherin-positive tumor emboli (Figure 2H)
in the same tumor section. However, β-catenin expression was
always found at the contact sites between intravascular tumor
cells (Figure 2I). Altogether, these results indicate that overex-
pression of galectin-3 is a characteristic of potential metastatic
tumor cells in malignant CMT and does not appear to be related
to their differentiation status.

Cytoplasmic staining for galectin-3 is associated with
increased aggressiveness in CMT
Since cytoplasmic expression of galectin-3 has often been as-
sociated with tumor resistance to apoptosis and enhanced
malignancy (Lotz et al. 1993; Califice et al. 2004), we com-
pared galectin-3 intracellular staining pattern between benign
and malignant CMT. Regarding subcellular distribution, benign
CMT predominantly presented a nuclear and cytoplasmic stain-
ing (90.2% of the cases), whereas most of the malignant CMT
(85.3%) showed predominantly a cytoplasmic pattern of galec-
tin-3 expression (Figure 3). There was a decrease in nuclear
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Fig. 2. Galectin-3 is upregulated in tumor cell emboli in both primary tumors and metastatic lesions of malignant CMT. The photomicrographs depict galectin-3
immunostaining with hematoxylin counterstain in both primary and metastatic malignant CMT. Although generally downregulated in primary malignant CMT,
galectin-3 is always intensely expressed in tumor cell emboli (A, ×10 and B, ×40 magnification) and around necrotic areas of primary tumors (C, ×10). The same
pattern of galectin-3 expression was found in metastatic lesions, namely: Necrotic areas (D, ×10) and intravascular tumor cells (E, ×20 and F, ×60 magnification).
E-cadherin membrane staining was either absent (G, ×40) or present (H, ×40) in tumor emboli in malignant CMT, while β-catenin was always expressed at the
contact sites between intravascular tumor cells (I, ×40).

Fig. 3. Galectin-3 nuclear staining is decreased in malignant CMT. Galectin-3
immunohistochemical staining was classified according to its localization
expression pattern in nuc (for nuclear expression only; nuc/cyt, for both nuclear
and cytoplasmic expression) and cyt (for cytoplasmic expression only). Most
benign CMT presented nuclear/cytoplasmic galectin-3 expression pattern
(90.2% of the cases), whereas the majority of malignant CMT presented only a
cytoplasmic galectin-3 expression pattern (85.3%). *Asterisks indicate
significant differences (P < 0.05) by Pearson chi-square test.
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expression of galectin-3 in malignant CMT when compared
with benign CMT, which proved to be statistically significant
(P < 0.05). These findings point to an association of a cytoplas-
mic pattern of galectin-3 to malignancy in CMT.

Cytoplasmic staining for galectin-3 is associated with
aggressiveness in malignant CMT cell lines
In order to further address the role of galectin-3 in tumor
metastasis, we took the advantage of using two CMT cell lines
as a model. First, we compared the subcellular distribution of
galectin-3 in benign CMA07 (which does not form tumors)
and highly metastatic CMT-U27 cell lines. Similar levels of
galectin-3 expression were found in CMT-U27 and CMA07
cell lines in vitro in both mRNA and protein analyses (data
not shown). However, at the intracellular level, galectin-3
was expressed both in the nucleus and in the cytoplasm of
the benign CMA07 cell line (Figure 4A), while a cytoplasmic

expression pattern only was observed in the malignant CMT-U27
cell line (Figure 4B). Benign CMA07 showed similar levels of
galectin-3 surface expression, while displaying increased ex-
pression levels of galectin-3-binding sites (Figure 4C) when
compared with malignant CMT-U27 (Figure 4D). These find-
ings suggest that galectin-3 pattern distribution in malignant
CMT-U27 cells may account for the high invasive capacity
of this cell line.

CMT-U27 xenografts display the same pattern of galectin-3
expression found in both primary and metastatic lesions of
CMT
Next, we injected the highly metastatic CMT-U27 cell line into
the mammary fat pad of female nude mice and analyzed
galectin-3 expression in primary tumors and metastatic lesions.
Surprisingly, although CMT-U27 cells expressed galectin-3
in vitro, xenografted tumors displayed significant loss of
galectin-3 expression. In two out of five primary tumors,
galectin-3-positive tumor cells were less than 25%, whereas
in three out of five primary tumors, galectin-3-positive tumor
cells were less than 10%. In primary tumors, cells staining
for galectin-3 were specifically located in necrotic regions
(Figure 5A) and tumor emboli, as previously seen in malig-
nant CMT (Figure 5B). Likewise, metastatic lesions displayed
galectin-3 expression in less than 25% of the cells, mainly in
those surrounding necrotic areas in five out of six lesions
(Figure 5C) and inside tumor vessels (Figure 5D). These re-
sults corroborate our findings in spontaneous malignant CMT
(Figures 2 and 3) and underscore the role of cytoplasmic and
cell-surface galectin-3 expression in metastatic dissemination.
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Fig. 4. Similar levels but different patterns of galectin-3 expression are present
in benign CMA 07 and malignant CMT-U27 cell lines. Galectin-3 subcellular
distribution was assessed by immunofluorescence using an anti-galectin-3
antibody (M3/38). (A) Galectin-3 was expressed in both the nucleus and the
cytoplasm in benign CMA07 cell line. (B) Only cytoplasm expression of
galectin-3 was observed in malignant CMT-U27 cell line. Photomicrograph
magnifications ×100. Galectin-3 expression was analyzed by flow cytometry
using an anti-galectin-3 antibody (M3/38) and donkey anti-rat IgG-FITC; the
graph represents the galectin-3 and galectin-3-binding site positive tumor cells;
control cells stained with IgG-FITC are also shown. (C and D) Benign CMA07
showed similar surface expression levels of galectin-3 compared with
malignant CMT-U27. However, galectin-3-binding sites were more abundant
in benign CMA07 when compared with malignant CMT-U27 cell line.
Numbers represent means plus one SD of the mean fluorescence intensities of
anti-rat IgG-FITC or galectin-3-FITC (*P < 0.05). Results are representative of
two independent experiments with similar results.

Fig. 5. Galectin-3 is upregulated in tumor cell emboli from both primary
tumors and metastatic lesions of malignant CMT-U27 xenografts. Female N:
NIHY(s)II-nu/nu mice were inoculated subcutaneously in the mammary fat pad
with a suspension of 106 cells of the malignant CMT-U27 cell line. Primary
tumors and metastases were collected at different times after inoculation and
studied by immunohistochemistry for galectin-3 staining using M3/38 anti-
galectin-3 antibody. The photomicrographs depict galectin-3 immunostaining
with hematoxylin counterstain. (A) Galectin-3, when present in primary
tumors, was expressed mainly in cells surrounding necrotic areas (arrows point
to necrotic tissue). (B) Galectin-3 was intensely expressed in tumor emboli of
primary tumors. (C) When present in well-established metastases, galectin-3
was expressed essentially in cells surrounding necrotic areas (arrows point to
necrotic tissue). (D) Intense galectin-3 expression was observed in
intravascular tumor cells from metastatic lesions. Photomicrograph
magnifications, ×40 (A) and ×20 (B, C, and D).
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Downregulation of galectin-3-binding sites in the ECM
parallels the malignant transformation of canine mammary
glands
During the metastatic process, tumor cells need first to lose
cellular adhesion, increase their motility, and migrate through
the ECM (Chambers et al. 2002). It has been suggested that
galectin-3 may facilitate cancer metastasis by promoting
cell–cell (homo- and heterotypic) and cell–ECM interactions
through crosslinking of glycans present on other cells and
ECM, respectively (Inohara et al. 1996; Ochieng et al. 1999).
Therefore, we analyzed galectin-3-binding sites in 20 benign
and 20 malignant CMT, using human galectin-3 fused to
alkaline phosphatase (Gal3/AP) as a probe. Surprisingly, there
was a statistically significant decrease in galectin-3-binding
sites in the ECM of malignant tissue when compared with the
normal adjacent glands (Figure 6A). In most benign lesions
(≈65%), the ECM presented strong expression of galectin-3-
binding sites (Figure 6B, a). However, in the majority of
malignant CMT (≈85%), there was a weak expression of
galectin-3-binding sites in the ECM (Figure 6B, b). Similar
results were obtained in human normal tumor-adjacent mam-
mary glands (Figure 6B, c) in comparison with carcinoma
lesions themselves (Figure 6B, d), which corroborates the find-
ings in malignant CMT. These results suggest that the
coordinated decrease of galectin-3-binding sites in the ECM
may account for the loss of mediated cell–ECM adhesion in
the tumor microenvironment.

Galectin-3-binding sites expression is a marker of invading
tumor cells in CMT
Nevertheless, in malignant CMT, intravascular tumor cells and
tumor vasculature strongly expressed galectin-3-binding sites
(Figure 6C, a). Galectin-3-binding sites were also observed
on the surface of moderately differentiated tumors (16 out of
20 cases) in less than 25% of tumor cells (Figure 6C, b). Inhi-
bition by lactose indicated an involvement of the carbohydrate
recognition domain in the binding of Gal3/AP to tissues
(Figure 6D). These results suggest that galectin-3-binding site
expression in tumor emboli and endothelial cells may propiti-
ate galectin-3-mediated cell–cell interactions, thus facilitating
metastatic spread.

Galectin-3-binding site occupancy and stromal glycosylation
are partially altered in CMT
In order to assess whether or not a decrease in galectin-3-
binding sites is due to differential ECM glycosylation in
CMT, first we used two biotinylated plant lectins: (1) Erythrina
crista-galli lectin (ECA), which specifically binds β1,4 ga-
lactose and (2) Peanut lectin (PNA) , which binds terminal
galactose specially to Galβ1,3GlcNAc. In normal adjacent
mammary tissue, both ECA (Figure 7A) and PNA (Figure 7B)
bound to matrix glycoproteins in tissue stroma and gland mucus
secretion in addition to the apical border of luminal cells. In
contrast, in malignant CMT, there was a striking decrease in
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Fig. 6. Galectin-3-binding sites are downregulated in the ECM while expressed in tumor cell emboli in malignant CMT. The photomicrographs depict
galectin-3-binding site staining, using a Gal3/AP probe with hematoxylin counterstain. (A) There was a statistically significant difference of expression of galectin-3-
binding sites between the stroma of normal and malignant mammary tissue. (B, a) Most normal adjacent mammary glands present strong ECM expression of galectin-
3-binding sites. (B, b) In the majority of malignant CMT, there was a weak ECM expression of galectin-3-binding sites. (B, c) Strong expression of galectin-3-binding
sites was observed in the ECM of human normal adjacent mammary glands when compared with (B, d) invasive carcinoma lesions. (C, a) In malignant CMT,
invading tumor cells strongly expressed galectin-3-binding sites. (C, b) Galectin-3-binding sites were also expressed in the apex of moderately differentiated glands
(arrows point to galectin-3-binding sites). (D) Incubation with lactose totally inhibited binding of the Gal3/AP probe in the tissue sections. *Asterisks indicate
significant differences (P < 0.05) by paired T test.
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ECA- and PNA-binding sites in the ECM (Figure 7C and D,
respectively). Since the presence of endogenous galectins in
the ECM, including cleaved galectin-3 (not recognized by the
mAb M3/38), could be impairing the binding of the Gal3/AP
probe, we evaluated the expression of both galectin-3 and
galectin-1 by using affinity-purified polyclonal antibodies.
However, in our model we did not observe expressive pre-
sence of galectin-3 in the ECM even when using a polyclonal
antibody (Figure 7E). On the other hand, galectin-1 was over-
expressed in malignant CMT, mainly found in the nucleus and
cytoplasm of tumor cells and scattered throughout the tumor
stroma (Figure 7F). Finally, as collagen is a major component
of the ECM and in order to verify if a defect in the collagen
glycosylation could account for the decrease in galectin-3-
binding sites, we assessed the mRNA expression level of
GLT25D1, an enzyme essential to collagen galactosylation
(Schegg et al. 2009). In normal mammary glands, there was am-
plification of GLT25D1, with slightly higher levels than in
benign CMT (Figure 7G). However, GLT25D1 mRNA expres-
sion decreased considerably in malignant CMTwhen compared
with benign CMT (Figure 7G). In fact, from four malignant
CMT analyzed, there was amplification in only one, while in
benign CMT there was amplification of GLT25D1 in all four
studied cases. All tissue samples displayed similar expression
levels of endogenous control gene (data not shown). Altogether,
these results suggest that galectin-1 overexpression and down-
regulation of GLT25D1 mRNA expression in malignant CMT

may account, at least in part, for the loss of galectin-3 binding
sites in these tumors.

Galectin-3 may play a role in GLT25D1 expression level in
CMT cell lines
In order to verify if there was any relationship between galectin-
3 and GLT25D1 expression levels, we checked the enzyme
mRNA levels in both benign and malignant CMT cell lines,
which display differential distribution pattern of galectin-3
(Figure 4). Corroborating our findings in CMT (Figure 7G),
the malignant CMT-U27 cell line displayed lower levels of
GLT25D1 mRNA expression (~30-fold reduction) when com-
pared with benign CMA07 cell line (Figure 8A). We further
investigated the involvement of galectin-3 in the regulation of
GLT25D1 expression levels by performing shRNA-mediated
galectin-3 knockdown in the malignant cell line and evaluating
its effects on GLT25D1 expression levels. Short hairpin RNA
was directed to galectin-3, and a corresponding scrambled con-
trol was used (Friedrichs et al. 2007). After infection and
selection, over 75% galectin-3 inhibition was reached in the
malignant (CMT-U27) cell line (Figure 8B). Galectin-3 knock-
down caused a further 50% decrease in GLT25D1 mRNA
levels (Figure 8C), as compared with the scrambled infected
cells. These results imply that the downregulation of galectin-
3 may be at least partially responsible for the decreased
GLT25D1 mRNA expression levels found in malignant CMT.
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Fig. 7. Altered stromal glycosylation and presence of endogenous galectin-1 may account for decrease galectin-3-binding sites in CMT. (A–D) The
photomicrographs depict specific lectin-binding sites staining, using biotin-labeled Erythrina crista-galli lectin (ECA) and peanut lectin (PNA), with hematoxylin
counterstain. Most normal adjacent mammary glands presented expression of ECA (A, ×20 magnification) and PNA-binding sites (B, ×20). In the great
majority of malignant CMT, there was a weaker ECM expression of ECA- and PNA-binding sites (C and D, ×40). (E, F) The photomicrographs depict
galectin-3 (E, × 40) and galectin-1 (F, ×40) expression with hematoxylin counterstain in malignant CMT. Using a polyclonal antibody against galectin-1 and
-3, it was possible to observe the virtual absence of galectin-3 in the ECM in contrast to the strong staining for galectin-1. (G) RNA extracted from normal mammary
gland and benign and malignant CMTsamples were converted to cDNA and analyzed by real-time polymerase chain reaction (PCR) for the expression of GLT25D1.
Enzyme mRNA expression level was considerably decreased in malignant CMT when compared with normal tissue and benign lesions. cDNA contents were
normalized on the basis of predetermined levels of 18S. Data are representative of the 10 studied cases.
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Discussion

Spontaneous canine malignant mammary tumors share many
similarities with human breast cancer, including prognostic fac-
tors (de Matos et al. 2006), tumor markers (de Matos et al.
2007) and the metastatic dissemination process (Paoloni and
Khanna 2008). However, the incidence of CMT is three times
higher than that of human breast cancer, and the time course
of the disease is shorter, often less than 2 years (Sorenmo
2003). This allowed us to collect and analyze primary and meta-
static tumors from the same dogs, which would be far too
complicated to carry out in humans. Therefore, besides being
considered as excellent models for imaging and immunotherapy
studies of human breast cancer, spontaneous CMT may also be
of use to improve our knowledge about the initial steps of the
metastatic process (Paoloni and Khanna 2008). In this study,
we used spontaneous benign and malignant CMT to investigate
the role of galectin-3 in the metastatic process and demonstrated

that: (1) overall galectin-3 expression is downregulated in ma-
lignant CMT but upregulated in intravascular tumor emboli;
(2) cytoplasm expression pattern of galectin-3 correlates with
CMT progression and CMT cell line aggressiveness; (3) both
intravasated tumor cells and tumor endothelium express galec-
tin-3-binding sites; (4) galectin-3-binding sites are decreased in
the ECM of malignant CMT and correlate with lower expres-
sion of collagen-glycosylating enzyme GLT25D1 and with
higher expression of galectin-1; (5) malignant CMT-U27 cell
line displays much lower mRNA levels of GLT25D1 than be-
nign cell line, and these levels are even further reduced upon
galectin-3 knockdown.
Although galectin-3 has been implicated in the progression

of various types of cancer, contradictory observations support
the notion that galectin-3 can exert tumor-suppressive effects
in certain scenarios. Indeed, decreased expression of galec-
tin-3 was associated to poorer prognosis in several human
cancers (Lotz et al. 1993; van den Brûle et al. 1994; Choufani
et al. 1999; Ellerhorst et al. 1999; Pacis et al. 2000), including
breast cancer (Castronovo et al. 1996). A decreased expression
of galectin-3 in malignant CMT was previously described by
Choi et al (2004). However, to the best of our knowledge, this
is the first study that clearly demonstrates intense expression of
galectin-3 in intravascular tumor cells. Several reports showed
that galectin-3 behaves as an adhesion molecule, mediating
both homotypic and heterotypic cell adhesion (Ochieng et al.
2004). Therefore, decreased galectin-3 expression would lead
to reduced adhesiveness between tumor cells and facilitate can-
cer cell invasion. On the other hand, decreased galectin-3
expression would disfavor heterotypic aggregation between
tumor cells and endothelial cells, impairing intravasation and in-
travascular tumor cell arrest. Since the great majority of
invading tumor cells expresses galectin-3 in malignant CMT,
at least three different scenarios can be envisaged: (1) only
tumors cells exposed to stress conditions (e.g., hypoxia) regain
galectin-3 expression and intravasate; (2) only tumor cells that
do not reduce galectin-3 expression migrate and intravasate into
blood vessels; and (3) infiltrating immune cells may increase mi-
gratory capacity of tumor cells by secreting galectin-3. The first
scenario is supported by the fact that galectin-3 is overexpressed
around necrotic (hypoxic) areas in CMT, as in human brain
tumors (Neder et al. 2004). It has been shown that in patients
with advanced breast cancer and prostate cancer (Racila et al.
1998), most of the circulating cancer cells were apoptotic
(Swartz et al. 1999), which gives support to a passive mecha-
nism of invasion (Bockhorn et al. 2007). The second scenario
could be explained by the acquisition of a migratory pheno-
type by galectin-3-expressing tumor cells. Indeed, an active
mechanism of invasion, by which there is an accumulation of
mutations that favor migration, has also been suggested as a
result of epithelial–mesenchymal transition (EMT) (Thiery
et al. 2009). However, since a hallmark of EMT is the loss of
E-cadherin expression (Perl et al. 1998), our results do not sup-
port the assumption that the all intravascular tumor cells found in
CMT have undergone EMT. The third scenario is based on the
fact that stromal cells are believed to affect the migratory be-
havior of tumor cells (Liotta and Kohn 2001). Interestingly, a
recent report (Wyckoff et al. 2007) demonstrated that perivascu-
lar macrophages interact with tumor cells and are directly
involved in the intravasation step in mammary tumors. In malig-
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Fig. 8. GLT25D1 mRNA expression levels in CMT cell lines correlate with
both galectin-3 subcellular distribution pattern and galectin-3 expression
level. RNA was extracted from benign and malignant CMT cell lines,
converted to cDNA, and analyzed by real-time PCR for GLT25D1 expression.
(A) Benign CMA07 cell line (nuclear and cytoplasmic galectin-3) showed
GLT25D1 mRNA expression levels about 30-fold higher than those found in
Malignant CMT-U27 cell line (cytoplasmic galectin-3). (B) Galectin-3
knockdown using short hairpin RNA resulted in over 75% of galectin-3
inhibition in malignant CMT-U27 cell line. (C) There was a 50% decrease in
GLT25D1mRNA expression levels after galectin-3 knockdown. cDNA contents
were normalized on the basis of predetermined levels of 18S. The results
represent the mean ± SD of triplicate samples in one of three similar experiments.
*Asterisks indicate significant differences (P < 0.05) by Student's t-test.
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nant CMT, we also found a high number of major histocompat-
ibility complex class II positive cells around tumor emboli (data
not shown), and its implications for tumor metastasis are cur-
rently under investigation.

No matter the mechanisms by which tumor cells enter blood
vessels, the presence of cytoplasmic galectin-3 seems to corre-
late with invasiveness and metastasis. In fact, several in vitro
and in vivo studies showed that, when present in the cell cyto-
plasm, galectin-3 has anti-apoptotic functions (Yoshii et al.
2002; Califice et al. 2004). Decreased nuclear expression of
galectin-3 has been associated to a more aggressive behavior
and poorer prognosis in several studies of different human can-
cers (Sanjuán et al. 1997; Honjo et al. 2000; Califice et al.
2004). Accordingly, in malignant CMT, there was a statistical-
ly significant loss of galectin-3 nuclear expression when
compared with benign tumors. Also, the highly metastatic
CMT cell line showed loss of nuclear expression of galectin-
3, while the benign cell line, which expressed galectin-3 both
in the nucleus and in the cytoplasm, was not able to form
tumors after injection into nude mice. Therefore, the subcellu-
lar distribution of galectin-3 is an important feature related to
malignancy in CMT and may be responsible for increasing ap-
optosis resistance of tumor cells that migrate and/or are shed
into the circulation.

An active mechanism of tumor invasion implies that migra-
tory cells need to invade and degrade ECM in order to
intravasate, which requires numerous specific molecular inter-
actions between the tumor cell and the surrounding ECM. It
has been reported that galectin-3 is able to promote cell–
ECM adhesion by interacting with glycosylated components
of ECM such as laminin (Kuwabara and Liu 1996), elastin
(Ochieng et al. 1999) and collagen IV (Ochieng et al. 1998).
Therefore, it would be expected that the presence of galectin-3-
binding sites in the ECM negatively modulate cell migration.
In fact, a decade ago, Choufani et al. (1999) showed that a de-
creased expression of galectin-3-binding sites was correlated
with increased tumor aggressiveness in head and neck squa-
mous cell carcinomas. However, these authors focused only
on the expression of galectin-3-binding sites by tumor cells
and did not report any alteration in the ECM-binding sites.
In our study, we postulate that decreased expression of galec-
tin-3-binding sites in the ECM is critical for metastasis since it
allows migratory cancer cells to lose their galectin-3-mediated
interaction with glycosylated ECM components. According to
the literature, at least two mechanisms could account for the
decrease in galectin-3-binding sites in the ECM: (1) increased
presence of cleaved galectin-3, which is released into the ECM
and could block galectin-3-binding sites (Nangia-Makker et al.
2007) and (2) increased sialylation of galectin-3-binding pro-
teins, which could prevent its binding (Zhuo et al. 2008). The
first suggested mechanism was ruled out by the observation
that malignant CMT did not express detectable amounts of
stromal galectin-3. Regarding the second mechanism, previous
studies of our group using a broad panel of lectins showed in-
creased sialylation in neoplastic cells but not in the ECM of
malignant CMT (Pinho et al. 2009). Therefore, decreased bind-
ing of Gal3/AP to its potential binding sites in the ECM could
be related to other glycosylation-related alterations. In fact, by
using two plant lectins, we showed that malignant CMT dis-
play a reduced availability of terminal galactose residues in

the ECM compared with normal tissues. An alternate hypoth-
esis would be that galectin-3-binding sites in the ECM are
blocked by the presence of other endogenous galectins. In this
regard, we assessed the expression levels of galectin-1, another
member of the galectin family of glycan-binding proteins
whose expression in malignant tissues has been reported in
several tumors, including breast (Jung et al. 2007). Interesting-
ly, galectin-1 also plays an important role in tumor progression
by promoting cell–cell and cell–ECM adhesion, thus influenc-
ing cancer cell invasion and metastasis (Hughes 2001). The
fact that downregulation of galectin-3-binding sites correlated
with an upregulation of galectin-1 in the ECM of malignant
CMT led us to propose that stroma-associated galectin-1 may
partially block galectin-3-binding sites in the ECM. Consistent
with this hypothesis, Jung et al. (2007) observed an upregula-
tion of galectin-1 in breast carcinoma tissues and demonstrated
that its expression by cancer-associated stromal cells correlated
with tumor invasiveness and metastasis. Most recently,
Gromov et al. (2010) reported that galectin-1 is upregulated
in tumor interstitial fluids of breast cancer patients. Despite
the upregulation of galectin-1 in tumor stroma, the hypothesis
that other galectin family members may block galectin-3-
binding sites in the ECM cannot be ruled out.

Another attractive possibility is that decreased galectin-3-
binding sites could be due to altered ECM glycosylation. Since
collagen glycosylation affects melanoma cell adhesion to and
spreading on collagen IV (Lauer-Fields et al. 2003), we
checked the mRNA expression levels of GLT25D1, a recently
identified glycosyltranferase responsible for collagen glycosyl-
ation (Schegg et al. 2009). GLT25D1 catalyzes the addition
of the monosaccharide Gal (β1-O) to hydroxylysine residues
in various types of collagen and has not been evaluated in
tumor samples or cancer cells before. However, even though
decreased expression of GLT25D1 might affect galectin-3-
binding sites by reducing collagen galactosylation, we were
not able to affirm that galectin-3 or galectin-1 binds this glycan
structure found on collagen. In fact, Ahmed et al. (1991) con-
cluded that Gal (β1-O) hydroxylysine residues prepared from
natural sponges are unlikely to play a significant role in an-
choring galectin-1 to the ECM. However, this question
requires further clarification and also new binding studies us-
ing other galectins and purified collagen from normal and
tumor tissues. Independent of whether or not galectins bind
to collagen, the concurrent loss of nuclear galectin-3, and
GLT25D1 mRNA expression in malignant CMT argues in
favor of a role for nuclear galectin-3 in GLT25D1 gene tran-
scription. However, whether GLT25D1 gene transcription is
regulated by nuclear galectin-3 through a similar mechanism
described for cyclin D1 (Lin et al. 2002) or GLT25D1 down-
regulation is linked to epigenetic factors (e.g., promoter
methylation), these are questions that remain to be answered.

Altogether, the results presented in this study led us to pro-
pose a model in which we correlate the loss and gain of both
galectin-3 and galectin-3-binding sites within tumor microen-
vironment as well as its consequences for tumor metastasis
(Figure 9). This model, although it emphasizes that loss of
galectin-3 expression is important for cell proliferation and
tumor progression, underscores the need for novel inhibitors
of galectin-3 function as therapeutic agents to reduce tumor
metastasis.
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Materials and methods
Human tissue
Samples of invasive human breast carcinoma from the files of
the Department of Pathology of ICBAS-UP were used in this
study in order to compare with the canine samples. After de-
hydration and paraffin wax embedment, sections of 4 μm were
cut and used for immunohistochemistry.

Animal tissues and dogs
A series of 82 spontaneous canine mammary tumors were ob-
tained from bitches submitted to surgery at the Small Animal
Clinic of ICBAS-UP with curative intents. The average age of
the 82 animals was 10 years old (range 3 to 16 years). Four
samples of normal mammary gland tissues from the files of
the Department of Pathology of ICBAS-UP were also used
in this study. The specimens were fixed in 10% neutral buff-
ered formalin. After dehydration and paraffin wax embedment,
sections of 4 μm were cut from each representative paraffin
block for staining with hematoxylin and eosin and for immu-
nohistochemistry. Animals were evaluated every 3 months
(thorough physical examination, three-view thoracic radio-
graphies, and abdominal ultrasound) during a follow-up
postoperative period of 2 years. All dogs were followed until
death or until the end of the pre-established observation period.

Animals that died were submitted to complete necropsy and
histological confirmation of local recurrences or metastases.
From the initial 41 series of malignant CMT, nine female

dogs bared metastatic tumors confirmed by histopathology.
Nineteen metastatic lesions of different sites, from seven out
of nine dogs, were used in this study.

Cell lines and culture conditions
In this study, we used two different cell lines: (1) a benign
CMA07 cell line, established at our laboratory from a primary
complex adenoma excised from a 6-year-old female dog,
which has undergone more than 50 passages and does not form
tumors upon subcutaneous injection into nude mice (unpub-
lished data) and (2) a highly metastatic CMT cell line (CMT-
U27) kindly provided by Professor Eva Hellmen from Sweden
(Hellmén 1992). Both cell lines were cultured at 37°C in a hu-
midified 5% CO2 incubator and maintained in RPMI 1640
medium (with Glutamax and 25 mM Hepes) supplemented
with 10% fetal bovine serum and gentamicin (50 μg/mL).

Experimental nude mice
Five 6-week-old female N:NIH(s)II-nu/nu mice were inoculat-
ed in the mammary fat pad with a suspension of 106 cells of
CMT-U27 cell line. Once the xenografted primary tumor at-
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Fig. 9. Proposed model to summarize the role of galectin-3 in tumor progression and metastasis. In benign tumors, the increased availability of galectin-3 and
galectin-3-binding sites favor galectin-3-mediated cell–cell and cell–ECM interactions, preventing the separation of individual tumor cells and migration through
ECM. In malignant tumors, downregulation of galectin-3 and galectin-3-binding sites in the ECM lead to a decreased adhesiveness of galectin-3-expressing tumor
cells and facilitate their movement through ECM. Altered ECM glycosylation and blockade of galectin-3-binding sites by other endogenous galectins (e.g., galectin-1)
are two factors that may account for the reduction in galectin-3-binding sites availability. After intravasation, galectin-3-expressing tumor cells are able to form
homotypic cell aggregates supporting metastatic cell arrest in microcirculation. Also, by promoting interaction between tumor and endothelium cells (heterotypic
interactions), galectin-3 facilitates tumor cell extravasation through vascular endothelium. Once in a target organ, galectin-3-expressing tumor cells are able to adhere to
the normally glycosylated ECM (which possess plenty of galectin-3-binding sites), thus forming ametastasis or a secondary tumor. Then, the majority of the tumor cells
will gradually downregulate or lose expression of galectin-3 in order to proceed further in the transformation pathway.
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tained the volume of 1 cm3, it was excised under general an-
esthesia. The animals were humanely euthanized whenever
their body weight started to decrease or any signs of poor body
condition were shown, and target organs were collected in or-
der to search for distant metastases.

Immunohistochemistry
Expression of Galectin-3 was evaluated in the formalin-fixed,
paraffin-embedded sections of both spontaneously occurring
CMT and malignant CMT-U27 xenografts, using standard im-
munohistochemistry protocols. Briefly, 4-μm-thick paraffin
sections were deparaffinised, then hydrated, and H2O2 was
used to block endogenous peroxidase activity. After blocking
with the appropriate normal sera, sections were incubated with
the primary antibodies: anti-galectin-3 mAb (M3/38) (Ho and
Springer 1982), which recognizes the N-terminal portion of the
protein; chicken anti-galectin-3 polyclonal antibody; anti-
E-cadherin clone 4A2C7, (Zymed); anti beta-catenin clone
CAT-5H10 (Zymed); and rabbit anti-galectin-1 polyclonal an-
tibody (a kind gift of Dr. Marcelo Dias-Baruffi, University of
Sao Paulo, Brazil), overnight at 4°C. This was followed by in-
cubation with the appropriate conjugated secondary antibodies.
In order to characterize the glycosylation profile between the
normal adjacent and the malignant tissue, 10 cases of malig-
nant CMT of different histological subtypes were incubated
with the biotinylated lectins, E. crista-galli (Vector) and peanut
lectin (Sigma), for 1 h. This was followed by incubation with
the appropriate conjugated secondary antibodies or with the
avidin–biotin–peroxidase complex (Vector Laboratories) for
30 min. Peroxidase activity was examined using diaminoben-
zidine tetrahydroxychloride solution (DAB, Dako) as the
substrate. Sections were counterstained with hematoxylin.
Negative controls in which the primary antibody was replaced
by bovine serum albumin (BSA) 5% in phosphate-buffered sa-
line (PBS) were performed in all series, and sections of human
thyroid carcinomas were used as positive controls. The assess-
ment of galectin-3 expression in CMT was based on a
semiquantitative analysis, and tumors were grouped, according
to the percentage of immunoreactive cells throughout the
whole lesion, into: <10%, which was considered negative;
<25%; 25–50%; 50–75%, or >75%. Galectin-3-binding sites
were detected using a Gal3/AP probe in the same sections
(de Melo et al. 2007). Sections were incubated with dilution
of the probe for 2 h at room temperature. Alkaline phosphatase
activity was observed using Fast Red (Dako). Sections were
counterstained with hematoxylin. The tissues were classified
into 1+ (weak), 2+ (moderate), or 3+ (strong) score of staining
intensity. As a negative control, an assay using lactose to inhib-
it the carbohydrate recognition domain of galectin-3 was
performed.

RNA interference
The establishment of galectin-3 knockdown cells was done
using a retroviral expression system with short hairpin RNAs
as described previously (Friedrichs et al. 2007). Briefly, the
targeting and control vectors were transfected into PhoenixGP
packaging cell line, and transfected cells were selected using
Puromycin (Sigma). Stable transfectants were seeded (1 × 106

cells) and incubated for 24 h at 32°C. The virus-containing
media were then collected, filtered through a 0.45-μm filter

to remove remnant cells, and used to infect malignant
CMT-U27. Six and 12 h postinfection, the media were re-
placed by selective puromycin-containing media to select
infected cells.

RNA extraction and real-time polymerase chain reaction
Two canine normal mammary glands and four benign and
four malignant CMT were collected and freshly frozen in
liquid nitrogen at the local city kennel. A section of each
of the 10 cases was included in paraffin and histologically
classified. Total RNA was isolated from the CMT cell lines
and from freshly frozen mammary benign and malignant
CMT using TRI Reagent (Sigma) according to manufac-
turer's instructions. Briefly, 1 μg of RNA were primed with
random hexamers and reverse transcribed using Superscript II
(Invitrogen) in a final volume of 20 μL. Two microliters of a
1:10 dilution of this mixture was amplified with SYBR Green
(Applied Biosystems) and primers at a final concentration of
300 nM each in a fluorescence reader ABI Prism 7000, and du-
plicates were run for each reverse transcription product. The
level of 18S and GAPDH RNA in each sample was measured
and used for normalization of target gene abundance. The primer
sequences are listed below.

GAL3: (5′CAGGCAGCTTTTCCATTCGA3′/5′ACTG-
CAA CAAATGGGCATCA3′);

GLT25D1: (5′CTGAGAACAAGACGGTGGTGG3′/5′
AGGTGTGCGCTTGTAGTAGCC3′)

Immunofluorescence
In order to investigate the galectin-3 subcellular distribution,
cells were grown for 24 h on cover glasses pre-coated for
3 h with RPMI 1640 medium supplemented with 10% fetal bo-
vine serum. The cells were then fixed for 10 min in ice-cold
methanol and blocked with non-immune donkey serum diluted
in 10% BSA for 20 min. Normal serum was replaced with
anti-gal-3 monoclonal antibody (M3/38) (Ho and Springer
1982) diluted in 5% BSA, and the cell monolayer was incu-
bated for 1 h. After three washes with 1× PBS, cells were
incubated with fluorescein isothiocyanate (FITC)-labeled sec-
ondary antibody (JacksonImmuno Research) diluted in 5%
BSA for 30 min in the dark at room temperature, followed
by incubation with DAPI (Pierce) in PBS and then mounted
in vectashield (Vector). Cells were analyzed with a Leica
DMIRE2 fluorescent microscope.

Flow cytometry
For flow cytometry, single-cell suspensions were prepared
from CMT-U27 and CMA07 cell lines. Briefly, adherent cells
were detached from the flask with trypsin. Subsequently, tryp-
sinized cells were washed and resuspended in PBS
supplemented with 10 mM of sodium azide and 1% BSA.
The rat anti-galectin-3 antibody (M3/38) (Ho and Springer
1982) and FITC donkey anti-rat (JacksonImmuno Research)
were used as primary and secondary antibodies, respectively.
For assessing galectin-3-binding sites, cells were incubated
with FITC-labeled recombinant galectin-3 in the presence or
absence of lactose. Flow cytometric analysis was performed
on FACScan (Becton Dickinson, San Jose, CA, USA) using
CellQuest software (Becton Dickinson).
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a b s t r a c t

Mucin-1 (MUC1) is over-expressed in human breast carcinomas and is linked to a poorer prognosis. In
this study, MUC1 expression in 32 spontaneous canine malignant mammary tumours was characterised
in relation to histological type, mode of growth, grade, lymph node metastases and distant metastases. All
tumours exhibited immunostaining for MUC1. In the normal canine mammary gland, MUC1 was
expressed mainly in the apical cellular membrane, while in carcinomas MUC1 was detected in the cyto-
plasm only (56.3%) or in the cytoplasm with membrane accentuation (43.7%). There was a significant
association between development of distant metastases and MUC1 over-expression (P = 0.03), but no
association with histological type, histological grade, mode of growth or lymph node metastasis.

� 2008 Elsevier Ltd. All rights reserved.

Mucin-1 (MUC1) is one of the tumour markers most closely
associated with human breast cancer and is a potential therapeutic
target in several types of neoplasia (Rahn et al., 2005). Mucins are
large, heavily glycosylated proteins expressed in normal epithelial
cells. The physiological role of MUC1 is not yet fully established,
but it may be involved in epithelial cell protection, lubrication
and maintenance of glandular architecture. Many cancers, includ-
ing those of the breast, as well as their metastases, exhibit MUC1
over-expression and loss of apical localisation (Rahn et al., 2001).
MUC1 over-expression at the surface of tumour cells facilitates
the establishment of metastases at distant sites (Hollingsworth
and Swanson, 2004).

Canine mammary tumours account for approximately 25–50%
of all tumours in intact female dogs and 40–50% are malignant
(Sorenmo, 2003). Generally, in canine malignant mammary
tumours (CMMT), metastatic spread occurs via lymphatic vessels
to the regional lymph nodes or haematogenously and the lungs
are the most frequent site of distant metastases (Sorenmo, 2003).
The aim of our study was to assess MUC1 expression by immuno-
histochemistry in CMMT and to determine whether there was any
association with clinicopathological features of these tumours.

Thirty-two CMMT were randomly selected from the files of the
Veterinary Pathology Department of ICBAS-UP. The mean age of

affected animals was 10.1 years (range 5–16 years). Whenever
two or more malignancies were observed in the same animal, the
most aggressive tumour was selected, based on features such as
largest diameter (World Health Organization, WHO TNM staging
of mammary tumours), ulceration, mode of growth, and histologi-
cal grade (MacEwen and Withrow, 1996). After regional or radical
mastectomy, animals were submitted to a 2 year clinical follow-up
and evaluated every 3 months. Postmortem examinations were
performed on animals which died naturally or were euthanased
at the owner’s request when the animal’s quality of life had dete-
riorated. Distant metastases were detected in the lungs (7 cases),
liver (2), spleen (1) and heart and pericardium (1).

Histological examination was performed independently by two
pathologists and tumours were classified according to WHO
criteria (Misdorp et al., 1999). The histological grade was based
on the assessment of three morphological features according to
the Nottingham method for human breast tumours (Elston and
Ellis, 1993): tubule formation, nuclear pleomorphism and mitotic
counts; scores 1 (slight), 2 (moderate) or 3 (marked) were
assigned. Tumours were classified as grade I with a total of 3–5
points, grade II with 6–7 points and grade III with 8–9 points.
Immunohistochemistry was performed using the modified
avidin–biotin–peroxidase complex method (Matos et al., 2006),
with an anti-MUC1 antibody (C-20; Santa Cruz Biotechnology)
(Ishiguro et al., 2007). SPSS software (version 13.0) was used for
statistical analysis, applying Fisher’s exact or v2 tests.

Samples were scored according to the percentage of MUC1
positive cells. In 13/32 (40.6%) cases, normal adjacent mammary
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tissue was available for comparison. MUC1 showed predominantly
an apical pattern of expression in normal mammary tissue
(Fig. 1A). All tumours expressed MUC1, although expression pat-
terns differed between cases; 18/32 (56.3%) tumours showed cyto-
plasmic expression only (Fig. 1C) and 14/32 (43.7%) showed both
cytoplasmic and membranous staining (Fig. 1B). A tumour was
considered to have over-expression of MUC1 if >50% of neoplastic
cells exhibited positive immunostaining (Rahn et al., 2001); 9/32
(28.1%) CMMT expressed MUC1 in 650% of tumour cells, whereas

23/32 (71.8%) showed MUC1 expression in >50% of cells. Clinico-
pathological features of tumours, as well as associations with
MUC1 expression, are summarised in Table 1. A significant rela-
tionship was found between MUC1 over-expression and develop-
ment of distant metastases. All 10 cases with metastatic
development originated from tumours within the high MUC1
expression group (P = 0.03).

In agreement with studies of MUC1 expression in human breast
tissues, in our study both normal mammary gland cells and

Fig. 1. (A) MUC1 expression in a normal mammary gland showing an apical pattern of expression. Original magnification 1000�. Bar = 62.5 lm. (B) Circumferential
membranous accentuation in a tubulopapillary carcinoma. (C) Cytoplasmic pattern of expression in a tubulopapillary carcinoma. (D) Immunostaining in 25–50% of cells in a
complex carcinoma. (E) Greater than 50% of MUC1 immunolabelling in a carcinosarcoma. (B–E) Original magnifications 400�. Bars = 25 lm.
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tumour cells expressed MUC1, although with different patterns of
expression (Rahn et al., 2001). Apical cellular localisation in tu-
mour cells is considered to be an indicator of an intact MUC1 path-
way and is associated with functional differentiation and a good
prognosis (Rahn et al., 2001). In dogs, this pattern of expression
was found in normal mammary gland tissue, but not in adjacent
mammary tumours, this may indicate a similarity between canine
and human MUC1 biological function. The presence of an aberrant
pattern of MUC1 expression, such as cytoplasmic staining, com-
monly seen in human breast cancer and observed in all tumours
in our study, is indicative of poor functional differentiation and
associated with worse prognosis (Rahn et al., 2001).

To the best of our knowledge, this is the first study of MUC1
expression in CMMT. There was no significant association between
tumour histological type and MUC1 expression, but this may be
due to the small number of specimens, with seven different histo-
logical types of tumours, included in the study. Furthermore, we
found no significant association between MUC1 expression and tu-
mour histological grade. Human breast cancer studies have yielded
conflicting results regarding this association; some authors state
that there is a correlation between MUC1 over-expression and high
histological grade (Rahn et al., 2001), whereas an association has
not been found in other studies (Li et al., 2006).

In human oncology, MUC1 is considered to be a promising
pharmacological target for treatment of several types of tumours
(Hollingsworth and Swanson, 2004). In our series, a weak but

statistically significant relationship was found between MUC1
over-expression and distant metastasis. This association is in
agreement with previous findings in human cancer studies (Rahn
et al., 2005).

In conclusion, differing patterns of MUC1 expression are present
in CMMT and normal adjacent mammary gland tissues. MUC1
over-expression was associated with distant metastasis in canine
mammary tumours, but not with lymph node metastasis. MUC1
may have a role as a potential prognostic marker or immunother-
apeutic target in CMMT.
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Table 1
Relationship between MUC1 expression and clinicopathological features in canine
malignant mammary tumours

Clinical features Number of
cases (%)

MUC1 expression P value

<50% P50%

Histological type (n = 32) NSa

In situ carcinoma 2 (6.2%) 1 (50.0%) 1 (50.0%)
Complex carcinoma 7 (21.9%) 1 (14.3%) 6 (85.7%)
Tubulopapillary carcinoma 10 (31.2%) 3 (30.0%) 7 (70.0%)
Solid carcinoma 6 (18.8%) 2 (33.3%) 4 (66.7%)
Mucinous carcinoma 1 (3.1%) 0 (0.0%) 1 (100.0%)
Carcinosarcoma 6 (18.8%) 2 (33.3%) 4 (66.7%)

Histological grade (n = 32) NS
I 6 (18.7%) 1 (16.7%) 5 (83.3%)
II 15 (46.9%) 5 (33.3%) 10 (66.7%)
III 11 (34.4%) 3 (27.3%) 8 (72.7%)

Mode of growth (n = 32) NS
Expansiveb 11 (34.4%) 4 (36.4%) 7 (63.6%)
Invasivec 16 (50.0%) 4 (25.0%) 12 (75.0%)
Infiltratived 5 (15.6%) 1 (20.0%) 4 (80.0%)

Lymph node metastases (n = 28) NS
No 19 (67.9%) 6 (31.6%) 13 (68.4%)
Yes 9 (32.1%) 2 (22.2%) 7 (77.8%)

Distant metastases (n = 32) 0.029
No 23 (71.9%) 9 (39.1%) 14 (60.9%)
Yes 9 (28.1%) 0 (0.0%) 9 (100.0%)

a NS: non significant (P > 0.05).
b Expansive: tumour within a capsule.
c Invasive: invasion of blood or lymphatic vessels.
d Infiltrative: no capsule present or evidence of tumour cell invasion.
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Sialylation regulates galectin-3/ligand interplay
 during mammary tumour progression 

- a case of targeted uncloaking
JOANA-TAVARES DE OLIVEIRA1,2, AUGUSTO-JOSÉ DE MATOS2,3, ANA L. SANTOS1, RITA PINTO1, JOANA 
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ABSTRACT  Galectin-3 is involved both in facilitating detachment of cells from primary tumour 
sites and favouring cancer cell adhesion and survival to anoikis in the blood stream. The mecha-
nisms behind these apparently contradictory roles of the lectin have not yet been resolved. In order 
to investigate possible interplays between galectin-3 and its ligands underlying their role in the 
metastatic process, we examined mucin-1 (MUC1) and epidermal growth factor receptor (EGFR), 
well-known galectin-3 ligands, as well as galectin-3-binding site expression in a series of spontane-
ous canine malignant mammary tumours (CMMT) and a metastatic CMMT cell line. Despite the 
fact that CMMT cells expressed MUC1 and EGFR homogeneously over their plasma membrane, 
intravascular tumour cells, positive for galectin-3, expressed MUC1 and EGFR in a more focal mem-
brane localization. Moreover, MUC1 overexpression in primary CMMT was present in parallel with 
down-regulation of galectin-3. Furthermore, in the CMT-U27 cell line, galectin-3 knock-down led to 
increased MUC1 expression, while MUC1 knock-down led to down-regulation of the lectin. Finally, 
removal of sialic acid from both CMMT and CMT-U27 xenograft samples exposed galectin-3-ligands 
throughout the tumour tissue, whereas these ligands were only present in galectin-3-positive invad-
ing cells in untreated samples. Interestingly indeed, we show that in vessel-invading cells, there 
is interaction between galectin-3 and the T antigen in vivo. We therefore hypothesized that loss of 
galectin-3 and sialylation-related masking of its ligands, in conjunction with their overexpression 
in specific tumour cell subpopulations, are crucial in regulating adhesive/de-adhesive events in the 
progression and invasive capacity of metastatic cells.

KEY WORDS: galectin-3, galectin-3 ligand, sialylation, metastasis, mammary tumour

Introduction

The metastatic process involves a complex series of coordi-
nated events leading to distant metastases - the main cause of 
tumour-related death (Chambers et al., 2002). Crucial steps in this 
process include detachment of tumour cells from primary sites, 
by loss of homotypic (between cancer cells) and heterotypic cell-
extracellular matrix (ECM) adhesion and survival of tumour emboli 
in the blood stream, which in contrast, requires homotypic adhe-
sion between tumour cells (Orr and Wang, 2001). The prospect of 
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better understanding the adhesion/de-adhesion capacity of tumour 
cells is paramount to in turn understand tumour progression and 
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metastasis. Galectin-3 is a member of the family of carbohydrate 
binding proteins (b-galactoside-specific lectins) that has been 
implicated in multiple wide spanning roles such as, cell-cell and 
cell-ECM adhesion, angiogenesis promotion, cell proliferation and 
apoptosis resistance, the latter actions ultimately facilitating tumour 
progression and metastasis (Liu and Rabinovich, 2005). To date, 
galectin-3 up- or down-regulation is, for reasons still unknown, 
dependent not only on tumour type but also on specific localization 
of tumour cells (Liu and Rabinovich, 2005). Recently, we reported 
on the down-regulation of galectin-3 and galectin-3-binding-sites 
in canine malignant mammary tumours (CMMT). This observa-
tion indicated a possible role for a decrease of galectin-3/galectin 
3-binding sites in the detachment and migration of tumour cells 
from primary tumours. In contrast, in vessel-invading cells galectin-3 
and its binding-sites were up-regulated supporting a role for such 

an increase in the metastatic process (de Oliveira et al., 2010). 
Galectin-3 has multiple well-known ligands co-implicated in 

different steps of carcinogenesis (Liu and Rabinovich, 2005). Mu-
cin-1 (MUC1) and epidermal growth factor receptor (EGFR) are 
among these and play a fundamental role in cancer progression 
and invasion (Kufe, 2009, Salomon et al., 1995). MUC1 is a large 
highly glycosylated membrane-associated protein expressed in 
the apical surface of normal epithelial cells (Kufe, 2009). Aber-
rant expression of MUC1 has been associated to poor prognosis 
in several types of cancer (Reis et al., 1998; Sipaul et al., 2011), 
including canine mammary cancer and human breast cancer (de 
Oliveira et al., 2009; Kufe, 2009). An abnormal under-glycosylated 
form of MUC1 is overexpressed in scattered distribution through-
out the membrane of cancer cells (Kufe, 2009). In these cells, the 
mucin carries truncated glycan structures with terminal galactose 
or N-acetylgalactosamine often being sialylated. Such is the 
case of the cancer associated Thomsen-Friedenreich antigen (T 
antigen), Galb1-3GalNac, i.e. core 1 dissacharide, recognized 
by galectin-3 (Yu et al., 2007). The T antigen is generated by the 
T-synthase, initiating the synthesis of core 1-derived O-glycans 
(Seko et al., 1996). The core 1 dissacharide is a substrate for a 
number of sialyltransferases, which synthesize different forms of 
the sialylated T antigen, including ST3GalI (Picco et al., 2010), 
ST6GalNacI and ST6GalNacII (Marcos et al., 2004). Recently, 
our group has also reported that sialylation is a prevalent type 
of glycosylation in CMMT (Pinho et al., 2009a). The presence of 
sialic acid can inhibit cell-cell interactions by masking carbohydrate 
ligands thus blocking receptor recognition (Powell et al., 1987). In 
cancer MUC1 promotes tumour cell detachment from primary sites 
by inhibiting cell-cell and cell-ECM adhesion, through its large size 
and through negative repulsive charges conferred by the pres-
ence of sialic acid (Kufe, 2009). However, in vessels, galectin-3 
induces MUC1 clustering on the tumour cell surface by binding T 
antigen. This exposes adhesion molecules such as inter-cellular 
adhesion molecule 1 (ICAM-1) that facilitate interaction between 

Fig. 1. Mucin1 (MUC1) is overexpressed in a series of canine malignant 
mammary tumours (CMMT) with galectin-3 down-regulation. MUC1 
immunohistochemical staining was analyzed in a series of 40 CMMT, 
and tumours were compared according to the percentage of MUC1 and 
galectin-3-expressing tumour cells. Most CMMT presented MUC1 staining 
in more than 50% of tumour cells, while the majority of these tumours 
presented galectin-3 expression in less than 50% of tumour cells. There 
was a significant difference (P < 0.05) by Pearson chi-square test.

Fig. 2. MUC1 and epidermal growth factor 
receptor (EGFR) are differentially expressed 
in the membrane and cytoplasm in a series 
of CMMT. Photomicrographs depict galectin-3, 
MUC1 and EGFR immunostaining (brown colour) 
with haematoxylin counterstain in malignant CMT. 
Galectin-3 is expressed in normal-adjacent tissue 
(A) (x630 magnification) but its expression is 
decreased in malignancy (B) (x400 magnification) 
with the exception of among others, intravascular 
tumour cells (C) (x400 magnification). In normal-
adjacent tissue MUC1 is expressed predominantly 
in the apical membrane (D) (x630 magnification); 
in CMMT MUC1 is expressed more focally in the 
membrane in cytoplasmic, vesicular and whole 
membrane patterns (E) (x400 magnification) and 
consistently in intravascular tumour cells (arrow) 
(F) (x630 magnification). In normal-adjacent tissue 
EGFR is expressed in the basolateral membrane (G) 
(x630 magnification); in CMMT, however, EGFR is 
expressed all over the membrane and cytoplasm 
(H) (x400 magnification). Tumour cell emboli express 
EGFR more focally at the membrane (arrow) (I) 
(x400 magnification).
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tumour and endothelial cells (heterotypic interactions) (Zhao et al., 
2009). Furthermore, in vessel-invading cells, MUC1 clustering by 
galectin-3 enables E-cadherin-mediated homotypic aggregation 
hence promoting survival over anoikis (Zhao et al., 2010). 

EGFR is a member of the growth factor receptor family of 
tyrosine kinase receptor proteins, expressed in the basolateral 
membrane of the normal epithelial cells. EGFR expression report-EGFR expression report-
edly is associated to poor prognosis in a range of epithelial cancers 
although this issue is controversial with respect to human breast 
cancer (Salomon et al., 1995; Klijn et al., 1992). EGFR signalling 
regulates several cellular functions that promote resistance to 
apoptosis and cell survival (Salomon et al., 1995; Burgess et al., 
2003). In addition to its canonical ligand, EGFR can be activated 
by other proteins, including mucins, which contain EGF-like do-
mains (Couto et al., 1996). Besides a reported direct interaction 
between MUC1 and EGFR (Kufe, 2009), MUC1-EGFR bridging 
by galectin-3 has been demonstrated in vitro using breast cancer 
cell lines (Ramasamy et al., 2007). Notably, the presence of both 
MUC1 and EGFR was recently shown in peripheral blood samples 
of dogs bearing CMMT (da Costa et al., 2010). 

galectin-3 and its ligand MUC1, the immunohistochemical expres-
sion of the mucin was studied in a series of 40 cases of sponta-
neous CMMT and compared to previous analyses of galectin-3 
expression (de Oliveira et al., 2010).

The majority of cases (25) showed MUC1 overexpression, 
with more than 50% of the cells being stained. Only fifteen cases 
expressed MUC1 in less than 50% of the cells. In contrast, there 
were only 4 CMMT cases with more than 50% cells stained for 
galectin-3. Therefore, we found a significant (P < 0.05) difference 
between galectin-3 and MUC1 expression in primary CMMT (Fig. 
1). Concerning the pattern of expression, galectin-3 was found in 
normal-adjacent mammary epithelium (Fig. 2A) but was drastically 
down-regulated in the primary tumours (Fig. 2B). However an 
interesting, localized up-regulation of the lectin was consistently 
observed in well-defined areas, mainly in tumour emboli (Fig. 
2C). Normal-adjacent mammary epithelium expressed MUC1 
predominantly in the cytoplasm and at the apical membrane (Fig. 
2D), whereas CMMT cells expressed MUC1 mainly in a cytoplasmic 
and vesicular pattern throughout the primary tumour cells (Fig. 2E). 
A total of 10 cases presented distant metastases. In these, MUC1 

Fig. 3. Galectin-3 is co-expressed with MUC1 in cells at the vessel vicinity and 
in vessel-invading cells in CMMT. Co-localization was assessed by double-labelling 
immunofluorescence using anti-MUC1 and galectin-3 antibodies. (A) Co-localization 
between MUC1 (red colour) and galectin-3 (green colour) was frequently observed 
in cells with particularly aggressive characteristics focally. (B) Intravascular tumour 
cells strongly co-expressed (yellow colour) MUC1 and galectin-3 focally at the cell 
membrane. Photomicrograph magnifications 630x.

In this study we aimed to determine the mechanisms 
underlying the role of galectin-3 in tumour cells adhesion/
de-adhesion during the progression of CMMT. To test the 
relationship of the lectin with the levels and patterns of 
expression of its ligands MUC1 and EGFR, we used two 
experimental settings: 1) histochemistry, co-expression 
and Proximity ligation assay (PLA) interaction studies in 
a spontaneously occurring CMMT series; 2) Galectin-3 
co-precipitation with MUC1 and EGFR and a short hairpin 
RNA (shRNA) strategy to knock-down galectin-3 and MUC1 
in a CMMT metastatic cell line. In primary tumours, on the 
one hand, down-regulation of galectin-3 is associated with 
MUC1 overexpression (in turn significantly associated to 
vascular invasion and distant metastases) and the two are 
broadly not co-localized. Notably, an increase in MUC1 lev-
els of expression is observed upon galectin-3 knock-down 
in the CMT-U27 cell line. On the other hand, galectin-3 is 
co-expressed at the cell membrane with EGFR and MUC1, 
by vessel-invading tumour cells, and interacts with the 
mucin via T antigen. Moreover, a decrease in galectin-3 
levels of expression is observed upon MUC1 knock-down 
in the CMT-U27 cell line. We also analysed the effects of 
sialylation in modulating the availability of galectin-3-ligands 
during tumour progression in spontaneous CMMT and in 
an experimental nude mice model of CMMT. Removal of 
sialic acid greatly increased galectin-3 binding to primary 
tumours in both models. Our data demonstrate an impor-
tant role of the levels and glycosylation status of galectin-3 
ligands in regulating the lectin’s functions in the complex 
multistage process of cancer metastasis.

Results

MUC1 expression in a CMMT series is up-regulated in 
metastatic cases, concomitant with a galectin-3 dual 
expression: generalized down-regulation in primary 
tumour vs. up regulation in tumour emboli and cells 
surrounding necrotic areas

In order to investigate a possible association between 
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overexpression (≥50%) was more common than in cases 
without distant metastases, (p = 0.000) (Table 1). Thirteen 
cases presented vascular invasion. MUC1 overexpression 
was also significantly associated to this feature (p = 0.019) 
(Table 1). Furthermore, MUC1 expression in vessel-invading 
cells was focally localized at the cell membrane (Fig. 2F). 
These results in a primary CMMT series indicate that MUC1 
overexpression (and subcellular localization), which occurs 
in parallel with galectin-3 generalized down-regulation, plays 
an important role in metastasis.

EGFR expression is up-regulated in CMMT intravascular 
tumour cells and viable cells adjacent to necrotic areas 
paralleling that of galectin-3

Next, in order to compare EGFR expression to that of 
galectin-3 we performed immunohistochemical studies 
in the same CMMT series. Thirty-six CMMT cases were 
positive for EGFR expression. Of these, twenty-one cases 
expressed EGFR in less than 50% of the cells, whereas 15 
showed EGFR expression in more than 50% of the cells. In 
CMMT, normal-adjacent mammary tissue expressed EGFR 
in the basolateral membrane (Fig. 2G). When present in 
malignant cells, EGFR expression was observed mainly in 
cytoplasmic and vesicular patterns (Fig. 2H). Furthermore, 
EGFR expression was observed consistently surrounding 
necrotic areas. In fact, tumours without necrosis, a classi-
cal hallmark of aggressiveness, had statistically significant 
lower expression levels of EFGR than tumours with necrosis 

cell lines as a model: the CMA07 benign cell line and CMT-U27 
metastatic cell line. Firstly, the levels of MUC1 and EGFR expression 
were compared between the two cell lines. CMA07 shows decreased 
expression of both MUC1 and EGFR when compared to CMT-U27 
(Fig. 5A,B). Lysates from these cell lines were immunoprecipitated 
with anti-MUC1 and anti-EGFR antibodies. The obtained MUC1 
and EGFR precipitates were subsequently immunoblotted with an 
anti-galectin-3 antibody. Galectin-3 was present both in MUC1 and 
EGFR precipitates (Fig. 5B). Altogether these results imply that, in 
CMMT, galectin-3 might interact with MUC1 and EGFR in certain 
dynamic states such as vessel-invasion and other stress-enduring 
locations (necrosis vicinity) and suggest a role for such interactions 
in the metastatic process of those tumours.

MUC1 and galectin-3 seem to function in a feedback regulatory 
loop in the CMT-U27 metastatic cell line

MUC1 has been observed to up-regulate galectin-3 expression by 
a glycosylation-dependent posttranscriptional mechanism in human 
breast cancer cells (Ramasamy et al., 2007). In order to probe a 
similar role for MUC1 in CMMT, we performed MUC1 knock-down 
in the CMT-U27 cell line, which endogenously expresses both 
MUC1 and galectin-3, and evaluated its effects on galectin-3 ex-
pression. A decrease in galectin-3 mRNA expression was observed 

Fig. 4. Galectin-3 is co-expressed with 
EGFR in intravascular tumour cells of 
CMMT. Co-expression was assessed by 
double-labelling immunofluorescence us-
ing anti- EGFR and galectin-3 antibodies. 
Co-expression (yellow colour) between 
EGFR (red colour) and galectin-3 (green 
colour) was observed in vessel-invading 
tumour cells of CMMT (arrow). Photomi-
crograph magnifications 200x.

(p = 0.002) (Table 2). Interestingly, intravascular tumour cells also 
showed enhanced EGFR expression focally at the cell membrane 
(Fig. 2I). Galectin-3 expression paralleled that observed for EGFR 
in the same cell subpopulations as previously shown (de Oliveira et 
al., 2010). These results indicate a possible joint role of EGFR and 
galectin-3 in CMMT, in the survival process of tumour cells under 
stress conditions. 

Galectin-3 is co-expressed with MUC1 and EGFR in intravas-
cular tumour cells of CMMT and is present in both EGFR and 
MUC1 immunoprecipitates

Galectin-3 facilitates the interaction between MUC1 and EGFR 
in breast cancer cells in vitro (Ramasamy et al., 2007). In order to 
assess co-expression between galectin-3 and its ligands in vivo, we 
performed double-labelling immunofluorescence studies in CMMT 
cases with vascular invasion. When present in the primary tumour, 
galectin-3 co-expressed with MUC1 mainly in cells of particularly 
aggressive characteristics (Fig. 3A). Interestingly, in intravascular 
tumour cells, galectin-3 co-expressed with MUC1 focally at the cell 
membrane (Fig. 3B). Likewise, co-expression between galectin-3 
and EGFR was also observed in intravascular tumour cells (Fig. 4). 

In order to further assess the interplay between galectin-3 and its 
ligands we took advantage of using two canine mammary tumour 

Fig. 5. CMT-U27 overexpresses MUC1 and EGFR and exhibits physical interac-
tions between galectin-3 and its ligands when compared to CMA07 benign 
cell line. (A) Data from real-time PCR for MUC1 and EGFR using RNA from CMA07 
and CMT-U27 cells shows that their levels are decreased in the benign when 
compared to the malignant cell line. cDNA contents were normalized on the basis 
of predetermined levels of 18S. The results represent the mean ±SD of triplicate 
samples in one of three similar experiments. (B) Lysates from both cell lines cells 
were immunoprecipitated with anti-MUC1 and anti-EGFR. The precipitates were 
immunoblotted with the anti-galectin-3 antibody. Galectin-3 was present both in 
MUC1 and EGFR precipitates of the CMT-U27 cell line.
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in CMT-U27 MUC1 knock-down cells when compared to control 
cells (Fig.6A). There was a corresponding decrease in the protein 
level of galectin-3 in MUC1 knock-down cells compared to control 
cells (Fig. 6B). These results demonstrate that MUC1 is involved in 
galectin-3 regulation in CMMT.

The in vitro demonstration that MUC1 knock-down decreases 
galectin-3 expression, does not explain their respective expressions 
in the cell subpopulations in vivo. As a matter of fact, in most primary 
tumour cells, expression is increased for MUC1 and decreased 
for galectin-3 whereas in those cells constituting tumour emboli or 

having aggressive characteristics they are both overexpressed. 
We thus hypothesized that in CMMT varying levels of galectin-3 
expression could in turn play a regulatory effect on MUC1 expres-
sion. In order to verify this, we silenced galectin-3, by shRNA, in the 
CMT-U27 metastatic cell line. Upon galectin-3 knock-down there 
was a striking circa 5 fold increase in expression of MUC1 mRNA 
when compared to control cells infected with non-silencing shRNA 
(Fig. 6C). A corresponding increase in MUC1 protein expression 
was observed in galectin-3 knock-down cells when compared to 
control ones (Fig. 6B). Altogether, these results indicate that down-
regulation of galectin-3 is involved in the up-regulation of MUC1 
expression and suggest that MUC1 and galectin-3 are part of a 
feedback regulatory loop in CMMT.

Sialylation acts as a switch on/switch off mechanism modifying 
galectin-3 binding to its ligands during tumour progression 
in CMMT

Both galectin-3 and its binding-sites can be either down- (primary 
tumours) or up-regulated (intravascular tumour cells) according to 
specific settings in CMMT (de Oliveira et al., 2010). Sialylation, 
particularly a2,6-linkage, is a common posttranslational modification 
known to negatively affect galectin-3 recognition and binding to its 
b-galactoside ligands (de Melo et al., 2007). Hence, we hypothesized 
that, in CMMT, galectin-3 binding to its ligands might be intermittently 
impaired by sialylation. In order to assess this, we verified the binding 
of a galectin-3/alkaline phosphatase (Gal3/AP) probe in 10 CMMT 
cases with or without neuraminidase treatment, prior to incubation. 
In the absence of treatment, the majority of tumour cells presented 
low galectin-3 binding site expression, with few exceptions among 
which the invasive front of CMMT (Fig. 7A). However, interestingly, 
following neuraminidase treatment of CMMT sections, binding of 
Gal3/AP probe to the neoplastic tissues was greatly increased and 
widespread (Fig. 7B,C).

Next, in order to further substantiate our hypothesis the reactiv-
ity of two plant lectins, Sambucus Nigra Agglutinin (SNA), which 

  Number (and %) of tumours showing EGFR 
immunostaining in the stated percentage of cells p value 

  Negative <25% 25-50% 50-75% >75%  

Necrosis (n=38)    0.002 

No 9 (23.7%) 3 (33.3%) 1 (11.1%) 4 (44.5%) 1 (11.1%) 0 (0.0%)  

Yes 29 (76.3%) 1 (3.4%) 1 (3.4%) 10 (34.5%) 14 (48.3%) 3 (10.3%)  

TABLE 2

RELATIONSHIP BETWEEN EGFR EXPRESSION AND NECROSIS
IN MALIGNANT CANINE MAMMARY TUMOURS

Fig. 6. Galectin-3 and MUC1 function in a regulatory loop in the metastatic CMT-U27 cell line. (A) Data from real-time PCR for galectin-3 using 
RNA from CMT-U27 cells either uninhibited or inhibited for MUC1 using short hairpin RNA shows that levels of galectin-3 mRNA were decreased upon 
MUC1 knockdown. Cells infected with scrambled oligos were used as a control. Asterisks indicate significant differences (p<0.05) by Student’s t-test. 
cDNA contents were normalized on the basis of predetermined levels of 18S. The results represent the mean ±SD of triplicate samples in one of three 
similar experiments. (B) Western blot study of the expression of MUC1 and galectin-3 upon knock-down. (C) Data from real-time PCR for MUC1 using 
RNA from CMT-U27 cells either uninhibited or inhibited for galectin-3 using short hairpin RNA; levels of MUC1 mRNA were increased to around 10 fold 
upon galectin-3 knockdown. Cells infected with scrambled oligos were used as a control. Asterisks indicate significant differences (p<0.05) by Student’s 
t-test. cDNA contents were normalized on the basis of predetermined levels of 18S. The results represent the mean ±SD of triplicate samples in one 
of three similar experiments. 
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  Number (and %) of tumours showing MUC1 
immunostaining in the stated percentage of cells p value 

  <25% 25-50% 50-75% >75%  

Vascular invasion (n=37)    0.019 

No 24 (64.9%) 2 (8.3%) 9 (37.5%) 11 (45.9%) 2 (8.3%)  

Yes 13 (35.1%) 0 (0.0%) 2 (15.3%) 7 (53.9%) 4 (30.8%)  

Distant metastases (n=39)    0.000 

No 29 (74.4%) 3 (10.3%) 11 (37.9%) 13 (44.8%) 2 (7.0%)  

Yes 10 (25.6%) 0 (0.0%) 0 (0.0%) 5 (50.0%) 5 (50.0%)  

TABLE 1

RELATIONSHIP BETWEEN MUC1 EXPRESSION,
DISTANT METASTASIS AND VASCULAR INVASION 

IN MALIGNANT CANINE MAMMARY TUMOURS
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recognizes a2,6- linked sialic acid, and Maackia Amurensis Lectin 
(MAL), which recognizes a2,3- linked sialic acid, was analyzed in the 
tumours, in parallel with that of Gal3/AP probe. Galectin-3-binding 
site expression was observed (Fig. 7D) in MAL-binding site positive 
areas (Fig. 7E) and was virtually independent of the neuraminidase 
treatment of the sections (Fig. 7F). In contrast, galectin-3-binding site 
expression  was frequently absent (Fig. 7G) from SNA-binding site 
positive areas (Fig. 7H) prior to neuraminidase treatment, following 
which, increased Gal3/AP binding was observed (Figure 7I). These 
findings suggest that differential presence of a2, 6- linked sialic acid 
in sedentary tumour cells and certain tumour subpopulations may 
account for differences observed in galectin-3-binding site expres-
sion and hence undermine galectin-3-mediated adhesion between 
tumour cells at these locations.

CMT-U27 xenografts in nude mice display a heterogeneous 
galectin-3-binding site expression pattern, resembling that 
of CMMT

The CMT-U27 highly metastatic cell line shows homogeneous 
expression of galectin-3-binding sites in vitro (de Oliveira et al., 
2010). Considering the heterogeneous pattern observed in vivo in 
CMMT, we aimed to investigate whether the homogeneous pattern 
observed in the CMT-U27 cell line would undergo microenvironment-

associated variations. We thus proceeded by injecting the cell line 
into the mammary fat pad of female nude mice. Interestingly, the 
xenografted tumours, presented a distinct pattern of Gal3/AP binding 
according to the location of the tumour cells. Galectin-3-binding site 
expression was low in the vast majority of sedentary tumour cells. 
On the other hand, at the invasive front of the primary tumours, 
this expression was high as previously seen in CMMT (Fig. 7J). In 
addition, binding of the Gal3/AP probe was again highly increased, 
following neuraminidase treatment of areas initially presenting lower 
levels of galectin-3-binding sites, resembling our observations in 
CMMT (Fig. 7K,L). 

Accordingly, while MAL-binding site expression was low (Fig. 
7M), high SNA-binding site expression was observed in sedentary 
cells (Fig. 7N). Neuraminidase treatment abrogated SNA binding 
to the tissues (Fig. 7O).

Altogether, these results suggest that the microenvironment 
may play a role in the sialylation-related availability of ligands for 
galectin-3-binding in CMMT. 

T antigen and galectin-3 are co-expressed and interact during 
vessel invasion in CMMT

Several effects of galectin-3 interaction with MUC1, crucial in 
the metastatic process, are dependent on the lectin’s binding to the 

Fig. 7. Sialylation acts as a switch on/switch off 
mechanism modifying galectin-3 binding to its ligands 
during progression in CMMT. Incubation of the CMMT 
tissues with Gal3/AP was performed with or without prior 
neuraminidase treatment. High levels of galectin-3 binding 
sites were consistently observed in the invasive front of 
the primary tumours (A) (x200 magnification); however the 
majority of sedentary CMMT cells presented low levels 
of binding of Gal3/AP (B) (x200 magnification) which was 
increased following neuraminidase treatment in the CMMT 
sections (C) (x200 magnification). Galectin-3-binding site 
expression was observed (D) (x400 magnification) in 
positive MAL-binding sites areas (E) (x400 magnification) 
regardless of neuraminidase treatment (F) (x400 magnifica-
tion). On the other hand, galectin-3-binding site expression 
was consistently decreased (G) (x400 magnification) in 
positive SNA-binding sites areas (H) (x400 magnification) 
but increased following neuraminidase treatment (I) (x400 
magnification). Accordingly, xenografted tumours showed 
galectin-3-binding site expression also in the invasive front; 
(J) (x400 magnification), despite most areas of the tumours 
presented decreased expression of galectin-3-binding sites 
(K) (x630 magnification) which was again increased fol-
lowing neuraminidase treatment (L) (x630 magnification). 
Xenografted tumours present low levels of MAL-binding 
site expression (M) (x630 magnification) when compared 
to SNA-binding site expression (N) (x630 magnification), 
neuraminidase treatment abrogated SNA-binding to the 
xenografted tumours (O) (x630 magnification).

T antigen carried by the mucin (Zhao et al., 2009; 
Zhao et al., 2010). Hence, we set out to compare 
the expression levels of T antigen and its sialylated 
form in 13 cases with vessel invasion. Most cells of 
primary CMMT showed higher levels of sialylated T 
antigen when compared to the un-substituted form of 
the antigen which was expressed in low levels and 
was even often negative (Fig. 8A). However, surpris-
ingly, intravascular tumour cells expressed mainly 
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the T antigen (Fig. 8B). Next, double-labelling studies between 
galectin-3 and this glycan were performed in the same cases. A 
few normal mammary glands adjacent to primary tumours which 
also expressed galectin-3 showed T antigen expression restricted 
to the apical surface of the cells. Nevertheless, co-expression of 
the two was never observed (Fig. 8C). However, in vessel-invading 
cells galectin-3 and the T antigen were co-expressed (Fig. 8D). 

In order to prove the interactions between galectin-3 and the 
T antigen in circulating cells in vivo we used the proximity ligation 
assay, PLA, which is capable of detecting single events such as 
protein interactions. Assessment of galectin-3 interaction with the 
T antigen in the primary tumours, showed virtually no PLA signals. 
However in the vicinity of vessels (Fig. 9A) and in vessel-invading 
cells, signal presence was elevated (Fig. 9B). Our data shows the 
loss of T antigen’s sialic acid capping in vessel invasion in CMMT. 
This allows an important interaction between galectin-3 and T 
antigen, and therefore emphasizes a combined role in metastasis.

Discussion

Metastasis is highly dependent on the ability of tumour cells to 
evade from primary sites, and to enter and survive in the circulation 
(Chambers et al., 2002). It is well-known that structural modifica-
tions in glycans of glycoproteins can alter their interaction with 
endogenous lectins, modulating their role in cell adhesion and 

signal transduction (Ohtsubo et al., 2006). In an earlier study, we 
have established that the Galb1-3GalNac-binding lectin, galectin-3, 
and its binding-sites are implicated in the metastatic process of 
mammary tumours (de Oliveira et al., 2010). Specifically, we have 
demonstrated that i) overall galectin-3 expression is down-regulated 
in primary CMMT but up-regulated in its intravascular tumour emboli 
and that ii) both intravasated tumour cells and tumour endothelium 
overexpress galectin-3-binding sites while in the primary CMMT, 
on average, there is a decrease of their expression. 

For the present study, our specific goal was to gain more insight 
in the mechanisms by which galectin-3 along with its ligands could 
be acting in tumour progression and invasion of CMMT.

Among several well-known galectin-3-ligands EGFR and MUC1 
are two of the most closely associated to breast cancer (Klijn et 
al., 1992; Kufe, 2009). In the present study, we observed a clear 
cellular sub-compartmentalization of MUC1 (apical) and EGFR 
(basal) membrane staining in normal-adjacent mammary glands. On 
the other hand, in CMMT neoplastic cells, MUC1 and EGFR were 
expressed in a predominantly vesicular and cytoplasmic pattern 
and scattered throughout the entire membrane. Nevertheless, in 
intravascular cells of CMMT they were often expressed focally at 
the cell membrane. Interestingly at these locations the proteins were 
co-expressed with galectin-3. In normal mammary tissues MUC1 
is localized at the apical while EGFR is present at the basolateral 
side (Kufe, 2009; Klijn et al., 1992) of cell membranes and therefore 

Fig. 8 (Left). Despite sedentary cell expression of 
increased levels of sialylated T antigen, intravascular 
tumour cells present co-localization between galec-
tin-3 and the un-sialylated for of the antigen in CMMT. 
Photomicrographs depict T antigen and sialylated T antigen 
immunostaining (brown colour) with haematoxylin coun-
terstain in CMMT. Most cells of CMMT, presented high 
levels of sialylated T antigen revealed by neuraminidase 
treatment (A) (x200 magnification) when compared to 
the T antigen (B) (x200 magnification). Surprisingly, intra-
vascular tumour cells expressed the unsialylated form of 
the antigen (B) (x400 magnification). Co-localization was 
assessed by double-labelling immunofluorescence using 
anti-T antigen and galectin-3 antibodies (C) normal glands 
within primary tumours expressed T antigen only in the 
apical surface of the cells and despite galectin-3 was also 
expressed by this cells they did not co-localize (D) however, 
co-localization of galectin-3 with T antigen was interest-
ingly observed in vessel-invading cells. Photomicrograph 
magnifications 400x.

Fig. 9 (Left). Intravascular tumour cells show interaction 
between galectin-3 and the un-sialylated form of the T 
antigen in CMMT in vivo. Interaction was assessed by 
proximity ligation assay using anti-T antigen and galectin-3 
antibodies. (A) Although virtually no PLA signals were 
observed in sedentary cells of primary CMMT, they were 
abundantly observed in a few cells surrounding vessels 
showing interaction between T antigen and galectin-3. (B) 
Moreover, PLA signals were also consistently observed 
in intravascular tumour cells particularly at the cell mem-
brane showing interaction between the T antigen and 
galectin-3 at these locations (arrow). Photomicrograph 
magnifications 400x.
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there is virtually no interaction between them. Their interaction in 
a non-tumour context is a sign of temporary polarization disrup-
tion and hence appears to mediate cell survival programs (Kufe, 
2009). Recent studies in the human and experimental animal 
models have indicated that in several types of carcinoma there is 
a permanent loss of polarization leading to constant interaction of 
transmembrane mucins and growth factor receptors (Kufe, 2009). 
Our data on galectin-3 ligands’ expression in CMMT support 
this assumption. Moreover, in our study, EGFR expression was 
significantly associated to the presence of necrosis in CMMT. In 
accordance, in a previous work, EGFR expression was thoroughly 
studied by ligand binding in a series of canine normal mammary 
tissue, benign and malignant tumours and although no statistical 
differences were found between the levels of expression of the 
receptor between non-tumorous tissues and CMMT (Rutteman 
et al., 1994), when analysing EGFR by autoradiography, a high 
level of activity in necrotic areas was found (Berns and Rutteman, 
unpublished data). Similarly, increased galectin-3 expression 
around necrotic (hypoxic) areas has also been reported in CMT 
(de Oliveira et al., 2010) and in human cancer (Neder et al., 2004). 
Adding that to the fact that vessel-invading tumour cells express 
both galectin-3 and EGFR, the hypothesis of a passive mechanism 
of invasion wherein tumour cells which intravasate, are mainly 
those exposed to stress conditions (e.g. hypoxia which also leads 
to activation of EGFR kinase and may enhance cell migration in 
cancer cells) (Bockhorn et al., 2007; Wang and Schneider, 2010), 
seems very plausible in CMMT. Recently, interactions between 
MUC1 and EGFR were suggested to be facilitated by galectin-3, 
since it bridges them in vitro by recognizing and binding glycans 
on both proteins in breast cancer cells (Ramasamy et al., 2007). 
This study corroborates the hypothesis that depolarized cancer 
cells are able to use MUC1-EGFR interactions as a sustained 
survival signalling loop (Kufe, 2009). Our data further suggest that 
galectin-3-mediated MUC1-EGFR interactions might play a role 
in the metastatic process in vivo as indicated by co-expression of 
the proteins with galectin-3 in vessel-invading cells, corroborated 
by the precipitation studies.

In accordance with the literature and data recently reported by 
our group (de Oliveira JT et al., 2009), in the present work, high 
expression of MUC1 was significantly associated to vascular inva-
sion and metastases occurrence in CMMT. Interestingly, MUC1 
overexpression in primary CMMT was also significantly associated 
to down-regulation of galectin-3. Down-regulation of galectin-3 in 
several types of human and canine cancer appears to be related to 
tumour progression (Castronovo et al., 1996; Ahmed et al., 2007; 
de Oliveira et al., 2010). Loss of this protein has been reported 
to impair cell-cell cohesion allowing increased tumour cell motility 
(Liu and Rabinovich, 2005). MUC1 mucin on its hand acts as an 
anti-adhesive molecule in cancer cells due to both its large size 
and sialic acid-conferred negative repulsive charges (Jonckheere, 
2008). Our data in vivo show a concomitant up-regulation of ga-
lectin-3 and MUC1 in vessel invading cells. Other authors have 
reported in mice xenografts of breast cancer cell lines that increased 
presence of galectin-3 seems to favour cell-adhesion and conse-
quently provide survival advantage to blood-borne tumour cells, 
by clustering MUC1 at the cell membrane, (Zhao et al., 2010). The 
reasons why galectin-3 expression varies in cancer cells according 
to their location are still poorly understood. 

In cancer, down-regulation of galectin-3 has been associated to 

methylation of its promoter (Ahmed et al., 2007) and altered expres-
sion of transcription factors involved in its regulation, such as the 
RUNX family (Vladimirova et al., 2008). Irrespective of other possible 
existing mechanisms, in the present study we have demonstrated 
- to the best of our knowledge, for the first time - that a decrease 
of galectin-3 plays a role in MUC1 up-regulation, in mammary 
cancer, suggestive of an indirect contribution to de-adhesion and 
in accordance to our in vivo observations. So far, the only existing 
study showing a role for galectin -3 in MUC1’s regulation was that of 
Merlin et al.,2011) in which galectin-3 knock-down, in a pancreatic 
cancer cell line, led to a decrease in MUC1 expression in accordance 
with their in vivo data from human pancreatic carcinoma where 
both galectin-3 and MUC1 are overexpressed in primary tumours. 
Furthermore, our data showing that MUC1 knock-down leads to 
decreased levels of galectin-3 imply that MUC-1 in turn is able to 
up-regulate galectin-3. This is in accordance with a recent report 
showing that MUC1 stabilizes galectin-3 mRNA in breast cancer 
cells through an N-glycosylation dependent mechanism whereby 
extracellular MUC1 C-terminal domain (MUC1-C) suppresses the 
expression of a galectin-3-transcript de-stabilizing microRNA (Ra-
masamy et al., 2007). The fact that galectin-3, on its hand, binds 
to the MUC1-C N-glycan involved in its own regulation suggests 
that changes in glycosylation could account for differences in the 
lectin’s regulation by MUC1 according to different cellular contexts. 

Sialylation a type of glycosylation prevalent in cancer, has long 
been suggested to be involved in cellular differentiation and migration 
through cyclical masking/unmasking of galectin-binding sites (Gil-
lespie et al., 1993). Another key finding of the current study was that 
galectin-3 ability to bind to its ligands was impaired by sialylation in 
most areas of primary CMMT. Vessel-invading and cells of invasive 
fronts in CMMT were notable exceptions to this impaired expres-
sion of galectin-3-binding sites. A report of Holíková et al., (2002), 
demonstrated that a2, 6- but not a2, 3-linked N-acetyl-D-neuraminic 
acid is implicated in masking galectin-3 binding sites in squamous 
epithelial carcinomas. Hence, in parallel to the use of the Gal3/AP 
probe, before and after neuraminidase treatment, we assessed the 
reactivity profile of two plant lectins which recognize distinct types 
of sialylation. The binding pattern of a2, 6-Neu5Ac-recognizing 
plant lectin (i.e. SNA) was inversely associated to Gal3/AP ability 
to bind to the CMMT tissues. In contrast to a2, 6-, expression of 
a2, 3- linked sialic acid, assessed with MAL, was not associated to 
galectin-3 binding site negative areas. Several reports have shown 
that while only occasionally binding to a2, 6-sialylated glycans, 
galectin-3 binds well to a2, 3-sialylated glycans (Hirabayashi et al., 
2002; de Melo et al., 2007). Thus, the findings of the present study 
suggest that, although probably not exclusively, a2, 6 sialylation 
can be an on/off switch for galectin-3 binding in situ. 

The reasons why invading tumour cells consistently showed 
increased binding of galectin-3 remain to be determined. However, 
whatever reasons may exist they must be microenvironment-related 
as suggested by the fact that CMT-U27 cells acquire heterogeneous 
expression of galectin-3-binding sites upon being xenografted in 
nude mice, while these sites’ expression is homogeneous during 
in vitro culture (de Oliveira et al., 2010). This being so, at least two 
explanations are plausible and reflect existing pathophysiological 
mechanisms 1) cells expressing unmasked galectin-3 ligands have 
invasion advantage and 2) mainly applicable to vessel-invading 
cells and cells in vessel surroundings, sialidases of serum and 
immune cell origin can cleave the a-bound sialic acid from 
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tumour cells, several studies have demonstrated 
that galectin-3 interacts with MUC1 by binding the T 
antigen (Yu et al., 2007). Neverthless its sialylated 
form, is one of the dominant glycoforms of MUC1 in 
breast cancer patients (Storr et al., 2008). For this 
reason, we assessed and compared the expression 
of the T antigen and its sialylated form in CMMT. Our 
data showed an increased expression of sialylated T 
antigen in most sedentary tumour cells as compared 
to the un-substituted form of the antigen. Accord-
ingly, sialylation of the T antigen has been reported 
to play an important role in promoting early stages of 
oncogenesis (Picco et al., 2010). Interestingly, how-
ever, vessel-invading cells presented an increased 
T antigen expression. In corroboration of our data, 
T antigen enrichment has been recently proven to 
be very useful in assessing circulating tumour cells 
(Schindlbeck et al., 2008). Moreover, interaction of 
the T antigen and galectin-3 was observed by PLA 
in vessel-invading cells but not in sedentary cells in 
CMMT. The galectin-3-MUC1 interaction via T antigen 
has been shown to induce MUC1 cell surface polar-
ization and exposure of the cell surface adhesion 
molecules thereby enhancing tumour cell homotypic 
aggregation and preventing anoikis in vitro and in in 
vivo experimental models (Yu et al., 2007; Zhao et 
al., 2010). However, until now, strong evidence in a 
spontaneous model of mammary carcinogenesis was 
lacking to support its relevance. 

Fig. 10. Proposed model suggesting that microenvironment alterations may modify 
sialylation of galectin-3-ligands at the cell surface, masking terminal galactose saccharides 
and thereby cyclically altering galectin-3-mediated adhesion/de-adhesion in cancer cells.

galectin-3-ligands. The first explanation is based on the fact 
that several factors which could alone or in conjunction con-
tribute to increased expression of unmasked galectin-3-ligands 
in invading cells have been related to migration and invasive 
capacity: (a) there is higher activity in invading cells of glyco-
syltranferases responsible for assembling ligands for this lectin, 
such as the metastasis-related Mgat5, with concomitant lower 
activity of competitive GnTIII, which leads to the production of 
N-glycans not recognized by galectin-3 (Nangia-Makker et al., 
2000; Pinho et al., 2009b); (b) there is down-regulation of sia-
lyltransferases which would otherwise mask galectin-3-ligands 
in these cells. Up or down-regulating of sialyltransferases is 
a well-known mechanism of motility tuning, turning galectin-
3-binding positive cells into negative ones and vice-versa, al-
lowing cells to migrate in a physiological context (Gillespie et 
al., 1993). Furthermore, in normal lactating mammary glands 
sialyltransferase ST6GalI expression is increased (Dalziel et 
al., 2001) while galectin-3 is down-regulated (Mengwasser et 
al., 2002). The second explanation is supported by indications 
that there is increased sialidase activity in metastatic cells, and 
that sialidases are responsible for low levels of sialic acid in 
highly metastatic colon cells when compared to cells with low 
metastatic potential (Miyagi et al., 2008). Also, increased tissue 
and serum sialidase levels have been observed in human breast 
cancer (Sönmez et al., 1999). Moreover, macrophages, as well 
as other peri- and intravascular immune cells are able to secrete 
lysosomal sialidases and could therefore be co-responsible 
for decreased sialic acid capping of galectin-3-ligands in this 
context (Miyagi et al., 2008).

Concerning the specific microenvironment of blood-borne 

Our understanding of the initial steps of the metastatic process 
is still very limited and as such, the use of a spontaneously occur-
ring animal model in which these events precipitate much faster 
than in humans is of great interest (Paoloni and Khanna, 2008). 
In conclusion, based on the results here presented and those of 
others, we suggest that in CMMT, down-regulation of galectin-3 
in cancer cells can lead to MUC1 overexpression, while MUC1 
decrease could lower galectin-3 expression, as part of a dynamic 
glycosylation-dependent regulatory loop. We hypothesize that dif-
ferential glycosylation of the mucin, in specific tumour microenvi-
ronment scenarios, might account for the apparently contradictory 
role played by these proteins in each other’s regulation, in CMMT. 
Further studies are needed in order to confirm this hypothesis. 
Moreover, our study provides new insight to the posttranslational 
sialic-acid dependent masking mechanisms that modulate the 
exposure of terminal galactose saccharides at the cell surface and 
thus cyclically alter galectin-3-mediated adhesion/de-adhesion 
capacity in different cancer cell subpopulations (Fig. 10). Future 
studies are warranted in order to completely uncover the role 
of microenvironment stimuli in differential/dynamic expression 
of galectin-3 and its ligands in CMMT. 

Materials and Methods

Animal tissues
Malignant mammary tumour specimens were obtained from 40 female 

dogs at surgery or at post-mortem rapidly following euthanasia, in the 
years 2002 – 2006. Tumours stemmed from dogs of various pure and 
mixed breeds, and were randomly selected from the files of the veterinary 
pathology laboratory of the Instituto de Ciências Biomédicas Abel Salazar-
University of Porto. Tissues had been fixed in 10% neutral buffered formalin 
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and embedded in paraffin. Serial sections 3mm thick were cut from each 
block. One section was stained with haematoxylin and eosin (HE) and 
the other sections were used for immunohistochemical studies. Follow up 
was performed in all operated animals for up to two years as described 
(de Matos et al., 2006).

Histochemistry
Expression of MUC1, EGFR and galectin-3 was evaluated in the formalin-

fixed, paraffin-embedded sections of spontaneously occurring CMMT, us-
ing standard immunohistochemistry protocols. Briefly, 4 mm thick paraffin 
sections were deparaffinised, then hydrated, and endogenous peroxidase 
was blocked with H2O2. After blocking with the appropriate normal sera, 
sections were incubated with 1:10 rat anti-galectin-3 monoclonal antibody 
(M3/38) and 1:150 rabbit polyclonal anti-galectin 3 (Abcam); 1:50 goat anti-
MUC1 polyclonal antibody (Santa Cruz Biotechnology, directed against the 
C-terminal domain and hence recognizing the protein independently from 
its glycosylation), and 1:50 rabbit anti-EGFR polyclonal antibody (Santa 
Cruz Biotechnology) for 1h at room temperature and overnight respec-
tively, followed by 1:200 donkey anti - rat (JacksonImmuno Research) and 
1:200 donkey anti-goat (Santa Cruz Biotechnology) and donkey anti-rabbit 
peroxidase-conjugated secondary antibodies, respectively. For T antigen 
and sialylated T antigen assessment, slides were incubated overnight with 
1:50 Mab 3C9 (kindly provided by Prof. Henrik Clausen from Copenhagen, 
Denmark), without or with previous neuraminidase treatment for 2 hours at 
37ºC respectively. Sialylation type profile was assessed using two biotinyl-
ated plant lectins, SNA (Vector), which recognizes a2, 6- linked sialic acid 
and MAL (Vector), which recognizes a2, 3- linked sialic acid, incubated for 
1 hour at room temperature in a 1:250 dilution followed by incubation of 
avidin-biotin system (Vector) for 45 min at room temperature. Peroxidase 
activity was examined using diaminobenzidine tetrahydroxychloride solution 
(DAB, Dako) as the substrate. Sections were counterstained with haema-
toxylin. Negative controls in which the primary antibody was replaced by 
BSA 5% in phosphate buggered saline (PBS) were performed in all series 
and sections of human gastric carcinomas were used as positive controls. 

Galectin-3-binding sites were detected both in spontaneously occurring 
CMMT and malignant CMT-U27 xenografts using a Gal3/AP probe (de Melo 
et al., 2007) in the same sections as previously described, without or with 
previous neuraminidase treatment (cleaving both a2,6 and a2,3 bound sialic 
acids). Neuraminidase treatment was carried out for 2h at 37ºC at a final 
concentration of 0.1 U/mL (de Oliveira et al., 2010). Alkaline phosphatase 
activity was observed using Fast Red (Dako). Sections were counterstained 
with haematoxylin. As a negative control, an assay using lactose to inhibit 
the carbohydrate recognition domain (CRD) of galectin-3 was performed.

Scoring of immunostaining and statistical analysis
Assessment of markers expression in CMMT was based on a semiquan-

titative analysis and tumours were grouped, according to the percentage 
of immunoreactive cells throughout the whole lesion, in: <10%, which was 
considered negative; <25%; 25-50%; 50-75%; >75%. Initially a descriptive 
study of the data was performed. Then association hypotheses were tested, 
using the Student t test for continuous variables and Fisher’s exact test or 
Chi-square test for discrete variables. SPSS software (version 13.0) (SPSS, 
Chicago, IL, USA) was used for statistical analysis.

Double-labelling Immunofluorescence
For simultaneous visualization of galectin-3 with MUC1, T antigen and 

EGFR on the same tissue section, double-label immunofluorescence was 
performed. Representative tissue sections were chosen with high and low 
expression of each antigen and sections with the same percentage of positive 
cells for the antigens. Briefly, after blocking with 10% diluted normal sera 
for 20 min, sections were incubated with the first primary antibodies rabbit 
anti-galectin-3 1:150 in 5% bovine serum albumin (BSA) and anti-MUC1 
1:50 overnight at 4ºC, they were then washed in PBS and incubated with 
Alexa588-conjugated donkey anti-rat antibody (1:200) and biotinylated 
anti-goat secondary antibody the latter followed by Alexa594-congugated 

streptavidin incubation for 30 min. Sections were then washed and incu-
bated with 10% donkey and swine serum for 20 min to which incubation 
with second primary antibodies anti-MUC1, anti-EGFR, 3C9 anti- T antigen 
and anti-galectin-3 respectively, followed overnight at 4ºC. After washing, 
sections were incubated with biotin-conjugated secondary antibodies (Dako) 
for 30 min, to which Alexa594-conjugated streptavidin incubation for 30 min 
followed for MUC1, EGFR and T antigen and Alexa588-conjugated goat 
anti-rabbit antibody (1:200, Invitrogen) for galectin-3. All sections were then 
incubated with 1:100 PBS diluted 4’-6-Diamidino-2-phenylindole (DAPI) for 
15 min. Finally slides were mounted in glycerol-based Vectashield medium 
(Vector, Burlingame, CA). Slides were analysed with a Leica DMIRE2 
fluorescent microscope.

Cell lines and culture conditions
In this study we used a highly metastatic CMMT cell line, CMT-U27, 

kindly provided by Professor Eva Hellmen from Sweden. The cell line was 
cultured at 37ºC in a humidified 5% CO2 incubator and maintained in RPMI 
1640 medium (with Glutamax and 25 mM Hepes) supplemented with 10% 
foetal bovine serum and gentamicin (50 mg/mL).

Experimental nude mice
Six-seven weeks old female N:NIH(s)II-nu/nu mice were inoculated 

subcutaneously in the mammary fat pad with a suspension of 106 - 107cells 
of CMT-U27 cell line. Mice were periodically observed, weighed and their 
tumours were measured once a week in three dimensions. Once the xeno-
grafted primary tumour attained the volume of 1 cm3 it was excised under 
general anaesthesia and all efforts were made to minimize suffering. The 
animals were humanely euthanized whenever their body weight started 
to decrease or any signs of poor body condition were shown. All studies 
with experimental animals were approved by the ethics committee of the 
University of Porto.

RNA interference
Establishment of galectin-3 knock-down cells was done using a retrovi-

ral expression system with short hairpin RNAs (shRNA) (Friedrichs et al., 
2007). Briefly, targeting and control vectors were transfected into PhoenixGP 
packaging cell line and transfected cells were selected using Puromycin 
(Sigma). For MUC1 knock-down Phoenix cells stably transfected with MUC1 
shRNA were also used (kindly offered by Filipe Santos Silva, IPATIMUP, 
Portugal). Stable transfectants were seeded (1x106 cells) and incubated 
for 24h at 32ºC. The virus-containing media were then collected, filtrated 
through a 0.45 mm filter to remove remnant cells, and used to infect target 
CMT-U27. 6 and 12h post-infection, the media were replaced by selective 
puromycin-containing media to select infected cells.

RNA extraction and real-time PCR
Total RNA was isolated from the canine mammary tumour cell lines 

using TRI Reagent (Sigma) according to manufacturer’s instructions. 1 mg 
of RNA were primed with random hexamers and reverse transcribed using 
Superscript II (Invitrogen) in a final volume of 20 ml. Two microliters of a 1:10 
dilution of this mixture were amplified with SYBR Green (Applied Biosystems) 
and primers at a final concentration of 300nM each, in a fluorescence reader 
ABI Prism 7000, and duplicates were run for each RT product. The level of 
GAPDH RNA in each sample was measured and used for normalization of 
target genes abundance. Primer sequences are listed below.
GAL3: 
5’CAGGCAGCTTTTCCATTCGA3’/5’ACTGCAACAAATGGGCATCA3’;
MUC1:
5’GCACTCGCCATCATCTATGTTC3’/5’CCAGCTGCCCACAGTTCTTT3’;
EGFR:
5’GGTCTGGAAGTTTTCGGATGG3’/ 5’GAGGTTTTGCACAGGCTTCAA3’

Protein extraction, Immunoprecipitation and Western Blot
Cells were washed twice in PBS, centrifuged at 350 g, re-suspended in 

lysis buffer (12 mMNa2HPO4, 8 mM NaH2PO4, 0.2% SDS, 4 mM EDTA, 
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0.3 M NaCl, 2% NP-40, 0.1 M NaF, 50mM Sodium Deoxicolate) with 1 
mM phenylmethylsulfonyl fluoride (PMSF), 1 mM sodium orthovanadate 
and Complete protease inhibitor cocktail (Roche) and incubated on ice 
for 15 min. The lysates were then centrifuged, the supernatants collected, 
and protein content was measured using the bicinchoninic acid method 
(Pierce), according to the manufacturer’s instructions. 500 mg of protein 
extracts were precleared with 50 ml of protein G-sepharose beads for 1, 
2 h. After centrifugation, the supernatant was incubated overnight with 1 
ml of the polyclonal antibody against galectin-3 and 5 ml of the polyclonal 
antibodies against MUC1 and EGFR (both from Santa Cruz Biotechnol-
ogy). After that, incubation with protein G-sepharose was performed, for 4 
h. Next, the beads were washed three times with lysis buffer. The immune 
complexes were released by boiling 5 min at 95°C in Laemmli sampling buf-
fer and the immunoprecipitates along with the total extracts were analysed 
by standard sodium dodecyl sulphate polyacrylamide gel electrophoresis, 
SDS-PAGE, (pre-cast 4-20% tris-glycine gel), transferred to a nitrocellulose 
membrane (Amersham Biosciences) and blotted with the primary antibodies 
in 5% non-fat milk in 1x Tris Buffered Saline with 0.02% Tween-20 (Sigma). 
The primary antibodies were revealed using the appropriate peroxidase-
conjugated secondary antibodies and the Enhanced Chemiluminescence, 
ECL, detection kit (BioRad). 

In situ PLA
In situ proximity ligation assay (PLA) (Söderberg et al., 2006) was per-

formed in sections where co-localization for galectin-3/T antigen combina-
tions was observed by immunohistochemistry/double immunofluorescence. 
Deparaffinised tissue sections were pre-treated according to the immunohis-
tochemistry/immunofluorescence protocol. Then, sections were incubated for 
30min in PBS with 10% BSA, to block nonspecific staining. Excess blocking 
solution was removed and replaced by specific primary antibodies in PBS 
with 5% BSA at the optimal dilution. Sections were incubated overnight at 
4°C. The PLA assays were performed using the DuoLink detection kit 613 
(Olink AB, Uppsala, Sweden) according to the manufacturer’s instructions. 
After washing, oligonucleotide-conjugated PLA secondary probes were added 
in 1:5 dilutions in PBS with 5% BSA and slides incubated in a pre-heated 
humid chamber for 1h45min at 37ºC. Briefly, connector oligonucleotides were 
hybridized to probe pairs for 15min and circularized by ligation for 15min. 
The sections were incubated with the processive φ29 DNA polymerase for 
90min to produce rolling circle products (RCPs). RCPs were visualized with 
fluorescently labelled oligonucleotides and the sections counterstained with 
Hoechst 33342. Samples were examined under a Zeiss Imager.Z1 Axio 
fluorescence microscope equipped with DAPI, fluorescein isothiocyanate 
1 (FITC) and Texas Red filters. PLA products are seen as bright fluorescent 
dots. Images were acquired using a Zeiss Axio cam MRm and the AxioVi-
sion Rel. 4.8 software. The resulting images were modified using ImageJ 
as follows: background with radius 4 was subtracted from the red channel 
of the RGB images and a maximum filter with radius 1 was applied. The 
result was intensity-scaled to suit printing demands.
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ABSTRACT  

Background: Galectins, namely galectin-1 and -3, are carbohydrate-binding proteins 

which have been implicated in the pathobiology of several types of cancer. However, 

the relationship between expression of these proteins and behaviour of mammary 

tumours is insufficiently understood. Hence, the aim of this study was to investigate 

the expression pattern of both galectins in the spontaneous canine mammary tumour 

(CMT) model and CMT xenografts. Methods: Fifty-three primary tumour specimens, 

including 12 benign and 39 malignant CMT (10 with associated metastases), and 

non-affected mammary glands (normal dogs: 2; tumour-bearing dogs: 33) were 

evaluated using immunohistochemical analysis. Selected cases were assessed using 

double-immunofluorescence and in situ RNA detection. Results:  Normal mammary 

glands from both sources expressed galectin-1 predominantly in the basal layer. 
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Galectin-1 was up-regulated in malignant CMT cells, being also strongly expressed in 

tumour connective tissue stroma. Furthermore, average galectin-1 expression in 

primary malignant CMT cells was significantly associated to larger tumour size. 

Interestingly, distant metastases presented an even stronger intensity of galectin-1 

expression when compared to the corresponding primary malignant CMT.  

Moreover, galectin-3 expression in primary malignancies was negatively associated 

to vessel invasion in our malignant CMT series. Yet, well-differentiated areas within 

malignant neoplastic tissue and intravascular tumour cells showed scarce galectin-1 

expression but stained strongly for galectin-3. Double-labelling further clarified that 

galectin-3 up-regulation (observed at the cell surface and cytoplasm) and galectin-1 

down-regulation, were concomitant in tumour cells present in the same vessels. In 

still another microenvironment, malignant cells surrounding necrotic areas be it in 

CMT or CMT xenografts, both galectins were found to be co-expressed. Regulation 

of galectin-3 was found to be finely tuned at the mRNA level in metastatic tumour 

cells and interestingly up-regulated in vessel-invading cells. Conclusions: Our 

findings, document a dynamic, generally asynchronous, expression of galectin-1 and 

galectin-3 in malignant CMT. The former is associated with growth at primary and 

metastatic tumour sites. The latter is associated with blood-borne tumour cells. 

Taken together the data suggest that CMT malignant cells present alternating 

increased expression of galectin-1, -3 or both, which seems to vary with presenting 

microenvironment and phase of tumour progression. 

 

Keywords:  galectin-1/ galectin-3/ mammary tumours /vessel invasion / metastasis 

 

Background 

Metastases are a frequent complication of neoplasia and are the main cause of 

human breast tumour-related death. During metastasis, cancer cells gain increased 

motility due to decreased cell-cell and cell-extracellular matrix (ECM) adhesion and 

become able to migrate through basement membranes and the ECM. In vessels, in 

contrast, the ability of cells to aggregate is essential for survival. At those distant 

locations bearing an appropriate microenvironment, new adhesive interactions will 

develop again thus facilitating the establishment of metastases [1]. Hence, the 

process of distant metastases development implies a very close interplay and 

adaptation between cancer cells and microenvironment both at primary and distant 

sites. Most preclinical research on human breast tumours has been conducted using 

cell lines and experimentally induced tumours in immunodeficient mice. Both models 
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present major limitations regarding tumour microenvironment interactions which may 

unfortunately later translate into frustrating clinical studies. Thus, a better 

understanding the multistep metastatic process as it proceeds in a spontaneous 

model in vivo may be important for future therapeutic attempts with new targets in 

such a model. The in many respects close resemblance of canine and human 

mammary cancer: similar biological characteristics, such as the role of steroidal 

hormones in tumourigenesis, the correlation between grade of histological 

malignancy and rate of metastasis, and the organ-related pattern of metastasis [2], 

may well make the female dog a good intermediary before phase II human studies 

[3].  

Galectins-1 and -3 are the most intensely studied members of the galectin family of 

β-galactoside-binding proteins and have been shown to be differently expressed in 

several types of tumours and even to play contrasting roles in several types of cancer 

[4]. In experimental settings galectins have often been implicated in phenomena 

important both in early and late stages of the metastatic process. These include, 

among others, cell proliferation [5,6]; tumour angiogenesis [7]; tumour-immune 

escape, since extracellular galectins-1 and -3 are able to induce apoptosis of 

activated immune cells [8,9]; and tumour invasion throughout the ECM [10]. Both 

galectins are thought to mediate motility and invasive capacities of cancer cells [11] 

due to their ability to interact in vitro with ligands present in the ECM such as laminin 

[12], fibronectin and integrin [13] among others. Still, contrasting relations of galectin 

expression and metastatic features exist amongst different cancer types [14]. 

In accordance with a pro-tumourigenic function, galectin-1 over-expression in cancer 

stroma has been associated to invasiveness and clinical TNM-stage in human breast 

cancer [15]. Moreover, in recent studies proteomic studies, it was associated to a 

metastatic phenotype of a breast cancer cell line xenografted in mice [16], and found 

to be one of the up-regulated proteins in a highly metastatic variant of another breast 

cancer cell line [17]. In contrast to this situation, galectin-1 decrease was found to 

contribute to an escape from apoptosis in colorectal cancer cells [18]. Indeed, 

galectin-1 is known to induce tumour cell death by anoikis, in vessels disfavouring 

metastasis [19]. Accordingly, galectin-1 down-regulation has also been associated to 

an acquired tumour resistance to apoptosis-inducing agents [20].  

Regarding galectin-3, our group has recently shown that the progression of CMT 

towards malignancy is associated with a coordinated down-regulation of galectin-3 in 

tumour cells and loss of its nuclear expression, with associated down-regulation of its 

binding sites in the ECM at the primary tumour sites. These findings were similarly 



4 

 

observed by us and others in human breast tumours [21,22]. Concomitant 

up-regulation of galectin-3 and its binding sites was observed by us in intravascular 

tumour cells, and assumed to hamper anoikis [23], suggesting the crucial relevance 

of both cellular and sub-cellular locations for galectin-3’s role in malignant CMT 

metastasis [21]. In a subsequent study our findings suggested that loss of galectin-3 

and sialylation-related masking of its ligands, namely MUC1 - in conjunction with their 

overexpression in specific tumour cell subpopulations - is crucial in regulating 

adhesive/de-adhesive events in the progression and invasive capacity of metastatic 

CMT [24]. Our work also showed galectin-1 over-expression associated to a 

reduction of galectin-3-binding sites in the tumour stroma [21]. One origin for stromal 

galectin-1 can be synthesis by stromal cells, particularly stromal fibroblasts, as they 

get stimulated from ECM during ECM remodelling or by oncologic signals from 

tumour cells [25]. Alternatively, it may originate from galectin-1 

overexpressing-tumour cells which can secrete it into the stroma by a non-classical 

secretion pathway [26]. Galectin-1 over-expression may hinder survival of 

blood-borne tumour cells in view of its pro-anoikis function [19]. Despite existing 

studies documenting the role of galectins in cancer and the finding that galectin-1 

and -3 are differentially expressed in human colorectal and prostate cancer [27,28], 

such comparison has to our knowledge never been investigated in breast cancer.  

The predictably irreconcilable actions of galectin-1 in what regards the known phases 

of cancer systemic dissemination and the lack of studies comparing galectin-1 and -3 

behaviour during human breast cancer in vivo progression from the primary tumour 

to the distant metastatic lesion prompted us to verify the expression of these 

galectins in the metastatic mammary cancer phenotype, by using the spontaneous 

model of malignant CMT. In this study we examined the presence and localization of 

galectin-1 and -3 plus the relationship between them with respect to malignant 

progression of canine CMT. We report that both normal and cancerous mammary 

cells present a very distinct galectin expression profile. In malignant CMT and their 

respective metastases galectin-1 is mostly up-regulated and galectin-3 mostly 

down-regulated. However, a reverse pattern of behaviour can be observed in 

intravascular tumour cells which present a cytoplasmic galectin-1 down-regulation 

and a cell membrane galectin-3 up-regulation. Cells exposed to other stress 

conditions such as, necrosis-surrounding cells, also express both galectins although 

with different intensities cellular and sub-cellular patterns. Altogether these findings 

point to possible associations, of galectin-1 and -3, to mammary tumour growth and 

metastasis. These seem related to their localization and levels of expression, which 
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may potentially enable malignant CMT cells to cope with the different 

microenvironments encountered.  

 

Methods 

Animals 

A series of 2 normal mammary gland samples from female dogs (samples collected 

during necropsies of non-tumour bearing animals), 12 benign and 41 malignant CMT 

was selected from a group of female dogs (of various pure or mixed breeds) which 

were diagnosed with a single benign and malignant, respectively, mammary gland 

tumour in the Companion Animal Clinic of ICBAS-UP. The average age of the 

animals was 10.1 years (range: 6-14). All animals underwent regional or radical 

mastectomy with curative purposes. The malignant CMT-bearing animals were then 

submitted to a 2 year clinical follow-up, during which they were evaluated every 3 

months by thorough physical examination, abdominal ultrasound and thoracic 

radiography, to evaluate the post-surgical course of the disease. Whenever distant 

metastases were detected, they were registered and confirmed by histopathological 

analysis. The malignant CMT and 12 randomly selected benign CMT have been 

studied earlier for expression of galectin-3 in tumour cells [21].  

 

Cell lines and culture conditions 

In this study, we used two different cell lines: (1) a non-tumourigenic cell line, 

(CMA07) established at our laboratory [21] and (2) a highly metastatic CMT cell line 

(CMTU27) kindly provided by Professor Eva Hellmén from Sweden [29]. Both cell 

lines were cultured at 37°C in a humidified 5% CO2 incubator and maintained in 

RPMI 1640 medium (with Glutamax and 25 mM Hepes) supplemented with 10% fetal 

bovine serum and gentamicin (50 µg/mL). 

 

Experimental nude mice 

Six to seven weeks old female N:NIH(s)II-nu/nu mice were inoculated 

subcutaneously in the mammary fat pad with a suspension of 106 cells of CMT-U27 

cell line. Mice were periodically observed, weighted and their tumours were 

measured twice a week in three dimensions. Once the xenografted primary tumour 

attained the volume of 1 cm3 it was excised under general anaesthesia and all efforts 

were made to minimize suffering. The animals were humanely euthanized whenever 

their body weight started to decrease or any signs of poor body condition were 
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shown. All studies with experimental animals were approved by the ethical committee 

of the University of Porto. 

 

Histology 

The tumours were fixed in formalin and routinely paraffin embedded. Sections of 3 

µm were cut from each paraffin block. All sections were stained with haematoxylin 

and eosin (H&E) for diagnostic purposes. Histological examination of the tumours 

was performed independently by two pathologists, and tumours were classified 

according to the World Health Organization criteria [30]. Tumour histological grading 

and mode of growth was determined as previously described [31]. 

 

Immunohistochemistry 

Immunostaining was performed using the modified avidin-biotin-peroxidase complex 

method. A rabbit polyclonal antibody was used to detect galectin-1 (Invitrogen) and 

galectin-3 was analysed by using a rabbit polyclonal antibody (Abcam) and a 

monoclonal antibody M3/38 [21]. Deparaffinization of 3 µm-thick sections was 

performed according to routine histological techniques, with Clear Rite followed by 

rehydration in an ethanol/water gradient. Antigen recovery was performed by the 

immersion of the slides in citrate buffer (PH –6) for ten minute in boiling cycles in a  

microwave and then slides were cooled off in PBS for five minutes. Endogenous 

peroxidase activity was blocked by treating the slides with 10% H2O2 in methanol 

solution for 10 minutes. Sections were then incubated with the primary antibody, 

diluted at 1:150 in PBS containing 5% BSA, overnight at 4ºC. Afterwards, as well as 

between the next steps, the slides were washed in PBS. This was followed by 

incubation with the HRP-labelled polymer of the Envision Detection system kit 

(DAKO, Denmark) for 30 minutes at room temperature. The reaction was visualized 

applying 3, 3’ – diaminobenzidine (DAB) of the same kit for 5 minutes. All specimens, 

after being washed in running water for five minutes, were lightly counterstained with 

haematoxylin, dehydrated, and mounted using Clear Rite mounting media. A 

negative control, without primary antibody, was included. All stained sections were 

examined with light microscopy and reviewed by three observers (J.O., A.C., and 

F.G.) in the absence of any clinicopathological or patient outcome information. 

Discrepancies were resolved after discussion at a double-headed microscope.  

 

Evaluation of Immunohistochemical Data 
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Galectin-1 positivity, indicated by the presence of brown intracellular and/or 

membrane staining, was assessed regarding both the percentage of stained 

mammary tumour cells and the pattern of immunodetection in both benign and 

malignant samples. Galectin-1 expression was scored based on the estimation of 

immunoreactive cells’ number. The percentage of positive cells was categorized as 

follows: less than 25% immunostained cancer cells; 25 to 50% immunostained 

cancer cells; 50 to 75% immunostained cancer cells and  more than 75% 

immunostained cancer cells. Tumour samples were also divided into 4 groups of 

galectin-1 expression according to the respective intensity of the stained stroma 

tissue: weakly stained=I; moderately stained=II; strongly stained=III and >75%=very 

strong (IV) galectin-1 stromal staining. For galectin-3 expression 5 categories were 

created: negative, less than 10%, less than 25% immunostained cancer cells; 25 to 

50% and 50 to 75% immunostained cancer cells. For stromal staining of galectin-3 

the same division was made as for galectin-1. 

 

Statistical Analysis 

Initially a descriptive study of the data was performed. Then association hypotheses 

were tested, using the Student t test for continuous variables and Fisher’s exact test, 

Chi-square test and odds likelihood ratio for discrete variables. SPSS software 

(version 13.0) (SPSS, Chicago, IL, USA) was used for statistical analysis.  

 

Double-labelling Immunofluorescence 

For simultaneous visualization of galectin-3 with galectin-1 and with epithelial 

cytokeratins (mouse anti-cytokeratins clones AE1/AE3, Dako) on the tissue sections, 

double-label immunofluorescence was performed. Representative tissue sections 

were chosen with high and low expression of each lectins and sections with the same 

percentage of positive cells for the lectins. Briefly, after blocking with 10% diluted 

normal sera for 20 min, sections were incubated with the first primary antibodies in 

5% BSA, they were then washed in PBS and incubated with Alexa 488-conjugated 

secondary antibodies (1:200). Sections were then washed and incubated with 10% 

normal sera for 20 min to which incubation with second primary antibodies, overnight 

at 4ºC followed. After washing, sections were incubated with biotin-conjugated 

secondary antibodies for 30 min, to which Alexa594-congugated streptavidin 

incubation for 30 min followed. All sections were then incubated with 1:100 PBS 

diluted DAPI for 15 min. Finally slides were mounted in glycerol-based Vectashield 

medium (Vector, Burlingame, CA). Slides were analyzed with a Leica DMIRE2 
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fluorescent microscope. As negative controls slides incubated with BSA 5% instead 

of primary antibodies were used. 

 

Immunofluorescence  

In order to investigate the subcellular distribution of galectin-1 and galectin-1 binding 

sites, (membrane, cytoplasmic and nuclear) cells were grown for 24 h on cover 

glasses pre-coated for 3 h with RPMI 1640 medium supplemented with 10% foetal 

bovine serum. The cells were then fixed for 10 min in ice-cold methanol and blocked 

with non-immune swine serum diluted in 10% BSA for 20 min. Normal serum was 

replaced with anti-galectin-1antibody and biotin-conjugated galectin-1 diluted in 5% 

BSA, and the cell monolayer was incubated for 1 h. After three washes with 1× PBS, 

cells were incubated with Alexa-labelled secondary antibody (Invitrogen) and 

streptavidin-conjugated Alexa 594 respectively diluted in 5% BSA for 30 min in the 

dark at room temperature, followed by incubation with DAPI (Pierce) in PBS and then 

mounted in vectashield (Vector). Cells were analyzed with a Leica DMIRE2 

fluorescent microscope. 

 

RNA extraction and real-time PCR 

CMA07 and CMTU27 cell lines were plated in 6-well plates, 7,5x10^5 cells per well, 

and grown under standard conditions for 24h. Total RNA was isolated from the 

canine mammary tumour cell lines using TRI Reagent (Sigma) according to 

manufacturer’s instructions. 1 mg of RNA were primed with random hexamers and 

reverse transcribed using Superscript II (Invitrogen) in a final volume of 20 ml. Two 

microliters of a 1:10 dilution of this mixture were amplified with SYBR Green (Applied 

Biosystems) and primers at a final concentration of 300nM each, in a fluorescence 

reader ABI Prism 7000, and duplicates were run for each RT product. The level of 

GAPDH RNA in each sample was measured and used for normalization of target 

genes abundance. Primer sequences are listed below. 

Galectin-3:  

5’CAGGCAGCTTTTCCATTCGA3’/5’ACTGCAACAAATGGGCATCA3’; 

Galectin-1: 

5’TGGGCAGTGCCTCAGAGTG3’/5’AAGCGAGGGTTGAAGTGCAG 

 

In situ RNA labelling 

Canine Galectin-3 RNA was detected in situ using a set of Stellaris RNA FISH 

probes, from Biosearch Technologies. The 39 probes were designed using the 
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company's Probe Designer software on the canine Galectin-3 transcript sequence 

(Ensembl assession number ENSCAFG00000015013), and labelled with the CAL 

Fluor Red 610 fluorophore. Labelling was performed on cultured cell lines and tissue 

specimens following the manufacturer's instructions. Briefly, for cultures cells, 

CMA07 and CMTU27 cells we grown for 24h on cover glasses, fixed and 

permeabilized in Ethanol, followed by probe hybridization (1ul from undiluted stock) 

overnight at 28ºC. The following day, cells were washed with 2xSSC, nuclei were 

counterstained with DAPI and cover glasses were mounted in Vectashield (Vector) 

on glass slides. Formalin-fixed and paraffin-embedded tissue samples were 

deparaffinised in xylene and rehydrated and permeabilized in a series of alcohols. 

Hybridization, washing and counterstaining were performed as for cells. 

 

Results  

Galectin-1 is up-regulated in both primary and metastatic lesions of malignant 

CMT 

Up-regulation of galectin-1 has been observed in breast cancer tissues [15]. In order 

to understand whether CMT invasive capacity is related to galectin-1 expression, we 

examined it in normal mammary specimens from 2 healthy female dogs, 12 benign 

CMT and 39 primary malignant CMT samples, the latter’s normal-adjacent mammary 

tissues (n=33) and their metastases (n= 10 cases). In the 2 normal mammary glands, 

from non-tumour bearing dogs, galectin-1 expression was restricted to basal cells 

being less than 25% of all cells composing these glands stained (Figure 1A). 

Galectin-1 staining in the stroma of normal mammary glands was negligible. In 33 

(84.6%) of the 39 malignant CMT cases, normal adjacent mammary tissue was 

available for comparative study. Only 2 cases of normal-adjacent glands (6.1%) 

presented galectin-1 stained luminal cells, in the remaining 31 (93.9%) cases these 

cells were negative for the lectin. Basal cells however were mostly positive for 

galectin-1 as observed in normal glands from healthy dogs. As in normal glands, in 

benign CMT mainly basal-like cells from well-organized tubular structures presented 

galectin-1 staining (Figure 1B). Moreover, all benign CMT cases analysed presented 

less than 50% of galectin-1 positive cells.  In contrast, the majority of primary 

malignant CMT lesions, 26 cases (66.7%), presented galectin-1 staining in more than 

50% of tumour cells (Figure 1C). Galectin-1 expression was not restricted to tumour 

cells but also found to be expressed in the stroma of all cases although with different 

staining intensities in malignant CMT. The up-regulation of galectin-1 expression in 

http://glycob.oxfordjournals.org/content/20/11/1341.long#F1
http://glycob.oxfordjournals.org/content/20/11/1341.long#F1
http://glycob.oxfordjournals.org/content/20/11/1341.long#F1
http://glycob.oxfordjournals.org/content/20/11/1341.long#F1
http://glycob.oxfordjournals.org/content/20/11/1341.long#F1
http://glycob.oxfordjournals.org/content/20/11/1341.long#F1
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malignant CMT cells was statistically significant (p <0.05) when compared to normal 

glands and to benign CMT. 

 

Galectin-1 expression in tumour cells is significantly associated to tumour size 

in malignant CMT 

In order to assess statistical associations between galectin-1 expression and 

clinico-pathological features of the tumours, tumour samples were divided into 4 

groups of galectin-1 expression: less than 25%; 25 to 50%; 50 to 75% and more than 

75% of stained cells. Six malignant CMT specimens (14.6%) expressed galectin-1 in 

more than 75% of the tumour cells, 21 (51.2%) in between 50 to 75% of the cells, 

while 10 (24.4%) showed staining in 25 to 50% and only 4 (9.8%) malignant CMT 

showed galectin-1 expression in less than 25% of the cells. Table 1 summarizes the 

expression of galectin-1 in the tumour cells according to clinico-pathological features 

of the tumours. Briefly, no statistically significant association was identified between 

galectin-1 expression and: tumour histological grade (p=0.537); presence/absence of 

vessel invasion (p=0.235); lymph node metastases (p=0.965); necrosis (p=0.299); 

the different categories of the tumour mode of growth (p=0.693); the presence of 

squamous metaplasia (p=0.401) or development of distant metastases (p=0.312). 

Furthermore, no relationship was found between galectin-1 staining in the stroma 

and clinico-pathological features of the tumours. However, a significant association 

was observed between high galectin-1 expression in tumour cells and tumour size 

(p=0.027). Therefore, our results point to an association between galectin-1 

overexpression and primary tumours with an increased size. 

 

Decreased galectin-3 expression in primary tumour cells is associated to 

vessel invasion in malignant CMT  

Not having adressed this issue in our previous investigation, the same 

clinico-pathological parameters were also evaluated by dividing tumour samples into 

5 groups of galectin-3 expression, as assessed according to percentage of stained 

tumour cells [21].  Table 2 summarizes the expression of galectin-3 in tumour cells 

according to clinico-pathological features. Briefly, no statistically significant 

correlation was identified between galectin-3 expression and: tumours histological 

grade (p=0.861); lymph node metastases (p=0.293); necrosis (p=0.602); or the 

different categories of the tumour mode of growth (p=0.683); tumour size (p=0.701); 

and development of distant metastases (p=0.556). A tendency was observed 

between increased galectin-3 expression and the presence of squamous metaplasia 
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(p=0.087) in primary malignant CMT. And finally, increased galectin-3 expression 

was significantly associated to the absence of vessel invasion (p=0.043). Altogether, 

these findings point to an association between low levels of galectin-3 expression 

and vessel invasion in malignant CMT.  

 

Distinct tumour cell subpopulations differentially express galectin-1 and -3 in 

malignant CMT  

Although in human prostate cancer galectin-1 and galectin-3 are known to be 

expressed by different cell subpopulations [28], such comparison has not been 

assessed in mammary cancer, neither in humans nor in dogs. In order to attempt to 

understand their respective functions during malignant CMT progression we 

compared the subpopulation expression pattern of galectin-1 with that of galectin-3, 

in the cases of the animals that presented both primary and metastatic CMT. 

Galectin-1 was found to be over-expressed in most areas of primary malignant CMT 

with the exception of well-differentiated ones (Figure 1D) and vessel-invading cells 

(Figure 1E). Furthermore, metastatic lesions, consistently presented high expression 

of galectin-1 (Figure 1F) as their corresponding primary tumours. A distinct pattern 

was revealed for galectin-3 expression: in primary malignant CMT it was mostly 

down-regulated, except in well-differentiated areas of the tumours that presented 

increased expression of galectin-3 (Figure 1G) as did vessel-invading cells 

(Figure 1H). In metastatic lesions galectin-3 was again found to be down-regulated 

(Figure 1I). Thus, the alternating expression degree of galectin-1 and -3 in an inverse 

relationship are observed in the progression and dissemination of malignant CMT. 

 

Galectin-1 down-regulation and restriction to the cytoplasmic perinuclear 

region parallels galectin-3 up-regulation at the cell surface of intravascular 

tumour cells in malignant CMT 

Galectins play crucial regulating roles in anoikis susceptibility of tumour cells [19,23]. 

Hence, simultaneous expression of galectin-1 and -3, was next analysed by 

double-labelling immunofluorescence in the 13 cases presenting with vessel invasion 

in our series. Surprisingly, although mostly expressed by markedly different 

subpopulations in primary malignant CMT, both lectins were often expressed by the 

same intravascular tumour cell aggregates although in markedly different staining 

intensities and sub-cellular localizations with no sub-cellular co-localization between 

them. Intravascular tumour cells presented scarce galectin-1 expression and it was 

mostly located in the cells’ perinuclear region in such aggregates (Figure 2A,B). 

http://glycob.oxfordjournals.org/content/20/11/1341.long#F1
http://glycob.oxfordjournals.org/content/20/11/1341.long#F1
http://glycob.oxfordjournals.org/content/20/11/1341.long#F1
http://glycob.oxfordjournals.org/content/20/11/1341.long#F1
http://glycob.oxfordjournals.org/content/20/11/1341.long#F1
http://glycob.oxfordjournals.org/content/20/11/1341.long#F1
http://glycob.oxfordjournals.org/content/20/11/1341.long#F1
http://glycob.oxfordjournals.org/content/20/11/1341.long#F1
http://glycob.oxfordjournals.org/content/20/11/1341.long#F1
http://glycob.oxfordjournals.org/content/20/11/1341.long#F1
http://glycob.oxfordjournals.org/content/20/11/1341.long#F1
http://glycob.oxfordjournals.org/content/20/11/1341.long#F1
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Galectin-3, on its hand, was intensely expressed at the cells surface and cytoplasm 

(Figure 2A,B). Thus, these findings point to a potential tuning of galectin-1 and -3 

levels of expression and subcellular localization in intravascular malignant CMT cells. 

 

EMT-related variations are not crucial for changes in galectin expression: Both 

galectin-1 and -3 are co-expressed with epithelial markers in malignant CMT  

Galectins play crucial regulating roles in cell differentiation [32]. Epithelial to 

mesenchymal transition (EMT) has been suggested to contribute to systemic 

dissemination of breast cancer cells [33]. In order to assess a possible role of 

differentiation in the regulation of galectins expression, co-expression between 

galectin-1/ -3 and epithelial cytokeratins was analysed by double-labelling 

immunofluorescence. Cells that were present inside ducts were found to be 

cytokeratins-positive, but galectin-3 was co-expressed with this epithelial marker only 

in vessel-invading cells (Figure 2C,D). On the other hand, although co-expressed 

with cytokeratins in tumour cells inside ducts, galectin-1 was down-regulated in 

intravascular tumour cells even though these maintained cytokeratins expression 

(Figure 2E,F). Altogether, our data point to the existence of a 

differentiation-independent dynamic, possibly microenvironment-related, regulation of 

galectin-1 and -3 during malignant CMT vessel-invasion, rather than to differentiation 

related alterations. 

 

Galectin-1and galectin-1-binding sites are expressed in markedly distinct 

sub-cellular compartments in a metastatic CMT cell line 

Galectin-1 is known to induce cell apoptosis through binding of its ligands at the cell 

surface [8]. Moreover galectin-1 is pro-anoikis [19]. Such functions of the lectin are 

hard to understand in malignant CMT in light of the above described association 

between galectin-1 and factors such as tumour size. In order to assess the 

importance of galectin-1 sub-cellular localization we took advantage of using the 

highly metastatic CMT, CMT-U27 cell line. We compared galectin-1 expression to 

that of its binding sites and observed that galectin-1 was not expressed at the cell 

membrane, it was mainly observed in the cytoplasm and less intensely in the nucleus 

(Figure 3A) while galectin-1-binding sites were expressed predominantly at the cell 

surface and the cytoplasm and not in the nucleus (Figure 3B). These findings 

suggest a pattern of distribution of galectin-1 and its binding-sites in the malignant 

CMT-U27 cell line that, by impeding the lectin’s binding to its cell surface ligands, 
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may facilitate an enhanced metastatic potential rather than apoptosis of the 

CMT-U27 cells. 

 

CMT-U27 xenografts display the same pattern of galectin-1 expression found in 

both primary and metastatic lesions of spontaneous malignant CMT 

We have observed that the highly metastatic CMT-U27 cell line displays generalized 

galectin-3 expression in vitro. This expression is greatly reduced, with less than 25% 

of tumour cells stained, in primary tumours xenografted in nude mice with the 

exception of necrosis-surrounding areas [21]. In order to further address the 

influence of the microenvironment in galectins expression, we inoculated the 

CMT-U27 cell line in the fat mammary pad of female nude mice. Xenografted primary 

metastatic tumours were assessed for galectin-1 expression by 

immunohistochemistry. Normal nude mice mammary glands expressed the same 

galectin-1 pattern as observed in canine glands, being only basal cells stained for 

this lectin. Four out of five primary tumours expressed galectin-1 in 25- 50% of the 

tumour cells and its expression was stronger surrounding necrotic areas (Figure 4A). 

Although faint, stromal galectin-1 staining was also observed. Regarding CMT-U27 

xenografts subpopulations, galectin-1 was strongly expressed in spindle shaped 

tumour cells at the tumours periphery, but its expression was lower in tumour cells 

invading vessels, in contrast to galectin-3 which was previously found to be high in 

this subpopulation [21]. In addition, metastatic lesions displayed a consistently strong 

galectin-1 expression as their corresponding primary tumours (Figure 4B, C) 

resembling the findings in dogs with spontaneous CMT. These results corroborate 

our findings in spontaneous malignant CMT and underscore the presence of 

overexpressed galectin-1 in primary tumours and distant metastases. 

 

Cells surrounding necrotic areas express galectin-1 and -3 both in CMT-U27 

xenografts and in malignant CMT 

Necrosis-surrounding galectin-3-positive cells have been suggested to possess 

increased vessel-invasion capacity in malignant CMT [21]. Since both galectin-1 and 

-3 seem to be expressed in necrosis-surrounding areas in CMT and CMT-U27 

xenografts double-labelling of the lectins was performed. Distinct cellular 

subpopulations were observed and galectin-1 was expressed in galectin-3 negative 

cells and vice-versa both in spontaneous and experimentally induced malignant 

CMT. However, necrosis-surrounding cells, were found to express either galectin-1 

or -3 but also often expressed both lectins with no sub-cellular overlap between them 
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(Figure 5A). These galectin-1 and -3 positive necrosis-surrounding tumour cells were 

also consistently found in nude mice xenografts (Figure 5B). Remarkably, resembling 

CMT blood-borne tumour cells (Figure 5C), intravascular cells in CMT-U27 

xenografts also presented a fainter galectin-1 expression and galectin-3 

up-regulation within the same vessels (Figure 5D). Therefore, altogether, our data 

point to a possible involvement of stress-related conditions in the regulation of 

galectins-1 and -3 during mammary tumour progression and invasion.  

 

Cellular regulation of galectin-3 levels of expression is finely tuned at the 

mRNA level in the highly metastatic CMT-U27 cell line  

In order to assess whether the in vitro microenvironment might induce alterations in 

the regulation of galectins expression, Real-Time PCR was performed in cells under 

the same conditions. Unlike galectin-1 of which mRNA expression varies little (Figure 

6A), galectin-3 expression was found to vary a great deal in cultured cells, striking 

differences being observed in cells plated in the same number and collected at the 

same time (Figure 6A). In order to assess the variation in galectin-3 mRNA at the 

cellular level, we used Stellaris FISH Probes which enable simultaneous detection, 

localization, and quantification of individual mRNA molecules at the cellular level. 

While remaining consistently high in the non-tumourigenic CMA07 cell line (Figure 

6B), the levels of galectin-3 mRNA, were often found to be considerably decreased in 

the CMT-U27 cell line (Figure 6C). Altogether, these results suggest that the 

regulation of galectin-3 levels of expression is extremely sensitive to slight 

microenvironment variations in highly metastatic CMT-U27 cells.  

 

Galectin-3 is up-regulated at the mRNA level in intravascular tumour cells of 

malignant CMT 

In order to assess whether the increased expression of galectin-3 observed in cell 

subpopulations such vessel-invading cells is due to up-regulation of the lectins’ levels 

we used Stellaris FISH Probes. Using fluorescence microscopy, we were able to 

observe high levels of single molecules of galectin-3 RNA as red spots, both in 

positive controls, normal-adjacent ducts (Figure 7A), and in vessel-invading tumour 

cells (Figure 7B). Primary malignant CMT presented very few cells with considerable 

levels of galectin-3 RNA fluorescent spots. Altogether, our results suggest that 

although remaining fairly constant in benign cells, decreases and increases of 

galectin-3 levels of expression seem to be a hallmark of highly aggressive mammary 

tumour cells.    



15 

 

 

Discussion  

Galectins are increasingly recognized as important players in the metastatic process 

due to their influence on cancer cell–ECM, cancer cell–cell and cancer-endothelial 

adhesion. Galectin-1 and -3 are two intensely studied members of the galectins 

family and are both suggested to be closely related to the progression of several 

types of cancer [4]. Previously, we have reported on a coordinated down-regulation 

of galectin-3 and its binding sites in primary malignant CMT along with their 

concomitant up-regulation in vessel-invading cells and questioned how or whether 

these observations could relate with the apparent increase of galectin-1 in the ECM 

also observed in these tumours [21].  Hence, a thorough comparative study of 

galectin-1 and -3 expression in a CMT series was deemed relevant with emphasis on 

tumour progression and invasion. CMT is the most common cancer in female dogs, 

representing nearly 50% of all reported neoplasms. Forty-one to 53% of these are 

malignant, and often fatal due to the development of distant metastases [34]. Mouse 

models have proved to be excellent tools to uncloak the biology and biochemistry of 

particular pathways involved in cancer development and progression. However, 

features such as growth over long periods of time, genomic instability, and significant 

heterogeneity amongst tumours are limited in this model. The spontaneous canine 

model of breast cancer has several  advantages over other  animal models: it is 

naturally occurring but at higher prevalence than in the human; it occurs in similar 

environment settings as in human; it has similar but much more rapid evolution than 

human breast cancer while sharing many of the pathobiological features [2]. 

Therefore, beyond the obvious need to increase knowledge of pathogenetic features 

of  mammary cancer to benefit animal care, the use of the pet dog model might 

support the transition between mouse models and human patients namely in studies 

preceding human clinical trials [3].  

In this study, we used the spontaneous CMT model in order to investigate the 

dynamics of galectin-1 and -3 expression in tumour progression and metastasis. We 

demonstrated that: (1) overall galectin-1 expression is up-regulated in malignant 

CMT; (2) galectin-1 expression was significantly associated to tumour size while (3) 

galectin-3 expression was negatively associated to the presence of vessel invasion in 

malignant CMT. Furthermore,   (4) galectin-1 and -3 are differentially expressed in 

neoplastic mammary tissue, with galectin-1 mostly up-regulated in primary malignant 

tumours with the exception of well-differentiated areas, whereas these often 

expressed galectin-3; (5) galectin-1 expression was decreased and perinuclear while 
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galectin-3 was up-regulated in the cytoplasm and at the cell surface, of the same 

intravascular tumour cells; (6) necrosis-surrounding cells also presented expression 

of both galectin-1 and galectin-3 and finally (7) galectin-3 was found to be finely 

regulated at the mRNA level in metastatic cells of malignant CMT. Galectin-1 was 

weakly expressed in normal mammary epithelium and confined to a few cells in the 

basal compartment of the glands, but its expression was increased and widespread 

in malignant CMT both in tumour cells and in stroma. This is in accordance to 

previous studies where galectin-1 was confined to the basal layer in normal human 

breast gland tissue with an increased expression in malignancy and further suggests 

its key role in the initiation of transformed tumour phenotype [15,35]. Galectin-3 was 

often expressed in normal mammary glands mainly in the luminal compartment; 

however, cells located at the basal layer (myoepithelium or progenitor cells) showed 

a weak or negative expression of this lectin.  A differential expression of galectins-1 

and -3 seems to be an important aspect in the mechanisms of cell 

adhesion/de-adhesion required to invasion in both physiological and pathological 

events [32,36]. Galectin-1 and -3 were found to be differentially expressed in different 

types of human cancer [27,28]. However, to the best of our knowledge this is the first 

study in breast cancer, namely in a dog model that demonstrates clearly that 

expression of galectin-1 and -3 is distinct and differential in normal and neoplastic 

mammary gland tissues. Apart from average staining patterns showing variation, 

differences were found in respect to subcellular localization, cell subpopulation and 

progression phase. 

 Galectins expression was not confined to the tumour cells. Most malignant CMT 

also presented strong stromal galectin-1 expression. Increased expression of 

galectin-1 has been observed in the stroma of primary carcinoma in comparison to 

the stroma of normal-adjacent tissues [15,28]. This rise in expression was correlated 

to poor disease prognosis in both prostate and breast cancer [15,28]. When 

comparing galectin-1 and galectin-3-mediated cancer cell-ECM adhesion, increased 

expression of galectin-1 lead to a lower level of adhesion between tumour cells and 

the ECM in vitro [37]. Galectin-1 expression has been indicated in the literature as a 

potential marker for early detection of breast cancer [38].  Over-expression of 

galectin-1 in breast cancer-associated stromal cells is correlated to T stage (tumour 

size and local invasiveness-dependent) [15]. We, however, observed in primary 

malignant CMT that galectin-1 expression levels in tumour cells themselves was 

significantly associated with increased tumour size. Galectin-1 over-expression can 

contribute to tumour growth in at least two different ways: 1) galectin-1 is 
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pro-angiogenic, therefore improving tumour nutrients and oxygen levels essential for 

tumour development 2) galectin-1 has a well-established anti-inflammatory role, thus 

facilitating cancer immune-escape [8]. Our finding that metastases expressed even 

high intensity of galectin-1 as the primary malignant CMT from which they arise 

support the view that galectin-1 is paramount for growth of expanding neoplastic 

colonies. Another interesting and new observation in this study was the simultaneous 

expression of galectin-1 and -3 vessel-invading tumour cells. The galectins were 

simultaneously expressed, galectin-1 was down-regulated and confined to the 

perinuclear region of intravascular tumour cells. In the same vessels, galectin-3 was 

up-regulated and present both in the cytoplasm and at the cell surface. As 

cytoplasmic galectin-3 is known to be an anoikis inhibitor [19], it is very likely that this 

localization may contribute to cell survival in the blood stream. Concerning galectin-3 

expression at the cell surface of intravascular tumour cells, our recent studies 

showed that galectin-3 interacts with the oncofetal Thomsen-Friedenreich 

(Galactoseβ1,3-Nacetylgalactosamine – T antigen) in vessel-invading cells of 

malignant CMT [24]. Others have shown, in vitro, that MUC1 clustering by galectin-3, 

via T antigen, induces the mucins’ cell surface polarization and exposure of the 

smaller cell adhesion molecules, which would otherwise be concealed by the much 

larger and heavily glycosylated MUC1. This might result in increased heterotypic 

adhesion of the cancer cells to vascular endothelium [39] and increased homotypic 

aggregation of the cancer cells to form micro-tumour emboli that prolong tumour cell 

survival in the circulation [40]. Survival in the circulation and arrival at distant target 

organ sites may thus be facilitated by overexpression of galectin-3. A state of 

simultaneous decrease in galectin-1 expression in intravascular tumour cells may 

further add to survival advantage in view of the  fact that  galectin-1 acts as a 

pro-anoikis effector in vitro [19].  Furthermore, decreased galectin-1 will facilitate 

galectin-3 action since the lectins compete for the same ligands at the cell surface, 

precisely the subcellular localization where galectin-3 abrogates galectin-1-induced 

anoikis [41].  

Being differentially expressed by most tumour cell subpopulations in CMT, the fact 

that tumour emboli had an inverse pattern of expression for galectin-1 and galectin-3 

with a stronger expression of the latter, led us to hypothesize on the mechanisms 

that may underlie this difference in the regulation of the lectins expression on such a 

crucial step of the metastatic process. At least three potential hypotheses could be 

envisioned: 1) galectins expression could be related to EMT mechanisms, 2) 

stress-related factors could elicit a cellular response involving these lectins and, 3) 
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changes in galectins expression during adhesion and migration through endothelial 

cells could be happening in tumour cells.    

Galectins are known differentiation markers [32]. We considered a scenario in which 

differentiation alone could trigger the up/down-regulation of galectins expression in 

malignant CMT. Knowing that EMT is a transitional state which enables a polarized 

epithelial cell to lose its interactions with the basement membrane and to assume a 

migratory and invasive mesenchymal cell phenotype, and that the reverse process, 

MET, can occur in the same cells [33], we hypothesized that this process might play 

a role in malignant CMT progression and vessel-invasion. In such a process of 

invasion, mesenchymal morphotype would be induced, with galectin-1 up-regulation, 

while after entering vessels, tumour cells would return to an epithelial morphotype, 

with galectin-3 up-regulation restoring. However, our study found both galectin-1 and 

-3 to be co-expressed with epithelial cytokeratins thus ruling out a major 

differentiation/ de differentiation role as the only trigger to regulation of the galectins 

expression during the process of vessel invasion. EMT and MET (mesenchymal to 

epithelial transition) do not seem responsible for the on/off switch of galectin-1 and -3 

expression in vessel invasion. 

Hypoxia-exposed galectin-3 positive cells have been suggested to possess 

increased vessel-invading capacity in malignant CMT [21].  Although markedly 

distinct subpopulations differentially expressed galectin-1 and -3 in normal canine 

mammary glands, CMT and CMT-U27 xenografts, cells interestingly expressing both 

galectin-1 and -3 were often observed in necrosis-surrounding areas both in 

malignant CMT and CMT-U27 xenografts. The microenvironment of solid tumours, 

including mammary cancer, possesses hypoxic regions that are not found in normal 

tissues [42]. The exposure to hypoxia is known to stimulate aggressiveness of cancer 

cells and seems to confer invasive and chemo-resistance properties to the surviving 

cells [43]. Galectin-1 and -3 are both hypoxia-regulated proteins [44,45] which are 

closely associated to hypoxia-driven tumour progression: galectin-1 confers immune 

privilege to cancer cells namely through its cytocidal effects against tumour-specific 

helper T cells, [8] and galectin-3 possesses an intracellular well-known anti apoptotic 

activity [9]. Supporting a hypothesis of hypoxia-related galectin-3 regulation in 

metastatic CMT cells, galectin-3 expression up- and down-regulation is striking. 

Moreover, it was found to happen at the mRNA level further pointing to its rather 

quick and fine tuning in response to microenvironmental alterations namely 

stress-inducing conditions such as hypoxia and poor access to nutrients, due to rapid 

proliferation, and endurance in the blood flow. Furthermore, galectins dynamic 
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expression has been demonstrated in invading neutrophils. These presented a 

galectin-1 down-regulation and galectin-3 up-regulation upon adherence and 

migration through the endothelia [46]. Our previous [21] and current findings would fit 

with a similar mechanism during cancer cell adhesion and migration through the 

endothelia. The mechanism steering such differential expression warrants future 

studies.  

 

Conclusions 

In conclusion, based on our present results, one can envisage a state of frequent 

dynamic reshaping where galectin-1 is up-regulated while galectin-3 is 

down-regulated and vice-versa in tumour cells. It seems that, within the same 

tumour, there are a few different cell subpopulations that possess a different 

galectin-profile. This dynamic expression of galectin-1 and -3 in CMT may play a role 

in tumour growth, vessel invasion and metastatic establishment in malignant CMT 

which might be dependent on microenvironment conditions. Further studies in order 

to unravel the mechanisms underlying galectin-1 and -3 regulation during tumour 

progression are justified. This model may provide material for studying potential 

galectin-inhibitors more readily available from canine than from human sources and 

research on attempting to impair the canine metastatic process could in this way 

provide useful comparative oncological insight.  
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Figures 

Figure 1 Different cell subpopulations within norma l and neoplastic mammary 

tissues present a heterogeneous and divergent expre ssion of galectin-1 and -3 

Galectin-1 and -3 immunohistochemical staining was analyzed in a series of normal 

mammary tissue, xx benign and 39 malignant CMT, and samples were compared 

according to the percentage of galectins-expressing tumour cells. Photomicrographs 

depict galectin-1 and galectin-3 immunostaining (brown color) with haematoxylin 

counterstain.  Normal mammary tissue was mainly negative for galectin-1 with the 

exception of basal cells (A x400 magnification). Benign CMT presented galectin-1 

expression mainly in basal cells of well-differentiated structures (B x100 

magnification) while most malignant CMT presented galectin-1 staining in more than 

50% of tumour cells (C x100 magnification). Interestingly, well-differentiated 

structures presented galectin-1 down-regulation (D x200 magnification) as did 

intravascular cells in lymph node metastases (E x200 magnification) while distant 

metastases in organs such as the lungs presented higher galectin-1 expression than 

primary tumours (F x200 magnification). On the opposite hand, galectin-3 was  

overexpressed in well-differentiated luminal type cells (G, x200 magnification), and 

intravascular tumour cells (C, x200 magnification) and up-regulation of galectin-3 (H, 

x200 magnification) while down-regulated in well-established metastatic CMT lesions 

(I, x200 magnification). 

 

Figure 2 Intravascular tumour cells present down-re gulation of galectin-1 and 

overexpression of galectin-3. See note in Results: better identification of ductal 

cells and those in vessels 

Simultaneous expression of galectin-1 and -3 was assessed by double-labelling 

immunofluorescence using anti-galectin-1 and galectin-3 antibodies. Intravascular 

tumour cells present galectin-1 down-regulation when compared to cells invading a 

mammary duct (A x400 magnification), on the contrary, these intravascular cells 

present strong galectin-3 expression both in the cytoplasm and at the cell surface (B 

x100 magnification). Interestingly both intravascular cells and duct-invading cells 

express epithelial cytokeratins (C x100 magnification) although only intravascular 

cells co-express them with galectin-3 (D x100 magnification). On the other hand 
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duct-invading cells present strong galectin-1 expression in cytokeratins-positive cells 

(E, F x100 magnification).  

 

Figure 3 Galectin-1 is expressed in the cell nucleu s and cytoplasm and 

galectin-1-binding sites at the cell surface in a h ighly metastatic CMT cell line 

Galectin-1 and its binding-sites subcellular distribution was assessed by 

immunofluorescence using an anti-galectin-1 and biotynilated-galectin-1. (A) 

Galectin-1 was expressed in both the nucleus and the cytoplasm in malignant 

CMT-U27 cell line. (B) A predominantly cell membrane expression of 

galectin-1-binding-sites was observed in malignant CMT-U27 cell line. 

Photomicrograph magnifications × 100.  

 

Figure 4 Expression of galectin-1 in nude mice CMT- U27 xenografts resembles 

that of spontaneous malignant CMT 

Female N:NIH(s)II-nu/nu mice were inoculated subcutaneously in the mammary fat 

pad with a suspension of 106 cells of the malignant CMT-U27 cell line. Primary 

tumours and metastases were collected at different times after inoculation and 

studied by immunohistochemistry for galectin-1. The photomicrographs depict 

galectin-1 immunostaining (brown colour) with haematoxylin counterstain. Galectin-1 

was expressed heterogeneously in primary tumours mainly in necrosis-surrounding 

areas (A x400 magnification). In metastatic lesions however, galectin-1 expression 

was higher both in lungs (B x400 magnification) and heart metastases (C x 400 

magnifications).   

 

Figure 5 Expression of galectin-1 and -3 is observe d in necrosis-surrounding 

cells and in intravascular tumour cells both in mal ignant CMT and in nude mice 

CMT-U27 xenografts  

Simultaneous expression of galectins-1 and -3 was assessed by double-labelling 

immunofluorescence using anti-galectin-1 and galectin-3 antibodies in 

necrosis-presenting cases of nude mice CMT-U27 xenografts and malignant CMT. 

The photomicrographs depict galectin-1 immunostaining in red and galectin-3 

immunostaining in green. Tumour cells expressing either both galectin-1 or and 3 

were observed in necrosis-surrounding areas in malignant CMT (A x400 

magnification) and in nude mice CMT-U27 xenografts (B x400 magnification). As in 

spontaneous malignant CMT (C x400 magnification), intravascular tumour cells 
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presented decreased expression of galectin-1 and strong galectin-3 expression in 

nude mice xenografts (D x400 magnification).  

 

 

Figure 6 Galectin-3 levels of expression vary great ly in the CMT-U27 highly 

metastatic cell line  

Data from real-time PCR. CMA07 and CMTU27 cell lines were plated in 6-well 

plates, 7,5x10^5 cells per well, and grown under standard conditions for 24h. 

Galectin-1 mRNA expression varies little. However, galectin-3 expression varies a 

great deal in the cells plated in the same number and collected at the same time.  

cDNA contents were normalized on the basis of predetermined levels of Gapdh. The 

results represent the mean ±SD of duplicate samples. (A)  Stellaris FISH Probes 

were used to detect individual mRNA molecules at the cellular level, observed as 

individual diffraction-limited fluorescent red spots.  In the non-tumourigenic CMA07 

cell line the levels of galectin-3 mRNA, observed as individual diffraction-limited 

fluorescent spots were always high. (B)  However, these were more variable in the 

CMT-U27 cell line and often decreased. (C) Photomicrograph magnifications ×630. 

Results are representative of two independent experiments with similar results. 

 

Figure 7 Tumour cells at the vessel periphery and i ntravascular tumour cells 

show an elevated number of galectin-3 mRNA molecule s 

Stellaris FISH Probes were used to detect individual mRNA molecules at the cellular 

level, observed as individual diffraction-limited fluorescent red spots. (A) 

Normal-adjacent mammary ducts positive for galectin-3 were used as positive 

controls and expressed high levels of galectin-3 mRNA. (B) Although no appreciable 

amount of spots were observed in most tumour areas of primary malignant CMT, 

these were observed in tumour cells surrounding vessels and in intravascular tumour 

cells (arrows) Photomicrograph magnifications 630x.  
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Tables 

Table 1 – Galectin-1 expression in malignant CMT cells and its relationship with 

clinico-pathological variables 

 

Clinical features Number of Galectin-1 expression P value 

 

cases (%) <25% 25-50% 50-75% >75% 

 

       Tumour size (n=39) 

     

0.017 

< 3 cm 26 (66.7%) 1 (33.3%) 5 (50.0%) 15 (75.0%) 5 (83.3%) 

 3-5 cm 7 (17.9%) 0 (0.0%) 3 (30.0%) 3 (15.0%) 1 (16.7%) 

 > 5 cm 6 (15.4%) 2 (66.7%) 2 (20.0%) 2 (10.0%) 0 (0.0%) 

 

 Histological grade (38) 0.537 

I 10 (25.6%) 1 (25.0%) 2 (20.0%) 5 (25.0%) 2 (40.0%) 

 II 19 (48.7%) 2 (50.0%) 6 (60.0%) 10 (50.0%) 1 (20.0%) 

 III 10 (25.6%) 1 (25.0%) 2 (20.0%) 5 (25.0%) 2 (40.0%) 

 

  Squamous metaplasia (n=38) 0.401 

No 31 (81.6%) 3 (75.0%) 9 (90.0%) 15 (83.3%) 3 (50.0%) 

 Yes 7 (18.4%) 1 (25.0%) 1 (10.0%) 3 (16.7%) 3 (50.0%) 

 

       Necrosis (n=39) 

     

0.299 

No 8 (20.5%) 2 (50.0%) 1 (10.0%) 3 (15.8%) 2 (33.3%) 

 Yes 31 (79.5%) 2 (50.0%) 9 (90.0%) 16 (84.2%) 4 (66.7%) 

 

       Vessel invasion (n=38) 

     

0.235 

No 25 (65.8%) 3 (75.0%) 9 (90.0%) 10 (55.6%) 3 (50.0%) 

 Yes 13 (34.2%) 1 (25.0%) 1 (10.0%) 8 (44.0%) 3 (50.0%) 

 

       Lymph node metastases (n=33) 0.965 

No 23 (6.2%) 2 (6.2%) 6 (6.2%) 12 (6.2%) 3 (6.2%) 

 Yes 10 (6.2%) 1 (6.2%) 2 (6.2%) 6 (6.2%) 1 (6.2%) 

 

       Distant metastases (n =39 ) 

     

0.312 

No 29 (74.4%) 4 (100.0%) 5 (55.6%) 16 (80.0%) 4 (66.7%) 

 Yes 10 (25.6%) 0 (0.0%) 4 (44.4%) 4 (20.0%) 2 (33.3%) 
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Table 2 – Galectin-3 expression in malignant CMT cells and its relationship with 

clinico-pathological variables 

 

Clinical features Number of Galectin-3 expression P value 

 

cases (%) Negative <25% 25-50% 50-75% 

 

Tumour size (n=40)                                                                                                

 

0.388 

< 3 cm 25 (64.1%) 3 (12.0%) 7 (28.0%) 12 (48.0%) 3 (12.0%) 

 3-5 cm 7 (17.9%) 0 (0.0%) 1 (14.3%) 5 (71.4%) 1 (14.3%) 

 > 5 cm 7 (17.9%) 0 (0.0%) 4 (57.1%) 3 (42.9%) 0 (0.0%) 

 

       Histological grade (n = 39) 

     

0.861 

I 10 (25.6%) 1 (33.3%) 4 (30.8%) 4 (21.1%) 1 (25.0%) 

 II 19 (48.7%) 2 (66.7%) 5 (38.5%) 10 (52.6%) 2 (50.0%) 

 III 10 (25.6%) 0 (0.0%) 4 (30.8%) 5 (26.3%) 1 (25.0%) 

 

       Squamous metaplasia (n=38) 

     

0,087 

No 31 (81.6%) 3 (75.0%) 12 (100.0%) 14 (77.8%) 2 (50.0%) 

 Yes 7 (18.4%) 1 (25.0%) 0 (0.0%) 4 (22.2%) 2 (50.0%) 

 

       Necrosis (n=39) 

     

0.602 

No 9 (23.1%) 2 (50.0%) 2 (15.4%) 4 (22.2%) 1 (25.0%) 

 Yes 30 (76.9%) 2 (50.0%) 11 (84.6%) 14 (77.8%) 3 (75.0%) 

 

       Vessel invasion (n=38) 

     

0.043 

No 25 (65.8%) 4 (100.0%) 6 (50.0%) 11 (61.1%) 4 (100.0%) 

 Yes 13 (34.2%) 0 (0,0%) 6 (50.0%) 7 (38.9%) 0 (0.0%) 

 

       Lymph node metastases (n =33 ) 

     

0.489 

No 23 (69.7%) 1 (50.0%) 7 (63.6%) 14 (77.8%) 1 (50.0%) 

 Yes 10 (30.3%) 1 (50.0%) 4 (36.4%) 4 (22.2%) 1 (50.0%) 

 

       Distant metastases (n =39 ) 

     

0.498 

No 29 (74.4%) 3 (75.0%) 8 (61.5%) 15 (78.9%) 3 (100.0%) 

 Yes 10 (25.6%) 1 (25.0%) 5 (38.5%) 4 (21.1%) 0 (0.0%) 
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ABSTRACT 
 

Canine mammary tumours (CMT) account for approximately 25-50% of all intact 

female dog tumours and 40-50% of affected animals develop malignant tumours. Despite 

CMT relevance, surgery remains the only effective treatment, which unfortunately is in 

many cases unsuccessful in preventing distant metastases, the main cause of CMT-related 

death. It is therefore necessary to understand the mechanisms underlying CMT 

metastasis, so that future therapeutic studies may be better targeted and thus more 

efficient. The metastatic process involves a series of events mediated by the balance 

between conflicting pro and anti adhesive forces. It is well-known that reversible steps of 

homotypic (cell-cell) and heterotypic (cell-ECM) adhesion are mediated in part by 

interactions between tumour cell surface glycan-receptors and their glycosylated ligands 

on other cells and/or within the tumour microenvironment. Galectins, a family of glycan-

binding proteins, have been implicated in tumour progression and metastasis by 

influencing cell adhesion, angiogenesis, cell proliferation and apoptosis resistance. 

Galectin-1 and -3, well-studied members of this family, are believed to play opposing 

roles in several contexts. Our work has shown down-regulation of galectin-3 in primary 

malignant CMT and a concomitant decrease in galectin-3-binding-sites in the 

extracellular matrix (ECM). The decrease of galectin-3-binding sites in the tumour 

stroma was correlated with down-regulation of a β (1-O) galactosyltransferase, 

GLT25D1, crucial in collagen glycosylation, and concomitant up-regulation of stromal 

galectin-1. Stromal galectin-1 was accompanied by galectin-1 up-regulation in malignant 

CMT cells. In contrast, in intravascular tumour cells both anti-anoikis galectin-3 and its 

binding-sites were up-regulated in the cytoplasm and at the cell-surface while pro-anoikis 

galectin-1 was down-regulated and confined to the cell peri-nuclear region. Distant 

metastases however, expressed high levels of galectin-1 whereas galectin-3 was down-

regulated. Thus, a role was envisioned for galectin-1 in growth and invasion at primary 



Joana T. de Oliveira and Fátima Gärtner 2

and distant sites and for galectin-3 in the systemic dissemination of tumour cells in 

malignant CMT. Moreover, our studies provided further evidence of the vital importance 

of glycosylation changes in modulating galectins function during malignant CMT 

systemic dissemination. Primary malignant CMT exhibited high contents of sialylated 

glycans compared to normal mammary tissues and removal of the sialic acid exposed 

galectin-3-binding sites in most tumour areas, although not in intravascular tumour cells 

which already expressed them. Mucins are very important glycan-carriers, aberrantly 

glycosylated and frequently sialylated in cancer. We showed that over-expression of 

MUC1 mucin is associated to distant metastases occurrence in malignant CMT. 

Interestingly, in intravascular tumour cells, but not in primary malignant CMT cells, there 

was physical interaction between galectin-3 and the un-sialylated form of the T antigen 

(Thomsen Friedenreich antigen), carried by MUC1. This interaction is believed to induce 

homotypic aggregation thus favouring blood-borne cell survival. Therefore there is a fine 

tuning of galectins function, both at their levels of expression, cellular and sub-cellular 

localization and at the availability of their glycan-ligands, which plays a crucial role in 

the development of distant metastases in malignant CMT. Galectin-inhibitors have been 

used with efficacy in several types of human cancer. Hence, galectins are valuable and 

exciting targets for new selective therapies in CMT. 

 

 

INTRODUCTION 
 

General Concepts 
 

During the last years pet animals life expectancy has been increasingly expanding, 

especially that of dogs and cats. As the population of aged animals increases so does the 

incidence of several types of tumours. Mammary gland tumours are the most prevalent in 

female dogs and have been studied for more than half a century. In spite of this, an effective 

treatment for this type of malignancy remains to be established. 

 

 

Epidemiology 
 

Canine mammary tumours (CMT) are the second most common type of canine neoplasia 

(25-50%), preceded only by skin tumours [1,2]. CMT are indeed the most frequent type of 

tumours in female dogs accounting for approximately 52% of all their tumours, up to 

approximately half of which being malignant [3,4]. Although CMT is a common condition of 

which the incidence is close to 205/100000 dogs per year [5], its incidence seems to be 

declining, due to the increased practice of ovariohysterectomy [4]. Indeed, in areas such as 

Southern Europe countries where ovariohisterectomy is less routinely performed the observed 

CMT incidence is somewhat higher [6]. Overall lifetime risk of CMT development in intact 

female dogs is up to 25% [7]. Regarding breed predisposition, Poodles, Cocker spaniels, Fox 

and Boston Terriers and Pointers appear to be at higher risk while mixed breed dogs 

reportedly have a lower incidence of CMT, resembling many other conditions with a possible 

strong genetic background [8,9].  

No significant geographically related differences have been observed regarding CMT 

incidence [10,11,12]. Although it may appear at any age, CMT affects mainly elderly 
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females, being uncommonly diagnosed before 2 to 4 years of age and presenting a higher 

incidence between 10 and 11 years [4,8]. 

 

 

Etiology 
 

There are no clear and consensual risk factors for development of CMT. Female dogs 

presenting with pre-malignant CMT lesions are at increased risk of developing a malignant 

CMT later on in life [13,14]. Pseudopregnancy, gestation and giving birth at first stage, 

although debated, have not been associated to increased CMT development risk [4,15,16]. 

The practice of ovariohysterectomy, however, has been proved to confer a protective effect 

against the development of these tumours [12,17,18]. Despite that, there seems to be an age-

related limit until which this effect can be observed. When the procedure is performed 

relatively late (around 4 years of age) the incidence resembles that observed for intact 

animals. On the other hand, in animals which underwent ovariohysterectomy before the first 

oestrous the incidence is drastically reduced with the risk of CMT development being 

estimated at 0.5%, increasing to 8% in animals spayed after the first oestrous and to 26% of 

the risk seen in intact animals, when the procedure is performed after the second oestrous 

[17,19]. Exogenous administration of progesterone derivatives for oestrus prevention has 

been associated to a greater risk of CMT development [20, 21].  

Concerning lifestyle, increased weight has been shown to be a risk factor to CMT 

development [22,23,24]. Diet, (high intake of red meat and low intake of chicken) seems also 

to be associated to increased risk of developing CMT [24].  

Genetic factors have also been involved in CMT occurrence. BRCA1 and BRCA2 genes, 

of which inherited mutations confer a 56-84% lifetime risk of breast cancer development 

[25,26], appear to be related to CMT development [27]. Although not associated to overall 

CMT risk, animals carrying the COMT G482A polymorphism variant allele have a threefold 

likelihood of developing mammary tumors after 9 years of age when compared to non-

carriers [28]. No other studied risk factors have been proven to be related to CMT occurrence. 

 

 

Physiopathology 
 

The hormonal microenvironment, where progestagens are known to favour epithelial and 

myoepithelial hyperplasia inducing lobulo-alveolar development while estradiol stimulates 

ductal growth consensually influences the development of CMT [3,29,30]. As such, repeated 

oestrus cycles gradually prime the mammary gland for CMT development [15]. Malignant 

CMT appear to progress from benign CMT [31]. Despite the fact that both normal and 

neoplastic glands showing ER (estrogen receptor) and PR (progestagen receptor) expression 

[32,33], the levels of expression seem to vary. Benign CMT present higher ER expression 

when compared to their malignant counterparts [32,34], and higher PR expression levels are 

also observed in benign when compared to malignant CMT [34].  

Even though 4 or 6 pairs may be observed, most female dogs present five pairs of 

mammary glands. However, approximately 65 to 70% of all CMT develop in the caudal 

abdominal and inguinal ones [3]. The reason for this preferential localization site for CMT 

development is still unknown but may be related to their increased volume and proliferative 
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alterations in response to the local hormonal microenvironment [3,30]. It has been suggested 

that caudal glands maintain secretory activity longer than cranial ones being therefore more 

prone to CMT development [12]. Further corroborating an association between 

microenvironment and CMT occurrence, 50-70% of affected animals present more than one 

nodule, of different histological types in distinct mammary glands [12,17,35]. Further 

evidence for a multifocal origin comes from the observation of different stem lines 

recognized by a different DNA index as measured by flow cytometry [36]. However the 

possibility of malignant tumour cells being seeded in different glands by lymph vessels [37] 

or by way of small veins which cross the midline together with craniocaudal anastomoses 

cannot be ruled out [38]. Moreover, in this regard, neoplastic glands present more lymphatic 

anastomoses when compared to normal ones [39]. 

 

 

Metastasis 
 

Metastasis, tumour spread from the site of a primary growth to distant target organs, is 

the main cause of cancer-related morbidity and mortality, in female dogs bearing malignant 

CMT and its prevention and or treatment after development remain unquestionably the major 

clinical challenge associated with this malignancy.  

CMT metastasis occurs via lymphatic vessels or via blood vessels, the first being the 

most frequently observed. Since lymph drainage from mammary glands goes to the axillary 

and inguinal lymph nodes and sometimes prescapulary nodes, these should be systematically 

assessed for the presence of metastases. The lungs are the most frequent target organs despite 

others such as liver, bone, brain, etc. have also been reported [35]. 

The development of metastases is a complex process engaging many steps [40]. During 

progression tumour cells which are able to detach from primary tumour masses and travel to 

distant sites may succeed in founding new implants, depending on a complex series of 

coordinated events [40,41]. The tumour microenvironment plays a major influence on the 

behaviour of tumour cells which, under particular stimuli, such as hypoxia, tend to cross the 

tissue underlying the malignant growth in order to expand and invade new sites. Moreover, 

the same de novo formed vessels, by angiogenesis due to hypoxia, will not only support the 

primary growth but also provide an escape route for invading cells which through 

intravasation will access the circulation. A metastasis favourable microenvironment is, both at 

primary and secondary sites, dependent on the active crosstalk between tumour stroma, which 

includes inflammatory and endothelial cells as well as fibroblasts and the extracellular matrix, 

and tumour cells themselves [42]. Data from CMT specimens and malignant CMT cell lines 

have pointed to a fundamental role of galectins 1 and 3 and their ligands in the process of 

vessel invasion and blood-borne survival as well as primary and secondary site tumour 

growth [43,44,45]. 

 

 

Diagnosis 
 

Pain and /or discomfort are not typical symptoms of CMT and most early malignant 

CMT are asymptomatic. Hence CMT are often first felt by owners or clinicians during routine 

check-ups and most dogs appear healthy at time of presentation [12]. The general approach to 
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evaluation of CMT includes complete patient history, physical examination, and 

complementary diagnostic means, such as thoracic radiographs, abdominal ultrasound and 

blood examination. Important history data include age, spaying status, age at 

ovariohisterectomy if spayed, reproductive cycles, lactation and progesterone administration. 

Elderly intact females which have undergone multiple oestrus cycles or which have been 

administered progestagens in order to avoid them are more likely to present CMT. During 

physical examination a thorough exam of both mammary gland chains and regional lymph 

nodes, which may be felt when enlarged, must be performed [12,35]. Needle cytology may 

aid in differentiating other causes of mammary masses from mammary neoplasia and in 

identifying non-mammary gland derived tumours. Improved cytology specimen collection of 

the lesions with at least 4 samples taken per mass increases the accuracy of the diagnosis and 

agreement with later histopathological analysis [46,47].  

Non-imaging approach include haematological and biochemical profiles which although 

not presenting specific alterations in CMT are important to identify concurrent geriatric 

diseases, paraneoplastic syndromes, coagulation disorders, common in advanced stages of 

this condition, and to assess the anaesthetic risk before surgery [48]. 

Imaging approaches are crucial in order to assess the presence of distant metastases and 

include thoracic radiographs, CT (computerized tomography) [49] and abdominal ultrasound 

[12]. 

Animals with metastatic disease may show systemic symptoms, the severity of which is 

dependent on both the amount and location of metastases. Symptoms include lethargy, weight 

loss, cough, dyspnea, lymphoedema, fatigue and lameness [35].  

 

 

Differential Diagnosis 
 

Mammary masses may be broadly classified as benign or malignant. Common benign 

mammary masses include hyperplasia and abscesses. Pain not being characteristic of CMT, 

when present, may suggest the alternative diagnosis of an inflammatory process. Ultrasound 

may reveal cystic structures which can be simple or complex. An image with uneasily defined 

walls and a hypoecoic centre should raise the suspicion of an abscess which may be 

confirmed as mentioned by cytology. Definite CMT diagnosis is based on histopathological 

assessment, which remains the gold standard method for the diagnosis of this condition. 

 

 

Histological Types and Grading  
 

Several different systems have been used to classify the CMT lesions in an attempt to 

predict their clinical behaviour. The importance of the WHO classification for mammary 

tumours in for domestic animals is underlined by its frequent adoption. Table 1 summarizes 

the different types of malignant CMT described [50]. Nevertheless, the histological 

classification of CMT used in Veterinary Medicine is not completely uniform and lacks 

molecular basis which could contribute to better assessment of both prognosis and treatment 

options. Grading of CMT has also been performed using different methods, being the 

modified Elston and Ellis method, frequently applied [51,52,53]. A new classification of 

CMT resembling the sub-grouping used in human breast cancer into Luminal A and B, 
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HER+, Basal-like and non classified or Normal-like, based on the expression of markers such 

as ER, PR,HER2,CK5 has been attempted. The objective is to improve knowledge of 

metastatic potential and thus prognosis accuracy as well as to implement specific targeted 

therapy, however there is controversy regarding its usefulness [32,54].  

 

 

Staging 
 

In addition to the above mentioned histological classification, the WHO also suggests a 

TNM (tumour-node-metastases) staging method which attempts to provide more clinically 

useful prognostic information [3] and allows better comparison beyond tumour burden, which 

may be essential when evaluating the efficacy of new treatments. The staging system is 

described in table 2. It is noteworthy that the higher the stage, the poorer the prognosis. Yet, 

the need to arrive at a better staging system has been stressed recently [55]. 

 

Table 1. WHO histological classification for malignant CMT 

(adapted from Misdorp et al., 1999) 

 
Malignant CMT  

In situ carcinoma  

Complex carcinoma  

Simple carcinoma  

 Tubulopapillary carcinoma 

 Solid carcinoma 

 Anaplastic carcinoma 

Special types of carcinomas  

 Spindle cell carcinomas 

 Squamous cell carcinoma 

 Mucinous carcinoma 

 Lipid-rich carcinoma 

Carcinosarcoma  

Carcinosarcoma or sarcoma in benign tumour  

Sarcoma  

 Fibrosarcoma 

 Osteosarcoma 

 Other sarcomas 

 

Table 2. Modified TNM staging of malignant CMT 

 

Stage  PrimaryTumor  Regional LN Status  Distant Metastases  

I  T1 NO MO 

II  T2 NO MO 

III  T3 NO MO 

IV  Any T N1 MO 

V  Any T Any N M1 

T1 < 3 cm maximum diameter. 

T2 3-5 cm maximum diameter. 

T3 > 5 cm maximum diameter. 

NO Histologically no metastasis. 
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N1 Histologically observed metastasis. 

MO No distant metastases. 

M1 Detection of distant metastases. 

Treatment 
 

Despite its frequently aggressive behaviour and distant metastases development, 

prognosis assessment and treatment for CMT are often inadequate. 

 

 

Surgery 
 

Surgery is considered primary treatment for malignant CMT. Many patients with early-

stage malignant CMT may be cured with surgery alone provided that the margins are clean 

and the tumour has not already invaded [48]. However this is not always the case and 

approximately 50% of the animals already have either micrometastases or well-established 

metastases at the time of surgery [35]. Several different surgical techniques were described; 

nevertheless, radical removal of the ipsilateral chain has been recently advised due to a 58% 

probability of new homolateral CMT development observed in a prospective study, using a 

more conservative technique [56]. Routine removal of the lymph nodes is advisable and often 

performed on the superficial inguinal nodes however, due to close proximity to the brachial 

plexus, the proper axillary lymph nodes are not commonly resected [35]. It is a well 

established fact that cure probability and general success of oncologic surgery is highly 

dependent on surgical volume and surgeon experience [57]. Although the vast majority of 

dogs affected by mammary tumours are subjected to mastectomy at a potentially curable 

stage, effective post-operative protocols aiming to prevent and /or delay metastases 

development have not yet been devised. This stems mainly from lack of knowledge in the 

field of CMT pathophysiology which in turn precludes the use of its involved molecules as 

dependable cancer typing and staging markers.  

 

 

Research in CMT Adjuvant Therapy 
 

Adjuvant treatment of human breast cancer is designed to treat micrometastatic disease, 

or human breast cancer cells that have escaped the primary tumour site and regional lymph 

nodes but which have still not given rise to clinically detectable metastases. Over the last 2 

decades, research on human breast cancer has provided overwhelming knowledge of the 

disease, ensuing more efficient and less morbid treatments. Adjuvant therapy has been 

estimated to reduce up to 72% the mortality rate of human breast cancer [58]. However in 

malignant CMT, improvements in prevention of recurrence by post-operative adjuvant 

therapies have been poor.  

Clinical trials, attempting adjuvant chemotherapeutic protocols for malignant CMT have 

shown to be mostly uneffective. Antimetabolites such as 5-fluorouracil (5FU), gemcitabine 

and methrotexate have been used in combination regimens for breast cancer. Gemcitabine 

targets the ribonucleotide reductase and as fluorouracil leads to tumour cell apoptosis. In a 

recent study, dogs treated with surgery alone or surgery followed by gemcitabine showed no 

significant differences in time to local recurrence, time to distant metastases and overall 
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survival (OS) [59]. 5FU is a pyrimidine analogue which inhibits thymidylate synthase. Real 

alkylating agents, such as cyclophosphamide, attach an alkyl group to DNA of fast 

proliferating cells, thereby being cytotoxic. Indeed Yamashita et al indicated effects of such 

compounds  in experimental settings of xenografted CMT in mice [60], and benefit of 

adjuvant therapy combining 5FU with cyclophosphamide was reported in a small series of  

malignant CMT [61]. 

Other agents such as cisplatin and carboplatin induce DNA damage and are thus 

sometimes referred as alkylating-like. Carboplatin is used in breast cancer combined therapy, 

while cisplatin is not used routinely for breast cancer treatment, but has been recently 

suggested to induce an effective response in a subset of patients with Triple-Negative Breast 

Cancer [62].  

Taxanes block cell division by preventing microtubule formation. Despite a few 

conflicting studies, taxanes are among the most active and commonly used agents in human 

early-breast cancer therapy, with both doxetacel and paclitaxel being applied [63,64]. 

However, in a small prospective study the combination of doxetacel and cyclosporin A did 

not induce  responses in malignant CMT [65], while  another study assessing the efficacy and 

toxicity of paclitaxel noticed only 20% partial responses  with high toxicity reported [66]. 

Docetaxel, another taxane, also failed to demonstrate efficacy in CMT [67]. Thus, the use of 

taxanes alone in malignant CMT treatment does not seem effective.  

Anthracycline-based regimens have been used in the treatment of early-stage breast 

cancer for decades. Anthracyclines such as epirubicin and doxorubicin inhibit topoisomerase 

IIa (TOP2A), and are thus particularly useful in cases presenting with TOP2A and HER2 

amplification [68]. Doxorubicin has been included in several protocols of adjuvant therapy 

for human breast cancer, including stage III and locally advanced breast cancer [69]. 

However, doxorubicin [67] failed to demonstrate efficacy in CMT. The common expression 

of drug resistance proteins in CMT may provide an explanation for the relative poor efficacy 

of cytostatics [70]. 

 

Regarding adjuvant hormone therapy, tamoxifen is a selective ER modulator (SERM) 

which inhibits ER signalling in the mammary gland. It has been approved for human breast 

cancer treatment since the early 1980’s and was shown to reduce the relative risk of distant, 

ipsilateral and contralateral breast cancer recurrence by up to 50% in tumours with high ER 

expression [71]. In vitro studies have shown CMT cells to be sensitive to tamoxifen [72]. 

Nonetheless, its oestrogenic side effects impair tamoxifen use in clinical trials in dogs [73]. 

Thus, as an alternative ovariohysterectomy could be an option for reducing hormonal 

influence in CMT spreading. Nevertheless, studies have not shown consensual effects of pre-, 

peri- or post-operative spaying on the progression of malignant CMT [74-77]. A study limited 

only to hormonal receptor positive tumours would be of better use to study the benefits of 

hormonal withdrawal in such CMT cases. Aglepristone, a progesterone antagonist, treatment 

has also been recently studied and showed a potential to decrease the proliferation index of 

PR-positive CMT in a small number of animals although no association to disease 

progression was evaluated [78]. Regarding other hormonal therapies, a study in a small 

number of animals yielded promising results with a relapse-free survival of 88% at 2 years in 

animals treated with goserelin, a LHRH agonist [79]. Based on a probable microvasculature 

tightening effect, pre- and post- surgical intravenous administration of desmopressin has 

shown to inhibit lymph node and lung metastases and significantly increase DFS and OS in 
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females dogs bearing CMT [80,81]. However, due to the low number of animals used in these 

studies larger scaled ones are warranted. The present situation leads to the absence of 

meaningful clinical trials and hence established adjuvant therapies. 

In targeted chemotherapy for human metastatic breast cancer, besides the above 

described agents, vinorelbine a vinca alkaloid has been more recently advocated with overall 

response rates of 35-45%. In a dosage-finding study, 2 dogs with metastatic bronchoalveolar 

carcinoma experienced a partial response for an overall response rate of 12.5% in 16 dogs 

with gross measurable disease [82]. In a phase II clinical trial in dogs with cutaneous mast 

cell tumors vinorelbine was associated with an overall response rate of 13% [83]. No study 

has been so far performed with vinorelbine in dogs bearing CMT. An ongoing phase III trial 

is currently evaluating the role of zoledronic acid in the adjuvant therapy of women with 

stage II/III breast cancer [84]. Despite having been reported its possible usefulness in canine 

osteosarcoma [85], no study has been so far performed regarding its efficacy against CMT. 

Present knowledge of carcinogenesis and metastases shows great similarity between 

human and canine mammary cancer. The widely differing clinical results obtained in 

malignant CMT trials with chemotherapeutic agents, compared to humans, can thus be most 

probably due to insufficient patient number for correct trial design. But above all it seems that 

only a parallel subtyping and respective comparison will elicit dependable scientific evidence. 

In Veterinary Oncology both in vitro and in vivo studies should take into account molecule 

expression patterns of the tumours, allowing the sub grouping of animals by tumour type and 

also considering prognostic and predictive factors. This would aid in better understanding 

therapy response in clinical trials and substantiate the use of combined targeted therapies. 

 

 

Prognosis 
 

Prognostic factors may be divided into clinical and histopathological factors.  

 

Clinical Factors 

Increased tumour size or volume are reported to be related to lower survival and shorter 

disease-free interval (DFI) by most studies [86-88]. Ulceration was significantly associated to 

survival and shorter DFI [86,89,90]. The presence of multiple malignant CMT was 

significantly associated to DFI [86,90]. Tumour fixation to underlying tissue was significantly 

associated to lower survival [88]. Presence of lymph node metastases have been significantly 

associated to lower survival and shorter DFI [86,88,89]. Distant metastases are as expected 

significantly related to poorer survival [76,86]. Surgical technique was also found to influence 

prognosis since incomplete excision as assessed by the status of the surgical margin is 

significantly related to lower survival [23]. The animal reproductive status, early age at first 

estrous was associated with higher disease-free survival (DFS) [86,90]. On the other hand, 

short estrous duration and decreased number of oestrus cycles were associated to lower 

survival and shorter DFI [86]. Dogs neutered at the time of surgery were more likely to 

survive 2 years after surgery than dogs which were subjected to the procedure [87]. However, 

negative effects of ovariectomy overall on survival in dogs with CMT reported by others 

[74,75,77] suggest that since most metastatic tumours are negative to steroid receptors [32], a 

positive effect of spaying would be restricted to animals bearing receptor positive tumours. 

Regarding age, while other conflicting studies exist, older age was significantly associated to 
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poorer survival and DFI [86,89,90]. Obesity was found not to influence survival of dogs 

bearing CMT [77]. Interestingly, malignant CMT-bearing dogs fed with low fat diet and high 

protein content presented a significantly increased median survival time [23].  

 

Histological Factors 

Factors such as histological type have also been associated to prognosis. Although 

uncommon in dogs, sarcomas (11,2%) are significantly associated to poorer survival 

[87,89,91]. Carcinosarcomas have also been associated to poor survival when compared to 

non-mixed malignant tumours [74]. Within carcinomas, the complex type seems to be 

associated to better survival than the simple one [74,91]. Histological invasion of the 

surrounding stroma has been associated to poorer survival [23,91] as has vascular invasion 

which was significantly associated to decreased survival at 12 and 24 months after surgery 

[92]. Poorly differentiated tumours (grade III) have a 7 fold increased risk of death 24 months 

after surgery when compared to moderately differentiated ones (grade II), this rises to a 21 

fold increase when compared to grade II and welI-differentiated tumours (grade I) [93]. 

Tumours with mitotic indexes above 3.09 were significantly associated to poor survival both 

at 12 and 24 months after surgery [92]. ER- and/or PR-positive tumours were suggested to 

present a better prognosis, possibly because of an association with a more common complex 

type [94]. DNA ploidy and S-phase rate were significantly related to increased relative 

hazards [89]. Altogether, these may be important features in deciding on a course of treatment 

for CMT when available.  

 

New Prognostic Assessment 

Several important attempts have been done in order to establish new prognostic markers 

by molecular studies such as: detection of circulating tumor cells (CTC) which had a proven 

prognostic value for human breast cancer [95]; refined search for micrometastases presence 

using immunohistochemistry [55]; p53 gene mutations which appear to be associated to 

CMT-related death [96]; 2 recognized single nucleotide polymorphisms in the Catechol-O-

methyltransferase (COMT) gene (COMTG216A and COMTG482A) which when 

simultaneously present are associated to local CMT recurrence [97]; tumour proliferative 

rates, assessed with MIB-1 labelling indices which have been associated to metastases 

occurrence [98], DFS [86] and overall survival (OS) [92]; Caveolin-1-positive CMT which 

strongly correlated to shorter OS [99](Pereira PD 2010); Cox-2 overexpression which was 

associated to shorter survival time [100]; E-cadherin and beta-catenin reduced expression 

which were significantly associated with shorter OS and DFS [101] as well as other factors of 

poor prognosis [102]; MUC1 mucin over-expression which is significantly associated to 

distant metastases occurrence [52]; TIMP-2 of which increased expression was significantly 

associated to development of distant metastases, lower OS and lower DFS [103]; and uPA of 

which high stromal expression was significantly associated with development of distant 

metastases, lower OS and DFS [104]. 

These factors might be evaluated as valuable parameters which can be associated to 

classical prognostic features in order to aid the clinical decision for treatment in the manner of 

Human Medicine’s ongoing approach.  
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Future Perspectives 

As mentioned above, efforts have been done concerning adjuvant therapeutic clinical 

trials in malignant CMT [59,60,67] but yielded conflicting results, mostly with no significant 

influence in the outcome of affected animals. Hence, the search for effective post-operative 

adjuvant chemotherapeutic protocols for CMT remains an exciting field in veterinary 

oncology research. Consequently, it is crucial to better understand the pathophysiological 

mechanisms underlying the aggressive capacity of CMT.  

In this regard, recently, a family of animal lectins, galectins, has been reported to play 

paramount functions in different steps of the metastatic process in malignant CMT. They 

could thus be of potential therapeutic use in combined adjuvant therapies [43]. Galectin-1 and 

-3, the most studied galectins, are involved in normal cell adhesion, migration and tissue 

remodelling during mammal development and regeneration processes [105]. Galectins display 

a high degree of redundancy in their functions and the elimination of a specific galectin from 

a model system has not proved to severely affect it [105]. Galectin-1 knock-out mice display 

only defects in olfactory axon pathfinding [106] while galectin-3 knock-outs present defects 

in neutrophil accumulation during inflammation [107]. Therefore, galectin-inhibitors able to 

act upon several members of this family would most likely be effective to impair metastatic 

tumour spread. Galectin-3 natural ligands such as galactose, lactose, polylactosamine and N-

acetyllactosamine (LacNac) were identified [108] and are considered as natural inhibitors 

[109-111]. Pectins, from various dietary sources have also shown enhanced galectin 

inhibition related to higher arabinose and galactose contents suggesting the importance of 

arabinogalactans in inhibiting galectin-3-mediated cellular interactions [112]. These data 

rapidly lead to the enthusiastic exploration of galectins as therapeutic targets in cancer. 

Several studies pointed to anti-liver metastases activity of arabinogalactans [113,114] and 

anti-proliferative and pro-apoptotic actions of okra pectin on melanoma cells through 

galectin-3 interactions [115]. Moreover, many other studies have shown anti-metastatic 

properties of the galectin-inhibiting Modified Citrus Pectin (MCP). Furthermore, high-affinity 

carbohydrate-based galectin-3 inhibitors have been developed through the production of 

LacNac [110] and galactose [116] derivatives. Galectin-3 synthetic inhibitor lactulosyl-L-

leucine (Lac-L-Leu) reduced the number of established breast cancer cells (MDA-MB-

435Lung2) pulmonary metastases and Lac-L-Leu/paclitaxel combination decreased both the 

number and the incidence of pulmonary metastases [117]. As an alternative to sugar based 

inhibitors, artificial peptide inhibitors have also been used and found to be effective in 

preventing binding of several galectins [118]. These peptide based inhibitors were found to 

inhibit metastasis-associated cell adhesion [119]. In order to better understand where and how 

galectin-innhibitors could impair tumour cells as they go through the malignant CMT 

metastatic cascade, critical rate-limiting steps in the metastatic process mediated by β-

galactoside-galectin interactions and reports of their inhibition in other cancer types will be 

discussed bellow.  

One of the determining factors in tumour progression is the immunologic system. On the 

one hand, immune-surveillance mechanisms reduce tumour incidence [120]. On the other 

hand, immune-related mechanisms have been found to promote tumour progression [121]. 

Galectins were found to be expressed by several immune cells in CMT [43] and are known to 

regulate their functions [122]. Adding to that, tumour cells themselves release galectins both 

positively and negatively modulating the immune response. Indeed, the amount of galectin-1 

secreted by different tumour cell types is sufficient to induce T cell death when it is released 
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in the ECM [123]. Moreover, galectin-1 was elegantly linked to immune privilege by 

modulating survival or polarization of effector T cells [124]. Inhibition of galectin-1 gene 

expression was found to arrest tumour growth, further confirming a growth-promoting 

activity of endogenous galectin-1 [125]. Furthermore, galectin-1 expression in primary CMT 

was significantly associated to increased tumour size [45].  

Regarding angiogenesis, when compared to vessels in normal tissue, the tumour 

vasculature is highly disorganized with tortuous and leaky vessels presenting irregular and 

thin vessel walls [40]. These neovessels not only support primary tumour growth but also 

provide a route to distant sites since their above described characteristics make them more 

prone to be invaded than normal vessels [40]. Angiogenesis switch on/off is dependent on 

pro- and anti- angiogenic molecules which may arise from tumour, endothelial and stromal 

cells, as well as from the extracellular matrix (ECM) [126]. Tumour-associated hypoxia 

activates the hypoxia-inducible factor (HIF1alpha) [127] which induces expression of pro-

angiogenic factors among which VEGF [128] as well as galectin- 1 and -3 [129]. It is of note 

that pro-angiogenic galectin-1 is up-regulated in primary malignant CMT [45]. Adding to 

that, cells surrounding necrotic areas strongly expressed both galectin-1 [45] and -3 [43] in 

CMT and CMT xenografts, further suggesting a role in response to hypoxia in these tumours. 

Galectin-3 is a potent angiogenic factor shown to be intimately involved in endothelial cell 

morphogenesis and angiogenesis. It acts as a chemoattractant for endothelial cells and induces 

endothelial cell motility, invasion through matrigel and capillary tube formation [130-132]. 

Moreover, expression of VEGF was ubiquitously found in normal and malignant canine 

mammary tissues [53]. Given that galectin-3 is an important mediator of VEGF-mediated 

angiogenic response [130] and it is found to be expressed by hypoxia-exposed subpopulations 

in primary malignant CMT [43], this further suggests a role of the lectin in angiogenesis of 

these tumours. Galectin3--inhibitors impair its angiogenic activity by blocking chemotaxis of 

human endothelial cells and by inhibiting in vitro capillary tube formation by endothelial cells 

both in a dose-dependent manner [132]. Moreover, galectin-3 pro-angiogenic function was 

found to be inhibited by MCP in breast cancer xenografts [131]. Thus, it might have the same 

anti-angiogenic effect in CMT.  

Next to the escape from primary sites and vessel intravasation, blood-borne tumour cells 

need to survive the type of apoptosis associated with the loss of anchorage (anoikis) and a 

journey through the circulation. Despite a general decrease in galectin-3 expression in 

primary malignant CMT, interestingly, intravascular tumour cells over-express this galectin 

[43]. Galectin-3 has been shown to protect tumour cells from anoikis [133,134] by regulating 

their transition through the cell cycle, inducing a cell cycle arrest at an anoikis-insensitive 

point (late G1 phase) [133]. Adding to a predominant up-regulation of anti-anoikis galectin-3 

at the cell surface and in the cytoplasm of malignant CMT intravascular cells, pro-anoikis 

galectin-1 was down-regulated when compared to sedentary cells [45]. Interestingly, galectin-

3 is an endogenous competitor of the pro-anoikis effector galectin-1 in cancer [135]. 

Moreover, galectin-3 further contributes to anoikis survival by interacting with tumour-

associated antigen, Thomsen-Friedenreich antigen (T antigen) which induces tumour cell 

homotypic aggregation inside vessels [136]. Notably, vessel-invading cells of malignant 

CMT also present physical interactions between galectin-3 and the T antigen [44].  

After tumour cells lodge in target organ microvessels, they can either proliferate 

intravascularly, until metastatic tumour outgrows blood vessel and invades distant organ 

parenchyma [137] or extravasate before initiating a secondary tumour growth. The following 
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rate-limiting step in metastasis is thus dependent on tumour cell arrest in distant organ 

microvasculature. Galectin-3 mediates metastatic cell adhesion to the endothelium. [138-140]. 

Further, it appears that galectin-3 interactions with T antigen mediate also the initial adhesion 

of tumour cells to endothelial cells at the sites of primary attachment to the endothelium, and 

this is dependent on decreased sialylation of the antigen [141]. In malignant CMT not only 

expression of galectin-3-binding sites was detected in endothelium but also focal expression 

of these binding sites was detected in intravascular tumour cells [43] while in sedentary cells 

these seem to be masked by sialic acid both in CMT and CMT-U27 xenografts [44]. Several 

studies converged) demonstrating galectin-3’s role in metastases in experimental settings. 

Both tumour cell-endothelium adhesion and tumour cell homotypic adhesion were shown to 

be galectin-3 dependent in mouse melanoma and rat prostate cancer cell lines through the 

lectin’s inhibition with MCP [142, 143]. Furthermore, a dose-dependent inhibition of breast 

cancer cells’ adhesion to human endothelial cells in vitro was demonstrated using the same 

galectin-3 inhibitor [131].  

The process of extravasation from vessels involves a series of tumour cell interactions 

with the extracellular matrix (ECM) proteins present on basement membranes and target 

organ stroma. Malignant CMT displayed an overall loss of galectin-3-binding sites in the 

ECM. Loss of galectin-3-binding sites was correlated with an overall decrease in 

galactosylation of the ECM, down-regulation of GLT25D1, a β (1-O) galactosyltransferase 

that modifies collagen [43]. Moreover, the occupancy of galectin-3-binding sites by other 

endogenous galectins was also observed with an up-regulation of stromal galectin-1 and to a 

lesser extent of cleaved galectin-3 [43]. That tumour cell-ECM proteins such as laminin 

interaction are mediated by galectin-3 was clearly demonstrated through its inhibition by 

MCP [144]. As galectin-3, galectin-1 is also able to both stimulate and inhibit cellular 

adhesion through cross-linking glycans on integrins and through binding to laminin impeding 

integrins’ accessibility, respectively [145]. Moreover, galectin-1 increases the adhesion of 

cancer cell lines to the ECM [146]. In addition, galectin-1 promotes increased cancer cell 

motility in vitro [147]. Galectin-inhibitors, citrus pectin polysaccharides were reported to 

impair invasion through matrigel of human metastatic breast carcinoma cells, in a dose-

dependent manner [148]. Thus, in vivo effects of galectin-inhibitors on experimental 

metastasis of various malignancies may involve inhibition of tumour cell invasion. 

Following the initial arrest in distant organs and extravasation, most tumour cells suffer 

apoptosis induced by several stimuli, and less than 2% survive giving rise to micrometastases 

[40]. This is therefore, one of the most important rate-limiting steps in the efficiency of the 

metastatic process. Galectin-3 present in the cytoplasm, regulates tumour cell apoptosis, 

mainly by acting upon key mitochondrial apoptotic pathways, [149] thus potentially playing a 

significant role in early tumour cell survival in target organs. On the other hand, nuclear 

located galectin-3 inhibited metastasis, anchorage independence and promoted apoptosis 

[150]. Malignant CMT tumours exhibited a statistically significant decrease of nuclear 

galectin-3 expression with the majority of the immunostaining confined to the cytoplasm as 

did distant metastases [43]. This anti-apoptotic function of galectin-3 could be targeted by 

galectin-inhibitors [149].  

In order for micrometastases to evolve into clinically relevant secondary tumours, beyond 

1mm, neo vascular supply is crucial. Then chemotaxis to endothelial cells and the 

development of new blood vessels occurring by angiogenesis constitutes the next vital step. 

Distant metastases expressed even stronger levels of pro-angiogenic galectin-1 expression 
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when compared to primary malignant CMT [45]. In the same well-established CMT 

metastatic lesions galectin-3 is over-expressed surrounding necrotic areas [43]. A statistically 

significant decrease in angiogenesis and spontaneous metastasis of breast cancer xenografts 

was observed in animals treated with galectin-inhibitors [131]. Therapy targeting 

angiogenesis is regarded as one of the most promising and important targets in cancer 

therapy. 

Most anti-neoplastic drugs act by tumour cell apoptosis induction via the mitochondrial 

apoptotic pathway [151]. Galectin-3 impairs this pathway, [149] and has been shown to 

directly regulate the sensitivity of tumour cells to several chemotherapeutic agents such as 

cisplatin [152], staurosporine [153], etoposide [154], bortezomib [155], dexamethasone, [155] 

and doxorubicin [156]. Galectin-3 inhibitors might sensitize tumour cells to cytotoxic drugs 

by inhibiting galectin-3 anti-apoptotic effects. Galectin-3-inhibitors have so far been proven 

to reverse multiple myeloma cell resistance to bortezomib and to enhance their response to 

apoptosis induced by dexamethasone [155] and treatment of hemangiosarcoma cells with 

galectin-3 inhibitor increased their sensitivity to doxorubicin-induced apoptosis [156]. Thus, 

addition of galectin-3-inhibitors to therapeutic regimens for treating CMT could have the 

potential to improve the effects of chemotherapy. In addition to enhancing apoptosis induced 

by cytotoxic drugs, galectin-3 inhibitors may be able themselves to induce apoptosis 

[152,155] in tumour cells as suggested by multiple myeloma cells in which MCP induced 

apoptosis through a caspase-8-to-caspase-3 signalling cascade and the effect of several forms 

of citrus pectin on apoptosis induction in human prostate cancer cells [152].  

Galectin-inhibitors were shown to be effective experimentally either in vitro or in vivo, or 

both, against prostate carcinoma [157], colon carcinoma [158], breast carcinoma [131], 

melanoma [142], multiple myeloma, [155] and hemangiosarcoma [156]. Moreover, galectin-

inhibitors usefulness has been suggested to enhance the effects of doxorubicin, the currently 

standard of care for dogs bearing hemangiosarcoma [156]. The specific binding between a 

pectin-derived galactan and recombinant human galectin-3 was demonstrated supporting the 

suggested molecular hypothesis for the anticancer action of MCP by demonstrating that 

bioactive fragments from pectin can bind specifically to galectin-3 [159]. Fluorescently 

labeled galactan binding to a highly metastatic CMT cell line was evaluated with and without 

shRNA inhibition of galectin-3 and demonstrated a strongly decreased binding upon galectin-

3 silencing (de Oliveira et al. Unpublished data). This points to galectin-3 as the main glycan-

receptor responsible for galactan binding to CMT-U27, although not completely excluding 

binding to other endogenous galectins, and thus supports the use of pectins in metastatic 

targeting combined therapies in malignant CMT. 

 

 

CONCLUSION 
 

In conclusion, increased owner awareness and improving Veterinary care has been 

leading to earlier diagnosis at stages amenable to complete surgical resection of CMT. 

Consequently, survival rates to the condition but also late onset metastases are expected to 

slowly increase. The use of adjuvant therapies that would significantly aid in further 

ameliorating survival chances of patients with CMT is in its primordium and thus the 

fundamental interest in understanding CMT progression at the molecular level. Due to 
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galectins’ adhesive, angiogenic and apoptosis-related properties, they are involved in multiple 

CMT critical rate-limiting metastatic steps. By inhibiting galectin-3 functions and enhancing 

apoptosis induced by cytotoxic drugs, galectin-inhibitors hold the potential to increase 

dramatically the efficiency of adjuvant chemotherapy in CMT. Galectin-inhibitors were 

shown to be effective experimentally against several types of cancer. Human clinical studies 

performed to date demonstrated that galectin-inhibitors significantly increased prostate 

specific antigen doubling time in patients with recurrent prostate cancer [160] thus confirming 

its foreseen usefulness in treating spontaneous cancer. Thus, galectin-inhibition is promising 

in co-adjuvant treatment in CMT as it is in multiple other human and canine malignancies. 
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Malignant CMT remains a serious condition affecting the female Dog. 

Southern Europe countries such as Portugal and Spain are foci of high 

incidence of these tumours. Despite its frequently aggressive behaviour and 

distant metastases development, prognosis assessment and treatment for CMT 

are often inadequate (Queiroga 2011).  Isolated surgery is still considered sole 

treatment for malignant CMT. Although many patients with early-stage 

malignant CMT may be cured with surgery alone (Fossum and Hedlund 1997) 

this is not always the case and approximately 50% of the animals already have 

either micrometastases or well-established metastases at the time of surgery 

(Misdorp 2002). Adjuvant therapy has been estimated to reduce up to 72% the 

mortality rate of human breast cancer. In malignant CMT, research on post-

operative adjuvant therapies has been scarce. Moreover, in the few published 

clinical trials, adjuvant chemotherapeutic protocols for malignant CMT have 

shown to be mostly ineffective (Marconato 2008; Yamashita 2001; 

Karayannopoulou 2001). There is thus absence of meaningful data established 

in regard to adjuvant therapies and malignant CMT survival has registered only 

moderate improvements during the last years. Even these are mainly due to 

increased owner awareness. Delay in progress is most likely due to a scarce 

understanding of molecular events’ participating in the metastatic cascade. 

This is crucial for better understanding therapy response in clinical trials and 

to substantiate the use of combined targeted therapies. Moreover, 

spontaneous malignant CMT share many similarities with human breast cancer 

(Paoloni and Khanna 2008) presenting however a three times higher incidence 

than that of humans, and a shorter disease time course, often spanning less 

than two years (Sorenmo 2003). Therefore, the study of spontaneous 

malignant CMT may also be of use to improve our knowledge about key steps 

of the metastatic process in humans and bring mutual advantages in what 

regards treatment (Paoloni and Khanna 2008). 

Galectins, namely galectin-1 and -3, are carbohydrate-binding proteins 

which mediate cell–cell and cell–ECM interactions. They are implicated in 

several key steps of the metastatic process (Liu and Rabinovich 2005) and 

cancer drug resistance (Fukumori et al. 2007, Le Mercier et al. 2008). However, 

http://glycob.oxfordjournals.org/content/20/11/1341.long#ref-38
http://glycob.oxfordjournals.org/content/20/11/1341.long#ref-44
http://glycob.oxfordjournals.org/content/20/11/1341.long#ref-38
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the relationship between the presence of these lectins and tumour behaviour is 

often found to be controversial and the mechanisms by which they enhance 

metastasis remain unclear (Honjo et al. 2001, Takenaka 2004). 

In this work we approached both primary malignant CMT and the 

metastases to which they gave rise to, by studying galectins and their putative 

partners of interaction. We focused on galectin-1 and -3 as well as their ligands 

levels, patterns of expression and glycosylation. This work will be discussed in 

three parts, and the results will be joined together in a fourth part with a 

proposed model for the role of galectins in malignant CMT progression and 

invasion. 

 

Part I - Galectins and galectin-ligands in primary malignant CMT: 

coordination towards invasion 

 

It is consensual that the microenvironment influences the development 

of CMT (Rutteman 2001, Madewell and Theilen 1987, Rutteman 1995). 

Moreover, malignant CMT appear to progress from benign CMT (Soremno 

2009) and female dogs presenting with pre-malignant CMT lesions are at 

increased risk of developing a malignant CMT later on in life (Antuofermo et al. 

2007, Mouser et al.  2010). Galectin-3 was shown to be down-regulated in 

primary malignant CMT when compared to benign CMT (Paper I Fig 1) 

suggesting a possible selective advantage for malignant growth in the 

presence of decreased levels of the lectin (Castronovo et al. 1996, Choi et al. 

2004). In addition, its nuclear expression, thought to be apoptosis promoting 

in vitro (Califice et al. 2004), was significantly lost: expression of galectin-3 

observed in malignant CMT was mainly cytoplasmic when compared to benign 

tumours (Paper I Fig 3). We thus hypothesized that both the levels and 

subcellular localization of the lectin might be related to CMT aggressiveness 

(Lotz et al. 1993, Honjo et al. 2000). In order to test our hypothesis, we used 

in vitro and in vivo approaches. As opposed to cell surface, cytoplasm and 

nuclear galectin-3 expression by the benign CMT cell line, CMA07, the 

malignant CMT-U27 cell line presented expression of the lectin limited to cell 

surface and cytoplasm (Paper I Fig 4) Corroborating our hypothesis of a 

microenvironment-dependent regulation of galectin-3, despite homogeneous 

expression of the lectin by the CMT-U27 cell line in vitro, there was a dramatic 
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decrease of its level of expression in established xenografted primary tumours 

(Paper I Fig 5).   

Knowing that galectin-3 promotes homotypic aggregation between 

tumour cells in vitro (Inohara et al. 1996) and that one of its putative ligands, 

MUC1, is responsible for de-adhesion between tumour cells in experimental 

settings (Wesseling et al. 1995, Kufe 2009), we wondered whether the mucin 

would be expressed by malignant CMT and if so, whether this could, in 

addition to decreased galectin-3, contribute to the aggressive capacity of these 

tumours. As a matter of fact, MUC1 overexpression in malignant CMT was 

indeed observed and was significantly associated to distant metastases 

development (Paper II). Further on, trying to understand how MUC 1 enhanced 

expression might be related to galectin-3 levels, we compared the expression 

of the two proteins and observed a significant association between decreased 

expression of galectin-3 and increased MUC1 expression in our malignant CMT 

series (Paper III Fig 1). These naturally occurring findings in an in vivo 

spontaneous model prompted us to search for an interaction between the 

lectin its mucin ligand determining their respective expression. In fact 

Ramasamy et al. had obtained a decrease in galectin-3 by inhibiting MUC1 in 

breast cancer cell line models (Ramasamy et al. 2007). This was in apparent 

contradiction with our in vivo observations, where we found increased 

expression of MUC1 accompanied by a decreased expression of galectin-3. 

Hence, we set out to determine what would be the effect of galectin-3 

inhibition on MUC1 expression, using an in vitro shRNA approach (Friedrichs et 

al. 2007) in the CMT-U27 cell line, which endogenously expresses both 

proteins. Remarkably, our results demonstrated an increased MUC1 

expression, upon galectin-3 inhibition in the cell line model, which perfectly 

corroborated our in vivo findings. In addition, when performing the reverse 

experiment ie upon MUC1 inhibition by shRNA, we observed that galectin-3 

expression became down-regulated (Paper III Fig 6). Our results were in line 

with the down-regulation of MUC1 previously observed in a breast cancer cell 

line after its transfection with galectin-3 (Mazurek et al. 2005). Altogether, 

these data enabled us to, for the first time, propose the existence of a 

feedback regulatory loop between galectin-3 and MUC1 in canine mammary 

gland tumours. 

Their above described inter-dependent expression, the fact that galectin-

3 was able to bind MUC1 in vitro and a report relating an N-glycan to the 
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ability of MUC1 to regulate galectin-3 expression in vitro (Paper III and 

Ramasamy et al. 2007) impelled us to assess galectin-3 binding sites in vivo 

using a galectin-3/alkaline phosphatase probe (Gal3/AP probe) (de Melo et al. 

2007). Surprisingly, despite the previously observed overexpression of MUC1, 

there was a low expression of galectin-3-binding sites in primary malignant 

CMT cells (Paper III Fig 7). Given that the lectin was observed to physically 

interact with the mucin in the CMT-U27 cell line (Paper III Fig 5), we 

hypothesized that, in vivo, different types of glycosylation could be responsible 

for the impaired binding of galectin-3. Sialylation has been suggested to impair 

galectin-3 binding to its putative ligands in a few non-mammary in vitro and in 

vivo tumour contexts (Holíková el al. 2002, Zhuo et al. 2008). We thus decided 

to evaluate the ability of galectin-3 to bind to the tissues upon experimental 

removal of sialic acids. Falling in line with our hypothesis, we found that, a 

neuraminidase cleavage of sialic acids restored the ability of the Gal3/AP probe 

to bind to the tissues, in malignant CMT. Furthermore, in order to assess the 

type of sialic acid linkage which was impairing galectin-3 binding, we used an 

approach with plant lectins to evaluate the presence of α2,3- and α2,6- linkage, 

using Maackia Amurensis Lectin (MAL) and Sambucus Nigra Agglutinin (SNA) 

respectively. We confirmed an involvement of the SNA positive staining in areas 

with decreased galectin-3-binding sites expression. It was thus proven, for the 

first time, that α2,6-linked sialic acid is at least in part responsible for 

switching off galectin-3 binding in mammary tumours in vivo (Paper III Fig 7). 

Nevertheless, areas at the primary malignant CMT periphery presented 

galectin-3-binding sites expression, with or without neuraminidase treatment. 

Such observation led us to speculate whether this too would be 

microenvironment-related. To clarify this, we used in vitro and in vivo 

experimental approaches. The malignant CMT-U27 cell line which presents 

generalized cell surface expression of galectin-3-binding sites in vitro, was 

shown to have a reduced expression of these binding sites, in xenografts 

obtained after its inoculation in the fat mammary pad of female nude mice. 

However, also in this setting, galectin-3 binding sites expression was 

consistently observed at the tumours’ periphery, resembling the observations 

in spontaneous malignant CMT. This further corroborated our hypothesis of a 

microenvironment-dependent regulation, of the type of glycosylation, during 

CMT progression. To further put our hypothesis to the test we evaluated the 

effect of sialic acid removal in the Gal3/AP probe binding ability to xenografts 
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in our experimental model. Here too after neuraminidase treatment we 

confirmed such ability to be enhanced in previously non-binding tumour areas. 

Moreover, α2,6- sialic acid type of linkage, assessed with SNA, was again 

implicated in impaired galectin-3 binding, further substantiating the reliability 

of the experimental model and the consistency of the hypothesis (Paper III Fig 

7).  

Galectin-3 knock-out mice have been shown not to present severe 

defects, suggesting a strong redundancy in the galectins family in which, in the 

absence of one member, others are believed to step up and restore its 

functions (Colnot et al. 1998). Other galectins with similar glycan affinities to 

those of galectin-3 have been implicated in primary mammary tumour 

progression. Such is the case of galectin-1 (Jung et al. 2007, Gromov et al. 

2010). In malignant CMT it would then be feasible to consider and crucial to 

confirm, whether galectin-1 might replace decreased galectin-3 and how this 

could contribute to tumour progression. Given that a comparative study 

between galectin-1 and galectin-3 had never been performed, to analyse the 

behaviour and relation of the two lectins in mammary tumours, we started out 

by comparing their patterns of expression in our CMT series. To the opposite 

of galectin-3 behaviour, our data showed an up-regulation of galectin-1 in 

primary malignant CMT. There was a sequential increase in expression of 

galectin-1 when going from normal-adjacent mammary glands, to benign CMT 

culminating in malignant CMT which overexpressed the lectin in the majority 

of cases. The increase in galectin-1 expression seemed to parallel tumour cells 

de-differentiation and this tendency was further substantiated by its observed 

down-regulation in a few well-differentiated areas of malignant CMT. These 

same areas, on the other hand, were often positive for galectin-3 staining 

(Paper IV Fig 1). It is of note that galectin-1 expression was also significantly 

associated to tumour size pointing to a potential role of the lectin in tumour 

growth (Chapter 5 Table 1 and Jung et al. 2007). Curiously, despite a 

differential expression of galectin-1 and galectin-3 in most tumour areas (Paper 

IV and Sanjuán et al. 1997, Ellerhorst et al. 1999, Ahmed et al. 2007), tumour 

cells surrounding necrotic areas were found to express both galectins, 

suggesting that a hypoxic microenvironment within certain malignant CMT 

areas might lead to co-expression of these hypoxia-regulated lectins (Paper IV 

Fig 5 and Greijier et al. 2005, Le QT et al. 2005, Zeng et al. 2007). We 

postulated that this might be related to increased aggressive capacity of the 
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tumour cells (Hashimoto et al. 2011). This assumption was substantiated by 

the simultaneous increased expression of, potentially hypoxia-activated, EGFR 

(Wang et al. 2010) in the same necrosis-surrounding areas and the significant 

association of the receptor to the presence of necrosis, a classical marker of 

aggressiveness in malignant CMT (Paper III Table 2 and Misdorp 2002).  

Adding to the molecular expression profiles in malignant CMT cells 

which seemed to favour tumour cell detachment from primary tumours, our 

data suggested tumour stroma also to be a crucial player in this process. A 

significantly decreased expression of galectin-3 binding sites was 

demonstrated in the stroma of malignant CMT when compared to normal-

adjacent tissue (Paper I Fig 6). This decrease in galectin-3-binding sites was 

associated to an increased expression of galectin-1 in the same stromal areas 

(Paper I Fig 7). As galectin-1 is known to promote lower strength cell-ECM 

adhesion when compared to galectin-3 (André et al. 1999), the observed 

alterations pointed to a role of impaired galectin-3-mediated cell-ECM adhesion 

in the acquisition of invasive capacity of mammary tumours. In order to further 

investigate possible mechanisms, other than galectin-1 overexpression and 

binding, which could underlie the down-regulation of galectin-3 binding sites 

in the stroma of primary tumours, we decided to evaluate their glycosylation. 

Keeping in mind that sialylation is not a prevalent glycosylation type, in 

malignant CMT stroma (Pinho et al. 2009), we proceeded to investigate 

galactosylation. Using plant lectins, which recognize terminal galactose 

containing-glycans, we determined that there is an overall decrease in 

galactosylation of malignant tumour areas when compared to normal-adjacent 

tissue. These alterations in the glycosylation pattern of stroma are most likely 

adding to impairment of adhesive functions of galectin-3 in malignant CMT 

(Paper I Fig 7 and Gillespie et al. 1993). Aiming to uncover mechanisms 

potentially responsible for the galactosylation decrease, we set out to evaluate 

the expression of GLT25D1 galactosyltransferase, involved in collagen 

glycosylation (Schegg et al. 2009). We found that GLT25D1 levels of expression 

were dramatically decreased in malignant tumours when compared to normal 

mammary tissue from non-tumour bearing female dogs (Paper I Fig 7). Given 

that decreased GLT25D1 expression occurred in vivo concomitantly to galectin-

3 low levels, we asked if the lectin down-regulation could play a part in the 

regulation of the enzyme’s expression. As a matter of fact we observed that in 

vitro shRNA mediated inhibition of galectin-3 further down-regulated the levels 
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of GLT25D1 expression in the CMT-U27 cell line, despite the already 

endogenously decreased levels of the lectin when compared to the benign 

CMA07 (Paper I Fig 8).  

Taken together, our findings suggested that changes in the molecular 

expression of glycan receptors, glycans and the glycoproteins which carry 

them both in tumour cells and tumour-associated stroma in malignant CMT, 

are at least in part microenvironment related. Mechanisms of galectin-3 

galectin-3 binding sites relation and interplay are at least partially dependent 

on a feedback regulatory loop between galectin-3 and MUC1. Furthermore, the 

regulation of galectin-3-binding sites in the stroma may also be related to the 

lectin’s levels of expression which in turn, seem to affect galactosyltransferase 

levels. These alterations are likely to facilitate detachment of tumour cells from 

primary sites and thus increase the probability of the cells to enter into vessels 

and reach the blood stream (Reis et al. 1998, Othsubo and Marth 2006, 

Malagolini et al. 2009, Newlaczyl and Yu 2011). 

 

Part 2 - Galectins and galectin-ligands in blood-borne tumour cells: anoikis 

survival 

 

Interactions between tumour cells and the endothelium are an important 

rate-limiting step in metastasis (Orr and Wang 2001). The significant 

association between MUC1 to vessel invasion in malignant CMT (Paper III Table 

1) and the increased expression of galectin-3 in intravascular tumour cells 

(Paper I Fig 2) led us to equate a potential role for these proteins in the 

systemic dissemination of malignant CMT cells. Assessing this hypothesis was 

imperative since, on the opposite to the observed in most areas of primary 

CMT, the subpopulation of intravascular malignant CMT cells presented  

increased expression of both galectin-3 and of its ligands MUC1 and EGFR 

(Paper III Fig 2 and da Costa et al. 2010). In our work, both MUC1 and EGFR 

were focally observed at the blood-borne cells’ membrane, a pattern not 

observed in sedentary cells of the primary tumours, and co-expressed with 

galectin-3. These findings suggested that the lectin could be clustering its 

ligands in vivo as hinted by experimental observations (Paper III Fig 3 and 4 

and Yu et al. 2007). This could contribute to pro-survival signalling and 

homotypic aggregation-related anoikis resistance (Zhao et al. 2010). Galectin-3 

physical interaction with MUC1 in tumour emboli in breast cancer cells in vitro 
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was demonstrated to be dependent on the un-substituted form of the T 

antigen (Zhao et al. 2009). This is a common glycoform of cancer associated 

MUC1 (Storr et al. 2008), highly expressed in circulating breast cancer cells 

(Schindlbeck et al. 2008). The finding that contrary to the majority of 

malignant CMT cells, intravascular tumour cells presented increased galectin-3-

binding sites expression, led us to think that at least some of its ligands would 

likely not be sialylated in this subpopulation due either to down-regulation of 

sialyltransferases (Marcos et al. 2004, Picco et al. 2010) or to increased sialic 

acid cleavage (Sönmez et al. 1999, Miyagi et al. 2008). Indeed, when assessing 

the sialylated form of the T antigen using a prior neuraminidase treatment of 

the tissues, we observed a scattered pattern of this form of the antigen in most 

areas of the tumours. Remarkably, this was not the case in blood borne tumour 

cells which expressed the antigen regardless of the sialic acid cleavage 

treatment. Most interestingly, the un-substituted T antigen was found to be co-

expressed with galectin-3 in tumour cells inside vessels (Paper III Fig 8). In 

order to support our hypothesis that in malignant CMT, intravascular tumour 

cells take advantage of galectin-3-MUC1 interactions to invade vessels and 

survive in circulation avoiding anoikis, we performed a proximity ligation assay 

(Söderberg et al. 2006) between the lectin and the MUC1-carried T antigen. 

This assay provided definite proof of the occurrence of such interactions in 

tumour emboli of spontaneous malignant CMT (Paper III Fig 9). Furthermore, 

considering that MUC1-EGFR signalling was found to be pro-survival and that 

galectin-3 is involved in bridging this interaction in breast cancer cell lines 

(Ramasamy et al. 2007), our results, further suggest that these are important 

mediators of circulating tumour cell survival in malignant CMT. The fact that 

there is an increase not only in galectin-3 both at mRNA (Paper IV Fig 7) and 

protein levels, but also of its binding sites in tumour emboli (Paper I Fig 6), 

additionally suggests a crucial role of a specific microenvironment in 

promoting cell survival ability against stress-inducing conditions and thus 

invasion (Nangia-Makker et al. 2000). This subpopulation specific increase in 

galectin-3-mediated anoikis resistance is most likely further enhanced by the 

concomitantly demonstrated decrease in galectin-1 (pro-anoikis) expression by 

intravascular tumour cells (Paper IV Fig 2 and André et al. 2007). An up-

regulation of galectin-3 with concomitant down-regulation of galectin-1 is 

observed in inflammatory cells in vessels and a similar mechanism could be 

happening during the metastatic cascade of malignant CMT (Gil et al. 2006). 
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Part 3 - Galectins and galectin-ligands at distant sites: adapting to a new 

microenvironment 

 

Galectin-3 has been implicated in arrest at distant sites microvasculature 

and early ECM adhesion, due to its anti-apoptotic (Kim et al. 1999, Yoshii et al. 

2002) and homo- and heterotypic adhesion functions, (Inohara et al. 1996, 

Hughes 2001). However, to grow and invade locally, metastatic cells need to 

detach from each other (Chambers et al. 2002). In order for this to occur, and 

taking into account our findings in primary tumours, a sustained high galectin-

3 expression, as observed in intravascular tumour cells, would have been 

damaging, due to increased cell-cell adhesion and cell-ECM adhesion state 

(Ochieng et al. 1998, Ochieng et al. 1999). Hence, we decided to evaluate 

galectins’ expression in well-established metastatic lesions. As we postulated, 

metastatic lesions presented a dramatic decrease of galectin-3 expression 

(Paper I Fig 2). Moreover, galectin-1 was strongly expressed in metastases as 

had been observed in their respective primary tumours (Paper IV Fig 1). A 

dynamic microenvironment-dependent expression of the lectins was further 

confirmed by the data from metastases of nude mice xenografts (Ellingsen et 

al. 2009) These also presented reduced galectin-3 expression along with this 

lectin’s enhanced presence in tumour emboli (Paper I Fig 5). A stronger 

expression of galectin-1 was observed in distant metastases as in their 

respective primary tumours (Paper IV Fig 4).    

  

Part 4 - The role of galectin-3 in tumour progression and metastasis  

 

CMT are a common malignancy in female dogs (Lana et al. 2007) which 

share great similarity to human breast cancer. Understanding how these 

malignancies progress into well-established distant metastases might enable 

the design of protocols to either prevent their appearance or achieve their 

regression (Paoloni and Khanna 2008). In the work here presented, we sought 

to better understand the mechanisms underlying the role of galectin-3 in 

mammary tumours, since this could aid in future therapeutic focused studies 

(reviewed in Paper V). 

Taking together all the results obtained in this work, we propose a 

model in malignant CMT, which integrates the loss or gain of expression of 
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galectins-1 and -3 and their binding sites within tumour microenvironment, as 

well as its consequences for tumour metastasis. On the one hand, in benign 

tumours, increased availability of galectin-3 and galectin-3-binding sites 

favours galectin-3-mediated cell–cell and cell–ECM interactions. This may be 

partially accountable for preventing detachment of individual tumour cells and 

migration through ECM (Ochieng et al. 1999). On the other hand, in malignant 

tumours, adhesive functions of galectin-3 are impaired by its own down-

regulation which, additionally, may lead to MUC1 overexpression hence further 

decreasing cell cohesion (Kufe 2009). Differential glycosylation of the mucin, in 

specific tumour microenvironment scenarios, might play a role in the mutual 

regulation of these molecules. Decreased galectin-3-binding sites in tumour 

stroma additionally lead to a decreased adhesiveness of galectin-3-expressing 

tumour cells and facilitate their movement through ECM. Increased galectin-1 

not only occupies galectin-3 binding sites but also facilitates by itself 

progression through the ECM (André et al. 1999). Within vessels, galectin-3 

high/galectin-1 low-expressing tumour cells are able to avoid anoikis (Sanchez-

Ruderisch et al. 2010) and to form homotypic cell aggregates further facilitated 

by decreased sialylation of galectin-3-ligands at the cell surface (Yu et al. 2007, 

Zhao et al. 2009) This supports not only intravascular cell survival but also 

metastatic cell arrest in microcirculation (Zhao et al. 2010). Also, by promoting 

interaction between tumour and endothelium cells, galectin-3 facilitates 

tumour cell extravasation through vascular endothelium. Lastly, once in a 

target organ, low galectin-1-expressing (Fischer et al. 2005), galectin-3-positive 

tumour cells are able to adhere to the normally glycosylated ECM (which 

possesses plenty of galectin-3-binding sites), thus forming a metastases or a 

secondary tumour (Nangia-Makker et al. 2008). By then, the majority of the 

selected tumour cells present either down-regulation or have lost expression of 

galectin-3 while having up-regulated galectin-1, in order to proceed further in 

the growth establishment.  
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SUMMARY AND MAIN CONCLUSIONS 

 

The general aim of this work was to clarify the molecular mechanisms 

involved in the putative role of galectin-3 in malignant CMT and to relate them 

to the progression and metastatic process of these tumours. The following 

main conclusions can be drawn from our study: 

1) Overall galectin-3 expression is down-regulated in primary malignant 

CMT but up-regulated at the mRNA level in intravascular tumour emboli. Both 

intravasated tumour cells and tumour endothelium express galectin-3-binding 

sites. However, galectin-3-binding sites are decreased in the stroma of primary 

malignant CMT and correlate with lower expression of collagen-glycosylating 

enzyme GLT25D1 and with higher expression of galectin-1. The levels of 

GLT25D1 are even further reduced upon galectin-3 knockdown in the CMT-U27 

cell line. The progression of malignant CMT seems hence to be associated with 

down-regulation of galectin-3 and galectin-binding sites in the tumour stroma, 

altered stroma glycosylation and the occupancy of galectin-3-binding sites by 

other endogenous galectins.  Galectin-3 is up-regulated in invading 

intravascular tumour cells both at primary tumours and at their respective 

metastases. We thus conclude that the apparent conflicting adhesive and anti-

adhesive properties of galectin-3 during tumour progression do not collide in 

vivo at all. To the contrary, due to well-coordinated regulation of its expression 

and that of its binding sites galectin 3 provides tumour cells with on demand 

adhesion or de-adhesion capacity. 

2) In primary tumours, on the one hand, down-regulation of galectin-3 is 

associated with MUC1 overexpression (in turn significantly associated to 

vascular invasion and distant metastases) and the two are broadly not co-

localized. Notably, an increase in MUC1 levels of expression is observed upon 

galectin-3 knock-down in the CMT-U27 cell line. On the other hand, in vessel-

invading tumour cells galectin-3 is co-expressed at the cell membrane with 

EGFR and MUC1 and interacts with the mucin via T antigen. Moreover, a 

decrease in galectin-3 levels of expression is observed upon MUC1 knock-down 
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in the CMT-U27 cell line. By analyzing the effects of sialylation in modulating 

the binding availability of galectin-3-ligands during tumour progression in 

spontaneous malignant CMT and in an experimental nude mice model of 

CMMT we have shown that removal of sialic acid greatly increased galectin-3 

binding to primary tumours in both models but not in tumour emboli where it 

was already present. Our data demonstrate an important role not only of the 

levels but also glycosylation status of galectin-3 ligands in regulating the 

lectin’s functions in the complex multistage process of cancer metastasis. This 

most likely cyclically alters galectin-3-mediated adhesion/de-adhesion capacity 

in different cancer cell subpopulations and is dependent on microenvironment 

stimuli. 

3) Overall galectin-1 expression is up-regulated in malignant CMT and is 

significantly associated to tumour size. Galectin-1 and -3 are differentially 

expressed in neoplastic mammary tissue. On the one hand, galectin-1 is mostly 

up-regulated in primary malignant tumours with the exception of well-

differentiated areas which often express galectin-3. On the other hand, in 

intravascular tumour cells, galectin-1 expression is down-regulated and 

perinuclear while galectin-3 is up-regulated in the cytoplasm and at the cell 

surface. In distant metastases, galectin-1 is up-regulated with a stronger 

intensity of expression than that observed in the respective primary tumours 

while galectin-3 is down-regulated. Finally, necrosis-surrounding cells express 

both galectin-1 and galectin-3. We thus conclude that, a state of frequent 

dynamic reshaping is present in malignant CMT where galectin-1 is up-

regulated while galectin-3 is down-regulated and vice-versa in tumour cells 

which is responsible for galectin expression-related cell-cell and cell-ECM 

adhesion, apoptosis-resistance and pro-angiogenic capacity of different cell 

subpopulations. This dynamic expression of galectin-1 and -3 along with 

binding sites expression and sub-cellular dynamic modifications might play a 

crucial role for tumour colony growth, vessel invasion and metastatic spread of 

malignant CMT and seems to be dependent on microenvironment conditions. 
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FUTURE PERSPECTIVES 

 

1) We plan to evaluate the mechanisms underlying syalilation on and off 

switch during cancer progression. 

We believe it to be crucial to understand the role of sialidases and 

sialyltransferases in CMT. It is also our aim to verify possible effects of 

impairing galectin-3 binding to its ligands, by hindering sialidase activity 

thereby preventing the unmasking of sialic acid capping. 

 

2) We plan to test the efficacy of a galectin-inhibitor in delaying and/or 

abolishing the progression of malignant CMT in experimental settings. 

 

3) We plan to assess the relevance of using galectin-3-inhibitors with 

clinical purposes in Veterinary practice. 

 

We believe the use of galectin-3 designed ligands may constitute an 

innovative therapeutic strategy that selectively targets tumour cells and 

tumour microenvironment.  
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